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Gaussian Light Gradient Boost
Ensemble Decision Tree Classifier
for Breast Cancer Detection

S. Vahini Ezhilraman, Sujatha Srinivasan, and G. Suseendran

Abstract Detection of cancer in the breasts shows an important role in minimizing
the mortality rates and increasing the cure rate, relieve as well as guarantee the
patient’s life quality. Several works have been done in the breast cancer detection
but it failed to perform accurate detection with minimum time. In order to improve
breast cancer detection, an ensemble technique called Gaussian light gradient boost
decision tree classification (GLGBDTC) is introduced. Initially, images are collected
from the database. The Light Gradient Boost technique further constructs a number
of base classifiers namely c4.5 decision trees using Kullback–Leibler divergence
value, by which the data are classified and the results are to be sum up for making
strong classification outcomes. For all the base classifiers, the similar weights are
assigned. Then the Gaussian training loss is computed for each base classifier results.
Followed by, the weight is updated according to the loss value. The steepest descent
function is used to discover best classifier with minimum training loss. By this way,
the proposed technique performs accurate breast cancer detection. The simulation
results show minimize false positive rate (FPR).

Keywords Light gradient boost · Base classifiers · Kullback–Leibler divergence
value · c4.5 decision tree · Gaussian training loss · Steepest descent function
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1 Introduction

High percentage of women’s mortality is attributed to breast cancer. Earlier detection,
however, has been found to reduce this mortality rate. The techniques for detection
are available in numbers. But, the accurate detection with minimum time is still
challenging issues. Computing techniques for breast cancer detection demands high-
quality images for accuracy since low contrast images failed to offer accurate results.
These issues are overcome by introducing an ensemble classification technique in
this paper.

To improve breast cancer detection, the Gaussian light gradient boost decision tree
classification technique is introduced. An ensemble classifier classifies the given
images into different classes using c4.5 decision tree classifier with the features.
This helps to minimize the classification time. The c4.5 is a leaf-wise decision tree
classifier to find the normal and abnormal images based on the Kullback–Leibler
divergence value. The higher divergence value indicates that the images are classified
as normal. Otherwise, the images are classified as abnormal. To improve classification
accuracy and lessen false positive rate, the base classifier results are combined into a
strong one. The Gaussian training loss is computed for each base classifier. Followed
by, the weights of the base classifier are changed according to the training loss. The
GLGBDTC technique exploits the steepest descent function to find the best classifier
results with minimum training loss. The overview of this paper is ordered in the
following sections. The related works are broadly discussed in Sect. 2. The brief
explanation of GLGBDTC technique for breast cancer detection with neat diagram
is described in Sect. 3. The results attained from the simulation are detailed in Sect. 4.
Conclusion with future research directions is discussed in the last section.

2 State of the Art in Image Processing Techniques

An abysmal neural network (NN) is discussed in [1] for identifying breast cancer
with mammograms and tomosynthesis images. Though the deep learning approach
increases the classification, an ensemble classifier was not exploited to achieve opti-
mal performance. Again a shallow deep convolution NN (SD-CNN) has been pro-
posed in [2] for diagnosing the breast cancer. The SD-CNN failed to minimize the
classification time since it has more layers for processing the input images.

A multi-scale approach was introduced in [3] for classifying the breast cancer
from histological images. The approach does not use any machine learning classifier
for accurately minimizing the false positive rate. A computer aided as well as deep
learning-based system of diagnosis was presented in [4] for classification and detec-
tion of breast cancer. Larger data set with training labels of detailed information does
not work with the modern system like deep learning system. A system of diagnosis
aided by computer with FFDM, that is full-field digital mammography images was
presented in [5] for breast lesion classification.
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A stacked sparse auto-encoder (SSAE) was developed in [6] for efficient breast
cancer detection images with high-resolution related to histopathology. Detecting
the described images of breast cancer, the high level resolution features should be
extracted using SSAE. A polynomial classification algorithm with wavelet coeffi-
cients was designed in [7] to classify the tissues as normal or abnormal. The classifica-
tion algorithm does not use any function to lessen the error rate in an efficient manner.
Algorithm based on genetics and wavelet transform (with various thresholding) was
developed [8] for detection and separation of cancer using mammograms images.
The algorithm does not reduce the false positive to enhance performance of cancer
detection. In [9], a new feature extraction technique depends on Dual Contourlet
Transform (Dual-CT) and improved k-nearest neighbors (KNN) was developed to
increase classification performance. The technique does not handle more medical
images for classification.

3 Gaussian Light Gradient Boost Decision Tree
Classification for Breast Cancer Detection

In this paper, an ensemble technique called Gaussian light gradient boost decision
tree classification is introduced to improve the accurate breast cancer detection from
the images with minimum time. With the abnormality of the cell tissues in the breast
leads to the occurrence of breast cancer. Accurate detection of the abnormality effec-
tively decreases the mortality rate caused by breast cancer. Several machine learning
techniques used for classifying the normal and abnormal tissue have been found in
the literature. But, accurate classification was not performed with less error rate. To
solve these issues, an efficient ensemble classifier is applied for effectively detecting
the breast cancer. The proposed technique uses the light gradient boosting algorithm
since it is fast, and significantly provides the high efficiency and accuracy while
handling the large size of images. In ensemble learning, the ‘Light’ denotes a high
speed. The architecture diagram of breast cancer classification is shown in Fig. 1.

3.1 Gaussian Light Gradient Boost Decision Tree Classifier

Breast cancer is detected from the input images using the ensemble classification
techniques with its extended extracted features are now called as Gaussian light
gradient boost decision tree. This classifier method uses the C4.5 as a base learner to
construct a decision tree for classification. The c4.5 is a statistical classifier to find
the abnormal tissue patterns by calculating the Kullback–Leibler divergence value.
The ensemble classification process is illustrated in diagram.

The ensemble classification method for correct detection of breast cancer is pro-
cessed in less time. Let us consider the following training images {xi , yi } where x
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Fig. 1 Architecture of GLGBDTC technique

represents the input breast images bi1,bi2, bi3, . . . , bin and ‘y’ denotes a classification
results. The set of base classifiers {B1(x), B2(x), B3(x), . . . , Bn(x)} are constructed
to train the input training images with the extracted features.

The C4.5 constructs a decision tree from a set of training images. The decision
tree is a leaf-wise algorithm in which the root node comprises the input image with
the extracted features. The branch node is processing the input breast images with
the extracted features. The leaf node provides the class label (decision taken after
processing the input images). The whole training images are divided into different
class labels such as normal and abnormal through the Kullback–Leibler divergence.
It is a measure of how the probability of feature extracted value gets deviated from
the probability of features rated value. This divergence is computed as follows,

d1[(p1( f )|q1( f ))] = p1( f ) ∗ log
p1( f )

q1( f )
(1)

From (1), d denotes a divergence, p( f ) is the probability of feature extracted
value, and q( f ) represents the probability of features rated value. The maximum
divergence between these two probability results is classified as normal (N). The
minimum divergence between these two probability results is classified as abnormal
(AB). Based on the divergence measure, the input breast images split into different
classes with the extracted features. As a result, the classification results are attained
at the leaf node. By this way, each base classifier identifies the abnormal tissue from
the input images.
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The base classifier does not provide the accurate classification results. Therefore,
the outputs of all the base classifier results are summed and offer the strong clas-
sification with minimum training loss. The summation of base classifier results are
expressed as follows,

y =
n∑

i=1

Bi (x) (2)

From (2), y denotes an output of the strong classifier and Bi (x) represents the
output of each base classifier. After combining all the base classifier results, the
similar weight is initialized.

ϑ(i) → Bi (x) (3)

From (3), ϑ(i) denotes a current weight value. Then the training losses for each
base classifier results are computed. The proposed ensemble classifier computes the
Gaussian loss function for attaining the accurate classification results. The training
loss is computed as follows,

σ [y, Bi (x)] = 0.5 ∗ ‖y − Bi (x)‖2 (4)

From (4), σ denotes a Gaussian loss function, y represents the actual output, Bi (x)

denoted an observed result of the base classifier. After computing the training loss,
the initial weight is updated. The initial weight is increased if the classifiers wrongly
detect the cancer. The base classifier exactly classifies the extracted features with
normal and abnormal images, when its weight is decreased. The weight updating is
mathematically expressed as follows,

ϑ(i ′) =
{

ϑ(i + 1), if Bi (x) incorrectly classified
ϑ(i − 1), if Bi (x) correctly classified

(5)

From (5), initial weight ϑ(i) of the base classifier is updated to ϑ(i ′). Based on the
weight value, the steepest descent function finds the classifier with the less training
loss,

f (x) = arg min σ [y, Bi (x)] (6)

From (6), f (x) denotes a steepest function using to find minimum functioning of
σ [y, Bi (x)] denotes a training loss of the base classifier. The final strong classification
results of the ensemble classifier with updated weights are expressed as follows,

y =
n∑

i=1

Bi (x)ϑ(i ′) (7)
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From (7), ϑ(i ′) denotes an updated weight of the base classifier Bi (x).Each base
classifier has different weights. As a result, the light gradient boosting classifier
improves the classification of normal and abnormal tissues in the breast cancer with
less false positive rate. The following description is an algorithmic process of Gaus-
sian light gradient boost decision tree classification. The input breast images are
numbered as bi from 1 to n.

4 Result and Discussions

By using MATLAB, the implementation of simulation of proposed GLGBDTC tech-
nique as well as the already existing methods like deep CNN [1] and SD-CNN [2] is
done. From the Digital Database for Screening Mammography [10], adequate num-
bers of breast images were collected. For diagnosing the disease, the breast images are
obtained from the above-mentioned DDSM. For the simulation purposes, totally 100
images are taken and performed classification for cancer detection. Totally, 10 various
runs are carried out with different input images. The outcomes of above three methods
are evaluated using the table with two-dimensional graphical representations.

4.1 Simulation Result of FPR

The FPR is computed using the following mathematical equation,

FPR = Number of images incorrectly classified

total number of images
∗ 100 (8)

From Eq. (8), FPR (%) represents the false positive rate of image classification
The sample mathematical calculations are provided below for the three classification
techniques with the number of images as 10.

The FPR of classification versus a number of breast images is described in Table 1.
For the simulation purposes, the numbers of breast images are taken from 10 to 100.
The false positive results of three different methods are GLGBDTC technique and
existing deep CNN [1], SD-CNN [2] described in Table 1. The above table clearly
describes that the false positive rate is significantly minimized using GLGBDTC
technique when compared to the deep CNN [1] and SD-CNN [2]. The simulation
results are shown in the following graphical representation.

As shown in Fig. 2, the simulation results of FPR as compared with the number of
breast images are illustrated. The false positive rate computation is used for finding
the incorrect classification of the breast images. It is clearly observed that the GLGB-
DTC technique minimizes the performance results of the false positive rate than the
existing methods. This is because of the Gaussian light gradient boost decision tree
classifier increases the classification accuracy and minimizes the false positive rate.
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Table 1 False positive rate Number of images
(n)

GLGBDTC Deep CNN SD-CNN

10 20 40 30

20 15 25 20

30 10 20 13

40 13 23 18

50 8 16 12

60 12 20 15

70 9 19 13

80 8 16 11

90 11 21 16

100 7 17 11
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Fig. 2 Simulation results of false positive rate versus number of images

For each classification technique, there are ten different results attained with var-
ious input images. Let us consider 10 images, the false positive rate of GLGBDTC
technique is 20% and the false positive rate of the other two methods, namely deep
CNN [1] and SD-CNN [2] are 40% and 30%, respectively. Similarly, the rest of the
runs are carried out and the results show that the GLGBDTC technique minimizes
the false positive rate by 46% in comparison to deep CNN [1].
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5 Conclusion

A novel ensemble technique called Gaussian light gradient boost decision tree clas-
sification is introduced for improving the classification accuracy with minimal time.
The light gradient boost ensemble classifier effectively identifies cancer from the
input breast images by constructing the number of base classifiers. The leaf-wise
decision tree used as a base classifier for splitting the whole images into the different
classes based on the Kullback–Leibler divergence value. The classified results are
combined to identify the best classifier with less training loss. Similarly, the sim-
ulation is conducted using the DDSM database with various images of breasts. As
proved by the above calculations and classification techniques, this strong classifica-
tion algorithm effectively differentiates the typical and malicious images by minimal
false positive rate as compared to the previously applied methods.
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Optimization-Based Effective Feature Set
Selection in Big Data

J. S. T. M. Poovarasi, Sujatha Srinivasan, and G. Suseendran

Abstract Of late, the data mining has appeared on the arena as an ideal form of
knowledge discovery crucial for the purpose of providing appropriate solutions to an
assortment of issues in a specified sphere. In this regard, the classification represents
an effective method deployed with a view to locating several categories of anony-
mous data. Further, the feature selection has significantly showcased its supreme
efficiency in a host of applications by effectively ushering in easier and more all-
inclusive remodel, augmenting the learning performance, and organizing fresh and
comprehensible data. However, of late, certain severe stumbling blocks have cropped
up in the arena of feature selection, in the form of certain distinctive traits of signif-
icant of big data, like the data velocity and data variety. In the document, a sincere
effort is made to successfully address the prospective problems encountered by the
feature selection in respect of big data analytics. Various tests conducted have upheld
the fact that the oppositional grasshopper techniques are endowed with the acumen
of effectively extracting the requisite features so as to achieve the preferred out-
come Further, enthusing experimental outcomes have revealed the fact only a trivial
number of hidden neurons are necessary for the purpose of the feature selection to
effectively appraise the quality of an individual, which represents a chosen subset of
features.

Keywords Classification · Optimization · Oppositional grasshopper
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1 Introduction

Incidentally, the big data, in quintessence, represents the group of incredibly mas-
sive information sets with wide variety of categories, thereby making it exceedingly
hard to process them by employing the high-tech data processing techniques or
time-honored data processing platforms. No wonder, the big data has affected a sea
change in our traditional styles of businesses, administrations and experimentations.
The information exhaustive science, especially in information exhaustive calculating,
has appeared on the stage which is dedicated for the launch of the requisite devices to
outwit the hassles encountered by the big data. The big data kicks off with colossal,
diverse and independent distributed resources and controlled decentralization are
effectively processed to testing the intricate and budding bonds among the data. The
relative traits emerge as severe hassles in the process of locating fruitful informa-
tion from the big data [1]. Moreover, the data finds itself saved in the disseminated
system files like the MapReduce/Hadoop. Hence, it is all the more essential to stor-
age, query and communication troubles. In certain instances, the private constraints
effectively withhold entire information set, permits only the preprocessed informa-
tion is communicated by means of cautiously devised interfaces. On account of their
probable incongruent origins, the big data sets are generally found to be imperfect,
with a large segment being misplaced. In fact, the mammoth quantum of data invari-
ably possess tainted measurements, communication faults, in addition to being prone
to the severe cyber assaults, especially when the overheads relating to purchase and
transport per entry are reduced to the least [2]. The big data, in essence, represents the
extensively employed term indicating huge collection of datasets which are so highly
complicated that it is very hard to process them by employing the time-honored data
processing applications. The various types of challenges in this regard are such as the
assessment, pattern identification, visualization and the likes. Usually, the big data
assessment is effectively carried out in various spheres such as the cloud environment,
network simulation and forecast and so on [3]. The distinguishing procedure of a pat-
tern identification method basically decreases the dimensionality of input data into
the different classes. As a matter of fact, the dimensionality decrease is extensively
observed unreservedly in the whole modules of the identification mechanism such as
the preprocessing, feature extraction and classification [4]. Now a days, the analysis
of big data is slowly emerging as key for creative values of applications and modern
enterprises, these are arranged as the accumulate direct customer reaction data from
the business processes internally [5]. In fact, the big data invariably characterizes the
typical dominion of issues and methods employed for the application domains which
collect and preserve gigantic quantity of unrefined data for the domain-specific data
assessment. The current data-intensive methods and the improved computational and
data storage resources have played a significant part in the advancement of the big
data science [6].

A lion’s share of the reduction dimensionality techniques has concentrated on the
features which operate with the maximum significance to the target class [7]. A lot of
investigations have been conducted on the dimensionality decline in the region of the
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synchrophasor data. Predominantly, the online dimensionality diminution aims at the
extraction of correlations among the synchrophasor measurements, like the voltage,
current, frequency and so on [8]. An extraction of features, in turn, represents a
vital technique dedicated for the purpose of extracting fruitful data hiding within
the electromyography (EMG) signal, ignoring redundant part and interventions [9].
The big data applications are extensively and fruitfully employed in various scientific
controllers like parallel complicated and inter-controlled scientific investigation [10].

2 Problem Definition

Dimensionality decrease is invariably targeted at the adaptation of high-dimensional
data into an aligned low-dimensional illustration. It effectively executes the function
of significantly scaling down the computational intricacy and improves the statistical
ill-conditioning by way of eliminating the superfluous traits which is likely to weaken
the classification efficiency. In certain applications like detection of optic device,
recognition, bioinformatics, and data mining and high information dimensionality put
several roadblocks in the path of the vigorous and precise identification. Moreover,
the organization and scrutiny of medical big data are beset with a host of varied
problems in regard to their structure, storage and analysis. It is, indeed, a Herculean
task to accumulate and process the colossal quantity of data generated in the big
data. In comparison to the parallel problems encountered by the big data, inadequate
consideration it paid to the sampling issue. In view of constraints such the space
and time, it has become an extremely hard task to process the whole big data set
simultaneously. The feature selection issue involves the decrease of the number of
variables in the input set simultaneously generating the identical output. It is also
likely that the values detachable from the input set do not hold fruitful data.

3 Proposed Methodology

The current document makes an earnest effort to conduct a distinctive appraisal of a
host of diverse feature selection methods and classification approaches extensively
employed for the purpose of mining. The detection of features plays major part on
the course of extraction in fruitful information from a dataset. In fact, the distinct
features are likely to be interrelated and hence have to be scrutinized in groups
instead of examining them individually, which make feature selection procedure
further difficult. In the document, the corresponding goal of the selecting feature
for big data analytics is envisaged. It is illustrated by means of test conducted that
the oppositional grasshopper algorithm is well endowed with the requisite skills to
effectively extract the relevant features essential.
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4 Hadoop MapReduce Frame Work

The Hadoop MapReduce, in quintessence, represents a software framework which
invariably allows the distributed processing of gigantic quantity of data such as the
dataset for multi-terabyte in high number of service nodes hardware in a reliable,
fault-tolerant basis. In fact, the MapReduce job normally splits into the input dataset
into several autonomous structures that are carried out via the map functions in an
entirely parallel method. The outputs of the map functions are duly arranged by the
framework, for furnishing them as the reduced tasks from the input. Normally, inputs
and the outputs of the task are duly saved based on the file system. The novel technique
is competent to successfully address the computation issue by means functions of two
distinct like map and reduce. Basically, the map reduction technique duly empowers
users to write map and diminish the elements with the help of the functional-style
code. At last, the relative elements are scheduled by means of the MapReduce system
to the scattered assets for implementation in the course of managing a large number
of thorny issues like the network communication, parallelization and fault tolerance.
First and foremost, the input dataset is duly furnished as the input to the mapped. It
is effectively used for the parallel processing of data with elevated speed regardless
of the dimension of the data. With the result, it offers a helping hand to significantly
scale down the run-time. By means of effective application of the mapper, the big
data is duly grouped in a number of clusters. The functional stream of the MapReduce
technique contains an input dataset, which, in turn, is categorized into a large number
of data components, each of which is effectively administered by the map task in the
map segment. Finally, it is joined to the reduce task in the reduce segment to create the
eventual consequence. In the MapReduce function, the big computations are easily
parallelized and re-accomplishment of futile tasks is deemed as the key technique for
the error acceptance. All of these are all represented as the principal compensation
of the MapReduce. Mapper is effectively employed with each and every input key-
value couple to generate an arbitrary quantity of intermediate key-value couples. The
characteristic declaration is well illustrated in Expression (1) shown below.

map(in Key, in Value) → list(intermediate key, intermediate Value) (1)

Reducer, it is utilized with each and every value connected by the identical
intermediate key with the intention of generating the output key-value couples. The
following Expression (2) effectively exhibits the distinctive declaration.

reduce(intermediate Key, list(intermediate Value)) → list(out Key, out Value)
(2)
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4.1 Feature Selection

The feature selection (FS) has, of late, emerged as daunting function devoted to
the task of diminishing the number of features by way of the eradication of the
immaterial, superfluous and noisy data, simultaneously upholding a desirable level
of classification precision. In fact, it may be deemed as an optimization issue. In the
back of the inherent intricacy of the corresponding problem and amidst a flood of local
solutions, the stochastic optimization techniques emerge as the ideal candidates with
the necessary acumen to overwhelm the relative issue. As a decisive endeavor, the
modified oppositional grasshopper optimization algorithm (MOGOA) inelegantly
launched in the document which is effectively worked topic the feature subset for
the purpose of types in architecture.

4.2 Modified Oppositional Grasshopper Optimization
Algorithm

Here, an inefficient feature selection procedure assisted by the modified oppositional
grasshopper optimization technique (MOGHO) is proficiently carried out. For the
purpose, an adaptive neural network approach is introduced for precise feature selec-
tion process as a fitness function for enhanced precision. Incidentally, the grasshopper
represents one of the insects in our biodiversity. Extensively present in the environ-
ment, the grasshoppers unite with one among the major swarm of the entire creatures.
As the dimension of the swarm is continental in scale, it has become a nightmare
for the agriculturists. The nature-motivated techniques rationally classify the search
process into two distinct behaviors such as the exploration and the exploitation. In
the exploration phase, the analyzing agents are motivated to travel by making hasty
moves to longer distances, whereas their travel is limited locally with slow and small
steps in the exploitation phase. The target seeking by means of these two functions
are carried out by the grasshoppers. It is possible to devise an innovative nature-
motivated technique by way of calculation mathematically with the help of the novel
activity model.

Step 1: The arithmetical model is effectively worked to replicate the swarming
conduct the grasshoppers as illustrated in the following Eq. (1).

Li = Ci + Mi + Wi (1)

where Li characterizes the location of the ith grasshopper, Ci indicates the common
interface, Mi signifies the magnitude energy and Wi symbolizes the wind speed
convection.
Step 2: With a view, the conventional modernize grasshopper technique; the oppo-
sitional method is elegantly brought into limelight. Based on the learning oppo-
sition (OBL) propounded through Tizhoosh, the recent agent and their opposite
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agents are envisaged concurrently so as to realize superior similarity for the recent
agent solution. This is taken for granted opposite agent result holds the superior
prospect of being near the global optimal result rather than the random agent
result. The opposite variance blocks positions (OPbt ) are totally calculated busing
components of Pm as illustrated in Eq. (2) below.

OPbt = [
opb1

t , opb2
t , . . . opbd

t

]
(2)

Let OPbt = Lowbt + Upbt − Pbt with OPbt ∈ [
Lowbt , Upbt

]
represents the

location of t th low variance blocks OPt in the dth dimension of oppositional blocks.
Step 3: It is possible for modernize Eq. (1) so as to provide the arbitrary conduct
as to Posi = q1Soci + q2 Foci + q3W ini, where q1, q2, and q3 duly represent the
arbitrary numbers in [0, 1].

Soci =
N∑

j=1
j �=i

soc
(
dli j

) ∧
dli j (3)

where dlij indicates the distance among the ith and the jth grasshopper.
Step 4: The s-social forces. It is evaluated by means of the following equation.

Soc(r) = Aeo.e
−r
∫ − e−r (4)

where W denotes the attraction intensity, ∫ represents the scale attractive length.
The s duly exhibits the attract way it influences the social interaction such as the
ion and oppositional grasshoppers.
Step 5: The function in this interval and F equipment in equation is effectively
evaluated as per equation shown.

Foci = goe.
∧
eg (5)

where goe. symbolizes the gravitational constant and
∧
eg establishes union vector

through the center of earth.
Step 6: The function W in Eq. (1) is effectively estimated by means of the following
equation.

W ini = uoe.
∧
ev (6)

A constant drift is denoted as c and a unity vector is denoted as
∧
ev toward the

earth.
Step 7: A nymph grasshopper does not have any wings; hence, their functions are
vastly associated through the direction of wind. By way of function S, F and W
in Eq. (1), the equation may be improved as per the following Eq. (7).
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Posi =
N∑

j=1
j �=i

soc
(∣∣pos j − posi

∣
∣)pos j−posi

doci j
− goe.

∧
eg +coe.

∧
ev (7)

where s and Soc(q) = Aoe.e
−r
∫ − e−r , N characterizes the various location

should not fall below a certain threshold. Nevertheless, function (8) can be profitably
deployed for the replication of interaction among the grasshoppers.

Poci =

⎛

⎜⎜
⎝

N∑

j=1
j �=i

uoe.bd − lbd

2
soc

(∣∣pocd
j − pocd

i

∣∣)poc j − poci

doci j

⎞

⎟⎟
⎠ + ∧

Td (8)

where uoe.bd is indicates Dth upper bound, lbd indicates the Dth lower

bound.Soc(q) = Aoe.e
−r
∫ − e−r ,

∧
Td implies the value of the Dth dimension in the

target and uoe. Corresponds to a reducing coefficient to shrink the zones like com-
fort, repulsion and attraction. It is also presumed that the A component representing

the wind direction is constantly in the direction of the target
∧
Td . The subsequent

position of the grasshopper is estimated taking into consideration its current position
as illustrated in Eq (8). Further, the status of the entire grasshoppers is envisioned so
as to arrive at the search agent’s location over the target.

C = c high − c low − c high

L
(9)

where c high indicates the highest value, c low implies the lowest value 1 illustrates
the recent testing and L represents the highest number of iterations. The position of
the best goal estimated till now is modernized in every testing’s. Further, the factor c
is evaluated and applied in Eq. (9). The updating of location is effectively carried out
by the testing till an end criterion is met with. Function place and fitness of the best
target is, at last, back to the best. Above-mentioned replications and debates reiterate
the supreme efficiency of the MOGOA technique in arriving at the global optimum
in an analyzing area.

The artificial neural systems, in essence, characterize a maximized computational
method entrusted with the function of the replication of the neural configuration and
functioning of the human cerebrum. It consists of an interconnected framework of
deceivingly delivered neurons which functions as the media for the data exchange.
The datasets, in turn, are taken to determine the movement of the input constraints. As
a rule, the ANN is founded on diverse optimizations of the weights. In the correspond-
ing numerical expression, MOGHO approach is duly followed with the intention of
realizing the superior precision and classification outcomes.
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5 Result and Discussion

A roughly estimated dimension is elegantly employed to evaluate the effectiveness
of the suggested technique. It is invariably home to a set of technique which follows
universal basic estimation methods with the dimensions for evaluation such as the
precision, recall and f-measures.

For the schema aligning procedure, the precision can be defined as the fraction
of derived matches of schema attributes relevant to the schema of table instances as
illustrated in the following relation

Precision, P = |(relevant match) ∩ (derived match)|
|(relevant match)|

For the schema aligning procedure, the recall may be characterized as the fraction
of relevant matches derived to the schema of table instances, as shown below.

Recall, R = |(relevant match) ∩ (derived match)|
|(derived match)|

The accuracy of the novel technique is represented by the fraction of the sum of
TP and TN to the sum of TN + TP + FN + FP as shown below.

Accuracy = TN + TP

(TN + TP + FN + FP)

See Figs. 1, 2 and Tables 1, 2.

Fig. 1 Graphical
representation of our
proposed research evaluation
measures
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Fig. 2 Graphical
representation of proposed
and existing accuracy
measures

Table 1 Evaluation measures
for our proposed research

Iteration Precision Recall Accuracy

10 0.95 0.75 0.95

20 0.91 0.70 0.92

30 0.89 0.82 0.91

40 0.85 0.79 0.94

50 0.90 0.84 0.93

Table 2 Comparison of our
presented and existed
accuracy measures

Iteration Presented MOGHO Existed GHO

10 0.95 0.75

20 0.92 0.85

30 0.91 0.86

40 0.94 0.9

50 0.93 0.84

6 Conclusion

The extensive employment of the big data frameworks to accumulate, process and
evaluate data has drastically revolutionized the scenario of the knowledge discovery
from data, particularly, the procedures intended for the data preprocessing. In this
regard, the feature selection effectively executes its function of lessening certain
mapping and classification issues by means of scaling down the number of features
to be examined. The new-fangled technique pays scant attention to constraints such
as the significance or redundancy of the features, but assigns the relevant task to the
artificial neural network, thanks to the exceptional skills exhibited by the latter in the
matter of identifying hidden patterns even in the backdrop of noisy scenarios. It is also
established without an iota of doubt the genetic algorithm can be effectively employed
for the purpose of assisting the search for the relevant features capable of yielding the
preferred outcomes. It is hoped that the upcoming researchers, practitioners and data
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scientists would work hand in hand with the ultimate aim of ensuring the long-term
triumph of the big data preprocessing and make a joint move toward the unexplored
horizons to quench their thirst.
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An Efficient Study of Fraud Detection
System Using Ml Techniques

S. Josephine Isabella, Sujatha Srinivasan, and G. Suseendran

Abstract The growing world has the transactions of finance mostly done by the
transfer of amount through the cashless payments over the Internet. This growth of
transactions led to the large amount of data which resulted in the creation of big data.
The day-by-day transactions increase continuously which explored as big data with
high speed, beyond the limit of transactions and variety. The fraudsters can also use
anything to affect the systematic working of current fraud detection system (FDS).
So, there is a challenge to improve the present FDS with maximum possible accuracy
to fulfill the need of FDS. When the payment is made by using the credit cards, there
is chance of misusing the credit cards by the fraudsters. Now, it is essential to find
the system that detects the fraudulent transactions as a real-world challenge for FDS
and report them to the corresponding people/organization to reduce the fraudulent
rate to a minimal one. This paper gives an efficient study of FDS for credit cards by
using the machine learning (ML) techniques such as support vector machine, naïve
Bayes, K-nearest neighbor, random forest, decision tree, OneR, AdaBoost. These
machine learning techniques evaluate a dataset and produce the performance metrics
to find the accuracy of each one. This study finally reported that the random forest
classifier outperforms among all the other techniques.
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1 Introduction

The new arrival of innovative technologies gives an opening to the Internet and
cashless transactions which have emerged as easier. However, for online transactions,
we no longer want to be in a view found in a sure location where the transaction
happens, making it prone to fraudulent one. There are many ways in which the
people can profess to be the other user and create a transaction as fraudulent. If
a transaction is fraudulent or no longer available, it could be decided by studying
previous transactions and evaluating them with the modern one. If the distinct in
nature of previous transaction and the modern transaction is big, there is a possibility
that the modern-day transaction is a fraudulent transaction [1]. This paper discusses
an effective study about the machine learning techniques that detect the fraudulent
transactions with the help of evaluation metrics in an effective way. Section 1 gives
the introduction. A common study to understand the fraud detection system (FDS)
is discussed in Sect. 2. Section 3 reviews the related literatures in FDS. Sect. 4 gives
the experimental studies. The evaluations of various machine learning techniques
are detected in Sect. 5. Section 6 gives the results and discussion part. Finally, the
conclusion is given in Sect. 7.

2 An Understanding of FDS

Without using cash, the products can be sold and transferred through various pay-
ments by simply using a card that is given by the financial sectors and the bank
called credit cards. The fraudsters use these cards illegally, or not having the per-
mission of cardholders is referred to as credit card fraud [2]. The method used to
find and identify the fraudulent transactions when the transactions have entered into
the system and make intimation to a system administrator is called FDS. Previously,
these transactions were obtained by using fraud detection sampling techniques, but it
was time consuming. Nowadays, machine learning plays a major role in automated
system [3]. The continuous increase of usage of credit card transactions and evolv-
ing the concept of CNP (card-not-present) in payment transactions that generate the
misbehavior of the illegitimate people who counterfeit as others. There is a need to
create an automated FDS for credit issuers [4]. So, there is a chance to apply the
machine learning techniques to find the solution to the fraud detection system in a
functional way [3].

3 Review of Literature

The study given by authors like Shen et al., investigated that the efficiency of classifi-
cation models is tested against fraud detection and also produced a framework to the
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fraud detection in credit card to reduce the risk [5] at banks. Whitrow et al., revealed
a study of fraud detection at transaction and account level of two banks, A and B,
by using the transaction aggregation [6]. In this proposed study, the self-organizing
map neural network (SOMNN) technique and transactional rules are used to create
a decision model called credit card fraud watch (CCFW) along the existing banking
software and are applied to the real banking dataset and used to solve the problem
of fraudulent transaction by the optimal classification of each transaction [7].

The authors, E. Duman and Y. Sahin, designed a model for fraud finding and
discussed that SVM models produced better results in the training dataset mode, while
the decision tree-based models performed well in the testing mode. This model can
be utilized by the financial institutions to predict the fraudulent transaction. [8]. This
study implemented a linear Fisher discriminant analysis on fraud detection in credit
cards for calculating a weighted average to find out the transactions as profitable and
prevented loss of millions of dollars of real-time banking transactions [9].

Awoyemi et al. [10] concluded that there is a need to develop a better sampling
approach to handle the highly imbalanced credit card dataset using meta-classifiers.
This study made a comparison of random forest and logistic regression with sample
dataset (preprocessed with PCA and without PCA values). This comparison evaluated
through the R language resulted that Random forest without PCA and a K value of
3 having the accuracy as 99.77% by using the confusion matrix [11]. This study
is designed to build four classification models, namely logistic regression, SVM,
decision tree and random forest with the training data of 70 and 30% testing data
of European card holders from ULB Machine Learning Group. Random forest is
found as the best classifier among all [12]. John et al. made an effective study of
feature selection on two imbalanced datasets as ranking by the use of correlation
coefficient and evaluated using MATLAB IDE with the four classifier techniques,
namely naive Bayes, support vector machine, decision tree and NNBRF and applied
to the datasets of Taiwan and European banks. The results showed that the decision
trees were performed to produce the better result of classification [13].

Rajora et al. made a study of machine learning classification techniques as well
as ensemble learning methods and evaluated an unbalanced dataset by using under
sampling method with PCA values as balanced. The outcomes showed that the gra-
dient boosting regression tree had the better accuracy among all the classifiers based
on dataset ‘without time’ feature [14]. Authors like patil et al. evaluated the random
forest, logistic regression and decision tree classifiers and applied on the credit card
fraud-German dataset and results showed that random forest tree made accuracy
as high but had the limitation of over fitting of decision tree [15]. K. R. Seeja and
Masoumeh Zareapoor revealed a model named FraudMiner for fraud detection and
analyzed the results of classification models. The FraudMiner model was applied to
one lakh transactions. This proposed model produced the performance evaluation as
fraud detection rate was high. The evaluation was done by applying the BCR and
MCC to the FraudMiner model [16].

In this study, the authors reviewed various methods to find the solution to the
fraud detection systems. They discussed hidden Markov model (HMM), CNN and
ANN methods and proposed a model with autoencoder neural network model [1].
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4 Experimental Studies

4.1 Dataset and Preprocessing of Data

The German credit fraud dataset is the famous dataset taken from kaggle.com with
1000 instances and 20 attributes. Preprocessing is essential before we evaluate the
values in the dataset. The proposed model gives the accuracy improvement based
on the features that have been selected as salient features. In this study, we use the
German credit card dataset as sample dataset. The model has been trained with 70%
of instances and tested with 30% of instances having 20 attributes [17].

4.2 Evaluation Metrics

There are some metrics of evaluation available to find the achievement measures of
the classification models.

The various metrics for evaluation are given as follows [10, 20]:

Accuracy = (TN + TP)/(TP + FP + FN + TN) (1)

Precision = TP/TP + FP (2)

Recall = TP/TP + FN (3)

Based on the evaluation of these metrics, the confusion matrix is formed.

5 Evaluation of Ml Techniques

5.1 Naïve Bayes

Based on some assumption, the outcome is affected by the independent factor that
is called as ‘Naive.’ It predicts a class of future incoming data values with known
target values as training data. It finds the probability by using the formula [16, 18].
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5.2 KNN

This algorithm predicts data value based on a relative position to other data values.
It is a clustering algorithm used to find the unknown feature of a testing data by
using the Euclidean distance [18]. This is an instance-based algorithm which keeps
all the instances and classifies the similar instances having the nearest values. The
existing instances find the new nearest instances by using distance evaluation such
as Euclidean distance [16].

5.3 Random Forest

The Random Forest classifier generates the connected decision tree classifiers ran-
domly. If the input is having the training data, then it will make the rules which are
helpful to predict the results through the decision tree forests [18]. This technique
generates a decision tree having the concept as each tree is a weak learner and the tree
having maximum votes are the strong learners, and it categorizes the new instances
to the class that has the maximum votes [16].

5.4 SVM

For classification problems, SVM is used to categorize the values or data points by
the best fitting method. Support vector machine plots the line that denotes the training
values on a plane to detect the categorization of data. The classification problems
and regression model problems use this technique in an efficient way to find the
solution [18].

5.5 Decision Tree (J48)

J48 is a decision tree model and an implemented form of C4.5 technique in Java.
This is an ID3 decision tree algorithms extended version. Working on the different
values of an existing input, the average value of new class can be calculated. The
different features are represented in the tree as internal nodes. The end value of the
dependent data is found by the end node. The root node gives the decision.
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5.6 OneR

The frequency table has target value for each predictor for creating a predictor’s rule
called one rule that selects the rule that has the minimum total error.

5.7 AdaBoost

This algorithm is a classification ensemble method. This algorithm is used to improve
the performance of any algorithm. When any algorithm combines with this technique,
then it converts the weak learners to the strong one [19].

6 Results and Discussions

The evaluation of machine learning techniques produces the results of various mea-
sures such as the rate of true positive, precision and are related to find the fraudulent
transactions in an efficient way. These measures are observed and placed in Table 1.

Obviously, all the ML techniques produced true positive greater than 80%. The
random forest algorithm has the highest rate of true positive as 92%. The remaining
techniques have less than that of 92%. The SVM and OneR techniques having the
same true positive rate 87% are slightly higher than naïve Bayes. KNN has the
lowest rate (81%) of true positive. The Recall value of random forest attained at
the maximum of 0.917 and KNN has the lowest value 0.810 of Recall. SVM has
the recall value as 87.1% and is slightly higher than that of OneR and naïve Bayes
methods. The transactions which are correctly classified as genuine or fraudulent are
usually termed as precision. From the evaluated results, naïve Bayes classifier has
the most prominent precision value as 80% and OneR method has the lowest value
of 71.2%. The next highest precision value obtained by KNN is 79.4%. But the KNN
algorithm has the lowest rate (19%) of false positive. This shows that this algorithm

Table 1 Results of classification measures using various ML techniques

Ml technique TPR (%) FPR (%) F-measure MCC Recall Precision Acc

Naïve Bayes 86 50 83.10 0.385 0.864 0.800 75.4

KNN 81 19 80.19 0.324 0.810 0.794 72.0

Random forest 92 59 84.47 0.386 0.917 0.783 76.4

SVM 87 53 83.05 0.371 0.871 0.793 75.1

J48 84 61 95.00 0.250 0.840 0.763 70.5

OneR 87 82 78.17 0.061 0.867 0.712 66.1

AdaBoost 88 73 80.10 0.180 0.877 0.737 69.5
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handles the dataset in a better way than other classifiers. The remaining techniques
having FPR greater than 19% observed from the evaluation.

The correctly classified instances of incoming data categorized after evaluating
the various machine learning techniques are shown. The accuracy results are rep-
resented in Fig. 1. From the graph, random forest algorithm has the most accurate
value as 76.4%. The least accuracy is produced by OneR method. The naïve Bayes
classification and SVM have more or less the same accuracy with the difference of
0.3%. J48 decision tree algorithm classifies the data with the accuracy rate of 70.5%.
The AdaBoost algorithm detects 69.5% of accuracy, but is greater than that of OneR
method which has the accuracy of 66.1%.

Random forest technique has the highest (84.5%) F-measure value. SVM and
naïve Bayes have the same value, 83%. Similarly, KNN and AdaBoost have the
same value (80.1%) for the F-measure. This observation is visualized in Fig. 2.

Matthews correlation coefficient (MCC) [7, 17] has been calculated for various
machine learning models. The Matthews correlation coefficient must be in the range

Fig. 1 Accuracy of FDS
using ML techniques

Fig. 2 Comparative analysis
of F-measure
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of +1 to −1. All our evaluated techniques resulted in this range of values and are
efficient to fit in the model.

7 Conclusion

Usually, the available fraud detection methods find the fraudulent transaction after
they have happened. There will be a chance to occur fraudulent transaction out of
numerous transactions. Even though the occurrence of fraud is at minimal rate against
large number of transactions, it is a commitment to invent a technique for detecting
the fraudulent cases before the transaction has been completed. This study made
an effort to evaluate the sample dataset with different machine learning techniques
and resulted that among all the techniques random forest technique produces better
performance in most of the cases. The above study showed that the machine learning
techniques are capable of handling the fraudulent cases in an efficient manner. But
there is a limitation occurred that how their performance will be found when the total
number of transactions will be increased to some extreme level, i.e., how they are
scalable. This experimental study gives a pathway to find an efficient highly scalable
machine learning technique. There is a need to create a framework that handles the
big data in a smooth way to find the fraudulent transactions at a minimal rate in the
field of fraud detection system as future work.
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Green Technology to Assess and Measure
Energy Efficiency of Data Center
in Cloud Computing

C. Priya, G. Suseendran, D. Akila, and V. Vivekanandam

Abstract Our survey audit uncovers a couple of imperatives capability structures
for server farms which join a green IT plan with express exercises and procedure is
incited decline the effect on condition and less CO2 floods. The current accessible
structures have a few upsides and downsides that is the motivation behind why there
is an earnest requirement for a coordinated foundation for choosing and embracing
energy efficiency system for data centers. The required proficiency structure is vital
for criteria should in like manner consider the casual association applications as a key
related factor in raising imperatives usage, just as talent in data centers for better vital-
ity proficiency. Furthermore, the featured significance of the recognizable proof of
proficient and viable vitality effectiveness estimation of measurement can be utilized
and confirmation of the estimation of data centers productivity and their execution
joined with complete and observationally energy efficiency (EE) framework.

Key words Energy efficiency · Green cloud · Datacenter · Cloud computing

1 Introduction

Distributed computing is a promising locale in appropriated figuring. The essen-
tial piece of distributed computing is server farm, server ranches essentialness use
cost and biological effect are energetic test to distributed computing. In like man-
ner, the making use of e-business requires an expansion in the measure of server
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farms. Regardless, the blend of an earth-wide temperature help and conflicting con-
dition make the expense of vitality a basic test for the sensibility of e-business [1,
2]. They broadened the point of confinement of united document for taking care
of, empowering, limit, the managers, checking, systems association and strategy of
information.

With the snappy augmentation in the cutoff and size of server farms, there is an
industrious addition in light of a legitimate concern for essentialness usage and the
yearly report initiate that conveyed registering came to $41 bn in 2013 and the pay
of cloud in 2014 was $151 bn [3, 4]. Firstly, in data center vitality effectiveness is
enhanced, secondly, utilize clean vitality supply. The diverse methods to take care
of vitality productive issue by limiting the effect of distributed computing on the
earth by cloud computing. These procedures manage vitality proficiency utilization
is similar to virtualization, equipment base, base of operating system and data centers
[5]. Some new highlights emerge like time astute and energy performance. In any
case, the worries ought to be to swap issue between Energy Efficiency and execution
[6].

2 Literature Review

In our writing survey depends on past investigations of explored data center innova-
tion and energy efficiency on cloud computing. Sabbaghi et al. explored past looks
into and presented energy efficiency system on data innovation that empowered green
supply chain management [7]. The theoretical scientific categorization of data inno-
vation for maintainability are proposed. They additionally recognized the connection
amid information flow in green supply chain management, governance of IT plus
green foundation segments [8]. PriyaC [9] proposed the system to support amplify-
ing asset usage by utilizing dynamic and inactive vitality utilization by completed
minimization of time. This mechanism enables the power utilization of spare servers
elects out of gear condition. The record QoS of cloud datacenter is located in this
mechanism.

Rajkumar Buyya et al. [10], is proposed a innovative device in three dissimi-
lar methods: (a) engineering standards in cloud management for energy-efficient;
(b) a novel software technology of clouds in energy-efficient management; and (c)
resource allotment of energy-efficient policies and scheduling algorithms considering
QoS and gadgets control use attributes.

Beloglazov has developed a noteworthy system that ropes the energetic cementing
of VMs subject to flexible limits [11].

Nguyen Quang Hung [12] proposed one of a kind server determination strat-
egy, and four algorithms taking care of the let scheduling problem. This methodol-
ogy lessens 7.25% and 7.45% vitality utilization than the current ravenous mapping
calculation.
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Uddin et al. acquainted a special system with enhance the execution and energy
efficiency of data centers. They built up an order mechanism for data center seg-
ments relying upon various asset pools [13] and distinctive parameters like vitality
utilization, asset usage, remaining task at hand and so on. The structure includes the
centrality of executing green estimations to check the capability of server ranch the
extent that imperativeness.

Sharma et al. [13] built up another two stages of mechanism: firstly, right off the
bat, they built up an investigation of various virtual machine(VM) [14] load balancing
algorithms, secondly, presented another load balancing algorithm VM that has been
created as well as executed within virtual machine environment of cloud computing
toward the accomplish well retort time and price.

S. Kontogiannis built up a special mechanism described adaptive workload bal-
ancing algorithm (AWLB) in support of cloud-based data center in web frameworks
which manages operators hooked on two measurements the web servers plus web
data center. AWLB algorithm additionally underpins convention determination for
flagging purposes among web switch and data center hubs and furthermore uses
different conventions, for example, SNMP along with ICMP for its adjusting proce-
dure. Execution improvements are appeared from the trial. The outline of Literature
review on cloud computing vitality productivity structures and systems as shown in
Table 1 [15].

MueenUddin, clarified the arranged naiveté IT framework conjointly encourages
IT business ventures explicitly information focus exchange to pursue a virtualized
green IT structure, to abstain from squandering Brobdingnagian amount of vitality
and simultaneously back the ozone-depleting substance discharges that eventually
lessens an unnatural weather change impacts. It comprises of five stages to be pur-
sued to appropriately implement virtualization at various layers and levels. After-
wards, utilize unpracticed measurements to live the productivity of information focus
regarding vitality intensity and ozone-depleting substance emissions.

3 Requirement for Energy Effectiveness for Data Centers
in Cloud Computing

Decreasing transmissions of carbon dioxide (CO2) and vitality utilization in server
farms speak to open difficulties in server ranches. We examine uncovers the crushing
essential for formed hugeness ability system for server ranches which joins a green
IT structure with unequivocal exercises and technique that actuated insignificant
effect on condition and less CO2 outpourings. The required imperativeness efficiency
framework ought to comparatively consider the easygoing system applications as a
fundamental related factor in raising centrality use, likewise as high potential for
essentialness viability.
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Table 1 Techniques in data centers energy efficiency

No. Author Approach Strengths Limitation

1 Sabbaghi Calculated scientific
classification of data
innovation

Supply management Hub on infrastructure
only

2 Zhiming Wang Resource utilization
is increased

Put into account QoS Amount of time is
taken for job
performance as
Sleep-in- and Waking
up- ready

3 Priya Scheduling the
resource allocation

QoS No indication in
parameter

4 Beloglazov Adaptive utilization Service level
agreements (SLA) is
obtained

Veto parameter
shows the energy
efficiency level

5 Sharma LBA High quality to
decrease vitality,
valuing and time

A large amount of
calculation need
more opportunity to
take choice

6 Uddin VM Increase the
utilization ratio

Skyscraping
utilization leads to
introduce CO2

7 Kontogiannis WBA Poise the remaining
task at hand in
multidimensional
assets

Augment the web
traffic

4 Energy Efficiency of Datacenter to Measure and Assess
by Green Technology

Universally, the data center in energy consumption [16] is consistently on the expan-
sion [16]. The vitality tasks cost will keep on multiplying each five years somewhere
in the range of 2005 and 2025. This expansion prompted higher outflow of CO2 that
considers adversely a worldwide temperature alteration and natural well being [17].

Estimating vitality utilization of server farms has turned into a significant worry
of all datacenters partners to meet end-client understanding [18]. Energy effective-
ness measures an apparatus used to gauge vitality proficiency in server farms [19].
The imperative test during data centers [20, 21] industry is the restriction of powerful
standard vitality productivity measurements, which bolsters enhancing vitality effec-
tiveness. For a compelling vitality productivity appraisal on segments, data center,
evaluate viable measurements and quantify data center energy effectiveness [22]. If
the measurements are either powerful nor to survey measurements in planned objec-
tives, a scope of basic utilized cases toward decides the estimations and its viability
regarding revealing, targets, instruction, examination and choice help.
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Fig. 1 Market value green data center

Writing survey on normal metrics in energy efficiency are at present being used
in data centers uncovers that not a bit of these measurements are reunion the earlier
referenced criterion. In this manner, the examination is not just presenting a relative
audit of the most widely recognized utilized measurements and their highlights (cri-
teria) yet, in addition, endeavoring to prescribe better measurement to be utilized in
the evaluation of data centers energy efficiency.

In most recent couple of years, administrators have received PUE measurements
since the data center is extent of vitality effectiveness for the mechanized and elec-
trical establishment. The technique of assessment has displayed a focus and for all
intents and purposes indistinguishable extent of execution, which has engaged server
farms directors to make liberal updates. In any case, until now no consensus about IT
or software energy efficiency. Figure 1 depicts the separation among the addresses
in arranged goals of centrality ability estimations [23].

Energy-efficient optimization
In this area, we will, in general, propose the vitality effective improvement model
upheld the dynamic voltage and recurrence scaling (DVFS) [13] that the electrical
marvel intensity of a given asset hub relies upon the voltage offer and asset recurrence.
Dynamic power utilization is done by the hub capacitance brought about by charging
and releasing; its fundamental articulations are regularly sketched out as pursues:

P = γ × v2 × f (1)

where γ = A × C, A is the amount of switches per clock cycle, C is the load
capacitance, v is the stock voltage and f is the repeat of the asset hub.

Expect that si addresses the voltage supply class of advantage ri, and si has k
DVS level; by then the inventory voltage and repeat relationship network of si can
be depicted:

V i = [(v1(i), f 1(i)); (v2(i), f 2(i)); . . . ; vk(i), f k(i))]T (2)
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where vk(i) is the voltage supply for resource ri at level k, k is the amount of levels
in the class si, and f k (I) implies the working repeat at a comparable measurement
k, 0 ≤ f k(i) ≤ 1.

Expect that idle I demonstrates the inert time of benefit ri, L(j) connotes a ton
of DVFS levels used for the endeavors consigned to resource ri; then, the total
imperativeness utilized by the asset ri; for the completion of all tasks assigned to
the asset can be portrayed;

Ei = γ × f × {+vmin(i) × f min(i) × Idlei + λ}
∑

j ∈ T (i),

k ∈ L( j)([(vk(i)) j]2 × CT (i, j)) (3)

where vmin(i) and f min(i) address the voltage and repeat when resources ri progress
to rest mode in the dormant time, independently, and λ is the load factor of benefits
ri.

5 Conclusion

The central commitment of this paper is our writing survey on current vitality pro-
ductivity system. The examination uncovers that there are starting at now a couple
of vitality productivity structures for server farms which join a green IT structuring
with unequivocal exercises and approach that will actuate rot the effect on condition
and the decreasing of CO2 radiations. The present open structures have two or three
of intrigue and obstacles (Table 1) that is the explanation there is an edgy essential
for a combined essentialness capability system for server homesteads and passed on
handling. The system ought to think about a typical and made arrangement out of
criteria. The decision and adoption of such framework should be according with the
data center and its surrounding environment.

The subsequent responsibility was the composing review on imperativeness via-
bility estimations that are at present utilized for the assessment of essentialness
efficiency in server ranches (portrayed in Fig. 2). This bit of our assessment built up
a nearby assessment of the most normally utilized estimations and their highlights
(criteria), other than we embraced the use of FVER instead of PUE as a common
estimation for the appraisal of server ranches vitality capacity which depended upon
certain necessary criteria including its usage and programming applications in server.
Our future work will focus on the enhancement and accurate endorsement of an
incorporated energy efficiency framework.
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Fig. 2 PEU Vs VER
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Reliable and Consistent Data Collection
Framework for IoT Sensor Networks

K. Kavitha and G. Suseendran

Abstract In IoT sensor networks, in the course of statistics accumulation, the statis-
tics severance and stowage overhead may perhaps be augmented. Likewise, the
dependability and steadiness of radar information need to be mentioned. There-
fore in this research, Reliable and Consistent Data Collection Framework for IoT
sensor networks is aimed. In this agenda, a group of applicant nodules are nomi-
nated depending upon the vitality suitability feature and bumper place accessibility.
As soon as the information is detected at period interim t, it will be transferred to
the nominated applicant nodule depending on the complete discrepancy rate. If the
package inaccuracy amount at the sink nodule is greater than the brink rate, then
the foundation will choose to direct the simulated statistics to a nominated group
of applicant nodules. Through replication outcomes, we demonstrate that the sug-
gested method verifies both the steadiness and idleness of statistics, thus resolving
the trade-off. It also decreases the quantity of simulated statistics.

Keywords IoT · Sensor · Reliable · Data · Framework

1 Introduction

The Internet of Things (IoT) mentions the fast-developing system of
devices/equipment. IoT enables Internet connection to a varied series of strategies and
equipment that use the entrenched mechanism to interconnect and interrelate with the
exterior atmosphere. IoT has been accepted by numerous request parts, for instance,
distant detecting, actual congestion observing, climate observing, army observation,
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health care, etc. [1]. The motive of IoT is to generate a dispersed system of intellec-
tual radar nodules that is able to calculate several factors to handle the urban further
proficiently. By the fast growth of radio frequency identification (RFID), publics and
substances in the bodily creation are armed with all types of radars and wireless
devices to validate their individuality and position [2]. At present, wireless sensor
network (WSN) has turned out to be a permitter technology for the IoT solicitations
that spread the somatic extent of the observing ability. In IoT-centred WSN, the
elementary problems are apprehensive with the tool to decrease the dynamic inges-
tion of nodules that will consequence in extending the lifespan of the nodules [3,
4]. Many electrical expedients comprise radars which produce numerous statistics.
These statistics can be utilised to afford beneficial data in actual. These collected
radar statistics can be utilised for data mining [5].

1.1 Problem Identification

In general, the challenges need to be addressed in data collection and delivery in IoT
sensor network are: buffer management and storage, consistency of sensor data, sen-
sor heterogeneity, processing bottlenecks and transmission overheads and reducing
data redundancy. But maintaining the data consistency and reducing the redundancy
have a trade-off, that is while trying to increase data consistency, redundancy will be
increased and vice versa.

In data distribution agenda [6], the identified statistics is spread and simulated
through the system to lessen the possibility of statistics harm. This can be com-
pleted by allocating the statistics to the designated adjacents which have advanced
obtainable retention and dynamism ranks. On the other hand, this presents enormous
stowage overhead, as every single package has to be simulated numerous times.

In CG-E2S2 [7], the ideal snooze period of IoT devices and accumulation period
in gateway (GW) are together resolved depending on the kind of the IoT device.
The IoT GW categorises statistics along with IoT manoeuvres and agrees whether
to combine statistics or to transfer to the solicitation server. Conversely, this method
does not confirm the dependability and steadiness of radar statistics.

2 Reliable and Consistent Data Collection Framework
(RCDC)

2.1 Overview

This work aims to design a Reliable and Consistent Data Collection Framework for
IoT-based WSN. In this framework, a set of candidate nodes are selected based on
the energy eligibility factor and buffer space availability. Once the data is sensed
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at time interval t, it will be transmitted to the selected candidate node based on the
absolute differential value. If the packet error rate at the sink node is more than the
threshold value, then the source will decide to send the replicated data to a selected
set of candidate nodes.

2.2 Derivation of Various Metrics

2.2.1 Energy Eligibility Factor

The energy eligibility factor (EFRi) is defined as:

EEFRi = Eres,i

Einit,i
(1)

where Eres,i is the available battery capacity of node Ni (in Joules) and Einit,i is the
initial battery capacity of Ni (in Joules)

2.2.2 Absolute Differential Value

The absolute differential value (D) is defined as the relative difference between the
present and previously obtained measurements, which is by

ADF =
{

I f A = ∣∣Qt − Q(t−1)

∣∣ > α, 1
Otherwise, 0

(2)

where

α threshold value
Qt and Qt-1 current and previous sensor measuring value.

2.2.3 Packet Error Rate

The following equation illustrates the packet error rate (PER)

PER(ρ)
1

1 + (wnρ)vn
∀ρ ≥ 0 (3)

where vn and wn are parameters that depend on AMC mode (adaptive modulation
and coding) and packet size, ρ—signa- to-noise plus interference ratio (SNIR).
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2.3 Candidate Node Selection

Let Ni be the sensor node, i = 1,2….N. Let (Nei_L) be the one-hop neighbours list of
node Ni. Let EEFth and BAth are the threshold values of EEF and BA, respectively.
The COLLECT message contains the fields node id, seq no, EEFRi and BA.

The steps involved in the selection of candidate nodes are.

Algorithm: Candidate Node selection

1. Each Ni of the network broadcast a COLLECT message to its one-hop
neighbours

Ni
C O L L ECT−−−−−−→ One − Hop Neighbos

2. Each node estimates its EEF and BA using (1) and replies back to Ni

3. Based on the reply to the COLLECT message, Ni maintains Nei_L.
4. For each Nj ε Nei_L
5. If EEFRi(Nj) > EEFth and BA(Nj) > BAth, then
6. Select Nj as the candidate node CNj

7. Else
8. If EEFRi(Nj) > EEFth or BA(Nj) > BAth, then
9. Select Nj as the candidate node CNj

10. End if
11. End For

In this algorithm, from the one-hop neighbours of node Ni, the nodes having
higher EEF and BA are selected. If no such node is present, then the nodes with
either higher EEF or BA are selected.

2.4 Data Collection

Let DFmin and DFmax be the minimum and maximum threshold values of ADF. Let
PERth be the threshold value of PER. Let Sj and D be the source and sink node. Let
Kj be the number of candidate nodes for Sj

Algorithm: Redundancy and Consistency Check

1. Sj senses the data Dj(t) at time interval t
2. Sj estimates ADFj(t) using Eq. (2)
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3. If (ADFj(t) < DFmin), then
Data is considered as redundant and will not be transmitted.

4. Else If (DFmin < ADFj(t) < DFmax) then
Data is considered as non-redundant and consistent.

5. Else If (ADFj(t) > DFmax) then
Data is considered as an outlier or error and will be

dropped.
6. End if
7. If the data is consistent, then Sj will transmit Dj(t) to its nearest CNi.

Sj
data−−→ CNi

8. If CNi receives Dj(t) from all Sj, then
9. CNi aggregates Dj(t) to AggD(t)

10. CNi transmits AggD(t) to CNi+1 towards D

CNi

∑
data−−−−→ D

11. End if
12. If D receives AggD(t) from all CNi, then
13. D retrieves Dj(t) from AggD(t)
14. D estimates PERj(t) using Eq. (3)
15. If PERj(t) > PERth, then
16. D broadcast an error message with PERj to Sj.

D
Error−−−→ Sj

17. End if
18. End if
19. If Sj receives error message from D, then
20. S replicates Dj(t) into Kj times
21. For each CNi, i = 1,2…Kj

22. S transmits Dj(t) to CNi

23. CNi forwards it to D
24. End For
25. End if

Note: The amount of replication (i.e. value of N) will be decided based on PER
at the sink.
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3 Experimental Results

3.1 Experimental Settings

The simulation of RCDCF is conducted in NS-2, and it is compared with content-
centric networking (CCN) [1]. The performance is measured with respect to packet
delivery ratio (PDR), packet drop, average residual energy (RE) and data accuracy.
The number of IoT sensors is varied from 20 to 100 with a central coordinator. The
size of the topology is fixed as 50 m × 50 m. The IEEE 802.15.4 MAC protocol
is used. There are four CBR and exponential traffic flows with transmission rate of
50 Kbps.

3.2 Experimental Results

This section presents the results for varying the nodes from 20 to 100.
The graph showing the results of PDR is shown in Fig. 1. The figure depicts that

the PDR of RCDCF ranges from 0.82 to 0.75 and PDR of CCN ranges from 0.73 to
0.61. Ultimately, the PDR of RCDCF is 15% high when compared to CCN.

The graph showing the results of residual energy is shown in Fig. 2. The figure
depicts that the residual energy of RCDCF ranges from 8.2 to 7.2 J and residual
energy of CCN ranges from 7.6 to 6.7. Ultimately, the residual energy of RCDCF is
5% high when compared to CCN.

Fig. 1 PDR for varying the
nodes
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Fig. 3 Data accuracy for
varying nodes
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The graph showing the results of data accuracy is shown in Fig. 3. The figure
depicts that the overhead of RCDCF ranges from 89 to 79% and the accuracy of
CCN ranges from 85 to 76%. Ultimately, the overhead of RCDCF is 5% high when
compared to CCN.

4 Conclusion

An RCDC Framework has been designed for IoT sensor networks. In this framework,
a set of candidate nodes are selected based on the energy eligibility factor and buffer
space availability. By simulation results, we have shown that the proposed technique
checks both the consistency and redundancy of data thereby solving the trade-off. It
also reduces the amount of replicated data. Since the candidate nodes are selected
based on energy and buffer space values, the reliability of data is ensured at the cost
of reduced energy consumption.
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Abstract

In recent days, social network plays a major task in the student community, most
probably children under 18 sharing their personal emotions and information through
chat options in social media like WhatsApp, etc. monitoring the children is a big
challenge for parents, nowadays the interaction with children is one of a fantasy for
parents at this modern era and this leads the children to try unwanted things that spoil
their valuable lives sometimes (e.g. Blue whale). This research may give the solution to
solve the trending problem and parents can easily monitor their children’s chat history
without reading the messages one by one, this data analytics technique can result in
capturing the emotions of the children or anyone in a single word by analyzing the words
mostly used by the victim in chats and also produce the word count in the data which
feed to this tool and the same technique may be used in feedback analysis by the
customer for a particular product. Now the question is what if the data, i.e. chat message
be deleted and how can we analyze such deleted information, more retrieving techniques
and tools will be used to read the deleted messages and chat history in WhatsApp one of
such tool is to be proposed to retrieve the data. Feedback analysis with a merge of
emotions and sentiments should be evaluated using the positive, negative approach by
applying the NLP (Natural Language Processing) technique. If the evaluation is based on
a person’s sentiments then the procedure of dependency processing should be performed
where the ‘amod’ (adjective modifier) should be found to achieve the task. This Research
paper is a novice idea to startup this concept with NLP based applications, to help the
society mainly parents to save their children from viewing and using unwanted websites.
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1.1 Introduction

The preference of natural over chemically synthesized products has led to an increase in the demand for natural 
products. As a result, new compounds are identified that have vast structural diversity and are a source of newly 
developed drugs (Chávez et al., 2015). The advantage of natural compounds exhibiting three-dimensional structures 
has enabled intensive and productive research toward the development of new molecules and novel methodologies 
in enantioselective organic synthesis. The other factor that has helped direct focus toward this is that natural com-
pounds can meet the requirement of huge quantities of drugs in the future, as the organic synthesis of the compounds 
will be able to meet the needs for resupply of the compounds. This has been correctly stated as the “unmatched vehicle 
of discovery” (Barbero et al., 2018).

It has been estimated that out of the existing one million natural products, approximately 25% are biologically active 
products. Of that, approximately 60% of the products are plant-based and the rest are derived from microorganisms, 
of which approximately 42% are solely contributed by fungi. Thus, fungal cultures exhibit huge biological activities 
along with increased applications in various sectors (Demain, 2014). Fungal-extracted compounds are similar to the 
compounds extracted from plants in terms of structure as well as the mode of action. It is also known that the secondary 
metabolites produced by fungi are immense. So far, no study has been carried out to the point where it can be stated 
that this has been “exhaustively investigated” (Barbero et al., 2018) (Table 1.1). Thus, this chapter deals with various sec-
ondary metabolites produced by fungal cultures along with their applications as antitumor, anticancer, antifungal, and 
antibacterial agents. Further, the limitations and future prospects associated with secondary metabolites are discussed.

1.1.1 The synthesis of fungal metabolites

Fungal cultures are known to have distinct chemotypes. In order to detect the compounds, a detailed study on the 
secondary metabolome is required for the species, for which the detailed information is not reported. It has also been 
observed that fungal cultures isolated from extreme environments (high salinity, temperature, radiation, pressure, 
acidity) develop a mechanism that helps them survive extreme conditions (Chávez et al., 2015). These developed 
mechanisms enable the survival, reproduction, and secretion of molecules that can be biologically active from the 
prospect of secondary metabolites (e.g., melanin, osmotically active compounds) and their application in various 
industries (Timling and Taylor, 2012). Thus, fungi that are growing actively under normal conditions do not produce 
these metabolites, as the mechanism is not required. Therefore, the fungal species growing under extreme envi-
ronmental conditions have the upper hand in the production of secondary metabolites. The metabolites produced 
by fungi along with the synthesis pathway are diverse, ranging from antibiotics to mycotoxins (Goyal et al., 2016).  
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2 1. Fungal metabolites: A recent trend

The pathways that are most commonly studied are (Seyedsayamdost and Clardy, 2014) the mevalonic acid pathway, 
which synthesizes terpenoids, steroids, etc., (Chapman and Hall, 2015); the shikimic acid pathway, which synthe-
size, aromatic amino acids, alkaloids, etc.; and (Demain and Sanchez, 2009) the acetate pathway, which synthesizes 
polyketides, fatty acids, etc. The enzymes like nonribosomal peptide synthetases, polyketide synthases, terpene cy-
clases, etc., are associated with the pathways and these enzymes uses acetyl-coA, amino acids, and mevalonate, 
along with their counterpart for the production of fungal metabolites. The dimethylallyl diphosphate (DMAPP) is an 
important building block in terpenes, steroids, and gibberellins. However, except for the primary synthesis pathway, 
the microorganisms also develop an alternative pathway for the synthesis of the metabolites (Rohmer et al., 1996).

S. No. Metabolite Fungi Reference

1 Agroclavine and festuclavine P. roqueforti Martín and Coton (2017)

2 Alternethanoxins Alternaria sonchi Evidente et al. (2009a)

3 Andrastins Penicillium species Matsuda et al. (2013)

4 Bisorbicillinoids Trichoderma citrinoviride Evidente et al. (2009b)

5 Cordycepin Cordyceps Ahn et al. (2000)

6 Cytochalasins Rhinocladiella sp. Wagenaar et al. (2000)

7 Fusicoccanes Periconia sp. Kim et al. (2004)

8 Fusarisetin A Fusarium sp. Jang et al. (2011)

9 Fructigenine A Penicillium fructigenium Takiguchi et al. (2010)

10 Ardeemins 7 Aspergillus fischerii Karwowski et al. (1993)

11 Fumitremorgin C, demethoxyfumitremorgin C Aspergillus fumigatus Cui et al. (1996).

12 Gliotoxin and methylthiogliotoxin Y90086 and Y80805 Lee et al. (2001)

13 Halenaquinones Xestospongia cf. carbonaria Alvi et al. (1993)

14 Mycophenolic acid P. roqueforti Lafont et al. (1979)

15 MPC1001 Cladorrhinum sp. Tsumagari et al. (2004)

16 Communesins Penicillium Jadulco et al. (2004)

17 Chaetominine Chaetomium sp. IFB-E015 Jiao et al. (2006)

18 Phaeosphaeride A Phaeosphaeria avenaria Maloney et al. (2006)

19 Oxaline Penicillium spp. Overy et al. (2005)

20 Neoxaline Aspergillus japonicas Sunazuka et al. (2008)

21 Penicillenols Penicillium sp. GQ-7 Lin et al. (2008)

22 Oxaspirodion Chaetomium subspirale Rether et al. (2004)

23 Perybisin and macrosphelide Periconia bissoides Yamada et al. (2004)

24 Pintulin Penicillium vulpinum Mikami et al. (1996)

25 PR-Toxin P. roqueforti Wei et al. (1975)

26 Panepoxydone and cycloepoxydon Panus conhatus Umezawa (2006)

27 Roquefortines P. roqueforti Scott et al. (1976)

28 Sphaeropsidins and smardaesidins Diplodia, Pestalotiopsis, Seiridium, and 
Sphaeropsis

Wang et al. (2011)

29 Sequiterpene and eurochevalierine N. pseudofischeri Eamvijarn et al. (2012)

30 TAN-1496 A–E Microsphaeropsis sp. FL-16144 Funabashi et al. (1994)

31 Tryprostatins Aspergillus fumigatus Cui et al. (1996)

TABLE 1.1 The various metabolites produced by fungi.
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1.2 Maximization of the production of fungal metabolites

The major problem with the effective utilization of the secondary metabolite is the production at a larger scale, 
which involves a series of steps that needs to be carefully designed and optimized for effective implementation and 
the production of compounds. The first step would involve the isolation of the isolate with the desired secondary 
metabolite pathway from the extreme environmental condition to laboratory conditions. Though, maximum times 
microorganism remains silent under the laboratory conditions or unculturable (Chávez et  al., 2015). It has been 
estimated that 70–90% of microorganisms for soil are unculturable (Magnuson and Lasure, 2002). The traditional 
method would involve the culturing of the isolate under the optimized laboratory conditions (Chávez et al., 2015). 
On the other hand, optimization of the nutritional and physical parameters have great impact on the production of 
secondary metabolites (Larsen et al., 2005), as well as in the production of one strain-many compounds (OSMAC) 
(Bode et al., 2002). However, as per fungal genomics, they have the ability to produce high titers of secondary metab-
olites. However, this is not effectively achieved as the majority of the secondary metabolites encoded in the genome 
become silent after being cultured in the laboratory (Chávez et al., 2015). The main reason for silencing of the second-
ary metabolite gene cluster is supposed to be due to epigenetic regulation (Strauss and Reyes-Dominguez, 2011). The 
solution to the above two problems can be addressed via two techniques that involve the use of genome mining and 
the study of metagenomics (Brakhage and Schroeckh, 2011; Hertweck, 2009). Another method can also be employed 
that does not need genome sequencing and involves the use of heterochromatin remodeling compounds (HRC). 
HRC involves the use of 5-azacytidine, trichostatine A, or suberoylanilide hydroxamic acid, which incorporates the 
changes in expression of the secondary metabolite gene cluster and has allowed the isolation of molecules that were 
previously not reported such as sesquiterpenoids from Aspergillus sydowii (Chung et al., 2013). As mentioned previ-
ously, there are fungal cultures that are unculturable and these should be studied as they as they might have novel 
secondary metabolites (Chávez et al., 2015). Studies on metagenomics have gained impetus over the past decade. 
This involves the study of DNA from the prokaryotic and eukaryotic organisms, and in certain cases, enrichment 
techniques can also be employed (Jiao et al., 2006).

1.3 Fungal metabolites

Fungal cultures have been known to produce metabolites that have immense applications in various biotechno-
logical sectors. This area has been gaining attention from the research perspective, yet has not been exploited to its 
full potential. The various metabolites that have been produced along with their applications are discussed below 
(Fig. 1.1).

1.3.1 Agroclavine and festuclavine

The strain P. roqueforti produces clavine (a tricyclic or tetracyclic structure exhibiting slight variations in structure) 
type alkaloids that are agroclavine and festuclavine. This metabolite has a strong impact on the physiology of animal. 
However, its concentration in food product, that is, blue cheese does have noteworthy effect on humans (Martín and 
Coton, 2017).

1.3.2 Alternethanoxins

Phytotoxic metabolites produced by Alternaria sonchi were named alternethanoxins A and B. They are polycyclic 
ethanones containing a benzochromene moiety (Evidente et al., 2009a). These toxins are capable of inhibiting the 
growth of several cancer cell lines (Evidente et al., 2014).

1.3.3 Andrastins

Andrastins are produced by a few Penicillium species and belong to the meroterpenoid class of secondary metab-
olites (Matsuda et al., 2013). Andrastins A to D were produced by Penicillium sp. FO4259 (Omura et al., 1996; Uchida 
et al., 1996a, 1996b). Farnesylation in the human ras protein is vital for tumor formation. Because andrastins can 
inhibit the ras oncogene protein farnesyl transferase (Overy et al., 2005; Omura et al., 1996), the inhibition of prenyl-
transferase activity can be used as a possible antitumor agent (Vilella et al., 2000).
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1.3.4 Bisorbicillinoids

Two natural products—bislongiquinolide/trichotetronine and 20,30-dihydrotrichodimerol—are produced by 
Trichoderma citrinoviride (Evidente et  al., 2009b). 20,30-Dihydrotrichodimerol suppresses the production of tumor 
necrosis factor-alpha and nitric oxide present in lipopolysaccharide-stimulated RAW264.7 cells (Lee et  al., 2005). 
The other metabolites such as phyllostine (Evidente et al., 2008), seiricardines B and C (Evidente et al., 1993), ca-
voxin (Evidente et al., 1985), cyclopaldic acid (Cimmino et al., 2013), fufuran, fusapyrone (Altomare et al., 2000), 
scytolide (Mazzeo et al., 2013), seiricuprolide (Bartolucci et al., 1992), seiridin (Evidente et al., 1986), verrucarin E, and 
16, 17-dihydrobislongiquinolide exhibit weak cytotoxic activity (Balde et al., 2010).

1.3.5 Cordycepin

Cordycepin is a metabolite is produced by Cordyceps in humans (Ahn et al., 2000). It plays a main part in human 
cancer cells that are present in the bladder, colon, breast, prostrate, and thyroid. They have various mechanisms by 
which they act; this is represented in Fig. 1.2.

1.3.6 Cytochalasins

Cytochalasins are a fungal metabolite belonging to the group cytochalasans. They have varied polyketide-amino 
acid hybrid structures and are associated with various biological functions (Liu et al., 2005). Cytochalasans are in-
volved in the capping of actin filament in the cell culture, thereby resulting in the impairment of cytokinesis during 
cell division (Scherlach et al., 2010). They also affect the migration properties of cancer cells (Hayot et al., 2006). Most 
of the study involves the role of actin microfilaments in cell motility, ruffling, division, contraction, and stiffness 
(Scherlach et al., 2010). However, the disruption of actin filaments in cardiac muscle by antiactin compounds is not 
compatible with life. The application of actin-targeting agents results in toxicity that damages or impairs the onco-
logic development, thereby limiting the application of cytochalasins as anticancer agents. Thus, due to its limitation, 
its application has shifted to actin-binding proteins and actin-regulating signaling pathways present in tumors; it 
would also selectively inactivate the actin cytoskeleton organization present in cancer cells (Bonello et al., 2009).

1.3.7 Fusicoccanes

The fusicoccane family includes the metabolites cotylenin A, fusicoccin A, and ophiobolins. Cotylenin A consists 
of minor units that include a typical dicyclopenta [a,d] cyclooctane with the 5-8-5 core ring structure (Ballio et al., 
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FIG. 1.1 Representation of the various metabolites by fungi.
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1964). It inhibits both in vivo and in vitro the growth of various tumors without any side effects on human xenograft 
models (Honma et al., 2003). Fusicoccin A is produced by Fusicoccum amygdali and is a-d-glucopyranoside of the 
diterpenoid 5-8-5 ring skeleton that causes peach and almond canker (Ballio et al., 1964). Fusicoccin A stimulates 
plasma membrane H   +-ATPase binding to 14-3-3 proteins and eventually wilts the plants (Mackintosh, 2004); this 
is similar to the mode of action in cancer cells (Takahashi et al., 2012). The anticancer activity could be enhanced 
by combining fusicoccin A with cytokine interferon-gamma, as it marks the tumor cells for apoptosis (de Vries-van 
Leeuwen et al., 2010).

The other subgroup of the fusicoccane family is ophiobolins produced by Bipolaris, and at present, biogenic ana-
logues of ophiobolins have been identified (Zhang et al., 2012). These have adverse effects on crop where it reduces 
seed germination, root growth, and coleoptiles; it affects the permeability of the membrane; initiates outflow of 
 b-cyanine, electrolytes, and glucose from the roots; and has low carbon dioxide fixation that leads to respiratory 
changes as well as changes in the stomatal opening (Au et al., 2000) in wheat seedlings. Ophiobolin O can also inhibit 
growth of the human breast cancer MCF-7 cells by arresting the growth of the G0/G1 cell cycle, thereby reducing 
the viability of these cells (Yang et al., 2012). Ophiobolin A changes the organization of the F-actin cytoskeleton and 
impairs the proliferation and migration of glioma cells (Bury et al., 2013). It is also an inducer of the death of glioblas-
toma cells occurring via the initiation of paraptosis. However, further study is required and this can become a new 
approach to combat glioblastoma (Haar et al., 2012).

1.3.8 Fusarisetin A

The strain Fusarium sp. produces Fusarisetin A, which is an inhibitor of acinar morphogenesis that has an unprec-
edented carbon skeleton as well as a new pentacyclic ring system (Jang et al., 2011). It inhibits the migration of cancer 
and ex vivo studies have shown that it inhibits cells migration (Xu et al., 2012).

1.3.9 Fructigenine A, Ardeemin 7, and N-Acetylardeemin

Fructigenine A was isolated from Penicillium fructigenium by Takiguchi et al. (2010) and obstructs the growth of 
leukemia L-5178Y cells (Arai et al., 1989). Ardeemins 7 was isolated from Aspergillus fischerii (Karwowski et al., 1993) 
and showed reverse multidrug resistance (MDR) and N-acetylardeemin while inhibiting MDR to antitumor agents 
(He et al., 2008; Barbero et al., 2018).

1.3.10 Fumitremorgin C and demethoxyfumitremorgin C

Fumitremorgin C and demethoxyfumitremorgin C are produced by Aspergillus fumigatus (Cui et al., 1996) and 
have the potential to inhibit the mammalian cell cycle (Barbero et al., 2018).

FIG. 1.2 Represents the mechanism of action of cordycepin (Lee et al., 2009, 2010, 2012; Jeong et al., 2011, 2012; Chen et al., 2010; Kadomatsu 
et al., 2012).
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1.3.11 Gliotoxin and methylthiogliotoxin

The strains Y90086 and Y80805 produced gliotoxin and methylthiogliotoxin. They inhibit the proliferation of 
HUVEC cells and the in vitro growth-inhibitory activity in cancer is weak, which reduces the migration and for-
mation of HUVEC-related tubes (Lee et al., 2001). This suggests that it has antiangiogenic effects. Gliotoxin can kill 
various types of cells in differentiated human neuroblastoma cells such as caspase-dependent neurite degeneration 
and calpain-mediated general cytotoxicity (Axelsson et al., 2006). Later, gliotoxin analogues isolated from marine- 
derived fungus Penicillium sp. also possess histone methyltransferase inhibitory activities (Sun et al., 2011).

1.3.12 Halenaquinones

Halenaquinone was isolated from the sponge Xestospongia cf. carbonaria while the other metabolites isolated in-
cluded tetrahydrohalenaquinone B, 14-methoxyhalenaquinone, xestoquinolide A, xestoquinolide B, halenaquinol, 
halenaquinol sulfate (Kobayashi et al., 1985), xestoquinone (Maddaford et al., 1996), and tetrahydrohalenaquinone 
A (Alvi et al., 1993). Halenaquinone restricted epidermal growth factor receptor activity and was ineffective against 
protein kinase C (Chang and Geahlen, 1992).

1.3.13 Mycophenolic acid

Mycophenolic acid (MPA) produced by P. roqueforti is an effective antibiotic active against Bacillus anthracis 
(Lafont et al., 1979). It also has antitumor, antiviral, and antifungal activities (Epinette et al., 1987; Tressler et al., 1994; 
Kavanagh, 1947; Borroto-Esoda et al., 2004; Nicoletti et al., 2004). One of the major highlights is that MPA acts as an 
immunosuppressant and has been used effectively to prevent organ rejection in transplants (Meier-Kriesche et al., 
2006).

1.3.14 MPC1001, communesin, chaetominine, and phaeosphaeride

MPC1001 was isolated by Cladorrhinum sp. (Tsumagari et  al., 2004) and has anticancer activities in colon and 
prostate cancer cell lines via antiproliferative and apoptosis-inducing activity (Wang and Clive, 2012). Communesins 
is produced by Penicillium (Jadulco et al., 2004) from various marine and terrestrial environments. It possesses both 
antiproliferative and cytotoxicity against lymphocytic leukemia (Trost and Osipov, 2015). Chaetominine was isolated 
from Chaetomium sp. IFB-E015 (Jiao et al., 2006), and also from the metabolites of Aspergillus sp. HT-2 (Zhang et al., 
2011). It has cytotoxicity against the human leukemia K562 and colon cancer cell SW1116 lines (Jiao et al., 2006). 
Phaeosphaeride A was isolated from the Phaeosphaeria avenaria (Maloney et al., 2006). It inhibits the signal transducer 
and activated transcription 3 (STAT3)-dependent signaling (Kobayashi et al., 2015; Barbero et al., 2018).

1.3.15 Oxaline, neoxaline, and penicillenols

Oxaline was isolated from Penicillium spp. (Overy et al., 2005) and has moderate antibacterial, antifungal, and 
anticancer activities. Neoxaline was isolated from Aspergillus japonicas in 1979 and it effectively inhibits cell prolifera-
tion and arrest cell cycles. Both neoxaline and oxaline were capable of inhibiting f tubulin polymerization (Sunazuka 
et al., 2008). Penicillenols were isolated from Penicillium sp. GQ-7. Penicillenol A1 and B1 inhibit the activity of the 
cell lines of HL-60 leukemia (Lin et al., 2008) and are effectively active against invasive 518A2 melanoma (Barbero 
et al., 2018).

1.3.16 Oxaspirodion

Oxaspirodion is produced by Chaetomium subspirale and the activation of transcription factor NF-kappaB and 
 inducible TNF-alpha expression are inhibited by oxaspirodion (Rether et al., 2004).

1.3.17 Perybisin and macrosphelide

Perybisin and macrosphelide produced by Periconia bissoides inhibit the adhesion of cells and HL-60 cells to 
HUVEC cells; they also act as antimetastatic compounds (Yamada et  al., 2004). Hypothermia can help improve 
 macrosphelide-induced apoptosis in human lymphoma cells (Ahmed et al., 2009).
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1.3.18 Pintulin

Pintulin is produced by Penicillium vulpinum. Pintulin has very weak cytotoxic activity against different cancer cell 
lines. It was observed that the administrations of 1.25 mg kg−   1 of pintulin on days one and three had a weak effect on 
mice transplanted with p388 leukemia cells, whereas with continuous administration for 5 days (3.13 mg kg−   1), rather 
than having a therapeutic effect, it exhibited toxicity to the mice (Mikami et al., 1996).

1.3.19 PR-toxin

PR-toxin is an isoprenoid mycotoxin derived from 15-carbon atoms sesquiterpene aristolochene, which is formed 
by aristolochene synthase (Martín and Coton, 2017). It is produced by P. roqueforti (Wei et al., 1975) and is toxic to-
ward rodents and a few domestic animals. It also exhibits cytotoxicity toward THP-1 human cell lines and applies 
mutagenic action in vitro. In domestic animals such as cows, it causes cow toxicosis (Nielsen et al., 2006).

1.3.20 Panepoxydone and cycloepoxydon

The strain Panus conhatus produces the metabolites panepoxydone and cycloepoxydon (Umezawa, 2006). They 
inhibit NFkappaB functions (Erkel et al., 1996, 2007; Umezawa et al., 2000) and TNF-alpha- and anticancer drug- 
induced apoptosis while also inducing antiapoptotic proteins (Umezawa et  al., 2000), which work effectively in 
different types of cancers (Umezawa, 2006; Nogueira et al., 2011; Madonna et al., 2012; Shao et al., 2012).

1.3.21 Roquefortines

Roquefortines are produced by P. roqueforti (Scott et al., 1976). Roquefortine C, D (3,12-dihydroroquefortine C), 
16-hydroxyroquefortine C, and roquefortine L are members of the prenylated indole alkaloid family (Martín et al., 
2014). As they exhibit antibacterial activity, they might help control the growth of Gram-negative bacteria in the 
cheese-ripening process (Kopp-Holtwiesche and Rehm, 1990; Martín and Coton, 2017).

1.3.22 Sphaeropsidins and smardaesidins

The fungi Diplodia, Pestalotiopsis, Seiridium, and Sphaeropsis produce the tricyclic lactones sphaeropsidines. 
Sphaeropsidin A restricts the movement of metastatic breast adenocarcinoma MDA-MB-321 cells at subcytotoxic 
concentrations (Wang et al., 2011).

1.3.23 Sequiterpene and eurochevalierine

Neosartorya and Eurotium produce gliotoxin, pyripyropenes, 1,4-dihydroxy-2(1H)-pyridone derivatives, pre-
nylated indole alkaloids (Kato et  al., 2007), the angiogenesis inhibitor azaspirene (Asami et  al., 2002), bioactive  
g-lactones, and polyketide derivatives such as glabramycins A–C4 (Kim et  al., 1994; Tomoda et  al., 1994; 
Kanokmedhakul et  al., 2011;Eamvijarn et  al., 2012). Sequiterpene and eurochevalierine were isolated from N. 
pseudofischeri (Eamvijarn et al., 2012). Later, it was additionally obtained from Eurotium chevalieri (Kanokmedhakul 
et al., 2011). These two mycotoxins can be considered precursors in the biosynthesis of the benzoxazine natural 
product CJ-12662, which is a topoisomerase inhibitor. On the other hand, eurochevalierine has growth-inhibitory ac-
tivity (in vitro) in different cancer cell lines with more effectiveness in comparison to sequiterpene (Kanokmedhakul 
et al., 2011; Eamvijarn et al., 2012).

1.3.24 TAN-1496 A–E

TAN-1496 A, C, and E, which are the epi-oligothiaketopiperazines, were isolated with TAN-1496 B, D 
from Microsphaeropsis sp. FL-16144 (Funabashi et al., 1994). They exhibit growth-inhibitory (in vitro) activity 
in mouse and human cell lines, whereas TAN-1496 A in a dose-dependent manner inhibited topoisomerase 
I activity (Funabashi et al., 1994). Later, it was also found that topoisomerase I was inhibited by TAN-1496 
A before it binds to DNA (Suzuki et al., 1990), suggesting the antitumor nature of the metabolite (Pommier 
et al., 2010).
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1.3.25 Tryprostatins

Tryprostatins A and B are produced by Aspergillus fumigatus (Cui et  al., 1996). They inhibit mitogen-activated 
protein (MAP)-kinase-dependent microtubule assembly, and, via the disturbance of the microtubule spindle, they 
specifically inhibit cell cycle progression at the mitotic phase (Takeo et al., 1998). Tryprostatin A can also act against 
multidrug resistance responsible for the failure of chemotherapy (Chen and Sikic, 2012; Falasca and Linton, 2012; 
Lavi et al., 2012).

1.3.26 Other fungal metabolites

Isoprenoids are found in fungi and they have gained interest from the biological perspective due to their antitu-
mor activity. The various isoprenoids include illudins and acylfulvenes (not much known), merulin A (Chokpaiboon 
et al., 2010), aphidicolin, and formitellic acids (Kornienko et al., 2015). Quinones are derivative metabolites of endo-
phytic fungi and inhibit tumor cell lines. Some of the known quinones are benzoquinone (also known as torreyanic 
acid) (Lee et al., 1996), tauranin (Li et al., 2000), bikaverin (Li et al., 2003), rubrofusarin B (Mehta and Pan, 2004), de-
oxybostrycin (Balan et al., 1970), macrosporin (Bekaert et al., 1992), pachybasin (Deshpande et al., 1993), and topopy-
rones (Barton et al., 1976; Katagiri et al., 1981). Flavonoids, produced by endophytic fungi, include xanthones and 
chromones, which have antitumor activity. Lactones and esters are fungal metabolites showing anticancer activity. 
Some of these are brefeldins, graphislactones, Sch 642305, clavilactones, fumagillin, epiepoxydon, cycloepoxydon, 
and panepoxydone (Barbero et al., 2018).

1.4 Fungal mycotoxins

Mycotoxin contamination is a global issue. These are low molecular weight (~   700) toxic secondary metabolites 
produced by different fungal species, which depends on the region in which they are thriving and the vegetative state 
as well (Goyal et al., 2016). There are various fungal species that have been reported for mycotoxin production, includ-
ing Penicillium, Aspergillus, Fusarium spp., Alternaria, Chaetomium, Cladosporium, Claviceps, Myrothecium, and Monascus 
(Scudamore and Livesey, 1998; Kabak et al., 2006; Bryden, 2012). The majority of food products are contaminated by 
mycotoxins, which were also responsible for epidemics in the past, including ergotism (Smith and Moss, 1985) and 
alimentary toxic alexia (ATA) (Joffe, 1978), and killed thousands of people in Europe and Russia. Mycotoxins cause 
four kinds of toxicity: (a) acute, (b) chronic, (c) mutagenic, and (d) teratogenic. Due to vast structural diversity, toxicity 
has a variety of effects on humans. Mycotoxin treatment has imposed great concern, as only one method cannot be 
applied for treatment (Goyal et al., 2016). The most commonly prevalent mycotoxins are discussed below.

1.4.1 Aflatoxins

Aflatoxins (AF) are produced by Aspergillus flavus and Aspergillus parasiticus and are commonly prevalent in Africa, 
Asia, South America, North America, and Europe. These toxins easily prevail in soil, decaying vegetables, grains, 
organic substrates, nuts, oil seeds, and food items that are not stored properly (Goyal et al., 2016). They are difurano-
coumarin derivatives produced via the polyketide pathway. The naturally occurring aflatoxins include AFB1, AFB2, 
AFG1, and AFG2 (Bennett and Klich, 2003). These AF, after entering the body, are metabolized by the liver to a reactive 
epoxide intermediate (REI) or hydroxylated to become AFM1 and AFM2 (found in milk and milk products), which 
are less toxic. However, in the case of infants where milk products are consumed, it has a significant effect. In the areas 
where AF and chronic hepatitis B are prevalent, liver cancer is high (Campbell, 1983) as AF in conjugation with chronic 
hepatitis B is hepatocarcinogenic to humans. In addition, the AFs are genotoxic and immunotoxic and can suppress 
cellular and humoral responses, thereby retarding growth in animals (Dirheimer, 1998; Coulombe et al., 2005).

1.4.2 Deoxynivalenol

Deoxynivalenol, also known as vomitoxin as it induces vomiting in humans, is an epoxysesquiterpenoid pro-
duced by Fusarium graminearum and F. culmorum that naturally occurs in cereal grains (Abouzied et al., 1991).
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1.4.3 Fumonisins

Fumonisins are polyketide mycotoxins produced by Fusarium verticillioides and Fusarium proliferatum. They mostly 
contaminate maize and sorghum (Stoev, 2013) and cause equine leucoencephalomalacia (LEM). They have toxicity 
similar to aflatoxins and ochratoxin A (Stoev, 2010). They also exhibit carcinogenic or genotoxic and teratogenic ef-
fects rather than acute effects in developed countries (Stoev, 2013).

1.4.4 Ochratoxin

Ochratoxin A (OTA) is produced by Aspergillus ochraceus, Aspergillus carbonarius, and Penicillium verrucosum (Al-
Anati and Petzinger, 2006). It mainly contaminates grains, coffee beans, spices, nuts, olives, and fruits (grapes, beans, 
and figs) (Jorgensen, 1998; Duarte et al., 2010). The strain A. carbonarius, on the other hand, contaminates vine fruits, 
wines, and coffee (Bau et al., 2005). OTA can easily enter the food cycle by the ingestion of contaminated food and 
vegetables.

1.4.5 Patulin

Patulin (PAT) a toxic water-soluble metabolite produced by Penicillium, Aspergillus, and Byssochlamys (Özsoy 
et al., 2008; Puel et al., 2010); it contaminates fruits and baby food (Özsoy et al., 2008; Saxena et al., 2009). PAT, also 
known as a broad-spectrum antifungal antibiotic, has the capability to induce both in vitro and in vivo toxicity 
along with being genotoxic, immunotoxic, neurotoxic to rodents, and teratogenic to chickens (Andersen et al., 
2004). At the cellular level, it leads to the formation of ROS, arrests the cell cycle, releases cytochrome C from 
mitochondria, activates caspase-3, cleaves PARP, expresses ATF3 with subsequent apoptosis, damages DNA, 
and exhibits mutagenic and carcinogenic properties (Özsoy et al., 2008; Wu et al., 2008; Saxena et al., 2009; Kwon 
et al., 2012).

1.4.6 Zearalenone

Zearalenone (ZEA) is produced by F. graminearum, F. culmorum, F. cerealis, F. equiseti, F. crookwellense, and F. semitec-
tum and is widely associated with cereal crops throughout the world (Bennett and Klich, 2003). Contamination can 
occur both before and after harvesting (CCFAC, 2000). ZEA, referred to as mycoestrogen, is a nonsteroidal mycotoxin 
and has potential estrogenic activity. As it is easily biotransformed and excreted after consumption, if it enters the 
food chain it does not cause any severe implications. However, in the case of lactating cows, it can be secreted along 
with the milk and if consumed in higher doses, it can cause certain complications (Creppy, 2002) such as reproduc-
tive disorders in animals, occasional hypoestrogenic syndromes in humans (Zinedine et al., 2007), and the stimula-
tion of breast cancer cells with estrogen response receptors (Ahamed et al., 2001).

1.5 Limitations and future prospects

Metabolites produced by fungal cultures exhibit huge diversity and have enormous applications in various sec-
tors. As the yield of metabolites produced by these fungal cultures is very low, the quantity that is practically required 
for its efficient utilization is not met. Thus, the issue related to production can be overcome by using metabolic engi-
neering methods along with the mathematical representation of the metabolism in genome-scale metabolic models 
(GEMs). However, this method does not always consider the production of the secondary metabolites and a detailed 
study is required to uncover its full potential in the production of the secondary metabolite. Later, the gene editing 
tool CRISPR-Cas9 was developed for efficient genetic modifications in order to improve metabolite production by 
the fungal cultures (Nødvig et al., 2015; Matsuura et al., 2015; Pohl et al., 2016 Nielsen and Nielsen, 2017). The other 
problem associated with the production of the secondary metabolite is that most of the microorganisms remain silent 
in the laboratory conditions, which can be overcome by studying the secondary metabolome of the fungal cultures. 
Thus, with the help of computational facilities, the desired biosynthetic gene clusters can be identified, synthesized 
with controllable promoters, and engineered for the efficient production of metabolites and cofactors for further ex-
ploitation in the industrial sector (Nielsen and Nielsen, 2017).
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1.6 Conclusion

The study on fungal metabolite production will pave the way for future industry where the synthetically synthe-
sized compounds will be replaced by biologically derived products. These biological synthesized compounds with 
diverse applicability will have minimal or negligible side effects in the production as well as the implementation 
phases. Further, the production of the fungal metabolite in association with genomics will help enhance the produc-
tion of the desired metabolites for efficient utilization in various biotechnological sectors.
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2.1 Introduction

Fungi are ubiquitous in the natural environment. They have been found in the Earth’s upper atmosphere, deep 
in the oceans, and in all the other habitats in between. Different methods and techniques have been used to estimate 
the fungal species richness at the global level, including publication rates of new taxa (Mora et al., 2011), plant:fun-
gus ratios (Hawksworth, 1991, 2001), methods based on environmental sequence data including plant:fungus ratios 
(O’Brien et al., 2005; Blackwell, 2011), plant:insect ratios (Erwin, 1982), quantitative macroecological grid-based ap-
proaches (Lücking et al., 2014; Aptroot et al., 2016), and ecological scaling laws (Locey and Lennon, 2016). Based on 
the above methods, many estimates have been put forward (Table 2.1). The most recent one from Hawksworth and 
Lücking (2017) suggested that fungal diversity at the global level is 2.2–3.8 million, of which 120,000 taxa have been 
described so far (Kirk et al., 2008; Hawksworth and Lücking, 2017).

2.2 Bioactive compounds

Fungi produce a wide array of compounds that enables them to survive in harsh conditions (Goyal et al., 2017). 
These fungal-based compounds within higher plants provide resistance against predators, parasites, diseases, etc. 
(Stoppacher et al., 2010). Fungi have both beneficial as well as harmful effects. They are known to spoil food grains, 
leather cause many diseases in economically important crops and plants. Fungi produce several enzymes (cellulase, 
lipase, cutinase, laccase, chitinase, amylase, invertase, tyrosinase, protease, and xylase), alkaloids (clavines, ergo-
peptines, ergopeptams), many pigments (anthraquinone, betalains), flavors, and aromas, and as biological control 
against fungi, insects and nematodes, health aids by edible fungi (source of riboflavin, niacin, selenium, potassium, 
vitamin D and proteins) and in treatment of many diseases such as Alzheimer’s, hypertension, high risk of stroke, 
cancers and Parkinson’s, etc. (Beckmann and Barrow, 2014; Colla et al., 2015; Dufosse et al., 2014; Valverde et al., 2015; 
Velišek and Cejpek, 2011).

Fungi embody an extremely rich and rather ignored pool of natural products (Table 2.2), which often display 
strong bioactivity and find many applications in agrochemicals, pharmaceuticals, food additives, and as constit-
uents in cosmetics. Fungi, along with other microorganisms, are a priceless source of bioactive compounds and 
natural products (NP) that are manipulated in innumerable ways, ranging from crop safeguards to human med-
icine. Fungi produce different groups of molecules belonging to diverse classes of secondary metabolites such as 
aromatic compounds, polyketides, nonribosomal peptides, heterocyclic metabolites, terpenes, etc. (Zeilinger et al., 
2015) (Fig. 2.1).
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Sr. no. No. of taxa Reference

1. 1,50,000 (Estimate G) Hawksworth (1991)

2. 2,270,000 Hawksworth (2001)

3. 3,500,000–5,100,000 O’Brien et al. (2005)

4. 712,000 Schmit and Mueller (2006)

5. 611,000 Mora et al. (2011)

6. 5.1 million Blackwell (2011)

7. 2.2–3.8 million Hawksworth and Lücking (2017)

TABLE 2.1 Popular estimates of species diversity of fungi.

Sr. no Organism Metabolite Activity Reference

1.
Biatriospora sp. Ascomycone B and 

6-deoxyfusarubin
Cytotos0xicity

Stodůlková et al. (2015)

2. Aspergillus sp. Asperterpenoid A; asperlones A 
and B, mitorubrin

Inhibitor of protein tyrosine phosphatase 
B of Mycobacterium tuberculosis

Huang et al. (2013) and Xiao 
et al. (2015)

3. Aspergillus sp. Aspiketolactonol, aspyronol, 
epiaspinonediol

Cytotoxic Chen et al. (2014)

4. Fusarium fujikuroi Apicidin F Antimalarial von Bargen et al. (2013)

5. Fusarium sp. Beauvericin Trypanocidal activity Campos et al. (2015)

6. Penicillium sp. Citrinin Antibacterial and cytotoxic Subramani et al. (2013)

7. Cladosporium  
sphaerospermum

Cladosin C Antiviral activity: influenza  
A H1N1 virus

Wu et al. (2014)

8. Cercospora sp. Cercosporenes F Cytotoxic Feng et al. (2014)

9. Cryptosporiopsis sp. 1-(2,6-Dihydroxyphenyl)
pentan-1-one

Antibacterial Zilla et al. (2013)

10. Aspergillus versicolor 6,8-Di-O-methylaverufin Antibacterial Miao et al. (2012)

11. Nodulisporium sp. Dihydronaphthalenone 2 Antimycobacterial activity Prabpai et al. (2015)

12. Talaromyces pinophilus Dinapinone AB2 Triacylglycerol synthesis inhibitor Kawaguchi et al. (2013)

13. Penicillium expansum Fumiquinazoline Q and 
Protuboxepin E

Mitigative effect on bradycardia and 
vasculogenetic activity

Fan et al. (2015)

14. Aspergillus sp. Gliotoxin Cytotoxic Nguyen et al. (2014)

15. Ganoderma leucocontextum Ganoleucoins A and C Inhibits HMG-CoA reductase Wang et al. (2015)

16. Phoma sp. 4-Hydroxymellein Inhibits P388 murine leukemia cells Santiago et al. (2014)

17. Penicillium sp. Herqueidiketal Active against Staphylococcus aureus 
sortase A

Julianti et al. (2013)

18. Phaeolus schweinitzii Hispidin Antioxidant Han et al. (2013)

19. Aspergillus fumigatus Isosclerone Antiproliferative against breast cancer 
cells MCF-7 of humans

Li et al. (2014)

20. Nodulisporium sp. Nodulisporiviridin G Amyloidβ42 aggregation inhibitory 
activities

Zhao et al. (2015)

21. Eurotium sp. Neoechinulin A Antiinflammatory effect Kim et al. (2013)

22. Pestalotiopsis sp. Pestalotiopsone A Antibacterial Hemberger et al. (2013)

23. Polyporus umbellatus Polyporusterone B Antitumor Zhao et al. (2010)

24. Penicillium concentricum Phenylpyropenes E and F Cytotoxic: MGC-803 cell line Ding et al. (2015)

TABLE 2.2 Bioactive molecules from fungi (cytotoxic, antibacterial, antiinflammatory, and antiviral).
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2.3 Biological control

Biological control is referred to as checking the growth, proliferation, and reproduction of one organism by the use 
of another organism (Baker, 1987; Cook, 1993). Biocontrol is environmentally friendly and in some instances is the 
only method to save plants from pathogens (Cook, 1993). Biological control utilizes natural competitors, opponents, 
or enemies of pathogens or pests to completely control or eliminate their population. This can be done either by the 
introduction of species from outside (exotic), or by using already existing species naturally in the ecosystem (Heydari 
and Pessarakli, 2010). The introduction of resistance to a plant by using incompatible or nonpathogenic forms of 
microorganisms is also a kind of biological control (Cook, 1993; Schouten et al., 2004). Fungi are considered the most 
important group of organisms that cause serious and devastating diseases in plants, ultimately causing huge losses 
in annual yields (Agrios, 1988). Fungi can act as biocontrol against fungi, insects, nematodes, etc. (Table 2.3). By using 

TABLE 2.2 Bioactive molecules from fungi (cytotoxic, antibacterial, antiinflammatory, and antiviral)—cont’d

Sr. no Organism Metabolite Activity Reference

25. Penicillium sp. Pinazaphilones B and (±) 
penifupyrone

Inhibitory against α-glucosidase Liu et al. (2015a, b)

26. Neosartorya pseudofischeri Reduced gliotoxin, 6-acetyl bis 
(methylthio) Gliotoxin

Cytotoxic and antibacterial Liang et al. (2014)

27. Fusarium solani Solaninaphthoquione Cytotoxic Tadpetch et al., 2015

28. Penicillium chrysogenum Sorbicatechols A and B Antiviral: influenza virus A (H1N1) Peng et al. (2014)

29. Botryosphaeria dothidea Stemphyperylenol Cytotoxic and antifungal Xiao et al. (2014)

30. Penicillium sp. Verrucosidin Antimycobacterial activity Bu et al. (2015)

31. Aspergillus versicolor, 
Penicillium decumbens

Calbistrin A and B Bioactivity against leukemia cells Grijseels et al. (2018)

Fungi

Plant
growth

regulators

Organic
compounds

Enzymes

Biocontrol
Agent

Alkaloids

Antibiotics

Plant and
animal

diseases

Food
spoiler

Mycotoxins

Pigments

FIG. 2.1 Beneficial (green—light gray in print version) and harmful (red—gray in print version) effects of fungi.
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biological agents, a few fungal diseases such as powdery mildew, diseases of fruits and vegetables, and fungal patho-
gens in the soil have successfully been controlled (Agrios, 1988; Baker, 1987; Cook, 1993; Heydari, 2007; Heydari and 
Misaghi, 2003; Heydari et al., 2007).

2.4 Edible fungi

According to Marshall and Nair (2009), there are 2300 species of edible and medicinal fungi; a few are listed 
in Table 2.4. Nowadays, many mushrooms are finding an important place as nutritious foods in diets because of 
a good amount of carbohydrates, digestible proteins, fibers, vitamins (B, C), folic acid, essential fatty acids, trace 
minerals (iron, zinc, selenium, sodium), low calories, and low fats (Agrahar-Murugkar and Subbulakshmi, 2005; 
Mehta et al., 2011; Nakalembe et al., 2015; Ouzouni et al., 2007; Phillips et al., 2011). Mushrooms are also valued as 

Sr. No. Target organism Fungal biocontrol agents References

1. Insect causing white muscardine disease, the codling moth, 
Colorado potato beetle and several genera of termites, 
Helicoverpa armigera (American bollworm)

Beauveria bassiana Jain et al. (2008)

2. Eichhornia crassipes Cercospora rodmanii Butt and Copping (2000)

3. Cuscuta australis and C. chinensis Cercospora gloeosporioides Butt and Copping (2000)

4. Erysiphales (powdery mildews) Ampelomyces quisqualis Kiss (2003)

5. Rush skeleton weed in Chondrilla juncea Puccinia chondrillina Emge et al. (1981)

6. Rhizoctonia solani Trichoderma lignorum and T. viride Weindling (1932)

7. Sclerotinia sclerotiorum–a soilborne plant pathogen attacking 
soybeans

Trichoderma harzianum Inbar et al. (1996)

8. Pythium ultimum Pythium oligandrum Butt and Copping (2000)

9. Root pathogens and damping-off Gliocladium virens Butt and Copping (2000)

10. Heterobasidion annosum Phlebiopsis (Peniophora gigantea) Butt and Copping (2000)

11. Meloidogyne incognita Trichoderma harzianum Haseeb et al. (2005)

12. Locusts, grasshoppers, cockroaches, and termites, major pests Metarhizium anisopliae Sandhu et al. (1993)

13. Trialeurodes vaporariorum and control whitefly and  
several aphid species

Verticillium lecanii Hamlen (1979)

14. Insect species belonging to Coleoptera and Lepidoptera 
(including Spodoptera litura)

Nomuraea rileyi Ignoffo (1981)

15. Cyst nematodes and root-knot Paecilomyces lilacinus Seryczynska and Bajan (1975)

16. Nymphs of whitefly Paecilomyces fumosoroseus Kim et al. (2002)

17. Tuta absoluta Aspergillus oryzae Zekeya et al. (2019)

18. Diabrotica virgifera virgifera Metarhizium brunneum Mayerhofer et al. (2019)

19. Aeschynomene indica, A. virginica, and Sesbania exaltata Colletotrichum gloeosporioides Boyette et al. (2019)

20. Meloidogyne javanica Purpureocillium lilacinum Mwangi et al. (2018)

21. Meloidogyne javanica Trichoderma harzianum Mwangi et al. (2018)

22. Thaumetopoea pityocampa Metarhizium brunneum and 
Beauveria bassiana

Sönmez et al. (2017)

23. Nasutitermes corniger Isaria farinosa ESALQ1355 Lopes et al. (2017)

24. Nassella neesiana Uromyces pencanus Anderson et al. (2017)

25. Osphranteria coerulescens Beauveria bassiana and  
Metarhizium anisopliae

Mohammadyani et al. (2016)

TABLE 2.3 List of fungi that act as biocontrol agents.



 2.4 Edible fungi 19

Sr. no. Fungi Family Reference

1. Agaricus bisporus Agaricaceae Zhang et al. (2015)

2. Coprinus disseminatoides Agaricaceae Mshandete and Cuff (2008)

3. Lycoperdon utriforme Agaricaceae Karun and Sridhar (2014)

4. Auricularia auricula-judae Auriculariaceae Kadnikova et al. (2015)

5. Austroboletus gracilis Boletaceae Santiago et al. (2016)

6. Boletus edulis Boletaceae Santiago et al. (2016)

7. B. reticulatus Boletaceae Ergönül et al. (2013)

8. Rubinoboletus caespitosus Boletaceae Karun and Sridhar (2017)

9. Boletinellus merulioides Boletinellaceae Karun and Sridhar (2017)

10. Phlebopus marginatus Boletinellaceae Karun and Sridhar (2017)

11. P. portentosus Boletinellaceae Zhang et al. (2017)

12. Amylosporus campbellii Bondarzewiaceae Karun and Sridhar (2017)

13. Gyrodontium sacchari Coniophoraceae Karun and Sridhar (2016)

14. Astraeus hygrometricus Diplocystidiaceae Biswas et al. (2010)

15. Fistulina hepatica Fistulinaceae Ouzouni et al. (2009)

16. Ganoderma lucidum Ganodermataceae Poomsing et al. (2013)

17. Hericium cirrhatum Hericiaceae Karun and Sridhar (2016)

18. Cantharellus cibarius Hydnaceae Santiago et al. (2016)

19. Inonotus obliquus Hymenochaetaceae Kim and Song (2014)

20. Phellinus hartigii Hymenochaetaceae Kim and Song (2014)

21. Phellinus linteus Hymenochaetaceae Kim and Song (2014)

22. Phellinus ribis Hymenochaetaceae Kim and Song (2014)

23. Calocybe indica Lyophyllaceae Purkayastha and Chandra (1974)

24. Termitomyces clypeatus Lyophyllaceae Ogundana and Fagade (1982)

25. T. eurrhizus Lyophyllaceae Karun and Sridhar (2014)

26. T. fuliginosus Lyophyllaceae Koné et al. (2013)

27. T. globulus Lyophyllaceae Sangvichien and Taylor-Hawksworth (2001)

28. T. heimii Lyophyllaceae Karun and Sridhar (2014)

29. T. indicus Lyophyllaceae Atri et al. (2010)

30. T. lanatus Lyophyllaceae Karun and Sridhar (2014)

31. T. le-testui Lyophyllaceae Koné et al. (2013)

32. T. mammiformis Lyophyllaceae Atri et al. (2010)

33. T. medius Lyophyllaceae Atri et al. (2010)

34. T. microcarpus Lyophyllaceae Atri et al. (2010)

35. T. robustus Lyophyllaceae Ogundana and Fagade (1982)

36. T. schimperi Lyophyllaceae Karun and Sridhar (2014)

37. T. spiniformis Lyophyllaceae Karun and Sridhar (2014)

38. T. striatus Lyophyllaceae Alofe et al. (1996) and Mondal et al. (2006)

39. T. titanicus Lyophyllaceae Yongabi et al. (2004).

TABLE 2.4 Edible mushrooms.

Continued
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natural remedies (Smith et al., 2002) because of their antimicrobial, antiviral, antioxidant, antitumor, and cytotoxic 
properties (Klaus et al., 2015; Kozarski et al., 2012, 2015; Li et al., 2016; Liu et al., 2016; Sánchez, 2017; Suay et al., 2000; 
Teplyakova and Kosogova, 2016; Xiong et al., 2016; Xu et al., 2011). As a supplement to principal food, the intake of 
such edible mushrooms should be encouraged in order to solve the malnutrition problems of children and pregnant 
mothers (Nakalembe et al., 2015).

2.5 Enzymes

Enzymes are primary metabolites (macromolecules) that catalyze the chemical reactions. Mankind has exploited 
enzymes since antiquity to manufacture cheese as well as for baking, fermentation, brewing, etc. Fungi play an im-
portant role in the mineralization of biomass in nature. Historically, Taka-diastase was the first enzyme exploited 
commercially at the industrial scale by Dr. Jokichi Takamine in 1884 from the anamorphic fungus Aspergillus oryzae. 
Since then, many species of fungi have been identified and exploited for the commercial preparation of industrially 
important enzymes. There are constant advancements and refinements in the search and mining technologies for 
enzymes. These enzymes find potential uses in many industries such as pharmaceutical, agricultural, food, paper, 
detergent, and textile (Table 2.5). Some of the main enzymes produced by fungi that are already used in different 
industries are amylase, cellulase, cutinase, chitinase, invertase, laccase, lipase, protease, tyrosinase, and xylase.

2.5.1 Amylases

They are the hydrolases involved in the catalytic breakdown of starch releasing glucose monomers. They belong 
to three glycoside hydrolase (GHs) families: GH13 (α-amylases), GH14 (α-amylases), and GH15 (glucoamylases) 
(Henrissat, 1991). They can be classified into two categories based on their mode of action: endo-amylases (isoamylases,  

TABLE 2.4 Edible mushrooms—cont’d

Sr. no. Fungi Family Reference

40. T. tylerianus Lyophyllaceae Tibuhwa (2013)

41. T. umkowaan Lyophyllaceae Tibuhwa (2013)

42. Lentinula edodes Omphalotaceae Manzi et al. (1999) and Umata (1998)

43. Lentinus dicholamellatus Polyporaceae Karun and Sridhar (2014)

44. Lentinus patulus Polyporaceae Karun and Sridhar (2017)

45. L. sajor-caju Polyporaceae Yongabi et al. (2004)

46. L. squarrosulus Polyporaceae Bhunia et al. (2010)

47. Polyporus arcularius Polyporaceae Karun and Sridhar (2017)

48. Pleurotus cornucopiae Pleurotaceae Kim and Song (2014)

49. P. djamor Pleurotaceae Karun and Sridhar (2014)

50. P. eöus Pleurotaceae Karun and Sridhar (2014)

51. P. flabellatus Pleurotaceae Mshandete and Cuff (2008)

52. P. ostreatus Pleurotaceae Ergönül et al. (2013)

53. P. pulmunarius Pleurotaceae Manzi et al. (1999)

54. P. eryngii Pleurotaceae Manzi et al. (1999)

55. Scleroderma citrinum Sclerodermataceae Karun and Sridhar (2017)

56. Suillus brevipes Suillaceae Zamora-Martínez and de Pascual-Pola (1995)

57. S. placidus Suillaceae Karun and Sridhar (2017)

58. S. tomentosus Suillaceae Karun and Sridhar (2017)

59. Volvariella bombycina Pluteaceae Mshandete and Cuff (2008)
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Enzyme Fungal species Applications References

α-Amylase Aspergillus niger, A. oryzae, A. flavus, A. 
fumigatus; Filobasidium capsuligenum, 
Fusarium oxysporum, Helminthosporium 
oxysporum, Lipomyces kononenkoae, 
Penicillium chrysogenum, Penicillium 
frequestans, Rhizopus sp., Scytalidium sp., 
Thermomyces lanuginosus

Food, detergents, textiles, and in paper 
industry for the hydrolysis of starch

Chang et al., 1994; Jensen and Olsen, 
1992; Khoo et al., 1994; Nguyen et al., 
2002; Odibo et al., 1992; Park et al., 1995; 
Planchot and Colonna, 1995; Prieto et al., 
1995; Saranraj and Stella, 2013; Siqueira 
et al., 1997; Tsiomenko et al., 1992; 
Varalakshmi et al., 2009

Cellulases Aspergillus aculeatus, A. candidus, A. 
flavus, A. heteromorphus, A. niger; Bulgaria 
sp., Chaetomium spp., Cladosporium sp., 
Coriolus sp., Fusarium sp., Geotrichum sp., 
Helotium sp., Myrothecium sp., Paecilomyces 
sp., Penicillium waksmanii, Phanerochaete 
sp., Poria sp., Schizophyllum sp., Serpula 
sp., Trichoderma aureoviride, T. reesei, 
Tricothecium roseum

Textile industry (biostoning, 
biopolishing, bioscouring, 
biocarbonization and wool scouring, 
defibrillation of lyocell), pulp and 
paper industry (pulping, deinking, 
biocharacterization and biomodification 
of fibers), laundry and detergent 
industry, animal feed industry, food 
processing industry, treatment of juices, 
nectars, and purees, pigment extraction 
from plants and plant products, 
pharmaceutical industry, etc.

Lynd et al., 2002; Nogawa et al., 2001; 
Seiboth et al., 2011; Sharma et al., 2016

Glucoamylase Acremonium sp., Arthrobotrys amerospora, 
Aspergillus niger, A. awamori, A. phoenicis, 
A. awamorivar, A. oryzae, A. saitri, A. 
terreus, Chalara paradoxa, Corticium rolfsii, 
Rhizopus delemar, R.oryzae R. niveus, 
Neurospora crassa, Paecilomyces variotii, 
Pyricularia oryzae, Schizophyllum commune, 
Thermomyces lanuginosus

 Amirul et al., 1996; Basaveswara et al., 
1981; Ghosh et al., 1991; Mase et al., 
1996; Miah and Ueda, 1977a, 1977b; 
Monma et al., 1989; Nagasaka et al., 1998; 
Nguyen et al., 2002; Queiroz et al., 1997; 
Saha and Ueda, 1983; Shimazaki et al., 
1984; Silva et al., 1997; Spinelli et al., 
1996; Takeda et al., 1985; Takeda et al., 
1985; Taylor et al., 1978; Norouzian et al., 
2005; Lam et al., 2013; Yamasaki et al., 
1977; Yoshino and Hayashida, 1978; Yu 
and Hang, 1991; Yuhki et al., 1977

Glucose oxidase Aspergillus niger Antibacterial and antifungal agent, 
in food preservation used in baking, 
production of dry egg powder, wine 
and gluconic acid

Wong et al., 2008

Inulinase Aspergillus niger, A. aegyptiacus, A. 
parasiticus Kluyveromyces marxianus, 
Cochliobolus australiensis, Botrytis cinerea, 
Penicillium janczewskii, P. spinulosum, P. 
rugulosum, P. funiculosum, P. citrinum

Ethanol production, in food industry, 
preparation of fructose syrup and 
confectionary

Danial et al., 2015; El-Hersh et al., 2011; 
Ertan et al., 2003; Khalil et al., 2018; 
Mahadevan et al., 2011; Pessoni et al., 
2007

Lipase Acremonium strictum, Aspergillus niger 
Mucor miehei, Humicola lanuginose, 
Colletotrichum gloesporioides, Geotrichum 
candidum, Cunninghamella verticillata, 
Penicillium restrictum, Thermomyces 
lanuginosus, Lipomyces starkeyi,

Dairy, detergent, pulp, pharmaceuticals, 
leather

Azeredo et al., 2007; Colen et al., 2006; 
Geoffry and Achur, 2018; Gopinath et al., 
2002, 2003; Okeke and Okolo, 1990; 
Sztajer et al., 1988; Wouters, 1967

Laccases Trametes villosa, Pycnoporus cinnabarinus, 
Cryptococcus neoformans, Gaeumannomyces 
graminis, Botrytis cinerea, Neurospora crassa, 
Magnaporthe grisea Monocillium indicum, 
Acremonium murorum, Schizophyllum 
commune, Moniliophthora perniciosa, 
Rhizoctonia praticola, Myrothecium 
verrucaria, Mauginella sp.

Paper bioremediation Edens et al., 1999; Froehner and 
Eriksson, 1974; Gouka et al., 2001; Iyer 
and Chattoo, 2003; Kiiskinen et al., 2002; 
Kirtzel et al., 2017; Kolomytseva et al., 
2017; Li et al., 1999; Liu et al., 2015a, 
2015b; Palonen et al., 2003; Rogalski 
et al., 2011; Sulistyaningdyah et al., 2004; 
Thakker et al., 1992

Lignocellulolytic 
enzymes

Trichoderma reesei, T. capillare, Pleurotus 
ostreatus, Coprinus comatus

Biofuels, in paper, textile and bioenergy Vodovnik et al., 2018; Young et al., 2018; 
Zhang et al., 2019

TABLE 2.5 Enzymes from fungi and their potential applications.

Continued
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α-amylases) and exo-amylases (glucoamylases, β-amylases). The α-amylase is α(1  →  4)-d-glucan glucanohydrolase 
involved in the catalytic hydrolysis of α(1  →  4) glycosidic linkages of polysaccharide starch to yield simple com-
pounds such as glucose, maltose, dextrins, etc. Glucoamylases are among the top commercial enzymes globally. They 
yield glucose and isosyrup via starch hydrolysis. These syrups are essential for the baking and soft drink industries 
as well as fermentation processes.

2.5.2 Lipases

They are the third-largest commercially valuable enzyme after proteases and carbohydrolases. They are involved 
in a myriad of industrial processes such as dairy, food, detergent, cosmetic, pharmaceutical, textile, agrochemical, 
and biodiesel. They catalyze hydrolysis as well as synthesize esters from long chain fatty acids and glycerol. They are 
commercially exploited in industries for the modification of soybean milk, aroma improvisation, refinement of rice 
flavors, and accelerating apple wine fermentation. They play a crucial role in the modification of lipid properties by 
the alteration of fatty acid chains in glyceride, thus replacing fatty acids with desired ones. In this way, a less desir-
able and inexpensive lipid can be changed into a highly valuable fat (Undurraga et al., 2001).

2.5.3 Phytases

They catalyze the dephosphorylation of phytic acid to form inorganic phosphate and myo-inositol. Phytic acid is 
the storage form of phosphorous. It is found in cereals, legumes, nuts, pollens etc. Around 50%–80% of the total phos-
phorus is stored in the form of phytate in plants (Singh et al., 2011; Vohra and Satyanarayana, 2003). Bread is rich in 
iron and phytates. Phytates chelate metal ions such as Ca2  +, Mn2  +, Fe2  +, Zn2  +, and Mg2  + and act as an antinutritional 

TABLE 2.5 Enzymes from fungi and their potential applications—cont’d

Enzyme Fungal species Applications References

Pectinase Aspergillus oryzae, A. niger, A. japonicas, 
A. terreus, Humicola insolens, Penicillium 
occitanis, Rhizopus sp.

Fruit and jam manufacturing, 
degumming and retting of plant 
fibers, oil extraction, tea and coffee 
fermentation, clarification of fruit 
juices and wine, cellulosic biomass 
debasement for production of biofuel, 
remediation of wastewater, scouring, 
desizing, and bleaching of fabric, 
production of animal feed, and 
protoplast fusion technology, etc.

Ahmed et al., 2016; Arunachalam and 
Asha, 2010; Handa et al., 2016; Jayani 
et al., 2005; Murad and Azzaz, 2011; Sethi 
et al., 2016.

Proteases Aspergillus flavus, A. niger, A. melleus, 
Scedosporium aurantiacum

Break proteins into amino acid residues, 
utilized in baking, leather detergent, 
and brewing industries

Han et al., 2017; Kranthi et al., 2012

Phytase A. niger, A. ficuum, A. awamori, Trichoderma 
reesei, Thermomyces lanuginosus

Used in animal feeds Shivanna and Venkateswaran, 2014

Peroxidases Arthromyces ramosus, Phanerochaete 
chrysosporium, Phanerochaete chrysosporium, 
P. sordida, Trametes versicolor, Phlebia 
radiate, P. tremellosa

Biobleaching and biopulping in the 
paper industry

Glenn et al., 1983; Johansson and 
Nyman, 1993; Moilanen et al., 1996; 
Nakayamaa and Amachib, 1999; Sugiura 
et al., 2009; Tien and Kirk, 1983; Vares 
et al., 1994.

Rennin Mucor miehei, M. pusillus, Endothia 
parasitica

Cheese production, food processing Richardson et al., 1967; Sardinas, 1968

Tyrosinases Lentinula edodes, Pycnoporus sanguineus, 
Neurospora crassa, Aspergillus oryzae, 
Agaricus bisporus, Polyporus arcularius

Food additives, pharmaceutical drugs Halaouli et al., 2005; Kanda et al., 1996; 
Kupper et al., 1989; Nakamura et al., 
2000; Wichers et al., 1996

Xylanase Trichoderma reesei, A. sojae, Alternaria 
alternate, Trametes versicolor, Irpex lacteus 
Schizophyllum commune

Manufacture of bread, food, pulp 
bleaching textiles, in the production 
of xylitol and ethanol, supplement in 
animal feed

Metrevelia et al., 2017; Thiribhuvanamala 
et al., 2017; Wipusaree et al., 2011
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factor (Hurrell et al., 2003). The food products supplemented with commercial phytases show better digestibility and 
availability of essential minerals (Fig. 2.2).

2.5.4 Xylanases

They catalyze the hydrolysis of xylan to produce xylo-oligosaccharides that are further broken down to yield 
xyloses. They have established themselves as commercially valuable enzymes with applications in a wide range of 
industrial processes such as the clarification of fruit juices, the hydrolysis of lignocellulosic material to fermentable 
products, the degumming of plant fibers, etc. Treatment with xylanase improves the rheological properties of dough, 
crumb firmness, etc. (Harris and Ramalingam, 2010).

2.5.5 Pectinases

They represent a group of enzymes involved in the breakdown of a variety of pectic substances such as pectin, propec-
tin, pectinic acid, and pectic acid found in plant materials. They can be classified into two major groups on the basis of mode of 
action: estrases and depolymerizing pectinases. Depolymerizing enzymes are further classified into lyases and hydrolases 
(Jayani et al., 2005). They are valuable commercially in various industries such as paper and textile, fruit juice, wine, etc.
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2.5.6 Galactosidases

α-Galactosidase is involved in the catalytic hydrolysis of terminal α-linked galactosidic residues in galacto- 
oligosaccharides or in polysaccharides. β-Galactosidases catalyze the hydrolysis of lactose to form galactose and 
glucose. They are also involved in transgalactosylation reactions. They play a crucial role in reducing the lactose 
content of milk, whereas its transgalactosylation activity results in the production of galacto-oligosaccharides and 
galactose (Husain, 2010) (Fig. 2.3).

2.6 Fungi as fungicide

Fungi cause many harmful diseases in diverse crop plants and trees, resulting in substantial losses throughout 
the world annually. Plants form various associations with numerous microorganisms in the rhizosphere that show 
antagonistic effects against soilborne pathogens (Cook and Baker, 1983). Seeds, saplings, and plants can be protected 
from fungal pathogens by treating them with biological control agents (Table 2.6). This interaction among the patho-
gen, the plant, the biocontrol agent, the microbial community, and the physical environment leads to the inhibition 
of disease. Most of the fungi are saprobes and are not host-specific, but a few are obligate parasites.

2.7 Mycotoxins

Mycotoxins are secondary metabolites of low molecular weight (MW ~  700) produced by certain fungi that have 
adverse effects on animals, crop plants, and humans (Atanda et al., 2012). They are stable molecules and are pro-
duced by several genera of fungi, that is, Alternaria, Aspergillus, Penicillium, Fusarium Chaetomium, Cladosporium, 
Claviceps, Diplodia, Myrothecium, Monascus, Phoma, Phomopsis, Pithomyces, Trichoderma, and Stachybotrys spp.  
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Sr. no. Metabolite Fungi Reference

  CELL WALL SYNTHESIS  

1. Aculeacin A Aspergillus aculeatus, A. japonicus var. aculeatus and Eupenillin sp. Mizuno et al., 1977

2. Arundifungin Arthrinium arundinis and A. phaeospermum Cabello et al., 2001

3. Ascoteroside Ascotricha amphitricha, Mycoleptodiscus atromaculans Onishi et al., 2000

4. Clavariopsins Clavariopsis aquatica Kaida et al., 2001

5. Corynecandin Coryneum modonium Gunawardana et al., 1997

6. Cryptocandin Cryptosporiopsis quercina Strobel et al., 1999

7. Echinocandin B–D Aspergillus nidulans var. echinolatus, A. rugulosus and  
Emericella rugulosa

Nyfeler and Keller, 1974

8. Enfumafungin Hormonema carpetanum Onishi et al., 2000

9. Ergokonin A Trichoderma longibrachiatum, T. koningii, T. viride Vicente et al., 2001

10. Fusacandin Fusarium sambucinum Yeung et al., 1996

11. Furanocandin Monocillium sp., Triocothecin sp. Magome et al., 1996

12. Papulacandins Papularia sphaerosperma Traxler et al., 1977

13. Pneumocandin Glarea lozoyensis, Pezicula sp.,
Cryptosporiopsis sp. and Glarea lozoyensis

Bills et al., 1999, 2009a; Noble et al., 1991; 
Schwartz et al., 1989, 1992

14. Sporiofungins Penicillium arenicola, Cryptosporiopsis sp. Dreyfuss, 1986

  ERGOSTEROL BIOSYNTHESIS  

15. Antibiotic PF1163A Penicillium spp. and Phoma spp. Nose et al., 2000

16. Hymeglusin Crytosporiopsis spp. Omura et al., 1987

17. Restricticin Penicillium spp.
Neosartorya spp.

Schwartz et al., 1991

18. Tyroscherin Petriella spp. and Pseudallescheria spp. Hayakawa et al., 2004

  PROTEIN SYNTHESIS  

19. Aspirochlorine Aspergillus spp. Monti et al., 1999

20. Hypoxysordarin Hypoxylon croceum Daferner et al., 1999

21. Moriniafungin Morinia pestalozzioides Basilio et al., 2006

22. Parnafungins Fusarium larvarum Bills et al., 2009b
Parish et al., 2008

23. Sordarin Sordaria araneosa Sigg and Binningen, 1969

24. Xylarin Xylaria spp. Coval et al., 1995
Schneider et al., 1995

25. Zofimarin Zopfiella marina Ogita et al., 1987

  SPHINGOLIPID SYNTHESIS  

26. Aureobasidin A Aureobasidium pullulans Nagiec et al., 1997

27. Australifungin Sporormiella australis Mandala et al., 1995

28. Fumonisin B1 Fusarioum moniliforme Wang et al., 1991

29. Minimoidin Sporomiella minimoides Mandala and Harris, 2001

30. Myriocin Isaria sinclairii Miyake et al., 1995

31. Phomafungin Phoma spp. Herath et al., 2009

32. Sphingofungins Aspergillus fumigatus, Paecilomyces variotii Horn et al., 1992; Mandala et al., 1994; 
Zweerink et al., 1992

33. Viridiofungins Trichoderma viride Mandala et al., 1997a, b

TABLE 2.6 Fungal metabolites that inhibit fungi (fungal cell wall, ergosterol, protein, and sphingolipid synthesis).
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(Bryden, 2012; Kabak et al., 2006; Smith and Moss, 1985). The most studied mycotoxins are aflatoxins (AF), citrinin, 
trichothecenes deoxynivalenol (DON), patulin, ochratoxin A (OTA), fumonisins (FB), and zearalenone (ZEA) as well 
as some major toxins of endophytic fungi (ergot toxins and ergotamine). The list of various mycotoxins is given in 
Table 2.7.

2.7.1 Aflatoxin

There are five different types of aflatoxins that occur in nature: aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin 
G1 (AFG1), aflatoxin G2 (AFG2), and aflatoxin M1 (AFM1). AFB1 is the most abundant, toxic, and carcinogenic afla-
toxin (Bennett and Klich, 2003). Aflatoxins are generally produced by species of the genus Aspergillus, that is, A. par-
asiticus and A. flavus (Jonathan et al., 2016; Kumar et al., 2017). However, aflatoxin is also produced by other species 
of Aspergillus such as A. bombycis, A. ochraceoroseus, A. pseudotamariare, and A. nomius (Bennett and Klich, 2003; Klich 
et al., 2000; Okoth et al., 2018; Peterson et al., 2001).

Aflatoxins are produced from difuranocoumarin derivatives through a polykedite pathway. Aflatoxins cause liver 
cancer in humans, especially when they are infected with the hepatitis B Virus (Campbell, 1983).

2.7.2 Ochratoxin

Ochratoxin was discovered in 1965 from Aspergillus ochraceus (Wyllie and Morehouse, 1977). Ochratoxin A is pro-
duced by Aspergillus carbonarius, A. ochraceus, and Penicillium verrucosum (Al-Anati and Petzinger, 2006). Ochratoxin 
is a pentaketide synthesized from the dihydrocoumarins joined with β-phenylalanine (Goyal et al., 2017). Ochratoxin 
is a major contaminants in agricultural yields (Wang et al., 2016). This toxin is nephrotoxic, hepatotoxic, carcinogenic, 
teratogenic, and immunosuppressant (Merla et al., 2018; Wang et al., 2016).

2.7.3 Fumonisins

This is a group of mycotoxins belonging to the polyketide family produced by the hyphomycetous fungi Fusarium 
(Nectriaceae) that is, F. proliferatum, F. moniliforme, F. nygamai, and F. verticilloides (Gelderblom et al., 1988; Goyal et al., 
2017; Rheeder et al., 2002; Thiel et al., 1991). Gelderblom et al. (1988) isolated fumonisin B1 and fumonisin B2 for the 
first time from F. moniliforme. Fifteen species of Fusarium have been known to produce fumonisins. Out of these 15, 
eight belonging to Liseola, five to Dlaminia, one to each Section of Elegans and Arthrosporiella of Fusarium, respec-
tively, and minute quantities produced by F. andiyazi and F. pseudonygamai (Alberts et al., 2016; Rheeder et al., 2002). 
Fumonisins are a hydroxylated long chain (20 carbons) alkylamine coupled with two molecules of tricarboxylic acid. 

Sr. No. Toxin Fungi Reference

1. Aflatoxins Aspergillus flavus, A. parasiticus, A. nomius, Fusarium graminearum Choi et al., 2015; Jonathan et al., 2016

2. Citrinin Aspergillus ochraceus A. parasiticus, A. awentil, A. fumigatus, A. 
ostianus, A.awamori, A. niveus and Penicillium expansum, P. citrinum,  
P. vrrucosum, and Monascus purpureus, M. ruber

Ballester et al., 2015; Blanc et al., 1995; 
Doughari, 2015; Li et al., 2010

3. Fumonisins Alternaria alternata, Fusarium moniliforme, F. graminearum, F. 
oxysporum, F. proliferatum, F. sporotrichioides, F. verticillioides

Aboul-Nasr and Obied-Allah, 2013; Bailly 
et al., 2005; Blaney, 2005; Merrill Jr et al., 
1996

4. Ochratoxin A and B Aspergillus ochraceus, A. alliaceus A. flocculosus, A. roseoglobulosus, 
A. steynii, A. westerdijkiae, Neopetromyces muricatus, Penicillium 
vrrucosum, P. nordicum

Doughari, 2015; Wang et al., 2016

5. Patulin Alternaria alternate, Aspergillus clavatu, Penicillium urticae, P. 
griseofulvum, Byssoclamys fulva

Doughari, 2015; Sekiguchi and Gaucher, 
1977

6. Trichothecene Fusarium sporotrichioides, Myrothecium roridum, Stachybotrys, 
Trichoderma brevicompactum, T. arundinacium, Cephalosporium sp., 
Trichothecium roseum, and Verticimonosporium sp.

Hohn and Vanmiddlesworth, 1986; 
McCormick et al., 2011; Trapp et al., 1998; 
Tokai et al., 2007

7. Zearalenone Fusarium culmorum, F.graminearum, F. roseum, F. equiseti Caldwell et al., 1970; Hestbjerg et al., 2002; 
Hueza et al., 2014

TABLE 2.7 Mycotoxins from various fungi.
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The toxin causes many diseases in animals and has harmful effects on humans (Harrison et al., 1990; Kellerman et al., 
1990; Kimanya et al., 2010; Marasas, 2001; Marasas et al., 2004; Rheeder et al., 1992; Yoshizawa et al., 1994).

2.7.4 Zearalenone

Zearalenone (ZEA) is a nonsteroidal estrogenic mycotoxin. It is a macrocyclic β-resorcyclic acid lactone, synthe-
sized as a secondary metabolite through the polyketide pathway by several species of the Hyphomyctous fungal 
genus Fusarium, including F.graminearum, F. crookwellense, F. culmorum, F. roseum, and others (Caldwell et al., 1970, 
Di Menna et al., 1991; Kuiper-Goodman et al., 1987; Hestbjerg et al., 2002; Kuiper- Plasencia and Mirocha, 1991). 
This mycotoxin is also produced by other hyphomycetous fungi such as Aspergillus niger and Rhizopus arrhizus (El-
Sharkawy et al., 1991; Jard et al., 2010). These fungi are cosmopolitan in distribution and infest maize, wheat, barley, 
rice, and other cereal crops; they are also known to contaminate animal feed and human foods (Zinedine et al., 2007).

2.7.5 Patulin

Chemically, patulin is 4-hydroxy-4H-furo [3,2c] pyran-2[6H]-one. It is a water-soluble lactone produced chiefly by 
the species of three hyphomycetous genera, namely Aspergillus, Byssochlamys, and Penicillium (Ozsoy et al., 2008; Puel 
et al., 2010). It contaminates apples, grapes, pears, peaches, etc. (Ozsoy et al., 2008; Saxena et al., 2009). Patulin causes 
convulsions, nausea, ulcerations, lung congestion, and epithelial cell degeneration while also being carcinogenic, 
genotoxic, immunotoxic, immunosuppressive, teratogenic, mutagenic; it can also damage DNA (Boussabbeh et al., 
2015; Goyal et al., 2017; Kwon et al., 2012; Ozsoy et al., 2008; Puel et al., 2010; Wu et al., 2008).

2.7.6 Citrinin

Citrinin was first isolated in 1931 by Hetherington and Raistrick (1931) from Penicillium citrinum, and it is a ben-
zopyran derivative. Subsequently, citrinin was found to be produced by various spp. of the hyphomycetous fungal 
genera, namely Penicillium, Aspergillus, and Monascus (Bennett and Klich, 2003; Flajs and Peraica, 2009). Citrinin 
inhibits nucleic acid synthesis and tubulin polymerization while inactivating heat shock protein 90 (HSP90); the 
chaperone complex protects the protein from heat and microtubule assembly and alters the function of the mitochon-
dria. Citrinin acts as an embryotoxic and teratogenic nephrotoxic while also being hepatotoxic and immunotoxic to 
humans and other animals (Dalefield, 2017).

2.7.7 Trichothecene

Trichothecene is a diverse group of more than 200 compounds belonging to the tetracyclic sesquiterpenoid 
family (Haschek and Beasley, 2009). This mycotoxin is produced by many hyphomycetous fungi, including 
Myrothecium, Alternaria, Cylindrocarpon Trichothecium, Fusarium, Phomopsis Cephalosporium, claviceps, Stachybotrys, 
Verticimonosporium, and Trichoderma (Cole et  al., 2003; Davis and Diener, 1987; Frisvad and Thrane, 2004; Scott, 
1989; Turner and Aldridge, 1983; Yazar and Omurtag, 2008). The trichothecenes are categorized into four types, A 
to D, based on the type of functional group attached to the tricyclic trichothecene skeleton (Jha, 2016) Trichothecene 
causes many immunological problems and can act as an emetic agent and cause skin dermatitis in humans (Pestka, 
2008; Ueno, 1985) while inducing chlorosis, inhibiting root growth, and promoting dwarfism in plants (Cundliffe 
and Davies, 1977; McLean, 1996).

2.8 Pigments

Fungi produce numerous pigments that differ in structures and biological activities. Fungal species are exploited 
commercially for pigment production more than higher plants because of their fast growth, easy handling, abil-
ity to grow on cheap substrates, and high pigment yield (Zhao et al., 1998). The important criteria for an ideal 
 pigment-producing fungi are that it should be nonpathogenic and nontoxic to humans and animals (Dufosse et al., 
2014). Recently, a carotenoid (β-carotene) was approved as safe for food use; it was obtained from fungus, namely 
Blakeslea trispora (Britton et  al., 2004). A list of pigments produced by fungi that are already in use is given in 
Table 2.8.
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2.9 Conclusion

The vast biodiversity within fungi and the outstanding capabilities of these organisms to synthesize an array of 
compounds used in the production of biofuels, compounds of pharmaceutical importance, enzymes, and food col-
orants is interesting. Fungal research toward these aspects is gaining momentum nowadays. Fungi cause the most 
damage to crops, animals, humans, and trees of economic importance. Besides these infamous activities, a few fungi 
are the source of healthy foods, such as mushrooms. They contain vitamins, minerals, and secondary metabolites that 
have found use in treating dangerous diseases while also having many other beneficial effects. Fungi are comfortably 
cultivated and scale up on cheap media as related to plant cells; they are also grown at relatively very high volumes. 
Genomic, transcriptomic, proteomic, and metabolomic analyses help us in understanding fungal physiology and 
chemistry as a whole.
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3.1 Introduction

Diversity is the main feature of fungus, which enables us to discover a different kind of metabolite. It is reported 
that about 1.5 million fungal species are found around the Earth, but very few are cultured artificially in a culture 
medium. Among them, higher fungi are primarily involved in the production of secondary metabolites. It is very 
well known that various Chinese and Indian medicinal products are present in these fungi as their metabolites.

Fungi are eukaryotic living organisms that perform nourishment outside and ingest supplements through their 
cell walls. Most fungi have a body (thallus) and reproduce by spores consisting of hyphae that are known as micro-
scopic tubular cells. Fungi are heterotrophs and obtain their carbon and energy from other species, such as humans. 
Some fungi get their nutrients from a living host (plant or animal) and are called biotrophs; others get their nutrients 
from dead crops or animals and are called saprotrophs. Some fungi infect a living host, but to acquire their nutrients, 
they destroy host cells; these are called necrotrophs. Fungi are primitive and have plant-like characteristics in their 
structure and function. They are considered lower plants but are more advanced and developed than bacterial cells. 
Redecker et al. (2000) suggested that fungi are not older than bacteria, there may be three fossil proofs. They are five 
billion years old, of them the Ordovician is the oldest fungal fossils, 460–455 million years ancient. Based on fossil 
evidence, even about 425 million years ago the earliest vascular land plants existed. Some scientists believe that fungi 
may have played a vital role well into the colonization of land by these food crops (Hibbett et al., 2003). Mushrooms 
exquisitely preserved in late Cretaceous amber (94 million years ago when dinosaurs ruled our planet) signifies that 
mushroom-forming fungi were remarkably comparable to that found today.

Studies related to fossil records of fungi are not fully available, and the information investigated also provides min-
imal information regarding the evolution of different fungal groups. There is also a contrast that there is a huge differ-
ence between the data retrieved from molecular analysis and the paleontology of fungal species. A molecular study 
revealed that fungus is older than the data indicates, they are billion years older as per fossil records, and their evolu-
tion may be started billions of years ago (Parfrey et al., 2011). Metabolites are an intermediate response that completes 
physiological digestion outcomes that determine multiple critical biological activities in the human body such as 
signals as well as stimulating and inhibitory functions. Metabolites are intermediate or final products of the metabolic 
process that occur in any organism as their part of life. These metabolites are helpful in the growth and development 
of any living creator, humans, plants, or microbes. As higher fungi have a very well-developed metabolic pathway for 
their life process and survival, they also have well-developed metabolic pathways to survive under stress conditions.

3.2 Classification of fungi

Fungi are classified into five different groups, which are mentioned in Fig. 3.1.
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3.3 Types of metabolites

Fungal metabolites are secreted by the fungi and are useful in growth promotion and many other physiological 
functions. They are mainly classified as primary and secondary metabolites based on their properties (Fig. 3.2).

3.3.1 Primary metabolites

Primary metabolites are engaged in an organism’s growth, development, and reproduction. Typically, the primary 
metabolite is an essential element in keeping ordinary physiological procedures; therefore, it is often referred to as 
a central metabolite. Usually, primary metabolites are created as a consequence of energy metabolism during the 
growth stage and are considered vital for proper growth.

3.3.2 Secondary metabolites

Secondary metabolites are compounds that an organism synthesizes. Secondary metabolites are different from the 
main metabolites. The primary metabolism is essential in many procedures, although it can have many significant 
ecological tasks as well as other jobs.

Excessive primary metabolite manufacturing in the pharmaceutical sector is essential and helpful for large-
scale reasons. During this method, the enzymes found have many uses in food production and textile finishing as 
well as other industries.

3.4 Classes of fungal secondary metabolites

There are several classes of secondary metabolites, which are discussed below.

3.4.1 Polyketides

These are widely distributed in nature and found in marine organisms, plants, microbes, and insects. Polyketides 
are those molecules that have polyketide synthetase in their assembly. The most abundant secondary fungal metab-
olites are polyketides. Fungal polyketides are synthesized by polyketide synthases of type I (PKSs), which are mul-
tidomain proteins associated with eukaryotic fatty acid synthases and contain similar structures of the domain. For 
both enzymes, short-chain carboxylic acids, generally acetyl coenzyme A (acetyl CoA) and malonyl CoA, are divided 
into varying-length carbon chains.

FIG. 3.1 Classification of fungi.

Primary metabolites Secondary metabolites

Metabolites

FIG. 3.2 Types of fungal metabolites.



 3.4 Classes of fungal secondary metabolites 41

3.4.2 Terpenes

Terpenes are odorous organic compounds produced by plants mainly having protective actions. Interestingly, 
fungi also have capabilities that produce terpenes that have a diverse biological role in plants and fungi. Higher 
fungi are the main source of terpenes. The best-known terpenes are odoriferous plant metabolites such as camphor 
and turpentine, but fungi also synthesize several valuable terpenes, including aristolochene, carotenoids, gibberel-
lins, indole-diterpenes, and trichothecenes. Chemically, terpenes are made up of several units of isoprene having 
cyclic-like structures as well as a liner, saturated and unsaturated. It is also observed that terpenes are modified in 
structure with the addition of extrafunctional groups.

3.4.3 Indole alkaloids

These are nitrogen-containing secondary metabolites that are a structurally modified form of tryptophan (because 
tryptophan is a precursor for the synthesis of indole alkaloid) that contain at least one indole in their structures. Some 
groups of fungi such as Ascomycota are able to synthesize indole alkaloid. The best-understood pathway is ergota-
mine synthesis in Claviceps purpurea and related species. In the very first step, dimethylallyl tryptophan synthetase is 
involved in the prenylation of tryptophan for the synthesis of indole alkaloid.

3.4.4 Nonribosomal peptides

These are obtained by multidomain enzymes called nonribosomal peptide synthetases from both proteinogenic 
amino acids and nonproteinogenic amino acids. Each module in a nonribosomal peptide (NRPs) contains several 
domains that allow recognition, activation, and then covalent binding of a module-specific amino acid as a thioester 
to the 4′-phosphopantetheine cofactor, which is attached to each module through a conserved serine (Table 3.1).

Enzymes are biological macromolecules used to catalyze chemical responses (primary metabolites). Humans have 
long used enzymes for procedures such as cheese making, brewing, baking, and antibiotic manufacturing. In nature, 
pillows play a significant role in plant biomass degradation (Table 3.2; Fig. 3.3).

Baking industry Baker’s yeast ferments sugars in the flour, but this time carbon dioxide is the helpful fermentation product
When the yeast releases carbon dioxide in the bread dough, it makes the dough bubble and causes the dough 
to rise (increase in quantity)
During baking, the alcohol generated evaporates

Brewing industry
Brewer’s yeast (Saccharomyces cerevisiae) ferments sugars in cereal grains to create ethanol, making beers and 
lagers

Mycoprotein These are specialized secondary metabolites having deleterious effects and potential application in drug and 
microbial control agents found in mycelium or spores of the fungi such as Aspergillus, Fusarium, Penicillium, etc. 
(El-Maghraby and Shebany, 2014)

TABLE 3.1 Roles of some fungi in industries.

Enzymes Applications

Cellulases, beta-glucosidase Paper production, biofuels

Laccases Paper bioremediation

Lactase pectinases Dairy industry

Lignocellulolytic enzymes Biofuels

Lipase Dairy, detergent, pulp, pharmaceuticals, leather

Pectinases, cellulases Fruits and jam Industry

Peroxidases Wastewater treatment

TABLE 3.2 Enzymes and industrial applications.
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3.5 The shikimic acid pathway

The pathway of shikimic acid is an important biosynthetic pathway in fungi for the manufacturing of aromatic 
compounds, especially the l-phenylalanine, l-tyrosine, and l-tryptophan aromatic amino acids. In turn, phenylala-
nine and tyrosine in many alkaloids, but also phenylpropanoids, are essential precursors.

The chorismate biosynthesis pathway, also known as the shikimate pathway, is where chorismate is synthesized 
by two metabolites, that is, phosphoenolpyruvate (PEP) of the glycolysis pathway and erythrose 4-phosphate (E4-P) 
of the pentose phosphate pathway. Seven reactions and six enzymes are involved in the formation of chorismate from 
PEP and E4-P. 3-deoxy-arabino-heptulosonate-7-phosphate synthase (DAHPS) is the first enzyme used for converting 
PEP and E4-P into 3-dehydroquaianate in the shikimate pathway. In the next step of the pathway, 3- dehydroquinate is 
formed due to the catalysis of 3-deoxy-d-arabino-heptulosonate by the enzyme 3-dehydoquinate synthase (DHQS). 
The next two steps are directed by a bifunctional bunch of enzymes known as 3- dehydoquinatedehydratase (DHQD) 
or shikimate 5-dehydogenase (SDH), and results in the formation of shikimate. In the second to last step, shikimate 
(the result of the fourth step) is converted into shikimate 3-phosphate after the enzymatic reaction of shikimate kinase 
(SK). In the penultimate step, the 5-enolpyruvylshikimate 3-phosphate synthase enzyme is involved for catalysis, 
which results in the synthesis of enolpyruvyl shikimate 3 phosphate (EPSP) just before the final step of the shikimate 
pathway. Shikimic acid is completed after the formation of chorismate, which occurs in the final and seventh step. In 
the final steps, EPSP is converted into chorismate with the help of the enzyme chorismate synthase. Chorismic acid 
is a key initiating and intermediate molecule for several compounds. Phenylalanine is one of such compound formed 
by the transmission of phenyl pyruvic acid through decarboxylation, aromatization, and loss of hydroxy group of 
prephenic acid. Prephenic acid is transformed by the Claisen rearrangement reaction of chorismic acid.

3.6 The acetate pathway

Polyketides are the most abundant secondary fungal metabolite with critical biological activity. An important 
polyketide called lovastatin is produced from Monascus ruber and Aspergillus terreus, which play an important role 
in reducing cholesterol. It operates as an HMG-CoA reductase enzyme inhibitor, which is involved in MVA forma-
tion and was the first statin to be marketed (Dewick, 2009; Keller et al., 2005). They are obtained from poly-β-keto 
chains, created by acetyl-CoA and malonyl-CoA condensation, and are catalyzed by polyketide synthase (PKS), a 
family of multidomain enzymes or complex proteins. Acetyl-CoA is attached with a ketoacyl-CoA synthase (KS) 
domain, whereas malonyl-CoA is attached to an acyl carrier (ACP) domain. A Claisen-type reaction and simul-
taneous decarboxylation of the ACP-bound malonyl-CoA then occurs between malonyl-ACP and acetyl-KS. The 
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FIG. 3.3 Various types of secondary metabolites in fungi.
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resulting β- ketothioester linked to the ACP domain can then be transferred to a KS domain and extended to another 
 malonyl-ACP domain. This cycle repeats until it reaches the required length of the β-keto chain. After completion of 
the chain, it can be folded and activated.

3.7 The MVA and MEP pathways

Terpenoids are found in almost all lifeforms, forming a large group of secondary metabolites with more than 
40,000 structures (Bohlmann and Keeling, 2008). IPP and DMAPP are biosynthesized either through the mevalonic 
acid (MVA) pathway or through the synerythritol phosphate (MEP) pathway, depending on the generating organ-
ism. Fungi have access only to the MVA pathways while algae and most of the bacteria use the MEP pathways. The 
MVA pathways begin by mixing three acetyl coenzymes to form six carbon compounds. One acetyl-CoA binds to 
the enzyme and is combined with acetyl-CoA by a Claisen condensation to give acetoacetyl-CoA. Subsequently, an 
aldol addition attaches to a third enzyme-bound acetyl group, due to which 3-hydroxy-3-methylglutaryl-CoA may 
be produced. A three-level decrease occurs and MVA is synthesized by HMG-CoA reductase. A series of responses, 
including phosphorylation, decarboxylation, and dehydration, finally transform MVA into the five-carbon unit. IPP 
can use disomerise to DMAPP.

Deoxyxylulose 5-phosphate is created with a cofactor thiamine diphosphate after the decarboxylation of pyruvic 
acid and a nucleophilic attack on 3-phosphate glyceraldehyde aldehyde. A subsequent response to rearrangement 
transforms the phosphate from deoxyxylulose into MEP. There are several response steps, including two reductions, 
that form an important end product, IPP, and a minor product, DMAPP.

3.8 Fungus-plant interaction

Mycorrhizal fungi are a heterogeneous group of numerous fungal taxa combined with the roots of more than 
90% of all crop species. The word mycorrhiza comes from the Greek words “fungus” and “root.” Mycorrhizal fungi 
produce a complex hyphal network in the soil, a well-named worldwide web4, that is capable of connecting entire 
plant communities with the appropriate horizontal nutrient transfer. Types of interactions between plants and fungi 
include trophic interaction, symbiosis, mutualism, antibiosis, parasitism, and coevolution (Table 3.3).

Endophytes are a group of fungi found a symbiotic partner with some higher plants. In addition to living inside 
plant hosts, such endophytic fungi are also able to produce several metabolites that are biologically active compo-
nents. These are able to perform several functions that may have some industrial applications. There are several an-
tibiotics produced by endophytic fungi after fermentation at the lab scale or in large-scale production. Pyrrocidine A 
and B, guanacastepene A to L, botralin, and ulocladol are a few known examples of the antibiotic nature of products. 
Apart from various antibiotics, there are some other classes of secondary metabolites also produced by endophytic 
fungi such as immunosuppressant drugs, anticancer agents, antioxidants, etc. (Fig. 3.4).

Fungal species Host Metabolites

Magnaporthe grisea Grasses, rice, wheat, barley, etc. Phytoalexins, oryzalexins

Colletotrichum – Germination autoinhibitors, gloeosporone

Botrytis cinerea Grapevine, berries Otcinic acid, resveratrol, monoterpene γ-terpinen

Fusarium Maize, wheat, barley, oats etc. Trichothecene derivatives (e.g., DON), polyketide zearalenone 
(ZEA), fusarin C

Aspergillus Maize, cotton, groundnuts, brazil nuts, pecans, 
pistachio nuts, and walnuts

Sterigmatocystin, AF, territrem A, citreoviridin, citrinin, 
gliotoxin

Rhizoctonia solani Solanaceae, Fabaceae, Asteraceae, Poaceae, and 
Brassicaceae

Trichothecenecitrinin, AF, trichothecene 3-O-acetyltransferase

Cochliobolus  NHSTs, melanin

Alternaria Cereals, fruits, and fruit juices Brefeldin A, altertoxin, and tentoxin, camalexin

TABLE 3.3 Phytotoxin and other secondary metabolites under fungus-plant interaction.
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3.9 A glimpse of commercially important metabolites from fungi

Secondary metabolites obtained from microorganisms have a significant role in industrial and pharmaceutical 
sectors. Historically, the first antibiotic isolated by Fleming was penicillin from the fungi Penicillium. This indicates 
the potential of fungi for human welfare. Apart from antibiotics, a lot of secondary metabolites present in fungal 
species are on the market and continuously used by humans for their food and well-being.

3.9.1 Paclitaxel

This is a kind of terpenoid produced from endophytic fungi. It is an anticancer agent and is used in Ayurvedic 
and allopathic medicine for the treatment of different kinds of cancers. It is able to stabilize microtubules and disrupt 
their equilibrium, which ultimately results in the loss of cancers cells.

3.9.2 Podophyllotoxin

This is the diverse nature of metabolites, which are used as antibiotic, antioxidant, anticancer, and immune- 
stimulant agents. It is produced in various genera of fungi such as Diphylleia, Dysosma, Sabinan, and many more.

3.9.3 Penicillins and other antibiotics

Penicillin was the first antibiotic isolated from the Penicillium notatum. The mode of action is to prevent the 
cross-linking of small peptide chains in peptidoglycan.

3.10 Utility of fungal secondary metabolites in plants

Secondary metabolites begin to be produced during the late growth phase and stationary phase as well as some-
times the rest phase. It is most often observed that several metabolites produced by the fungus are effectively func-
tioning in the prevention and control of the disease. Detailed information on a few secondary metabolites and their 
functions are given in Tables 3.4 and 3.5. Studies indicated that various metabolites from fungi are used as fungicides 
to protect crops. A well-studied report shows that Aspergillus fumigatus is able to produce metabolites that have 
the ability to inhibit the growth of fungus. Fusarium species produce two metabolites, of them one has antifungal 
activity, and another one has postharvest plant disease-causing property (Masi et al., 2018). Sometimes they are not 
directly involved in the protection of the plants, but they trigger various signals and processes that are indirectly 
involved in plant protection. An example is the production of siderophores, which are key to iron uptake and are 
indirectly helpful in protection from various pathogenic fungi in plants.

Not only can endophytic fungi help with microbial pathogen attack prevention and control, they can also help 
plants tolerate various abiotic stresses. A huge range of secondary metabolites are involved in the protection of plants 
from different kinds of stress such as salinity, drought, temperature, etc. A study from Waqas et al. (2012) showed that 
Penicillium sp. reduced the sodium toxicity in cucumber plants growing under sodium stress and improved other 
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FIG. 3.4 Production of fungal secondary metabolites.
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nutrient uptake as well. All these events show the role of secondary metabolites produced by various fungi in the 
protection of plants from both biotic and abiotic stresses.

Endophytic fungi associated with plants are very crucial for fitness and protection from insects. Alkaloids such as 
ergots and permines have shown significant roles as insecticides. The functions of these alkaloids are very important 
for plant protection. They are significant for deterrence and antibiosis and sometimes cause a neurotoxic effect on 
grazing animals. Fungal alkaloids in grass work as protecting agents from arthropods also. So these molecules are 
not only good insecticides, but they also have a significant effect against herbivores (Zhang et al., 2012; Guerre, 2015). 
Terpenes are another group of bioactive molecule that is produced in endophytic fungi, and they also have diverse 
functions in plant health and protection. This group constitutes a huge number of molecules that have medicinal 
importance. Terpenes have antifungal properties that protect plants from pathogenic organisms, for example, sesqui-
terpenes against the phytopathogen Cladosporium cladosporioides (Souza et al., 2011).

Endophytes produce various types of enzymes during their growth and development in host plants. The 
 enzyme-like chitinases, glucanases, laccases, etc., protect plants from various pathogens by inhibiting the growth 
of phytopathogens (Gao et al., 2010). It is observed that secondary metabolites produced from the endophytic 
fungus are able to produce antinematode activities also. The culture extract of the endophytic fungus Fusarium 
oxysporum showed inhibition of a common nematode, Radopholus similis (Shahasi et al., 2006; Dutta et al., 2014). 
Vitamin D2 is essential for growth and stress tolerance. It is reported to be produced by both higher plants and 
endophytic fungi. The cell membranes of endophytic fungi fungi are found to be a storehouse of vitamin D2 
(Black et al., 2017).

Endophytic fungi are also known for the production and secretion of plant growth-related hormones. It was very 
recently found that two species of endophytic fungi, namely Penicillium citrinum and A. terreus, were the sources of 
plant growth promoters. It was very interesting that they are able to enhance plant resistance against stem rot disease 
caused by Sclerotium rolfsii (Waqas et al., 2015). It is well established that endophytic fungi are good growth promot-
ers because they are capable of producing plant hormones, but their capacity to increase disease resistance is a much 

Species Anticancer metabolites

Xylaria spp. Xylariaquinone A

Penicillium spp. Penicillenols

Aspergillus niger Nigerasperone

Phomopsis spp. Phomopsin A

Aspergillus clavatus Brefeldin A and B

Libertella blepharis 3-epi-Waol A

Nigrospora sp. MA75 P 2,3-Didehydro-19α-hydroxy-14-epicochlioquinone B

Eurotium rubrum 9-Dehydroxyeurotinone

Geopyxis aff. majalis Geopyxin B

Cercospora sp. Cercosporene F

Pestalotiopsis fici Chloropestolide B

TABLE 3.4 Anticancer metabolites from endophytic fungi.

Product Species Applications

Lovastatin Monascus ruber; Aspergillus terreus Enzyme inhibitor

Limonene and Guaiol Trichoderma viride Antimicrobial

Tuberculariols Tubercularia sp. TF5 Anticancer

Oxaline Penicillium raistricki Anticell proliferation

Benzomalvin C Penicillium raistricki, Penicillium sp. SC67 Antimalarial

Roquefortine C P. roqueforti; P. crustosum Neurotoxin

Pravastatin Penicillium citrinum Anticholesterolemics

TABLE 3.5 Application of fungal secondary metabolites.



46 3. Role of fungal secondary metabolites in plant protection 

less explored area. Plant hormone-producing endophytic fungal species not only activated defense against diseases, 
but they also produce metabolites that enhance stress resistance. The salt-tolerance capacity of soybean seeds was ob-
served in addition to plant growth-promoting gibberellins production factors, and studies indicated that Porostereum 
spadiceum was a causative factor (Hamayun et al., 2017).

Endophytic fungi are among the principle hotspots for polyketides with an abundance of substance diversity. It 
was observed that some polyketides are significantly involved in the protection of host plants. Very recently, it was 
observed that endophytic Penicillium sp. produced two polyketides that have shown antimicrobial activities, and 
they are also supposed to be useful against plant pathogens (Luo et al., 2019). So, for endophytic microorganisms 
to be advertised as fruitful biocontrol specialists, certain criteria must be met with respect to their simplicity of uti-
lization and spread to crops without causing any adverse impacts. Such microorganisms present a wide scope of 
powerful methods of activity and, under no negative situations, do not cause side effects or any unfavorable impacts 
in their hosts (Card et al., 2016; Brauer et al., 2019).

3.11 Conclusion

Metabolites from fungi are very useful for the well-being of humans. Because they are well developed and near 
plant species, they are capable of producing various bioactive compounds due to the formation of a various interme-
diate during their metabolic functioning. Fungi are factories that largely produce metabolites. It is well known that 
fungi are the second most prominent source of antibiotics after actinomycetes. It is also already established that en-
dophytic fungi are associated with plant hosts and are a very good source of various metabolites. The fungus is able 
to produce metabolites that are antitumor, antibiotic, antioxidant, immunosuppressive, and immune-stimulative 
agents. Some investigations are ongoing to identify new metabolites that will bring new hope in the coming days.
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4.1 Introduction and historical aspects of fungi

Fungus is commonly called a spoiler of food because it damages grains and cooked food, as evidenced by the 
Ireland potato famine of 1845–49 and the Bengal famine of 1943. Fungi can grow in almost all habitat and reproduce, 
especially in symbiosis on the surface of plants/nutritions or on dead organisms. Fungi produce numerous types of 
secondary metabolites to survive and to increase the plant’s ability to withstand the invasion of parasites, diseases, 
and predators as well as to facilitate reproductive processes (Macheleidt et al., 2016).

Fungi are advantageous in terms of the production of numerous enzymes such as cellulase, lipase, ligninolytic 
enzymes, antibiotics (penicillin, cephalosporin, cyclosporine, etc.), alkaloids such as ergot alkaloids, anthraquinone 
pigments, aromas/flavors, statins, and macro- and micronutrients. They also help in the biological control of nem-
atodes and in the prevention or treatment of cancers, high stroke risk, Parkinson’s, hypertension, and Alzheimer’s 
(Gupta et al., 2015). All the above-mentioned potentials of fungi are because of fungal metabolites. These metabolites 
comprise the basic nucleus of the indole, diketopiperazines, organic acids, aldehydes, alcohols, ketones, esters, and 
mono-, sesqui-, and diterpenes (Svahn et al., 2012).

In 1941, the use of penicillin revolutionized the treatment of diseases caused by pathogens. At the beginning of the 
21st century, fungi were used in the development of products such as penicillin (Penicillium chrysogenum) and an im-
munosuppressant, cyclosporin A. In addition, other fungal products include cefditoren as an antibiotic,  micafungin 
and griseofulvin as antifungal agents, rosuvastatin to decrease cholesterol, and mycophenolate to obviate tissue 
rejection (Svahn et al., 2012).

4.2 Fungal metabolites

The fungal biomolecule/metabolite is a keystone reference for interdisciplinary research. Various fungal metabo-
lites, their sources, and biological activities are summarized in Table 4.1.
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Chemical name Biological source Biological activity

(1) Indole alkaloids

Lysergic acid Saprophytic culture and Sclerotia of 
Claviceps purpurea

Vasoconstriction and uterine contraction (peripheral 
effects on smooth muscle), indirect peripheral effects 
(Adrenergic blockage, and serotonin antagonism)

Ergine Ergot of Claviceps purpurea and Paspalum 
distichum L.

Lysergol and lysergene Saprophytic cultures of Elymus-type ergot 
fungus

Rugulovasine A and Rugulovasine 
B

P. rubrum, Penicillium islandicum,  
P. concavorugulosum, and P. biforme

Hypotensive action by Rugulovasine A

(2) Diketopiperazines

Roquefortine; Roquefortine C P. notatum, P. commune, P. roqueforti,  
P. oxaficum, and P. corymbiferum

Prostration and atonic posture at dose of 50–100 mg/kg. 
Convulsions replaced by simple contractions at dose of 
10 mg/kg

Aurantiamine P. aurantiogriseum var. aurantiogriseum Highly toxigenic

Fumitremorgin A, Lanosulin Aspergillus caespitosus and A. fumigatus Tremorgenic, perceptible tremors in mice at dose of 1 mg, 
i.p. and sustained tremors with 70% mortality at dose of 
5 mg i.p.

(3) Chaetoglobosins/Cytochalasins

Chaetoglobosin A, B, C, D, E Chaetomium globosum, C. cochfioides,  
C. subaffine and C. rectum

ED0 between 3.2 and 101 tg/mL caused inhibition of 
cytoplasmic cleavage, which results in polynucleate cells

Cytochalasin B Helmmthosporium dematioideum, Hormiscium 
spp., Phoma exigua var. exigua, Curvularia 
lunata, Drechslera biseptata, Gnomonia 
erythrostoma, Hypomyces odoratus, and 
Ascochyta heteromorpha

Inhibition of cellular motility of moving L cells and 
inhibition of cytoplasmic cleavage without interference with 
nuclear division, resulting in binudeate and multinucleate 
cells. Inhibition of release of growth hormone; thyroid 
secretion; phagocytosis; platelet aggregation and clot 
retraction; and hexase transport. Inhibition of certain gliding 
mycoplasmas and internalization of herpes simplex virus 
type 1 (HSV) KOS strain by HEp-2 cells

(4) Aflavinines and related indoles

Aflavinine Aspergillus flavus and A. tubingensis Antiinsectan activity

Dihydroxyaflavinine A. flavus Antiirisectan but not tremorgenic. Antifeeding activity 
against Carpophilus hemiptaerus

Aflavazole A. flavus and A. parasiticus Potent antifeedant activity against Carpophilus hemipterus

(5) Tryptoquivalines

Tryptoquivaline; Tryptoquivaline 
A and C

Aspergillus clavatus and A. fumigatus Induced persistent tremors in rats at dose up to 50 μL 
DMSO solution, i.p.

Nortryptoquivalone; 
Tryptoquivalone; Tryptoquivaline B

Aspergillus clavatus

(6) Penitrems/Lolitrems

Penitrem A, B, C, D, E, F Penicillium crustosum Highly tremorgenic and acutely toxic

Secopenitrem B Sclerotia of Aspergillus sulphurous Potent activity against Helicoverpa zea (lepidopteran crop 
pest)

Lolitrem B, E, C Acremonium lolii Involved in ryegrass staggers, a nervous disorder 
of sheep, cattle, horses, and deer grazing ryegrass 
characterized by severe incoordination and 
hypersensitivity to external stimuli

(7) Paspaline and related metabolites

Paspaline, Paspalicine Claviceps paspali Chemical similarity with paspalitrem group tremorgens, 
Nontremorgenic in mice at dose up to 500 mg/kg, i.p.

TABLE 4.1 Various fungal metabolites, their sources, and biological activities.
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Continued

TABLE 4.1 Various fungal metabolites, their sources, and biological activities—cont’d

Chemical name Biological source Biological activity

Paspalinine Claviceps paspali and Aspergillus flavus 
sclerotia

EDs0 for tremor in mice was observed at ED0 > 14 mg/
kg, i.p. Gross clinical signs very similar to those produced 
by paxilline

Aflatrem; α,α-Dimethyl 
allylpaspalinine

Aspergillus flavus Tremorgenic to guinea pigs, rats, and mice at dose of l mg 
given orally or i.p.

(8) Janthitrems

Janthitrem B, E, F, G Penicillium janthinellum Tremorgenic in mouse showing characteristic tremor 
response accompanied by incoordination and 
hypersensitivity to sound and touch

(9) Miscellaneous Indole metabolites

Nominine Sclerotia of Aspergillus nomius Potent activity against crop pest Hefiothis zea, when 
incorporated into a standard test diet at 100 ppm dry 
weight

Tubingensin A and B Aspergillus tubingensis Potent activity against Heliothis zea and showed in vitro 
antiviral activity against herpes simplex virus type 1

(10) Loline alkaloids

Loline; Festucine Present in caryopses of tall fescue (Festuca 
arundinacea) infected with the endophyte 
Acremonium coenophialum and Lolium 
cuneatum, L. temulentum

Contributes several disease syndromes in cattle 
consuming endophyte-infected tall fescue

N-Formylnorloline, Norloline Present in endophyte-infected Lolium 
cuneatum

(11) Aflatoxins

Aflatoxin B1 Aspergillus flavus, A. parasiticus, and A. 
nomius

Induction of liver lesions, liver carcinoma, and bile duct 
proliferation

Aflatoxin B2  The toxic properties of aflatoxin B2 were similar to those 
for aflatoxin B; however, potency was markedly reduced 
compared to aflatoxin B1

Aflatoxin G1 The toxicity of aflatoxin G1 was similar to aflatoxin Bl; 
acute toxicity was less than B1 but greater than B2

Aflatoxin B2 Aspergillus flavus and A. parasiticus Aflatoxin B2 was more than 200 times less toxic than 
aflatoxin BI as measured by the initiation of bile duct 
proliferation in the standard duckling assay

(12) Chokols

Chokol A, B, C, D Epichloe typhina on Phleum pratense Fungitoxic activity against Cladosporium herbarum

Chokol E, G Epichloe typhina on Phleum pratense Comparatively weak fungitoxic activity against 
Cladosporium herbarum

(13) Enaminomycins and related metabolites

Enaminomycin A (Antiphenicol) Streptomyces fulvoviolaceus and S. baarnensis Antagonistic action against chloramphenicol in 
Escherichia coli. Antiphenicol antagonized the effects 
of antibiotics such as chloramphenicol, lineomycin, 
thiamphenicol, and erythromycin; active against Gram-
positive and Gram-negative bacteria as well as against 
some species of fungi

Enaminomycin B, C Streptomyces fulvoviolaceus and S. baarnensis Active against Gram-positive and Gram-negative 
bacteria as well as against some species of fungi

(14) Fusicoccins

Mono- and di-deacetylfusicoccin,3′-
Deacetylfusicoccin

Produced in submerged cultures of the 
phytopathogenic fungus Fusicoccum 
amygdali

Isofusicoccin and fusicoccin are phytotoxic in similar 
extent however, mono- and di-deacetylfusicoccin are less 
active
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TABLE 4.1 Various fungal metabolites, their sources, and biological activities—cont’d

Chemical name Biological source Biological activity

(15) Altenuene and related metabolites

(+)-Altenuene Alternaria tenuis Cytotoxic against five bacteria, Bacillus subtilis, B. mycoides, 
Sarcmia lutea, Neisseria gonorrhoeae, and Staphylococcus aureus

Botrallin Botrytis allii, strain Walker, obtained from 
the Central Bureau voor Schimmelcultures, 
Baarn, the Netherlands

Botrallin had no inhibitory effect on the growth 
of Botrytis allii, Penicillium italicum, Cladosporium 
cucumerinum, and Aspergillus niger and the bacteria 
Escherichia coli and Bacillus subtilis at 100 ppm

Altenuisol (Altertenuol) Alternaria tenuis The ID50 dose with HeLa cells was 81 μg/mL and zones 
of inhibition were noted with Bacillus mycoides from 5 to 
20 μg g/assay disc

(16) Viridin and related metabolites

Viridin Trichoderma viride and Gliocladium virens Potent antifungal activity

(17) Cercosporin and related metabolites

Cercosporin Produced by mold Cercosporina kilcuchii Phytotoxic

Hypocrellin Hypocrella bambusae Photodynamic activity toward microorganisms

(18) Cyathanes

Cyathin A3 Metabolite of fungus Cyathus africanus and 
C. helena

Metabolite possessed antibiotic activity

Cyathin B2 Cyathus earlei Moderate antibiotic activity against Staphylococcus aureus

Cyathin B3, Cyathin C3 
(1,2-dehydrocyathin B3)

Cyathus helenae Antibiotic activity

Allocyathin B2 Cyathus earlei Moderate antibiotic activity against Staphylococcus aureus

Cyathatriol, Acetylcyathatriol, 
Diacetylcyathatriol

Striatin A, B, C Cyathus striatus Highly active against fungi imperfecti and a variety of 
Gram-positive and Gram-negative bacteria

(19) Alliacolide and related metabolites

Alliacol A (Alliacolide II), Alliacol B 
(12-Hydroxy dehydroalliacolide)

Marasmius alliaceus Weak antibacterial and antifungal activity

(20) Botrydial and related metabolites

Botrydial, Dihydrobotrydial Botrytis cmerea Antibiotic activity against fungi and Gram-positive 
bacteria

(21) Herbarin and related metabolites

Herbarin, Dehydroherbarin Torula herbarum Weak antibacterial, antifungal, and antiamoebic activity

Anhydrofusarubin Fusarium solani Phytotoxin-disrupting plant metabolism and reducing 
root growth of germinating rough lemon seeds

Ethylfusarubin, Dihydrofusarubin, 
Ethyldihydrofusarubin

Antibiotic activity

Marticin, Isomarticin Fusarium solani Phytotoxic

(22) Miscellaneous metabolites

Alternaric acid Certain strains of Alternaria solani Remarkable antifungal activity but low antibacterial 
properties and inhibits germination of fungal spores

Ampullicin, Isoampullicin Ampulliferma-like fungus Accelerates the root growth of lettuce seedlings

Acremoauxin A Acremonium roseum Strongly inhibited the growth of Chinese cabbage 
seedlings at concentrations higher than 2.0 ppm



 4.4 Pharmacological actions of metabolites 51

4.3 Biosynthesis of fungal metabolites

Fungi produce a large number of biometabolites ranging from antibiotics to mycotoxins (Fig. 4.1). These metab-
olites are synthesized using simple building blocks such as acetyl co-enzymes, mevalonate, and amino acids by 
different pathways. The pathways involved in the biosynthesis of fungal metabolites include: (a) the shikimic acid 
pathway for aromatic amino acids and alkaloids; (b) the acetate pathway for polyketides, and fatty acids; and (c) the 
mevalonic acid pathway for terpenoids, steroids, etc. Various enzymes involved in these pathways are polyketide 
synthases (PKSs), terpene cyclases (TCs), nonribosomal peptide synthetases (NRPSs), geranylgeranyl diphosphate 
synthases (GGPPs), and dimethylallyl tryptophan synthetases (DMATs) (Gupta et al., 2015).

4.4 Pharmacological actions of metabolites

4.4.1 Antimicrobial activity

The problem of multiresistant bacterial species unaffected by existing antibiotics has necessitated the explora-
tion and production of novel molecules against microbes. Vancomycin-resistant enterococci and enterobacteriaceae and 
methicillin-resistant Staphylococcus aureus (MRSA) produce beta lactamase. These have gained resistance and existing 

TABLE 4.1 Various fungal metabolites, their sources, and biological activities—cont’d

Chemical name Biological source Biological activity

Achaetolide, Achaetolidone Achaetomium cristalliferum Transpiration amplifier on barley shoots

Ankalactone Monascus anka Inhibitory effect against E. coli and B. subtilis

Arthrosporone, 
Anhydroarthrosporone, 
Arthrosporol

Arthroconidial fungus Weak antifungal activity against several Ceratocystis 
species

Auranticin A, B Preussia aurantiaca Antimicrobial activity against Bacillus subtilis and 
Staphylococcus aureus

Cavoxin Phoma cava Phytotoxic to tomato cuttings and caused a vascular 
browning and rapid wilting of leaflets

Cavoxone, Cavoxinine, Cavoxinone Phoma cava Inactive to tomato cuttings

FIG. 4.1 Fungal metabolites.
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antibiotics are ineffective to treat infections caused by them. After penicillin, to counteract resistance in pathogenic 
bacteria, newer beta lactam antibiotics have evolved (Nwakanma et al., 2016; Lihan et al., 2014) and new generations 
of carbapanemes and cephalosporins have been developed. These are secondary metabolites found on a contam-
inated culture plate. Fungi have probably been pushed to produce metabolites to live in the environments where 
multiresistant bacteria are thriving (Svahn et al., 2012). Table 4.2 represents a summary of the antibiotics isolated 
from various fungi and their actions (Svahn et al., 2012; Nwakanma et al., 2016; Lihan et al., 2014; Intaraudom et al., 
2013; Cui et al., 2011; Pinheiro et al., 2013; Liu et al., 2013; Huang et al., 2013; Xiao et al., 2014; Eram et al., 2018; Fu 
et al., 2011; Krohn et al., 2011; Ahmed et al., 2011; Liu et al., 2008; Cafêu et al., 2005; Qin et al., 2009; Santiago et al., 
2012; Wijeratne et al., 2013; Hoffman et al., 2008; Zhang et al., 2013; Hussain et al., 2014; Kaul et al., 2012; Xu et al., 
2010; Kaul et al., 2017; Bungihan et al., 2013; Chithra et al., 2014; Chapla et al., 2014; Xu et al., 2015). It is interesting to 
note that N. dimidiatum and P. citrinum produce active antifungal metabolites against T. cucumeris and G. zeae, which 
are the causal agents of wheat head blight and rice sheath blight, respectively. Thus, these two strains of endophytic 
fungi may be potential biocontrol agents for wheat head blight and rice sheath blight, respectively (Li et al., 2018).

Source Antibiotic isolated Action on Reference

Aspergillus fumigatus Gliotoxin Vancomycin-resistant Enterococcus faecalis  
and C. albicans, methicillin-resistant 
Staphylococcus aureus (MRSA) extended-
spectrum beta-lactamase-producing E. coli

Svahn et al. (2012)

Penicillium verruculosum Fungal isolates labeled P550AIa, P550AIb, 
P550AIc, P550AId, P550AIIa, P550AIIb

Listeria monocytogenes, E. coli, Klebsiella 
pneumoniae, and Salmonella enteritidis

Lihan et al. (2014)

Penicillium sp. Penicolinates B and C Bacillus cereus and Candida albicans Intaraudom et al. (2013)

Penicillium sp. Liquiritigenin, cyclo(pro-Tyr), and 
cyclo(pro-Thr)

Staphylococcus aureus Cui et al. (2011)

Aspergillus sp. Alkaloidal pseurotin and fumigaclavine C Bacillus subtilis Pinheiro et al. (2013)

Aspergillus niger Malformins A–C and Nigerasterols A–B S. aureus Liu et al. (2013)

Asperterpenoid A Mycobacterium tuberculosis Huang et al. (2013)

Rubrofusarin B asperazine, asperpyrone A, Aspergillus solani Xiao et al. (2014)

Asperpyrone A Staphylococcus aureus and Bacillus subtilis

Alternaria sp. Antibiotic Xanalteric acids I and II antibiotic 
alterperylenol, alternariol, altertoxin, and 
tenuazonic acid

 Eram et al. (2018)

Phomopsis sp. Cytochalasin compounds (phomosines A–D, 
phomochromone A, B) and cyclopentenone 
derivative, phomotenone

Antibacterial Fu et al. (2011), Krohn 
et al. (2011), and Ahmed 
et al. (2011)

Xylaria sp. 7-Amino-4-methylcoumarin Antibacterial Liu et al. (2008)

Cytochalasin D Cafêu et al. (2005)

Chaetomium globosum Chaetoglobosin C chaetomugilin A, and D Artemia salina and Mucor miehei Qin et al. (2009)

Phoma sp. 5-Hydroxyramulosin Aspergillus niger Santiago et al. (2012)

Phomapyrrolidones A-C Mycobacterium tuberculosis Wijeratne et al. (2013)

Phomodione Staphylococcus aureus Hoffman et al. (2008)

2-Hydroxy-6-methyl benzoic acid S. aureus, E. coli, Aeromonas hydrophila,  
Pasteurella multocida, and Edwardsiella tarda

Zhang et al. (2013)

Phomafuranol, phomalacton Antibacterial Hussain et al. (2014)

Fusarium sp. 5α,8α-Epidioxyergosta-6, 22-dien-3β-ol  
and ergosta-8(9), 22-dien-3β, 5α, 6β,  
7α-tetraol

Antimicrobial activity Kaul et al. (2012)

TABLE 4.2 A summary of antibiotics isolated from various fungi and their actions.
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4.4.2 Anticancer activity

The genus and classes of fungi that produce cytotoxic compounds are summarized in Fig. 4.2. The biometabolites 
with anticancer potential obtained from fungus are classified into three categories depending upon the source of 
fungi: (i) phytotoxins produced by phytopathogenic fungi (Fig. 4.3), (ii) metabolites produced by toxigenic fungi 
(Fig. 4.4), and (iii) metabolites produced by nontoxigenic fungi (Fig. 4.5) (Li et al., 2018).

4.4.3 Antitubercular activity

After the emergence of resistant strains of Mycobacterium tuberculosis, there is a need for newer drugs for the ef-
fective treatment of resistant strains. Endophytic fungi can be a potential source of new antimycobacterial drugs (De 
Souza, 2005). Fig. 4.6 illustrates the various biometabolites produced by different fungi with antitubercular actions.

4.4.4 Immunosuppressant activity

Immunomodulatory compounds modulate the immune system either through stimulation or suppression. 
Immunosuppressants are given to avoid the rejection of allografts in patients with autoimmune disorders. These 

TABLE 4.2 A summary of antibiotics isolated from various fungi and their actions—cont’d

Source Antibiotic isolated Action on Reference

Fusarium redolens Beauvericin Staphylococcus haemolyticus, B. subtilis, 
Agrobacterium tumefaciens, Pseudomonas 
lachrymans, Xanthomonas vesicatoria,  
and E. coli

Xu et al. (2010)

Fusarium solani 8-Octadecanone,1-tetradecene, 
8-pentadecanone, 10-nonadecanone, and 
octylcyclohexane

Antifungal as well as antibacterial activity Kaul et al. (2017)

Colletotrichum sp. Colletotriolide E. coli Bungihan et al. (2013)

Colletotrichum 
gloeosporioides

Piperine Antimicrobial activity Chithra et al. (2014)

2-Phenylethyl 1H-indol-3-yl-acetate Cladosporium cladosporioides and C. 
sphaerospermum

Chapla et al. (2014)

Daldinia eschscholzii Helicascolide C Cladosporium cucumerinu Xu et al. (2015)

T. koningii Trichodermaketone A Candida albicans

Stagonosporopsis 
cucurbitacearum

Didymellamides A and B Candida spp. and Cryptococcus neoformans

Trichoderma sp. Trichodin A Candida albicans

P. brocae MA-231 Penicibrocazines B–E Gaeumannomyces graminis

FIG. 4.2 Cytotoxic compounds producing genus and classes of fungi.
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FIG. 4.3 Phytotoxins produced by phytopathogenic fungi.

FIG. 4.4 Metabolites produced by toxigenic fungi.

FIG. 4.5 Metabolites produced by nontoxigenic fungi.
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are also included in cancer treatment regimens. Fungal endophytes could be a valuable source for active immu-
nomodulatory compounds (Kaul et al., 2012) such as cytochalasin U (immunosuppressive agent) obtained from 
Pestalotia sp. (Burres et al., 1992) and Subglutinols A and B from Fusarium subglutinans (Lee et al., 1995). Other 
immunosuppressants such as Cyclosporine A are also isolated from an endophyte (Lopes et al., 2005). The fungal 
metabolite Cyclosporine A exerts a powerful immunosuppressive activity directed mainly against T-lymphocytes 
without affecting hemopoietic tissues. For large-scale production, aerated submerged cultures of mutants selected 
from the original strain of T. inflatum were used (Kaul et al., 2017). Another potent immunosuppressive fungal 
metabolite, Mycophenolic acid, has been documented for the treatment of organ transplantations and autoim-
mune diseases. It is obtained from the Aspergillus, Byssochlamys, and Septoria species as well as Penicillium (Larsen 
et al., 2005). Ren et al. reported that Cyclosporine A and Collutelin A isolated from Colletotrichum dematium on 
Pteromischum sp. with potent immunosuppressive activity by the inhibition of activation of the CD4 T-cell resulted 
in the production of interleukin-2 (Ren et al., 2008). An endophyte Phomopsis longicolla also yielded Phomoxanthone 
A with proapoptotic and immunostimulatory activities through the activation of NK cells, T lymphocytes, and 
macrophages (Rönsberg et al., 2013). The 2-morpholinoethyl ester prodrug of MPA is used clinically as an immu-
nosuppressant in the transplantations of hearts, kidneys, livers, and lungs. Eleven different derivatives of MPA 
have been isolated from the fungi Penicillium bialowiezense with significant immunosuppressive potential (Zhang 
et al., 2018).

Aspergillus sydowii produced seven already known polyketides as well as sydoxanthone A and B and the xanthone 
derivative, 13-O-acetylsydowinin B. These isolated polyketides were found to have the strongest immunosuppres-
sive activity against the proliferation of splenic lymphocytes of mice (Song et al., 2013).

4.4.5 As enzyme

4.4.5.1 Cellulases
These are produced from bacteria as well as fungi and are regulated at the transcriptional level by gene repressors 

and inducers, as shown in Fig. 4.7, along with their uses.

4.4.5.2 Hemicellulases
Hemicellulases include two enzymes and the collabrative action of these two is required for the com-

plete digestion of hemicellulose. These include main chain-degrading enzymes such as xylanase, arabinose, 
β- mannosidase, mannanase, and β-xylosidase and side chain-cleaving enzymes such as esterases and α-l- 
arabinofuranosidase. Xylanase is produced by Aspergillus caespitosus, A. phoenicis, A. caespitosus, Mucor rouxii, 
Rhizopus stolonifer, and A. versicolor and is found to possess significant potential for pulp bleaching (Fig. 4.8) 
(Guimarães et al., 2006).

FIG. 4.6 Various fungal biometabolites with antitubercular action.



56 4. Recent advancement and biomedical applications of fungal metabolites

4.4.5.3 Proteases
Fungal proteases obtained from P. roqueforti and P. caseicolum have basic uses in cheese ripening. Aspergillus oryzae pro-

teinases are commonly used in the baking industry and clinically as digestive aids for enzyme deficiency. The most common 
protease in the biomedical field is collagenase, which is used to prepare slow‐release dosage forms. Among the microor-
ganisms studied, R. solani and P. aurantiogriseum are noteworthy with specific collagenase activity (Wanderleya et al., 2017).

4.4.5.4 Glucoamylase
Glucoamylase obtained from Aspergillus is used in the production of high fructose corn sweeteners or syrups 

in food and beverages by converting oligosaccharides to glucose, produced from the hydrolysis of starch by α‐
amylase. The glucose produced by glucoamylase is converted into fructose-rich syrup by xylose isomerase con-
taining approximately 42% fructose. After purification, high fructose corn syrup gets enriched with fructose up 
to 90%. Glucoamylase is produced from solid‐state cultures of A. niger and A. awamori and yeast cultures such as 
Saccharomycopsis buligera, Candida famata, Endomycopsis buligera, Candida fennica, and Saccharomyces cerevisiae using 
different agro‐industrial waste residues.

4.4.5.5 Lipases
Rhizopus sp., Geotrichum candidum, Candida cylidracae, Pichia burtonii, and Rhizomucor miehei strains are used in the 

production of lipase. Additionally, lipases are biodegradable and have no negative impact on sewage treatment pro-
cesses. They are not harmful to aquatic life as these leave no harmful residues. Fig. 4.9 shows the uses of fungal lipases.

4.4.6 Antioxidant activity

Srinivasan et al. reported the antioxidant activity of the ethanolic extract of a culture of Phyllosticta sp. using DPPH 
and ABTS radicals in vitro (EC50 value of 2030.25 ± 0.81/mL and 580.02 ± 0.57 μg μg/mL, respectively) (Srinivasan 
et al., 2010).

FIG. 4.7 Uses of cellulose enzyme.

FIG. 4.8 Applications of xylanase.
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Aspergillus niger, Aspergillus flavus, and Alternaria alternata inhabiting Lannea coromendalica were used to prepare 
ethyl acetate extracts. They were reported to possess antioxidant potential using the DPPH radical scavenging activity 
method with 69.8%, 68.8%, and 52.1% of the reducing potential, respectively, using ascorbic acid as the standard (98.7%) 
(Premjanu and Jaynthy, 2014). The total flavonoid and phenolic content of the extract of Alternaria sp. (ML4) was found 
to be 56.45 ± 0.10 mg of RE/g and 108.65 ± 0.12 mg of GAE/g of extract, respectively (DPPH scavenging activity = 
85.20%; concentration of 300 μg/mL), resulting in high reducing potential (Gunasekaran and Arunachalam, 2017).

M. hyalina inhabitating the plant O. stellate and Penicillium sp. isolated from S. khasiana reported FRAP values 
of 1.316 and 1.417, respectively. The percentage of free radical scavenging activity of the fermentation broth was 
reported as 79.7% and 65.6%, respectively (Bhagobaty, 2012). The ethanolic extracts of endophytic fungal isolates, 
namely Chaetomium sp., Dreschelara sp., Penicillum sp., Nigrospora sp., Phyllosticta sp. Aspergillus sp., Curvularia sp., 
Fusarium sp., Colletotrichum sp., and Pestalotiopsis sp., were evaluated for antioxidant potential by DPPH and FRAP 
assays. The inhibition percentage was reported as Pestaloptiopsis sp. (88.53%), Colletotrichum sp. (88.35%), Penicillium 
sp. (88.1%), and Aspergillus sp. (36.5%). In the FRAP assay, it was noted that Colletotrichum sp., Penicillium sp., and 
Pestalotiopsis sp. showed 97.51%, 95.81%, and 91.48% reductions, respectively. Aspergillus sp. recorded a reducing 
power potential of 37.80 (Boominathan, 2016).

Nitya et  al. checked the antioxidant potential of methanolic extracts of the Mucor, Aspergillus, Fusarium, and 
Penicillium species inhabitating the leaves of L. nicotianifolia using the DPPH method. The antioxidant potential of 
Fusarium and Penicillium extract was found to be 160 ± 1.21 and 320 ± 3.72 μg/mL, respectively, among all. These 
studies established the free radical inhibitor or scavenger capacity of these crude drugs (Nitya and Murthy, 2011).

4.4.7 Antimalarial activity

Malaria is a major problem in the subtropical and tropical regions of the world. High-throughput screening of fungi 
biometabolites has led to the isolation and development of potential antiplasmodial molecules (Nagaraj et al., 2001).

The antiplasmodial activity of extracts from endophytic fungi Fusarium, Paecilomyces, Penicillium, Aspergillus, and 
Mucor and Bipolaris from Symphonia globulifera against a chloroquine-resistant strain of Plasmodium falciparum has 
been reported as IC50 = 0.55 μg/mL for Paecilomyces sp., IC50 = 0.2 μg/mL for Penicillium janthinellum, and IC50 = 
0.44  μg/mL for Paecilomyces lilacinus. These results signified the antimalarial potential of endophytic fungi from 
Symphonia globulifera (IC50 < 10 μg/mL) as a source of active compounds for further investigation against malaria 
(Ateba et al., 2018). A Fusarium sp. (IC50 = 1.94 μg/mL) endophytic in a marine alga and a Nigrospora sp. (IC50 = 
2.88 μg/mL) exhibited significant antimalarial activity (Kaushik et al., 2014). Epoxycytochalasin H from extracts of 
Diaporthe miriciae also showed potent antimalarial activity against the chloroquine-resistant strain of Plasmodium 
falciparum (IC50 approximately 3.5-fold < chloroquine) (Ferreira et al., 2017).

Endophytic fungi IP-2 and IP-6 inhibited the growth of the P. falciparum strain FCR-3 with IC50 values of 42.58 ± 5.65 
and 30.08  ±  4.73  μg/mL, respectively, using the continuous culture method by Trager and Jensen (Purwantini 
et  al., 2016). Two alkaloids—7-hydroxy-3,4,5-trimethyl-6-on-2,3,4,6-tetrahydroisoquinoline-8-carboxylicacid and 
2,5- dihydroxy-1-(hydroxymethyl) pyridin-4-one—from the endophytic fungi of brotowali possessed potential 
against P. falciparum 3D7, with IC50 values 0.129 and 0.127 μM, respectively (Elfita et al., 2011). Similarly, the aque-
ous extract of Chlorophyllum molybdites has been reported to inhibit the growth of P. berghei in mice, indicating the 
 antimalarial potential of fungi (Katsayal et al., 2009).

FIG. 4.9 Uses of fungal lipases.
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4.4.8 Antileishmanial activity

Due to the existence of resistant and costly drugs (antimonials or Amphotericin B) with serious side effects in 
leishmaniasis (protozoan parasites, genus Leishmania), there exists a constant need for better antileishmanial drugs 
with enhanced potential and fewer adverse effects for cutaneous and visceral invasion. Table 4.3 summarizes the 
antileishmanial activity of fungal endophytes and metabolites.

4.4.9 Antiinflammatory activity

In neurodegenerative diseases, there is a disproportionate release of proinflammatory cytokines and inflamma-
tory mediators from stimulated microglia, which contributes toward uncontrolled inflammation. In LPS-induced 
inflammatory events, five endophytic extracts (HAB8R24, HAB16R18, HAB16R14, HAB16R13, and HAB16R12) in-
hibited the expression of the proinflammatory cytokines TNF-α and IL-6 considerably (P <  .05) without affecting 
CD40 expression in the LPS-stimulated microglia. The outcomes suggested that through the suppression of neuroin-
flammation, fungal endophytic extracts exhibited neuroprotective effects (Harun et al., 2015).

Fungi isolated from mangrove plant leaves called Hypocrea lixii VB1, Neurospora crassa VB2, Schizophyllum com-
mune VB3, Irpex hydnoides VB4, Pestalotiopsis microspora VB5, Aspergillus oryzae VB6, Meyerozyma guilliermondii VB7, 
and Aspergillus flavus MV5 were found to exhibit excellent membrane stabilizing activity (Joel and Bhimba, 2011).

l-Asparaginase has also been reported to possesses an antiinflammatory property along with antitumor po-
tential through extraction from the fungus Aspergillus tamarii (Mahabal and Kaliwal, 2017). The column purified 
(Dugganaboyana and Banu, 2017) Trichoderma viride sample exhibited considerable antiinflammatory activity. The 
crude extract inhibited P. acnes and induced IL-8 release and TNF-α-induced ICAM-1 expression. By inhibiting the 
phosphorylation of JNK MAP kinases and ERK, Compound C was found to inhibit the P. acnes-mediated activation 
of NF-kB and AP-1, IkB degradation, and IL-8 release in a dose-dependent fashion. Thus, compound C was observed 
to be a potent antiinflammatory agent against P. acnes for acne vulgaris (Pretsch et al., 2014).

Other fungi include the coprophilous fungus Lepidosphaeria sp. (PM0651419), from which mutolide was isolated 
and reported to inhibit the secretion of proinflammatory cytokines such as IL‐17 and TNF‐α; IL‐6 from anti‐hCD3/
anti‐hCD28 stimulated human peripheral blood mononuclear cells (hPBMCs); THP‐1 cells; and hPBMCs (Shah et al., 
2015).

Pyrenocine A, obtained from the marine-derived fungus Penicillium paxilli Ma(G)K, possessed both pre- and post-
treatment antiinflammatory action. This occurs due to the suppression of the LPS-induced macrophage activation by 
inhibiting the formation of nitrite and inflammatory cytokines, PGE2 as well as activation of lymphocytes through 
MyD88-dependant pathway. Moreover, it also inhibits gene expression on macrophages related to NFκB-mediated 
signal transduction stimulated by LPS (Toledo et al., 2014).

Three new isocoumarins, Desmethyldichlorodiaportinol, desmethyldichlorodiaportintone, and dichlorodia-
portintone, obtained from the culture of the mangrove endophytic fungus Ascomycota sp. CYSK-4 on Pluchea indica 
were found to exhibit antiinflammatory action in LPS-induced RAW 264 via the inhibition of NO production (Chen 
et al., 2018).

Biological source Compounds isolated Activity Reference

Nigrospora sphaerica Nigrosphaerin A IC50 values of 30.2, 26.4, and 
36.4 μg/mL

Metwaly et al. (2014)

Preussia sp. Preussiafurans A, B Against erythrocytic stages of 
chloroquine resistant P. falciparum

Talontsi et al. (2014)

Alternaria sp. isolated from Pinus 
ponderosa

Reduced perylenequinone 
derivatives

Antileishmanial and antimalarial 
activities

Idris et al. (2015)

Pestalotiopsis sp. Meroterpenoid, isocoumarin, and 
phenol derivatives

Antimalarial activity Arunpanichlert et al. (2015)

Fusarium tricinctum Enniatins (ENs) are six-membered 
cyclic depsipeptides

Antileishmanial activities Zaher et al. (2015)

A. terreus isolated from roots of 
Carthamus lanatus

Terrenolide S, a butenolide 
derivative

Antileishmanial activity toward L. 
donovani

Elkhayat et al. (2016)

TABLE 4.3 Summary of antileishmanial activity of fungal endophytes and metabolites.
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Lovastatin is a competitive inhibitor of a key enzyme, 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reduc-
tase, in the biosynthesis of cholesterol. Among 15 isolates of genus Aspergillus from varied soil samples, Aspergillus 
terreus MTCC 479 strains showed a positive response for the production of Lovastatin. Identified Aspergillus sp. no. 
76 was found to be the best producer of lovastatin with a level of 137.5 mg/L. identified through colorimetric estima-
tion and confirmed though HPLC analysis (Srividya, 2014). Ganoleucoins A and C isolated from Ganoderma leucocon-
textum also exhibited HMG-CoA reductase inhibitor activity (Wang et al., 2015a). The case with mevinolin is similar, 
as it is another inhibitor of HMG-CoA reductase obtained from Pleurotus fungi (Gunde-Cimerman et al., 1993).

Endo and Kuroda isolated compound ML-236B by purifying active compounds from P. citrinum cultures known 
as Mevastatin (structural analogue of HMG-CoA), which checked mevalonic acid synthesis through obstructing 
HMG-CoA binding, thus blockingcholesterol synthesis (Xing et al., 2010).

4.4.10 Anti-Alzheimer’s activity

In Alzheimer’s disease (AD), the currently available treatments only treat the symptoms. Acetylcholinesterase in-
hibitors are most commonly prescribed to treat dementia and cognitive symptoms of AD (Zhang et al., 2011). Tacrine, 
eserine, galantamine, rivastigmine, and donepezil (acetylcholinesterase inhibitors) are the examples (Anand and 
Singh, 2013). The acetylcholinesterase inhibitors from endophytic fungal isolates include Huperzine A, from Shiraia 
sp. on Huperzia serrata (Wang et al., 2011). Wang et al. identified two anticholinesterase fungal strains, LQ2F02 and 
L10Q37 (Wang et al., 2015b).

4.4.11 Antidiabetic activity

Diabetes mellitus (DM) is a chronic disorder responsible for mortality worldwide. Kidney failure, cardiovascu-
lar disorders, impotency, gangrene, and blindness are the associated complications of DM. The endophytic fungi 
obtained from Cassia siamea possessed alpha-glucosidase inhibitory activity (Mun’im et al., 2013). Syncephalastrum 
sp. isolated from Adhatoda beddomei (Prabavthy, 2013) and the acetone and ethanolic extracts of endophytic fungi, 
Syncephalastrum racemosum from seaweed, and Gracilaria corticata exhibited antidiabetic activity by inhibiting α- 
amylase (Ushasri and Anusha, 2015). In preclinical studies conducted on rats with streptozotocin-induced type 1 
diabetes, myriocin treatment affected the lipid metabolism (Kurek et al., 2017). Similarly, in alloxan-induced diabetic 
rats, endophytic Alternaria sp. from Viscum album showed significant antidiabetic potential (Govindappa et al., 2015).

4.4.12 Antiviral activity

Human immunodeficiency virus (HIV), the hepatitis C virus (HCV), and influenza are three of the most deadly 
viruses responsible for viral diseases, and they cause maximum human death. Despite the approval of several new 
antiviral drugs, there is still a demand for newer antivirals due to the development of resistance and the side effects 
of existing drugs (Roy, 2017). Table 4.4 shows various fungi as significant sources of antiviral compounds.

4.4.13 In fatigue

Edible and medicinal mushrooms act on the cardiovascular, muscular, hormone, and immune systems as well as 
the body’s antioxidant system for antifatigue activities. Thus, due to the presence of active components such as poly-
saccharides, adenosines, peptides, polyphenols, triterpenoids, and flavonoids, these mushrooms help to promote 
the proper and balanced functioning of biological systems to maintain the basic harmonious pattern of the body for 
antifatigue by the improvement of body functions (Geng et al., 2017).

4.4.14 In male and female sexual dysfunction

One of the medicinal mushrooms, Ophiocordyceps sinensis (synonym: Sphaeria sinensis or Cordyceps sinensis or 
cordyceps mushroom or caterpillar fungus) has been reported to induce steroidogenesis in mouse. Huang et al. re-
ported that these mushrooms, when given as dietary supplements, can improve the infertile sperm count by 300%, 
along with the adrenal glands and thymus hormones (Huang et al., 1987). Tuli et al. reported that an adenosine an-
alog cordycepin was isolated from cordyceps that enhanced the concentration of plasma testosterone and induced 
steroidogenesis in mouse Leydig cells through the cAMP-PKA-StAR signal pathway (Tuli et al., 2014). In addition, 
an improvement of the libido and desire in women (86%) has been reported by Dong and Yao (Dong, 2008). Ji et al. 
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reported its beneficial effect in castrated rats on sexual function (Ji et al., 2009). Guo reported a 79% increase in the 
sperm survival rate, a 29% decrease in sperm malformations, and a 33% increase in sperm count when 22 males were 
given this mushroom as a supplement for 8 weeks (Guo, 1986). In similar studies conducted by Wan et al., 189 clinical 
subjects, both men and women, were studied; a decrease in libido and symptoms was observed and desire improved 
by 66% (Wan and Deng, 1988).

4.4.15 In chronic heart failure

Cardiovascular diseases are prime causes of death worldwide. Age, sex, diet, lifestyle, high serum total cho-
lesterol, diabetes mellitus, high blood pressure, low serum HDL-cholesterol, high LDL-cholesterol, and oxida-

Source Isolated compounds Action Reference

Penicillium nicillium Isochromophilones I and II, 
Ochrephilone, sclerotiorin, 
rubrorotiorin

Nonpeptide HIV-1 entry inhibitor Shiomi et al. (2005)

Emericella aurantiobrunnea Variecolin and variecolol Yoganathan et al. (2004)

Oidiodendron griseum Fuscinarin, 10-methoxy 
dihydrofuscin, fuscin

Nonpeptide HIV-1 entry inhibitor Yoganathan et al. (2003)

Chaetomium globosum Sch 210971 and Sch 210972 CCR-5 inhibitory activity Selim et al. (2014)

Periconia sp. Pericoannosin A and periconiasins F Anti-HIV activity Zhang et al. (2015)

Aniba sp. Anibamine HIV-1 inhibition Zhang et al. (2010a)

Mollisia sp. Ophiobolin C Jayasuriya et al. (2004)

Xylaria sp. 19,20-Epoxycytochalasin Q Song et al. (2014)

Alternaria tenuissima QUE1Se Altertoxins I, II, III, V, VI Inhibits HIV-1 viral replication Bashyal et al. (2014)

Stachybotrys chartarum Phenylspirodrimanes and 
stachybotrins D

NNRTI-resistant HIV-1 pseudovirus 
strains

Ma et al. (2013)

Helotialean ascomycete Helotialins A and B Inhibits HIV-1 replication Xian-Wei et al. (2009)

Unidentified mycelium Integrasone Inhibits the strand transfer reaction of 
HIV-1 integrase

Herath et al. (2004)

Cytospora sp. Cytosporic acid Jayasuriya et al. (2003)

Sporormiella australis Australifungin Williams and Klein (2016)

Fusarium sp. Integracide A Inhibition of coupled and strand transfer 
reaction of recombinant HIV-1 integrase

Singh et al. (2003)

Unidentified fungus Integrastatins A and B Singh et al. (2002)

Stachybotry sp. Stachybogrisephenone B, 
Grisephenone A

Inhibition of in vitro replication of EV71 Wang et al. (2015c)

Fungal strain 222 (Ascomycota) Balticolid HSV-I Shushni et al. (2011)

Cladosporium sphaerospermum Cladosin C Influenza A (H1N1) virus Wu et al. (2014)

Penicillium purpurogenum Purpurquinones B and C, 
Purpuresters A

Moghadamtousi et al. (2015)

Ganoderma pfeifferi Ganodermadiol, lucidadiol, 
applanoxidic acid

HIV-1, HSV-1, and H1N1 virus Mothana et al. (2003)

Ganoderma lucidum, Pleurotus 
eryngii, and Lentinus edodes

Polysaccharides RNA-containing WNV and DNA-
containing HSV-2

Gargano et al. (2017)

Chaga Inonotus obliquus Chromogen polyphenol carbon 
complex

HIV-1, herpes simplex virus type 2, West 
Nile, influenza, vaccinia, and monkeypox 
virus

Teplyakova and Kosogova 
(2015)

Penicillium sp. FKI-7127 Brefeldin A Dengue virus, Zika virus, Japanese 
encephalitis virus

Raekiansyah et al. (2017)

TABLE 4.4 Various fungal sources of antiviral compounds.
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tive damage are risk factors for cardiovascular disease (Dhawan and Jain, 2004). Traditionally, mushrooms have 
been prescribed in Oriental medicine due to their ehypolipidemic effects (including blood cholesterol) as well 
as activities against hypertension and heart disease (Bisen et al., 2010). Typically, due to the presence of biome-
tabolites in mushrooms, there are reports of reduced cardiovascular risk (Guillamón et al., 2010). Rats fed with 
Tremella fuciformis Berk content showed a decrease in the levels of triglycerides, hepatic total cholesterol, and 
serum LDL-cholesterol (Cheng et al., 2002). In human trials, a total of 26 patients receiving Ganoderma lucidum 
(Lingzhi) on a daily basis showed reduced total cholesterol and increased HDL-cholesterol (Chu et al., 2012). The 
excessive proliferation of smooth muscle cells (SMCs) contributes to neointimal formation during atherosclerosis 
and restenosis. Cordycepin, a key component of the Cordyceps species, inhibited the proliferation, migration, and 
accumulation of ECM molecules in rat aortic smooth muscle cells. Furthermore, the neointima in rats treated with 
cordycepin was thinner than that in the negative control (Choi et al., 2012). The polysaccharides produced by the 
fungus Ganoderma lucidum (Reishi) prevented neointimal hyperplasia in the endothelial-denuded artery in vivo 
and platelet-derived growth factor (PDGF)-stimulated SMC proliferation in  vitro (Wang et  al., 2012). Another 
mushroom, the Agaricus blazei powder, reduced atherosclerotic lesions in rabbits (Dong et  al., 2012). Agaricus 
brasiliensis polysaccharides can significantly enhance the activity of a myocardial antioxidant enzyme, superoxide 
dismutase (SOD), and reduce the levels of malondialdehyde (MDA) in rats treated with ischemia-reperfusion 
(Zhang et al., 2010b). Kabir et al. showed that dietary mushrooms (Lentinus edodes and Grifola frondosa) prevented 
increases in blood pressure (Kabir et al., 1987). Pleurotus nebrodensis and Tricholoma giganteum decreased systolic 
blood pressure (Chowdhary et al., 2012).

4.4.16 In asthma treatment

Asthma is a common chronic disease and fungal sources such as Fusarium oxysporum identified on Lobelia 
nicotinifolia have been reported to treat bronchitis and asthma (Sreekanth et  al., 2009). Pestalotia disseminate on 
Naregamia alata, Gliocladium sp., and Pestalotiopsis oxyanthi on Taxus baccata treated asthma and bronchitis (Dufosse 
et al., 2014).

4.4.17 Miscellaneous applications

4.4.17.1 As colorant
Filamentous fungi produce fermentative food grade pigments such as β-carotene and lycopene from Blakeslea tris-

pora, riboflavin from Ashbya gossypii, Arpink red from Penicillium oxalicum, and Monascus pigments. β-Carotene up 
to 17 g/L from the B. trispora culture medium can be isolated. Fungi (Dematiaceous hyphomycetes) from marine sources 
also act as chemically diverse pigments such as melanin and sporopollenin (brown product of oxidative polymer-
ization of β-carotene) (Chadni et al., 2017). The appropriate yield of color and the absence of cytotoxicity suggested 
its use as a source of pigment instead of harmful synthetic dyes (Tiwari, 2015). Various color-producing fungi are 
summarized in Table 4.5.

4.4.17.2 In synthesis of organic acids
Organic acids are widely used as additives in pharmaceuticals, cosmetics, detergents, and toiletries as well as in 

the production of polylactic acid to synthesize biocompatible and biodegradable coatings and plastics, apart from 
the food and beverage industries. Aspergillus species are very useful and economical for the production of citric and 
itaconic acid in comparison to other sources such as citrus fruits and bacteria (Tiwari, 2015).

Under solid-state fermentation (SSF) using a mix of wheat bran and sugarcane bagasse (1:3), the Aspergillus awam-
ori 09 strain reported an approximately seven-fold increase in organic acid production in comparison to its absence 
under the same conditions (Dezam et al., 2017). Paecilomyces formosus, Phoma glomerata, Penicillium sp., Aspergillus 
fumigates, and Chrysosporium pseudomerdarium produced malic acid, citric acid, indole-3-acetic acid, quinic acid, and 
oxalic acid, respectively, in their endophytic cultures (Waqas et al., 2014). Thus, fungal endophytes can be used as 
significant alternative sources to synthetic organic acids.

4.4.17.3 In fabrication of silver nanoparticles
Nanoparticles (NPs) have numerous applications in medicine, sensors, catalysis, etc. In the medical field, silver 

is used as a topical bactericide to treat burns and microbial infections. Silver nanoparticles (AgNPs) change the 
three-dimensional structure of proteins by interfering with the SS bond and finally hinder the normal functions of 
microorganisms (Swetha and Nachiyar, 2013). Using synthetic approaches, there are chances for contamination by 



62 4. Recent advancement and biomedical applications of fungal metabolites

traces of toxic chemicals (Bharathidasan and Panneerselvam, 2012). Numerous reports on fungal endophytes with 
their capability to fabricate nanoparticles, especially with silver (AgNPs), have been described for the green synthesis 
of AgNPs (Razavi et al., 2015). The ecofriendly and nonpathogenic behavior of endophytes makes them good con-
tenders for NP preparation.

4.5 Clinical applications

Abraham and Newton isolated Penicillin N and Cephalosporin C from Cephalosporium acremonium, which pos-
sessed potent antibiotic potential against both Gram-positive and Gram-negative bacteria. Melilotus alba and M. offic-
inalis reduce blood clotting. The anticoagulant is formed by the fungal oxidation of coumarin to 4-hydroxycoumarin 
and subsequent coupling with formaldehyde. Cyclosporin A produced by Tolypocladium inflatum possesses antifun-
gal activity. Echinocandins (antifungal agents against Candida and Aspergillus spp.) are isolated from Aspergillus 
nidulans and Aspergillus rugulosus. Ergot alkaloids used in migraines and obstetrics are isolated from Trichocomaceae 
(e.g., Penicillium and Aspergillus) and Clavicipitaceae (e.g., Neotyphodium and Claviceps). An immunomodulatory 
compound, Fingolimod (brand name Gilenya, 2010, Novartis), designed from a fungal metabolite is an oral first-line 
treatment for multiple sclerosis. Fusidic acid (brand name Fucidin) is a topical antibiotic possessing a steroid sub-
structure. Griseofulvin (brand name Grisovin, in clinical use since 1959) is an antifungal agent that binds with fungal 
tubulin proteins. Mycophenolic acid and its derivatives (Mycophenolic mofetil, brand name CellCept, Roche; Aspen, 
brand name Imulate, 1996, and Mycophenolate sodium, brand name Myfortic, 2003, Novartis) are immunomodifiers 
employed primarily for preventing rejection in organ transplants.

Penicillins are the most famous natural product-derived pharmaceuticals, for example, Ampicillin, 
Phenoxymethylpenicillin (brand name Abbocillin V, Cilicaine V, Sigma), Brand enzylpenicillin (brand name BenPen, CSL).

Type of fungi Source Pigment

Nonmycotoxigenic fungal polyketide 
pigments as food colorant

Monascus sp. Yellow and red polyketide pigment

Talaromyces aculeatus, T. funiculosus, T. 
pinophilus, T. ruber, and T. purpurogenus

Monascus-like polyketide azaphilone (MPA) 
pigment

Epicoccum nigrum Polyketide pigment

Fungal hydroxyl anthraquinoid 
(HAQN) pigments as potential food 
colorant

Penicillium citrinum and P. islandicum Emodin

Penicillium oxalicum var. Armeniaca CCM 8242 Arpink Red (Natural Red)

A. glaucus, A. cristatus, and A. repens Yellow pigments (Emodin, Physcion), yellow 
to orange-brown (Questin), red pigment 
(Erythroglaucin, Catenarin, and Rubrocristin)

E. amstelodami, E. chevalieri, and E. herbariorum Yellow pigment (Physcion, Flavoglaucin), red 
pigment (Erythroglaucin, Auroglaucin)

Fusarium oxysporum Red HAQN pigments

Dermocybe sanguinea (Cortinarius sanguineus) Red HAQN, Emodin, Physcion

A. niger Pigment cycloleucomelone

Alternaria sp Yellow pigments (Physcion, Macrosporin), red 
pigments (Alterporriols K, L, and M)

Eurotium rubrum Yellow (Asperflavin, Tetrahydro 
auroglaucin), brown (2-O-methyl eurotinone, 
bisdihydroanthracenone derivative, eurorubrin), 
orange (isodihydroauroglaucin)

Penicillium bilaii Yellow (Citromycetin, 2,3-dihydro citromycetin)

Microsporum sp. Yellow (Flavoglaucin, anthracene-glycoside 
asperflavin-ribofuranoside)

Fusarium sp. ZZF60 Yellow (Dimethoxy-1-methyl-2-(3-oxo-butyl) 
anthrakunthone)

TABLE 4.5 Summary of color-producing fungi.
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Statins are used for their ability to affect endogenous cholesterol synthesis worldwide. Currently, there are five 
statins pharmaceutically available: Rosuvastatin (brand name Crestor, AstraZeneca), Atorvastatin (brand name 
Caduet, Lipitor, Pfizer), Fluvastatin (brand name Lescol, Vastin, Novartis, Australia only), Simvastatin (brand name 
Zimstat, Alphapharm), and Pravastatin (brand name Lipostat, Pravachol, Sigma) (Beekman, 2014).

4.6 Safety and toxicity issues of fungal metabolites

Fungal metabolites have a lot of biomedical applications as discussed above, along with the concern of safety is-
sues because of the production of mycotoxins along with useful metabolites, which can create toxicity and raise safety 
concerns. Mycotoxins produced by fungi may be responsible for this toxic action; an example is Asperigillus niger 
(Ochratoxin A), which has been reported to cause lung infections in severely immunocompromised patients as well as 
ear infections (Schuster et al., 2002). Aflatoxin B and sterigmatocystin are carcinogenic. Cytochalasin D and T‐2 toxin 
are teratogenic (Watson and Moss, 1985). Patulin (Aspergillus and Penicillium spp.) and penicillic acid are carcinogenic.

Other mycotoxins such as phytoalexins, 4-ipomeanol, and ipomeanine contribute to a “lung edema factor” re-
sponsible for an interstitial pneumonia in cattle fed with moldy sweet potatoes. Similarly, trichothecenes such as 
deoxynivalenol, nivalenol, diacetoxyscirpenol, and T-2 toxin (vomitoxin, Rd-toxin) are also toxics that are present 
naturally in grains and feeds, associated with mycotoxicoses or feed refusal (Scott, 1978).

4.7 Concluding remarks and future perspectives

Endophytic fungi show potential to be a large reservoir of medicinally important metabolites and drugs. Bioactive 
metabolites from the fungal endobiome have proven beneficial against newly emerged diseases and resistant drugs. 
Endophytes produce medicinally potent metabolites due to their interactions with the host medicinal plant and other 
microbes on the host. Many novel and valuable compounds possessing anticancer, antioxidant, antidiabetic, immu-
nomodulatory, and antimicrobial activities have been isolated as biometabolites. This proves that fungal metabolites 
possess great potential to improve the future health and economy.
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5.1 Introduction

Fungi are the only group of organisms in the Eukarya kingdom that can survive at temperature ranges of 50–60°C 
(Rajasekaran and Maheshwari, 1993). Such fungi could be either thermophilic or thermotolerant forms. Thermophilic 
fungi are the ones whose growth temperature ranges from 20 to 62°C with the optimum at 35–55°C while thermo-
tolerant are the ones with a growth temperature range of 20–55°C (Maheshwari et al., 2000). However, there are a 
few exceptions to this definition such as Aspergillus fumigatus, which can survive at temperatures above 50°C and 
below 20°C. Thermophilic prokaryotes, isolated from thermal springs, hydrothermal vents, or solfatara fields the 
where temperature is around 100°C or above, exhibit more extreme thermophily as compared to thermophilic fungi 
(Maheshwari et al., 2000). The maximum temperature limit for Eukaryota growth is reported to be 62°C (Tansey and 
Brock, 1972). The reason behind the moderate degree of thermophily in fungi is that they cannot form thermostable 
and functional cellular organellar membranes at temperatures above 60–62°C and hence cannot grow at elevated 
temperatures such as thermophilic prokaryotes (Tansey and Brock, 1972). Thermophilic fungi have been reported 
from a number of habitats, although the number of species recovered until now might not reflect the actual diversity 
due to the bias of cultivation-dependent methods. The use of cultivation-independent approaches is giving us new 
insights into the existing knowledge of diversity. The ultrastructure of thermophilic fungi is not different than the 
mesophilic ones except the lipid storage vesicles. The developmental patterns of both thermophilic and mesophilic 
fungi are also similar. The ultrastructure thermostability hypothesis proposed by Crisan (1973) to explain thermoph-
ilism can be related to the change in the type of lipid stored and the mode of storage in thermophilic fungi at high 
temperatures. The ability of thermophilic fungi to thrive at high temperatures is due to a combination of different 
strategies adapted by them, including a slower metabolism, genetic selection, and functional acclimatization. Heavy 
pigmentation is observed in thermophiles from yellow to red based on the growth temperature, the availability of 
a substrate in their niche, and the age of the mycelium. These pigments are characterized as either polyphenolic or 
polycyclic quinones (Cooney and Emerson, 1964; Satyanarayana and Johri, 1999). The relationship of pigmentation 
with thermophily is not clear; however, it can be assumed that they might be responsible for protecting cells under 
adverse conditions similar to that in mesophiles where pigments protect the cells from dehydration under adverse 
conditions such as atmospheric humidity (Satyanarayana and Johri, 1999). Over the last 50 years, research interest 
has been diverted toward understanding the diversity of thermophilic fungi, their nutrition and physiology, genetic 
adaptations, and commercial applications of suitable strains and their products (Singh et al., 2016). This chapter will 
throw light upon the existing knowledge and recent developments with special emphasis upon their wide biotech-
nological applications.
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5.2 Diversity

Thermophilic fungi are a heterogeneous group comprising members from Zygomycetes, Ascomycetes, 
Deuteromycetes, and mycelia sterilia (Singh et al., 2016). Approximately 60 thermophilic fungi have been isolated 
and characterized in the last 30 years based on culture-dependent methods (Salar, 2018). They have been reported 
from a wide range of habitats. Mucor pusillus, the first known thermophilic fungi, and Thermomyces lanuginonus 
were discovered around a century ago growing on bread and on a potato inoculated with garden soil, respectively 
(Maheshwari et al., 2000). They can thrive in any habitat that is warm, humid, and aerobic (Maheshwari et al., 2000). 
The plausible reason could be that thermophilic fungi have a high rate of respiration leading to the generation of 
metabolic heat that increases the temperature of the environment, allowing them to complete their life cycle rapidly 
(Maheshwari et al., 2000). Some exotic habitats that have been exploited for the isolation of thermophilic fungi are 
compost, agricultural residues, stored grains, soil, manure, industrial coal mines, nuclear reactor effluents, etc. The 
distribution of fungi in different habitats is given in Table 5.1. Depending upon the nutrient availability and favorable 
environmental conditions of the habitats, thermophilic fungi may be present either as active mycelia or as resting 
propagules (Salar and Aneja, 2007). Nazir et al. (2007) reported a number of thermophilic and thermotolerant fungi 
such as Aspergillus (A. fumigatus, A. nidulans, A. versicolor, and A. sparus), Mycocladus (M. blakesleeanus, M. corymbifera), 
Scytalidium thermophilum, Thermomyces lanuginosus, Humicola grisea var. thermoidea, Mucor fragilis, and Chaetomium 
thermophilum from eight different substrates (compost, farmyard manure, leaf mold, decaying wood, mixed substrate 
of farmyard and leaf mold, field soil, and grains of chickpea and black gram).

Compost has been considered a major reservoir of thermophilic and thermotolerant fungi. Fungi belonging to 
the genera Aspergillus, Humicola, Mucor, Myceliophthora, Scytalidium, Thermomyces, etc., have been frequently re-
ported in the majority of composts (Kumar and Sujatha, 2013; Langarica-Fuentes et al., 2014; Ahirwar et al., 2017). 
Another important habitat is hot springs, from where Aspergillus sp., Humicola sp., Penicillium sp., Scytalidium sp., 
and Thermomyces sp. have been reported (Salar, 2018). Thermophilic fungi such as Acremonium alabamense, Dactylaria 
constrictum var. gallopava, and thermotolerant fungi such as Absidia cylindrospora, Aspergillus fumigatus, Aspergillus 
niger, and Penicillium sp. have been reported by Redman et al. (1999) whereas Aspergillus fumigatus and Thermomyces 
lanuginosus were reported by Tansey and Brock (1971) from Yellowstone National Park, an exclusive habitat for both 
thermophilic prokaryotes and eukaryotes. Soil is an important habitat for all forms of macro- and microorganisms. 
Species belonging to the genera Aspergillus, Penicillium, Thermoascus, and Thermomyces have been reported from tem-
perate soil (Salar and Aneja, 2006). Agricultural residues have been reported to harbor thermophilic fungi such as 
Aspergillus sp., Penicillium sp., Scytalidium sp., Thermomyces sp., Humicola sp., and Thermoascus sp. and thermotolerant 
fungi such as Aspergillus sp., Mucor sp., and Rhizopus sp. (Kumar and Sujatha, 2013; Ahirwar et al., 2017). Aspergillus 
fumigatus is a dominant thermotolerant fungi reported from a number of habitats, which is a matter of serious con-
cern as it has caused the majority of airborne fungal infections over the last 20 years due to its rapid sporulation 
ability (Latgé, 1999).

However, considering the diversity of various thermogenic habitats across the world, it has been estimated that 
the information available until now is still very little as many species are nonculturable. It has been reported that only 
about 100,000 fungal species are known out of a total of 3 million species on Earth (Blackwell, 2011; Hawksworth, 
2012). True thermophilic fungi have been reported only in the orders Sordariales, Eurotiales, and Onygenales belong-
ing to the class Ascomycetes (Singh et al., 2016; Salar, 2018). The culture-independent approaches such as PCR of the 
internal transcribed spacer (ITS) region, nuclear ribosomal small subunit (SSU) and ribosomal large subunit (LSU) 
nucleotide sequences, phospholipid fatty acid analysis (PLFA), and denaturing gradient gel electrophoresis (DGGE) 
of PCR-amplified DNA fragments combined with the sequencing bands, terminal restriction fragment length poly-
morphism (T-RFLP) analysis, and more recently, next-generation sequencing are now being employed to get a fair 
picture of diversity. The metagenomic tools are helping not only in unraveling their diversity in different habitats but 
also in understanding their role in their niche.

Pan et al. (2010) reported 102 thermophilic fungi isolated from the thermal springs of Tengchong Rehai National 
Park in China by employing internal transcribed spacer (ITS) sequencing along with the morphological analysis of 
102 thermophilic fungi. Rhizomucor miehei, Chaetomium sp., Talaromyces thermophilus, Talaromyces byssochlamydoides, 
Thermoascus aurantiacus Miehe var. levisporus, Thermomyces lanuginosus, Scytalidium thermophilum, Malbranchea flava, 
Myceliophthora sp. 1, Myceliophthora sp. 2, Myceliophthora sp. 3, and Coprinopsis sp. were reported by both methods. 
T. lanuginosus and S. thermophilum were the dominant species in this neutral and alkaline geothermal hot springs, 
representing 34.78% and 28.26% of the sample, respectively. They reported more diversity in neutral and alkaline 
geothermal sites, which is contradictory to previous studies. Souza et al. (2014) reported the presence of Scytalidium 
thermophilum, Thermomyces ibadanensis, and Thermomyces lanuginosus as the most abundant species in phase II of 
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Name of fungi Habitat
Thermophilic (TP) or 
thermotolerant (TT) References

Absidia corymbifera, Aspergillus fumigatus, Aspergillus 
terreus, Coprinopsis sp., Corynascus verrucosus, 
Pseudallescheria boydii

Compost TT

Ahirwar et al. (2017), Kumar and 
Sujatha (2013), Langarica-Fuentes 
et al. (2014)

Aspergillus terreus, Chaetomium thermophile, Humicola 
insolens, Mucor sp., Myceliophthora thermophila, 
Myriococcum thermophiluma, Rhizomucor pusillus, 
Scytalidium thermophilum, Thermomyces lanuginosusa

TP

Aspergillus sp., Chaetomium thermophile, Humicola 
insolens, Myceliophthora thermophila, Paecilomyces sp., 
Rhizopus sp., Scytalidium thermophile, Thermomyces 
lanuginosus

Soil TP Ahirwar et al. (2017)

Aspergillus terreus TT

Aspergillus fumigatus, Chaetomium senegalense, 
Chrysosporium tropicum Emericella nidulans, Penicillium 
chrysogenum, Rhizopus microsporus

Temperate soil TT Salar and Aneja (2006)

Chaetomium thermophile, Humicola grisea, Humicola 
insolens, Malbranchea sulfurea, Myceliophthora fergusii, 
Rhizomucor pusillus, Stilbella thermophila, Thermoascus 
aurantiacus, Torula thermophile, Thermomyces 
lanuginosus

TP

Aspergillus fumigatus, Chrysosporium sp., Humicola 
insolens, Papula spora thermophile, Penicillium dupontii, 
Rhizoctonia sp., Scytalidium thermophilium, and 
Sporotrichum sp., Thermomyces lanuginosus

Hot springs TP Salar (2018)

Absidia cylindrospora, Aspergillus fumigatus, Aspergillus 
niger, Penicillium sp.

Geothermal soil (Yellowstone 
National Park)

TT Redman et al. (1999), Tansey and 
Brock (1971)

Acremonium alabamense, Dactylaria constrictum var. 
gallopava, Thermomyces lanuginosus

TP

Chaetomium thermophile, Malbranchea pulchella var. 
sulfurea, Myriococcum albomyces, Rhizomucor pusillus, 
Talaromyces thermophilus, Torula thermophila

Desert soil of Egypt TP Hemida (1992)

Allescheria terrestris, Aspergillus fumigatus, Chaetomium 
thermophile var. copropile, Chrysoporium pruinosum, 
C. thermophile var. dissitum, C. virginicum, Humicola 
grisea var. thermoidae, H. insolens, H. lanuginosa, 
Mueor pusillus, Malbranehea pulchella var. sulfurea, 
Myceliophthora thermophila, Myriocoecum albomyces, 
Papulaspora thermophile, Sporotrichum thermophila, S. 
pulverulentum, T. emersoni, Talaromyces thermophilus, 
Thermoascus aurantiacus, Torula thermophila

Desert soil of Saudi Arabia TP Abdel-Hafez (1982)

Absidia corymbifera, Aerophialophora fusispora, A. 
amstelodami, A. candidus, A. earneus, A. fiseheri, A. 
flavipes, A. flavus, A. niger, A. nidulans, A. nidulans 
var. latus, A. ochraeeus, A. quadrilineatus, A. ramose, 
A. repens, A. sydowi, Aspergillus terreus, A. ustus, 
A. versicolor, A. violaeeus, Chaetomium olivaceum, C. 
bostrychodes, C. globosum, E. egyptiacus, Geotrichum sp., 
Mucor eireinelloides, Penicillium argillaeeum, P. piceum, 
R. microspores, Rhizopus stolonifer, Scopulariopsis 
brevieaulis, Sepedonium chrysospermum, Sphaerospora 
saecata

TT

TABLE 5.1 Distribution of thermophilic and thermotolerant fungi in different habitats.

Continued



72 5. Thermophilic fungi

composting for the cultivation of Agaricus subrufescens based on rep-PCR. However, DGGE analysis revealed the 
presence of two other thermophiles, M. thermophila and Myriococcum thermophilum, which were not isolated by the 
plating technique. This was the first report that demonstrated the role of Thermomyces ibadanensis in composting for 
Agaricus subrufescens cultivation. M. thermophilum, T. aurantiacus, and T. lanuginosus were reported from a compost 
factory in Korea based on large subunit rRNA gene phylogeny (Lee et al., 2014). Only one true thermophilic fungus, 
that is, R. miehei, was reported by using cultural and molecular techniques from the aerosols detected from a green 
waste-composting plant in France (Bru-Adan et al., 2009).

Langarica-Fuentes et al. (2014) studied the biodiversity of two commercial composts using conventional culture- 
based techniques as well as molecular techniques such as DGGE and tag-encoded pyrosequencing of the internal 
transcribed spacer (ITS) region. 90% of the sequences recovered were found to belong to the thermophilic-rich or-
ders Sordariales and Eurotiales of phylum Ascomycota. Thermophilic fungi such as Myriococcum thermophilum and 

TABLE 5.1 Distribution of thermophilic and thermotolerant fungi in different habitats—cont’d

Name of fungi Habitat
Thermophilic (TP) or 
thermotolerant (TT) References

Chaetomium sp., Chaetomium thermophilum, 
Myceliophthora thermophila, Scytalidium thermophilum, 
Thermoascus aurantiacus, Thermomyces lanuginosus, 
Talaromyces thermophiles

Arid land ecosystem of 
Seviletta

TP Powell et al. (2012)

Aspergillus fumigatus TT

Aspergillus fumigatus, Chaetomium senegalense, 
Chrysosporium tropicum and Penicillium chrysogenum

Coal mines TT Tulsiyan et al. (2017), Kumar and 
Sujatha (2013)

Chaetomium globosum, Chaetomium piluliferum, 
Chaetomium thermophile, Cladosporium sp., Curvularia 
lunata, Humicola insolens, Melanocarpus albomyces, 
Rhizomucor pusillus, Scytalidium thermophilum

TP

Aspergillus sp., Penicillium sp. Beach sand TT Salar (2018)

Aspergillus sp., Penicillium sp. Dead sea valley soil TT Salar (2018)

Scytalidium thermophilum TP

Dactylaria gallopava Nuclear reactor effluent TT Salar (2018)

Aspergillus fumigatus, Chaetomium thermophile, 
Humicola grisea var. thermoidea, Humicola insolens, 
Thermomyces lanuginosus

TP

Aspergillus cundidus, A. fumigatus, A. flavus, Aspergillus 
terreus, Humicola lanuginosa, T. crustaceous

Stored grains TT Wareing (1997), Magan et al. (2004)

Absidia corymbifera, Rhizomucor pusillus, Thermoascus 
aurantiacus, Thermomyces lanuginosus

TP

Aspergillus sp., Aspergillus terreus, Chaetomium 
thermophile, Chaetomium thermophile var. dissitum, 
Emericella nidulans, Humicola insolens, Malbranchea 
cinnamomea, Malbranchea pulchelia var. sulfurea, 
Mucor miehei, Mucor sp., Myceliophthora thermophile, 
Penicillium duponti, Rhizopus sp., Rhizomucor pusillus, 
Sporotrichum thermophile, Thermoascus aurantiacus, 
Thermomyces lanuginosus

Agricultural residues (wood 
chips, wheat straw, decaying 
organic material, litter, bird 
nesting material)

TP Ahirwar et al. (2017), Kumar and 
Sujatha (2013)

Absidia sp., Aspergillus sp., Aspergillus fumigatus, 
Aspergillus terreus, Emericella nidulans, Mucor sp., 
Mucor miehei, Paecilomyces sp., Rhizopus sp.

TT

Humicola insolens, Rhizomucor pusillus Bird and animal manure TP Kumar and Sujatha (2013)

Myceliopthora sp., Determomyces sp. Hot Springs of Himachal 
Pradesh

TP Sharma et al. (2013)
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Scytalidium thermophilum and thermotolerant fungi such as Coprinopsis sp., Corynascus verrucosus, and Pseudallescheria 
boydii were reported by molecular techniques but none of them were recovered by plating techniques, whereas a 
very low number of Aspergillus fumigatus and Mycocladus corymbifer were reported using molecular techniques de-
spite their dominance in culture-based methods. Thus, they concluded that the present knowledge regarding the 
dominance of thermophilic fungi in composts is biased and metagenomics can help in exploring novel strains from 
compost. The metagenomics and metatranscriptomic data obtained by the shotgun sequencing of a large composting 
operation at the Sao Paulo Zoo Park in Brazil revealed the presence of the thermophilic fungi S. thermophilum and T. 
bispora until the third day of sampling, followed by a sharp decline in their populations in subsequent days. Based on 
this data, they concluded that elevated initial compost temperature is vital for the dominance of this fungal species 
(Antunes et al., 2016).

Ascomycota and Basidiomycota have been reported to be the dominant phylum in composting cow manure, 
food and garden waste, and sewage sludge. Basidiomycota dominated the thermophilic phase of composting while 
Ascomycota was reported in all phases of composting because the fungi belonging to this phylum secrete a variety 
of cellulolytic and hemicellulolytic enzymes that can efficiently degrade the nutrients in compost (Meng et al., 2019). 
Ascomycota was found to be the most dominant in all six sand samples taken from the deserts of Jordan and Saudi 
Arabia based on the next-generation sequencing of 18S rRNA genes (Murgia et al., 2019).

5.3 Physiology

5.3.1 Nutritional requirements

Thermophilic fungi do not have any special nutritional requirements and thus can be grown on any simple me-
dium. The various substrates they use for growth are glucose, sucrose, lactose, cellulose, hemicellulose, starch, citric 
acid, lignin, pectin, oxalic acid, urea, asparagine, etc. (Table 5.2). Their capability to use simple as well as complex 
substrates is due to their wide enzyme potential. Some of these fungi can use a wide variety of substrates such as 
Thermoascus aurantiacus, which can grow on ducitol, mannitol, oxalic acid, and citric acid (Singh et al., 2016). However, 
a few fungi have their nutritional limitations. These organisms can also grow well on various kinds of agro-residues 
such as wheat straw, wheat bran, corn straw, and rice straw. Therefore, these waste materials can be used to make 
a cost-effective culture medium. Complex polysaccharides such as xylan have been found to support better growth 
as compared to simple sugars for some thermophilic fungi such as Chaetomium thermophile and Humicola insolens. 
Polysaccharide, chiefly cellulose, is the only carbon source available for the growth of thermophilic fungi during 
composting. However, thermophilic fungi such as Malbranchea pulchella var. sulfurea, Melanocarpus albomyces, Mucor 
pusillus, Talaromyces duponti, and Thermomyces lanuginosus are not able to utilize cellulose and therefore they grow 
commensally upon the sugars released after the hydrolysis of cellulose and hemicellulose by the cellulolytic fungi 
(Maheshwari et al., 2000).

Thermophilic fungi can utilize nutrients concurrently, which may be an adaptation mechanism to survive in 
oligotrophic environments. Maheshwari and Balasubramanyam (1988) reported the concurrent utilization of glu-
cose and sucrose by Penicillium duponti and Thermomyces lanuginosus at 50°C. The rate of utilization of sucrose was 
faster than that of glucose at 50°C; however, the rates were found to be identical at 30°C, indicating the influence of 
temperature upon the activity of nutrient transporters and the sensitivity of catabolic enzymes to glucose repres-
sion. The plausible reasons for the simultaneous utilization of both sugars could be: (1) insensitivity of invertase to 
catabolite repression by glucose; (2) lowered affinity and activity of the glucose transport system after the addition 
of sucrose in the growth medium; and (3) the substrate-level feedback inhibition of glucose itself. Asparagine, 
sodium, and potassium nitrate serve as good nitrogen sources. These organisms are generally autotrophic for vita-
mins (Singh et al., 2016).

The mechanism of nutrient uptake of thermophilic fungi is not well studied. Maheshwari et al. (2000) reported 
that the transport proteins assume a rigid conformation in thermophilic fungi, which affects the binding and 
release of nutrients and ions. Palanivelu et al. (1984) and Maheshwari et al. (2000) reported the presence of pro-
ton gradient-driven symport in thermophilic fungi. Palanivelu et  al. (1984) reported the simultaneous occur-
rence of specific sucrose transport and invertase activity upon the exposure of mycelia to sucrose or raffinose in 
Thermomyces lanuginosus, which gets concurrently declined with the depletion of sucrose. The transport of sucrose 
was found to be proton coupled and inhibited by the dissipation of the proton gradient by ionophores. The proton 
gradient is also used in the establishment of the gradient of sodium ions across the cell membrane, which drives 
the uptake of nutrients.
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5.3.2 Growth and metabolism

The growth of thermophilic fungi is affected by various factors such as temperature, pH, oxygen, solute and water 
activity, light, and relative humidity. Temperature is one of the most critical factors that has a significant effect upon 
the growth and development of thermophilic fungi. The minimum, optimum, and maximum temperature for the 
growth of thermophilic fungi is determined on a solid medium by measuring the radial growth and on submerged 
and surface cultures by measuring the dry weight. Johri et al. (1999) divided thermophilic fungi into three major 
groups based upon their temperature requirement for growth: (1) species that can grow at temperatures less than 
20°C but cannot grow beyond 50°C; (2) species that cannot grow below 20°C and at or above 50°C; and (3) species 
that do not grow below 30°C and their maximum temperature is 60°C or above. The tolerance of fungi to subminimal 
temperatures is not well known, as fungi occur frequently in temperate habitats (Salar and Aneja, 2006).

Noack (1920) observed a marginal decrease in respiration in Thermoascus aurantiacus when it was subjected to 
27°C, that is, 4°C lower than 31°C, whereas the respiration was completely inhibited upon exposure to 21°C for 24 h. 
Similarly, the survival of thermophilic fungi at 60°C or above is variable. The majority of thermophilic fungi were 
found to survive for 1–48 h at 60°C (Satyanarayana and Johri, 1984). Deploey (1995) reported the survival of T. auran-
tiacus and T. lanuginosus for 2–10 min at 72°C. The vegetative growth of thermophilic fungi occurs at a much broader 
temperature range as compared to mesophilic fungi, but the reproduction occurs in a much narrower range, similar 
to that for mesophiles. The optimum vegetative growth of most thermophilic fungi occurs at 50°C whereas sporula-
tion is optimum at 40°C (Prasad and Maheshwari, 1978). Zygospores are produced by Rhizomucor miehei at 35°C but 
not at 50°C, whereas Chaetomiun thermophile and T. aurantiacus sporulate at 45–50°C and form vegetative mycelia at 
higher temperatures.

Oxygen has been reported to have a drastic effect on the respiration and growth of thermophilic fungi. The ox-
ygen requirement for most thermophilic fungi has been reported as 0.2% for trace growth, 0.7%–1.05% for mod-
erate growth, and 1% for sporulation. Generally, thermophilic fungi cannot grow under anaerobic conditions but 
Scytalidium thermophilum and H. insolens were found to exhibit better growth under anaerobic or microaerobic con-
ditions at elevated temperatures (Noack, 1920; Singh et al., 2016). An interesting feature of exhibiting the conidial 
stage in the presence of oxygen and the sexual stage in the absence of oxygen has been observed in Talaromyces 
duponti (Cooney and Emerson, 1964). The respiratory rate of thermophilic fungi has been found to be significantly 
affected by changes in temperature, unlike mesophilic fungi. Therefore, a thermally fluctuating environment may 
put them into a physiologically disadvantageous stage. However, both the fungi were found to utilize 55% of the 
available sugar in a minimal medium for biomass synthesis and the remaining 45% for metabolism (Rajasekaran and 
Maheshwari, 1993). Johri et al. (1999) reported a higher rate of respiration in R. pusillus and T. aurantiacus at 45°C. 
However, in mesophilic fungi such as Aspergillus niger, no effect on respiration rate was observed between 15°C and 
40°C for a short time span. Contradictory to this observation in the case of thermophilic fungi, a change in respira-
tion has been reported with a change in the minimum and optimum temperatures of growth. The average O2 uptake 

Name of fungi Substrate References

Torula thermophila Lactose

Satyanarayana and Johri (1999)

Thermoascus aurantiacus Ducitol, mannitol, oxalic acid, citric acid

Acremonium alabamensis, Rhizopus microspores, 
Thermoascus aurantiacus, Thermomyces 
lanuginosus, T. thermophila

Urea

T. lanuginosus Aspargine

P. duponti and T. lanuginosus Single amino acid as nitrogen source

P. duponti, Thermomyces lanuginosus Glucose and sucrose simultaneously

Aspergillus, Candida, Myceliophthora, 
Thermomucor, Thermomyces

Corn straw and cardboard Moretti et al. (2012)

Aspergillus terreus, Malbranchea cinnamomea, 
Melanocarpus albomyces, Myceliophthora 
thermophila

Wheat bran Ahirwar et al. (2017)

Sporotrichum thermophile Cellulose Singh and Satyanarayana (2016)

TABLE 5.2 Various substrates utilized by thermophilic and thermotolerant fungi.
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(μL mg−  1 dry weight h−  1) at 30°C for A. niger was found to be 53.1 ± 1.6 while that for T. lanuginosus was 42.4 ± 6.4 
(Johri et al., 1999). The rate of metabolism of thermophilic fungi is generally slower than their mesophilic counter-
parts. Noack (1920) observed that the volume of CO2 released by Penicillium glaucum at 15°C in 24 h was equivalent 
to 67% of its dry weight, whereas at 25°C, it was 133%. It was predicted that if P. glaucum could grow at 45°C, the 
volume of CO2 released would be 532% of its dry weight, whereas the volume of CO2 released by T. aurantiacus at 
45°C is only 310% in 24 h.

The respiratory pathway of thermophilic fungi is different from the mesophilic ones. S. thermophilum was found 
to have only a cytochrome-mediated pathway while the mesophilic fungi Agaricus bisporus was found to possess 
both cytochrome and alternative respiratory pathways, as indicated by the drastic inhibition of growth by high 
concentrations of CO and HCN in the former although there was no such effect upon the latter (Derikx et al., 1990). 
Satyanarayana and Johri (1999) reported the existence of glycolytic, Kreb’s cycle, and an electron transport system in 
thermophilic fungi similar to their mesophilic counterparts. The accumulation of trehalose has been reported in the 
spores and mycelium of thermophilic fungi at elevated temperatures as in T. lanuginosus, which indicates the role of 
trehalose in the protection of the cell against the lethal effect of temperature. It aids in the prevention of desiccation, 
the protection of the membrane and other important cellular components, and the resistance of spores under extreme 
environmental conditions (Johri et al., 1999).

Cytoplasmic pH is important for the stabilization of the plasma membrane and for the proper functioning of 
enzymes and membrane transport proteins. The pH of the habitat influences the transport of nutrients and its sol-
ubility, enzymatic reactions, etc., thus influencing the vitality of the cell. Thermophilic fungi are able to tolerate a 
wide range of pH values between 4.0 and 8.0 but prefer to grow in acidic pH, that is, 4.0–6.0 (Salar, 2018). One of the 
major reasons for fungi growing at acidic pH is the availability of macronutrients such as magnesium and calcium 
and micronutrients such as iron and zinc that otherwise form insoluble complexes at an alkaline pH. Malbranchaea 
cinnamomea, Talaromyces thermophilus, and Thermomyces lanuginosus were found to grow at neutral pH whereas others 
such as Allescheria terrestris and Talaromyces emersoni grew at acidic pH, that is, 3.4–6.0 (Rosenberg, 1975). Rosenberg 
(1975) reported that out of 21 thermophilic and thermotolerant fungi, no fungus was able to grow at a pH above 8.0.

Solute and water activity have also been reported to influence growth. In order to be metabolically active, all 
microbes tend to maintain a balance between their intracellular and extracellular osmotic concentrations; if that 
fails, the cells may become turgid and burst (in a hypotonic solution) or shrink (in a hypertonic solution) (Salar, 
2018). The xerophilic strain of thermophilic Humicola isolated from the Thar desert was reported to grow at 50% in 
a sucrose-containing media. Increased levels of proline and sterol were found to be responsible for combating des-
iccation stress (Mahajan et al., 1986). Morphogenetic as well as nonmorphogenetic changes in fungal processes such 
as mycelial growth, spore germination, and sporulation are affected by the light of the visible spectrum. However, 
UV light of the wavelength 260–265 nm is highly mutagenic (Salar, 2018). Light also affects the vegetative and repro-
ductive structures of fungi. It has been reported that colonies of Chaetomium thermophile var. coprophile growing on 
a YpSs medium, when exposed to diurnal periodicity, exhibited sporulating and nonsporulating hyphal patterns. It 
was concluded that light was responsible for stimulating the zone of spores, but they may also actually form during 
the subsequent dark periods (Kumar, 1996).

The majority of thermotolerant fungi are able to thrive at the normal body temperature of warm-blooded animals, 
that is, 37°C. They are also capable of producing mycotoxins that are of great significance when human and animal 
health are taken into account. Several thermotolerant species of Rhizopus sp. such as R. microsporus, R. arrhizus, R. 
caespitosus, R. homothallicus, and R. schipperae have been reported to grow at 37°C or higher. These fungi activate 
pathways that facilitate adaptation to the host environment, that is, to elevated temperatures, unfavorable pH val-
ues, unbalanced osmotic conditions, and limited nutrients (Kaerger et al., 2015). The genus Rhizopus is important in 
agriculture and industry and also is the main causative agent of mucormycoses; it has the largest impact on human 
health (Salar, 2018). Davis et al. (1975) reported the production of mycotoxin by 13 thermophilic and thermotolerant 
fungal species, including Aspergillus fumigatus and Chaetomium thermophile var. coprophile, out of 23 species studied. 
These 13 species were found to be highly toxic to brine shrimp, chicken embryos, and rats.

5.3.3 Thermophilic adaptations

The changes in concentration, composition, and conformation of biomolecules serve as an important adaptation 
of thermophilic fungi to survive at higher temperatures. Lipids are among the critical components that play a major 
role in thermophily (Satyanarayana and Johri, 1999). Thermophilic fungi such as M. cinnamomea (24.8%), Remersonia 
thermophila (Stilbella thermophila) (38.1%), and R. pusillus (16.1%–26.2%) were found to have high lipid content as 
compared to mesophilic fungi such as Aspergillus alabamensis (3.4%) (Mumma et al., 1970, 1971). The lipid content 
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has been found to be higher in mycelium than the spores in thermophilic fungi, as reported by Sumner and Morgan 
(1969) in Rhizopus sp., R. miehe, and R. pusillus. It has also been observed that the lipid content is higher at the optimal 
growth temperature than at suboptimal or higher temperatures, as in S. thermophilum (15% at 45°C, 8.5% at 52°C, and 
5.8% at 25°C; Bruszewski et al., 1972).

However, some contradictory observations of more lipid content at low temperatures than at high temperatures 
have also been reported in some thermophilic fungi such as T. lanuginosus (75% of mycelial lipid at 37°C while only 
8.5% at 52°C), R. miehe and R. pusillus (Sumner and Morgan, 1969; Crisan, 1973). This could be due to the accumula-
tion of storage lipids at lower temperatures.

The fraction of neutral lipids is found to be much higher (35.9%–88.3%) in thermophilic fungi than the polar 
lipids (11.7%–17.1%) (Satyanarayana and Johri, 1992). The majority of thermophilic fungi were found to have large 
amounts of phosphatidylcholine (PC) and phophatidylethanolamine (PE) (Singh et al., 2016). The fluctuations in 
temperature may result in changes in the proportion of lipids. Raju et al. (1976) reported a significant decrease in 
phosphatidyl ethanolamine from 67.2% to 40.2% and an increase in the proportion of phosphatidylinostol from 1% 
to 9% to 11.9% and phosphatidyl choline from 15.9% to 29.8% in Absidia ramosa upon shifting the growth temperature 
from 45°C to 29°C.

The lipid solubilization hypothesis proposed that the solubilization (i.e., melting) of lipids at higher temperatures 
would result in the cessation of all functions and eventually cell death (Salar, 2018). Thermophilic fungi synthesize 
more saturated lipids than mesophilic fungi (Mumma et al., 1970), which is essential to maintain membrane fluidity 
so that the membrane-localized transporters and enzymes can function efficiently. The presence of any unusual fatty 
acids has not been reported in thermophilic fungi so far. Thermophilic fungi exhibit homeoviscous adaptation, that 
is, a rise in the incorporation of saturated fatty acids at elevated temperatures and unsaturated fatty acids at lower 
temperatures in the phospholipids, to survive at elevated temperature (Maheshwari et al., 2000). Satyanarayana and 
Johri (1992) reported higher levels of oleic acid (18:1), palmitic acid (16:0), and linoleic acid (18:2) and lower levels of 
lauric acid (12:0), stearic acid (18:0), and palmitoleic acid (16:1) in lipids of thermophilic fungi, except in a few species 
that contained 16:2, 15:0, 19:0, 17:0, and 20:0 fatty acids. The triacylglycerols of the membranes of R. pusillus have 
been reported to contain an increased percentage of C20 fatty acids as compared to the total composition of triglycer-
ide. The membrane activity ceases with a decrease in temperature, as phospholipids form a tightly packed gel that is 
incapable of supporting membrane activity (Hammonds and Smith, 1986).

The degree of saturation of fatty acids usually increases with the increase in temperature to the optimum level. 
However, exceptions have also been observed, as T. thermophilus exhibited no change in the degree of unsaturation 
upon a temperature shift from 50°C to 33°C. This metabolic limitation at low temperature (the inability of fungus to 
convert linoleate to oleate) could possibly be due to the presence of a nonfunctional fatty acid desaturase (Wright 
et al., 1983). However, a two-fold higher concentration of linoleic acid (18:2) was found at 30°C than at 50°C. The ac-
tivity of saturase and desaturase enzymes results in the saturation and desaturation of fatty acids, respectively, which 
in turn are governed by the oxygen tension and temperature. The presence of reduced oxygen tension due to an in-
crease in respiratory CO2 at high temperatures activates the enzyme saturases. On the contrary, increased O2 tension 
in combination with lower temperatures favors the activity of enzyme desaturase that generally requires molecular 
O2 to synthesize unsaturated fatty acids. The correlation between using molecular O2 in the desaturation reaction and 
low dissolved O2 tensions at higher temperatures clearly explains the increased synthesis of highly saturated lipids 
at elevated temperatures (Sumner and Morgan, 1969). Significant differences between the mitochondrial membranes 
of thermophilic and mesophilic fungi have been reported (Satyanarayana and Johri, 1999). A higher concentration 
of saturated fatty acids (30% palmitic acid) and a lesser concentration of unsaturated fatty acids (10% linoleic acid) 
except oleic acid (39%) were found in the mitochondria of Talaromyces sp. at 50°C (Satyanarayana and Johri, 1999).

The differences in the amino acid composition of proteins have also been observed between thermophiles and 
mesophiles. The proteins in thermophiles are more compact and hydrophobic than those in mesophilic fungi, which 
makes them more rigid and resistant to unfolding at elevated temperatures. The frequency of IVYWREL amino acids 
in C. thermophilum was found to be higher than mesophilic fungi. C. thermophilum has also been found to contain 
a higher frequency of aromatic amino acids such as tyrosine, isoleucine, and tryptophan (van Noort et al., 2013). 
The presence of a high cysteine content in C. thermophilum is the plausible reason for more stability of proteins, as it 
plays a pivotal role in disulfide bridge formation, metal binding, and catalytic residues. Less content of glycine in C. 
thermophilum as compared to that in C. globosum is another adaptation for increasing the thermostability of proteins. 
The high content of proline found in thermophilic fungi is reported to help in maintaining the rigidity of the protein 
structure by preventing it from folding. Some other characteristic mutations reported in thermophiles are the change 
of the amino acids lysine, aspartic acid, and threonine to arginine, glutamic acid, and alanine, respectively (van Noort 
et al., 2013). Berezovsky and Shakhnovich (2005) reported a higher number of van der Waals contacts in Thermus 
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thermophilus compared to mesophilic fungi. Six alpha helices have been found in the secondary structure of proteins 
as compared to three alpha helices in that of mesophilic fungi.

Another important adaptation observed in thermophilic fungi is the high turnover of enzymes and proteins 
(Satyanarayana and Johri, 1999). Wali et al. (1979) reported almost double the breakdown rate of soluble proteins in 
thermophilic fungi such as M. cinnamomea, Penicillium dupontii, and R. pusillus compared to mesophilic fungi such as 
Penicillium chrysogenum and Penicillium notatum. The rapid turnover of the protein demands the expenditure of large 
amounts of energy, which in turn affects the growth of thermophilic fungi (Miller et al., 1974). The carbohydrate moi-
ety plays a pivotal role in the stabilization of the conformational structure of extracellular enzymes of thermophilic 
fungi, as their enzymes are usually glycoproteins with 13%–68% carbohydrates.

Polyamines have been found to be indispensable for the normal growth and development of thermophilic fungi 
(Singhania et  al., 1991). Polyamines such as putrescine, spermidine, and spermine are most commonly found in 
the growing mycelia of T. lanuginosus as compared to old stationary phase mycelium. Also, their levels decline at 
temperatures above and below 45°C, which is the optimum growth temperature. Difluoromethylornithine (DFMO) 
was found to inhibit ornithine decarboxylase (ODC) as well as the growing mycelia of R. pusillus, T. emersonii, and T. 
lanuginosus, indicating the existence of an ODC pathway in these fungi. Moreover, difluoromethylarginine (DFMA) 
was found to inhibit arginine decarboxylase (ADC) but failed to inhibit the mycelial growth of thermophilic fungal 
species, except R. pusillus (Singhania et al., 1991; Singh et al., 2016).

5.4 Genetics

The genome analysis of thermophilic fungi revealed a reduced genomic size, a high G:C content, shorter introns, 
fewer transposable elements, and repetitive sequences as some of the characteristic adaptations for thermophily. 
The evolutionary changes in the genome occurred in thermophiles in order to survive thermal stress via horizontal 
gene transfer, gene loss, or gene mutation. van Noort et al. (2013) analyzed the genomes and proteomes of thermo-
philic fungi such as C. thermophilum, T. heterothallica, and T. terrestris and mesophilic fungi such as C. globosum and 
Neurospora crassa in order to understand the evolution of thermophily and the molecular basis associated with it. 
They found a small genome in thermophilic fungi as compared to mesophilic fungi, which could possibly be due to 
fewer protein coding sequences along with shorter introns and intergenic regions (Wang et al., 2015). As the genome 
size is less in thermophiles, the length of proteins and the number of protein family members are also less as com-
pared to their mesophilic counterparts.

Genome and transcriptome analysis of the Rhizomucor miehei CAU432 strain revealed a size of 27.6 Mbp with ap-
proximately 10,345 protein-encoding genes, accounting for 47.1% of the total genome. The coding region consists 
of about 4.5 introns per gene, with a mean size of 90 base pairs. A total of 10 chromosomes ranging in size from 
0.55 to 5.8 Mb were detected using pulsed field gel electrophoresis (PFGE) (Zhou et al., 2014). However, the aver-
age GC content was found to be only 43.8%, which was less as compared to M. thermophila (51.4%) (Berka et al., 
2011), T. lanuginosus (52.14%) (Mchunu et al., 2013), and T. terrestris (54.7%) (van Noort et al., 2013), but was higher 
when the average value for mesophilic zygomycetes (35.3%) was taken into account. Ma et al. (2009) reported that 
the genome of R. miehei has about 10-fold fewer repetitive sequences encoding transposon-related elements as 
compared to the mesophilic fungus Rhizopus oryzae. Approximately 4000 proteins in the genome of R. miehei were 
found to be either multiple glycoside hydrolases, proteases, or lipases. R. miehei was also found to have four genes 
for endoglucanases and eight for β-glucosidases, whereas genes for cellobiohydrolase were absent. The compar-
ative RNA-Seq analyses of R. miehei revealed the expression of 190 genes exclusively at 30°C and 128 transcripts 
at 50°C. Out of 2120 genes differentially expressed with more than two-fold changes at 50°C, 849 genes associated 
with protein synthesis and folding were upregulated while 1268 genes for protein degradation by proteasomes 
were downregulated. The genes involved for the metabolism of a thermostabilizer, nonreducing disaccharide (tre-
halose), were also highly expressed at 50°C. The genome of Talaromyces cellulolyticus Y-94 (formerly Acremonium 
cellulolyticus), which is a promising cellulase producer, was found to be 36.4 Mb long, containing genes for several 
enzymes such as cellulases, hemicellulases, pectinases, and amylases involved in the degradation of lignocellu-
losic biomass (Fujii et al., 2015).

The genome of Chaetomium cochliodes CCM F-232, which is 34.7 Mbp long, consists of 6036 contigs having an aver-
age size of 5756 bp. Phylogenetically, this filamentous fungus is closely related but not identical to Chaetomium elatum 
and Chaetomium globosum. The genome of Chaetomium cochliodes encodes genes for essential antioxidant enzymes 
for all the four known heme peroxidase superfamilies, that is, cytochrome c peroxidase (CcP), bifunctional catalase- 
peroxidase (KatG), cyclooxygenase, manganese peroxidase, dye-decolorizing peroxidase (DyP) of type B, linoleate 



78 5. Thermophilic fungi

diol synthase, two paralogs of hybrid B peroxidases (HyBpox), and three paralogs of heme thiolate peroxidases. Both 
KatG and DyP-type B are believed to be introduced into ascomycete genomes by HGT (horizontal gene transfer) 
from various bacteria. Apart from this, two large subunits of secretory catalases and two small subunits of typical 
catalases are also found in C. cochliodes (Zámocký et al., 2016).

The thermophilic zygomycete Rhizomucor pusillus strain FCH 5.7 is reported to have 25.59 Mb of genome as-
sembly consisting of 102,680 contigs with an overall GC content of 44.95%, which increased to 48.43% when only 
coding regions were taken into account. Surprisingly, genes coding for cellulose-, chitin-, and xylan- degrading 
proteins were identified in this strain, which also included two endoglucanases (EC 3.2.1.4) belonging to gly-
coside hydrolase family 9, which so far has been mostly reported in bacteria and plants only (Hüttner et al., 
2018). The genome of C. thermophilum was found to possess three genes for the enzyme cellobiose dehydroge-
nases, whereas C. globosum and N. crassa possessed only two genes, indicating the high cellulolytic capacity 
of the thermophilic fungi. Melanin has been reported to protect fungal cells from UV radiation, drought, and 
elevated temperatures. It is also considered to be one of the adaptations to thermophily in T. heterothallica, 
which has three orthologs of scytalone dehydratase (melanin synthesis enzyme). Increased levels of arginine, 
proline, and tryptophan with lower levels of lysine and aspartic acid have been found in thermophilic fungi 
compared to their mesophilic counterparts. Cysteine residues possess various catalytic residues that contain 
disulfide bridges and metal binding sites that play a role in protein folding and stability. Proteome analysis of 
C. thermophilum revealed a high concentration of cysteine, which can be considered an additional thermophilic 
adaptation (van Noort et al., 2013).

The T. lanuginosus strain SSBP was reported to be the most potent xylanase producer so far. Its genome analysis 
revealed 23.3 Mb of the genome with 5105 genes, 52.14% of the total GC content that accounts for 55.6% when only 
coding regions were taken into consideration. The predicted CAZymes (carbohydrate active enzymes) were around 
224 proteins. A ubiquitin degradation system as well as the epigenetic machinery associated with histone acetyla-
tion, deacetylation, and methylation and ADP-ribosylation were also found in the T. lanuginosus genome (Mchunu 
et al., 2013).

Humicola grisea var. thermoidea is an important species of thermophilic fungus, as it has been reported to secrete a 
variety of thermostable CAZymes such as cellulases, xylanases, mannanases, and esterases. The genome of this fun-
gus was sequenced, and the data revealed 29.16 Mb of the genome with 7120 genes and a G-C content of 55.8%. An 
interesting fact reported was the upregulation and overexpression of the top 10 genes coding for CAZymes at basic 
pH (8) as compared to acidic pH (5). Hence, pH is an important factor for biomass transformation using thermostable 
CAZymes (Steindorff et al., 2017). An increased mRNA accumulation of cellobiose hydrolase (cbh), endogluconase 
(egl), β glucosidase (bgl), and xylanase (xyn) genes was also observed at alkaline pH when sugarcane bagasse was 
used as the sole source of carbon. This observation also supported the fact that pH is a crucial factor governing the 
secretion of thermostable enzymes (Mello-de-Sousa et al., 2011).

Trichoderma reesei has been reported to produce significant quantities of plant cell wall degrading enzymes 
(PCWDE) such as xylanases and cellulases, which have immense applications in the food, paper, textile, and bioeth-
anol production industries (Mello-de-Sousa et al., 2015, 2016). Xylanase regulator 1, that is, Xyr1 (a transactivator 
that is essential for the expression of not only xylanases but also cellulases) and Cre 1 (mediator of carbon catabo-
lite repression) are two transcription factors well known for the expression of PCWDE encoding genes. Chromatin 
remodeling is an important phenomenon involved in the gene expression of PCWDEs in T. reesei. The presence of 
d-glucose causes downregulation of the expression of Xyr1 and PCWDEs due to CCR mediated by Cre1. Chromatin 
rearrangement takes place in the xyr1 promoter when sophorose is utilized as the carbon source. Chromatin opening 
and protein-DNA interactions in the xyr1 promoter were more prominent in the region that is 0.9 kb upstream of 
the translation start codon, bearing various Cre1-binding sites and a CCAAT-box. Irrespective of the carbon source 
present, the xyr1 promoter is overall more accessible in the cre1 site, making it a suitable target for promoter engi-
neering to increase cellulase production (Mello-de-Sousa et al., 2015) Thus, the regulation of xylanase and cellulase 
expression is not only dependent on transcription factors but also on changes in chromatin packaging (Mello-de-
Sousa et al., 2016).

Ribose methylation in RNA is considered to be another adaptation in the genome of thermophilic fungi. The RNA 
of T. lanuginosus possesses a higher number of ribose methylations as compared to any other nonvertebrate (Rao 
and Cherayil, 1979). Trent et al. (1994) reported the increased biosynthesis of eight heat shock proteins (HSPs) in the 
conidia of T. lanuginosus upon heat shock for 60 min at 55°C prior to exposure at 58°C. Out of eight HSPs, only three 
small proteins with molecular weights between 31 and 33 kDa were found to dominate the heat shock response. The 
constitutive and overexpression of HSP 60 revealed its importance in thermophily.
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5.5 Applications

Thermophilic fungi have contributed to the economy of nature since they evolved on this Earth. However, their 
importance to man’s economy has been realized due to their capability of degrading organic matter; acting as biode-
teriorants and natural scavengers; producing extracellular and intracellular enzymes, organic acids, amino acids, an-
tibiotics, phenolic compounds, polysaccharides, and sterols of biotechnological importance; producing nutritionally 
enriched feeds and single cell proteins (SCP); and also being suitable agents for bioconversion (Salar, 2018). Fig. 5.1 
depicts the various applications of thermophilic fungi.

5.5.1 Enzymes

Thermophilic fungi are known to produce a diverse range of enzymes such as amylases, cellulases, hemicellu-
lases, laccases, lipases, phosphatases, phytases, proteases, and several others that find applications in industries such 
as food and feed, textile and detergent, leather, dairy, pharmaceutical, etc. (Table 5.3) (Salar, 2018). The thermostabil-
ity and high catalytic efficiency of these enzymes make them suitable candidates for many kinds of industrial appli-
cations. They can also indirectly help in the reduction of operational costs of fermentation industries (Salar, 2018). 
Therefore, these enzymes are being overexpressed in suitable model organisms to obtain high yields (Table 5.4). 
Thermophilic fungi can utilize various kinds of food and agro-waste to produce enzymes (Table 5.5) and thus help 
in the management of the environment. They can be used for the cheap and safe disposal of animal waste by com-
posting, the bioconversion of animal waste to fungal proteins for animal feed, the biodegradation of lignocellulosic 
crops and industrial waste, the bioremediation of toxic waste products for the cleanup of contaminated land, etc. 
(Salar, 2018).

5.5.2 Composting

The acceleration of the process of decomposition of organic matter by a mixed population of microorganisms in a 
warm, moist, and aerobic environment is called composting. A variety of forest and agricultural residues (bagasse, 
wood chips, hemp straw, wool, and others) containing various substrates such as starch, cellulose, hemicellulose, 
and lignin can be colonized and degraded by thermophilic fungi. The self-heating of the organic matter of compost 
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FIG. 5.1 Diverse applications of thermophilic fungi.
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Enzymes Thermophilic fungi
Topt

(°C) pHopt

Mol mass 
(kDa) Applications References

Xylanase Chaetomium cellulolyticum, 
Chaetomium thermophile, 
Malbranchea cinnamomea, 
Melanocarpus albomyces, 
Myceliophthora thermophile, 
Scytalidium thermophilum, 
Talaromyces emersonii, 
Thermoascus aurantiacus, 
Thermomyces lanuginosus

60–80 5–7 23–180 Paper and pulp industry 
and saccharification 
of biomass for ethanol 
production

Du et al. (2013), Katapodis 
et al. (2003), Singh et al. (2000), 
Baraznenok et al. (1999), 
Maheshwari et al. (2000), 
Düsterhöft et al. (1997), Prabhu 
and Maheshwari (1999), Tuohy 
et al. (1993), Gomes et al. 
(1994), Kalogeris et al. (1998), 
Song et al. (2013), Robledo et al. 
(2016), Singh et al. (2000), Lee 
et al. (2014)

Phytase Aspergillus fumigatus, 
Humicola nigriscens, 
Myceliophthora thermophile, 
Sporotrichum thermophile, 
Talaromyces thermophiles, 
Thermomyces lanuginosus

55–70 5–7 54–128 Additive in monogastric 
feed

Singh and Satyanarayana 
(2006a, 2006b), Wang et al. 
(2007), Berka et al. (1998), 
Gulati et al. (2007), Mitchel 
(1997), Chadha et al. (2004), 
Nampoothiri et al. (2004)

Pectinase Humicola stellate, 
Myceliophthora thermophile, 
Penicillium duponti, 
Rhizomucor pusillus, 
Sporotrichum thermophile, 
Thermoascus aurantiacus

55–65 5–7 29–32 Pulp and paper industry, 
food industry, textile 
processing, and poultry 
feed

Kaur et al. (2004), Siddiqui 
et al. (2012), Martins et al. 
(2013), Phutela et al. (2005), 
Puchart et al. (1999)

Phosphatases Acremonium alabamensis, 
Rhizopus rhizopodiformis, 
Scytalidium thermophilum

70–75 9.5–10 – Label for enzyme 
immunoassay, and in 
dairy industry as a marker 
of pasteurization in cow 
milk

Satyanarayana et al. (1985), 
Guimaraes et al. (2001)

Amylases Aspergillus fumigatus, 
Humicola grisea, 
Malbranchea cinnamomea, 
Malbranchea sulfurea, 
Scytalidium thermophilum, 
Thermomucor indicae 
seudaticae, Thermomyces 
lanuginosus

60–70 4.5–7.0 54–72 Starch hydrolysis and 
dextrin production

Mishra and Maheshwari (1996), 
Maheshwari et al. (2000), 
Chadha et al. (1997), Nguyen 
et al. (2002), Aquino et al. 
(2001), Roy et al. (2000), Kumar 
and Satyanarayana (2003), 
Gupta and Gautam (1993), 
Campos and Felix (1995)

Lipases Absidia corymbifera, 
Humicola grisea,  
M. pusillus, Rhizomucor 
miehei, Rhizopus arrhizus, 
Thermomyces lanuginosus

55–60 5–9 32 Dairy products, biodiesel 
production, leather 
industry, detergent 
additives, pharmaceutical 
and fine chemical 
industries

Maheshwari et al. (2000), 
Arima et al. (1968), Rao and 
Divakar (2002), Kumar et al. 
(1993), Zheng et al. (2011), Boel 
et al. (1988)

Cellulases Chaetomium thermophilum 
var. coprophile, Humicola 
insolens, Melanocarpus 
albomyces, Myceliophthora 
thermophile, Scytalidium 
thermophilum, Talaromyces 
emersonii, Thermoascus 
aurantiacus

60–80 4.5–6.0 35–68 Detergent additives 
and saccharification 
of biomass for ethanol 
production

Bhat and Maheshwari (1987), 
Gomes et al. (2000), Parry et al. 
(2001), Kalogeris et al. (2003), 
Hong et al. (2003), Moriya 
et al. (2003), Hirvonen and 
Papageorgiou, 2003, Murray 
et al. (2004), Venturi et al. 
(2002), Kawamori et al. (1987), 
Kaur and Satyanarayana 
(2004), Lin et al. (1999), Ganju 
et al. (1990)

TABLE 5.3 Properties and applications of thermostable enzymes secreted by thermophilic fungi.
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Continued

TABLE 5.3 Properties and applications of thermostable enzymes secreted by thermophilic fungi—cont’d

Enzymes Thermophilic fungi
Topt

(°C) pHopt

Mol mass 
(kDa) Applications References

Proteases Malbranchea pulchella 
var. sulfurea, Rhizomucor 
miehei, Rhizomucor pusillus, 
Scytalidium thermophilum, 
Thermomucor indicae-
seudaticae, Thermomyces 
lanuginosus

37–70 5.5–9.0 38–42 Baking, brewing, 
detergents, and leather 
industry

Maheshwari et al. (2000), 
Arima et al. (1968), Jensen 
et al. (2002), Ifrij and Ögel 
(2002), Ottesen and Rickert 
(1970), Preetha and Boopathy 
(1997), Voordouw et al. (1974), 
Stevenson and Gaucher (1975), 
Li et al. (1997), Silva et al. 
(2014), Zanphorlin et al. (2011)

Laccases Chaetomium thermophilum, 
Myceliophthora thermophile

50–60 5–10 77–85 Paper and pulp industry 
and saccharification 
of biomass for ethanol 
production

Maheshwari et al. (2000), Berka 
et al. (1998), Chefetz et al. 
(1998)

Glucoamylase Chaetomium thermophilum, 
Humicola grisea, 
Scytalidium thermophilum, 
Talaromyces emersonii, 
Thermomucor indicae-
seudaticae, Thermomyces 
lanuginosus

55–70 4–7 45–77 Starch processing, food 
industry, and production 
of glucose syrup

Maheshwari et al. (2000), 
Aquino et al. (2001), Ferreira-
Nozawa et al. (2008), Tosi 
et al. (1993), Kumar and 
Satyanarayana (2007), Taylor 
et al. (1978), Cereia et al. (2000), 
Thorsen et al. (2006), Chen 
et al. (2007)

Cellobiose 
dehydrogenase

Humicola insolens, 
Myceliophthora thermophile, 
Sporotrichum thermophile

60–65 4–8 90–195 Degradation of cellulose 
and lignin in pulp

Canevascini et al. (1991), 
Coudray et al. (1982), Igarashi 
et al. (1999), Schou et al. (1998)

α-d-Glucuronidase Thermoascus aurantiacus 65 4.5 118 Paper and pulp industry Maheshwari et al. (2000), 
Khandke et al. (1989)

Polygalacturonase Acremonium cellulolyticus, 
Aspergillus fumigatus, 
Rhizomucor pusillus, 
Sporotrichum thermophile, 
Thermoascus aurantiacus

50–65 4.5–5.5 37 Food industry, 
degumming of plant 
rough fibers, textile 
processing and treatment 
of pectic wastewaters

Maheshwari et al. (2000), 
Phutela et al. (2005), Inamdar 
(1987), Martins et al. (2013), 
Kaur et al. (2004), Siddiqui 
et al. (2012), Gao et al. (2014)

d-
Glucosyltransferase

Talaromyces dupontii 70 4.5 170 Production of 
α-transglucoside

Maheshwari et al. (2000), 
Bousquet et al. (1998)

Cutinase Thielavia terrestris 50 4 25.3 Food industry, cosmetics, 
fine chemicals, pesticide 
and insecticide 
degradation, treatment 
and laundry of fiber 
textiles, and polymer 
chemistry

Yang et al. (2013)

Lichenase Paecilomyces thermophile, 
Rhizomucor miehei

60–70 5.5–7.0 35–39 Food and poultry industry Tang et al. (2012), Yang et al. 
(2008)

Glutamic 
peptidase

Talaromyces emersonii 50 3.4 27 Flavour development 
during cheese production 
and fermentation of 
traditional Japanese foods

O'Donoghue et al. (2008)

Trehalase Malbranchea cinnamomea, 
Neurospora crassa, T. 
lanuginosus

55 5–5.5 52–145 – Pereira et al. (2011), 
Maheshwari et al. (2000)

Glucuronoyl 
esterase

Myceliophthora thermophila 55–60 6–7 58 Deesterification Vafiadi et al. (2009), Topakas 
et al. (2010)

Feruloyl esterase Myceliophthora thermophila 60 6 57 Pharmaceutical industries 
and as food preservatives

Topakas et al. (2005)
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TABLE 5.3 Properties and applications of thermostable enzymes secreted by thermophilic fungi—cont’d

Enzymes Thermophilic fungi
Topt

(°C) pHopt

Mol mass 
(kDa) Applications References

Aldonolactonase Myceliophthora thermophila 25 50 48 – Beeson et al. (2011)

β-Mannosidase Myceliophthora thermophila 40 5.3 97 Industrial viscosifiers and 
stabilizers of suspensions 
and emulsions, especially 
in food, paper, textile, and 
oil industries

Dotsenko et al. (2012)

β-Mannanase Myceliophthora thermophila 69 5.2 48 Industrial viscosifiers and 
stabilizers of suspensions 
and emulsions, especially 
in food, paper, textile, and 
oil industries

Dotsenko et al. (2012)

α-Galactosidase Myceliophthora thermophila 60 5 60 Industrial viscosifiers and 
stabilizers of suspensions 
and emulsions, especially 
in food, paper, textile, and 
oil industries

Dotsenko et al. (2012)

Enzyme Fungi producing Expressed in Applications References

β-Glucosidase Humicola grisea var. 
thermoidea

Saccharomyces cerevisiae Saccharification of 
lignocellulosic waste for 
ethanol production

Benoliel et al. (2010)

Glucoamylase Chaetomium thermophilum Pichia pastoris Saccharification for starch 
enzymatic conversion and 
alcohol production

Chen et al. (2007)

Xylanase Humicola grisea var. 
thermoidea

Trichoderma reesei Bioconversion of plant 
biomass into animal 
feed, plant fertilizers and 
chemicals for the food 
industry

De Faria et al. (2002)

Phytase Sporotrichum thermophile Pichia pastoris Animal feed industry and 
treating environmental 
phosphorus pollution

Ranjan and Satyanarayana 
(2016)

Endoglucanase M. thermophila Aspergillus niger Biomass saccharification for 
ethanol production

Tambor et al. (2012)

Manganese superoxide 
dismutase

C. thermophilum Pichia pastoris Higher stress resistance to 
salt and oxidative stress-
inducing agents

Haikarainen et al. (2014)

TABLE 5.4 Expression of thermostable enzyme genes in suitable model organism and their applications.

Thermophilic fungi Substrate Product References

H. lanuginosa and T. aurantiacus Sugar beet pulp Xylanase Grajek (1987)

Thermomucor indicae-seudaticae Wheat bran Glycoamylase Kumar and Satyanarayana (2007)

M. thermophila Phytases Sesame oil cake Singh and Satyanarayana (2006b)

M. thermophila Wheat bran with citrus peel Xylanolytic, pectinolytic, and 
cellulolytic enzymes

Kaur and Satyanarayana (2004)

M. thermophila Cane molasses Phytase Singh and Satyanarayana (2006a)

T. indicae-seudaticae Cane molasses Glucoamylase Kumar and Satyanarayana (2007)

T. lanuginosus Wheat bran Xylanase Kamra and Satyanarayana (2004)

TABLE 5.5 Conversion of various substrates into enzymes by various thermophilic fungi.
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makes it a suitable habitat for thermophilic fungi (Sharma and Johri, 1992). The process is initially governed by 
mesophilic fungi that begin disappearing with the rise in temperature, paving the way for thermophiles. Moisture 
level, oxygen availability, and nutrient supply are some of the vital factors influencing microbial thermogenesis 
(Miehe, 1907). The C:N ratio and size are of prime importance, and affect the decomposition rate of composting 
material (Satyanarayana and Grajek, 1999). Cellulose and hemicellulose are the major components of composting 
ingredients that are degraded by the cooperative action of cellulotic and hemicellulolytic enzymes. Lignin-degrading 
thermophilic fungi such as Aspergillus fumigatus, Chaetomium thermophilum, Myceliophthora thermophila, Rhizomucor 
pusillus, Scytalidium thermophilum, Thermoascus aurantiacus, Talaromyces emersonii, Thermomyces lanuginosus, etc., have 
also been recovered from compost (Tuomela et al., 2000). The inoculation of an organic fraction of municipal solid 
waste (OFMSW) with a thermophilic fungal consortium of A. flavus, A. niger, and T. viride was found to result in more 
decomposition of OFMSW with increased C and N mineralization and faster compost maturity. It also eliminated 
the phytotoxicity caused by compost byproducts compared to the control without any inoculation (Awasthi et al., 
2014). Kumar et al. (2008) employed a consortium of Aspergillus nidulans, Humicola sp., and Scytalidium thermophilum 
to compost a mixture of silica-rich paddy straw and lignin-rich soybean trash. The product yielded was found to 
have a C:N ratio of 9.5:1, 0.042% available phosphorus, and 6.512 mg of N-acetyl glucosamine/100 mg of compost 
fungal biomass. Hence, this consortium can be used as an economical and environmentally friendly way to dispose 
of a mixture of paddy straw and soybean trash.

Thermophilic fungi are the important component of compost prepared for the cultivation of mushrooms as the 
thin mycelial threads have the ability to invade the dense and tight substrates that are employed in composting and 
also provide a larger surface area for conversion. A number of thermophilic fungi have been reported from mush-
room compost (Table 5.6). Out of 22 species of thermophilic fungi isolated from mushroom compost, nine strains  
(C. thermophilum, an unidentified Chaetomium sp., M. cinnamomea, M. thermophilum, S. thermophilum, Remersonia ther-
mophila, T. terrestris, and two unidentified basidiomycetes) were reported to enhance the mycelial growth of A. bis-
porus on sterilized compost. S. thermophilum has been reported to be the dominant thermophilic fungi that helps in 
promoting growth and is also important for the colonization of the substrate by the A. bisporus mycelium (den Camp 
et  al., 1990). Thermophilic fungi are mainly responsible for the maturation of compost, the suppression of plant 
diseases, and the promotion of mushroom growth. The preinoculation of compost ingredients such as wheat straw 
and organic nitrogen supplements at 40°C with thermophilic fungal species was found to enhance the mushroom 
growth. The consortium of S. thermophilum and the native microflora of wheat straw in a compost not only improved 
the growth, but also increased the inorganic phosphate content as compared to the one made by using them individ-
ually (Singh, 2014). The high concentration of organic matter content and biological activity of thermophilic fungi 
favors the use of mushroom composts in diverse fields such as biofiltration, bioremediation, erosion control, and 
revegetation (Straatsma et al., 1994).

5.5.3 Soil fertility

Humus has been proved to improve the soil structure by increasing aeration, reducing power consumption for 
plowing heavy soils, reducing volume/weight, and facilitating rapid seed germination. Microorganisms have been 
reported to synthesize humus by either transforming plant and animal constituents or synthesizing humic  substances 

Class Fungi References

Zygomycetes Absidia corymbifera, Rhizomucor miehei, Rhizomucor pusillus Straatsma et al. (1994), Singh et al. (2016)

Ascomycetes Chaetomium thermophilum, Corynascus thermophilus, Emericella 
nidulans, Talaromyces emersonii, Talaromyces thermophilus, Thermoascus 
aurantiacus, Thermoascus aurantiacus var. levispora, Thermoascus 
crustaceus

Basidiomycetes Coprinus cinereus

Hyphomycetes Aspergillus fumigatus, Hormographiella aspergillata, Malbranchea 
sulfurea, Paecilomyces variotii, Scytalidium thermophilum, Stilbella 
thermophila, Thermomyces lanuginosus

Mycelia sterilia Myriococcum thermophilum

Miscellaneous Chaetomium sp., Thielavia terrestris

TABLE 5.6 Thermophilic fungi reported in mushroom compost.
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within the cells. Among thermophilic fungi, A. fumigatus and S. thermophilum have been reported to produce ample 
amounts of humic substances in the end product (Singh et al., 2016). The biomass of several species of thermophilic 
fungi has served as an excellent plant growth promoter that aids in increasing plant yield and soil fertility (Singh 
et al., 2016). The inoculation of thermophilic fungus Aspergillus fumigatus during the composting of rice straw and 
swine manure was found to increase the rate of maturity, immobilization of nitrogen, and germination which subse-
quently enhanced the growth and yield of the rape plant (Chen et al., 2007). The inability of plants to directly utilize 
insoluble phytates from soil is leading to a phosphorus deficiency in plants and is hampering agricultural production 
worldwide. Phytases of the thermophilic fungi S. thermophile were found to enhance the phosphorus uptake and 
growth of wheat seedlings not only in pot experiments but also in hydroponics (Singh and Satyanarayana, 2010).

5.5.4 Single cell protein (SCP) production

A number of thermophilic fungi such as Aspergillus sp., Cephalosporium sp., Chaetomium sp., Fusarium sp., Penicillium 
sp., Rhizopus sp., Scytalidium sp., and Trichoderma sp. are capable of SCP production using various substrates such 
as lactose, n-alkane, methanol, ethanol, hemicellulose, cellulose, maltose, glucose, galactose, pentose, uric acid, and 
other nonprotein nitrogenous compounds (Reihani and Khosravi-Darani, 2019). SCP can be used as an alternative 
to a protein-rich diet for humans as well as animals. Thermophilic filamentous fungi can not only decompose or-
ganic matter, but they are also capable of yielding high biomass that contains vital nutrients apart from proteins.  
C. cellulolyticum, a rapidly growing cellulolytic fungus, and M. thermophila find wide applications in SCP production 
compared to the mesophiles due to their increased rate of cellulose breakdown, good sources of proteins, higher spe-
cific growth rates, and activity over a broad temperature range, that is, 20–50°C. C. cellulolyticum exhibited enhanced 
growth rate and more than an 80% increase in final biomass protein compared to Trichoderma viride (a well-known 
cellulolytic fungus). No adverse effects on the animals were recorded during the feeding trials of SCP of C. cellulo-
lyticum. Moreover, C. cellulolyticum, when grown on chemically pretreated saw dusts from hardwoods, efficiently 
converted both cellulose and hemicellulose into SCP (Moo‐Young et al., 1977). El-Refai et al. (1990) reported the 
production of SCP from crude orange waste as the sole source of carbon by using Myceliophthora thermophila. The 
analysis of the fermentation residue demonstrated a 66% consumption of crude holocellulose by the fungus with a 
subsequent reduction in lignin and pectin. The fungal SCP obtained by this process yielded 41% crude protein con-
taining all essential amino acids.

5.5.5 Biofuel production

The continuous increase in fuel prices across the globe over the past two decades as well as the increasing demand 
for fuel for heating, transportation, and industrial processes are two of the major challenges of the 21st century. 
Sugar or grain (starch) is the raw material widely used today to produce the most common renewable fuel, etha-
nol. However, the supply of this raw material is not sufficient to fulfill the fuel demand. The use of lignocellulosic 
biomass to produce bioethanol is one of the most sought-after options to fulfill the increasing fuel demand (Singh 
et al., 2016). Bioethanol has various merits such as a higher octane number and a high heat of vaporization with 
comparatively lower emissions of unburnt hydrocarbons, carbon monoxide, and particulate matter (Hahn-Hägerdal 
et al., 2006). Thermostable cellulases, namely endoglucanase, exoglucanase, and β glycosidase, have been reported to 
convert cellulosic substrates into fermentable sugars and hence have numerous applications in the biofuel industries. 
Various thermophilic fungi such as Aspergillus sp., Chaetomium thermophilum, Fusarium proliferatum, Humicola grisea, 
Myceliophthora thermophila, Phialophora sp., Rhizopus oryzae, Sporothrixcarnis, Thermomyces lanuginosus, Trichoderma re-
esei, etc., are being widely used to produce thermostable cellulases at a temperature range of 45–80°C with stability 
ranging from 45% to 100%. Improvement in the production and efficiency of thermostable cellulase enzymes would 
aid in low-cost biofuel production (Srivastava et al., 2018). Kaur et al. (2018) reported the development of a thermo-
philic fungal consortium of two Aspergillus sp. for the saccharification of rice straw, which gave high saccharification 
compared to individual Aspergillus sp. Fermentation of this saccharified sugar produced a combined ethanol content 
of 13.2 g/100 g of sugar.

5.5.6 Biotransformation and bioremediation

The ever-increasing demand for chiral compounds in their enantiopure form has led to the screening of novel 
microorganisms for their enzymes that are selective biocatalysts, easy to handle, and thus an ecofriendly approach. 
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Thermophilic fungi such as C. thermophilum TUB-F-69, M. thermophila TUB-F-39, Paecilomyces sp. TUB-F-70, S. ther-
mophilum CBS-183.64, CBS-147.64, T. aurantiacus TUB-F-43, T. emersonii NRRL-3221, T. indicae-seudaticae NRRL-6429, 
T. lanuginosus ATCC-38.905, CBS-224.63, and T. thermophilus NRRL-2155, NRRL-5208 are potential sources of ther-
mostable enzymes that are scientifically and commercially used. These thermophilic enzymes exhibit lipase or car-
boxylesterase activities on p-nitrophenyl butyrate, p-nitrophenyl palmitate, and olive oil. Enzyme powders of this 
thermophilic fungi when precipitated with acetone were found to display a broad range of enantiotopic selectivity 
because of the acetylation of this enzyme, which is absent in most common commercial enzymes (Bódai et al., 2003).

The thermophilic fungi Rhizomucor tauricus was found to carry out oxidative as well as allylic hydroxylation of the 
major route of attack leading to the biotransformation of various steroids such as progesterone, pregnenolone, tes-
tosterone, androst-4-en-3,17-dione, and dehydroepiandrosterone (Hunter et al., 2008). Novel and active metabolites 
such as N-methyl metabolite of albendazole sulfoxide, albendazole sulfoxide, and albendazole sulfone are produced 
via the biotransformation of the antihelminthic drug albendazole, which was aided by Rhizomucor pusillus (Prasad 
et al., 2011). Incubating steroids such as progesterone, 17-acetoxy-5-androstan-3-one, testosterone, androst-4-en-3,17-
dione, and testosterone acetate with M. thermophila CBS 117.65 resulted in the modification of all four rings of the 
steroid nucleus and the C-17 side chain and also reported a wide range of biocatalytic activity (Hunter et al., 2009). 
This was the first thermophilic fungus that demonstrated side chain cleavage of the steroid progesterone.

Aspergillus fumigatus was found to biotransform progesterone into various derivatives of dihydroxy and hydroxy 
progesterone (Smith et al., 1994). 4-Hydroxy-3,4-seco-pregn-20-one-3-oic acid is the biotransformed product of the 
saturated steroid 17-acetoxy-5-androstan-3-one. This fungus has also been reported to cause reversible acetylation 
along with oxidation of the 17-alcohol of testosterone. Amphigyra alabamensis and T. emersonii are known to trans-
form cholesterol to cholestenone and stigmasterol and sitosterol to stigmostadienone, respectively (Satyanarayana 
and Chavant, 1987). Scytalidium thermophilum, isolated from sheep dung at pH 6.0 and temperature 45°C, has been 
reported to biotransform the antiinflammatory drug Diclofenac to 2,6 Dichloro-phenyl-phenyl 1 amino diclofenac 
(Shanthi Priya et al., 2017). Sporotrichium thermophile biotransformed ferulic acid into 4798 mg/L of vanillic acid with 
a molar yield of 35%. Guaiacol was also produced as one of the intermediates during this biotransformation (Topakas 
et al., 2003).

The effluents from various industries are posing serious threats to the environment and mankind. They are rich 
in various kinds of pollutants such as heavy metals, dyes, pesticides etc., which is a matter of serious concern (Singh 
et al., 2016). Thermophilic fungi have been proved to be successful in bioremediation. The biomass of the thermo-
philic fungus Talaromyces emersonii CBS 814.70 has been used for the biosorption of uranium (Bengtsson et al., 1995). 
Heavy metals and nuclides from wastewater and mining operations can be accumulated and recovered by certain 
species of Mucor and Rhizopus. Similarly, the biomass of thermophilic fungi can aid in the biosorption of heavy met-
als, but thermophilic fungi are less explored in this area compared to mesophiles (Salar, 2018). Thermophilic Humicola 
insolens and mesophilic Aspergillus flavus, Aspergillus niger, Aspergillus terrus, Humicola brevis, and Rhizopus sp. were 
reported to be highly efficient in decolorizing textile dyes such as Reactive Blue MR, Yellow M4G, Orange M2R, Red 
M8B, and Black HFGR (Salar, 2018). The inactivated biomass of the thermophilic fungus Thermomucor indicae- seu-
daticae, at varying temperatures and dye concentrations was found to be more effective in the decolorization of dyes 
such as azure B, Remazol Brilliant Blue R, trypan blue, and Congo red than the living biomass (Taha et al., 2014).

Mishra and Malik (2014) reported the higher and faster removal of multiple pollutants from metal dye mixtures 
by a fungal consortia of A. lentulus, A. terreus, and R. oryzae. Heavy metal removal by the isolates individually was 
83.11% of Cr6  +, 67.32% of Cu2  + by A. lentulus; 95.57% of Cr6  +, 65.77% of Cu2  + by A. terreus; and 25.34% of Cr6  +, 30.20% 
of Cu2  + by R. oryzae. However, the consortium eliminated 100% of Cr6  +, 81.60% of Cu2  +, 98% of acid blue dye, and 
100% of Orange dye. This was the first report of a fungal consortium being applied for bioremediation without alter-
ing the performance of the consortium, irrespective of the complexity of the metal-dye mixture (Mishra and Malik, 
2014). Thermostable and alkali-resistant enzymes such as xylanases, cellulases, and pectinases produced by thermo-
philic fungi can hydrolyze the organic residues of paper and pulp industry effluents, which also contain chlorine and 
other toxic compounds that are hazardous to the ecosystem. Also, thermophilic fungal phytases can be employed 
in reducing the phytic acid content of pulp and in turn improving the quality of paper. This is an economical and 
ecofriendly approach for the bioremediation of effluents of the pulp and paper industry (Singh and Satyanarayana, 
2011; Singh, 2014). Microorganisms employed in activated sludge treatment are unable to degrade pectic materials 
secreted by wastewater from fruit processing industries. Thermophilic fungi are well known for producing thermo-
stable alkaline pectinases. Myceliophthora thermophila was reported to produce a 330-fold higher pectinase enzyme 
titer in solid-state fermentation than in submerged fermentation. Fruit pulps of carrots, apples, and bananas treated 
with alkaline pectinase showed increased yield of juices containing total and reducing sugars in high concentrations 
(Kaur and Satyanarayana, 2004; Kaur et al., 2004). The treatment of plant material used for the feed of herbivorous 
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animals with thermophilic phytases aided in better digestion by them. Otherwise, they would excrete undigested 
phytic acid present in the feed, which is one of the major reasons for environmental phosphorus pollution (Singh 
et al., 2016).

5.5.7 Antimicrobials and other bioactive compounds

Thermophilic fungi have been reported to produce several antibacterial antibiotics, including penicillin G, 
malbranchins A and B, 6-aminopenicillanic acid, sillucin, miehein, and vioxanthin as well as antifugal antibiot-
ics such as myriocin from Myriococcum albomyces and thermozymocidin from Thermoascus aurantiacus. Species of 
Mucor, Talaromyces, and others are known to produce organic acids (lactic and citric acids) and extracellular phe-
nolic compounds. Some thermophilic fungi are known to secrete various amino acids such as alanine, glutamic 
acid, and lysine (Salar, 2018). Svahn et al. (2012) reported antimicrobial activity against Candida albicans, extended- 
spectrum β- lactamase-producing Escherichia coli, vancomycin-resistant Enterococcus faecalis, and methicillin-resistant 
Staphylococcus aureus by Aspergillus fumigatus isolated from river sediments. Gliotoxin was identified as the predom-
inant secondary metabolite in Aspergillus fumigatus, among the various molecules characterized.

Antibiotic Tf-26Vx with a structure similar to vioxanthin produced by a thermophilic fungus Malbranchea pulchella 
was isolated from compost that was found to exhibit antimicrobial activity against various aerobic and facultative 
anaerobic bacteria belonging to Bacillus sp., Escherichia sp., Klebsiella sp., Proteus sp., Pseudomonas sp., Salmonella sp., 
Shigella sp., and Staphylococcus sp. (Saito et al., 1979). A hydrothermal vent strain of Penicillium sp. was reported to 
produce methyl isoverrucosidinol displaying weak antibacterial activity against Bacillus subtilis with an MIC value 
of 32 g/mL. A crude extract of a novel highly oxygenated tetracyclic meroterpenoid (terretonin M) isolated from the 
thermophilic fungi Aspergillus terreus strain TM8 was able to slightly inhibit the growth of Candida albicans, Proteus 
sp., and Streptococcus pyogenes. However, the isolation of the active ingredient of this extract was not reported (Zhang 
et al., 2018).

Indole alkaloids (talathermophilins) of six different types were isolated from the thermophilc fungus Talaromyces 
thermophilus strain YM3-4. Compounds 1 and 2 were identified as new analogs of the precursor notoamide E, com-
pound 3 as a novel analog of prechinulin, and compound 4 (which was isolated for the first time) as a naturally 
occurring cyclo(glycyl-tryptophyl). The metabolite profile of this thermophilic fungus revealed the presence of a bio-
synthetic pathway for talathermophilins (Guo et al., 2011). Talathermophilins A and B were isolated from the thermo-
philic fungi T. thermophilus strain YM1-3, which was identified by NMR and MS spectroscopic analyses (Chu et al., 
2010). Five new polyketides produced by Myceliophthora thermophila were found to exhibit cytotoxicity against vari-
ous cell lines such as A549, Hep3B, MCF-7, and HepG2 whose IC50 values ranged between 0.25 and 1.30 g/mL. The 
EtOAc (ethyl acetate) extract of Malbranchea sulfurea mycelium showed cytotoxicity against various cancerous cell 
lines. Chromatographic separation of this extract revealed six photosensitive polyketides, namely, Malbranpyrroles 
A–F. Flow cytometric analysis of these compounds showed their ability to inhibit some cellular signaling pathways 
and arrest the cell cycle of cancerous cell lines at the G0 phase (Zhang et al., 2018).

T. thermophilus is known to produce macrocyclic PKS-NRPS hybrid metabolites that belong to a specific family of 
natural products (Guo et al., 2012). A 13-membered lactam-bearing macrolactone, that is, thermolides A–F (1–6), was 
also reported in the PKS-NRPS hybrid metabolites of T. thermophilus. Among these thermolides, two molecules with 
LC50 values of 0.5–1 mg/mL exhibited strong inhibitory action against three nematodes. Myceliophthora thermophila 
has been reported to produce a range of biomolecules that can be exploited in a variety of industrial applications. 
Estatin A and B isolated from M. thermophila M4323 culture filtrate were found to have a trans-epoxysuccinic acid, 
an agmatine, and l-tyrosine or l-phenylalanine moieties in their structure. Estatins are known to specifically inhibit 
thiol proteases such as papain, ficin, and bromelain as well as suppress the production of IgE antibodies in mice; 
however, they failed to suppress IgG and therefore can be used in therapeutics (Yaginuma et al., 1989). Clavatustides 
A–B obtained from Aspergillus clavatus C2WU, isolated from the crab Xenograpsus testudinatus, were found to show 
significant suppression of HepG2 cell proliferation in a dose-dependent manner. Moreover, the cell cycle analysis 
of this compound suggested that it could induce the arrest of the G1 phase and subsequently inhibit G1/S phase 
transition (Zhang et al., 2018).

Xylooligosaccharides (XOS) and fructooligosaccharides (FOS) have been reported to increase the occurrence of 
lactic acid bacteria such as Bifidobacteria and Lactobacillus in the gut that are used in the food, feed, and pharmaceu-
tical industries because of their ability to exert prebiotic effects and health benefits (Christakopoulos et al., 2003; 
Katapodis et al., 2003; Sadaf and Khare, 2014). Katapodis et al. (2003) reported that M. thermophila produced 12.5 g 
FOS/L in submerged fermentation with very high concentrations of sucrose, that is, 250 g/L. FOS was characterized 
as a mixture of 1-kestose, 6-kestose, and neokestose by acid hydrolysis and HPLC. Aldopentauranic acid (Acidic 
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XOS), produced from xylanases by the action of M. thermophila, was found to restrict the growth of several aerobi-
cally growing Gram-positive as well as Gram-negative bacteria, including Helicobacter pylori. Endoxylanase of M. 
thermophila was found to produce xylooligosaccharide at pH 7.0 and temperature 45°C (Sadaf and Khare, 2014). The 
increase in the presence of xylobiose, xylotriose, and xylotetraose level in 6 h up to 80%–82% was revealed by HPLC 
analysis. XOS must be free from xylose in order to find application in prebiotics and the food additive industry.

The branch of biosynthesis of nanoparticles is rapidly developing due to its ecofriendly and cost-effective nature. 
TEM analysis of silver nanoparticles biosynthesized by Humicola sp. revealed their spherical and satisfactory disper-
sal capacity. Cell viability assays on the NIH3T3 mouse embryonic fibroblast cell line and the MDA-MB-231 human 
breast carcinoma cell line using this nanoparticle demonstrated positive results (Syed et  al., 2013). Extracellular 
gadolinium oxide nanoparticles synthesized by a thermophilic fungus belonging to Humicola sp. bioconjugated with 
chemically modified taxol have been used to treat cancer (Khan et al., 2014).

5.6 Conclusions

Thermophilic fungi, despite being much less explored, have been playing an important role in nature as long as 
they have existed on Earth. Traditional culturing assays have led to the identification of approximately 100,000 spe-
cies of fungi, which comprises 1% of the microbial population. Among this, the proportion of thermophilic fungi is 
less than 0.1%. The nonculturable approaches have given new insights into the diversity of thermophilic fungi and 
have overcome the limitations of knowledge based upon culturable approaches. The multiple stresses encountered 
by thermophilic fungi in their habitats have led to various kinds of adaptations in their genome and proteome, which 
has made them suitable for various kinds of biotechnological applications. The understanding of survival mecha-
nisms of these fungi will open up horizons of evolutionary biology and astrobiology. The major interest of scientists 
in these fungi has been due to their ability to produce a wide range of enzymes that are thermostable and catalytically 
more efficient compared to their mesophilic counterparts. The genome annotations of thermophilic fungi revealed 
their complex molecular structure and enabled the cloning and expression of genes encoding enzymes into suit-
able hosts for overexpression to meet industrial demands. Thermophilic fungi are now gaining attention other than 
just for composting in bioremediation, biotransformation, biofuel production, production of bioactive compounds, 
and increasing soil fertility. Metagenomics and metatranscriptomics should be employed to explore this group on a 
global scale to get a fair picture of their diversity as well as understand their complexity and the functional role they 
played in their niche.
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6.1 Endophyte

The word “endophyte” refers to the Greek word “endon,” which means “within,” and “phyte,” which means 
“plant”; it was first coined by de Bary in 1866. “Endophytic fungi are growing within the living plant tissues without 
causing any pathogenic effects” (Stone et al., 2004). Endophytic fungi reside inside the plant tissue and grow within 
the leaves, stems, or roots, forming new hypha within the cells of host plants (Bacon and White, 2000). Studies on 
endophytic fungi began nearly 2000 years ago. Fossils that are 400 million years old have shown that plants were 
being colonized with endophytic fungi. Krings et al. (2007) reported that the Rhynie chert plant Nothia aphylla was 
colonized by three fungal endophytes.

6.2 Characteristic features of endophytic fungi

Fungal endophytes are found in a diverse group of host plants such as algae, bryophytes, pteridophytes, gymno-
sperms, and angiosperms in the Arctic, the Antarctic, deserts, geothermal soils, oceans, mangroves, rain forests, and 
coastal areas (Kharwar et al., 2011). The first symptomless endophytic fungi were isolated from the seeds of Lolium 
temulentum by Wilson in 1898. The endophytic fungi Kabatiella bupleuri was isolated from Bupleurum gibralfarium, 
which is endemic to southern Spain (Bills et al., 2012). Joseph and Priya (2011) reported that endophytes produce 
phytohormones and other different bioactive compounds useful for biotechnological and pharmaceutical drugs. For 
example, the novel compound KL-4 was isolated from the fungal strains of the medicinal plant Gloriosa superba, and 
it shows antifungal and anticancerous activities (Elsebai et al., 2013).

Endophytic fungi have colonized various plant parts such as petioles, leaf, buds, inflorescences, fruits, seeds, 
stems, and roots as well as the dead cells of plants (Stępniewska and Kuźniar, 2013). The endophytic fungi population 
in plants varies from species to species and depends upon environmental conditions and host specificity (Dudeja 
and Giri, 2014). Roopa et  al. (2017) reported the dominant fungi Fusarium oxyspermum, Penicillium notatum, and 
Pestalotiopsis from the Salacia species S. chinensis, S. oblonga, and S. fruticosa, respectively.

Endophytic fungi are found in the intracellular spaces of plant parts without causing any visual symptoms of 
their presence (Corrêa et al., 2014). They are abundant in a terrestrial environment and show various interactions 
with their host plant such as mutualism, antagonism, and occasionally parasitism (Nair and Padmavathy, 2014). 
Endophytic fungi have the capacity to produce different kinds of enzymes and biologically active secondary me-
tabolites (Corrêa et al., 2014). For example, the antibacterial compound scandenin was isolated from Derris scandens 
(Otieno et al., 2015). Endophytic fungi not only enhance plant growth, but also improve the tolerance of the host 
plant under various abiotic and biotic stress conditions as well as help the plant adapt to new habitats (Lugtenberg 
et al., 2016).
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6.3 Host specificity

Host specificity is the relationship in which the endophytic fungi are restricted to multiple groups or a single host 
of a related species, but host specificity does not occur in other unrelated plants in a similar habitat (Photita et al., 
2001). Some endophytes are specific to the host. These endophytes prefer the host with the presence of a specific com-
pound. However, the presence of a given compound could not guarantee the presence of a given endophyte (Clay, 
1988). For example, the endophytic fungi Acremonium species colonizes within the grass species Lolium perenne (Clay 
and Schardl, 2002). Huang et al. (2008) gave evidence for host preference, spatial heterogeneity, and tissue specificity 
of the endophytic fungi within the host plant. Some endophytic fungi show tissue-specific interactions. Chaetomium 
globosum was isolated from the seed coats of Canavalia catharhica (Seena and Sridhar, 2004). Endophytic fungi af-
fect plant growth through antagonistic fungal-fungal interactions (Lugtenberg et  al., 2016). Interactions between 
the pathogenic fungi Ustilago maydis and the endophyte Fusarium verticillioides within a shared host plant show a 
reduction in pathogen growth by secreting secondary metabolites (Estrada et al., 2012). The associations between en-
dophytic fungi and plants are affected by genotypic interactions between the host and the endophytes. The systemic 
grass endophytic fungi are tightly linked to the host genotype.

6.4 Bioactive compounds from endophytic fungi

Endophytes have been well documented for their role in producing a number of bioactive compounds, es-
pecially secondary metabolites. Secondary metabolites do not directly take part in growth and development, 
but are produced after the log growth stage of the fungi. These metabolites are species-specific and exhibit a 
very wide range of structural type (Stone et al., 2004). Secondary metabolites comprise alkaloids, terpenoids, 
peptides, steroids, polyketones, quinols, phenols, flavonoids, and chlorinated compounds (Owen and Hundley, 
2004). Some of the endophytic fungi producing bioactive compounds as well as their hosts and applications are 
shown in Table 6.1.

Endophytic fungi Host plant Compounds Uses References

Taxomyces andreanae Taxus brevifolia Paclitaxel Anticancer agent Stierle et al. (1995)

Fusarium subglutinans Tripterygium wilfordii Subglutinol A and B Immunosuppressive drug Lee et al. (1995)

Cytonaema sp. – Cytonic acid A and B Human cytomegalovirus 
inhibitor I

Guo et al. (2000)

Phomopsis sp. Garcinia sp. Phomoxanthone A and B Antitubercular activity Isaka et al. (2001)

Muscodor albus Cinnamomum zeylanium 1-Butanol-3 methyl-acetone Antibacterial activity Strobel et al. (2001)

Phomopsis longicolla Dicerandra frutescens Dicerandrols A-C Antibacterial activity Lim et al. (2010)

Eupenicillium sp. Murraya paniculata Alantryphenone, 
Alantrypenene, 
Alantryleunone

Insecticidal activity Barros and Rodrigues-Filho 
(2005)

Cephalosporium sp. Trachelospermum jasminoides Graphislactone A Antioxidant activity Song et al. (2005)

Colletotrichum dematium Pteromiscum sp. Collutelin A Immunosuppressive activityRen et al. (2008)

Phomopsis sp. Viguiera arenaria 3,4-Dimethyl-2-5-methoxy-
tetrahydrofuran

Trypanocidal activity Verza et al. (2009)

Mucor sp. Taxus chinensis Taxol Anticancer agent Zhou et al. (2009)

Phomopsis archeri Vanilla albindia Phomoarcherins A-C Antimalarial activity Hemtasin et al. (2011)

TABLE 6.1 Bioactive compounds produced by endophytic fungi isolated from host plants.
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6.5 Endophytic fungi producing anticancer compounds

Cancer is one of the major diseases worldwide. The progress of cancer is from the tumor to entering the blood, 
a lymphatic system that later forms new tumors. There were 14.1 million new cancer cases reported by the World 
Health Organization’s (WHO) GLOBOCAN in 2012 and 8.2 million deaths reported worldwide. Over the next 
two decades, that is expected to increase to 22 million (Torre et al., 2015). Anticancer drug therapy is very ex-
pensive, causing a high financial burden. The anticancer plant population is reduced due to overharvesting and 
illegal exploitation (Kala, 2000). Endophytic fungi are an alternative resource to produce anticancer compounds 
from plants. There have been reports of various alkaloids being produced by endophytic fungi that have been 
considered to be bioactive agents against cancer (Kharwar et al., 2011). The fungal endophyte Taxomyces andre-
anae that produced the first anticancer agent Paditaxel is a diterpenoid isolated from the plant Taxus brevifolia, 
as reported by Liu et al. (2013). They determined the antiproliferative activities of compounds isolated from the 
endophyte Phomopsis cassiae from Cassia spectabilis against cervical cancer. Zhou et al. (2009) found taxol as one of 
the anticancer compounds from Mucor sp. isolated from the plant Taxus chinensis. Miller et al. (2006) reported an 
association of the endophyte Lasiodiplodia theobromae in plant Morinda citrifolia that produced taxol, which shows 
cytotoxic effects on MCF-7 cells. Three fungal endophytic fungi isolated from Miquelia dentata produce campto-
thecin, 9-methoxy-camptothecin, and 10-hydroxy-camptothecin. The ethyl acetate and methanol extracts of these 
endophytes showed anticancer activity against colon and breast cancer (Shweta et al., 2013). Wang et al. (2015) 
reported the cytotoxicity of seven terpenoid compounds, Arisugacin B, G, J, F, I, territrem C, and territrem B, from 
the fungus Penicillium sp. against the Hela, K562, and HL-60 cancer cell lines. Compounds isolated from Phaleria 
macrocarpa showed antiproliferative activities against human breast adenocarcinoma (Tjandrawinata et al., 2010). 
The metabolite cytosporone B produced from an endophyte was reported to be an antioxidant and have antican-
cer activity (Ahn et al., 2008).

Endophytic fungi Host plant Compounds Uses References

Fusarium solani Taxus baccata 1-Tetradecene, 
8-pentadecanone, 
8-octadecanone, 
10-nanodececanone, 
Octycyclohexane

Antibacterial activity Tayung et al. (2011)

Lasiodiplodia theobromae Morinda citrifolia Taxol Anticancer agent Pandi et al. (2011)

Diaporthe sp. Pandanus amaryllifolius Benzopyranone
Diaportheone

Antivirulent activity Bungihan et al. (2011)

Phoma sp. Cinnamomum mollissimum 5-Hydroxyramulsin Antifungal activity Santiago et al. (2012)

Fusarium sp. Cajanus cajan Cajaninstilbene acid, 
3-hydroxy-4-prenyl-
5-methoxystilbene-2-
carboxylic acid

Antioxidant activity Zhao et al. (2013)

Aspergillus sp. – Pseurotin A and D, FD-
838, 14-norpsurotin A, 
Fumoquinone

Antileishmanial activity Domingo et al. (2012)

Pestaliopsis mangiferae Mangifera indica 4-(2,4,7-Trioxa-bicyclo 
[4.1.0]-hepta-3-yl)

Antifungal activity Subban et al. (2013)

Penicillium sp. Alibertia macrophylla Xylorenones F and G Antiinflammatory 
properties

Gubiani et al. (2014)

Colletotrichum sp. Artemisia annua Colletonoic acid Antibacterial and antifungal 
activities

Hussain et al. (2014)

TABLE 6.1 Bioactive compounds produced by endophytic fungi isolated from host plants—cont’d
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6.6 Antifungal compounds

Subbulakshmi et al. (2012) determined the antifungal activities of the endophytes Alternaria spp., Fusarium sp., 
Colletotrichum gloeosporioides, and Pestalotiopsis sp., which were isolated from the Biota orientalis leaves that showed 
upregulated antifungal activity against Beauveria bassiana and Candida albicans. An extracellular compound pro-
duced by the endophyte Phoma sp., isolated from Cinnamomum mollissimum, consisted of the polyketide compound 
5- hydroxyramulsin. Santiago et al. (2012) proved that the extracted compound demonstrated higher activity against 
the fungi Aspergillus niger. The endophytes Lasmenia sp., Ophioceral tenuisporum, Xylaria cubensis, and Cyanodermella 
sp. were isolated from the host citrus plant, and Zanthoxylum and Cinnamomum showed a different level of antago-
nistic effect against phytopathogens such as Fusarium oxysporum, Alternaria solani, Botrytis cinerea, etc. (Huang et al., 
2012). The antifungal activities were studied against 33 endophytic pathogens that were isolated from the Calotropis 
procera leaves, where all the isolates that were tested against the pathogenic fungi Myrothecium verrucaria, C. globo-
sum, and Alternaria alternata showed higher antifungal activity against pathogenic fungi (Gashgari and Gherbawy, 
2013). Contrary to that, the steroidal compounds 6-ethoxy-5; 7,22-trieno-3,6-dione; 9-14-dihydroxyergosta-4; gano-
dermasidae D, 15-dihydroxyergosta-7; 22-diene-3-one and calvasterols from the fungi Phomopsis sp. that were asso-
ciated with the host plant Aconitum carmichaelii have shown weak antifungal activities (Wu et al., 2013). The phenolic 
compound 4-(2,4,7-trioxa-bicyclo[4.1.0]-hepta-3-yl) produced by the endophytic fungi Pestalotiopsis mangiferae asso-
ciated with the host Mangifera indica showed antifungal activity (Subban et al., 2013). Two novel antiinflammatory 
 eremophilane-type sequiterpene compounds, xylorenones F and G, were produced by the fungus Penicillium sp. that 
was associated with the plant Alibertia macrophylla, as shown by Gubiani et al. (2014). As per Hussain et al. (2014), 
Colletotrichum sp. produced the antifungal compound colletonoic acid isolated from the plant Artemisia annua.

6.7 Antibacterial compounds

In Artemisia annua, which is a medicinal plant, 10 steroidal compounds were isolated from the endophyte 
Colletotrichum sp. that were evaluated for bactericidal properties (Lu et al., 2000). Among those tested compounds, 
3b-hydroxy-ergosta-5-ene; 22-tertaene; 3-oxo-ergosta-4,6,8(14); 3b-hydroxy-5a; 3b,59-dihydroxy-6b-acetoxy-ergosta-7; 
22-diene 6-isoprenyl indole 3-carboxylic acid; 3b,5a-dihydroxy-6b-phyenylacetyloxy-ergosta-7; and 8a-epidoxy- 
ergosta-6 were effective at restricting the growth of Staphylococcus aureus, Pseudomonas sp., Sarcina lutea, and Bacillus 
subtilis. The antibacterial compounds dicerandrol A-C from the endophyte Phomopsis longicolla associated with the 
plant Dicerandra frutescens and the endophytic fungus Muscodor albus produced volatile compounds such as alco-
hols, ketones, esters, acids, and lipids isolated from the plant Cinnamomum zeylanicum. They have been reported to 
show effective antibacterial activity against S. aureus, Escherichia coli, B. subtilis, and Micrococcus luteus (Strobel et al., 
2001; Wagenaar and Clardy, 2001). Antibacterial activity against Leishmania sp. was demonstrated by the endophytic 
fungi Penicillium janthinellum from the plant Melia azedarach (Marinho et al., 2005). The antibacterial compound iso-
lated from Phomopsis sp. from Plumeria acutifolia is terpenoid. The compound found has shown antibacterial activities 
against various bacteria such as B. subtilis, E. coli, Klebsilla sp., Salmonella typhae, S. aureus, and Pseudomonas sp. (Nithya 
and Muthumary, 2010). The endophyte Fusarium solani associated with the plant Taxus baccata produced the com-
pounds 8-pentadecanone, 10-nanodececanone, 1-tetradecene, 8-octadecanone, and octycyclohexane, which showed 
antibacterial activity against the bacterial strains S. aureus, Shigella flexneri, Staphylococcus epidermidis, E. coli, S. subtilis, 
and Klebsiella pneumoniae (Tayung et al., 2011). The antibacterial activity of the fungi C. gloeosporioides, Alternaria sp., 
Pestalotiopsis sp., and Fusarium sp. isolated from the plants Pinus excels, Biotaorientilis, and Thuja occidentalis was tested 
by Subbulakshmi et al. (2012). The fungus Pestalotiopsis sp. from the plant Biota orientalis produces methanol extracts 
that were found to significant inhibit the growth of bacteria such as S. typhae and Streptococcus faecalis. The fungal 
endophyte produced from compound cytosporone B isolated from Pandanus amaryllifolius has moderate antibacterial 
activity (Bungihan et al., 2013).

6.8 Antioxidant Compounds

The higher production of free radicals mediates reactions that are mainly associated with diseases such as 
Alzheimer’s, cancer, etc. Antioxidants protect cells from damage by scavenging free radicals. Some antioxidant com-
pounds are approved for clinical applications, but there is a need to find effective new antioxidants. Endophytic 
fungi produce different antioxidant compounds (Chaudhry et  al., 2017). Various investigations have already 
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 revealed that compounds produced by fungal endophytes can be a potential source of antioxidants (Huang et al.,  
2006). The endophyte Cephalosporium sp. produced from the novel compound graphislactone A isolated from the 
plant Trachelospermum jasminoides showed stronger antioxidant activity (Song et  al., 2005). A natural antioxidant, 
3-hydroxy-4-prenyl-5-methoxystilbene-2-carboxylic acid, and Cajaninstilbene acid were isolated from the endo-
phytic fungi F. solani from Cajanus cajan (Kaul et al., 2012). The strong antioxidant compounds produced by endo-
phyte Xylaria sp. are from Ginkgo biloba.

6.9 Insecticidal compounds

Preventing ecological damage by minimizing the use of synthetic insecticides is currently gaining attention 
as a sustainable agricultural practice. The endophyte Muscodor vitigenus that was isolated from Paullina aullinoi-
des produced the compound naphthalene, which has shown insect repellent activity (Daisy et al., 2002). The fun-
gal endophyte Eupenicillium sp. isolated from the plant Murraya paniculata produced insecticidal compounds such 
as alantryphenone, alantrypinene, and alantryleunone (Barros and Rodrigues-Filho, 2005). The endophytic fungi 
Claviceps chaetomium and Claviceps purpurea isolated from the plant Achinatherum inebrians show insecticidal activ-
ity against Aphis gossypii (Shi et al., 2013). The endophytes Neotyphodium lolii, Neotyphodium coenophialum, Epichloë 
typhina, and Epichloë festucae from the stems and leaves of rye and other grasses produce the insecticidal alkaloids 
peramine and pyrrolopyrazine, which are harmless to mammals (Kaul et al., 2012).

6.10 Antiparasitic compounds

The parasites protozoa and helminths cause parasitic infections or diseases. The protozoan Plasmodium causes 
malaria, which is a parasitic disease that affect about 40% of the world’s population (Kaul et al., 2012). Two benzo-
quinone compounds, xylariaquinone and 2-chloro-5-methoxy-3-methylcyclohexa-2,5-diene-1,4-dione A, produced 
by the endophytic fungi Xylaria sp. have been determined to inhibit Plasmodium falciparum (Tansuwan et al., 2007). In 
Chagas’s disease caused by the parasite Trypanosoma cruzi, the compound 3,4-dimethyl-2-5-methoxy- tetrahydrofuran 
isolated from the fungi Phomopsis sp. associated with the plant Viguiera arenaria has shown trypanocidal activity 
(Verza et al., 2009). The aromatic compounds phomoarcherins A–C and sesquiterpenes from the endophytic fungi 
Phomopsis  archeri associated with the host plant Vanilla albindia have shown antimalarial activity against P. falciparum 
(Hemtasin et al., 2011). Five compounds—Pseurotin A, FD-838, PseurotinD, 14-norpseurotin A, and Fumoquinone—
produced by Aspergillus sp. show antileishmanial activity (Martínez-Luis et al., 2012).

6.11 Antiviral compounds

Much less work has been done on finding potential endophytic fungi to make antiviral compounds, which are 
static in the beginning stage. Fewer antiviral compounds are isolated from fungal endophytes. So far, cytonic acid 
B and A, two compounds that were isolated from the fungus Cytonaema sp., have been reported to be a human cy-
tomegalovirus inhibitor (Guo et al., 2000). The leaf endophyte isolated from Quercus coccifera produced hinnuliqui-
none, one of the antiviral compounds that has been evaluated as an effective inhibitor of HIV-1 protease (Singh et al., 
2004). Pestalotheol-C from the fungi Pestalotiopsis theae from an unidentified host tree has been determined to be a 
novel antiviral compound (Li et al. (2008)).

6.12 Antitubercular compounds

As per WHO, approximately 50 million people get infected and about 1500 people get killed by tuberculosis 
worldwide each hour (Kaul et al., 2012). The compounds phomoxanthone A and B, which were isolated from the en-
dophyte Phomopsis sp. inhabiting the plant Garcinia sp., showed antituberculosis activity against Mycobacterium tuber-
culosis (Isaka et al., 2001). The metabolites phomocnamide and phomonitroester produced by the fungi Phomopsis sp. 
from the host plant Garcinia dulcis exhibit antitubercular activity. The endophytic fungi Diaporthe sp. produced two 
compounds, benzopyranone diaportheone A and B, from the leaves of the plant P. amaryllifolius. These compounds 
show antivirulent activities (Bungihan et al., 2011).
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6.13 Immunomodulatory compounds

The isolation of various immunomodulatory compounds from fungal endophytes has been carried out. These im-
munomodulatory compounds are grouped as immunoregulatory and immunosuppressive drugs. The immunosup-
pressive drugs are used in the prevention of allograph refusal in transplant patients and are also used to treat certain 
autoimmune diseases. It has been shown that endophytic fungi have been produced with these immunomodulatory 
compounds. Two important immunosuppressive compounds (subglutinol B and A) have been isolated from the en-
dophyte Fusarium subglutinans, which resides in Tripterygium wilfordii (Kaul et al., 2012). The potent immunosuppres-
sive compound mycophenolic acid produced from fungal endophytes such as Penicillium, Byssochlamys, Aspergillus, 
and Saptoria sp. is used in organ transplantation and autoimmune disorders (Larsen et al., 2005). The compound 
Collutelin-A, which exhibits immunosuppressive activity, is produced from the endophyte Colletotrichum dematium 
of the host Pteromischum sp. (Ren et al., 2008).

6.14 Role of endophytic fungi

6.14.1 Role in the ecosystem

Endophytic fungi have great diversity in the ecosystem, and the plant-endophyte association shows various ben-
efits, which are described below.

6.14.1.1 Plant growth promoter
Endophytes produce some growth hormones that stimulate host plant growth. The endophytic fungus Sebacina 

vermifera from the host plant promotes plant development by inhibiting the endogenous synthesis of ethylene 
(Vonshak et al., 2003).

6.14.1.2 Nutrient uptake
Endophytic fungi take part in the uptake of nutrients such as C, H, N, O, P, etc., which are important for plant 

development. The fungus Cladosporium sphaerospermum isolated from the roots of Glycine max shows a higher amount 
of the bioactive compounds GA4, GA3, and GA7, which show maximum plant growth in soybean and rice varieties 
(Nair and Padmavathy, 2014).

6.14.1.3 Resistance to diseases
Endophytes produce certain antibiotic substances that inhibit pathogen growth and increase disease resistance 

indirectly by the host plant. The endophytic fungal strains Nodulisporum sp. and Cordana sp. showed effective ac-
tion against anthracnose infection in wild bananas, which is caused by the fungus Colletotrichum musae (Nuangmek 
et al., 2008).

6.14.1.4 Defense mechanism
By inducing defense mechanisms, endophytic fungi protect the host plants against different pathogens. Endophytes 

produce antibiotic substances that inhibit pathogen growth. John et al. (2014) proved that the barberry plant asso-
ciated with the endophytic fungi Piriformospora indica was antagonistic against Fusarium culmorum and Blumeria 
graminis.

6.14.1.5 Stress tolerance
Endophytic fungi play a vital role by protecting the host plant against various environmental stresses and also 

help plants adapt to new habitats (Friesen, 2013). Abiotic stresses include salination, extreme pH, drought, nutrient 
limitation, temperature, etc. Endophytic fungi help the plant adapt to abiotic stress by promoting plant growth and 
stimulating the biosynthetic pathway of phytohormones as well as nutrient uptake. Under drought stress condi-
tions, endophytic fungi help the host plant tolerate drought stress by producing phytohormone-like abscisic acid 
(ABA), which protects the plant from drought-induced oxidative damage by activating the antioxidant system and 
upregulating the stress-responsive genes (Khan et al., 2013; Bano et al., 2012). Under heavy metal stress conditions, 
endophytic fungi, when they are associated with the plant, have a higher heavy metal stress alleviation capacity in 
contaminated soils. Under cadmium (Cd) stress conditions, endophytic fungi associated with the roots of Exophiala 
pisciphila of Zea mays resulted in higher tolerance and lower phytotoxicity to Cd stress conditions (Wang et al., 2016).
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6.14.1.6 Insect and pest tolerance
Endophytic fungi protect host plants with their repellent properties to protect from insects and pests by producing 

different insecticidal, nematicidal, and pesticidal compounds. The fungus Hypoxylon pulicicidum produces nodulis-
poric acids (NAs) and indole diterpenes that exhibit insecticidal activity against insects such as fruit flies, dog fleas, 
mosquitoes, etc. (Suryanarayanan, 2013).

6.14.1.7 Biodegradation of ecological waste (phytoremediation)
Endophytic fungi are used as biocontrol agents in a newly efficient method for environmental remediation. The 

endophytic fungi Pestalotiopsis microspora has the ability to degrade the synthetic polymer polyester polyurethane 
(Russell et al., 2011).

6.14.1.8 Pigment production
Endophytic fungi play a crucial role in the production of pigments such as the orange pigment known as quercetin 

glycoside that was isolated from the endophytic fungi Penicillium sp. (Nair and Padmavathy, 2014).

6.14.2 Benefits to mankind

6.14.2.1 Pharmaceutical importance
Endophytic fungi associated with medicinal plants have involved the formulation of pharmaceutical prod-

ucts. The endophytic fungi A. alternata from Withania somnifera shows the production of different pharmaceutical 
products. Endophytic fungi such as Colletotrichum sp. isolated from medicinal plants shows the production of the 
 immune-suppressive drug Collutellin A. It also shows the different medicinal applications such as anticancer agents, 
antibiotics, siderophores, etc. (Abdalla and Matasyoh, 2014). The compound cryptocandin isolated from a number of 
endophytic fungi is effective against skin and nail diseases (Strobel and Daisy, 2003).

6.14.2.2 Use in agriculture
Presently, novel endophytic fungal strains have been rapidly used by farmers and are contributing to the increase 

in the economy of crop plants. P. indica growing in roots showed beneficial symbioses to crop plants, which helps 
to enhance the yield (Das et al., 2012). Some endophytic fungi have been commercialized to improve crops against 
water, drought, and salinization stress as well as climate change, etc., such as BioEnsure corn and BioEnsure rice.

6.14.2.3 Enzyme production
Many endophytic fungi are involved in the production of enzymes in their host plants. The endophytes Penicillium 

chrysogenum and A. alternata produce several enzymes such as tyrosinase, amylase, pectinase, gelatinase, xylanase, 
and cellulose isolated from the medicinal plant Asclepias sinaica. Large-scale enzyme production was carried out by 
submerged fermentation technology and the widely produced enzymes are invertase, lipase, lactase, pectinase, cel-
lulose, diastase, proteases, etc. (Rebello et al., 2017).

6.14.2.4 Application in biotechnology
Fungal endophytes produce invaluable bioactive metabolites that can be formulated as new drugs in biotechno-

logical processes. The five fungal strains isolated from the plant Dipteryx alata show the biotechnological potential 
(Molina et al., 2012).

6.14.2.5 Industrial use
Endophytic fungi have been recently used for industrial purposes such as in the fuel industry, food industry, etc. The 

volatile compounds alkenes, alkyl esters, alkanes, benzene derivatives, and polyaromatic hydrocarbons released by 
endophytes are similar or linked to the chemical compound families of diesel fuel. These compounds are also known as 
mycodiesels (Griffin et al., 2010). A number of endophytic compounds are used as flavoring agents in food.

6.15 Cocultivation

Cocultivation is a process that involves the culture of two or more microbes in the same in vitro environment 
(Bertrand et al., 2014). In this technique, two or more microorganisms competitively showing similar interaction for a 
nutrient is simultaneously cultured, playing a similar role in the natural microbial community (Marmann et al., 2014; 
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Kamdem et al., 2017). The main aim behind this cocultivation process is that some metabolite gene clusters will be 
stimulated, leading to the enhanced production of a known compound or the discovery of new molecules that are 
involved in competition in the presence of other neighboring microorganisms. Two endophytic fungi isolated from 
Nothapodytes nimmoniana—Colletotrichum fructicola SUK1 and Corynespora cassiicola SUK 2—were produced by CPT 
under single culture conditions. But under the cocultivation process, these fungi produced >   1.4-fold higher than 
monocultures of the two fungi (Bhalkar et al., 2016). Zhu et al. (2018) during cocultivation of Alternaria MG1 and 
Phomopsis XP-8 reported increased production of a simple form of lignin, pinoresinol having around 2.57-fold increase 
novel antibacterial and anticancerous activity and 1.18-fold increased production of pinoresinol monoglucoside.

Marmann et al. (2014) reported that the coculture of Fusarium tricinctum and B. subtilis under an in vitro environ-
ment showed enhancement of fungal metabolites and also produced several compounds that were not detected in 
the individual culture of either the fungi or bacteria. Most of the fungal products originate from F. tricinctum, where 
several fungal products were identified in this study of antimicrobial activity.

6.16 Epigenetic modulations

Waddington (1942) first used the concept of epigenetics, which is defined as genes that change their expression 
and regulation that are not dependent on DNA structures. Epigenetic modifiers are chemical compounds that mod-
ify the expression of genes without any variation in the DNA structure (Hu et al., 2013). This leads to a change in the 
expression of a gene of interest. There are two ways to treat endophytic fungi in culture by using epigenetic modifi-
ers. One is the use of chemical inhibitors such as DNA methyltransferase (DNMT) inhibitors and/or histone deacety-
lase (HDAC) inhibitors. The second is using inducers that are found to be effective in the improvement of a variety 
of secondary metabolites due to stimulating the transcription or silenced biosynthetic gene clusters (Cichewicz et al., 
2010). Magotra et al. (2017) studied the role of valproic acid, sodium butyrate, and suberoylanilide hydroxamic acid 
(SAHA). These three epigenetic modifiers affected the metabolic profile of Aspergillus fumigatus. The epigenetic mod-
ifier valproic acid resulted in an increase in the production of fumiquinazoline C by 10-fold. It was also revealed that 
valproic acid upregulated the genes involved in the biosynthesis of fumiquinazoline C.

Many modification strategies that include epigenetic modification and cocultivation have been used to trigger 
the silent gene clusters and enhance the production of existing and or new compounds that are not produced in an 
individual axenic condition (Aly et al., 2010; Bertrand et al., 2014).

6.17 Conclusions

Endophytes are associated with various plant species that are growing within the host tissue with different lo-
calization pattern. Some of them have host specificity. Endophytic fungi have the potential to produce similar bio-
active secondary metabolites as their hosts. They are already known for it and therefore there is a high demand for 
work in this field by the scientific community toward the isolation, characterization, and exploitation of endophytic 
fungi from medicinal plants (Gokhale et al., 2017). Endophytic fungi produce some bioactive compounds that have 
various biological activities such as anticancer, antifungal, antibacterial, antioxidant, insecticidal, antiviral, antipar-
asitic, antitumor, and immunomodulatory activity. Endophytic fungi play various ecological roles such as helping 
plants achieve better growth; improving the nutrient status of plants as well as tolerance against various biotic 
and abiotic stresses; resistance against various diseases; phytoremediation; producing various pigments; and weed 
management. Endophytic fungi are beneficial to mankind in various ways, such as endophytic fungi produce phar-
macologically important compounds that are used in medicine, agriculture, enzyme production, biotechnological 
applications, industrial applications, etc.

Thus, the importance of these endophytic fungi is to enhance the production of compounds from the fungi by 
various modifications in the culture medium. Epigenetic modification is one of the techniques used to accumulate 
higher quantities of a compound that is produced in very little quantity under in vitro conditions as well as the 
production of some new compounds that have pharmacological potential. Along with epigenetic modification, co-
cultivation is also been proved as a good experimental technique, aiming the ability to cultivate fungal endophyte 
with other endophytes or microbes, which may lead to enhancement of compounds and along with stimulation for 
the accumulation of several new compounds that were not produced by the single culture. Furthermore, research 
will be undertaken to isolate and identify metabolites with a broad spectrum of antimicrobial and pharmacological 
importance. There is also a need to enhance the production of existing and new compounds by various cocultivation 
and epigenetic modification techniques.
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7.1 Introduction

Lichens are the result of symbiotic associations of fungi and algae or cyanobacteria. The lichen-forming fungi 
generally synthesize many types of secondary metabolites, most of which are specifically unique in their own way. 
Mostly, advanced developments in analytical techniques and experimental methods have resulted in the identifica-
tion as well as the characterization of about 1050 lichen substances (including those found in cultures). Also, in the 
field of lichen chemotaxonomy and systematics, lichen secondary compounds have a various number of biological 
roles, including photoprotection against intense radiation as well as antiviral, antitumor, antibacterial, and antiox-
idant action mechanisms. These compounds are the most essential factors in the metal homeostasis and pollution 
tolerance of lichen thalli. Even though knowledge regarding the contribution of extracellular products toward the 
success of symbiosis of the lichen species has increased significantly in the last decades, their biotic and abiotic roles 
have not yet been totally and fully explored.

7.2 Lichens: A composite plant group

Lichens are the best example of a self-supporting, self-conducting, ecologically obligate in nature and a compos-
ite organism. They are usually a stable symbiotic association of a distinct and dissimilar group of organisms, that 
is, fungi and algae. In this association, the former is dominant in the organization while the photoautotrophic algal 
partner, either unicellular or filamentous, is present extracellularly, and hence classified under the kingdom Fungi. 
Initially, since the beginning of 1983, the name lichen belongs to its mycobiont (Voss et al., 1983). About 21% of the 
total fungi present in nature mostly have the ability to lichenize and establish a symbiotic association, and, partic-
ularly, act as a mycobiont (Honegger, 1991). Therefore, they constitute and combine to form the largest mutualistic 
group among the fungal group itself while only a few—approximately 40—genera have been known to be com-
plicated and involved as photobionts in the method of lichenization (Kirk et al., 2008). Lichens can also be broadly 
classified and divided into two types: macrolichens (morphologically larger forms and easily visible) consisting of 
foliose, fruticose, and squamulose forms; and microlichens (with crust-like microscopic morphology attached to 
the substratum) consisting of crustose disco-lichens, leprose forms, and terricolous and folicolous types of lichens. 
The thalloid type of the compactly exposed form of vegetative bodies of lichens altogether combines and consti-
tutes the most complex type and the aesthetically pleasing morphologies that have also been evolved by fungi 
during the past 600 million years (Yuan et al., 2005). Being the pioneering species in any ecological system, lichens 
help to create a suitable habitat and niche for other kinds of plants (such as bryophytes, pteridophytes etc.) in early 
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successional stages to render growth in that proximity. Here, lichens occupy an epiphytic habitat on the substrate 
trees and other plant parts that leads to excessive biomass measuring about several hundred kg/ha (Coxson and 
Nadkarni, 1995). From microscopic observations, lichens differentiate the variety of different kinds of tissues, in-
cluding the cortex (tissue covering and protecting the thallus and consisting of gathered and adhered hyphae), the 
algal layer (tissue in which algae in thallus is surrounded and supported by hyphae), the medulla (the basic tissue 
of the thallus consisting of loosely entangled hyphae), and rhizine (tissue projecting on the underside surface 
and sticking the thallus on a carrier), which are the structural characteristics of lichens (Yamamoto, 1990). Many  
lichens are extremely tolerant, which also makes them live as pioneers in the alpine zone or cold environments. Life  
under these extreme conditions correlates itself with the related production of a specific variety of the compound 
classes. Pharmacological and biochemical research on the lichen compounds went through a phase of the extraor-
dinary and advanced types of developments, as stated in the review of Culberson and Culberson (2001). These gi-
ants are well known for establishing new novel methods of chemical analysis of the secondary lichen compounds 
as well as documentation of the known secondary metabolites and their chemical profiles, structures, formulae, 
and applications (Culberson, 1963, 1972, 1974; Culberson and Kristinsson, 1970; Brodo et al., 2008). However, the 
scope for advancement is present in the field of science of lichenology and is evident to various molecular investi-
gation in the field of lichen taxonomy, pharmaceutical investigation and some other lichenological streams.

7.3 Lichens: An emerging and promising source for secondary metabolites

Lichens are a unique kind of organism that biologically produces many active metabolites with a certain num-
ber of effects that mainly include antibiotic, antimycobacterial, antiinflammatory, analgesic, antipyretic, antipro-
liferative, and cytotoxic activities. With so much potential, still only a limited number of lichen substances have 
been screened out and succeeded further for their biological activities and their therapeutic potential in the fields 
of science and medicine. This is certainly due to the main obstacles and difficulties that have been encountered in 
the process of identification and characterization of species as well as collection in bulk quantities, the isolation 
of pure substances for structural determination, and testing activities. In recent trends and a literature survey, 
the major possibilities for overcoming these present difficulties have arisen through some newly launched ad-
vanced techniques and methodologies. This includes axenic cultivation for the genuine range of production of 
compounds or new ones, the extraction of the focused compounds, or the production and synthesis of natural 
products or their derivatives for initial and final testing. Making maximum use of these new opportunities, the 
discovery of novel active metabolites that could serve as lead compounds is effectively facilitated with signifi-
cantly good results. At its original time, the evolution of a secondary metabolite pattern was vigorously studied 
using many kinds of approaches, including from the phylogenetic field. Yet the background from the field of mod-
ern genetics of the complex chemical pattern has not been understood so far. The occurrence of some compounds 
has been in a scattered form, suggesting that their production evolved either in parallel or ancient biosynthetic 
pathways have been abandoned in many lineages and conventions. At the least, studies on polyketide synthase 
genes from different kinds of specific lichen groups suggest a very high level of gene paralogy among them. Also 
in this context, clades of orthologous polyketide synthase genes, which are often shared with distantly related 
nonlichenized fungi, can be identified by their sequence similarities and their similar patterns of substitution rates 
at random. The functional assignment of the paralogs is nevertheless difficult and reasonable only in a very few 
rare situations. A global approach toward lichen metabolomic features appears to be important and very essential 
in further developing new and viable biotechnological procedures, which could afford some suitable amounts of 
the unique characterized lichen compounds.

Lichens synthesize a number of metabolites, the “lichen substances,” that comprise and constitute amino acid 
derivatives such as sugar alcohols, aliphatic acids, macrocyclic lactones, mono-cyclic aromatic compounds, qui-
nones, chromones, xanthones, dibenzo furanes, depsides, depsidones, depsones, terpenoids, steroids, carotenoids, 
and diphenyl ethers (Clix et al., 1984; Fiedler et al., 1986). Lichen compounds have been classified and divided 
into the following groups by Asahina and Shibata (1971) and Dayan and Romagni (2001a): (1) aliphatic lichen sub-
stances, which mainly include acids, zeorin compounds, and polyhydric alcohols; (2) aromatic lichen substances, 
which mainly include pulvic acid derivatives, depsides, depsidones, quinones, xanthone derivatives, diphenyl-
eneoxide derivatives, nitrogen-containing compounds, triterpenes, and tetronic acids; and (3) carbohydrates or 
polysaccharides. The more complex secondary compounds that are mainly a diverse class of terpenoids, alka-
loids, depsides, depsidones, anthraquinones, etc., are produced by different kinds of mechanisms. They are also 
produced as a result of the various biochemical changes occurring in the intermediates of the metabolic cycles of 
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lichen, which serve as a starting fuel. There are three major cycles involved (Fig. 7.1) for the production of second-
ary metabolites:

(a). Sikhimic acid pathway
(b). Mevalonic acid pathway
(c). Acetate-polymalonate pathway

The acetate-polymalonate pathway is the major pathway through which the majority of the secondary metabolites are 
produced (Culberson and Elix, 1989; Huneck, 2001). These include primarily lichen acids, mainly the primary β-orcinol 
derivatives, depsides, tridepsides, tetradepsides, depsidones, benzofurans, aryls, usnic acid and derivatives, polyphenolics, 
xanthones, anthraquinones, etc. The malonyl CoA and acetyl CoA serve as the precursor compounds. The sikhimic acid is 
mainly responsible for the production of pulvinic acid derivatives and a variety of disaccharides, polysaccharides, etc., from 
precursors such as amino acids, especially phenylalanine and polyols, which are produced as intermediates in the primary 
metabolism. The mevalonic acid pathway gives rise to the production of terpenoids, including diterpenoids, triterpenoids, 
sesquiterpenoids, carotenoids, sterols, etc., from the precursor compounds, including mainly acetyl CoA. These secondary 
compounds give these lichens a very characteristic smell, taste, and color, which strengthens the base of chemotaxonomy. 
These compounds in lichen serve many purposes, including self-protection through antiherbivory (Lawry, 1989) and anti-
larval actions (Emmerich et al., 1993) or nematicidal and insecticidal actions (Hesbacher et al., 1995).
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7.4 Lichens: Fungal enigmatic organisms

Lichens came as a consortium of two distinct and dissimilar components—the mycobiont and the phycobionts, 
which were defined as a composite organism. Lichen vegetation in India is dominated by more than 2500 species. 
Lichen secondary metabolites, especially the phenolics, depsides, and depsidones, are unique in their origin and 
are found nowhere else. Recently, immense attention has been paid to mainly highlight the biological roles of the 
secondary substances of lichens. These also have been found to possess a number of bioactivities such as antitumor, 
antibacterial, antifungal, antiinflammatory, and antioxidant.

In the course of evolution on Earth, lichens came as a result of the mutual interrelationship of algal and fungal 
cells. Thus, lichens can be defined as a composite organism consisting of two distinct and dissimilar components–
the mycobionts and the phycobionts. There are more than 20,000 known lichen taxa. As the fungal constituent has 
dominated the association, lichens traditionally now are also known and considered as the main lifestyle of fungi. 
The lichen secondary substance, more likely called lichen acids, are produced by them to combat the extreme envi-
ronment, which is their habitat. Still, these acids are very little understood and lack breakthrough studies. With the 
advancement in analytical techniques, the exploration of the novel herbal therapeutic pharmaceuticals has boomed. 
Lichens have been a promising candidate in this path of drug discovery (Karthikaidevi et al., 2009). Among these 
compounds, phenolic compounds have gained much attention in the last decade (Boustie and Grube, 2005) along 
with other compounds. Constant attempts have been made by scientists to classify these lichen substances. Asahina 
and Shibata (1971) and Dayan and Romagni (2001a) classified lichen acids into the following categories: (1) aliphatic 
lichen substances that include acids, zeorin compounds, and polyhydric alcohols; (2) aromatic lichen substances 
that include pulvic acid derivatives, depsides, depsidones, quinones, xanthone derivatives, diphenyleneoxide de-
rivatives, nitrogen-containing compounds, triterpenes, and tetronic acids; and (3) carbohydrates or polysaccharides. 
However, through folklore evidence from many European countries, it has been determined that lichens effectively 
cured pulmonary tuberculosis and were also used in the healing of wounds and skin disorders. Moreover, the re-
marks on the edible and medicinal uses of lichens are generally in scattered form (Chevallier, 1996). For the very first 
time, the occurrence or presence of antibiotic substances in lichens was reported by Burkholder et al. (1944).

In the 18th century (1700–1800 BC), Evernia furfuracea (L.) or (Parmeliaceae) was first used as a drug on its own 
(Launert, 1981). The current lifestyle pattern has led to the overusage of cosmetics for the protection and enrichment of 
the skin. However, in some ways, this practice is harming the dermal layer of our bodies. The changing environmental 
conditions, with excess humidity and rising temperature, are promoting dermatophytotic infections in humans and 
animals. Dermatophytose-causing fungal pathogens are a class of anamorphic fungus that is widely increasing day by 
day all over the world. They are the primary cause of diseases such as tinea capitis, tinea corporis, tinea inguinalis, tinea 
manuum, tinea unguium, tinea faciei, and tinea pedis (Wang et al., 2006). The formation and morphology of conidia (for 
asexual reproduction) by fungi called dermatophytes form the basis of their distinction into three genera: Trichophyton, 
Microsporum, and Epidermophyton. Keratin, which is found in humans is a protein that forms the building unit of our 
skin, nails, and shells, and serves as protective coating for our sophisticated body parts. It is made up of rich sulfur 
amino acid and cysteine with disulfide bridges and acetamide bonds. Thus, a much more stable protein with a fibrous 
nature and higher stability is obtained, giving the dermal layer flexibility and strength. Dermatophytes produce specific 
enzymes that catalyze the fungal penetration into the host keratin-rich tissues (Takiuchi et al., 1982; Mignon et al., 1998; 
Padhye and Weitzman, 1999). In the pathogenesis of infection caused by dermatophytes, many proteins and enzymes 
play important roles that not only affect the immune system but also produce hypersensitivity in the affected individual 
(Peres et al., 2010). Lichens, as a rich source of natural antifungals, can be a preferential alternate for synthetics.

7.5 Bioprospective values of lichens

Bioprospection, meaning the possible role in the biological world, can be defined as harvesting novel compounds 
for various medicinal and pharmacological uses. The term is more commonly used by the commercial sector. The 
treasure chest of active secondary compounds has compelled scientists to find and explore lichens. The day-to-day 
increase in the resistivity of pathogens toward synthetic antibiotics and other important drugs has led to the emer-
gence of herbal therapy, which may be costly but is reliable and not harmful.

But the slow-growing nature of lichens has been the reason for the major setback in exploring lichens, which 
are known for having more than 1000 secondary metabolites, of which 80% are unique to lichens and not reported 
yet from any other natural source. Lichens occurring mainly in the tropical regions of the country and are exposed 
to some of the most challenging and extreme climatic conditions, along with the various biotic and abiotic factors, 
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which determines the individual growth of the thallus. These factors mainly include rainfall, the bark chemistry, the 
temperature, and the presence of various other competing microorganisms in their niche, which may sometimes be 
pathogenic. Hence, it is a much healthier chance that a unique array of secondary metabolites, which may play a role 
in their own defense mechanism, may be present in these lichens (Galloway, 1992).

Lichens, mainly the foliose and fruticose types, have been well known for their lichen acids, which exhibit ex-
ceptionally good antibacterial and antifungal efficacy (Oksanen, 2006). Traditionally, Cetraria islandica (L.) was used 
to cure and treat mild inflammations of the oral and pharyngeal mucosa, dyspepsia, and a loss of appetite. In 
European folk medicine, C. islandica (L.) was previously used in the treatment of cancerous diseases (Chevallier, 
1996). Lichen substances are a unique specific array of secondary metabolites that mainly includes the lichen acids 
such as protocetraric acid, lecanoric acid, usnic acid, etc. and their various anomeric, optical, or isomeric deriv-
atives as well as many other forms (Fiedler et al., 1986). Various studies have limited their interest in the lichen 
chemistry and focused on the identification and characterization of lichen compounds of various classes and types 
from the natural thallus as well as the in vitro metabolized lichen compounds (Nash, 2008; Stöcker Wörgötter, 2008; 
Culberson and Elix, 1989). These compounds are unique in their origin because of the composite nature of the thalli 
and the intermediates utilized in their synthesis. The lichen acids also are of great importance as they form the 
basis of the microcrystallization test and color test for the identification of lichens and thus are of great taxonomic 
relevance in the chemotaxonomy of lichens (Culberson, 1969; Fehrer et al., 2008; Nelsen and Gargas, 2008; Nordin 
et al., 2007). Burkholder reported for the very first time the presence of antibiotic substances in lichens (Burkholder 
et  al., 1944). Several lichen metabolites were found to be active against Gram-positive organisms (Lauterwein 
et al., 1995). The antimycobacterial activity of lichen compounds was reported against nontubercular species of 
Mycobacterium (Ingolfsdottir et al., 1998). The well-known antibacterial topical drug on the market sold under the 
names “USNO” and “EVOSIN” throughout European countries has usnic acid as one of the major constituents 
(Dayan and Romagni, 2001a). Usnic acid is a very active lichen compound that is frequently used in pharmaceu-
tical and pharmacognosy preparations. Usnic acid and vulpinic acid (produced by mycobiont) are used as the cell 
division regulators of the autotrophic partner of lichen symbiosis (Backor et al., 1998). Lichen extracts have major 
cytotoxic activity in different degrees.

7.6 Lichens: Medicinal boon

In India, thousands of botanicals have traditionally been used as healthy therapeutic alternatives for all kinds of 
diseases. Many of these plants are commonly used even today. The medicinal values of Indian lichen have a long 
historical backdrop from ancient times. A component of spices as well as folklore drug charilla; lichens Parmelia sp. 
and Parmelia nepalense have their usage as aphrodisiac treatment of toothache and sore throat (Lal and Upreti, 1995; 
Kumar and Upreti, 2001; Kumar et al., 1996). Thamnolia vermicularis (Schwartz) Ach. (Icmadophilaceae) from the 
Western Himalayas is used as an antiseptic (Negi and Kareem, 1996). Heterodermia diademata (Talyor) D.D. Awas. 
(Physciaceae) was used for wounds, cuts, and bleeding injuries (Saklani and Upreti, 1992; Pandey, 2017; Pandey 
et al., 2018a,b). Many reviews have been discussed about the pharmaceutical potential and the biological activities 
of lichen substances (Huneck, 1999; Mueller, 2001; Yamamoto, 2000; Boustie and Grube, 2005). The medicinal use of 
lichens can be traced back to the 18th dynasty (1700–1800 BC) when E. furfuracea (L.) Mann or (Parmeliaceae) was the 
very first lichen to be used as a drug (Launert, 1981). Some lichens were claimed to be a good medicinal remedy in 
the case of cough, jaundice, and rabies as well as restoring lost hair. On an overall basis, lichens can also be regarded 
as sources of herbal compounds with multifold utilities.

7.7 Lichen acids as a potential bactericidal compound

Pathogenic microbes are a major threat to human health and have currently been the most prevalent cause for in-
stitutional health care settings. Growing antibiotic resistance is an associated concern (Babita et al., 2008). The rapidly 
increasing population has also increased pollution at an alarming rate. Therefore, several fatal bacterial, viral, proto-
zoal, nematodal, and fungal diseases have emerged that are somehow related to water, either for their dispersal or 
their growth. Waterborne diseases, in particular diarrheal diseases, alone cause 2.2 million deaths per year of the total 
water-related deaths of 3.4 million (WHO, 2003). This death toll has only increased in recent years and will continue 
to increase until effective measures for its prevention are taken on a global scale. Even our Indian Constitution gives 
us the right to clean drinking water under Articles 21 and 39(a) and 39(b). The tropics and subtropical regions have 
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the most favorable climatic conditions that are suit for the spread of epidemics caused by such diseases. Waterborne 
bacterial diseases are among the most favorable causes in tropical countries for disease epidemics. The main physico-
chemical properties of water that determine its purity are turbidity (clarity), taste, odor, color, and pH. As a universal 
solvent and a key component of the human body, water is the most suitable for disease dissemination. Biologically, 
water quality is determined by its BOD, COD, coliform count, etc. The presence of a large amount of organic pollut-
ants in the local vicinity has led to the emergence of waterborne bacterial diseases. These include some of the most 
fatal diseases such as fecal dysentery, diarrhea, cholera, typhoid fever, etc., caused by bacterial pathogens, mainly 
Escherichia coli, Salmonella typhimurium, Shigella dysenteriae, Vibrio cholerae, Klebsiella pneumoniae, Bacillus subtilis, and 
Streptococcus aureus. The current disturbing element is the multidrug-resistant and biofilm-forming bacterial pop-
ulation, which is daily emerging as a huge problem for the medical industry while killing patients. Regarding the 
bactericidal effects of lichen metabolites, they have mostly been tested upon Bacillus, Pseudomonas, E. coli, S. aureus, 
Klebsiella, Candida, Salmonella, Yersinia, and Proteus sp. (Yilmaz et al., 2004; Karagöz et al., 2009; Martins et al., 2010; 
Manojlović et al., 2010; Ranković et al., 2010; Santiago et al., 2010; Swathi et al., 2010; Zambare and Christopher, 
2012). Rankovic et al. (2008) studied the antibacterial action of lichen substances such as physodic acid, usnic acid, 
atranorin, and gyrophoric acid derived from the natural thalli of the lichens Hypogymnia physodes, Parmelia caperata, 
Physcia aipolia, and Umbilicaria polyphylla against Gram-positive and Gram-negative bacteria. The antibacterial po-
tential of parmelloid lichens is much evident from the studies, which were carried out upon the acetone extract of 
Hypotrachyna cirrhata and Flavoparmelia caperata, and that was found to be effective against V. cholerae, K. pneumoniae, 
and S. typhimurium (Pathak et al., 2015).

7.8 Lichen acids as a potential fungicidal compound

In daily life, not only are enterobacterial diseases prevalent, but so are a variety of fungal infections. Skin, which 
is the outermost covering of our body, largest sensory organ and highly protective in nature, is exposed to a variety 
of pathogenic microflora, including both bacteria and fungi. The chances of infection are aggravated when there 
is any wound or the skin is damaged. Fungal cutaneous generally produces boggy nodular swelling called ker-
ion (Dias et al., 2013). A group of filamentous keratinophilic fungi–Trichophyton, Microsporum, and Epidermophyton, 
commonly known as dermatophytes–cause prevalent skin infections called cutaneous mycoses (Peres et al., 2010). 
Dermatophytes produce specific enzymes that catalyze the fungal penetration into the host keratin-rich tissues 
(Padhye and Weitzman, 1999). These pathogenic fungi associated with dermatophytoses are a class of anamorphic 
fungus. Globally, they are responsible for diseases such as tinea capitis, tinea corporis, tinea inguinalis, tinea man-
uum, tinea unguium, tinea faciei, and tinea pedis (Wang et al., 2006). Reports coming from each corner of the world, 
have time to time ascertained about the occurrence of dermatophytes. Individuals from 16 European countries in-
volved in a study showed that 35%–40% suffered from infection of the foot (tinea pedis) caused by dermatophytes 
(Burzykowski et al., 2003). The World Health Organization estimated that dermatophytes affect approximately 25% 
of the total world population (Peres et al., 2010). Apart from the wide prevalence, dermatophytes have exhibited 
resistance against the antifungals griseofulvin, terbinafine, and fluconazole (Peres et al., 2010; Stephenson, 1997; 
Wingfield et al., 2004; Smith et al., 1986; Orozco et al., 1998). Lichen acids have been found to be a very good and 
beneficial alternative for the synthetic class of fungicides, especially the azoles, which are associated with a high re-
occurrence of the disease even after the completion of the medication course. A number of higher plants have been 
reported as with lichens against Malassezia (Dikshit et al., 2012). The phenolic compounds and their derivatives in 
lichen have been proved to be detrimental for pathogenic microbial fauna. These kinds of substances, in general, 
acidify the microbial cell wall, and consequently they cause the cytoplasm membrane to rupture, inactivate, or 
immobilize the enzymes and interfere with physiological functions such as electron transport, oxidative phosphor-
ylation, etc. (Randhir et al., 2004; Vattem et al., 2004; Mueller, 2001). In a study focusing on a huge number of lichens 
and their cultured symbionts for their antibacterial and antioxidant activity, researchers came to the conclusion 
that mycobiont and photobiont cultures of Usnea ghattensis and Arthothelium awasthii have very high antioxidative, 
antibacterial, and antifungal potential.
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8.1 Introduction

More than 185,000 species of lichens have been recognized throughout the world. Lichens are a diverse set of sym-
biotic organisms of a fungal companion referred to as a mycobiont in a relationship with partners that are capable of 
photosynthesizing, called a photobiont. Essentially, these photobionts can belong to Chlorophyceae, Cyanophyceae, 
or both families (Nash, 2008). About 40 genera, including 25 green algae and 15 cyanobacteria, are involved as pho-
tosynthetic partners in the formation of lichens. The fungal group of Ascomycota accounts for 98% of the fungal 
partners in lichen associationship, with the next being the Basidiomycota and anamorphic fungi (DePriest, 2004). 
Within the class of ascomycetes, all lichen fungi generally cater to classes such as Sordariomycetes, Lecanoromycetes, 
or Eurotiomycetes (DePriest, 2004). Lichens form a diverse group of organisms and can be found across the globe 
in a varied array of habitats. They are found in the Arctic, tropical to temperate regions, flatlands to mountainous 
ranges, and a few could even have been spotted in marine to xeric conditions. They practically show a ubiquitous 
capability to colonize several substrates and can grow as epilithic or endolithic lichen (Millot et al., 2017), epiphytes, 
or on manmade substrates such as asbestos, construction material, etc. (Arino et al., 1997). Most of the well-studied 
lichens are terrestrial. The unique qualities of lichens allow them to respond and survive in threatening conditions. 
Evolution has favored these organisms to generate a large number of metabolites, for instance, chromones, dep-
sidones, depsides, depsones, and dibenzo furans. Lichens have been resourced for medicinal benefits for ages, as 
Lobaria pulmonaria and Cetraria islandica were operative in the cure of pulmonary tuberculosis. Studies on lichen 
biology increased during the mid-19th century. They hit the zenith when Zopf (Zopf, 1907) in his paper highlighted 
the pharmacological and structural facets of lichens and their secreted metabolites. Since then, lichens have gained 
prominence. Different classes of substances were identified from lichens. “Lichen substrates” or “lichen extracts” 
containing phenols, xanthones, sugars, dibenzofurans, and terpenoids were reported to display antibiotic, antiviral, 
antitumor, antifungal, and herbicidal activities (Emsen et al., 2016; Millot et al., 2017; Shrestha and St Clair, 2013). 
Lichens can be a possible resource of pharmaceutically advantageous compounds (Aragon et al., 2010; Zambare 
and Christopher, 2012). These metabolites are used for different consumable things such as perfumery, pollution 
monitoring, a reagent for dye, floral decorations, and dietary purposes. Lichen secondary metabolites are reportedly 
susceptible to heavy metals. They are important for metal homeostasis (Backor and Loppi, 2009). Besides this, some 
of these compounds from lichens show strong UV absorption properties, which are responsible for the lichen adap-
tation to high solar radiation exposure. These compounds have been used to make cosmetics such as sunscreens for 
skin (Solhaug and Gauslaa, 2012). Thus, in all, lichens form an interesting group of organisms that is gaining ground 
in the pharmaceutical industry. In this chapter, we broadly discuss the advent of these organisms in relation to their 
secondary metabolites.
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8.2 Classification of lichens

Due to different appearances and diverse forms, lichens are the storehouses of different types of secondary me-
tabolites with distinct biological properties. Structurally, lichens show several types of appearances, but the most 
prominent ones are crustose, foliose, fruticose, and squamulose (Watson, 1929). Crustose lichens are known for their 
encrusting structures that binge over and into the surface of their surroundings; they cannot be detached from their 
surface without flaking them off (Fig. 8.1A). Foliose lichens, on the other hand, are leaf-shaped lobes that lay out 
horizontally as a sheet over the surface. They are mainly anchored by threadlike roots and can be effortlessly scraped 
off with a sharp object (Fig. 8.1B). Fruticose lichens have a miniature plant-like and shrubby appearance with many 
branches. They can be easily removed by hand (Fig. 8.1C). The fourth lichen group is squamulose, and these are 
filamentous, leprose, and gelatinous. Squamulose lichens show tiny scale-like structures on their body and have a 
portion of their thallus lifted off the substrate to form “squamules.” Other than these types, some filamentous lichens 
are also present. They harbor chains of algal growth wrapped around with hyphal extensions of the fungi. Leprose 
lichens are an odd group of powdery lichens that never produces a reproductive body. In gelatinous lichens, cyano-
bacteria produce polysaccharides that absorb and hold water. Generally, the fungal partner produces secondary me-
tabolites and accumulates these compounds in its cortical part, for example, atranorin, melanins, parietin, and usnic 
acid. Otherwise, it harbors metabolites in the medullary region, for example, physodic acid, physodalic acid, and 
protocetraric acid. These acids appear in the form of extracellular crystals of the tiniest shape on the external surface 
of the hyphal outgrowths. The secondary metabolism of the mycobionts also has some impact by the photobionts. 
Lichens produce secondary metabolites often referred to as “lichen substances,” which comprise mainly xanthones, 
depsides, depsidones, dibenzofurans, and terpene derivatives. These metabolites sometimes make more than 30% of 
the total dry weight of thalli (Ranković, 2014).

8.3 Pathways for the biosynthesis of secondary metabolite production

Lichens speciously have developed numerous biosynthetic ways to produce an incredible range of complexes, 
mainly metabolites derived from shikimate, acetyl polymanolyl, and mevalonate (Fig. 8.2). The maximum of such 
metabolites is formed by the fungal partner in an aposymbiotic or symbiotic state (Lokajova et al., 2014). The most 
intriguing feature is that the metabolites produced by the lichens are habitually anatomically distinctive, with only 
a fraction of them being found in other fungal sources. Of late, it has been well studied that lichens themselves are 
efficient hosts for several other “associated” organisms such as other endo or epi-lichenic fungi and bacteria. This 
has generated a scope to understand another cryptic symbiotic association and its metabolites (Raina et al., 2018). 
Lichens produce both intracellular and extracellular compounds, with intracellular being the most essential ones 
as produced by most other organisms such as amino acids, carotenoids, proteins, polyols, sugars, and vitamins. 
These compounds are mainly products of both algal and fungal origin (Eymann et al., 2017). Extracellular secondary 
products are sources from the fungal partner of the lichens. However, it is interesting to understand that the carbon 
desirable for the generation of these fungal byproducts is resourced from the photosynthetic machinery of their algal 
partners.

FIG. 8.1 Different forms of lichens: (A) Crustose, (B) Foliose, and (C) Fruticose.
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The shikimic acid pathway produces several aromatic amino acids purposed as intermediates to make count-
less types of uncharted natural products from the lichen source. Letharia vulpina and Pseudocyphellaria crocata yield 
a yellowish pigment, vulpinic acid, and calycin from phenylalanine (Stocker-Wörgötter et  al., 2013b). It’s inter-
esting to know that earlier, vulpinic acid was used as a poison for animals. Polyporic acid was also reported in 
Pseudocyphellaria coronate, a species found in New Zealand (Wilkins and James, 1979). Numerous lichens such as 
Rhizocarpon and Acarospora have yellowish pigments that tinge on rock outcrops and surfaces (Purvis, 2014). 
Pulivinic acid is the only lichen phenol produced by the shikimic acid pathway (Edwards et al., 2003). The pig-
ments are made up of phenylpropane units, in which the third carbon of the lichen-derived acids is essentially an 
isopropyl unit. Terpenoids and steroids are formed by this pathway, for example, methyl aipolate isolated from 
Physcia aipolia (Brodo et al., 2013). The bulk of the compounds produced in lichens are via the most common sec-
ondary product biosynthesis pathway, that is, the polyketide pathway (Melo et al., 2011). Polyketides are generally 
formed through the acetate polymalonyl pathway by the assembly of polyketide synthase (PKS) enzymes. These 
enzymes are multienzyme protein complexes that harbor essential coordinates of chemically active sites. The bio-
synthesis of polyketides ensues in a sequential manner with building blocks starting from acetyl CoA, butyryl-CoA, 
 propionyl-CoA, and their activated derivatives (Pfeifer et al., 2001). The key reactive process is decarboxylative con-
densation. Phenolic metabolites that are common in lichens are orsellinic acid, phloroacetophenone, phthalide, and  
its related byproducts. A pure source of orsellinic acid was traced in the unique species Omphalodiscus spodochroa 
(Stocker-Wörgötter, 2008). Antrodia cinnamomea was reportedly another endemic species of Basidiomycetes from 
which derivatives of orsellinic acid were produced along with other antroquinonols (Yu et  al., 2017). Orsellinic 
acid and its related products are greatly known mononuclear conformational polyketide-derived lichen metab-
olites (Stocker-Wörgötter, 2008). On the other hand, phoroglucinol derivatives such as phloroacetophenone and 
usnic acid produced from Stereocaulon vesuvianium and Pseudevernia furfuracea are very common and have multi-
ple uses (Stocker-Wörgötter, 2008). These phoroglucinols are biosynthesized by an alternative cyclization reaction 
using a linear eight-carbon polyketide. Alectoria nigricans is an opulent source of phthalide derivatives such as  
5,7-dihydroxy-6methylphthalide and 5,7-dihydroxy-6-formylphthalide (Stocker-Wörgötter, 2008). Besides these, 
depsides and other aromatic compounds are also biosynthesized by the condensation process of more than two 
hydroxybenzoic acids, in which one carboxyl group undergoes esterification with a phenolic hydroxyl assembly 
of the second molecule. Two altered moieties such as orcinol or b-orcinol linked by ether, ester, or linkages of car-
bon thus signify the presence of aromatic natural products. Lichens such as Lobaria scrobiculata and Lobaria amplis-
sima produce derivates of depsides, obtusatic acid, norobtusatic acid, decarboxythamnolic acid 7, and para- and 
 meta-scrobiculins (Culberson, 1967). The most common para-depsides are atranorin and chloroatranorin (Türk 
et al., 2006). Further aromatic compounds, for example anthraquinones, chromones, and xanthones, are generated 

FIG. 8.2 Significant pathways for the biosynthesis of secondary metabolites in lichens. The shikimic acid pathway, the mevalonic acid pathway, 
and the acetyl polymanoyl pathway are the three important pathways responsible for the generation of a magnitude of metabolic compounds.
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by the internal polyketide chain unit cyclization reaction. These products are alike products of other fungi or other 
angiosperms (Stocker-Wörgötter et  al., 2013b). Additionally, rhodocladonic acid, which belongs to naphthaqui-
nones and naphthazarines, is an existing pigment in lichens. This rhodocladonic acid gives a pinkish appearance 
to the thallus of Cladonia salmonea (Stocker-Wörgötter et al., 2013b). Macrolides are the major group of aliphatic 
polyketides, generated from acetyl-CoA and malonyl-CoA. This process is taken up by the reduction step, followed 
by aromatization and lactonization. Macrolides such as dasypoga-lactone can be isolated from lichen such as Usnea 
filipendula (Stocker-Wörgötter et al., 2013b). It has been studied of late that cellular processes such as differentiation 
are essential for the upregulation of the shikimic acid and poly malonyl biosynthetic pathways.

Other lichen metabolic colorants such as anthraquinones, xanthones produced by the acetyl pathway, rhizocar-
pic acid, calycin, and pulvinic dilactone produced from the shikimic acid pathway are photoprotective metabolites 
that aid in filtering the light that is transmitted to the photobiont. However, the distinctive naturally active com-
pounds, predominantly polyketides with rare colorations, are associated with the defense mechanisms of the para-
sitic mycobiont.

8.4 Methods for isolating lichen metabolites

With the rise of the metabolomics era, studies on the metabolites of lichens and the elucidation of their exceptional 
metabolic structures have become a lot easier. Undeniably, hundreds of specific metabolites of lichens have been cate-
gorized during the last decades by simpler techniques such as chromatography and spectroscopy. Most of these com-
pounds belong to prominent groups of phenols, quinones, ketides, and terpenoids. Sugars and sugar alcohols such as 
sucrose, arabitol, mannitol, and ribitol have been traced as plentiful in several lichens. These same sugar alcohols were 
found at augmented concentrations when the same set of lichens was sampled under desiccation stress. Consequently, 
the urge for a nontargeted approach became questionable, as some of the metabolites were environment-specific. 
Secondary metabolites from the lichens can be extracted from both preserved as well as fresh lichens. To identify these 
samples, chemical analysis is by far the most common approach. The modest method to carry out such an assessment 
is by spot tests. In such assays, a minuscule drip of a chemical reagent is placed directly onto the lichen part to see if 
there is an alteration in color. The chemicals routinely used for such assessments are solutions of calcium hypochlo-
rite, iodine, p-phenylenediamine, and potassium hydroxide. This kind of spot test is also doable on specific parts of 
the lichen because certain compounds may be present in some special parts within the lichen. The only drawback of 
this kind of spot test is their inefficiency in differentiating the broad range of compounds. For example, potassium 
hydroxide appears from bright red to purple with anthraquinones but a red to purple coloration also shows up with 
a potassium hydroxide spot, so such tests fail to give information as to which particular anthraquinone exists. The 
other setback is the concentration of a particular compound, which needs to be present at a very high dosage to be 
identified by a spot test. If the metabolites are present in very low concentrations, the metabolite molecules cannot be 
detected by our naked eye observation. Several secondary metabolites fluoresce under long exposure ultraviolet rays. 
Fluorescence also fails to discriminate within the range of broad classes of metabolites.

Thin layer chromatography (TLC) and high-performance liquid chromatography (HPLC) are the most relevantly 
used techniques to detect metabolites. These methods vary on the type of chromatography and method of extraction 
among different lichens. In general, a lichen extract is mobilized in a solvent background along with a thin layer of 
silica packed gel or columns packed with spherical silica particles. Different lichen substances will show different 
retention times while moving with the solvent, thereby allowing the study and recognition of the different sub-
stances in a test lichen. This method allows the identification of substances that are present in low concentrations 
as well (Bhattarai et al., 2008). Bhattarai et al. (2008) studied the composition of three lichen species prevalent in the 
Antarctic: Caloplaca, Lecanora, and Caloplaca. They noted the richness of antioxidant compounds. HPLC has an added 
advantage that allows a detailed analysis of the substances. This approach helps to figure out the presence-absence 
and also reveals the relative amount of metabolite present in the sample. HPLC coupled with mass spectrometry 
gives better-resolved data. Parrot et al. (2015) carried out such analysis on nine different species of lichens. They 
could detect compounds such as acetylportentol, choline sulfate, erythrin, lecanoric acid, lepraric acid, 1 β- orcinol, 
orsellinic acid, roccellic acid, and montagnetol as the main compounds. They could decipher the variation of the 
metabolite profile in different parts of two different species of the lichen Roccella, suggesting a precise role of ma-
jor compounds in the developmental stages of this kind of algae fungi association. With more technological ad-
vancement, the method of nontargeted H-NMR was used to define metabolite profiles from the basic extracts of 
lichens (Mittermeier et al., 2015). A very good study was carried out on alpine and Ecuadorian lichens collected 
from their natural niches (Mittermeier et al., 2015). This method also helped to profile metabolites in a genus- and  



 8.5 Properties of lichen metabolites 121

species-specific manner (Mittermeier et al., 2015). GSMS is another spectroscopic technique that has gained ground. 
For this technique, the methanolic extracts of lichens were prepared and MSTFA-derivatized (Pichler et al., 2017). 
These methods were undertaken to stabilize sugars in an open ring conformation and trimethylsilylated to produce 
thermally stable compounds (Pichler et al., 2017). The resulting derivatives were then injected into a gas chromato-
graph column attached to a triple quadrupole mass spectrometer. Each analysis was associated with retention time 
and a specific spectrum with defined mass-to-charge ratios (m/z). The comparison of this information with different 
databases allows the identification of metabolites. The ability to detect trace amounts of compounds may also enable 
the exploration of hitherto unknown biochemical processes. Metabolite profiling is particularly valuable to resolve 
open questions in lichenology, such as the molecular cross-talk and the chemical communication between the photo-
biont and mycobiont upon lichenization; it may also help to ascertain new biochemical pathways.

8.5 Properties of lichen metabolites

The uses of lichens are immense. Earlier, they were used as sources of food. Species such as Lecanora esculenta and 
C. islandica were important foods during past periods of hunger in polar regions. They were also a common feeder 
for arctic animals. They had uses in the textile industry as well. The advancements in lichen biotechnology are likely 
to deliver an operative method for a workable presentation of lichen products in perfumeries and pharmaceutics. In 
this section, we discuss some of the prolific properties of lichens and their applications in different fields. A summary 
is given in Table 8.1, mentioning the sources and activities of metabolites that have been highlighted over years of 
research.

8.5.1 Antibacterial and antifungal activity

The antimicrobial activity of secondary metabolites of lichens is the most studied. Some of the best-characterized 
lichen metabolites are usnic acid from Usnea ghattensis, Lecanora, Cladonia, and Parmelia (Cocchietto et  al., 2002); 
atranorin from Cladina kalbi (Rao and LeBlanc, 1965); stictic acid from L. pulmonaria (Ranković, 2014); gyrophoric 
acid from Parmelia tinctorum (Kumar and Müller, 1999); fumarprotocetraric acid from Cladonia verticillaris (Ranković, 
2014); lecanoric acid from Umbilicaria antarctica (Luo et al., 2009); and physodic acid and protocetraric acid from C. 
verticillaris (Edwards et al., 2003). They have strong antimicrobial effects against both bacteria and fungi (Ranković, 
2014). So far, usnic acid is an extensively studied metabolite of lichen metabolite profiling. The antimicrobial activities 
of specific lichen extracts have been analyzed for a decade (Cocchietto et al., 2002). Usnic acid appears as a yellowish 
pigment. It has been studied to be the product of the fungal partner and principally occurs as enantiomers having a 
difference in the 9b position of the methyl moiety (Cocchietto et al., 2002). Even though usnic acid was reported to 
be an absolutely rich lichen metabolite, some other closely related forms of this acid have also been isolated, such as 
usnic acid amide from Cercosporidium henningsii (Conover et al., 1992), phomodione and cercosporamide from Phoma 
sp. (Hoffman et al., 2008), and (−) mycousnin from Mycosphaerella nawae (Wang et al., 2017). It has been reported that 
usnic acid is a potent inhibitor of numerous Gram-positive bacteria while it’s harmless for Gram-negative bacteria 
(Lauterwein et al., 1995; Ingolfsdottir et al., 1985).

Other antimicrobial metabolites are noteworthy, such as alectosarmentin is effective against Staphylococcus aureus 
and Mycobacterium smegmatis; emodin and physcion are effective against Bacillus brevis; and evernic acid is potent 
against S. aureus and Bacillus subtilis. Not only are the secondary metabolites of the lichen effective, but so are their 
intermediate compounds. Candan et  al. (2007) reported that various extracts of Parmelia sulcata and compounds 
such as salazinic acid showed broad-spectrum antibacterial activity against many species of Bacillus, Staphylococcus, 
Streptococcus, Candida, Aspergillus niger, and Penicillium (Candan et al., 2007; Hoffman et al., 2008). Methanolic extracts 
of different lichens collected from the Antarctic regions such as Caloplaca regalis, Ramalina terebrata, and Stereocaulon 
alpinum showed antibacterial activity against bacteria that are generally Gram-positive (Kosanić and Ranković, 
2015). Dichloromethane and methanolic extracts sampled from Protousnea poeppigii had robust antifungal properties 
against fungi such as Trichophyton, Microsporum, Candida, Saccharomyces, and Aspergillus (Kosanić and Ranković, 2015; 
Schmeda-Hirschmann et al., 2008). The germination rate of ascospores of the species Sordaria fimicola was drastically 
inhibited by metabolites such as evernic and vulpinic acids (Whiton and Lawrey, 1984). Parietin, anthraquinone 
isolated from a methanolic extract of Caloplaca cerina, showed a significant antifungal property as well (Manojlovic 
et al., 2005). Cladonia furcata, Hypogymnia physodes, and Umbilicaria polyphylla from their aqueous extracts with acetone 
and methanol also displayed antimicrobial properties. Funiculosone, a substituted dihydroxanthene-1, 9-dione that 
was purified from Talaromyces funiculosus (Padhi et al., 2019), also showed antimicrobial activity. The extract from 
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Nephromopsis pallescens exhibited the strongest anti-Helicobacter pylori activity (Luo et al., 2011). Hence, there are nu-
merous well-studied metabolites that have gained prominence as antimicrobial agents.

8.5.2 Antiviral, cytotoxic, and antitumor activity

Some secondary metabolites of lichens display both cytotoxic and antiviral properties and could be used as possi-
ble cradles of pharmaceutically beneficial chemicals. The treatment of cervical cancer with usnic acid supplemented 
with zinc sulfate after radiotherapy stimulates reepithelization and reduces the reappearance of this disease (Emsen 
et al., 2018). Usnic acid extracted from Ramalina celastri showed precise antiviral activity against the Arenaviridae Junin 
and Tacaribe viruses (Fazio et al., 2007). The growth of human cancerous cells (breast and lung cancer) can also be 
reduced by this acid (Yang et al., 2016). Usnic acid is a potential hepatotoxic agent as tested on murine hepatocytes 
(Han et al., 2004). Usnic acid works as an uncoupler of the electron transport chain (ETC). It causes oxidative stress by 
retarding the mitochondrial processes in cells (Han et al., 2004). Usnic acid, along with another metabolite atranorin, 

Metabolite Organism Activity References

Atranorin Cladina kalbi, Placopsis sp. Photoprotection, antiherbivory, 
pollution monitoring

Rao and LeBlanc (1965), Giez et al. (1994), 
Edwards et al. (2003)

Barbatic acid Heterodea muelleri Impairs the function of  
photosystem II, allelochemical

Nishitoba et al. (1987)

Boldine Hypotrachyna sp. Antioxidant activity, 
antiinflammatory, photoprotection

O’Brien et al. (2006)

Depsidones Hypogymnia physodes Antiviral, pollution monitoring Rao and LeBlanc (1965), Hauck (2008)

Diffractaic acid Heterodea muelleri Antifungal, analgesic, antipyretic Nishitoba et al. (1987), Dayan and Romagni 
(2001, 2002)

Divaricatic acid Protousnea malacea Antioxidant Hidalgo et al. (1994)

Emodin Xanthoria Antiviral Cohen et al. (1996), Semple et al. (2001)

Evernic acid Usnea fasciata Antitumor activity, allelopathy 
against higher plants, mosses

Whiton and Lawrey (1984), Nishitoba et al. 
(1987), Armstrong and Welch (2007)

Fumarprotocetraric 
acid

Cladonia verticillaris, C. islandica Antibacterial, antioxidant  
activities

Giez et al. (1994), Ranković (2014)

Lecanoric acid Umbilicaria antarctica, 
Pseudocyphellaria crocata

Antimicrobial, antioxidant, 
allelochemical

Nishitoba et al. (1987), Luo et al. (2009)

Stictic acid Lobaria pulmonaria, Xanthoparmelia 
camtschadalis, X. conspersa

Antihervivory, antimicrobial Giez et al. (1994), Ranković (2014)

Osrsellinic acids Pseudocyphellaria crocata Allelopathy against higher plants Nishitoba et al. (1987)

Parietin Caloplaca cerina Antiviral, antimicrobial, 
photoprotection

Manojlovic et al. (2005), Fazio et al. (2007), 
Legouin et al. (2017)

Physodic acid Cladonia verticillaris, Pseudevernia 
furfuracea

Antibacterial, antitumorous, 
pollution monitoring

Edwards et al. (2003), Emsen et al. (2016)

Pulvinic acid Chrysothrix chlorine, Candelariella 
coralliza

Antioxidant, antiherbivory Chawla et al. (1979), Giez et al. (1994)

Salazinic acid Parmelia sulcata Antibacterial, antioxidant Candan et al. (2007)

Usnic acid Usnea ghattensis, Evernia,  
Lecanora, Cladonia, Parmelia,  
Roccella montagnei

Antimicrobial, antipyretic,  
analgesic, antiviral, hepatotoxic 
agent, antiinflammatory

Giez et al. (1994), Okuyama et al. (1995), 
Vijayakumar et al. (2000), Cocchietto et al. 
(2002), Han et al. (2004), Fazio et al. (2007), 
Amo de Paz et al. (2010), Wang et al. (2017)

Vulpinic acid Letharia vulpine, Pseudocyphellaria 
crocata

Prevents herbivory, provides 
photoprotection

Whiton and Lawrey (1984), Legouin et al. 
(2017)

TABLE 8.1 List of secondary metabolites isolated from lichens that have been extensively studied and explored in the pharmaceutical 
industry.
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averts damage in the membrane potential across the mitochondrial membrane by activating caspase-3 (Bačkorová 
et al., 2012). Bezivin et al. found that the (−)-enantiomer of usnic acid isolated from Cladonia convolute caused murine 
cells with lymphocytic leukemia to face apoptotic cell death, and these metabolites were discreetly cytotoxic to vari-
ous other cancer-related cell lines (Bezivin et al., 2004). Emodin exhibits antiviral activity (Cohen et al., 1996; Semple 
et al., 2001). The soluble fraction of the methanolic extract of Ramalina farinacea is also a broad-spectrum source of an-
tiviral drugs against two devastating diseases, DNA (herpes simplex virus type 1 and adenovirus) and RNA (HIV-1 
and respiratory syncytial virus) viruses (Molnár and Farkas, 2010). This metabolite may prove to be a unique natural 
nongenotoxic anticancer drug. Parietin, a compound purified from Teloschistes chrysophthalmus, also exhibited viru-
cidal effects (Fazio et al., 2007).

Depsides and depsidones are effective against the human immunodeficiency virus (Stübler and Buchenauer, 
1996). Aliphatic alpha-methylene gamma- lactone isolated from C. islandica inhibited the reverse transcriptase of the 
HIV-1 virus (Pengsuparp et al., 1995). Lichen metabolites such as depside sphaerophorin from Sphaerophorus globosus 
and depsidone pannarin extracted from Psoroma pallidum, Psoroma pholidotoides, and Psoroma pulchrum retarded the 
proliferation of human melanoma cells (M14) by inducing programmed cell death (Russo et al., 2008). Some of the 
lichen polysaccharides show antitumor activity too. Acetylated pustulanes, barbatic, 4-O-demethylbarbatic, diffrac-
taic, evernic, lichesterinic acids, methyl gyrophorate, chrysophanol derivatives, and (c)-proto-lichesterinic acid are 
other metabolites possessing antiviral potential (Pereira et al., 1994). The antitumor prospectives of psoromic acid 
isolated from Rhizoplaca melanophthalma and olivetoric acid as well as physodic acid isolated from P. furfuracea were 
studied on human U87MG-GBM cell lines and rat cerebral cortex cells (Emsen et al., 2016). These studies highlight 
the broad role of lichen metabolites that paves their way into the pharmaceutical industry.

8.5.3 Antioxidant activity

Reactive oxygen species ( O2
• , •OH) and reactive nitrogenous species (NO) execute a vital function in many cellular 

procedures. The excessive release of these free compounds is related to unwanted side effects, leading to cell death. 
They affect overall cellular homeostasis. Natural antioxidants can be good substitutes for synthetic antioxidants, 
which are carcinogenic by nature. Lichens produce a broad range of secondary metabolites with strong antioxidant 
activities. Antioxidants generally impede the oxidation reaction by interfering with free radicals as well as by acting 
as a chelator of free catalytic metals and scavengers of oxygen. Metabolites such as 1′-chloropannarin isolated from 
Erioderma chilense, pannarin isolated from P. pallidum and Placopsis sp., and divaricatic acid isolated from Protousnea 
malacea exhibit antioxidant activity as well (Hidalgo et al., 1994). Compounds such as salazinic acid and stictic acid 
extracted from the methanolic content of Xanthoparmelia camtschadalis and Xanthoparmelia conspersa provide protec-
tion to astrocytes from hydrogen peroxide-induced impairment in mammals (Amo de Paz et al., 2010). Astrocytes are 
the first defensive barriers for neurotoxicity in the brain. Salazinic acid, stictic acid, and usnic acid are used as antiox-
idant agents in neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases (Amo de Paz et al., 2010). 
Usnic acid has also been reported as a compound with gastroprotective power, as it reduces damage by oxidative 
reactions and inhibits neutrophil infiltration, as studied in rats (Odabasoglu et al., 2006). Antarctic lichens possess a 
bigger dose of antioxidant metabolites and show an elevated amount of antioxidant activity than any other lichens 
found in the tropical or temperate regions. For example, lecanoric acid from U. antarctica was reported as an effec-
tive antioxidant in scavenging reactive oxygen species (Luo et al., 2009). Solvent extracts of Ramalina roesleri as well 
as metabolites such as sekikaic acid and homosekikaic acid show radical scavenging activity (Sisodia et al., 2013).  
U. polyphylla demonstrated powerful antioxidant activities too (Kosanic and Rankovic, 2011). Pulvinic acid bears 
bright yellow and orange pigments with antioxidant properties (Chawla et al., 1979). Boldine is a natural lichen 
metabolite with antioxidant activity, antiinflammatory effects, and a photoprotectant capacity (O’Brien et al., 2006). 
All these outcomes suggest that lichens may be worthy sources of natural antioxidants as well as for pharmaceutical 
drives in handling gruesome diseases (Kosanic and Rankovic, 2011).

8.5.4 Antiherbivore and insecticidal activity

Lichens face herbivory from mites, snails, insects, several lepidopteran larvae, nematodes, and animals such as 
reindeer. However, the rate of herbivory faced by lichens is low due to their little nutritive worth and the occurrence 
of defense compounds and specific structural aspects such as a gelatinous sheath and thick cortex. The occurrence 
of secondary metabolites protects lichens from herbivory. Because naturally derived products from plants have a 
less damaging impact on environmental aspects as compared to synthetic chemicals, thus lichen constituents stand 
out as a suitable repertoire of herbivory deterrents. Some well-studied compounds such as atranorin, evernic acid, 
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calycin, fumarprotocetraric acid, pulvinic acid, parietin, vulpinic acid, dilactone, physodic acid, psoromic acid, 
stictic, norstictic, salazinic, and rhizocarpic and usnic acids have negative effects on the growth of the Spodoptera 
littoralis insect, but these metabolites did not affect their survival rate (Giez et al., 1994). Lichen substances also 
exhibit a harmful effect on vertebrate herbivores. Ingestion of the lichen Xanthoparmelia chlorochroa was reported to 
have a poisonous effect on elks (Cook et al., 2007). Both the enantiomers of usnic acid were detrimental for the third 
and fourth instar larval stage of Culex pipiens (Cetin et al., 2008). Caperatic acid extracted from Xanthoparmelia cum-
berlandia and Flavoparmelia baltimorensis displayed antiherbivory actions against Pallifera varia and snails (Lawrey, 
1989). Of late, the selective feeding aspect of the lichens has been studied. Grazing by gastropods and lichen-feeding 
oribatid mites may benefit population growth. Less frequent lichen species may comprise chemical compounds 
that decrease feeding and edge changes for their dispersal pattern (Prati et al., 2015; Reutimann and Scheidegger, 
1987). Thus, higher lichen abundance might be ushered in from an increased rate of herbivory, which may prompt 
improved herbivore adaptation to some prevalent lichens. This type of adaptation could finally act as feedback on 
the richness of lichen species. Thus, these naturally occurring chemicals can be used as a cure for herbivory and 
pest management.

8.5.5 Allelopathy

Lichen secondary metabolites show allelopathic activity by marking the growth and development of nearby 
lichens, microorganisms, mosses, algae, and higher plants. The growth of mosses and lichens has been observed 
to happen simultaneously on soil, rocks, and trees with a continuous competition for light, substrate, nutrients, 
and water uptake. There are reports of lichen metabolites that reduce the growth rate of surrounding organ-
isms as a measure of completion. Some of the lichen metabolites such as barbatic acid, diffractaic acid, evernic 
acid, lecanoric acid, b-orcinolcarboxylic acids, osrsellinic acids, and 4-O-demethylbarbatic acid exhibit strong al-
lelochemical actions against higher plants (Nishitoba et al., 1987). Several other lichen substances from the phe-
nolic fractionation of Lethariella canariensis rendered allelopathic activity against common garden plants such as 
cabbage, lettuce, pepper, and tomato (Marante et al., 2003). The germination of the fungal ascospore has been se-
verely stopped by vulpinic and evernic acids. It also affected the germination rate of lichens such as Graphis scripta 
and Caloplaca citrine (Whiton and Lawrey, 1984). The growth of the green algae Chlamydomonas was dithered by 
usnic acid (Schimmer and Lehner, 1973). In the case of mosses such as Ceratodon purpureus, Funaria hygrometrica, 
and Mnium cuspidatum, the germination of their spore and the growth of the protonema were severely impaired 
by metabolites such as 4-O-methylated depsides and evernic and squamatic acids (Armstrong and Welch, 2007). 
Mosses such as Anomodon attenuatum and Hedwigia ciliata and the liverwort Porella platyphylla also face inhibition 
of their propagation by the lichen Porpidia albocaerulescens (Heilman and Sharp, 1963). Lichens have the reputation 
of inhibiting or greatly retarding the proliferation of higher plants. Thus, from these findings, it’s evident that the 
allelopathic role of lichens has evolved due to its symbiotic association and these compounds can thus be used 
naturally for common agricultural practices.

8.5.6 Photoprotection

Numerous approaches have been adopted by lichens to protect their algal partners from high irradiation and 
UV radiation (Vondrak and Kubásek, 2013). Vondrak and Kubásek (2013) found lichens in dry and mountains re-
gions take up atypical organization. In such structures, algal cells get arranged into erect stacks that are estranged 
by vertical light-transferring fungal stacks formed by fungal hyphae. They studied that this type of arrangement 
helps in increasing the rate of area-wise carbon dioxide assimilation under high lights, which increases respiration 
and has a higher rate of compensation irradiance. It has been studied that the xanthophylls in the algal thyla-
koid membranes are immensely affected by light and UV radiation. In fact, the fluorescence emission spectrum 
of atranorin and depside accords with the absorption spectrum of the chlorophyll pigment of algae; thus, light 
emitted by them is useful for algae for photosynthesis (Rao and LeBlanc, 1965). Phenolic compounds are generally 
produced by lichens due to elevated light and temperature. There is a sharp contrast in the content of atronin and 
usnic acid in species such as Parmotrema and Ramalina, respectively (Armaleo et al., 2008; Rundel, 1978). Some of 
the lichen metabolites such as parietin, usnic acid, and vulpinic acid act as light-screening pigments, which reg-
ulate the effect of solar irradiance on the algal layer by absorbing much of the falling light (Legouin et al., 2017). 
These metabolites act as filters for intense ultraviolet irradiation. The protection factors and the good UV light 
absorption by lichens suggest that these natural substances are possibly beneficial for formulating and preparing 
good-quality sunscreen as well.
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8.5.7 Effect on pollution tolerance

Lichens accumulate great amounts of heavy metals such as copper, cadmium, zinc, lead, and manganese in highly 
metal-dosed areas, indicating that lichens are durable metal-tolerant organisms. Lichens have the potential to con-
trol metal homeostasis by the differential expression trend of taking up or leaching out certain metal cations, thus 
enhancing the tolerance to heavy metals in overpolluted landfills. Notable variations in secondary compounds were 
observed in H. physodes when it was relocated to the overdosed metal-containing landfills and sulfur-containing soils. 
Some metabolites such as depsides and depsidones that accumulate on the external surface of the hyphae are made 
up to show an important role in the process of extracellular immobilization of heavy metals. Lichen thalli show the 
enhanced level of atranorin, physodic acid, and hydroxyphysodic acid under normal circumstances instead of grow-
ing them on places richer in chromium, phosphorous, and sulfur compounds (Edwards et al., 2003). It was surveyed 
that the growth of chlorococcoid green algae was drastic in an area with high- and medium-density urbanization. 
Lichens with Trentepohlia and cyanolichens were found in low-density urban areas (Koch et al., 2018). Being hardy, 
lichens are powerful bioindicators for air pollution, especially pollution patterns with sulfur dioxide overdoses, 
because lichens furnish their water and essential nutrients solely from the atmosphere rather than the soil. P. sulcata 
is one of the noted lichens to monitor the most persistent polycyclic aromatic hydrocarbons (PAHs) of pyrogenic 
origin. Similarly, Evernia prunastri is appropriate to provide information about both pyrogenic and petrogenic PAHs 
(Blasco et al., 2011). Lichens provide this kind of protection due to their unique metabolic composition of aliphatic, 
cycloaliphatic, aromatic, and terpene compounds. Thus, lichens are an asset for pollution monitoring. Lichens help 
to reduce air pollutants year round, yet they are among the most inexpensive physical/chemical monitors.

8.5.8 Other activities of lichen metabolites

Some lichen substances are suitable candidates for drugs such as antipyretics and analgesics. Lichen metabolites 
have been reported to reduce inflammation, fever, and pain in animals. Usnic acid extracted from the species Roccella 
montagnei exhibits an antiinflammatory effect in rats (Vijayakumar et al., 2000). It also shows antipyretic and analge-
sic effects (Okuyama et al., 1995).

One of the significant cons of lichens and their metabolites is the risk of occupational allergies, which happens 
when workers are exposed to them while cutting firewood and picking fruits. Lichen metabolites in cosmetics such 
as sunscreens and perfumes may also cause allergic reactions. Some of the lichen compounds, for example, atranorin 
and stictic acid, cause photosensitization of the skin epithelium in humans, triggering photo contact dermatitis when 
exposed to sunlight (Galanty et al., 2017). Lichen constituents that provoke allergens in sensitive people contain acids 
such as atranorin, lobaric, barbatic, evernic, protolichesterinic, fumarprotocetraric, perlatolic, physodic, salazinic, 
stictic, and usnic acid (Bhattacharyya et al., 2016).

8.6 Lichen biotechnology

The profile of metabolic constituents of a fungus changes significantly and sharply when it forms a symbiotic 
association with its respective algal partner. The first success in lichen cultivation, development from spores, was 
carried out by Stahl in 1877; even today, this remains a daunting task. When generated under laboratory conditions, 
very few lichens can produce usnic acid. One of these is Neuropogon sphacelatus when cultured in a Luria-Bertani 
medium, and the other is N. pallescens when cultured in a malt-yeast medium (Stocker-Wörgötter et  al., 2013a). 
Additionally, extracts of N. pallescens have demonstrated anti-Helicobacter and antifungal activities when cultured 
under controlled conditions (Luo et al., 2011). A suitable culture environment such as nutrient medium, sugars, poly-
ols, temperature, pH, and light are required to produce a particular secondary metabolite in lichens. In many cases, 
lichen “tissue” cultures can produce secondary substances, but their chemistry differs from equivalent natural ones. 
As lichens are slow in their growth and development, many difficulties are encountered in producing large quanti-
ties of secondary metabolites from them. Better culture and growth conditions in automatically controlled chambers 
or phytotrons have helped in the mammoth development of lichen biotechnology (Bando and Sugino, 1995). The 
growth of P. tinctorum was possible in regulated cabinets. The thallus area of this species increased by about 20% 
monthly when the lichen was presoaked in a solution for 1.5 hour for every 4 days. This growth pattern was followed 
by 100% relative humidity accompanied by temperature and illumination regulation on a routine basis (Bando and 
Sugino, 1995). Physiological factors, circadian cycles, temperature treatments, exposure to light intensities, moisture 
detainment of substrates, etc., affected secondary metabolite production in lichens. From an extensive experiment 
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involving the propagation of 250 mycobionts, researchers could summarize alterations in the culture conditions such 
as supplementing with a particular ratio of sugars or polyols such as mannitol and sorbitol, which can be worthy. 
Remarkable environmental changes are achievable in phytotrons. Ecological factors essentially regulate a particular 
biosynthetic pathway such as the biosynthesis of polyketides and fatty acids. Along with this, cell differentiation and 
the transformation of unstructured fungal mycelia also regulate the metabolite generation pattern. Stress conditions 
favor morphogenetic transformations such as the formation of lobules in the cultured mycelia, which accumulate 
secondary metabolites. The generation of some metabolites has been successful in the greatly differentiated myco-
biont of Lobaria fendleri, when cultured for a long duration on a Murashige-Skoog medium supplemented with +   
2% sucrose and accompanied with low and warm temperature treatments. They could synthesize polyketide 4-O-
methylgyrophoric acid and tridepside gyrophoric acid (Stocker-Wörgötter, 2008). Though much improvement has 
been incorporated, it still needs a lot of standardization. The growth and regulation of stable lichen cultures are 
challenging tasks.

8.7 Recombinant lichen biology

With the isolation of novel and useful metabolites from lichens, it has become necessary to identify and characterize 
the genes of such metabolites. There are only a few reports on several genes of lichen that have been worked on exten-
sively. The pyrG gene isolated from Solorina crocea, encoding orotidine 50-monophosphate decarboxylase (OMPD), 
was the pioneer lichen gene that was expressed in a surrogate system (Gagunashvili et al., 2009). Chemoenzymatic 
analysis has verified that methyl phlora cetophenone is the precursor of usnic acid. The biosynthesis of this acid is 
associated with nonreducing polyketide synthase (PKS) (Wang et al., 2014). Three types of PKSs, UlPKS2, UlPKS4, 
and UlPKS6, have been identified in Usnea longissima culture (Wang et al., 2014). UlPKS6 falls under group I com-
prising PKSs that synthesize single-ringed aromatic polyketides while UlPKS2 and UlPKS4 belong to the IV group, 
that is, PKSs that regulate the synthesis of methylorcinol and its subtypes (Wang et al., 2014). Earlier transcriptomic 
data of N. pallescens highlighted the presence of seven and nine nonreducing and reducing PKS genes, respectively 
(Wang et al., 2018). A nonreducing PKS Nppks7 is possibly related to the biosynthesis of usnic acid in the lichen N. 
pallescens (Wang et al., 2018). Phylogenetic examination placed Nppks7 with other polyketide synthases in a unique 
monophyletic group (Wang et al., 2018). In another report, studies relating to genome mining and comparative ge-
nomics were carried out to understand the genes of two substantial commercially important lichens, P. furfuracea and 
E. prunastri (Calchera et al., 2019). Calchera et al. (2019) recognized 80 gene clusters encoding polyketide synthases 
(PKS), terpene synthases, and nonribosomal peptide synthetases in E. prunastri (Calchera et al., 2019). The biosyn-
thesis of atranorin and fumarprotocetraric acid from Cladonia rangiferina was found to be associated with eight genes 
that belong to polyketide synthesis, sugar transportation, catalase, dioxygenase, activity, and transcription factors, 
respectively, using the technique of laser microdissection (LMD). This study highlighted the pattern of differential 
gene expression within the thallus structure, as the polyketides are prominently expressed in the apical portion of 
the outer region of thalli, which is closer to the algal partner, and some expression ushers in the reproductive tissues. 
This study acts as an evidence of concept for tissue-specific expression analysis in lichens (Elshobary et al., 2018). 
Fetching out other lichen metabolites is quite a challenge, as there are several loopholes regarding the techniques of 
knocking out and knocking down genes or the heterologous expression of a particular gene, which is quite difficult 
in the case of lichens.

8.8 Future prospects

Lichens represent a powerful source of secondary metabolites with various biological activities. The structures 
of many more metabolites remain to be characterized. Lichens are slow-growing organisms; therefore, the devel-
opment of improved culture methods and growth under varied conditions can really impact secondary metabolite 
synthesis in these organisms. Lichens acclimatize to changing environments, so climate-specific uniqueness can also 
promote lichen proliferation. Such a case has been studied in Psora decipiens (Williams et al., 2017). The application 
of high-throughput screening methods of lichen metabolites for drug discovery is required to generate momentum 
to find novel therapeutic compounds. Lichen biotechnology has still not experienced a boom. But, looking at the 
resourcefulness of these organisms, they should be explored wisely.
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9.1 Introduction

Septins were first discovered in the budding yeast Saccharomyces cerevisiae (Hartwell, 1971). They are a group of 
GTP binding proteins and were so named because they provide structural support by building scaffolds at the sep-
tum during the process of cell division in S. cerevisiae. Septins are considered components of the cytoskeleton because 
they are filamentous and associated with actin filaments, cellular membranes, and microtubules. Septin filaments are 
nonpolar and can polymerize at both ends like intermediary filaments (Hartwell, 1971). The assembly of septins and 
the molecular mechanism behind this is not as well understood as the other components such as microtubules, actin 
filaments, and intermediary filaments.

Apart from cytokinesis, septins are found to be involved in many biological processes such as apoptosis, exocy-
tosis, phagocytosis, spermatogenesis, defining cell polarity, ciliogenesis, and motility. Septins act as multimolecular 
scaffolds and diffusion barriers while also influencing the composition of local lipids.

9.2 General structure of septins

All septins share a basic structure with at least 26% amino acid sequence homology. The numerical quantitative 
amounts of septin encoding genes are different depending on organisms. For example, in eukaryotes, there are two 
septin genes in nematodes and 13 in humans. Septins are included in the superclass of phosphate-binding loop 
(P-loop) NTPases, which also involve the oncogenic RAS GTPases. Structurally, septins have an amino-terminal 
region containing proline-rich domains; a carboxy-terminal with coiled-coil domains; a central polybasic core region 
that binds to negatively charged phosphoinositides present on the plasma membrane; 53 highly conserved amino 
acids of unknown function, known as the septin unique element (SUE); and a GTP-binding domain (Fig. 9.1).

Septin subunits interact through their N-terminal and C-terminal regions (NC interface) or the GTP-binding do-
main (G interface), which are brought together during folding. The septin hetero complex forms when the monomers 
of septins from different homology groups interact with one another through the G and NC interface in a palindromic 
order. Septin complexes that are formed in the budding yeast, S. cerevisiae, Caenorhabditis elegans, and mammalian 
cells are assembled by interaction with the adjacent guanine nucleotide-binding domains (G interface) and also with 
the N- and C-terminal extensions (NC interface). The overall mechanism of filament assembly and septin complex 
formation is similar in different organisms. Mammalian septin complexes and C. elegans involve a G-interface inter-
action that occurs between the building blocks of septins for filament assembly, whereas an NC interface interaction 
is observed in S. cerevisiae. Coiled-coil (CC) region interactions between neighboring septin subunits play an import-
ant role in filament assembly and stabilizing the septin complex (Fig. 9.2).

The subunits of septins interact in the membrane with the phosphoinositides, which form the compartments or 
membrane subdomains, play a role in membrane trafficking, and function as a diffusion barrier.
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9.3 Septins in yeast

9.3.1 Filament assembly and ring formation

In the S. cerevisiae, the septins function and help in the selection of the budding site, the spatial organization of cell-
wall deposition, and the “morphogenesis checkpoint.” The septin genes in yeast are cdc3, cdc10, cdc11, cdc12, spr3, 
spr28, and sep7/shs1. The genes spr3 and spr 28 are nonclassical septins, and the rest are classical septins. Before the 
emergence of the bud, septin proteins enter the site of budding and remain at the site of the division after cytokinesis, 
marking the completion of the cell cycle (Mcmurray et al., 2011).

A series of 10 nm filaments formed by septin proteins assembles inside the plasma membrane as a ring at the neck 
of the bud, forming a domain boundary during budding and cytokinesis.

During vegetative growth, the septin genes such as cdc11, cdc3, cdc12, cdc10, and shs1/sep7 are involved in the 
formation of the ring at the neck of the bud. The septin genes spr3 and spr28 are expressed only during sporulation. 
Inactivation of the septin proteins Cdc3 and Cdc12 leads to defective cytokinesis and lethality (Bertin et al., 2008). 

N terminus

Poly
basic
region

GTPase
domain

Septin primary structure

Septin
unique
domain C terminus Coils

FIG. 9.1 Primary structure of a prototypical septin.
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FIG. 9.2 Yeast septin rod, filament.
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Inactivation of the septins Cdc10 and Cdc11 has a milder phenotype with partial compensation by Cdc3 and Cdc12. 
The main septin filament polymer is formed by the septins Cdc3, Cdc11, and Cdc12. Cross-linking is promoted by 
Cdc10. For filament formation, Shs1/sep7 is not required but it stabilizes the structure and regulates phosphor-
ylation. Septin polymerization into filaments is controlled by subunit mediated end-on-end interactions between 
heterooligomers. The yeast septin rod forms filaments because of the NC terminal at Cdc11. Cells that lack Cdc10 or 
Cdc11 have the ability to undergo division. This is because the now known subunits (Cdc12/Cdc3) have the ability 
to heterodimerize via the G interface, hence allowing assembly of filaments (Cid et al., 2001). Cdc11, Cdc3, Cdc10, 
and Cdc12 form stable linear rods with a composition (Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Cdc11). End to 
end polymerization of the linear rods forms long paired filaments (Fig. 9.3).

Yeast septin consists of eight subunits and assembles as a heterooctamer Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-
Cdc12-Cdc11. Binding of the octamers to Cdc11 causes assembly of nonpolar filaments. Septin basic complexes are 
found to be structurally similar in all eukaryotes (Fig. 9.4).

Septins establish a diffusion barrier by forming a continuous filament, which is packed tightly in the plasma 
membrane. Passage of the integral proteins through the plasma membrane is prevented by the gasket formed by the 
septin filaments (Fig. 9.5).

• Defining the compartments in the membrane.
• Effecting the motion of biological molecules in the membrane, including secretion of components and vesicle 

transport.
• Orienting of the mitotic spindle.
• Involving in the mitotic cycle.
• Maintaining cell polarity during cell division.

The cleavage axis is defined by the location or its closeness to the site immediately before the bud site (in haploid 
cells) where, due to the presence of landmark proteins, it provides positional information to direct the future bud 
process in the cell cortex (DeMarini et al., 1997). Such landmark proteins specify the septin protein localization and 
the recruiting of complexes for establishing cell polarity (Kang et al., 2001). Septin formation occurs after 15 min of 
bud emergence. As the budding process occurs, an extension of the septin ring into the daughter cell forms a glass 
shaped collar, which is in a fluid state. Then it changes into a frozen state and hence the protein subunits are stabi-
lized during the S, G2, and M phases. In the frozen state, the collar is more compact (Fig. 9.6).

The septins again become fluid during cytokinesis when the septum ring starts splitting at the initiation of the 
actomyosin ring contraction. The rings change to a frozen state again and then disassemble. At the next bud site in 
G1, it again reassembles. The altering states of the ring from the fluid state to the frozen state allow the alteration of 
the septin ring shape according to the changes that occur in the neck morphology. In the frozen state, septins form a 
stable structure and thus function as a barrier.
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FIG. 9.4 Septin filament assembly.
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9.4 Regulation of septins

In S. cerevisiae, septins are regulated by a number of genes (Fig. 9.7).

• Regulation occurs due to the enzymes belonging to the Rho GTPase family, Cdc42, GTP binding, and 
phosphorylation.

• Regulation is also effected by Bni5, Iqg1, and Hof1.
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FIG. 9.7 Regulation of septin and septin-associated protein kinases.
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FIG. 9.6 Main steps in budding yeast cytokinesis.
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9.4.1 Gin4

Most septins possess a coiled-coil domain that is important in protein-protein interactions. At least six protein 
kinases are involved in the regulation of septins. Cla4 (PAK kinase) binds to Cdc42, and then interaction with septins 
causes phosphorylation of Cdc3 and Cdc10. This plays a major role in stabilizing septin filaments (i.e., change of 
frozen state and fluid state) (Longtine et al., 1998).

The Gin4 protein kinase regulates septin function by phosphorylating shs1/sep7. Gin4, Cla4, and Nap1 show 
functions in parallel and promote the normal organization of septins. As the cell starts progressing through the cell 
cycle, Gin4 becomes hyperphosphorylated with more G2/M being phosphorylated. This process of hyperphosphor-
ylation needs Gin4 kinase activity (Altman and Kellogg, 1997). This hyperphosphorylation process does not affect 
the localization of Gin4. But for efficient Gin4 localization to the neck, Cla4 and Nap1 are required along with the 
septins. It seems that the localization of Gin4 at the neck portion is important for its subsequent hyperphosphory-
lation (Carroll et al., 1998). In this case, the action of the septins, Gin4, Cla4, and Nap1 may be indirect in activating 
Gin4 by promoting septin organization, which guides Gin4 localization (Fig. 9.8).

Gin4 functions together with the Nap1 protein in controlling mitotic events. In addition to cytokinesis, the yeast 
septins perform other cellular functions that include:

• Localization of chitin deposition.
• Selection of the site of budding.
• Compartmentalization of components between the mother and daughter cells.
• Morphogenesis induced by pheromone. Bni5 provides stability to the septins that are localized at the neck 

portion, which happens by interacting directly with Cdc11 (Fig. 9.9).
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9.4.2 Kcc4

S. cerevisiae has Kcc4 kinase, which is similar to Hsl1/Nik1 protein kinase and Gin4 of the bud neck. Kcc4 kinase 
is found to be a bud neck protein. For Kcc4, Cdc11 is the primary association partner. In a septin-dependent manner, 
the GFP-fused proteins of Gin4 or HA-tagged Hsl1 localize at the bud neck. The interaction between these proteins is 
detected, and they suggest that they may be present at the bud neck in the same complex. Similar to Gin4 and Hsl1, 
Kcc4 is found to be a bud neck protein. The distribution of Kcc4-GFP and Gin4-GFP around the bud neck is in collar 
form or a ring structure.

The N-terminal domain of the kinase is found to be irrelevant to bud neck localization. In the bud neck for Kcc4 
localization, integral amino acids are more essential. The kinase domain and the C-terminal region are not essential 
for the association of Kcc4 and Cdc11. The interaction of integral amino acids (amino acids 280/750) with Cdc11 oc-
curs either in a direct manner or an indirect manner.

The association of Kcc4 with Cdc11 takes place in association with the internal domain, sharing a significant 
homology in structure with the Gin4’s growth-inhibitory domain. Gin4 remains in association with Cdc3 through 
its N-terminal, but it does not coordinate with other septins. Cdc3 sends the bud neck signal to Gin4. But the state 
of septin organization is identified and sensed by Kcc4, which occurs by interacting with Cdc11. Thus, the different 
roles of the septin components are detected by the functions of Kcc4 and Gin4.

9.4.3 Bni5

The interaction of Bni5 with the septin starts at the bud neck portion, and this localization is septin-dependent. 
Bni4 interacts specifically with Cdc10. The interaction of Bni5 (helical C-terminal portion) with Cdc11 occurs directly 
in septin filaments, and through this, it particularly makes significant contact with the Cdc11 CTE.

About the time of bud emergence, the Bni5 localizes to the neck, and just before cytokinesis, it disappears abruptly. 
This suggests that Bni5 gets involved in the assembly of the highly ordered septin structure forming the filament. 
Bni5p is considered important because it provides stability to the septins localized at the neck. This takes place by 
means of direct interaction between Bni5 and Cdc11. After bud emergence and stabilization of the superstructure in 
the septin collar, Bni5 is localized to the bud neck. Growth abnormality and exacerbation of the phenotype (e.g., cell 
shape elongation and cell arrest) happen in the absence of Bni5 which undergoes phosphorylation leading to inter-
action between Bni5 and Cdc11 (as well as Cdc12). This helps it in the dislocation of late mitosis from the bud neck 
for proper bud morphogenesis. Most importantly, the binding of Bni5 to Cdc11 is essential for efficient recruitment 
within the septin collar. In turn, Myosin I and Myosin II are required for the contractile ring assembly of actomyosin 
that drives ingression of the plasma membrane for cytokinesis (Fig. 9.10).
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FIG. 9.9 Function of Gin4 during cell cycle.
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9.5 Role of septins in fungal systems

During isotropic growth before any morphological differentiation of the cell, a septin ring is formed. When the 
bud emerges, cell growth becomes polarized. Around this emergent bud, the septin ring defines a collar (Barral et al., 
2000). This ring makes an appearance to define a boundary or to differentiate between the mother cell and daughter 
cell, and it is considered to have important physiological properties. In a yeast cell, septin ring formation is affected 
by several proteins: Cdc42, which is the Rho family GTPase, and GEF which is its activating factor, Cdc24 is required 
at the beginning of the cell cycle. This forms a polarized assembly of septins and an actin cytoskeleton (Benton et al., 
1997).

About 10 min before bud emergence, the role of septins in the cell cortex at the presumptive bud site is directed  
by the Cdc42 small GTPase through a pathway that involves septins interacting directly with Gic1 and Gic2, a related  
pair of Cdc42 effector proteins. The cortical collar is formed by the assembly of septins and then during bud emer-
gence, the cortical ring expands to form a cortical collar at the mother-bud neck that is composed of filaments. 
These filaments are oriented along the long axis of the cell. For the localization of septins to the cortex, Cdc42-
GTP appears to be sufficient. But the hydrolysis of Cdc42-GTP is essential for the release of septins from cortical 
localization factors or the assembly of septin filaments (Gladfelter et al., 2002). The septin collar undergoes reorga-
nization to form two rings with a coincident filament reorientation. The actomyosin ring contracts and forms the 
septum in between the newly divided rings (Rodal et al., 2005). As a result of nuclear division, nuclei and many 
other organelles get partitioned. Thus splitting up of the septin ring, which is accompanied by cytokinesis, takes 
place (Versele and Thorner, 2004).

The septin division between the cells occurs due to the contraction of the actomyosin ring, marking the disap-
pearance of septins from the site of cleavage. After cytokinesis for septin ring disorganization, the SUMOylation of 
Cdc3, Cdc11, and Shs1 and the phosphorylation of Cdc3 by Cdc28 occurs (Johnson and Blobel, 1999). Cdc28 is also 
involved in the disorganization of the septin rings (Tang and Reed, 2002). All septins have a GTPase domain. Cdc10 
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FIG. 9.10 Bni5 binding to septin filaments.
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and Cdc12 have GTPase activity (Caviston et al., 2003). Cdc11 and Cdc3 may not bind with GTP. The association of 
septin complexes for the formation of filaments is promoted by GTP binding (Jeong et al., 2001).

9.5.1 Cytokinesis

In most cell types, the contribution of septins to cytokinesis is different and also varies from one organism to 
another because septins are identified at the site of division. In Schizosaccharomyces pombe, septins form after the 
cytokinetic ring assembles fully at the division plane. And the deletion of septins leads to a defect in cell separation. 
In S. cerevisiae, the cells need septins for viability and cytokinesis. The septin displacement from the site of division 
depends on the MEN (Mitotic Exit Network) causing negative regulation by ubiquitylation. The centrosome com-
ponent of the yeast helps in recruiting and activating MEN factors. It is reported that septins were the first proteins 
to be directly SUMOylated in yeast. The disassembly of septin rings after cytokinesis is caused by the SUMOylation 
of septin.

During the cell cycle, the septin ring starts splitting and forms a barrier or boundary between some proteins and 
the rings that are involved in septum formation and cytokinesis. During cytokinesis, between the split septin rings, 
the localization of the polarisome component Spa2p, Chitin Synthase II (Chs), and the exocyst component Sec3p 
occurs at the actomyosin ring. Contraction of the actomyosin ring leads to cytokinesis and fusion of the secretory 
vesicles forming the septum. From the bud neck, Spa2, Sec3, and Chs2 are lost, which indicates that the diffusion of 
Spa2, Sec3, and Chs2 that is normally constrained is caused by the split septin rings. But at the bud neck, the acto-
myosin ring is maintained. Septins are essential for proper abscission but are not essential for the maintenance and 
contraction of the actomyosin ring.

9.5.2 Formation of the chitin ring

Chitin ring formation at the site of budding in the cell wall shows the pathway of recruitment of some proteins 
in the septin ring. This occurs by binding of intermediary proteins with the septins and takes place just before bud 
emergence, coinciding with the formation of the septin ring in the G1 phase at the budding site. Chitin gets depos-
ited in the cell wall for ring formation and remains until the end of the cell cycle. The synthesis and localization at 
the proper site are stimulated by Chitin Synthase III (Chs3). A set of proteins tethers Chs3 to the septin ring, and 
influences the binding of Chs3 with Chs4 and later binds with Bni4 (DeMarini et al., 1997). Bni4 binds with Cdc10, 
and this leads to the in  vivo anchoring of the protein complex to the septin ring. Bni4 binds with Glc7 (Serine 
Threonine phosphatase). This binding motivates the interaction of Bni4 with septin proteins (Kozubowski et al., 
2003). The recruitment of Bni4 in the septin ring indicates that the septins can act as a scaffold while they are in a 
fluid state.

9.5.3 During mating

In S. cerevisiae, the cells undergo conjugation with the opposite mating type cells and secreted mating phero-
mones send signals to each other. In the G1 phase, the mating pheromone-stimulated cells get arrested. There, 
these cells undergo morphogenesis in a polarized manner, leading to the formation of a conjugation bridge for 
connecting the mating cells. Pheromone-stimulated cells will form an acute projection of growth, which is called 
a shmoo. In the shmoo neck, localized septins don’t influence the cell cycle and don’t undergo cytokinesis, even 
after pheromones arrest the cells (Ford and Pringle, 1991). According to various studies, it is suggested that the 
septins carry out different roles during mating. At the shmoo, the septins form a more diffuse ring that runs 
parallel to the cell long axis, and it is composed of a series of bars. During budding, the septins form a tight ring, 
but here it does not form a tight ring. The septin bars formed here are similar in appearance to those formed in 
budding cells that lack Gin4 (Longtine et al., 1998). Septin functions are essential along with Afr1 for the deposi-
tion of chitin at the mating neck.

The C terminal region of Afr1 and the C-terminal region of Bni4 are highly similar, binding with Glc7 and helping 
in the recruitment of Glc7 at the bud necks. Afr1 recruits Glc7 phosphatase at the shmoo neck. In the shmoo neck, 
the tip has more factors and the diffusion of factors is prevented by septins that act as a barrier. Moreover, the septins 
help in the polarization of pheromone signaling. This is done by preventing the diffusion of components from the tip 
of the receptors by acting as a barrier and also by other components of the pheromone pathway.
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9.5.4 During sporulation

In S. cerevisiae, the diploid cells undergo meiosis and DNA replication under nutrient limitations. This re-
sults in the development of four haploid spores from a sac-like ascus, which is a derivative of the parent cell. 
Membranes of the spores are formed around the postmeiotic nuclei as a result of the de novo synthesis of the 
membrane. And in the SPR3 and SPR28 (sporulation-specific septins), an expression is induced late in meiosis 
(Chu et al., 1998). In sporulating cells, in the plasma membrane, septins are not observed. Septins were first ob-
served in the chromosome of Meiosis II after dividing into four nuclear lobes. The septins Spr3, Cdc3, Cdc11, and 
Spr28 are detected when they are surrounding each of the four spindle pole bodies in ring-like structures (De 
Virgilio et al., 1996). However, these rings look different from the rings that are formed during budding. Initially, 
ring formation occurs in the prospore membrane’s leading edge and then later the ring expands into a wider 
localization. The prospore membrane starts to elongate and then the expansion of each nucleus occurs along the 
outer surface. Septins appear as pairs of bars and they are detected in sheets. Septins get uniformly distributed 
around each spore at the time of closure of the prospore membranes. In the prospore membranes, the septins will 
appear to localize with each other and in spr3 cells, it is found that Cdc3 and Cdc11 get localized less intensively, 
indicating the formation of a complex by septins. At the time of sporulation, the appearance of septins was noted, 
and they act as a scaffold. For the septin complex organization, Gip1 and Glc7 are essential. The reason is not yet 
clear and it is suspected that it may be due to the direct dephosphorylation of septin proteins (Tachikawa et al., 
2001). There is an interesting similarity between the cells involved in budding and sporulation. The similarity is 
that these cells contain a unique protein that targets Glc7 to the septins, Gip1 in the sporulating cells, and Bni4 
in the budding cells. After the closure of the prospore membrane, the localized septins act as a scaffold in the 
prospore double membrane’s lumen for the recruitment of factors involved in the formation of the spore wall 
(Fares et al., 1996).

9.6 Septins in other fungi

9.6.1 Candida albicans
When the genome of Candida albicans was sequenced, it revealed seven septin-coding genes. The sequences of 

both amino acid and nucleotide showed that there is homology with that of the budding yeast. Exposure of C. al-
bicans to different environmental stimuli results in the formation of either elongated round budded chains called 
pseudohyphae or filamentous cells having parallel cell walls called hyphae (Sudbery et al., 2004). C. albicans forms 
asexual resting spores called chlamydospores under low nutrient conditions. C. albicans does not undergo meiotic 
spore formation. In response to certain external stimuli, C. albicans switches to hyphal growth from the yeast form. 
There are certain specific morphogenetic traits that characterize the hyphal growths that are found to be distinct 
from the yeast growth. The hyphae grow in a polarized fashion continuously. This pattern of polarization is seen 
reflected in the polarization of actin. Cell separation is not activated between the different compartments at the time 
of hyphal growth and hence allows for the septated filament formation. After cytokinesis, the septin rings do not 
disassemble immediately and remain at the septums on both sides, and hence the growth of hyphae is related to 
septin rings. So, in long hyphae, we can observe more than one ring. In hyphae, totally three types of localization 
of septins were observed.

• As the hypha elongates, a septin ring forms at the initial protrusion of the mother cell and also forms at the 
cell division sites. This septin ring also functions similarly to the ring at the bud neck for promoting septum 
formation. These hyphae are different from the budding cells. After the process of septation, the immediate 
disassembly of septin rings mainly on the mother cell does not take place. The subapical cells get arrested before 
the signal is received for the disorganization of the septin ring.

• Septin rings are diffused at the junction of the germ tube and the mother cell (Sudbery, 2001).
• In hyphae and germ tubes when they are at the leading edge of growth, a cap of septins can be seen. This 

localization of septins coincides with the region of the plasma membrane that is rich in ergosterol at the hyphal 
tips. Hence, there is a connection between the septins and ergosterol organization in the plasma membrane. The 
septin rings in hyphal cells get converted to another state called the “hyphal-specific” state, which is different 
from the fluid and the frozen states of septins found in yeast cells; this is because of the dynamic nature of the 
septin Cdc10 (Warenda and Konopka, 2002). This Cdc10 septin exchanges from the ring to the cytoplasmic pool. 
The modified septin regulates the growth of hyphae.
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After the septation process, the septins migrate in a series of filamentous structures throughout the plasma mem-
brane, parallel to the chlamydospore-suspensor cell junction’s axis. In these cells, the Cdc14 phosphatase, which is 
responsible for cell separation, is present in the septum during cytokinesis.

9.6.2 Ashbya gossypii
The filamentous hemi ascomycete fungus, Ashbya gossypii, is closely related to S. cerevisiae, and it produces hy-

phae that are long and multinucleated. After haploid spore germination, it forms two germ tubes on opposing sites, 
and there the lateral branch development occurs. Hyphae undergo compartmentalization, which is done by septa; 
around eight nuclei are present in one compartment. In the A. gossypii genome, six septin genes are present, in which 
five genes are orthologues to the septins of S. cerevisiae. A. gossypii does not need septins because in this organism, 
cytokinesis itself is not required. But certain septins are essential for selecting the septation site and its organization, 
promoting the mitosis process, and the formation of asexual spores (Kaufmann and Philippsen, 2009).

Interestingly, the assembly of septins shows different classes of morphological structures that show variations in 
dimensions, positions, and intensities within the filament in this fungus (Gladfelter, 2006). Diffused septin structures 
are composed of short filaments that are arranged at the branching points and parallel to the long axis at the growing 
tips of the hyphae. As the filament starts growing, the septin structures are found in the region between the spore and 
the growing tip. These are named interregion rings. Interregion structure formation requires the activity of AgElm1 
and AgGin4 kinase. At the same time, the activity of the AgElm1 and AgGin4 kinases is not essential for the tip and 
branches (DeMay et al., 2009).

9.6.3 Aspergillus nidulans
Five septin genes, aspC, aspA, aspE, aspB, and aspD, were identified in Aspergillus nidulans. When compared to 

the predicted protein sequences, four septins show similarities to septins in S. cerevisiae. AspA shows similarities to 
Cdc11, AspC shows similarities to Cdc12, AspB shows similarities to Cdc3, and AspD shows similarities to Cdc10. 
AspE, another septin protein, does not show any similarity with the septin proteins of S. cerevisiae. During vegetative 
growth, all five proteins express their role and they are not involved or expressed as any sporulation-specific septins 
(Momany et al., 2001). Accordingly, in A. nidulans, the duration for septin ring formation varies because of the type 
of cell division it undergoes. As a result of spore germination, the germ tube grows. Without the septation process, 
the germ tube starts to elongate and reaches a critical size. Once it reaches the threshold, it triggers the next mitosis 
process due to which the first septum forms (Harris and Momany, 2004). The ring left on the apical side after split-
ting the septin ring acts as a marker of cell polarity. After the formation of the conidiospore from the secondary germ 
tube, the duration for septin localization varies. A filament starts to emerge from the subapical cell and this happens 
within a hypha. Septin rings formed before mitosis are found to be similar to the S. cerevisiae septin rings. At this 
stage of development, the aerial hyphae have a tip that becomes swollen and leads to the formation of two layers of 
small bud-like cells, named metulae and phialides (Momany, 2002). During the budding process, the conidiospores 
emerge from the phialides, which is a second layer. Apical septins functioning as scaffolds are essential for the secre-
tion process and polarized growth, whereas the septin rings get involved in maintaining the filament integrity and 
the repression of cell separation.

9.6.4 Schizosaccharomyces pombe
S. pombe undergoes division by fission and not by budding. During the early stage of the cell cycle, there is no ap-

pearance or localization of septins. At the late anaphase stage, septin rings are formed at the medial region of the cell 
around the plasma membrane’s inner surface, and it marks it as the future site for cytokinesis (An et al., 2004). The 
septins at this stage behave similarly to the septins in yeast cells, that is, during the septin ring assembly and disas-
sembly. However, the septins are not essential for cytokinesis. S. pombe contains seven septin genes that are found to 
be similar to the S. cerevisiae septins. Four septins (Spn1, Spn2, Spn3, and Spn4) out of seven start functioning during 
vegetative growth and are found to be orthologues of S. cerevisiae septins (Cdc3, Cdc10, Cdc11, Cdc12). For example, 
Spn1 and Spn4 are required for the formation of the septin ring similar to S. cerevisiae where Cdc3 and Cdc12 play a 
major role in the formation of the septin ring. S. pombe does not contain an ortholog of the S. cerevisiae septins Shs1/
Sep7. During sporulation, the other three septin genes of S. pombe (spn5, spn6, and spn7) are induced (Longtine et al., 
2000). In spite of the similarity between S. pombe and S. cerevisiae septins, significant differences in septin function 
have also been noted. For example, for septin ring formation, the localization of Mid2 (anillin homolog) with septins 
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is required in S. pombe (Tasto et al., 2003) whereas in S. cerevisiae, the similar septin-binding protein Bud4 is not essen-
tial for the formation of the ring. Septin ring disassembly is influenced by Mid2, and also its overproduction causes a 
delay in disassembly of the septin ring. This indicates that the degradation of Mid2 facilitates disassembly of septins 
in S. pombe. Skp1/Cdc53/F-box (SCF)-dependent proteolysis regulates the degradation of Mid2. Another difference 
is that the septins of S. pombe do not regulate the recruitment of the ortholog of Gin4 (Cdr2).
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10.1 Introduction

The fungal kingdom constitutes a large diversity of organisms with only a fraction having been identified and 
described. Its diversity is considered to be at least an order of magnitude greater than the total number of species 
described. It forms the second largest kingdom after bacteria with 3–5 million species (Blackwell, 2011; Bass and 
Richards, 2011). The broad definition of a mushroom can be given as “a macrofungus with a distinctive fruiting body 
which can be either epigenous or hypogenous and large enough to be visible with the naked eye and to be easily 
hand-picked” in the words of Chang and Miles (1992). Mushrooms have worldwide distribution and have been a 
delicacy for ages. Men have been hunters and gatherers since their origin, depending on wild biodiversity for their 
sustenance, which includes gathering a variety of wild edible mushrooms. Mushroom fruiting bodies have been 
considered a special food in the cultures of the Greeks, Romans, Egyptians, and Chinese, with some treating it as a 
food for soldiers while others considered it a special delicacy to be served on royal occasions (Zhang et al., 2014).

For a millennium, mushrooms have been traditionally used as medicine with a plethora of bioactive compounds 
demonstrating antimicrobial, cytotoxic, and anticancer activities (Lindequist et  al., 2005). Bioactive molecules in 
mushrooms can be present in the cell wall as polysaccharides or secondary metabolites such as phenolic compounds, 
terpenes, and steroids. Mushroom-forming fungi have been reported to provide remedies for a variety of diseases 
due to the contribution of bioactive compounds (Chatterjee et al., 2011; Chatterjee and Acharya, 2016; Biswas et al., 
2017; Khatua et al., 2017; Sullivan et al., 2006; Petrova et al., 2008; Aly et al., 2011; De Silva et al., 2012). There are 
several reports of mushrooms being used in Asia for centuries now for medicinal purposes (Ying et al., 1987; Francia 
et al., 1999; Lindequist et al., 2005; Poucheret et al., 2006; Ferreira et al., 2010; Aly et al., 2010; Jakopovich, 2011; Xu 
et al., 2011; Wasser, 2011).

Mushrooms have anticholesterolemic and antiviral properties (De Clercq and Field, 2006) and they are also consid-
ered rich in antioxidants (Sudha et al., 2008; Dasgupta et al., 2015; Acharya et al., 2016, 2017) while fighting oxidative 
stress and diseases such as diabetes (Biswas and Acharya, 2013) and atherosclerosis (Amirullah et al., 2018; Harada 
et al., 2015). Mushrooms have been explored by scientists around the globe to establish properties that include an-
timicrobial (Giri et al., 2012; Ayodele and Idoko, 2011), antiinflammatory (Biswas et al., 2010), immunomodulatory 
(Patra et al., 2012; Nandi et al., 2013; Jeurink et al., 2008; Hao-Chi et al., 1997), hepatoprotective (Kalava and Menon, 
2012; Biswas et al., 2011; Acharya et al., 2012; Chatterjee et al., 2012), antineurodegenerative (Knežević et al., 2018), 
antiulcer (Chatterjee et al., 2013), and anticancer (Wu et al., 2012; Maiti et al., 2008), among others (Badalyan, 2012; 
Elsayed et al., 2014; Xu and Beelman, 2015). These wild natural sources of bioactive compounds provide definite 
leads for modern drug discovery and development.

Mushrooms are known to accumulate phytochemical constituents such as carbohydrates, glycosides, phytos-
terols, phenol, tannins, flavonoids, alkaloid, terpenoids, and saponins, among which terpenoids form one of the 
largest groups of medicinally important compounds (Rahi and Malik, 2016). The identification of terpenoids from 
mushrooms has been accelerated in the present decade. Due to advances in molecular techniques and rapid progress 
in fungal genome sequencing, the high-throughput identification of natural product pathways has been facilitated. 
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Further, the advances in functional genomics, bioinformatics, and metabolomics as well as the development of syn-
thetic biology approaches will give rise to the identification of new products in the future. Terpenoids form an essen-
tial and predominant group of bioactive compounds in mushrooms.

10.2 Classification of terpenoids and their abundance in basidiomycetes

Terpenoids are derivatives of five carbon isoprenoid units. They form one of the largest groups of secondary metabo-
lites, with more than 40,000 compounds reported and new products being discovered every day (Withers and Keasling, 
2007). Terpenoids are classified depending on the number of carbon units as monoterpenes, sesquiterpenes, diterpenes, 
triterpenes, and tetraterpenes. Some important terpenoids isolated from mushrooms are presented in Fig. 10.1.

The five carbon compounds that form the building blocks of all terpenoids are isopentenyl diphosphate (IPP) and 
dimethylallyl diphosphate (DMPP), which themselves originate from two separate pathways. The MVP pathway or 
mevalonate pathway in the cytosol primarily provides the building blocks for sesquiterpenes and tri-terpenes. The 
methylerythritol phosphate (MEP) pathway in the plastids provides IPP and DMPP for monoterpene, diterpene, 
and tetraterpenes. IPP and DMPP join in a head-to-tail manner to form terpenoids. IPP and DMPP unite to form the 

FIG. 10.1 Important mushroom species and their characteristic class of bioactive terpenoid.
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10C precursor GPP (geranyl diphosphate) and give rise to monoterpenes. GPP unites with another molecule of IPP 
to form the 15C precursor Farnesyl diphosphate (FPP) for sesquiterpenes. FPP again condenses with IPP to form the 
20C GGPP (geranyl geranyl diphosphate) precursor for diterpenes. GGPP can dimerize to form the 40C precursors 
for tetraterpenes. Polyterpenes contain a larger number of isoprene subunits. Terpenoids are insoluble in water and 
exist as dimers, trimers, tetramers, and polymers. A diagrammatic illustration in Fig. 10.2 shows the biosynthesis 
pathways of terpenoids.

10.3 Monoterpenoids

Monoterpenoids are formed from two isoprene units constituting of 10 carbon atoms. Five monoterpenoids have 
been isolated from Pleurotus cornucopiae (Wang et al., 2013), and were found to have moderate NO inhibitory activity 
in lipopolysaccharide-activated macrophage RAW 264.7 cells (Wang et al., 2013). These terpenoids were also ana-
lyzed by an MTT assay for their cytotoxicity against HepG2 and HeLa cells (Wang et al., 2013).
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10.4 Sesquiterpenoids

Sesquiterpenoids contain three isoprene units composed of 15 carbon atoms. Numerous classes of sesquiter-
penoids have been reported from mushrooms such as lactarane, aristolane, cuparene, sterpurane, fomannosane, 
bisabolane, drimane, nordasinane, and spirotype. Three sesquiterpenoids have been reported from Stereum hirsutum 
and analyzed for their cytotoxicity against HepG2 and A549 cells (Ma et al., 2014). Hirsutenols A, B, and C, another 
group of tricyclic terpenoids isolated from S. hirsutum, showed antimicrobial activity against Escherichia coli (Yun 
et al., 2002). Three new bisabolane sesquiterpenoids—inonotic acid A and B and 3-O-formyl inonotic acid A—have 
been isolated from Inonotus rickii together with 3α, 6α-hydroxycinnamolide (Chen et al., 2014). They have been an-
alyzed for cytotoxic effects against A549, MCF-7, a colon cancer cell line, and hepatocellular carcinoma (Chen et al., 
2014). Rare sesquiterpenoids with a unique spiroketal skeleton have been isolated from P. cornucopiae, namely pleu-
rospiroketals A–E (Wang et al., 2013). Some of these compounds showed cytotoxic effects against HeLa cell lines.

Novel spirosesquiterpenes such as anthracophyllic acid and aristolane sesquiterpene anthracophyllone 
have been isolated from Anthracophyllum sp. (Intaraudom et  al., 2013). Anthrophyllic acid had no cytotoxic 
activity whereas anthrophyllacone showed moderate cytotoxicity against MCF-7 and some other cell lines 
(Intaraudom et  al., 2013). Cuparane sesquiterpenes such as enokipodins C and D have been isolated from 
Flammulina velutipes and showed antibacterial activity against Gram-positive bacteria (Wang et al., 2012b). Two 
novel fomannosane-type sesquiterpenoids, agrocybins H and I, have been reported from Agrocybe salicacola 
(Liu et al., 2012).

A group of nordosinanes and aristolanes has been isolated from Russula lepida and Russula amarissima (Clericuzio 
et al., 2012). The isolated compounds were aristola-1(10), 8-dien, rulepidiene B, rulepidanol, (+)-aristolone, rulepidol, 
rulepidadiol B and C, and rulepidatriol B and C. New lactarane sesquiterpenes have been isolated from Lactarius 
vellereus and Lactarius subpiperatus (Kamo et al., 2006).

10.5 Diterpenoids

They have 4 isoprene units composed of 20 carbon atoms. Diterpenoids such as cyathins D–H have been isolated 
from Cyathus africanus (Han et al., 2013). Erinacine A is a cyathane-xyloside-type diterpene that has been isolated 
from Hericium erinaceus and is known to possess antibacterial properties against Staphylococcus aureus (Kawagishi 
et al., 1994, 2006). Eryngiolide A is a C20 diterpenoid obtained from Pleurotus eryngii that shows cytotoxicity against 
HeLa and HepG2 cell lines (Wang et al., 2012a). A number of cyathane diterpenoids have been reported from Sarcodon 
scabrosus (Liu et al., 2012). It has been reported that this mushroom is rich in cyathane diterpenoids and they have po-
tent antibacterial and antiinflammatory properties (Shi et al., 2011) In another mushroom, Sarcodon cyrneus, cyathane 
terpenoids such as cyrneines A, B, C, and D along with glaucopine C have been isolated (Marcotullio et al., 2007). 
Neurotrophic diterpenes Tricholomalides A, B, and C have been isolated from the mushroom Tricholoma sp., which 
is the first report of such compounds. Further, trichoaurantianolides B and C have been reported from Tricholoma 
aurantium (Tsukamoto et al., 2003).

10.6 Triterpenoids

Triterpenes consist of 30 carbon atoms having 6 isoprene subunits and are abundantly found in various mush-
room species, mostly in the form of lanostane triterpenoids with potent anticancer activity. Ganoboninketals A–C 
are nortriterpenes isolated from Ganoderma boninense and analyzed for their cytotoxicity against cancer cells A549 
and HeLa and for antiplasmodial activity (Ma et al., 2014). Ganoderma orbiforme BCC 22324 extracts show a number 
of lanostane triterpenoids such as ganorbiformins (A–G) and 12 other known compounds (Isaka et al., 2013). They 
have been tested for their cytotoxic effect against cancer cell lines as well as for antiplasmodial and antituberculosis 
activities (Isaka et al., 2013).

Besides this, a host of compounds have been isolated from Ganoderma lucidum, including ganoderic acid B, E, A, 
ganodermadiol, ganodermanonol, lucidumol B, ganoderic acid Y, ganodermanondiol, ganodermanontriol, ganode-
riol F, lucidadiol, lucidenic acid A, methyl lucidenate E2, n-butyl lucidenate, lucidenic acid N, and n-butyl lucide-
nate N, among others (Lee et al., 2011). Further research has led to the isolation of 18 additional triterpenoids from  
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G. lucidum, namely butyl ganoderate A, butyl ganoderate B, n-butyl lucidenate A, n-butyl lucidenate N, ganoderic 
acid A, ganoderic acid B, methyl ganoderate A, methyl lucidenate A, methyl ganoderate B, methyl ganoderate D, 
methyl ganoderate E, ganoderic acid E, ganolucidic acid A, methyl lucidenate E2, methyl ganoderate H, methyl luci-
denate P, and methyl lucidenate F (Lee et al., 2010). Five more triterpenoids were isolated previously from G. lucidum: 
ganoderic acid A, ganoderic acid Sz, methyl ganoderate A, lucidenic acid A, and ganoderic acid C1 (Seo et al., 2009). 
Lucidenic acids (A–C) and N have been analyzed for their cytotoxic activities against HepG2 cells (Weng et al., 2007). 
7-Oxo-ganoderic acid Z, 15-hydroxy-ganoderic acid S, ganoderiol F, and ganodermic acid Q have also been reported 
from G. lucidum (Li et al., 2006).

Lanostane aldehydes in the form of lucialdehydes A, B, and C have been reported from this mushroom (Gao et al., 
2002). Ganoderma amboinense shows the presence of 16 lanostane triterpenes with ganodermacetal identified as a new 
compound together with others such as ganodermatriol, methyl ganoderate C, ganoderic acid F, lanosta-7,9(11), gan-
oderic acid C, 24-trien-3β,15α, 22-triacetoxy-26-oic acid, ganoderic acid D (Yang et al., 2012), ganoderic acid DM (Wu 
et al., 2012), 15-hydroxy-ganoderic acid S, ganodermanontrio, ganoderiol F, methyl ganoderate E, methyl ganoderate 
B, ganoderic acid N, ganoderic acid P, and ganoderic acid H (Yang et al., 2012).

A lanostane triterpenoid, Ganoderic acid X, has been obtained from G. amboinense and shows potent antican-
cer property for therapeutic use (Li et  al., 2005) Colossolactone (V–VIII), colossolactone E, A, G, and schisanlac-
tone A are triterpenoids isolated from Ganoderma colossum (El Dine et al., 2008). Ganoderma fornicatum provides two 
 trinorlanostane-type triterpenoids, namely fornicatin A and B (Niu et al., 2004) and Ganoderma concinna extracts show 
the presence of at least 12 terpenoid products (Gonzalez et al., 2002). Ganoderma tsugae produces Tsugaric acid A, B, 
and C and tsugarioside A, B, and C as important terpenoids (Su et al., 2000). The Naematoloma fasciculare mushroom 
gives 15 lanostane terpenoids that have been reported (Kim et al., 2013) that show cytotoxic effects against human 
cancer cell lines.

Lanostane-type triterpenes, astraodorol, and astraodoric acids A–D have been isolated from Astraeus odo-
ratus (Arpha et al., 2012). They have been analyzed for their antitubercular activity against Mycobacterium 
tuberculosis with astraodoric acids A and B showing moderate activity and cytotoxic activity against the 
cell lines KB, NCI-H187, and MCF-7(Arpha et  al., 2012). Five lanostane-type triterpenoids, namely, 3-epi- 
astrahygrol, astrapteridone, astrapteridiol, astrahygrone, and 3-epi-astrapteridiol, have been reported from 
Astraeus pteridis (Stanikunaite et al., 2008). However, they showed no cytotoxic or antitubercular activities. 
Another group of five triterpenoids, antcin K and C, zhankuic acid C and A, and dehydroeburicoic acid, 
have been isolated from Antrodia camphorata (Du et al., 2012) with dehydroeburicoic acid being the most po-
tent cytotoxic compound. Two triterpenoids and two seco-cucurbitane triterpene acids, namely, lepida acid 
A, rosacea acid B, 3,4-secocucurbita-4,24E-diene-3,26-dioic acid, and cucurbitane hydroxyl acid, have been 
reported from R. lepida and R. amarissima, respectively (Clericuzio et al., 2012). The mushroom Spongiporus 
leucomallellus showed the presence of eburicoic acid, Lanosta-8(9), 24(28)-diene-3β-ol, spongiporic acid A, 
and spongiporic acid B, which were analyzed for antibacterial activities ( Ziegenbein et al., 2006). Two novel 
cucurbitane triterpenoids, leucopaxillones A and B, have been obtained from the mushroom Leucopaxillus 
gentianeus (syn. Leucopaxillus amarus) along with cucurbitacin B (Clericuzio et al., 2006). Tricholoma sapona-
ceum showed the presence of three triterpenes, curustulinolesters saponaceols A, B, and C, which showed 
moderate cytotoxic effects against human leukemia cell cultures (Yoshikawa et al., 2004). Astrakurkurol and 
astrakurkurone are two new lanostane-type triterpenes that have been isolated from Astraeus hygrometricus, 
which were reported to show antifungal activity against Candida albicans and analyzed for antileishmanial 
activity (Lai et al., 2012).

Triterpenes are prevalent in mushrooms, with more than a dozen compounds being reported so far date and 
verified for their therapeutic potency. There are experimental reports of monoterpenes that are effective against sev-
eral cancers such as skin, mammary, lung, colon, pancreatic, prostrate, and stomach carcinomas (Burke et al., 2002). 
Triterpenoids alone constitute more than 20,000 compounds known to be effective in cancer therapy with no toxicity 
to normal cells. Both natural and synthetic derivatives of triterpenoids possess chemotherapeutic effects against 
colon, breast, prostate, and skin cancer. The potential of terpenoids has been particularly attributed to preventing 
cancer and tumor development, and they are effective at various stages of tumor formation. Terpenoids inhibit tu-
mor initiation, metastasis, angiogenesis, and invasion while promoting differentiation and apoptosisvia signaling 
pathways (Patlolla and Chinthalapally, 2012). Around 285 terpenoids have been reported from diverse mushrooms 
having antiinflammatory and antimicrobial activities.

Finally, different bioactive terpenoids isolated and characterized from different medicinal mushrooms along with 
their specific medicinal attributes are summarized in Table 10.1.
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Terpenoid Mushroom source Biological activity Reference

Hirsutenol A, B, C
Stereum hirsutum Antimicrobial against Escherichia 

coli Yun et al. (2002)

Anthracophyllic acid
Anthracophyllone

Anthracophyllum sp. Antimalarial
antibacterial
cytotoxic

Intaraudom et al. (2013)

Enokipodin J
Enokipodin B
Enokipodin D

Flammulina velutipes Cytotoxic
antioxidant
antibacterial

Wang et al. (2012b)

Flammulinol A Flammulina velutipes Antibacterial Wang et al. (2012b)

Flammulinolide A, B, C, D, E, F, G Flammulina velutipes Cytotoxic, antibacterial Wang et al. (2012b)

Erinacine A Hericium erinaceum Antibacterial Kawagishi et al. (2006)

Ganoderone A, C,
Ganoderol A, B.
Lucialdehyde B, D

Ganoderma pfeifferi Antiviral Niedermeyer et al. (2005)

Nambinone A, B, C Neonothopanus nambi Antimalarial, antitubercular, 
cytotoxic

Kanokmedhakul et al. (2012)

Ganoboninketal A, B, C Ganoderma boninense Antiplasmodial, NO inhibition, 
cytotoxic

Ma et al. (2014)

Ganorbiformin A, D, E, F, G Ganoderma orbiforme Antitubercular, antimalarial, 
cytotoxic

Isaka et al. (2013)

Ganoderic acid T, S Ganoderma orbiforme Antitubercular, antimalarial, 
cytotoxic

Isaka et al. (2013)

Ganodermacetal
Methyl ganoderate C

Ganoderma amboinense Toxic against brine shrimp larvae Yang et al. (2012)

Ganoderic acid Me (ganoderic derivative) Ganoderma lucidum Antimetastatic effect, reduces 
tumor invasion

Chen et al. (2008)

Ganoderic acids A, F, and H  Inhibition of expression of CDK4, 
secretion of uPA, adhesion, 
migration, and invasion

Jiang et al. (2008)

Ganoderic acid DM  Antiproliferative effect Wu et al. (2012)

Lucidenic acids A, B, C, and N  Inhibition of PMA-induced MMP-9 
activity and invasion

Weng et al. (2007)

Ganoderic acid T, Ganoderic acid F  Antimetastatic effect Xu et al. (2010), Tang et al. (2006)

Lucidenic acid O, lucidenic lactone, 
ganoderiol, ganoderic acid
(24S)-24,25-dihydroxylanost-8-ene-3,7-dione 
and 3β,7β-dihydroxy-11,15-dioxolanosta-
8,24(E)-dien-26-oic acid

 Anti-HIV-1
Anti-HIV-1-protease

Min et al. (1998)

4,4,14α-Trimethyl-3,7-dioxo-5α-chol-8-en-24-
oic acid
12β-Acetoxy-3,7,11,15,23-pentaoxo-5α-
lanosta-8-en-26-oic acid ethyl ester

   

Fomitoside-K Fomitopsis nigra Induces apoptosis via ROS-
dependent mitochondrial 
dysfunction

Bhattarai et al. (2012), Lee et al. 
(2012)

Colossolactones Ganoderma colossum Inhibition of HIV-1 protease Kleinwächter et al. (2001), El Dine 
et al. (2008)

Ganoderic acid GS-2, 20-hydroxylucidenic 
acid N, 20(21)-dehydrolucidenic acid N, 
ganoderiol F

Ganoderma sinense Inhibition of HIV-1 protease Sato et al. (2009)

TABLE 10.1 Bioactive terpenoids from medicinal mushrooms.
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10.7 Conclusion

Understanding the biological potential of terpenoids in mushrooms can provide leads for novel drugs. The cur-
rent problem in the field of medicine today is the constant evolution of drug-resistant pathogens, viruses, and cancer 
cells as well as the side effects posed by current therapies. There is an urgent requirement for the identification of 
compounds of natural origin as well as analysis of their mechanism of action (Yao et al., 2012). Most recent studies 
with bioactive compounds from mushrooms have been made on animal models or under in vitro conditions. Most of 
these compounds have been suggested for adjuvant therapy and provide relief from symptoms, but not a cure. There 
is a need to perform clinical trials and analyze the effectivity of these compounds with improved methodologies of 
clinical research (Roupas et al., 2012).

In order to meet the growing demand for therapeutics and drugs, further research for the identification of ter-
penoids and their bioactive potential is required. There are many rare and endemic species of mushroom that have 
restricted habitats and may acquire an accumulation of compounds with therapeutic potential. A search in the wild 
could provide an answer to today’s incurable diseases and the simple mushroom bodies harboring their rich ter-
penoid content could prove to be an elixir for life in the future.
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TABLE 10.1 Bioactive terpenoids from medicinal mushrooms—cont’d

Terpenoid Mushroom source Biological activity Reference

Monoterpenoids (1-5) Pleurotus cornucopiae Inhibits NO production Wang et al. (2013)

Cyrneine A, B, C, D Sarcodon cyrneus NGF gene expression Marcotullio et al. (2007)

Pleurospiroketal A, B, C Pleurotus cornucopiae Cytotoxic and inhibits NO 
production

Wang et al. (2013)

11β-Hydroxy-3,7-dioxo-5α-lanosta-8,24(E)-
dien-26-oic acid

Ganoderma lucidum Cytotoxic effect Cheng et al. (2010)

Cyathin D, E, F, G, H Cyathus africanus Cytotoxic, inhibits NO production Han et al. (2013)

Scabronine and sarcodinin Sarcodon scabrosus Cytotoxic Shi et al. (2011)

Tricholomalide A, B, C Tricholoma sp. Cytotoxic Tsukamoto et al. (2003)

Ganoderic acid X Ganoderma amboinense Cytotoxic El Dine et al. (2008)

Tsugaric acid A, B
Tsugarioside A, C

Ganoderma tsugae Cytotoxic Su et al. (2000)

Guanacastane-type diterpenoids Coprinellus radians Antitumor activity Ou et al. (2012)
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11.1 Introduction

For a long time, researchers have identified and characterized many medicinal plants for use as natural medicines 
against various pathogens (Verpoorte, 1999). Nearly 80% of the world’s population has faith in natural medicine that 
originates from plant extracts (Sandhya et al., 2006). An alternative system of medicine is most reliable among peo-
ple, mainly in developing countries; these systems include India Unani, homeopathy, Siddha, Unani, and Ayurveda 
(Satyavati et al., 1987). The Ayurveda system of medicine, also known as Ayurveda medicine, mainly includes herbs 
and trees, which are the source of drugs that are used for the treatment and prevention of many diseases (Mishra 
et al., 2016). In developing countries, these herbal drugs are considered part of their culture for the treatment of dis-
eases (Ekor, 2014). These are secondary metabolites obtained from herbaceous plants that are used as various types of 
drugs such as analgesics, antimalarials, memory enhancers, antiinflammatories, central nervous system stimulants, 
anticancer agents, etc. About 573 medicinal plants in India are used in various systems of medicine for various diseases 
(Anonymous, 2018). A few of the drugs obtained from plants as well as their origins and some commonly used medic-
inal plants are listed in Table 11.1 (Ram et al., 2009; Malviya et al., 2010; Mutheeswaran et al., 2011). The study of plant-
based natural medicine primarily depends on the identification and source of secondary metabolites that originate 
from diverse medicinal plants. Secondary metabolites are small molecules of organic nature limited to some taxonomic 
groups in the plant kingdom that are not directly involved in plant growth but perform many other important functions 
such as catalytic activity, defense, signaling, etc. They are useful to humankind in the production of pharmaceuticals, 
flavoring agents, dyes, etc. Hence, the use of biotechnological processes to increase their production has now become 
a greater concern of industry. The secondary metabolites found in some particular taxonomic groups of plants are the 
centers of interest of biotechnologists these days. In vitro cultivation of these plants at commercial levels can lead to al-
terations in the production of these bioactive compounds (Tiwari et al., 2015). The secondary metabolites obtained from 
plants are important and somewhat unique sources of pharmaceuticals, additives for food articles, and flavoring agents 
(Zhao et al., 2005), Secondary metabolites can protect plants against microorganisms and herbivores. Hence, they serve 
as survival functions for organisms producing them. The secondary metabolites serve: (I) as protection against bacteria, 
fungi, plants, animals, etc.; (II) as agents for the transport of metals; (III) as agents for symbiotic association between 
microorganisms and higher organisms; and (IV) as hormones for sexual reproduction processes (Demain and Fang, 
2000). Plants generate secondary metabolites to overcome the burden of stress (Scagel and Lee, 2012). Additionally, 
several studies observed that secondary metabolites have potential pharmaceutical and economic importance (Dutta 
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and Neog, 2016). It is also well known that phosphorus is a major source of secondary metabolites and plants require it 
during secondary metabolite production (Scagel and Lee, 2012). Arbuscular mycorrhiza is a symbiotic fungi associated 
with the roots of higher fungi with greater potential for the uptake of nutritional and phosphorus content in plants 
(Engel et al., 2016). The literature suggests that plants produce a significantly greater level of secondary metabolites 
after colonization of arbuscular mycorrhizal fungi (Zeng et al., 2013; Pedone-Bonfim et al., 2015). This indicates that 
their application could be used as an approach for crop biofortification (Dutta and Neog, 2016). Several researchers 
deal with the identification of specific mycorrhizal fungi and their role in the production of phytochemical compounds. 
Thus, this chapter summarizes the results of many of studies conducted until now. The main aim of the review is to 
identify a robust approach to elevate the number of bioactive compounds in several aromatic and medicinal plants. The 
purpose of the study is to spot and highlight the specific function of mycorrhizal strains that originate from different 
environmental soils and also to explore various host plants with higher potential to produce bioactive compounds. 
These compounds may be utilized by the medicine and cosmetic industries for the welfare of humankind.

11.2 Arbuscular mycorrhizal symbiosis under root organ culture

Arbuscular mycorrhizal fungi (AMF) is the oldest symbiotic organism associated with more than 80% of terrestrial 
plant species. AMF balances the mineral uptake of plants and also increases plant diversity (Smith and Read, 1997). 

S. No. Source Drug Drug action

1. Digitalis lanata Acetyldigoxin

Cardiotonic

2. Digitalis purpurea Digitalis, digitoxin

3. Urginea maritima Scillarin A

4. Papaver somniferum Codeine, morphine Analgesic

5. Salix alba Salicin

6. Artemissia annua Artemsinin Antimalarial

7. Cinchona ledgeriana Quinine

8. Agrimonia eupatoria Agrimophol Antihelminthic

9. Areca catechu Arecolin

10. Betula alba Betulinic acid Anticancerous

11. Tabebuia sp. Lapachol

12. Colchicum accumunale Colchicine Antitumor

13. Taxus brevifolia Taxol

14. Catharanthus roseus Vinblastine, vincristine

15. Papaver somniferum Codeine, morphine Analgesic

16. Salix alba Salicin

17. Rauwolfia canescens Deserpidine Antihypertensive

18. Rhododendron molle Rhomitoxin

19. Stephania tetrandra Tetrandrine

20. Physostigma venenosum Physostigmine Memory enhancing

21. Aesculus hippocastanum Aescin Antiinflammatory

22. Ananas comosus Bromelian

23. Camellia sinensis Caffeine CNS stimulant

24. Lobelia inflate Lobeline

25. Vinca minor Vasicine

TABLE 11.1 Representative list of medicinal plants used a source of life-saving drugs.
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AMF is the oldest asexually reproducing organism colonized with roots of higher plants (Judson and Normark, 
1996). Moreover, colonization not only increases the nutrient status of plants, but also enhances the stress-tolerant 
property of plants (Smith and Read, 1997; St-Arnaud and Vujanovic, 2007). The symbiotic association of AMF fungi 
is mainly divided into three phases: the nonsymbiotic phase, with the germination of the AMF spore without host 
roots; the presymbiotic phase, with the germination of AMF spores with the presence of host roots and signals; 
and the symbiotic phase, including colonization with the host plant as well as a site for the exchange of nutrients, 
as shown in Fig. 11.1. Conventionally, AM fungal species grown under greenhouse conditions are mainly used for 
identification and functional analysis. Therefore, functional identification of several mycorrhizal species originated 
from complex environment become tedious and time-consuming. As commercial interests and the scale up of SM 
production may require the accurate identification of mycorrhizal species, this will only be achieved through the 
cultivation of potential mycorrhizal species under ROC. For decades, the improvement of technologies related to 
the cultivation of excised roots allowed the successful cultivation of some AM fungal strains, leading to more AM 
species/isolates being made available in ROC. Many authors described the production of mycorrhizal species under 
ROC and suggested it as an efficient system for functional study. The recent production of AMF under a monoexenic 
culture could provide a unique opportunity to enter AM fungi into a new era of quality management particularly 
adapted for functional characterization (Declerck et al., 2005). ROC provides enough pure AMF spores, which could 
be reliable methods for the correct identification of AMF species (Fortin et al., 2002). Furthermore, ROC culture not 
only strengthened the correct genotyping of AMF originating from environmental soil, but also played an important 
role in harvesting the desired concentration of the specific secondary metabolite under control conditions. Therefore, 
this chapter suggests that a single species culture of AMF grown under ROC is not only suitable for molecular anal-
ysis as well as biochemical and morphological characterization, but also may provide a robust system of secondary 
metabolite production. Therefore, a continuous supply of pure AMF inoculums led to an uplift in the quantity of 
secondary metabolites produced (Kumar et al., 2013; Kumar and Yadav, 2018). In addition, the quality of the my-
corrhizal spores grown under ROC also impacts secondary metabolite production. Recently, many AMF species 
introduced in ROC through continuous culture or cryopreservation (Declerck et al., 2000) would be potential AMF 
inoculums for quality secondary metabolite production. The first investigation by Mosse and Hepper (1975) estab-
lished Glomus mosseae under ROC. They cultured spores of AMF first under a mineral-based medium, and also used 
excised roots as a host for AMF colonization. A later study by Strullu and Romand (1986, 1987) used the excised roots 
of strawberry and the intraradical phase of Allium cepa with various species of Glomus as the inoculum. Many authors 
concluded that the genetic diversity of agriculturally and industrially important fungi, mainly arbuscular mycorrhi-
zal fungi, is being lost worldwide to habitat destruction and intensive agriculture. Therefore, maintaining diverse 
and specific strains of these beneficial fungi is important because these strains may contain genes useful to improv-
ing plant productivity and in the continuing fight against pests and diseases. This even applies to those strains with 
overall characteristics that may not be attractive economically. Since the beginning of agriculture, huge reserves of 
variability have accumulated in all microorganisms by the processes of mutation, hybridization, differential selec-
tion pressure, and adaptation to a wide range of conditions. The problem lies in finding, preserving, and using the 
genetic variability of these fungi. In that context, currently more than 30 AMF species have been successfully cul-
tured in ROC that may have future uses for commercial production (Fortin et al., 2002). Moreover, the cultivation of 
AM fungi under ROC not only produces a quality of AM spores, but could also be used for biofertilizer production. 
Moreover, secondary metabolite originated from medicinal plant species is a potential source of pharmaceutical and 

AMF spore
in soil

Establishment of
symbiosis AMF spore

in soil

Arbuscules

Life cycle of
mycorrhiza

Symbiotic phase, Arbuscules
(Ab), vesicle, Intracellular
hyphae, Appresorium (Ap)

Presymbiotic phase

Spore, prapagules
activation, host search

FIG. 11.1 Different stage of mycorrhizal symbiosis associated with plant roots.
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industrial applications. Mycorrhizal species colonized with a medicinal plant grown under ROC are routinely used 
for secondary metabolite production. Recent advancements in the cultivation of AM fungi under ROC on RiT-DNA 
transformed carrot roots is the most efficient method for biofertilizer production (Bécard and Fortin, 1988). The three 
compartments allowed the spores to proliferate in the absence of roots and consisted of sucrose-deficient minimal 
media (Doner and Bécard, 1991). A single spore isolate of AM fungi grows under three-compartment Petri dishes 
that consist of MRS or minimal (M) medium gelled with phytagel. A host root fragment of 3–4 cm length is placed 
on one part of the compartment plate. Afterward, the Petri plates consist of host roots incubated at 26°C under dark 
conditions. After 3–4 days, the freshly developed root tips (3–4 cm) are inoculated with 20–30 sterile mycorrhizal 
spores. The plates are once more sealed with foil and kept in the dark at the optimum temperature for mycorrhizal 
development of 26°C. Mycorrhizal spores and hypha grown in a two-compartment Petri plate consist of a synthetic 
M (minimal) or MSR medium. Clumps of mycorrhizal spores and hypha transfer in the new plate through contin-
uous subculturing (St-Arnaud et al., 1996). The growth of host roots and spore clusters could be checked by visual 
identification. Later, AMF spores are transferred into a new Petri plate consisting of ROC media. Plates are kept in a 
BOD incubator for 3 months at 26°C. A sporulation pattern is observed and the date is recorded. A continuous sub-
culture cycle may increase hairy root production sufficiently. Finally, the optimization for the scale up of secondary 
metabolite production under the cell suspension/bioreactor condition is shown in Fig. 11.2.

11.3 Production of bioactive compounds in AMF colonized plants

AMF is symbiotically associated with more than 80% of crop plant species mainly involved in the enhanced 
uptake of nutrients. AMF colonization increases nutrient availability and the growth of crop plants. Especially, the 
effects are more beneficial for yield and yield-related components of crop plants grown in nutrient-deficient soil. 
Additionally, the mycorrhizal plant species also changes the biochemical and molecular pathways, which overall en-
hances the accumulation of secondary metabolite compounds in a different part of the plants. Many such metabolites 
with various antimicrobial and industrial value such as flavonoids, glucosinolates, cyclohexanone derivatives, phy-
toalexins, apocarotenoids, triterpenoids, and phenolic compounds were reported by several authors. Many reports 
dealt with one such metabolite flavonoid upregulated in crop plants when exposed to alter the environment. For 
example, Primula veris is a bioactive compound that is isolated from several medicinal plants with antibacterial, mu-
colytic, antioxidant, and antiviral activities. Many reports concluded that the role of fungal elicitors was to enhance 
the secondary metabolite production in medicinal plants. Many studies concluded that the rate of production of 
secondary metabolites was upregulated during colonization with specific mycorrhizal species, as listed in Table 11.2. 
There are many medicinal plants whose secondary metabolite products are well known for their medicinal uses. 
For example, Arnebia, Echium, Onosma sp., and Lithospermum are well known for the production of shikonin and 
its derivatives. The naphthoquinone red-colored pigment called shikonin is known for its antibacterial, antifun-
gal, antiinflammatory, antiallergic, and antineoplastic properties along with its wound-healing abilities (Khatoon 
et al., 1994, 2003; Terada et al., 1990). Of these, Arnebia hispidissima is well known for shikonin accumulation, but it 
does not produce sufficient raw material for commercial production (Chaudhury and Pal, 2010). Due to this insuffi-
ciency in production for commercial purposes as well as a limitation imposed by the short growing period of such 

Screening of medicinal plant with potential secondary
metabolites

Callus induction of screened explants for biomass production

Cell suspension culture, bioreactor study

Subculture cycle to increase hairy root production, inoculation
of sterile mycorrhizal spore

Transfer of T-DNA from A. rhizogenes to plant genome

Infection of explants with Agrobacterium rhizogenes for
production of hairy roots

FIG. 11.2 Representative figures of methods of production of secondary metabolites through root organ culture (ROC).
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S. No. Name of plant Secondary metabolite produced AMF species References

1. Anadenanthera colubrina Phenol, flavonoids, tannins Glomus spp. Pedone-Bonfim et al. (2013)

2. Angelica archangelica Essential oils Rhizophagus intraradices, 
Funneliformis mosseae

Zitterl-Eglseer et al. (2015)

3. Angelica dahurica Coumarin Glomus spp. Zhao and He (2011)

4. Artemisia annua Artemisin Rhizophagus intraradices Mandal et al. (2015)

5. Bacopa monnieri Bacoside Bacillus megaterium, 
Rhizophagus intraradices

Gupta and Pandey (2015)

6. Catharanthus roseus Vinblastine Glomus spp. De la Rosa-Mera et al. (2011)

7. Catharanthus roseus Ajmalicine Pseudomonas fluorescens Jaleel et al. (2007)

8. Cymbopogon citratus Essential oil Rhizophagus clarus Lermen et al. (2015)

9. Datura stramonium Hyoscine Funneliformis mosseae Wei and Wang (1989)

10. Hypericum perforatum Hypericin, pseudohypericine Glomus spp. Zubek et al. (2012)

11. Inula ensifolia Thymol Rhizophagus clarus Zubek et al. (2010)

12. Mentha crispa Essential oils Claroideoglomus etunicatum Urcoviche et al. (2015)

13. Mentha viridis Linolene, 1,8-cineole, linalool, 
carvone

Claroideoglomus etunicatum, 
Claroideoglomus lalmellosum

Karagiannidis et al. (2011)

14. Origanum onites Sabinene, terpinene, carvacrol Claroideoglomus lalmellosum Karagiannidis et al. (2011)

15. Passiflora alata Flavonoids Gigaspora albida Oliveira et al. (2015)

16. Pinellia ternata Guanosine Rhizophagus intraradices Guo et al. (2010)

17. Salvia miltiorrhiza Essential oil Funneliformis mosseae Meng and He (2011)

18. Salvia officinalis 1,8-Cineole  Geneva et al. (2010)

19. Schizonepeta tenuifolia Volatile oil Arbuscular mycorrhizal 
fungi

Wei and Wang (1991)

20. Stevia rebaudiana Steviol glycoside Rhizophagus fasciculatus Mandal et al. (2013)

21. Catharanthus roseus Ajmalicine and serpentine AMF species Andrade et al. (2013)

22. Nicotiana tabacum Nicotine, anabasine Rhizophagus intraradices Andrade et al. (2013)

23. Mentha spicata Phenolic compounds and 
terpenoids

Rhizophagus intraradices, 
Funneliformis mosseae

Bagheri et al. (2014)

24. Echinacea purpurea (L.) Phenolics and alkamides Funneliformis mosseae Araim et al. (2009)

25. Anethum graveolens Essential oil Glomus macrocarpum Crişan et al. (2018), Kapoor et al. 
(2002a)

26. Arnica montana Lactones and phenolic 
compounds

Funneliformis geosporum, 
Rhizophagus intraradices

Jurkiewicz et al. (2010)

27. Calendula officinalis Calendoflavosid, isorhamnetin, 
malonyl, glucoside

Claroideoglomus etunicatum, 
Claroideoglomus claroideum, 
Rhizophagus intraradices

Engel et al. (2016)

28. Coriandrum sativum Geraniol and linalool Glomus macrocarpum, 
Rhizophagus fasciculatus

Kapoor et al. (2002b)

29. Curcuma longa Phenolic content, flavonoids, 
curcumin

Glomus, Gigaspora, 
Acaulospora sp.

Dutta and Neog (2016)

30. Mentha piperita Oil Rhizophagus fasciculatus Gupta et al. (2002)

31. Piper aduncum L. Lipoxygenase and essential oil Rhizophagus clarus, 
Claroideoglomus etunicatum, 
P. aduncum

de Oliveira et al. (2019)

TABLE 11.2 List of AMFs associated with medicinal plants produced secondary metabolites.
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 medicinal plants, interest has been shifting toward plant tissue culture and biotechnological techniques (Chaudhury 
and Pal, 2010). Among these techniques, the production of hairy roots in ROC using the Ri plasmid of Agrobacterium 
rhizogenes has been promising, and it could lead to biopharmaceutical production (Flores et al., 1987, 1999). In the 
case of the hairy root culture of Hyoscyamus niger, a ninefold increase in tropane biosynthesis was observed (Zhang 
et al., 2004). The main advantages of growing these hairy root cultures include no requirement for an external auxin 
supply, quick growth in the absence of light, and a fairly consistent metabolite yield. A number of pharmaceuti-
cal products of interest such as ajmaline, quinine, saponine, shikonine, tropane, vinblastine, serpentine, etc., have 
been reported in such hairy root cultures of medicinal plants (Ravishankar and Ramachandra Rao, 2000; Leonard 
et al., 2009). There are many such examples where secondary metabolite production has been reported from hairy 
root cultures of medicinal plants such as tropane alkaloids from Duboisia leichhardtii (Mano et al., 1989), flavonoids 
from Glycyrrhiza glabra (Asada et al., 1998), and ajmaline along with serpentine from Rauwolfia serpentine (Benjamin 
et al., 1994). Besides the production of secondary metabolites in hairy root cultures, there are many elicitors that are 
known to increase the production of secondary metabolites. Fungal partners are among the well-known elicitors for 
this purpose, as observed in the case of enhanced shikalin production in Arnebia euchroma callus by sevenfold in the 
presence of Rhizoctonia solani as the fungal elicitor (Arghavani et al., 2015). This elicitation effect of R. solani was ob-
served to be more compared to Cu2   + and comparable to methyl jasmonate and salicylic acid for shikalin production 
in A. euchroma callus (Arghavani et al., 2015). The positive effect of many fungal elicitors such as Rhizopus oryzae and 
Aspergillus niger has also been demonstrated (Ge et al., 2006). Similar results can be observed using monophyletic AM 
fungal species isolated from ROC under in vitro conditions. Besides the above-given facts about the plants that have 
been colonized by AMF and lead to increases in secondary metabolite production, there are some other medicinally 
important plants that are also well known for their pharmaceutical potential. However, there is still a scope for in-
creases in secondary metabolite production by their inoculation with AMF. One such plant is Euphorbia hirta, whose 
ethanol extracts of leaf, flower, and stem showed a prominent reduction in blood glucose levels in streptozotocin- 
induced diabetic mice (Widharna et al., 2010). Also, some other secondary metabolites of importance such as afzelin, 
quercitrin, and myricitrin obtained from methanol decoction of the leaf and stem of E. hirta showed a cytotoxic effect 
against human epidermoid carcinoma KB 3-1 cells (Liu et al., 2007). These are some of the examples where second-
ary metabolites have proven effects against various diseases. The current need is to tap their potential by increasing 
metabolite production using their associations with other microorganisms, or these associations can be induced to 
get better production or better results. Steviol glycosides are high-value medicinal compounds that may increase 
the production of these compounds during AMF symbiosis. AMF colonization may induce transcriptional factors 
of the secondary metabolite genes. On the other hand, the nutritional and sugar uptake of plants is also increased 
many-fold, ultimately enhancing the photosynthesis efficiency in mycorrhized plants (Pedone-Bonfim et al., 2015). 
The significantly upgraded production of secondary metabolites in Viola tricolor L shoots was due to the colonization 
of AM fungi, which ultimately improved the overall nutritional status of the plants (Zubek et al., 2015).

11.4 AMF-colonized plants: Mechanism of secondary metabolite production

AMFs are obligate symbiotic fungi with about 80% of the terrestrial plants species in natural ecosystems and 
cultivated agro-ecosystems; they differ in the level of colonization according to specific host types (Bonfante and 
Genre, 2010; Smith and Read, 2008; Kumar and Adholeya, 2016). AMF belongs to the phylum Glomeromycota phy-
lum with three classes (Archaeosporomycetes, Glomeromycetes, and Paraglomeromycetes), five orders (Archaeosporales, 
Diversisporales, Gigasporales, Glomerales, and Paraglomerales), 14 families, 29 genera, and approximately 230 species 
(Oehl et al., 2011). They identified species in the genus Glomus sensulato and established the new genera Simiglomus 
and Septoglomus in the Glomeraceae using a partial sequence of β tubulin, SSU, LSU, rRNA, and phenotypic traits. 
Furthermore, Krüger et al. (2012) classified 11 families, 17 genera, and approximately 230 species of AMF. Among 
the genera, Glomus is the largest with more than 93 morphospecies. The symbiotic association of these diverse AM 
fungi with host plants can also change the rate of production of SMs in many plant species (Carlsen et al., 2008). 
The production of SMs in medicinal and aromatic plants is effected by physiological, environmental, and genetical 
factors (Freitas et al., 2004).The production of SM compounds in AM-colonized plants led to upgrading the expres-
sion of pathogenesis-related genes and also the production of volatile compounds such as aldehydes, ethers, and 
alcohols in the various plant parts (Quaglia et al., 2012). The generation of these metabolites is catalyzed by various 
enzymes. Lipoxygenases are considered to be important signaling factors for inducing a defense response in crop 
plants (Liavonchanka and Feussner, 2006). The mechanisms by which the number of secondary metabolites are 
changed still has not been unrevealed (Toussaint, 2007). Peipp et al. (1997) and Zubek et al. (2010) described during 
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AMF colonization the increased concentration of phenolic, terpene, and nitrogenated compounds in the roots as well 
the shoots of plants. They concluded that during AMF symbiosis, the nutritional status of plants was comparatively 
upgraded due to the higher absorption of P and N from the soil. The inoculation of AMF with host plants usually 
increased the overall uptake of phosphorous in plants, which can enhance the nutritional status and ultimately 
the secondary metabolites and phytochemicals in the plant (Scagel and Lee, 2012; Zubek et al., 2012; Jugran et al., 
2015). Moreover, many authors concluded that changes in the production of secondary metabolites might be due to 
changes caused by AMF in phytohormone production in plants (Zubek et al., 2012; Jugran et al., 2015). It has also 
been observed that AMF induces more carbohydrates and jasmonic acid (JA) biosynthesis in mycorrhizal plants as 
compared with nonmycorrhizal plants. Furthermore, significantly greater production of terpenes in Stevia rebaudiana 
when colonized with AM fungi ultimately increased the biosynthesis of jasmonic acid. The induction of the JA path-
way leads to the biosynthesis of stevioside and rebaudioside, which effects the synthesis of secondary metabolites 
in the plant (Mandal et al., 2013). The colonization of AM symbiosis is manifested by cross-talk between symbiotic 
organisms, which further induced changes in the gene expressions of defense regulated pathogenesis proteins and 
phenolic compounds (Fontana et al., 2009; Cameron Neal et al., 2013).

11.5 Conclusion and perspectives

Symbiosis with AM fungi and medicinal plant species in most cases led to increases in secondary metabolite pro-
duction in these plants. This probably occurs by increasing the nutrition uptake, mainly P and N, by AM-colonized 
plant roots. The study suggested that the symbiotic association between AMF and medicinal plants can be exploited 
commercially to increase the production of secondary metabolites. Moreover, studies should be done on a diverse 
range of medicinal plants with the association of microbial consortia, including mycorrhizal species. Effective con-
sortia may further be utilized for large-scale secondary metabolite production. Finally, the process of bioactive output 
using mycorrhizal-based technology should be amplified. This chapter shows that the establishment of mycorrhizal 
species under ROC not only significantly prejudiced our understanding of AMF symbiosis, but also has the potential 
for inoculum production. In the future, effective AMF inoculums could be utilized for secondary metabolite produc-
tion, mainly in medicinal plants.
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12.1 Introduction

Microorganisms possess unique traits and are substantiated by their ability to grow fast. The microbial enzyme 
systems catalyze several chemical reactions and are identified as precursors of important drug molecules. They are 
also substantial in fermentation and biotransformation processes and hence are important to mankind both envi-
ronmentally and economically. Bacterial, fungal, and actinomycete microorganisms are recognized as producers of 
potentially bioactive compounds, as they can be preserved for an indefinite period, thereby ensuring the continuous 
production of biologically active compounds (Lam, 2006). Enhanced yields of the required bioactive compounds 
can be obtained by microbial manipulation (Kharwar et al., 2011). Microbes produce these bioactive metabolites as a 
defense mechanism against attacking pathogens (Vinale et al., 2014). Although several potent microbial drugs have 
been discovered, searches for efficacious treatments for HIV, H1N1, cardiovascular diseases, cancer, and several mi-
crobial infections are still under way. Hence, the quest for unique and new bioactive compounds to combat deadly 
ailments is a continuous and enormous mission.

12.2 Natural products—A source of potentially bioactive compounds

Alexander Fleming’s discovery of the wonder drug penicillin in 1928 paved the way for finding numerous anti-
biotics to treat several infectious diseases. The global problem of increased multidrug resistance demands persistent 
efforts to discover novel antibiotics that are efficient against several pathogens (Davies and Davies, 2010). Hence, 
it is imperative to explore new bioactive microbial metabolites to develop potent drugs needed for human health. 
Natural products are potent sources to derive new drugs of therapeutic value. Secondary metabolites are produced 
by living beings naturally in response to external stimuli such as nutritional modifications and infections. There 
are an estimated 200,000 natural metabolites with bioactive properties (Demain and Sanchez, 2009). The boost in 
microbial metabolite research is attributed to the low toxicity, low cost of production, structural diversity, and broad- 
spectrum activities of these natural products, with a low quantity of compound administration to treat various dis-
eases (Rout et al., 2009). Natural products offer tremendous prospects for potential bioactive compound discovery 
and have been identified as the basis for effective drug synthesis (Cragg and Newman, 2013). The discovery of novel 
lead compounds with minimum or no adverse effects is an alternative to the orthodox method of disease treatment 
and control (Kusari et al., 2009). It is estimated that at least 68% of antibacterial compounds are natural products 
or their derivatives in the therapeutic regimen. Fungal endophytes from medicinal plants have been used to treat 
several diseases since ancient times. Endophytic fungal compounds from medicinal and aromatic plants are prolific 
bioactive metabolite resources, which are beneficial in current medicinal practices (Cragg et al., 2009). Endophytic 
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fungal bioactive compounds have been recognized as a promising alternative approach for the discovery of new 
therapeutic preparations (Joseph and Priya, 2011).

12.3 Endophytic fungi from medicinal plants

Medicinal plants are the primary source of traditional medicine and produce a diverse variety of secondary me-
tabolites that confers them with resistance against environmental stress and pathogen attack. These metabolites 
function as signaling molecules for interplant communication. They also play a role in the normal functioning of 
the plant and have been widely investigated for their diverse biological effects in maintaining plant-environment 
interaction. These secondary metabolites have been of pragmatic importance as they are widely used in traditional 
and folklore medicine. It has been revealed that very few (~  10%–15%) medicinal plants have been investigated for 
their bioactive properties (Bisht et al., 2006). Of this, only approximately 6% have been screened for their biological 
activities (Demain and Vaishnav, 2011). Medicinal plants are a storehouse of numerous secondary metabolites and 
bioactive compounds that are precursors for cancer chemotherapy (Sasidharan et al., 2011).

Medicinal plants may host an indefinite microbial population referred to as endophytes (Uzma et al., 2019). These 
endophytes exist internally in the plant tissues in a symbiotic association and spend their life cycle inside the host 
plants. Around one million endophytic microbial populations are known to occur in the plant kingdom (Kusari et al., 
2009).

Endophytic fungi are important components of plant microecosystems. They exist in apoplastic spaces and/or within 
the living cells of plants for most or at least a significant part of their life cycle without causing any adverse effects and 
are usually symptomless (Petrini, 1991). They usually reside in above-ground plant tissues, which distinguishes them 
from the mycorrhizal symbionts. Occasionally, they may also inhibit the tissues of the root system (Rodriguez et al., 
2009). The endophytes and their host plants are exposed to constant and unique interactions in this specialized ecologi-
cal niche, which favors the production of biologically active metabolites from fungal endophytes hat are of use in medi-
cine, agriculture, and industry (Strobel and Daisy, 2003). The secondary metabolites synthesized by endophytes exhibit 
several biological activities and confer the host plant with increased resistance to the invading insects, livestock, and 
nematodes. Every single plant studied so far harbors a minimum of at least one endophytic fungal species (Saikkonen, 
2007). These endophytes produce metabolites that are influenced by their host chemistry and produce analogous bio-
active compounds as that of their hosts (Zhao et al., 2011). The metabolically hostile environment within the host plant 
could also stimulate the production of bioactive secondary metabolites by the endophyte in the host plant (Jalgaonwala 
and Mahajan, 2011). Most research on endophytic fungi reveals a probability of endophyte-harboring medicinal plants 
capable of producing pharmacologically important natural products. Also, the therapeutic benefits of medicinal plants 
could be due to the endophytic populations that exist within them, thereby pointing to more studies on the plant- 
endophyte interactions for the identification of beneficial compounds (Uzma et al., 2016).

Sadly, the overuse of medicinal plants for traditional medicine coupled with pathogen attacks, forest fires, over-
grazing, and overharvesting have limited the abundance of pharmacologically important medicinal plants. Therefore, 
we must seek immediate attention for the conservation and propagation of these entities. To overcome the receding 
medicinal plant population, endophytic fungal bioactive compounds are important in providing a continuous and 
sustainable source of chemotherapeutics with precise target specificity, minor side effects, and low cost. Therefore, 
we can decrease deforestation and the extinction of ecologically significant and valuable medicinal plants. Fungal 
endophytes have the ability to synthesize several new and significant bioactive metabolites that can be utilized as 
therapeutic agents to treat various types of cancers (Uzma et al., 2018; Kharwar et al., 2011; Aly et al., 2010). Some 
of these compounds include taxol (paclitaxel), podophyllotoxin, vincristine, etoposide, irinotecan, topotecan, and 
vinblastine, used to treat different cancer types (Balunas and Kinghorn, 2005). Still, fungal endophytes have re-
mained underexploited in their capacity to produce bioactive metabolites to develop novel drugs for therapeutic 
use. Nonetheless, several endophytic fungal species possessing antimicrobial, antiinflammatory, antioxidant, and 
anticancer compounds have been described (Uzma and Chowdappa, 2017; Gouda et al., 2016).

12.4 Secondary bioactive metabolites from fungal endophytes

Secondary metabolites are the metabolites secreted after the active growth phase and are produced during the 
differentiation of a living organism (Frisvad et al., 2008). They are not needed during the growth and development of 
the organism and are usually species-specific, unlike primary metabolites. Secondary metabolites are obtained from 
endophytes and are characterized for the production of numerous bioactive compounds.
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Endophytes obtained from plants coexist with their hosts in a symbiotic association and are considered to be 
alternate sources of bioactive compounds for the development of novel drugs. Fungal endophytes yield secondary 
metabolites, which enables them to persist in the interstitial plant space. The endophytes produce biologically active 
metabolites that have either similar or higher bioactivity than their host plants (Strobel, 2002). The association of en-
dophytes with their respective host plants has resulted in the discovery of taxol, a potent anticancer drug from Taxus 
brevifolia. This has also led to the identification of several novel endophytic bioactive compounds from different host 
plants (Stierle et al., 1993). The different classes of endophytic bioactive metabolites include alkaloids, cytochalasins, 
polyketides, terpenoids, flavonoids, quinones, peptides, xanthones, flavonoids, phenols and phenolic compounds, 
and steroids (Zaferanloo et al., 2012). These secondary metabolites could be important for fungi-host plant interac-
tions such as signaling, defense, and regulation of symbiosis, therefore playing a key role in fungal ecology (Schulz 
and Boyle, 2005). Endophytic fungi can promote plant growth, increase disease resistance, and help the host plant 
withstand abiotic stress (Uzma et al., 2019).

Additionally, they have the ability to putrefy environmental pollutants and improve the soil environment (Xiao 
et al., 2010). The exploration of specialized niches to investigate endophytic secondary metabolites increases the 
likelihood of acquiring new compounds in the drug discovery process. These drugs can find potential uses in 
the agriculture and pharmaceutical sectors as anticancer and immunosuppressive agents (Huang et al., 2007a,b). 
Endophytic fungal metabolites have been utilized to treat numerous human ailments because of their special-
ized biological activities. Endophytic fungi from the desired medicinal plants of the Western Himalayas have 
demonstrated antimicrobial and immune-modulatory activities (Qadri et al., 2013). The endophytic fungal metab-
olites of Artemisia annua demonstrated antiacetylcholinesterase activity and could be utilized in the treatment of 
Alzheimer’s disease (Aly et al., 2011). Some of the metabolites such as hypericin, camptothecin, podophyllotoxin, 
diosgenin, and paclitaxel produced by fungal endophytes are analogous to that of their respective host plants 
(Zhao et al., 2010).

12.5 Bioactivity of metabolites derived from the endophytic fungi of medicinal plants

Medicinal plants are the primary source of traditional medicine and they produce a diverse range of secondary 
metabolites, which confers them with resistance against environmental stress and pathogen attacks. These metabo-
lites function as signaling molecules for interplant communication. They also play a role in the normal functioning 
of the plant and have been widely investigated for their diverse biological effects in maintaining plant-environment 
interactions. These secondary metabolites have been of pragmatic importance as they are widely used in traditional 
and folk medicine.

Endophytic fungi produce similar or identical derivatives or bioactive metabolites analogous to the host plant, 
mainly due to the evolutionary selection pressures. Therefore, endophytic fungi possess the capability to sense stress 
signals and stress induction in the host plant. This ability to sense stress is preserved even after the ability to syn-
thesize the bioactive compounds is spent over time, indicating that stress signaling in the plants is detected by the 
endophytic fungi. Hence, they are able to initiate a vast range of defense responses akin to that of the host plant. This 
may be due to the fact that conserved gene clusters exist in the host plants and endophytes together. They are acti-
vated at specific occasions, resulting in the assembly of bioactive secondary metabolites in the host plant and fungi 
(Kusari et al., 2012).

Endophytic fungi produce bioactive secondary metabolites that are studied, primarily because of the varied nature 
of the metabolites they provide and for their beneficial activities for plants and mankind (Priti et al., 2009). The inter-
action of endophytic fungi with the environment in diverse habitats ensures the production of unique bioactive com-
pounds with enhanced synthesis of secondary metabolites. Moreover, the production of important and rare bioactive 
compounds from endophytic fungi helps to preserve biodiversity, as it reduces the need to harvest medicinal plants 
because endophytic fungi yield similar bioactive compounds as their host plants (Kusari et al., 2013). Endophytic 
microorganisms represent abundant biochemically unique and new compounds with the potential for development 
in the pharmaceutical, agricultural, and industrial areas. Endophytic fungi produce several bioactive secondary me-
tabolites that belong to several diverse groups such as alkaloids, benzopyranones, flavonoids, quinones, steroids, 
terpenoids, tetralones, xanthones, and many others (Tan and Zou, 2001). The 124 phenolic compounds yielded by 
endophytic fungi were compared to those produced in the host plant. It was found that only seven compounds 
were obtained from both the fungi and their hosts, emphasizing the role of these phenolics in endophyte survival 
(Lunardelli Negreiros de Carvalho et al., 2016). The 138 metabolites of endophytic fungi in a review from 1987 to 2000 
have been reported (Tan and Zou, 2001). Many authors have reviewed several aspects of endophytic fungi and have 
reported their works in this regard (Strobel and Daisy, 2003).
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The challenges and progress achieved in the field of foliar endophyte studies have been described (Arnold, 2007). 
The study has also given insight into the endophytic interactions with their host plants. In the same year, the novel 
endophytes and their diverse bioactive secondary metabolites from 2001 to 2007 were reported (Firáková et al., 2007). 
The review on the endophytic fungal metabolites of terrestrial and mangrove plants from 2008 to 2009 reports the 
antimicrobial, antiparasitic, cytotoxic, and neuroprotective attributes of the bioactive compounds (Aly et al., 2010). 
The association of endophytic fungi and their host plants for producing biologically active compounds such as taxol, 
podophyllotoxin, camptothecin, vinblastine, hypericin, and diosgenin along with the biological activities and their 
mechanisms for the efficient production of these compounds for prospective applications were also reported (Zhao 
et al., 2011).

12.5.1 Alkaloids

Endophytic fungi can produce alkaloids, which possess varied biological properties such as antifungal, anticancer, 
and antiviral activities (Pinheiro et al., 2013). The fungal alkaloids are low molecular weight nitrogenous compounds 
found in plants that have been characterized and recognized as important leads for drug discovery (Dewick, 2009). 
They are also recognized to have pesticide and herbicide activity when isolated from the fungal endophytes of tem-
perate grasses (Porter, 1995).

The alkaloid asperfumoid was obtained from an endophytic fungus, Aspergillus fumigatus CY018, from Cynodon 
dactylon. The compound showed distinct activity against Candida albicans with a MIC of 75 μg mL−  1 (Liu et al., 2004). 
Also, aspernigerin obtained from Aspergillus niger IFB-E003 from the plant mentioned above demonstrated cytotoxic 
abilities against the nasopharyngeal epidermoid KB, cervical carcinoma HeLa, and colorectal carcinoma SW1116 
cell lines with analogous IC50 values of 22, 46, and 35 μg, correspondingly (Shen et al., 2006). Six penicisulfuranols 
A–F were isolated from the mangrove endophytic fungus Penicillium janthinellum HDN13-309. The compounds A–C 
showed cytotoxicity with IC50 values varying from 0.1 to 3.9 μM (Zhu et al., 2017).

The endophytic Trichosporum sp. isolated from the seeds of Trigonella foenum-graecum (Fabaceae) produced two 
new diketopiperazine alkaloid isomers identified chemically as (6-S)-3-(1,3-dihydroxypropyl)-6-(2-methylpropyl)-
piperazine-2,5-dione and (6-R)-3-(1,3-dihydroxypropyl)-6-(2-methylpropyl)piperazine-2,5-dione. These showed 
antileishmanial activities with IC50 values of 96.3 and 82.5 μg mL−  1, respectively (Metwaly et  al., 2015). Two new 
α-Pyrone derivatives were obtained from the fungal endophyte Embellisia sp. identified as 5-(3-S-hydroxybutyl)-
4-methoxy-6-methyl-2H-pyran-2-one and 4-(4-methoxy-6-methyl-2-oxo-2H-pyran-5-yl) butanoic acid. In vitro, the 
antileishmanial, antifungal, antibacterial, and antimalarial activities of the compounds did not exhibit any promising 
activities (Metwaly et al., 2017). The rare alkaloid glandicoline along with six other compounds were isolated from 
the fungal Penicillium sp. obtained from the roots of the palm tree Mauritia flexuosa. The methanol extract of glandi-
coline exhibited antimicrobial activity against Staphylococcus aureus, Micrococcus luteus, and Escherichia coli, hence 
proving this as a potential agent for bactericide application (Koolen et al., 2012).

The myco-endophytic Fusarium sp. YG-45 obtained from Maackia chinensis was able to yield 3,4,5-trisubstituted 
N-methyl-2-pyridone alkaloids-fusapyridons A and B, sambutoxin, N-demethylsambutoxin, (−)-oxysporidinone, 
and oxysporidinon. The fusapyridons A showed antimicrobial action against Pseudomonas aeruginosa and S. aureus 
(Tsuchinari et al., 2007). The alkaloids 9-deacetylfumigaclavine C, 9-deacetoxyfumigaclavine C, fumigaclavine C, 
14-norpseurotin, pseurotin A, spirotryprostatin A, 6-methoxyspirotryprostatin B, fumitremorgin F, dimethylglio-
toxin, 12R-fumitremorgin C, dimethoxy fumitremorgin C, verruculogen, tryprostatins A, and tryprostatins B were ob-
tained from the endophytic fungus A. fumigatus obtained from the stem of C. dactylon. The 9- deacetoxyfumigaclavine 
C exhibited cytotoxicity against K562 with the activity of 3.10 μM (Ge et al., 2009). The most important alkaloid, 
camptothecin, is the most potent cytotoxic compound currently used in the pharmaceutical industry and has been 
discussed by several researchers previously (Puri et al., 2005; Shweta et al., 2010).

12.5.2 Flavonoids

Flavonoids and other compounds have been extensively researched as the primary free radical scavenging mol-
ecules in several medicinal plants (Siriwach et al., 2012). Flavonoids and isoflavonoids are bioactive compounds 
yielded by fungal endophytes in order to enhance resistance to the biotic and abiotic stresses of their host plants and 
have profound applications in pharmaceutics and medicine (Firáková et al., 2007). The endophytic Aspergillus nidu-
lans and Aspergillus oryzae obtained from the twigs of Gingko biloba yielded flavonoids with a total flavonoid content 
of 0.0116 and 0.0125 mg mL−  1, respectively, hence demonstrating their potential as prodrug sources (Qiu et al., 2010). 
The endophytic isolates from Calotropis procera identified as Penicillium sp. and Aspergillus sp. were  investigated 
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for their antioxidant activities. The total flavonoid content in Penicillium sp. and Aspergillus sp. was estimated to be 
130.50 μg/mg and 94.91 μg/mg of extracts, respectively (Nagda et al., 2017). Similarly, the methanolic extracts of 
the endophytic fungi Fusarium sp. and Mucor sp., isolated from Lobelia nicotianifolia located in the Western Ghats, 
revealed the presence of flavonoids (Nitya et  al., 2011). The occurrence of flavonoids in ethyl acetate extracts of  
A. niger and Alternaria alternata associated with Tabebuia argentea was explored (Sadananda et al., 2011). The presence 
of flavonoids from various solvent extracts of the myco-endophytes Aspergillus sp. JPY1 and Aspergillus sp. JPY2, ob-
tained from Salvadora oleoides, was reported (Dhankhar et al., 2012). The endophytic fungal isolates from the spikes of 
Pinus roxburghii of Pauri, the Garhwal region, Uttarakhand, were evaluated for flavonoid content. Among 17 isolates, 
Penicillium frequentans showed a flavonoid content of 17.48 mg/g (Bhardwaj et al., 2015). A phytochemical analysis 
of compounds in the ethyl acetate extract of endophytic fungi associated with Ocimum sanctum was carried out and 
the presence of flavonoids was confirmed (Gurupavithra and Jayachitra, 2013). Also, a high flavonoid content was 
demonstrated in the extract of the endophytic fungus Sporormiella dakotensis obtained from O. sanctum Linn (Sharma 
and Vijay, 2013). The endophytic Alternaria sp. from the medicinal plant Mussaenda luteola (Rubiaceae) showed high 
flavonoid content (Gunasekaran et al., 2017).

12.5.3 Terpenoids

Terpenoids or isoprenoids are a significant and varied class of naturally occurring organic compounds that are 
derivatives of terpenes. Depending on their carbon units, they are classified into mono, sesqui, di, ses, and triter-
penes. Generally, many of them are multicyclic structures that differ from each other not only in functional groups, 
but also in their basic carbon skeletons (McMurry, 2014). Some of the major terpenoids that have been obtained 
from endophytic fungi include sesquiterpenes, diterpenoids, and triterpenoids. The eremophilane sesquiterpenes 
8α-acetoxyphomadecalin and phomadecalin E were attained from the endophytic Microdiplodia sp. from the stems 
of Pinus sp. The compounds demonstrated antibacterial activity against P. aeruginosa (Hatakeyama et al., 2010). 
Also, cycloepoxylactone and cycloepoxytriol B were obtained from the endophytic cultures of Phomopsis sp. from 
the plants of Laurus azorica. Cycloepoxylactone impeded the growth of Bacillus megaterium and Microbotryum vi-
olaceum, an anther smut fungus, while cycloepoxytriol B inhibited the growth of an alga, Chlorella fusca (Hussain 
et al., 2009).

The endophytic Phyllosticta spinarum obtained from Platycladus orientalis produced (+)-(5S,10S)-4′-
hydroxymethylcyclozonarone, 3-ketotauranin, 3α-hydroxytauranin, 12-hydroxytauranin, phyllospinarone, and tau-
ranin. The compounds were assessed for their cell proliferation inhibitory activity against five cancer cell lines, and 
tauranin showed activity against PC-3M (prostate) and NIH 3T3 (mouse fibroblast) cell lines (Wijeratne et al., 2008). 
Two novel terpenoids, (+)-(3S,6S,7R,8S)-periconone A and (−)-(1R,4R,6S,7S)-2-caren-4,8-olide, have been reported 
from the endophytic fungus Periconia sp., isolated from the plant Annona muricata (Ge et al., 2011). The sesquiter-
pene 1α-10α-Epoxy-7α-hydroxyeremophil-11-en-12,8-β-olide was attained from Xylaria sp. BCC 21097 isolated from 
Licuala spinosa, and demonstrated effective antifungal activity against C. albicans and antimalarial activity against 
Plasmodium falciparum (Isaka et al., 2010).

The most researched anticancer drug from endophytic fungi, Paclitaxel (taxol), is a diterpene produced from the 
endophytic fungus Taxomyces andreanae from the yew tree T. brevifolia. It functions by stabilizing microtubules and 
impeding spindle function, leading to cell division disruption (Uzma et al., 2018).

The endophytic fungus Penicillium sp. SXH-65 produced the novel meroterpenoids arisugacins I and J, along with 
the known meroterpenoids arisugacin B, arisugacin F, arisugacin G, territrem B, and territrem C (Sun et al., 2013). 
Also, two new sesterterpenoids, asperterpenol A and asperterpenol B, were found from the mangrove endophytic 
fungus Aspergillus sp. (Xiao et al., 2013).

12.5.4 Phenols and phenolic acids

Phenol-derived structures are responsible for many biological activities of the secondary metabolites such as an-
tioxidant, cytotoxic, and antimicrobial properties, among others. Phenolic compounds are synthesized from the shi-
kimate pathway, a common precursor in plants and a rare one in microbes (Lunardelli Negreiros de Carvalho et al., 
2016). Phenols belong to a category of chemical compounds that comprises a hydroxyl group (OH) bonded di-
rectly to an aromatic hydrocarbon. The phenolic compound 2-Methoxy-4-hydroxy-6-methoxymethylbenzaldehyde 
showed antifungal activity against the phytopathogen Cladosporium cucumerinum; it was obtained from the Pezicula 
strain 553 from an unknown fungal endophyte (Schulz et al., 1999). The tridepside compound Colletotric acid was 
obtained from the endophyte Colletotrichum gloeosporioides isolated from Artemisia mongolica, and it demonstrated 
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antibacterial activity against Bacillus subtilis, S. aureus, and M. luteus (Zou et al., 2000). The endophytic Cytonaema sp. 
obtained from Quercus sp. produced the isomeric tridepsides cytonic acids A and B, which showed inhibitory activi-
ties against cytomegalovirus (Guo et al., 2000). The endophytic extracts of Alternaria sp. obtained from the mangrove 
plant Sonneratia alba produced two phenolic mixtures, xanalteric acids I and II (Kjer et al., 2009). Phenolics were 
obtained in the extracts of the endophytic fungus A. alternata obtained from Coffea arabica L. (Fernandes et al., 2009).

12.5.5 Steroids

The steroid compounds 3β,5α-dihydroxy-6β-acetoxy-ergosta-7,22-diene, 3β,5α-dihydroxy-6β-phenylacetyloxy- 
ergosta-7,22-diene, 3β-hydroxy-ergosta-5-ene, 3-oxo-ergosta-4,6,8,22-tetraene, and 3β-hydroxy-5α,8α epidioxy- 
ergosta-6,22-diene were obtained from endophytic Colletotrichum sp. from the stems of the Chinese herb A. annua. 
The compounds showed antifungal and antibacterial activities (Lu et al., 2000).

12.6 Antimicrobial metabolites from endophytic fungi

The discovery of penicillin paved the way for the scientific community around the world to continue to inves-
tigate natural products for their antimicrobial potential. Since then, many antibacterial and antifungal compounds 
were discovered from natural sources such as plants, fungi, and bacteria. These paved the way for “biotherapeutics,” 
which have potential in the pharmaceutical and agrochemical arenas. The complex association involving the host 
plants and the endophytes is not fully understood, but this unique symbiotic association gives them the ability to 
yield novel bioactive compounds, from which a variety of biological activities and novel chemical structures have 
been discovered. Antibiotics are low molecular weight compounds obtained from microorganisms, which at low 
concentrations are effective against other microbes (Demain and Sanchez, 2009). Endophytic fungi are a source of 
these antibiotics and have been reported to produce antimicrobial metabolites as a resistance mechanism to the host 
plants against pathogenic attack (Uzma and Chowdappa, 2017). Many antimicrobial metabolites have been discov-
ered from fungal endophytes, emphasizing the fact that antimicrobials from endophytic fungi could be the answer 
to the global problem of drug resistance to several pathogenic bacteria and fungi, as they are effective and less toxic 
(Tan and Zou, 2001).

The cytotoxin Brefeldin A is a fungal metabolite from Cladosporium sp. that exhibited antifungal activity against  
A. niger, C. albicans, and Trichophyton rubrum with MIC values of 0.97 μg mL−  1, 1.9 μg mL−  1, and 1.9 μg mL−  1, respec-
tively. It demonstrated higher potency than the positive control ketoconazole (Wang et al., 2007). Phomodione, an 
usnic acid derivative, was isolated from a Phoma sp. of Saurauia scaberrinae. Phomodione was found to be efficient 
against S. aureus at a MIC of 1.6 μg mL−  1 (Hoffman et al., 2008). The antibacterials 1-hydroxy-5-methoxynaphthalene, 1, 
5-dimethoxy-4-nitronaphthalene, and 1-hydroxy-5-methoxy-2,4-dinitronaphthalene were obtained from Coniothyrium 
sp. of the shrub Sideritis chamaedryfolia. The compounds were active against B. megaterium and E. coli (Krohn et al., 
2008). The endophytic Chloridium sp. from Neem (Azadirachta indica) produced the antibacterial naphthoquinone 
Javinicin, which demonstrated robust antibacterial activity against Pseudomonas sp. (Kharwar et  al., 2009). The 
 endophytic fungal metabolite of A. alternata from C. arabica L. was tested for its antibacterial and antifungal activ-
ities against S. aureus, E. coli, and C. albicans. The extract displayed MIC values of 50–100 μg mL−  1 for S. aureus and 
400–800 μg mL−  1 for E. coli, but failed to show antifungal activity (Fernandes et al., 2009). The endophytic Alternaria 
sp. obtained from the Chinese mangrove plant S. alba resulted in two new mixtures, xanalteric acids I and II, in addi-
tion to 11 known metabolites. The compounds exhibited weak antibiotic activity against multidrug-resistant S. aureus 
with MIC values of 343.40–686.81 μM (Kjer et al., 2009). The endophytic Guignardia sp. of Hopea hainanensis produced 
monomethylsulochrin, rhizoctonic acid, and guignasulfide, which showed antibacterial activity against the human 
bacterial pathogen Helicobacter pylori with MIC values of 28.9, 60.2, and 42.9 μM, respectively (Wang et al., 2010). The 
endophytic Phomopsis sp. of Cistus monspeliensis produced phomochromone A, phomochromone B, phomotenone, 
and (1S,2S,4S)-trihydroxy-p-menthane. The compounds showed activity against E. coli and B. megaterium (Ahmed 
et al., 2011). The endophyte Quambalaria sp. from the inner bark of the plant Ipomoea carnea showed antimicrobial 
activity against Shigella dysenteriae, E. coli, and C. albicans, indicating that the fungal metabolite has a broad spectrum 
in nature and inhibits both bacterial and fungal pathogens (Padhi and Tayung, 2013). The medicinal plant Piper croca-
tum (Ruiz and Pav) was assessed for its endophytic assemblage and the endophytic fungi BS1 (unidentified) showed 
higher inhibitory activity against B. subtilis with a minimum dose of 31.25 μg, whereas the inhibitory activities for  
E. coli and S. aureus were 125 μg and 250 μg, respectively (Astuti and Nababan, 2014). The endophytic Cladosporium 
sp. obtained from the foliage of Rauwolfia serpentina (L.) Benth. ex Kurz produced two compounds, anhydrofusarubin 
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and methyl ether, of fusarubin. The methyl ether of fusarubin was found to be inhibitory against S. aureus, E. coli,  
P. aeruginosa, and B. megaterium with inhibition zones of 27 mm, 25 mm, 24 mm, and 22 mm, respectively, when com-
pared with the positive control kanamycin (Khan et al., 2016). The bioactive compound alternariol 9-methyl ether 
was isolated from the endophytic Alternaria sp. from Salvia miltiorrhiza and was active against bacteria with MIC 
values ranging from 25 to 75 μg mL−  1 and IC50 values ranging from 16.00 to 38.27 μg mL−  1 (Lou et al., 2016). The endo-
phytic Chaetomium globosum from Houttuynia cordata Thunb, a Chinese medicinal plant, was investigated. Recently, 
the bioactive compound Beauvericin from the endophytic fungus Epicoccum nigrum of Entada abyssinica Steud. ex  
A. Rich was evaluated for antibacterial activity against B. cereus and Salmonella typhimurium with MIC values of 3.12 
and 6.25 μg mL−  1, respectively (Dzoyem et al., 2017).

12.7 Anticancer metabolites from endophytic fungi

The association of endophytic fungi with their host plants resulted in the discovery of taxol and subsequently 
many endophytic fungi yielding taxol from various host plants were discovered (Table 12.1).

Subsequently, other anticancer compounds with commercial uses such as podophyllotoxin and camptothecin were 
reported from the endophytic fungi of different hosts (Puri et al., 2005; Kharwar et al., 2011). The myco- endophytes 
are widely used as prospective anticancer agents for novel drug discovery methods. The bioactive compounds 
from endophytic fungi are tested for antiproliferation with a panel of cell lines as the initial screen for cytotoxic-
ity. This allows for the quick screening of compounds and can be used to identify compounds that demonstrate 
precise cytotoxicity toward cancer cells. This is vital in cancer therapy as compounds, if not specifically toxic, will 
result in the chemotherapy being more destructive to the patient. Also, a few anticancer agents may be carcinogenic 
(Blagosklonny, 2005). Hence, toxicity screening is the first phase employed to categorize anticancer agents proficient 
in destroying tumor cells selectively and specifically. Several authors have reviewed the activity of several anticancer 
compounds from the endophytic fungi of different hosts. The effective cytotoxicity of these anticancer compounds 
against various cell lines has also been discussed (Uzma et al., 2018; Gao et al., 2018; Deshmukh et al., 2017; Kumar 
et al., 2014; Aly et al., 2010).

12.8 Antioxidant activities of endophytic fungi

All living systems obtain energy for biological processes through oxidation. Oxidation is a chemical reaction that 
can produce free radicals ( O2

− , H2O2, and OH) that may damage cells. These reactive oxygen species (ROS) are 
biological reaction products that result in oxidative damage to biomolecules (carbohydrates, lipids, DNA), thereby 
resulting in aging, cancer, atherosclerosis, diabetes, and other neurogenerative disorders (Huang et  al., 2007a,b). 
Antioxidants are molecules that inhibit the oxidation of free radicals and terminate the chain reactions, hence pre-
venting cellular damage (Nimse and Pal, 2015). Endophytic fungi can be the source of antioxidants that can terminate 
the chain reaction of ROS and benefit plants in surviving biotic and abiotic stress conditions (Cui et al., 2015).

Four endophytic fungi of Crotalaria pallida (Fabaceae) were evaluated for their antioxidant activities by the ABTS, 
DPPH, and FRAP methods. The ethanolic extracts of A. niger and Fusarium oxysporum showed effective antioxidant 
activity. Also, the fungal extracts showed good phenolic and flavonoid content (Govindappa et al., 2011). The cajanin 

S. No Endophytic fungi Host plant Taxol yield (μg/L) References

1 Taxomyces andreanae Taxus brevifolia 0.024–0.050 Strobel et al. (1993)

2 Bartalinia robillardoides Aegle marmelos 187.6 Gangadevi and Muthumary (2008a)

3 Colletotrichum gloeosporioides Justicia gendarussa 163.4 Gangadevi and Muthumary (2008b)

4 Pestalotiopsis pauciseta Cardiospermum halicacabum 113.3 Gangadevi et al. (2008)

5 Aspergillus niger var. taxi T. cuspidata 273.46 Zhao et al. (2009)

6 Paraconiothyrium sp. T. media 80 Soliman et al. (2011)

7 Phoma betae Ginkgo biloba 795 Kumaran et al. (2012)

TABLE 12.1 Taxol production from the endophytic fungi of Taxus species and non-Taxus species.
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stilbene acid (CSA) producing myco-endophytes from Cajanus cajan (L.) was investigated. The CSA-producing fungi 
were Fusarium solani, F. oxysporum, and Fusarium proliferatum, identified by molecular techniques. The DPPH radical 
scavenging assay showed 80% inhibition in the endophytic extracts (Zhao et al., 2012). The antioxidant properties 
of six endophytic fungal extracts isolated from Garcinia spp. were investigated. Among the isolates, extracts of 
A. fumigatus revealed the presence of phloroglucinol as the active component for biological activities. The DPPH 
activity of the Fusarium sp. and A. fumigatus extracts exhibited higher activities of 72.42 ± 2.75% and 60.62 ± 1.10%, 
respectively. The IC50 values of Fusarium sp. and A. fumigatus were 20 μg mL−  1 and 42.25 μg mL−  1, respectively (Ruma 
et al., 2013). The antioxidant activity and total phenolic content of fungal endophytes from Eugenia jambolana were 
assessed. The antioxidant activity was evaluated by a DPPH assay, a hydrogen peroxide scavenging assay, and a 
reducing power assay. The endophytic Chaetomium sp., Aspergillus sp., A. peyronelii, and A. niger showed high anti-
oxidant activity varying from 50% to 80% with 58–60 mg/g GAE total phenolics with ascorbic acid used as the stan-
dard (Yadav et al., 2014). An estimated 347 endophytic fungi from Rhodiola crenulata, Rhodiola angusta, and Rhodiola 
sachalinensis were isolated, and their antioxidant activities were studied using five different assays. The DPPH radical 
scavenging rates of five isolates–Rct45, Rct63, Rct64, Rac76, and Rsc57–were >  90%. Butylated hydroxytoluene and 
vitamin C were used as positive controls. The EC50 values of the DPPH assay were high for all the isolates, which 
showed higher values than that of Vc (1.28 mg mL−  1) and BHT (3.13 mg mL−  1), except for Rct45 (1.54 mg mL−  1), which 
demonstrated fewer DPPH radical-scavenging activities. Rct45 exhibited the highest hydroxyl radical scavenging ac-
tivity (EC50 = 1.41 mg mL−  1), trailed by Rct64 (3.17 mg mL−  1), Rac76 (13.99 mg mL−  1), Rct63 (35.75 mg mL−  1), and Rsc57 
(36.59 mg mL−  1); the EC50 values of the positive control Vc and BHT were 13.35 and 7.09 mg mL−  1, respectively. The 
superoxide radical assay revealed the EC50 values of Rct45, Rac76, Rct64, Rct63, and Rsc57 to be 0.24, 0.92, 3.03, 5.36, 
and 6.70 mg mL−  1, respectively, which indicates that Rct45 and Rac76 possess beneficial superoxide radical activity 
compared to the positive controls Vc (0.47 mg mL−  1) and BHT (0.98 mg mL−  1). The nitrite scavenging assay revealed 
that the EC50 values of Rac76 and Rsc57 were lower than those of Rct45 (14.85 mg mL−  1), Rct63 (12.14 mg mL−  1), 
and Rct64 (14.46 mg mL−  1), but higher than those of Vc (6.82 mg mL−  1) and BHT (8.42 mg mL−  1). The ferrous ion- 
chelating assay revealed that the EC50 value of Rct64 was 3.03 mg mL−  1, followed by EDTA-2Na (9.68 mg mL−  1), Rsc57 
(12.06 mg mL−  1), Rct63 (18.22 mg mL−  1), Rac76 (28.89 mg mL−  1), and Rct45 (35.95 mg mL−  1), indicating that Rct64 
demonstrated noticeable ferrous ion chelating activity (Cui et al., 2015).

12.9 Conclusion

This chapter emphasizes the array of secondary metabolites yielded by endophytic fungi from different host 
plants and their subsequent biological activities. Almost all the endophytic fungi are found to be associated with host 
plants that produce novel secondary metabolites and are capable of combating specific plant and human pathogens. 
Endophytes can be regarded as vital resources of natural products for use in medicine, agriculture, and industry, 
with substantial antimicrobial and anticancer properties that are the need of the hour due to the ever-increasing 
problem of drug resistance. In general, fungi synthesize a broad array of secondary metabolites that were assumed 
to help in competing with other organisms in the natural surroundings. The discovery of penicillin from Penicillium 
notatum paved the way for researchers to investigate different fungi and explore them for novel bioactive proper-
ties. Fungi continue to be the steadfast sources of novel bioactive compounds, as they can be cultured easily under 
laboratory conditions and can be exploited for commercial production. Also, research on medicinal plants has been 
propelled to a great extent for their antimicrobial, anticancer, and antioxidant properties, as both the endophyte and 
host plant produce identical bioactive compounds. Therefore, most of the investigations have been carried out to 
derive compounds with potent bioactivities from endophytic fungi.

Despite the tremendous success in obtaining novel bioactive compounds from endophytic fungi, much remains to 
be achieved. There is a constant need to achieve high productivity of fungal fermentation. But typical fermentation 
techniques such as axenic, static, or shake cultures are poor candidates for imitating an organism’s natural habitat. 
However, under stress conditions, fungi are capable of switching off the secondary metabolite production, which 
is an energetically expensive process (Sengupta et al., 2013). The regulation of the fungal secondary metabolism is 
receptive to environmental factors such as carbon and nitrogen sources, temperature, light, and pH. The “OSMAC” 
approach proposes altering the easy cultivation parameters such as media composition, aeration, and temperature 
in turn to increase the number and quantity of secondary metabolites from one microbial source. The purpose of 
endophytic research relies not only on the high production of bioactive metabolites, but also on the detection of 
novel bioactive compounds from a single microbial source (Kusari et al., 2009). Accordingly, newer strategies have 
to be exploited and discovered in turn to maximize chemical diversity. The biosynthetic pathways and the enzymes 
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resulting in the bioactive compound production remain to be identified. Also, it is not clearly understood whether 
the biosynthesis of these bioactive compounds takes place independently or in unison with the host plant. Also, very 
few genes have been identified that encode the specific enzymes that can result in the production of the relevant 
bioactive compound. Moreover, the endophytic antimicrobial studies have been restricted to only certain human 
bacterial and fungal pathogens, whereas the reports concerning the plant and human viruses are negligent. Hence, 
it becomes important to evaluate the endophytic fungi from a particular host plant producing antimicrobial com-
pounds that combat certain human and plant pathogens, as this could provide leads on the antipathogenic targets 
of the endophytic fungi.

In conclusion, research needs to be oriented toward the genetic exchange machinery between plants and endo-
phytes and their biosynthetic pathways for overexpression of the desired metabolite. Also, due to the numerous 
yield enhancement strategies currently obtainable, the production of beneficial natural products from endophytic 
fungi looks extremely promising and achievable. However, a deeper perception of the host-endophyte relationship 
is essential to utilize the endophytic fungal potential to a large extent for commercial use. With the understanding of 
the anticancer properties of endophytes and the present technological advancements, it may be foreseen that endo-
phytic fungi can perform a pivotal role in offering a continuous and endless supply of chemotherapeutics with high 
target specificity and negligible side effects at a reasonable cost.
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13.1 Introduction

Rapid progress in the sustainable development and application of natural products in the agriculture, pharma-
ceutical, and cosmetics industries has accelerated the research related to metabolic engineering to find new and 
alternative pathways as well as potent sources of bioproducts (Venugopalan and Srivastava, 2015a,b). In terms of 
bioproducts, the increase in the productivity of secondary metabolites is the main focus of research. For plants, var-
ious types of secondary metabolites, their respective pathways, their application, and their culture synchronization 
via the use of stresses, elicitors, environmental conditions, and pathogenesis have been studied extensively (Nitzsche 
et al., 2004; Onrubia et al., 2011). Apart from the angiosperm, several other sources of bioactive secondary metabo-
lites have been studied for decades for their potent commercial application. In this context, the usefulness of fungal 
endophytes as the source of bioactive natural products is discussed. Fungi are useful due to their broad-spectrum ap-
plication in drug development, food technology, biocontrol capacity, applications in enzyme biotechnology, brewing, 
cheese manufacturing, etc. From the broad-spectrum antibiotic penicillin to medicinally active ergot alkaloids, from 
natural enzyme derivatives to nutritionally valued mushrooms, fungi play key roles in natural products and asso-
ciated research (Alexopoulos, 1962; Beg et al., 2001). The term endophyte is literally used for a variety of organisms 
(algae, fungi, bacteria, nematodes, insects, and plants) that colonize in the host plant without expressing symptoms 
for a long time (Behie and Bidochka, 2014). Here, we mainly discuss the effect of plant-fungal endophyte interactions 
on secondary metabolite synthesis with fruitful biotechnological applications (Aly et al., 2011; Casella et al., 2013). 
The fungal endophytes have shown their utility in biotic and abiotic stress regulation (Selosse and Le Tacon, 1998), 
nutrient absorption, plant growth promotion (Field et al., 2015), agricultural trait improvement (Mousa et al., 2015), 
biocontrol (Jäschke et al., 2010), defense against herbivory (Zhang et al., 2011), and toxin production (Poling et al., 
2008). All these mechanisms are closely associated with secondary metabolite synthesis as a mutualistic or pathogenic 
response against the host plant (Schulz and Boyle, 2005). One of the most important contributions is the production 
of anticancerous taxol (Kusari et al., 2014) and its biotechnological applications in drug research (Suryanarayanan 
et al., 2012; Pan et al., 2017). Sometimes, the presence of more than one endophyte within a plant interior (Tan and 
Zou, 2001) may trigger the production of novel phytochemicals (Kusari et al., 2012a). The endophytes are reported 
to synthesize a wide array of bioactive secondary metabolites (Strobel and Daisy, 2003; Prado et al., 2012), including 
steroids terpenoids, coumarines, alkaloids, chalkones, phenolics, and flavonoids (Schulz et al., 2002). Almost every 
day, a new fungus and advanced culture techniques with a novel scheme for metabolite isolation and application are 
being discovered. Such a dynamic field requires in-depth critical analysis and data summary. This review illustrates 
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different trending areas for the application of endophytic fungi, derived compounds, their chemical classes, source 
fungi, and host plants used with the experimental outcome on different in vitro assays on cell lines.

13.2 Methodology

In order to gather deeper insight on the potential application of endophytes, fungi, and bioactive secondary 
metabolites isolated from them, we have retrieved 192 relevant scientific papers from scientific databases (Google 
Scholar, Pubmed, Medline, Scopus, Research Gate, etc.) with search strings such as “endophytic fungi, secondary 
metabolite,” “anticancer compound, endophytic fungi,” “endophytic fungi and agriculture,” “bioactivity of fungal 
metabolites,” etc. The cited reference papers (both review and experimental papers) were analyzed thoroughly. The 
information harvested after critical reading is lucidly illustrated in this present review. Three tables are included 
in this article to encompass the biological activity of endophytic fungi-derived metabolites; another table helps to 
understand the potential role of these organisms in plant defense and agricultural productivity. A total of 168 com-
pounds are discussed with relevant experimental details, along with their sources. We also tabulated 14 other com-
pounds with miscellaneous activities. The chemical structures of the 55 total anticancer and antifungal metabolites 
were retrieved from the software Chemspider and are presented in Fig. 13.1. An overall idea related to endophytic 
fungi, their multidirectional effect on plant survival and chemical defense, the therapeutic and agricultural input of 
these fungi-derived secondary metabolites, their isolation and commercial production status, current bottlenecks, 
and the future direction of research in this field are discussed extensively in this review and described schematically 
in Fig. 13.2.

FIG. 13.1 The chemical structures of a total of 55 anticancer and antifungal metabolites retrieved from the software Chemspider.
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FIG. 13.2 Representations of endophytic fungi and host plant association, mechanism behind successful association, secondary metabolite 
production, strain improvement through genetic engineering, and commercial production via culture optimization.
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13.3 Endophytic fungi and their potential role in the agriculture industry

The coevolution of the plant-endophytic fungi association has resulted in various benefits in terms of resistance 
to different types of stresses (Bartels and Sunkar, 2005), plant biomass enhancement, drought and salinity tolerance 
(Baltruschat et al., 2008; Sun et al., 2010), and rendered protection against herbivory (Hui et al., 2017). It has been 
reported that cell damage, hormonal imbalance, and altered plant morphology and physiological state happen due 
to the production of free radicals triggered by abiotic stresses (i.e., salinity, temperature, humidity, soil condition, etc.) 
(Egamberdieva et al., 2017). High salinity is a major limiting factor for agricultural productivity. Symbiotic coloniza-
tion with endophytic fungi promotes plant growth under an altered saline environment due to enhanced tolerance 
levels. This has been reported in Cucumis melo L. and Hordeum vulgare (fungi: Piriformospora indica) (Baltruschat 
et al., 2008; Sun et al., 2010; Hassani et al., 2019). Similarly, drought and associated oxidative damage reduce yields 
many-fold in arid and semiarid areas. The endophytic fungi (Aspergillus fumigatus SG-17) coexisting with Zea maize 
L. alleviates drought-induced developmental problems due to the presence of coumarin (Z)-N-(4-hydroxystyryl) 
formamide (Qin et al., 2019). Moreover, we saw such host species and genotype-specific protection rendered by P. 
indica in Brassica campestris (Baltruschat et al., 2008; Sun et al., 2010; Cheplick, 2004; Rodriguez et al., 2008). Due to the 
significant beneficial role played by endophytic fungi, many economically important plants are cultivated after fun-
gal inoculation to enhance productivity. Some examples are Triticum aestivum (Russo et al., 2016), Zea mays (Wagner 
and Lewis, 2000), Phaseolus vulgaris (Akutse et al., 2013), Lycopersicon esculentum (Qayyum et al., 2015), Gossypium 
hirsutum (Ownley et al., 2008), Glycine max (Russo et al., 2016), and many more.

13.4 Endophytic fungi-mediated phytopathogen management

According to previous reports, the establishment of an endophytic relationship contributes to plant fitness, and 
beneficial strategies evolve through time. The roles of endophytes as well as isolated bioactive components in in-
creasing immunity against phytopathogens and the modulation of plant defensive mechanisms are an integral part 
of biocontrol studies (Yan et al., 2019). Several in vivo and in vitro experiments have illustrated the efficiency of endo-
phytes in phytopathogen control (Singh et al., 2016). It has been hypothesized that endophyte-originated chemicals 
influence the herbivory pattern of a plant and alter the susceptibility level; they also function as an acquired extra 
barrier against a wide range of phytopathogens. Due to such a beneficiary role played by endophytes, plants do 
exhibit morphological peculiarity or varied physiological responses to aid the survival of fungi within plant tissue 
(Carroll, 1991; Arnold et al., 2003; Soliman et al., 2015). There are certain other mechanisms by which fungal endo-
phytes cope with insect pathogens, including: (a) hindering insect development, (b) inhibiting feeding, and (c) egg 
distortion, preventing oviposition (Akutse et al., 2013; McGee, 2002; Martinuz et al., 2012). The fungal entomopatho-
gens Beauveria bassiana and Metarhizium brunneum prevent Fusarium culmorum-induced crown and root rot in wheat 
(Jaber, 2018). Alternaria alternata inhibits Plasmopara viticola sporulation (Musetti et al., 2006). A similar in vitro growth 
inhibitory pattern is observed in Cryptosporiopsis sp. and Phialocephala sphareoides against Heterobasidion parviporum, 
Phytophtora pini, and Botrytis cinerea (Terhonen et al., 2016). The nematode Meloidogyne incognita is suppressed due to 
hyphal growth in the nematode shell and eggs by Acremonium implicatum (Yao et al., 2015). The mechanism includes 
antibiotic compound production, cellular damage, and morphological distortion of pathogens due to abrupt hyphal 
growth or triggering the endogenous plant defense system for the overproduction of phytopathogen inhibitory 
molecules (Ownley et al., 2008; Siddaiah et al., 2017). Palmarumycin EG1 and preussomerin EG4, naphthoquinone 
spiroketals isolated from Edenia gomezpompae, function as herbicides as they significantly inhibit seed germination, 
root development, and respiration in Amaranthus hypochondriacus and Echinochloa crus-galli (Macias-Rubalcava et al., 
2014). The following table depicts the effect of the endophytic fungi Beauveria bassiana on the insect pest management 
of important agricultural plants (Table 13.1).

13.5 Endophytic fungi and host plant association and the effect on growth and nutrition uptake

The presence of fungal endophytes influences nutrition uptake, plant metabolism, hormone function, and over-
all plant growth (Kei et al., 2016; Liu et al., 2016a,b; Khan et al., 2012). The role of endophytes in N2 fixation by legu-
minous plants is well established (Hardoim et al., 2015). In Arachis hypogaea L., Phomopsis liquidambari enhances root 
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nodulation and N2 fixation by regulating the H2O2/NO-dependent signaling pathway (Xie et al., 2017). Endophytes 
such as Metarhizium robertsii play an important role in nitrogen recycling. They infect and destroy soilborne in-
sects, grow over the nitrogen-rich insect debris, and translocate nitrogen to plants via the root system (Behie et al., 
2012). The fungi counterpart helps in the solubilization of many macro- and micronutrients absorbed from the soil 
(phosphorus, nitrogen, and sulfur); degrade starch, cellulose, lipids, and pectin; and (Narisawa, 2017) enhance in-
dole acetic acid production, which is also related to many secondary metabolites producing biochemical pathways 
(Kiers et al., 2011; Priyadharsini and Muthukumar, 2017). Beauveria bassiana colonizes several plants and promotes 
plant growth and metabolite production (Parsa et al., 2013; Jaber and Enkerli, 2017). Apart from salinity, high con-
centrations of heavy metal accumulation are another burning point for sustainable plant growth as well as a bar-
rier in crop yield optimization and a key factor in soil pollution. Endophytic fungi not only enhance the uptake 
of minerals from the rhizosphere, but they also promote heavy metal quenching by the host plant simultaneously 
(Deng and Cao, 2017; Khan et al., 2017). On the other hand, root-associated fungal hyphae are used to accumulate 
surrounding heavy metals, causing the plant to survive in less-toxic soil strata (Khan et al., 2017). Lasiodiplodia sp. 
MXSF31accumulates Cd, Pb, and Zn (Deng et al., 2014), whereas the arbuscular mycorrhizal fungi Rhizophagus ir-
regularis and Serendipita indica promote the growth of Ocimum basilicum grown on soil contaminated with lead and 
copper (Sabra et al., 2018). In Vicia faba, the plant height and overall biomass increased after artificial inoculation 
with the endophytes Beauveria brongniartii and B. bassiana (Jaber and Enkerli, 2017); this also happened with cotton 
(Lopez and Sword, 2015).

Endophytic fungi Benefitted host plant Active against Mechanism of defense References

Beauveria bassiana Papaver somniferum L. Iraella luteipes (poppy stem 
gall wasp)

Insect growth reduction Quesada-Moraga et al. 
(2009)

Zea maize L. Ostrinia nubilalis, Sesamia 
calamistis (European corn 
borer)

Reduced tunneling in 
larvae

Wagner and Lewis (2000)

Lycopersicon esculentum L. Helicoverpa zea Damage reduction Powell et al. (2009)

Lycopersicon esculentum L. Tuta absoluta Larval mortality increased Klieber and Reineke (2016), 
Qayyum et al. (2015)

Coffea arabica L. Hypothenemus hampei (coffee 
berry borer)

Larval survival decreased Posada and Vega (2006)

Musa acuminata Colia Cosmopolites sordidus 
(banana weevil)

Larval death Akello et al. (2007, 2008)

Gossypium hirsutum L. Aphis gossypii (cotton aphid) Damage reduction Gurulingappa et al. (2011)

Corchorus olitorius L. Apion corchori (white jute 
stem weevil)

Damage reduction Gurulingappa et al. (2011)

Vicia faba L., Phaseolus 
vulgaris L.

Liriomyza huidobrensis Damage reduction Akutse et al. (2013)

Lycopersicon esculentum 
Mill., Gossypium hirsutum L.

Rhizoctonia solani, Pythium 
myriotylum

Disease management Ownley et al. (2008)

Alium sativum L. Fusarium oxysporum Disease severity reduced Flori and Roberti (1993)

Vitis vinifera L. Plasmopara viticola Downy mildew prevented Jaber and Salem (2014), 
Jaber and Enkerli (2016)

B. bassiana, 
Purpureocillium lilacinum

Gossypium hirsutum L. Helicoverpa zea Biocontrol Lopez and Sword (2015)

B. bassiana, Metarhizium 
brunneum

Capsicum annum A. Rich Myzus persi (green peach 
aphid)

Disease management Jaber and Araj (2018)

TABLE 13.1 Phytopathogen management by endophytic fungi benefitted host and mechanism of action.
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13.6 Role of endophytic fungi in bioactive secondary metabolite synthesis

The coexisting living pattern of plant-endophytic fungi often induces a stress response that triggers some bio-
chemical pathway; otherwise, in response to pathogen attack, these fungi signal the plant defense system to increase 
the metabolite production rate. In both ways, the symbiotic association promotes plant-derived active compound 
production. Plant-based natural products are extensively utilized in medicine, cosmetics, and nutraceuticals nowa-
days, which has accelerated the demand for plant biomass many-fold. To cope with the increasing demand, suppliers 
are destroying plant ecosystems (Huang et al., 2014). Moreover, natural product isolation, commercial synthesis, 
characterization, and quality checks are very expensive, laborious and time consuming, so the accumulation of 
metabolites in higher concentrations due to the presence of endophytes is always an economically viable option 
(Venugopalan and Srivastava, 2015a,b). In slow-growing Taxus brevifolia, the presence of endophytic fungi caused the 
enhanced production of chemotherapeutically active taxol, which is present otherwise in a low concentration. There 
are several reports of endophytes that are directly responsible for active secondary metabolite synthesis, both in wild 
and culture conditions (Budhiraja et al., 2013; Kaushik et al., 2014).

Endophytic fungi and their role in the commercial production of anticancer drugs are emerging and rapidly 
expanding fields in modern-day anticancerous natural product exploration. In spite of being one of the effective 
broad-spectrum cancer drugs (applicable against breast, ovarian, and lung cancer), taxol production was very lim-
ited due to the slow growth of Taxus brevifolia and the synthesis was quite unprofitable. The presence of Taxomyces 
andreanae as an endophyte and coculturing a fungal cell with the host plant increased taxol production many-fold. 
A similar result was obtained with other taxol-producing endophytes, that is, Fusarium redolens, Pestalotiopsis mi-
crospora, Botryodiplodia theobromae, Cladosporium cladosporioides, Tubercularia sp., Phyllostica citricarpa, etc. (Kusari et al., 
2011, 2014). Many other anticancerous metabolites are harvested in vitro with endophytic fungi-based elicitation 
(Palem et al., 2015; Pu et al., 2013; Xiong et al., 2013). In addition to cancer research, endophytic fungi play a signifi-
cant role in novel antimicrobial drug discovery. Fusarium proliferatum produces sanguinarine in a potato dextrose liq-
uid medium, and this has antiinflammatory, anthelmintic, and antibacterial properties (Wang et al., 2014). However, 
another antimicrobial phytoconstituent, rhein, is produced by Fusarium solani which is usually an endophyte of the 
Chinese rhubarb, Rheum palmatum L. (You et al., 2013). Active phenolics and flavonoids are also produced by endo-
phytic fungi. Sordariomycete sp. produces chlorogenic acid (Chen et al., 2010) while Eupenicillium parvum produces 
kaempferol (Huang et  al., 2014) and azadirachtin A and B (Kusari et  al., 2012b). Endophytes also produce some 
metabolites with antioxidant efficacy under culture conditions, that is, Fritillaria unibracteata (gallic acid, rutin) (Pan 
et al., 2017). Some endophytic fungi isolated from Solanum nigrum are capable of producing IAA (Khan et al., 2015; 
Shi et al., 2012), which further regulates this plant-fungi association (Tables 13.2 and 13.3).

Compounds
Endophytic 
fungal strain Host plants Plant family

Cell line/target 
enzyme

IC50 value/
range References

Polyketide derivatives

Acremoxanthone E Acremonium 
camptosporum

Bursera simaruba Burseraceae U251, PC-3, HCT-
15, MCF-7, SKLU-1

5.32, 8.62, 
10.27, 7.93, 
1.16 mM, 
respectively

Meléndez‐
González 
et al. (2015)

Allahabadolactone A, B Aspergillus 
allahabadii 
BCC45335

Cinnamomum 
subavenium Miq.

Lauraceae NCIH187, Vero
NCIH187, Vero

17.78, 
31.50 mg/mL, 
respectively

Sadorn 
et al. (2016)

2-Bromo-gentisylalcohol Penicillium 
concentricum

Trochocolea tomentella Trichocoleaceae MCF-7 8.4 mM Ali et al. 
(2017)

Calbistrin F, 
dothideomynone C

Dothideomycete sp. 
CRI7

Tiliacora triandra Diels Menispermaceae MOLT-3, HuCCA-1, 
A549, MOLT-3

37.3
48.1, 46.5,
17.4 mg/mL, 
respectively

Hewage 
et al. (2014)

Diaporchromanone C-D
(−)-Phomopsichin A
(+)-Phomopsichin B

Diaporthe 
phaseolorum 
SKS019

Acanthus ilicifolius L. Acanthaceae NF-kB 30.46 mM Cui et al. 
(2017a,b)

TABLE 13.2 Anticancer compounds isolated from different endophytic fungi and their antiproliferative role assayed on different cell lines.
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Compounds
Endophytic 
fungal strain Host plants Plant family

Cell line/target 
enzyme

IC50 value/
range References

Eupenicinicol D Eupenicillium sp. 
LG41

Xanthium sibiricumm Asteraceae THP-1 8.0 mM Li et al. 
(2017a,b)

Exserolide G Exserohilum sp. Acer truncatum Bunge Sapindaceae HeLa, A549, 
HCT116

27.0, 38.7, 
45.1 mM, 
respectively

Li et al. 
(2014a,b,c)

Rhizopycnins C Rhizopycnis vagum 
Nitaf22

Nicotiana tabacum L. Solanaceae A549, HCT116 25.5 and 
37.3 mM, 
respectively

Lai et al. 
(2016)

Pestalpolyol I Pestalotiopsis 
clavispora

Rhizophora   ×   harrisonii 
Leechm

Rhizophoraceae L5178Y 4.10 mM Perez et al. 
(2016)

Phomaspyrones A–E Phomopsis asparagi 
SWUKJ5.2020

Kadsura angustifolia 
(Lem.) A.C. Smith

Schisandraceae A549, Raji, HepG2, 
MCF-7, HL-60, 
K562

1.0–26.8 mg/
mL

Song et al. 
(2017)

Phomone D Phoma sp. 
YN02-P-3

Sumbaviopsis J.J. Smith Euphorbiaceae HL-60, PC-3, 
HCT-116

0.65, 1.09, 
2.31 mM, 
respectively

Sang et al. 
(2017)

Phomaketides A, C–E, 
Pseurotin G

Phoma sp. 
NTOU4195

Pterocladiella capillacea 
L.

Acanthaceae Antiangiogenesis <20 mM Lee et al. 
(2016)

Preussilides A–F Preussia similis 
DSM 104,666

Globularia alypum L. Plantaginaceae Different 
mammalian cell 
lines

2.5–80.0 mM Noumeur 
et al. (2017)

(S)-4-butoxy-6-((S)-1-
hydroxypentyl)-5,6-
dihydro-2H-pyran-2-one

Phomopsis 
amygdali

Corylus avellana L. Betulaceae MDA-MB-231 24.26 mg/mL Akay et al. 
(2014)

(þ)-(S)-6-hydroxy-1,8-
dimethoxy-3a-methyl-3,3a-
dihydrocyclopenta[c]iso 
chromene-2,5-dione

Alternaria sp. 
TNXY-P-1

Arisaema heterophyllum 
Blume

Araceae HL-60 >200 mM Lu et al. 
(2018)

3-methoxy-1,4,8-
trihydroxy-5-(10,30,40-
trihydroxybutan-20-yl)-
xanthone
8-methoxy-1,3,4-
trihydroxy-5-(10,30,40-
trihydroxybutan-20-yl)-
xanthone

Phomopsis 
amygdali

Paris axialis H.·Li Melanthiaceae A549 3.6 mM Hu et al. 
(2015)

5-butyl-6-
(hydroxymethyl)-4-
methoxy-2Hpyran-2-one

Alternaria 
phragmospora

Vinca rosea L. Apocynaceae HL60, K562 0.45, 
0.9 mg/mL, 
respectively

Metwaly 
et al. (2014)

Terpenoids

Annulohpoxylotols A, B Annulohypoxylon 
truncatum

Zizania caduciflora 
(Turcz. ex Trin.) 
Hand.-Mazz.

Poaceae NF-kB 7.11, 19.24 mM, 
respectively

Li et al. 
(2017a,b)

Aspergillusone C Aspergillus clavatus Tripterygium 
hypoglaucum (Levl.) 
Hutch

Celastraceae MCF-7, A549 2.5, 41.9, 
5.9, 0.2 mM, 
respectively

Wang et al. 
(2015a,b)

Cholestanol giucoside Lasiodiplodia 
theobromae

Saracaasoca (Roxb.) De 
Wilde

Fabaceae A549, HepG2, PC3 4.7, 5.5, 
6.1 mM, 
respectively

Valayil 
et al. (2015)

Diaporol R Diaporthe sp. Rhizophora stylosa 
Griff.

Rhizophoraceae SW480 8.72 mM Chen et al. 
(2015a,b,c)

TABLE 13.2 Anticancer compounds isolated from different endophytic fungi and their antiproliferative role assayed on different cell 
lines—cont’d
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TABLE 13.2 Anticancer compounds isolated from different endophytic fungi and their antiproliferative role assayed on different cell 
lines—cont’d

Compounds
Endophytic 
fungal strain Host plants Plant family

Cell line/target 
enzyme

IC50 value/
range References

Merulinols C, D XG8D Xylocarpus granatum J. 
Koenig

Meliaceae KATO-3 35.0 and 
25.3 mM, 
respectively

Choodej 
et al. (2016)

Pestalofone J Pestalotiopsis fici Camellia sinensis Theaceae HeLa, T24, A549, 
MCF-7

44.3, 39.3, 
35.3, 38.3 mM, 
respectively

Wang et al. 
(2016a,b)

Rhizovarin A, B, E Mucor irregularis 
QEN-189

Rhizophora stylosa 
Griff.

Rhizophoraceae A-549, HL-60
A-549

5–11.5 mM Gao et al. 
(2016)

11-Dehydroxy 
epoxyphomalin A

Peyronellaea 
coffeae-arabicae 
FT238

Pritchardia lowreyana 
Rock

Arecaceae OVCAR3, Stat3, 
MDAMB-231

0.5–5 mM Li et al. 
(2016a,b)

(9R,10R)-dihydro-
harzianone

Trichoderma sp. 
Xy24

Xylocarpus granatum J. 
Koenig

Meliaceae HeLa, MCF-7 30.1 and 
30.7 mM/L, 
respectively

Zhang 
et al. 
(2016a,b)

15-hydroxy-6a,12-epoxy-
7b,10aH,11bH-spiroax-4-
ene-12-one

Penicillium sp. FJ-1 Avicennia marina 
(Forssk.) Vierh

Acanthaceae Tca8113, MG-63 10–35 mM 
and 26–55 nM, 
respectively

Zheng 
et al. (2014)

(10S)-12,16-epoxy-
17(15/16)-abeo-3,5,8,12,15-
abietapentaen-2,7,11,14-
tetraone

Pestalotiopsis 
adusta

Clerodendrum canescens 
Wall. Ex Walp.

Lamiaceae HL-60 12.54 mM Xu et al. 
(2016a,b)

4,8,10,14-tetramethyl-6-
acetoxy-14-[16-acetoxy-19-
(20,21-imethyl)-18-ene]-
phenanthrene-1-ene-3,7-
dione

Aspergillus 
fumigatus

Diphylleia sinensis 
H.L.Li

Berberidaceae HepG2 139.9 mM Liang et al. 
(2015)

Quinone derivatives

Acetylalterporriol E, 
dihydroaltersolanol C

Stemphylium 
globuliferum

Juncus acutus L. Juncaceae L5178Y 10.4 and 
3.4 μM, 
respectively

Liu et al. 
(2015)

Dichlorodiaportinol A Trichoderma sp.09 Myoporum bontioides 
A. Gray

Scrophulariaceae MCF-7, HepG2 17.8 and 
39.6 mg/mL, 
respectively

Li et al. 
(2014a,b,c)

Galiellaester Sarcosomataceae 
NO.45-1-8-1

Cladonia gracilis (L.) 
Willd. subsp. turbinata 
(Ach.) Ahti

 HL-60, SΜMC-7721, 
A-549, MCF-7, SW-
480, RPMI-8226

3.60–16.21 μM Tian et al. 
(2015)

Hormonemates A, E, F Dothiora sp. Launaea arborescens 
(Batt.) Murb.

Asteraceae MCF-7, HepG2, 
MiaPaca_2

11.1–36.2 μM Perez-
Bonilla 
et al. (2017)

Isocochlioquinones D–E
Cochlioquinones G–H

Bipolaris 
sorokiniana A606

Pogostemon cablin 
(Blanco) Benth.

Lamiaceae SF-268, MCF-7, 
NCI-H460, HepG-2

6.4–42.6 μM Wang et al. 
(2016a,b)

Myrotheciumone A Myrothecium 
roridum

Ajuga decumbens D. 
Don

Lamiaceae HepG2, SΜMC-
7721, A549, MCF-7, 
QSG-7701, HL-7702

5.36, 6.56, 5.88, 
7.56, 16.30, 
20.69 μM, 
respectively

Lin et al. 
(2014)

Oryzaeins A–D Aspergillus oryzae Paris polyphyllavar 
Yunnanensis (Franch.) 
Hand.-Mazz

Melanthiaceae NB4, A549, SHSY5Y, 
PC3, MCF7

2.8–8.8 μM Zhou et al. 
(2016a)

Versicolol A, B Aspergillus 
versicolor

Paris polyphylla var. 
Yunnanensis

Melanthiaceae A549, MCF7
SHSY5Y, MCF7

9.4, 8.8, 
8.2, 6.8 μM, 
respectively

Zhou et al. 
(2016b)

http://DiphylleiasinensisH.L.Li
http://DiphylleiasinensisH.L.Li
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Compounds
Endophytic 
fungal strain Host plants Plant family

Cell line/target 
enzyme

IC50 value/
range References

Versicoumarin A, B, C Aspergillus 
versicolor

Paris marmorata Stearn Melanthiaceae A549, MCF7
SHSY5Y, MCF7
SHSY5Y

3.8, 4.0, 8.5, 
9.4, 8.8 μM, 
respectively

Ye et al. 
(2014a,b)

Versicolactone A–D Aspergillus 
versicolor 
(Vuillemin)

Paris polyphylla var. 
Yunnanensis

Melanthiaceae NB4, A549, SHSY5Y, 
MCF7

<10 μM Zhou et al. 
(2015)

Terrephenol A, B Aspergillus terreus Paris polyphylla var. 
Yunnanensis

Melanthiaceae A549, MCF7 3.6–4.8 μM Ye et al. 
(2014a,b)

3-epi-Waol A Libertella blepharis Olyra latifolia L. Poaceae MCF-7, HCT116, 
H460

22.46, 6.20, 
1.0 μM, 
respectively

Lin et al. 
(2014)

4-Dehydroxyaltersolanol A Nigrospora oryzae Healthy leaves 
of Combretum 
dolichopetalum Engl. 
and Diels

Combretaceae L5178Y 9.4 μM Uzor et al. 
(2015)

3-demethyl-3-(2-
hydroxypropyl)-skyrin

Talaromyces sp.YE 
3016

Aconitum carmichaeli 
Debeaux

Ranunculaceae MCF-7 20.76 mg/mL Xie et al. 
(2016)

7-O-methylnigrosporolide, 
pestalotioprolide D, E, F

Pestalotiopsis 
microspora

Drepano  
carpuslunatus L.

Fabaceae L5178Y, A2780 0.7–12 μM Liu et al. 
(2016a,b)

Alkaloid

Asperazine A Aspergillus niger Heteroscyphus tener 
(Steph.) Schiffn

Lophocoleaceae A2780 56.7 mM Liu et al. 
(2015)

Asperfumigatin, 
isochaetominine

Aspergillus 
fumigatus

Heteroscyphus tener 
(Steph.) Schiffn

Lophocoleaceae PC3
PC3

30.6 and 
32.2 mM, 
respectively

Xie et al. 
(2015)

Aspergillines A, C, D Aspergillus 
versicolor 
(Vuillemin) 
Tiraboschi

Paris polyphylla var. 
Yunnanensis

Melanthiaceae NB4, A549, SHSY5Y, 
PC3, MCF7

1.2–4.2 mM Zhou et al. 
(2014)

Chaetocochins G Chaetomium 
cochliodes 88,194

Cymbidium goeringii 
Rchb. f.

Orchidaceae MCF-7, Caspase 
3, PARP, and Bax, 
Bcl-2

8.3 mg/mL Wang et al. 
(2015a,b)

Fumitremorgin D Aspergillus 
fumigatus

Diphylleia sinensis L. Berberidaceae HepG2 47.5 mM Liang et al. 
(2015)

Fusaripeptide A Fusarium sp. Mentha longifolia (L.) 
Hudsroots

Lamiaceae L5178Y, PC12 5.71 and 
9.55 mM, 
respectively

Ibrahim 
et al. (2018)

Malformin E Aspergillus tamarii Ficuscarica L. Moraceae MCF-7, A549, 
HepG2

0.65, 2.42, 
36.02 mM, 
respectively

Ma et al. 
(2016)

Multirostratin A, 
20-oxo-deoxaphomin

Phoma 
multirostrata 
EA-12

Eupatorium 
adenophorum Spreng

Asteraceae HL-60, A-549, 
SMMC-7721, MCF-
7, SW-480

7.7–15.8 mM Chen et al. 
(2015a,b,c)

Peniproline A Penicillium 
decumbens CP-4

Cephalotaxus mannii 
Hook. f.

Taxodiaceae Bel-7402, Hela 8.1 and 
15.5 mM, 
respectively

Li et al. 
(2017a,b)

Penochalasin K Penicillium 
chrysogenum V11

Myoporum bontioides 
A. Gray

Scrophulariaceae MDA-MB-435, 
SGC-7901, A549

4.65, 5.32, 
8.73 mM, 
respectively

Zhu et al. 
(2017)

Penicisulfuranol A, B, C Penicillium 
janthinellum 
HDN13-309

Sonneratia caseolaris 
(L.) Engl.

Lythraceae HeLa, HL-60 0.1–3.9 mM Zhu et al. 
(2017)

TABLE 13.2 Anticancer compounds isolated from different endophytic fungi and their antiproliferative role assayed on different cell 
lines—cont’d
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TABLE 13.2 Anticancer compounds isolated from different endophytic fungi and their antiproliferative role assayed on different cell 
lines—cont’d

Compounds
Endophytic 
fungal strain Host plants Plant family

Cell line/target 
enzyme

IC50 value/
range References

Spirobrocazine C Penicillium brocae 
MA-231

Avicennia marina 
(Forssk.) Vierh.

Acanthaceae A2780 CisR 59 mM Meng et al. 
(2016)

Spirotryprostatin F, N-
demethylmelearoride A

Penicillium 
brefeldianum

Pinellia ternate 
(Thunb.) Druce

Arecaceae HepG2, 
MDA-MB-231

14.1 and 
35.5 mM/L 
respectively

Gao et al. 
(2017)

Varioloid A Paecilomyces 
variotii EN-291

Grateloupia turuturu  A549, HCT116, 
HepG2

3.5, 6.4, 
2.5 mg/mL, 
respectively

Zhang 
et al. 
(2016a,b)

Metabolite name Endophytic fungus Host plant Plant family

Experimental 
fungal strains 
(standard drug)

Result (MIC/FIC/
GI/IC50/ZOI) References

(3R,4R,6R,7S)-7-
hydroxyl-3,7-dimethyl-
oxabicyclo[3.3.1]
nonan-2-one

Pestalotiopsis foedan Bruguiera 
sexangula 
(Lour.) Poir.

Rhizophoraceae Botrytis cinerea, 
Phytophthora 
nicotianae 
(ketoconazole)

MIC 3.1 and 
6.3 μg/mL

Xu et al. 
(2016a,b)

(3R,4R)-3-(7-
methylcyclohexenyl)-
propanoic acid

Candida albicans 
(ketoconazole)

MIC 50 μg/mL

(4S,6S)-6-[(1S,2R)-
1,2-dihydroxybutyl]-
4-hydroxy-4-
methoxytetrahydro-2H-
pyran-2-one

Pestalotiopsis sp. Dendrobium 
officinale Kimura 
and Migo

Orchidaceae C. albicans, 
Cryptococcus 
neoformans, 
Trichophyton 
rubrum, 
Aspergillus 
fumigates

MIC 50 μg/mL Wu et al. 
(2015)

(6S,2E)-6-hydroxy-3-
methoxy-5-oxodec-2-enoic 
acid

LL-P880γ

LL-P880α

Ficipyrone A Pestalotiopsis fici Camellia sinensis 
(L.) Kuntze

Theaceae Gibberella zeae 
(ketoconazole)

IC50 15.9 μM Liu et al. 
(2014)

4-(2,4,7-trioxa-
bicyclo[4.1.0]heptan-3-yl) 
phenol

Pestalotiopsis 
mangiferae

Mangifera indica 
L.

Anacardiaceae C. albicans 
(Nystatin)

MIC, 0.039 μg/mL Subban et al. 
(2013)

Cytochalasin H Phomopsis sp. Senna spectabilis 
(DC.) H.S. Irwin 
and Barneby

Fabaceae C. cladosporioides, 
C. 
sphaerosphermum 
(nystatin)

MIC 10.0 
and 25.0 μg, 
respectively

Chapla et al. 
(2014a)

(14β,22E)-9,14-
dihydroxyergosta-4,7,22-
triene-3,6-dione

Phomopsis sp. Aconitum 
carmichaeli 
Debeaux

Rananculaceae C. albicans, H. 
compactum, A. 
niger

MIC, 64, 64, 
and 128 μg/mL, 
respectively

Wu et al. 
(2013)

(5α,6β,15β,22E)-6-ethoxy-
5,15-dihydroxyergosta-
7,22-dien-3-one

C. albicans and F. 
avenaceum

MIC 128 μg/mL

calvasterols A P. oryzae and T. 
gypseum

MIC 128 and 
256 μg/mL, 
respectively

Ganodermaside D F. avenaceum MIC, 64 μg/mL

TABLE 13.3 Antifungal compounds isolated from different endophytic fungi and their experimental data.
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TABLE 13.3 Antifungal compounds isolated from different endophytic fungi and their experimental data—cont’d

Metabolite name Endophytic fungus Host plant Plant family

Experimental 
fungal strains 
(standard drug)

Result (MIC/FIC/
GI/IC50/ZOI) References

Phomopsolide A Diaporthe maritima Picea sp. Piceaceae Microbotryum 
violaceum, 
Saccharomyces 
cerevisiae

25 μM Tanney et al. 
(2016)

Phomopsolide B 250 μM

Phomopsolide C

Alpha-pyrone

Phomalacton Phoma sp. Ficus serrate 
Lebrun and 
Boutique

Moraceae Microbotryum 
violaceum

ZOI 5, 6.5 mm, 
respectively

Hussain et al. 
(2014)

(3R)-5-hydroxymellein

Emodin

Viridicatol Phoma sp. WF4 Eleusine coracana 
(L.) Gaertn.

Poaceae Fusarium 
graminearum

Hyphal distortion Mousa et al. 
(2015)

Tenuazonic acid

Alternariol

Alternariol monomethyl 
ether

Rhizopycnin D Rhizopycnis vagum 
Nitaf 22

Nicotiana 
tabacum L.

Solanaceae Magnaporthe 
oryzae

IC50 9.9 μg/mL Lai et al. 
(2016)

Microsphaerol Microsphaeropsis sp. Salsola 
oppositifolia 
Desf.

Amaranthaceae M. violaceum ZOI 9 and 5 mm 
respectively

Hussain et al. 
(2015)

Seimatorone Seimatosporium sp.

2-Phenylethyl 
1H-indol-3-yl-acetate

Colletotrichum 
gloeosporioides

Michelia 
champaca L.

Malvaceae Cladosporium 
cladosporioides 
and C. 
sphaerospermum 
(nystatin)

Growth inhibition Chapla et al. 
(2014b)

1,7-Dihydroxy3-methyl-
9,10-anthraquinone, 
1,6-dihydroxy-3-methyl-
9,10-anthraquinone

Coniothyrium sp. S.oppostifolia 
Desf.

Amaranthaceae M. violaceum ZOI 7, 10, 8, 7.5, 
6, 8, and 7.5 mm, 
respectively

Sun et al. 
(2013)

1-Hydroxy-3-
hydroxymethyl-9,10-
anthraquinone

Coniothyrinone A–D

Cytochalasin Z28 Xylaria sp. XC-16 Toona sinensis 
(A. Juss.) M. 
Roem

Meliaceae Gibberella 
saubinetti 
(hymexazol)

MIC of 12.5 μM Zhang et al. 
(2014)

Chaetoglobosin A,D Chaetomium globosum 
CDW7

Ginkgo biloba L. Gingoaceae Sclerotinia 
sclerotiorum 
(carbendazim)

IC500.35 and 
0.62 μg/mL, 
respectively

Zhao et al. 
(2017)

Chaetomugilin A, D C. globosum Panax 
notoginseng 
(Burkill) F.H. 
Chen ex C.H. 
Chow

Araliaceae Phoma herbarum, 
Epicoccum 
nigrum

MIC 16–128 μg/mL
MIC <   1–16 μg/mL

Li et al. 
(2016a,b)

Penochalasin G

Ergosta-5, 7, 
22-trien-3-beta-ol

Chaetomium cupreum 
ZJWCF079

Macleaya cordata 
(Willd.) R. Br.

Papaveraceae S. sclerotiorum, B. 
cinerea

EC50 125 and 
190 μg/mL, 
respectively

Wang et al. 
(2013)

Botryosphaerin H Botryosphaeria sp. 
P483

Huperzia serrata 
(Thunb.) 
Rothm.

Lycopodiaceae Gaeumannomyces 
graminis, F. 
solani, Pyricularia 
oryzae, 
F. moniliforme, 
F. oxysporum

9, 7, 7, 8, and 8 mm, 
respectively

Chen et al. 
(2015a,b,c)

13,14,15,16-tetranorlabd-7-
en-19,6β:12,17-diolide

12, 10, 10, 
11, 13 mm, 
respectively

Continued



190 13. Bioactive natural products of endophytic fungal origin

GI, growth inhibition; FIC, fractional inhibitory concentration; MIC, minimum inhibitory concentration; ZOI, zone of inhibition; IC50, half maximal inhibitory 
concentration.

Metabolite name Endophytic fungus Host plant Plant family

Experimental 
fungal strains 
(standard drug)

Result (MIC/FIC/
GI/IC50/ZOI) References

2-Amino-3,4-dihydroxy-
2-25-(hydroxymethyl)-14-
oxo-6,12-eicosenoic acid

Mycosphaerella sp. Eugenia 
bimarginata DC

Myrtaceae C. neoformans, C. 
gattii

MIC 1.3 to 2.50 μg/
mL, respectively

Pereira et al. 
(2015)

Mellein Pezicula sp. Forsythia 
viridissima 
Lindl.

Oleaceae Pythium 
ultimum, F. 
oxysporium f. sp. 
cucumerinum, 
Colletotrichum 
orbiculare, 
Verticillium 
dahliae, 
Pyricularia 
oryzae, Pestalotia 
diospyri, 
Sclerotinia 
sclerotiorum

EC50 < 50 μg/mL Pereira et al. 
(2016)

Sporothriolide Nodulisporium sp. 
A21

Ginkgo biloba L. Gingoaceae R. solani 
(carbendazim)

EC50 3.04 μg/mL Cao et al. 
(2016)

S. scelotiorum 
(carbendazim)

EC50 2.78 μg/mL

Guignardone N Guignardia sp. Euphorbia 
sieboldiana C. 
Morren and 
Decne

Euphorbiaceae C. albicans 
(fluconazole)

FIC 0.23 and 0.19, 
respectively

Li et al. 
(2015a,b)

Guignardic acid

Pyrenophorin Lopherdermium nitens 
DAOM 250027

Pinus strobes L. Pinaceae M. violaceum, S. 
cerevisiae

IC50 5 μM McMullin 
et al. (2015)

Hyalodendriol C Hyalodendriella sp. Populus deltoides 
W. Bartram ex 
Marshall

Salicaceae M. oryzae 
(carbendazim)

IC50 11.6 μg/mL Mao et al. 
(2017)

Exserolide C Exserohilum sp. Acer truncatum 
Bunge

Sapindaceae F. oxysporum 
(amphotericin B)

MIC 20 μg/mL Li et al. 
(2014a,b,c)

12R)-12-hydroxymonocerin

Phialomustin C, D Phialophora mustea Crocus sativus L. Iridaceae C. albicans IC50 14.3, 
and 73.6 μM, 
respectively

Nalli et al. 
(2015)

Diepoxin ζ Berkleasmium sp. Dioscorea 
zingiberensis 
C.H. Wright

Diascoreaceae M. oryzae 
(carbendazim)

IC50 9.1–124.5 μg/
mL

Shan et al. 
(2014)

Palmarumycin C11

Palmarumycin C12

Cladospirone B

1,4,7-Trihydroxy-8-
(spirodioxy-10,80-
naphthyl)-7,8-
dihydronaphthalene

Palmarumycin C6

Palmarumycin C8

Bipolamide B Bipolaris sp. MU34 Gynura 
hispida L.

Asteraceae C. cladosporioides, 
C. cucumerinum, 
S. cerevisiae, A. 
niger, Rhizopus 
oryzae

MIC 16, 32, 32, 64, 
and 64 μg/mL, 
respectively

Siriwach et al. 
(2014)

Altenusin Alternaria alternata 
Tche-153

Terminalia 
chebula Retz.

Combretaceae C. albicans FIC 0.078 to 0.188 Phaopongthai 
et al. (2013)

TABLE 13.3 Antifungal compounds isolated from different endophytic fungi and their experimental data—cont’d
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13.7 Bioactivity of metabolites harvested from endophytic fungi

The plant-endophyte association can produce functional polysaccharides (dextran, xanthan, pullulan, hyaluronic 
acid), which have a wide area of biological application. These compounds are reported for their therapeutic role 
and membrane-like function. These endophytes are also applicable as bioelicitators as well as nutraceutical and sus-
pension stabilizers (Liu et al., 2017; Freitas et al., 2011; Moscovici, 2015). Endophytic fungi are reported to produce 
l-asparaginase, chitinases, and chitosanase (Nagarajan et al., 2014; Suryanarayanan et al., 2012). Apart from these, 
these fungi can help in volatile organic compound synthesis, which is a prerequisite step in biofuel production. 
The endophytic fungi Gliocladium roseum NRRL 50072 and Nigrograna mackinnonii are reported for their efficacy in 
volatile hydrocarbon and derivative production (Strobel et al., 2010; Griffin et al., 2010; Shaw et al., 2015). A highly 
concentrated liquid matrix, the precursor of biofuel, could be synthesized by some strains of Penicillium brasillianum, 
P. griseoroseum, Trichoderma sp., and Xylaria sp. (NICl3, NICL5) (Santos-Fo et al., 2011) (Table 13.4).

13.8 Discussion: Product optimization, current bottlenecks, and future perspectives

There are intrinsic mechanisms behind successful plant-fungi association that involve many chemical and physio-
logical barriers, which function as a safeguard mechanism. The coevolution of fungi and plants, fungi-induced plant 
defense, and associated secondary metabolites have antagonistic features. Endophytic fungi colonize the internal tis-
sue system of the host plant, but no traces of symptoms are observed. Moreover, due to the sophisticated association 
and genetic costability, fungi benefit their hosts without getting destroyed by host-derived botanicals (Vyas, 2018). 
Plant-derived metabolite harvesting is an essential but critical part of natural product research as synthesis systems, 
culture conditions, and regulatory factors change from plant to plant while the metabolite yield is highly variable 
and unstable among fungal variants. These lacunae in production optimization are pretty much unappreciated in 
large-scale culture (Schulz et al., 2015). Moreover, secondary metabolite production is a multifactorial process in 
which many key factors are still unknown, which often causes variations in productivity. The fungal strain, the host 

Biological activity Metabolite Chemical type Endophytic fungi Plant host References

Antioxidant Gallic acid Hydroxybenzoic acid Fusarium sp. JZ Fritillaria unibracteata 
P.G. Xiao and K.C. 
Hsia

Pan et al. (2017)

Phlorizin Glucoside F. redolens Sz11H
F. tricinctum WS11790

Rutin Flavonoid

δ-Eudesmol Sesquiterpene Arthrinium sp. 0042
Diaporthe sp. 0051

Aquilaria subintegra 
Ding Hou

Monggoot et al. (2017)

oxo-Agarospirol Aldehyde

β-Agarofuran Sesquiterpene

α-Agarofuran Sesquiterpene

β-Dihydro agarofuran Sesquiterpene

Antidiabetic Gymnemagenin Aglycone derivative Penicillium oxalicum Gymnema sylvestre 
L. Br.

Parthasarathy and 
Sathiyabama (2014)

Antihypertensive Pinoresinol diglucoside Glucoside derivative Phomopsis sp. XP-8 Eucommia ulmoides 
Oliver

Shi et al. (2012), Yan 
et al. (2015)

Pinoresinol 
monoglucoside

Growth-promoting Indole-3-acetic acid Mono carboxylic acid Fusarium tricinctum 
RSF-4L
Alternaria alternata 
RSF-6L

Solanum nigrum L. Khan et al. (2017)

Insecticide Azadirachtin A and B Limonoid Eupenicillium parvum Azadirachta indica A. 
Juss.

Kusari et al. (2012b)

Antihelminthic Sanguinarine Alkaloid Fusarium proliferatum Macleaya cordata 
(Willd) R. Br.

Wang et al. (2014)

TABLE 13.4 Different bioactivity showed by endophytic fungi-derived metabolites.
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plant and its physiological state, the fungal isolation technique, the culture time and conditions, the composition of 
elicitators (if any), the abiotic factors, the pH, the chemical synthesis and detection, the stability of the product, and 
its purity and efficacy all are essential and important areas to be addressed critically (Redecker et al., 2000; Schulz 
et al., 1999). The successful application of any metabolic engineering formula to ease the commercial production 
of any kind of active botanical requires a thorough screening of all these steps. Optimization at a different level is 
highly recommended to improve the yield. In the production of polyketides from naphthoquinone precursors, the 
carbon/nitrogen (C/N) ratio and pH alter the production rate by Fusarium solani (Gracida-Rodríguez et al., 2017). 
Dark exposure positively regulates taxol production from Paraconiothyrium sp. SSM001 (Soliman and Raizada, 2018). 
To modify the enzymatic reaction and the end product supply, often elicitors and precursor molecules are added 
exogenously. Fusarium solani isolated from Camptotheca acuminata could be utilized as an alternative camptothecin re-
source. The addition of tryptamine as a precursor to the culture enhanced the production remarkably (Venugopalan 
et al., 2016) whereas supplementing the culture with an elicitor and source ethanol also increased the overall camp-
tothecin productivity (Venugopalan and Srivastava, 2015a,b). For another anticancer molecule, taxol, the precursor 
feeding method, that is, an exogenous supply of precursors (isopentenyl pyrophosphate and geranylgeranyl diphos-
phate) enhanced in vitro taxol production (Soliman et al., 2017). Coculture fermentation is another important process 
where two different fungi are maintained together for the production of a single compound. In the culture, due to 
enzymatic competition or via the positive regulation of the metabolite synthesizing pathway, the productivity is 
enhanced. Such a phenomenon was observed during hydrocarbon production by coculturing Gibberella roseum with 
Escherichia coli (Ahamed and Ahring, 2011).

Limited water resources, drastic climate change, a harsh decline in farmland percentage, and population growth 
have threatened the global agriculture system, making it necessary to urgently speed up productivity. On the other 
hand, the ever-growing demand for medicinal plants and plant-based products is diminishing natural resources in 
an indiscriminate way. But there is no conflict that the search for novel products with pharmaceutical and agricul-
tural relevance is the cynosure of modern-day science, as naturally selected molecules have proven their superior 
efficacy in a wide range of bioactivities over the synthetically harvested ones. The search for a new product with 
distinguishing applications is ongoing in all ecological niches; the special biotope involving the endophytic fungi is 
one of them. Endophytic fungi are reported for their imperceptible and ubiquitous presence in plants. The enormous 
taxonomical diversity, the wide host range, and the capability of secondary metabolite synthesis coupled with a mul-
tifactorial effect on plant growth and disease resistance have given them special attention (Kusari et al., 2012a,b). The 
improved ability of endophyte-associated plants to sustain different biotic and abiotic stresses improves the survival 
percentage under drastic climatic change.

Moreover, in addition to host growth and acquired nutrition, this protects plants from insects, nematodes, epi-
phytes, and mammalian herbivores (Bamisile et al., 2018). Throughout the years, a diverse range of endophytic fungi 
have been screened and reported for their secondary metabolite reservoir. These metabolites are widely distributed 
among major chemical classes such as terpenoids, alkaloids, sterols, phenols, isocoumarins, and benzopyrones as 
well as xanthone, quinine, anthocyanine, and anthranilic acid derivatives. In all trophic levels through the formation 
of complex networks, plants interact with microbes and the coevolution of both counterparts is shown via various 
anatomical, physiological, and biochemical studies (Brakhage, 2013). Plant and fungal endophytes are sustained 
under a delicate ecological equilibrium where the mutualistic association benefits the fungi with nutrients and the 
host in terms of growth, fitness, and improved defense mechanisms. The extent of fungal virulence or the plant’s 
own defense action is quite well-tuned. The phytochemicals derived from endophytic fungi have bidirectional ac-
tion. First, they aid the fungi in competing with other epiphytes and other microorganisms to colonize inside the 
host. Second, they help to regulate the host’s metabolite synthesis pattern. Due to such a manipulative approach, the 
endophyte-plant association is the cause of the production of several secondary metabolites that were produced as 
antimicrobial or pathogen-preventive defense molecules or biocontrol agents for plants, but later screened by scien-
tists for potential therapeutic or biotechnological applications. Such a mechanism is found active even under in vitro 
culture conditions, where the presence of endophytes accelerated natural product synthesis to a higher magnitude 
than synthesis by the plant’s own pathway (Schulz et al., 2002; Yan et al., 2019). However, a significant lacuna still 
presents in this field where the structure-activity study is absent in the case of innumerable fungi-derived metabo-
lites, as only their biological action is reported. In some cases, the structural configuration of isolated compounds is 
yet to be completed. The genetic manipulation in terms of strain improvement via mutagenesis, genome shuffling, 
overexpression of functional genes, and modulation of metabolic flux is still under research. Product optimization, 
both in the wild and lab conditions, is another major problem where both biotic and abiotic factors contribute to 
unstable metabolite production; thus, the synthesis method is applicable but commercially nonviable (Kusari et al., 
2011). In the cyclic culture process, the production of many unwanted toxic materials and their cumulative effect on 
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the desired product’s quality are other issues that need to be addressed. Although numerous biotechnological ad-
vancements have been achieved so far and the promising role of endophytic fungi in some life-saving drug produc-
tions is already well established, intelligent and rigorous screening is still recommended to ascertain the feasibility 
of endophyte-dependent natural product synthesis (Kusari et al., 2012a,b, 2014).

13.9 Conclusion

The screening of alternative sources for the presence of secondary metabolites as well as their isolation, chemical 
characterization, and the determination of biological activities via different in vivo and in vitro assays are integral 
parts of natural product research. The endophytic fungi and their interaction with host plants have generated many 
active compounds with significant applications in agriculture, ecology, and the environment as well as the pharma-
ceutical, cosmetic, and biofuel industries and biocatalyst preparation. The present work depicts the diverse range of 
metabolites harvested from plant and fungi association. In-depth knowledge is highly required to answer various 
questions and doubts regarding the ecological role played by these metabolites, their biochemical pathway in the 
host plant, the mode of action of endophytic fungi in the chemical synthesis of these natural products, the pattern 
of elicitation, the factor modulation to scale up commercial production, the effective batch and suspension culture 
schedule, the stability and toxicity of the end product, the biological assays, and the related structure-activity rela-
tionship studies. Research and critical appraisal will only aid in understanding, and with such enriched knowledge, 
the key role of endophytic fungi and derived phytochemicals could only be ascertained and scientifically appreciated.
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14.1 Introduction

Penicillium comprises a vast genus of filamentous fungi that is ubiquitously present in diverse habitats, various 
kinds of food products, and extreme environments. The most significant and notable impact of this genus was in 
the production of penicillin, which revolutionized combating bacterial diseases, thereby saving the lives of many 
soldiers during World War II (Fleming, 1929). Subsequently, exploring these species and screening them for the syn-
thesis of novel enzymes with a wide range of applications in different fields have been hot research topics (Thom, 
1906, 1945; Fleming, 1929; Chain et al., 1940; Raper and Thom, 1949; Nelson, 1970; López-Díaz et al., 2001).

Link (1809) coined the generic name Penicillium, typified by P. expansum for its brush-like appearance. The species 
of Penicillium have beneficial as well as harmful impacts in several fields, including industrial applications, drug dis-
covery, human diseases, etc. Therefore, accurate authentication and classification up to the species level are inevitable 
tasks. The first subgeneric classification for Penicillium included Aspergilloides, Biverticillium, and Eupenicillium. This 
morpho-taxonomic concept further evolved with the revisions of Thom (1930). The conidiophore branching patterns 
and phialidic characters that are crucial in the classification of Penicillium were included later. Until the last decade, 
classification of Penicillium was totally based on the phenotypic characters. However, recent advancements in mo-
lecular sequencing techniques, phylogenetic species concepts, and metabolite profiling reformed a holistic approach 
toward the identification and determination of species boundaries in Penicillium. The polyphasic approach reclassi-
fied and delineated the well-known species, hidden cryptic species, and species complexes into well-defined sections 
and clades. Currently, Penicillium is classified under two subgenera and 26 sections (Tsang et al., 2018) in the family 
Aspergillaceae with 429 valid species as per the International Commission on Penicillium and Aspergillus (ICPA).

14.2 Penicillium, the reservoir of secondary metabolites

The Penicillium species produce an enormous heterogeneity of low molecular weight secondary metabolites (SMs) 
that are not part of the basic metabolic processes of growth and development. Moreover, they are associated with 
potentially useful biological processes that participate immensely in the sustenance of an organism in that partic-
ular ecological niche (Fox and Howlett, 2008). It is due to this demonstrated biological activity that most SMs are 
considered to be assuring leads for drug discovery and development (Dias et al., 2012). Likewise, Penicillium encom-
passes a remarkable and wide range of SM pathways that enable the assimilation of organic matter, and these potent 
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 biomolecules can be sources of various approved natural or synthetic drugs. The drugs obtained from the Penicillium 
species and their pharmaceutical classes include Ampicillin, Amoxicillin, Dicloxacillin, Flucloxacillin, Ticarcillin, 
Piperacillin (Penicillins from P. notatum), Benzylpenicillin, Phenoxymethylpenicillin, Simvastatin, Pravastatin, 
Fluvastatin, Atorvastatin and Rosuvastatin (Statins from P. citrinum), Griseofulvin (Griseofulvin from P. griseoful-
vin), Mycophenolate mofetil (Mycophenolic acid from P. brevicompactum), and Warfarin (Coumarins) (Beekman and 
Barrow, 2014).

The serendipitous discovery of Penicillium through Alexander Fleming’s observations on the cell lysed 
Staphylococcus colonies contaminated with Penicillium provided the basis for the major scientific and medicinal break-
through in treating bacterial infections (Mariya and Giulia, 2017). The key factor found in this discovery was the 
evidence that every fungal strain contained a unique repertoire of SMs, and most importantly, only a few fungi can 
produce penicillin. SMs of Penicillium species have been exploited for a vast array of purposes (Marinho et al., 2009; 
Petit et al., 2009; Zhelifonova et al., 2010; Koolen et al., 2012). The compendium of ecological approaches deployed 
by the Penicillium species in their micro- as well as macroenvironments augmented these species with an arsenal of 
enormous and extraordinary metabolic compounds for survival (Brakhage, 2013). These SMs have been reported as 
antioxidant, antiviral (Gutierrez et al., 2012; Challinor and Bode, 2015; Koul et al., 2016), antibacterial (Rančić et al., 
2006; Lucas et  al., 2007), antifungal (Nicoletti et  al., 2007), immunosuppressant, and cholesterol- reducing agents 
(Kwon et al., 2002). Hence, species from this genus are known as the most versatile myco-factories that exist in na-
ture. However, most of the Penicillium species possess large untapped potential for applied research and filling drug 
discovery pipelines. Recently, Hautbergue et al. (2017) demonstrated the presence of 98 different secondary metab-
olites from P. verrucosum, a common mold infecting cereals of temperate regions, using isotopic labeling and high- 
resolution mass spectrometry. Interestingly, recent studies on P. polonicum genome analyses showed the presence of 
78 metabolite biosynthetic gene clusters (BGCs) with potential for drug discovery (Nielsen et al., 2017). Similarly, an 
analysis of the P. chrysogenum genome also revealed the huge unexploited reservoir of nonribosomal peptide synthe-
tase (NRPS) genes that indicate the presence of diverse SMs with an extremely broad array of biological processes 
(Van Den Berg et al., 2008).

Houbraken et al. (2011) studied the misidentified Penicillium species of Fleming (CBS 205.57 = NRRL 824 = IMI 
015378) as P. rubens based on extrolite and molecular data. They validated the original Fleming strain as P. rubens 
based on the absence of metabolites and secalonic acid D and F; conversely, P. chrysogenum produces these unique 
repertoires of SMs. Penicillium rubens possesses a specific penicillin biosynthetic gene cluster (BGC). It is known to be 
a genomic segment that translates proteins that contribute to the biosynthesis of the penicillin (Medema et al., 2015). 
Environmental conditions and nutrients in Fleming’s plate led to the stimulation of signals in P. rubens that further 
initiated the biosynthetic machinery to form and secrete penicillin. As most of the BCGs do not express under stan-
dard laboratory incubatory environments, the corresponding metabolites are not synthesized. The challenge in such 
situations lies in the effective selection of promising strains and the optimal induction of a multitude of SMs. This 
may expand the discerned metabolic pool as well as increase the probability of finding biomolecules demonstrating 
the desired biological activity (Ziemert et al., 2016).

Diverse effective approaches have been devised to reveal the real potential of biosynthetic SMs (Brakhage and 
Schroeckh, 2011; Lim et al., 2012; Ochi and Hosaka, 2013; Scharf and Brakhage, 2013; Wiemann and Keller, 2014; 
Rutledge and Challis, 2015). These strategies may either comprise the cultivation of desired microorganisms in dif-
ferent growth parameters providing them with suitable nutrients (through different media), or genetic engineering 
that aims to activate the silent gene clusters. Intervention at the molecular level is known to stimulate SM pathways 
by the regulation of global as well as cluster-specific regulators or by modifying the chromatin architecture by post-
translation modifications. The environment also influences the metabolism of fungi at different levels, amending the 
regulation, signal transduction, and cellular pathways as well as the morphological plasticity and stress responses 
(Brakhage, 2013). The most common approach deployed to trigger secondary metabolite production in fungi is sub-
jecting the mycelia to oxidative or osmotic stress.

The minimal information of a biosynthetic gene cluster (MIBiG) provides a detailed standardized specification 
of BGC annotations and gene cluster-associated metadata for their systematic deposition in databases. This covers 
general parameters that can be applied for each gene cluster, along with multiple specifications that affect a partic-
ular class of biosynthesis pathways (Medema et al., 2015). The general parameters describe the gene/operon data 
of a gene cluster and knockout phenotypes. It may also include gene functions and operons verified via RNA-seq. 
Moreover, there is a class-specific checklist for these clusters that encode pathways that lead to the synthesis of 
polyketides, nonribosomal peptides (NRPs), ribosomal and posttranslationally modified peptides (RiPPs), terpenes, 
saccharides, and alkaloids. These datasets enable the prediction of enzyme functions through the appraisal of en-
zyme coding genes in the identified BGCs.
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Furthermore, it will also assist in developments in chemical sciences by systematically connecting genes and 
chemistry. Additionally, the MIBiG can provide great insights in understanding SM biosynthesis in the context of 
ecology and the environment by furnishing information on genomic and metagenomic sequences with BGCs. These 
data may spawn prospects for various evaluations, including the biogeographical mapping of SM biosynthesis 
(Charlop-Powers et al., 2015) as well as identifying the locations and ecosystems with rich biosynthetic diversity.

Frisvad (1981) proposed the inclusion of extrolite profiling data in Penicillium taxonomy. It is an integral part of 
recent concepts in Penicillium taxonomy based on the polyphasic approach (Visagie et al., 2014). The simplest analysis 
of extrolite identification is done by using high-performance liquid chromatography (HPLC) and further advanced 
separation and detection techniques of mass spectroscopy and ultrahigh performance liquid chromatography with 
diode array detection and high-resolution mass spectrometric detection (UHPLC-DAD-HRMS) (Frisvad and Thrane, 
1987, 1993; Frisvad et al., 2008; Kildgaard et al., 2014; Klitgaard et al., 2014). The Penicillium species inoculated on spe-
cific growth media such as Czapek yeast autolysate agar (CYA) and yeast extract sucrose agar (YES) (incubated in the 
dark for 7 days at 25°C) can be used for the optimal production of major SMs (Visagie et al., 2014). Confirmatory tests 
can also be performed in laboratories that have less-sophisticated instruments. Thin layered chromatography can be 
used to detect colored or uncolored compounds that can help to identify the Penicillium strains. Furthermore, the con-
sistent production of colorless MPA, a metabolite from P. brevicompactum, can be confirmed through a green-colored 
reaction of mycophenolic acid with ferric chloride (Clutterbuck and Raistrick, 1933).

14.3 Application of Penicillium metabolites in modern times

14.3.1 Medical and clinical sector

14.3.1.1 Hypocholesterolemic drugs
Many Penicillium species have a significant role in drug discovery and clinical research, even in the modern ge-

nomics era. Fungal metabolites such as statins have recently gained huge attention as a source of hypocholester-
olemic drugs. Statins also lower lipid content and are thereby part of the medical industry. They are reported to 
decrease the risk of cardiovascular diseases and mortality in patients with high-risk heart diseases. They also deter 
the HMG-CoA reductase enzyme activity that is responsible for cholesterol biosynthesis. Based on the production, 
statins are divided into two groups: fermentation-derived and synthetic statins. Mevastatin, the first isolated statin 
from P. citrinum by Endo (2004), is used to prevent atherosclerosis and cardiovascular diseases. Lovastatin, the first 
statin marketed, was isolated from Aspergillus terreus and was used for curing dyslipidemia and to prevent cardiac 
diseases. The exploration of fungi for natural statins is still a topic of research in many parts of the world. Research 
on P. commune also reported the production of lovastatin (Diblasi et al., 2015).

14.3.1.2 Anticancerous and antitumor drugs
Many other secondary metabolites from the Penicillium species have recently found their way to pharmaceutical 

industries, as they represent a major source of cytotoxic metabolites and antitumor metabolites (Koul and Singh, 
2017). Mycophenolic acid-C17H19O6Na (MPA) was the first microbial secondary metabolite, initially isolated in 1893 
by Bartolomeo Gosio, that demonstrated anticancerous activities (Bentley, 2000). The antitumor properties of MPA 
were studied in cell lines taken from various malignancies. MPA targets some of the key enzymes involved in biosyn-
thesis, known to be critically elevated in several tumors to inhibit cell proliferation and activate the differentiation of 
cancer cells. MPA also inhibits inosine-5′-monophosphate dehydrogenase (IMPDH) that deters inosine monophos-
phate to xanthine monophosphate conversion and results in cellular guanosine triphosphate (GTP) reduction (Majd 
et al., 2014). Moreover, MPA treatment also inhibits the cell proliferation of leukemia, nonsmall-cell lung adenocar-
cinoma, lymphoma, and the pancreatic and colon cancer cell lines (Tressler et al., 1994; Floryk and Huberman, 2006; 
Koehl et al., 2007; Domhan et al., 2008; Drullion et al., 2012; Zheng et al., 2011). Various Penicillium species such as 
P. bialowiezense, P. brevicompactum, P. roqueforti, P. carneum, P. raciborskii, and P. rugulosum are reported to possess the 
ability to produce MPA (Nicoletti et al., 2008).

Another secondary metabolite, Brefeldin A (BFA) initially isolated from P. decumbens (Singleton et al., 1958), has 
been well noted for its antitumor and antimitotic properties. Brefeldin A causes DNA fragmentation that ultimately re-
sults in apoptosis of the human colon cancer cell line (HT-29) and other human leukemia cancer cell lines such as HL-
60 cells, and also in K562 cells after 48 h (Shao et al., 1996). The breakthrough in BFA-induced anticancer treatment is 
its ability to counteract androgen-independent cancers such as metastatic prostate cancer (McLeod, 1993; Davies and 
Eaton, 1991). BFA is also known to stimulate apoptosis in neuroendocrine tumor cells. This occurs when the extrinsic 
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and intrinsic apoptotic pathways are triggered at longer and shorter (24 h) drug exposure times, respectively (Larsson 
et al., 2010). He et al. (2013) observed that the diacylated and monoacylated derivatives of BFA showed cytotoxic ac-
tivity against human oesophagus carcinoma (TE-1) cells. Important anticancer metabolites have been successfully iso-
lated from a plethora of Penicillium spp. such as P. cyaneum (Betina et al., 1962), P. simplicissimum (Bertina et al., 1966), 
P. cremeogriseum, and P. onobense (Frisvad and Filtenborg, 1990). Apart from these, several compounds including wort-
mannin (Brian et al., 1957; Haefliger and Hauser, 1973), emodin (Howard and Raistrick, 1949; Shibata and Udagawa, 
1963; Do Rosário Marinho et al., 2005), 3-O-Methylfunicone (OMF), dicatenarin, and griseofulvin (Wang et al., 2004; 
Petit et al., 2004; Nicoletti et al., 2008) have shown potent antitumor and antimitotic activities.

The SMs obtained from fungal endophytes also possess promising anticancerous activities and are thus being ex-
ploited in medicinal sectors. It has been estimated that 100 anticancer compounds with activities against 45 different 
human cancer cell lines from 19 groups of chemical compounds have been obtained from more than 50 diverse fun-
gal strains. Out of these compounds, 57% were reported to be novel or analogues of identified compounds (Kharwar 
et al., 2011). Recently, the endophytic Penicillium species isolated from the Senecio flavus leaf possessed three mellein 
derivatives that conferred antifungal and cytotoxic compounds (Elkhayat and Goda, 2017).

The Penicillium species are also being exploited for their antitumor properties. Recent research in China established 
the presence of four new antitumor metabolites—penicimutanolones A and B, penicimutanolone A methyl ether, 
and penicimumide-derived from the marine fungus Penicillium purpurogenum G59 (Wang et al., 2018). According to 
recent research in India, a P. duclauxii-derived lectin has exhibited mitogenic activity against mouse splenocytes at 
a concentration of 75 μg/mL (Singh et al., 2018). The lectins are also regarded as diagnostic tools as they modulate 
cell-substrate interactions and stimulate cells that aid in understanding different aspects of cell growth and differen-
tiation (Coelho et al., 2017). Another recent report from Japan regarding SMs from a deep-sea fungus, P. granulatum 
MCCC 3A00475, demonstrated a roquefortine alkaloid, Roquefortine J, that was reported to possess antiproliferative 
properties against HepG2 tumor cells (Niu et al., 2018).

14.3.1.3 Antiviral, antiplasmodial, and antiosteoporotic drugs
The hepatitis C virus (HCV) is an important viral disease and the causal agent of chronic liver disease, hepatocel-

lular carcinoma, and liver cirrhosis (Liang and Heller, 2004). It has been estimated that 170 million people (2%–3% 
of the world) are recurrently infected with HCV, whereas 3–4 million are being infected every year (Alter, 2007; 
Verstrepen et al., 2015). Due to the significant drawbacks of these treatments that include varied efficiencies among 
HCV genotypes, harmful effects, and expensiveness, the demand for a novel group of anti-HCV small molecules is 
increasing. The recent discovery of Peniciherquamides A–C and a novel herqueinone derivative, neoherqueinone, 
isolated from Penicillium herquei have shown promising results against the hepatitis C virus (Nishikori et al., 2016). 
Malaria is another dreadful disease caused by the protozoa of the Plasmodium genus, wherein the species P. falci-
parum, P. vivax, P. ovale, and P. malariae are the source of infection in humans. A recent discovery of SM penicisochro-
mans from the fungus Penicillium sp. BC C18034, evaluated for antimalarial activity against P. falciparum, showed 
assuring cytotoxicity against the Plasmodium species (Bunbamrung et al., 2014).

Osteoporosis is another severe communal health concern across the globe, more importantly for postmenopausal 
women. This disease relates to an increase in the risk of bone fractures leading to mortality. Therefore, a more centric 
drug innovation strategy is essential for antiosteoporosis medications (Pavone et al., 2017; Villa et al., 2017). More 
recent research in the latter half of 2018, discovered citrofulvicin from Penicillium velutinum, CGMCC 3.7984, a mucus 
sputum-derived fungus as a polyketide with pronounced antiosteoporotic effects (Chen et al., 2018a,b).

14.3.1.4 Immunosuppressive agent
Mycophenolic acid, an SM secreted by many Penicillium species (Muth and Nash, 1975; Lafont et al., 1979; Puel 

et al., 2005; Vinokurova et al., 2005; Ardestani et al., 2010; Ismaiel et al., 2014), has antibiotic properties against Bacillus 
anthracis. MPA in its derivative form, heterocyclic aminoalkyl ester, is commercially employed as an immunosup-
pressive agent to avoid transplanted organ rejection. It is commercially available under the trade names CellCept 
(mycophenolate mofetil; Roche) and Myfortic (mycophenolate sodium; Novartis) (Kitchin et al., 1997; Arns et al., 
2006; Badrick et al., 2009). Optimized protocols using the submerged fermentation of P. brevicompactum MTCC 8010 
have led to an augmented production of up to nine times the titer value of MPA (Patel et al., 2016).

14.3.1.5 SMs as prebiotics and antibiotics
β-fructofuranosidases (FFase) and fructooligosaccharides (FOS) are important prebiotics that are consumed daily 

to provide us with a number of health benefits, including reduction and protection in intestinal infections and colon 
cancer, improvement in mineral absorption, and decreases in total cholesterol and lipid blood serum (De Preter et al., 
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2011; Kelly, 2009). Recently, these compounds have been successfully isolated from Penicillium citreonigrum with po-
tent antimicrobial activities (Nascimento et al., 2016).

The biggest hurdle for researchers dealing with the study of antibiotics is to overcome the robust increase in the 
mortality rate that occurs due to multidrug-resistant (MDR) microorganisms. To address this situation, new sources 
of significant antibiotics are necessary for the 20th century. A strategy for using the novel compounds in nanopar-
ticles to augment the efficiency of MDRs has been tried (Belliraj et al., 2015; Majeed et al., 2016). Extensive studies 
were performed on metallic nanoparticles due to the catalytic, optical, electronic, magnetic, and antimicrobial prop-
erties (Nayak and Anitha, 2014). Fungi possess an advantage over other microbes for nanoparticle synthesis as they 
are easy to handle and grow while also possessing high intracellular metal uptake capabilities (Bhat et al., 2015). In 
a recent study, it was confirmed that silver nanoparticles synthesized from P. italicum (isolated from a wasp nest) 
had enhanced antimicrobial activity against MDR strains (Nayak et al., 2018). Recently, researchers have also been 
successful in synthesizing nanobiomaterials by using Penicillium sp. yz11–22 N2 doped with ferric oxide (Fe3O2) and 
encapsulated within polyvinyl alcohol-sodium alginate gel beads (PFEPS) for atrazine degradation (Yu et al., 2018). 
They also proposed a pathway for atrazine degradation by PFEPS that includes various steps of hydrolysis, dechlo-
rination, dealkylation, and side-chain oxidation.

14.3.2 Steroid industry

The metabolites from Penicillium have also found their way into the steroid industry. Previously, P. decumbens 
was employed for the 5α-reductase activity of P. decumbens in the diminution of double bonds in the steroid A-ring 
(Holland et al., 1989, 1994, 1995). A current study explored P. decumbens for its 1α-hydroxylation activity that formed 
transformation products through the microbial hydroxylation of steroids (Mao et al., 2016). The work, therefore, 
demonstrates the possibility of P. decumbens being employed for the production of hydroxylated steroids.

14.3.3 Food and alcohol industry

14.3.3.1 The destructive mycotoxin, patulin
While most of the useful SMs secreted from Penicillium sp. have found several applications in the food industry, 

a few of these species such as the plant pathogenic P. expansum have been a huge concern for the food industry 
worldwide for ages because of their ubiquitous presence and production of a variety of mycotoxins. These species 
are known to infect a number of agronomic products in the field, during harvest, and in storage, and are reported 
to secrete the mycotoxin patulin (Siddique, 2012). Poisoning by patulins may cause hematemesis, diarrhea, extreme 
weakness, lethargy, tachypnea, massive atelectasis, and alveolar hemorrhages that have been studied in various 
animal species (Tapia et al., 2006). Chronic exposures to patulins have severe toxic effects such as genotoxicity to 
hamster V79 cells and the hepatoma cell line HepG2 (Schumacher et al., 2005; Zhou et al., 2009). It may also exhibit 
immunotoxic effects on different immune system cells, including the alveolar macrophages (Bourdiol et al., 1990) 
and interdigitating dendritic cells (IDC) of the thymus (Özsoy et al., 2008).

14.3.3.2 Application of protease and pectinase in the food industry
Many enzymes secreted by Penicillium have found uses in the food industry. Proteases or peptidyl peptide hydro-

lases have significant applications in the food industry that include cereal mashing, beer haze clarification, improv-
ing the quality of protein-rich foods, bread making, cheese ripening, and meat tendering (Chellappan et al., 2006; 
Rao et al., 2006). Penicillium species are also stated to synthesize acidic as well as alkaline proteases by fermentation 
(solid-state (SSF) and submerging (SmF)) (Oliveira et al., 2006). The SSF approach is favorable for protease produc-
tion from Penicillium spp. owing to their nonexpensive growth constituents, high recovery, and growth conditions 
(Oliveira et al., 2006). Lipases (triacylglycerol acyl-hydrolases, EC 3.1.1.3) are water-soluble enzymes that help in 
the lipid metabolism. Their applications in the food industry include food dressing, transesterification of fats, dairy 
processing (hydrolysis of milk fat, cheese ripening, modification of butterfat cheese), and meat processing (flavor 
development and fat removal) (Saxena et al., 1999). Apart from P. aurantiogriseum, P. brevicompactum, P. camembertii, P. 
chrysogenum, P. corymbiferum, P. crustosum, P. egypticum, P. expansum, and P. spicuilsporum (Yadav et al., 1998), there are 
recent reports on lipase production from P. commune and P. crustosum isolated from an olive oil ecosystem, including 
fresh olives (Baffi et al., 2012).

Pectinases majorly function in removing opacity in fruit juices due to pectic substances (Pedrolli et  al., 2009). 
Various Penicillium species, including P. italicum (Alana et al., 1990), P. viridicatum RFC3 (Silva et al., 2005), P. roqueforti 
(Pericin et al., 2007), P. expansum, and P. griseofulvum (Cardoso et al., 2007), are high producers of this enzyme. Apart 
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from these, many Penicillium spp. are employed for the production of cellulases, hemicellulases, amylases, galacto-
sidases, lactases, glucose oxidases, xylanases, dextranases, and inulases (Meena et al., 2018). A new report for the 
production of inulase was recently reported from P. oxalicum BGPUP-4 (Singh and Chauhan, 2017).

14.3.3.3 Penicillium enzymes in the wine and beer industry
Due to their high enzymatic activities and good lignocellulose hydrolysis performance, Penicillium species have 

also found their uses in the wine and beer industry. In comparison to different species of Penicillium, P. pinophilum 
50:50 (v/v) possesses a wide range of cellulase enzymes with excessive prospects for the lignocellulose hydrolysis 
process (Visser et al., 2013). Moreover, P. janthinellum, P. melinii, P. waskmanii, P. velutinum, and P. waskmanii exhibit a 
high growth stimulus in a cellulose and starch medium that suggests the initiation of cellulose and amylase enzyme 
activities (Khokhar et al., 2011).

14.3.3.4 Natural products
Among the SMs secreted by fungi, statins are a class of compounds that have gained pharmacological interest as 

hypocholesterolemic drugs. Scientists have also begun to investigate several species of Penicillium to obtain antipa-
thogenic natural products. In recent research based on P. commune, two pyrrolopyrazine molecules (or cyclic dipep-
tides) have been identified by GC-MS. The novel antipathogenic effects substantially enhanced the antibiotic ability 
of oxacillin (Diblasi et al., 2015).

Following the discovery of penicillin by Alexander Fleming, P. rubens was applied for the commercial synthesis 
of the antibiotic β-lactam. P. rubens was exposed to a classical strain improvement (CSI) program for decades to en-
hance penicillin titers. Although a considerable upsurge in penicillin yield was observed, it silenced numerous BGCs, 
which resulted in a decrease of a wide range of BGC coded natural products. A recent article by Guzmán-Chávez 
et al. (2018) summarized the different reactivation mechanisms of BGCs and elucidated the use of interference with 
regulation as a stratagem to stimulate or silence BGCs in fungi.

14.3.4 Textile industry

Dyes and pigments derived from various fungal species are natural products that can be potentially used in the 
pharmaceutical, food, and textile industries (Nagpal et al., 2011). The fungal extracts are known to have biological 
functions that confer resistance against both biotic and abiotic factors, including defense against antagonistic fungi 
and bacteria (Langfelder et  al., 2003; Eisenman and Casadevall, 2012). The dyes obtained from wood-inhabiting 
fungi are also well explored and are known to endorse striking colors and patterns on wood products, a process 
known as wood spalting (Galleguillos et al., 2016; Robinson, 2012). Osmanova et al. (2011) also reported that the 
Talaromyces australis and P. murcianum fungi are extracted from Nothofagus spp. wood as pigment-producing mi-
croorganisms. P. murcianum is known to bear red extracellular metabolites, established as fungal dyes due to their 
water-soluble characteristics and affinity toward wool. Dyes have also been obtained from liquid media at sufficient 
concentrations for dyeing experimentations and pigment media with resolubilized dyes that further indicate them to 
be apt for industrial purposes. Penicillium species are also reported to produce monascus-type yellow pigments such 
as ankaflavin (Afshari et al., 2015). Therefore, many enzyme cocktails of Penicillium sp. are being explored for their 
impending implications in wet textiles for desizing and scouring. These classes of enzymes are also exploited for 
their uses in denim finishing, the degradation of residual hydrogen peroxide after cotton bleaching, wool treatment, 
and the degumming of raw silk (biopolishing) (Gurung et al., 2013).

According to recent research, the X5 strain of P. chrysogenum is a hyperproducer of a serine alkaline protease 
(SAPTEX). The secreted SAPTEX is known to have high catalytic efficiency, hydrolysis ability, and more stability over 
the commercially available detergents. Moreover, SAPTEX does not disintegrate fibers, which makes it a potential 
applicant for protein stain removal in textile supports (Omrane Benmrad et al., 2018).

14.3.5 Biocontrol, plant growth promotion, and bioremediation

14.3.5.1 Penicillium sp. for the control of Fusarium and Rhizoctonia
The Penicillium species, due to their ability to produce several antibiotic metabolites, are widely explored as prom-

ising biocontrol agents (Posada and Vega, 2005; Daami-Remadi et al., 2006; Bhattacharyya and Jha, 2011). There are 
previous reports on P. chrysogenum exhibiting an inhibitory effect toward F. oxysporum f. sp. melonis and F. oxysporum 
f. sp. vasinfectum (Dong and Cohen, 2002b). A recent study demonstrated the ability of nonpathogenic associated 
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fungi such as P. chrysogenum and P. polonicum, which occur ubiquitously within potato tubers, to release extracellu-
lar antifungal secondary metabolites to control Fusarium dry rot disease. For this, the cell-free culture filtrates and 
the chloroform extract of four potatoes associated with Penicillium sp. and Aspergillus sp. were screened for their 
potential to suppress Fusarium dry rot in potatoes based on in vitro and in vivo bioassays (Abdallah et al., 2014; 
Mejdoub-Trabelsi and Ben Abdallah, 2016). Among these species, volatiles from A. niger and P. polonicum demon-
strated maximum effectiveness in limiting Fusarium in vitro growth.

Likewise, due to the presence of SMs, there are reports of culture filtrates from P. canescens and P. janczewskii 
isolates that display impeding activities against Rhizoctonia solani (Nicoletti et  al., 2004). Similarly, Rouissi et  al. 
(2013) demonstrated the fungicidal effects of SMs secreted by a strain of P. expansum (R82) against Botrytis cinerea, 
Colletotrichum acutatum, and Monilinia laxa. Furthermore, recent research from Kaiserer et  al. (2003) reported the 
protein PAF (Penicillium-derived antifungal protein) produced by P. chrysogenum strain Q176 to be effective against 
phytopathogenic Aspergillus spp., B. cinerea, Fusarium spp., etc. Accordingly, Yang et al. (2008) also showed that the 
metabolites produced by the P. oxalicum strain PY-1 were effective against several plant-pathogenic fungi.

14.3.5.2 Penicillium sp. for plant growth promotion
Penicillium species exploited in a single strain or a cocktail of strains have shown significant effects in enhancing 

plant growth and yield across the globe. Moreover, Penicillium has also been highlighted for its use as a bioinoc-
ulant in compost (Singh and Nain, 2014). Ongoing research focuses on the use of Penicillium sp. as a phosphatic 
biofertilizer and bioinoculant for PGP. In 2011, a study explored the influence of a PGP fungus, Penicillium sp. strain 
EU0013, on the tomato wilt disease (Solanum lycopersicum L.). These trials succeeded using the Penicillium species 
(EU0013) in the sterile potting medium under controlled conditions. A significant reduction in the severity of the to-
mato wilt as well as that on Brassica oleracea L. var. capitata (cabbage) was observed (Alam et al., 2011). Field studies 
demonstrated the effect of the phosphorus (P) solubilizing fungus P. bilaji and Penicillium spp. on the accessibility of 
applied P-fertilizer in calcareous soil (Patil et al., 2012). It was found that seed inoculation with P-solubilizing fungi 
with phosphorus pentoxide (P2O5) levels significantly influenced many growth and biomass parameters. A research 
study (Radhakrishnan et al., 2014) further provided support to these findings through an experiment on the plant 
growth-promoting (PGP) and stress-mitigation effects of the Penicillium species RDA01, NICS01, and DFC01 on ses-
ame (Sesamum indicum L.) plants. Significant increases in shoot, root length, fresh and dry seed weight, and amino 
acid concentrations were reported. The strain NICS01 was found to augment the chlorophyll, protein, amino acid, 
and lignan content in sesame plants (Radhakrishnan et al., 2014).

Other supporting studies include evaluating the effects of seed inoculation with the P-solubilizing fungi P. bilaii 
at different rates of phosphorus fertilizer on P content in leaves and grain production of irrigated wheat in India 
(Ram et al., 2015). Studies were also done on the KNU-3 isolate of P. menonorum from Korea in exhibiting PGP ac-
tivity through IAA and siderophore production as well as P solubilization (Babu et al., 2015). Bhatt et al. (2016) also 
reported the influence of two strains of P. bilaii (PB-201 and PB-208) inoculation with superphosphate on the growth, 
yield, and P uptake of wheat (cv.PBW-343) in Mollisols of Uttarakhand, India. Internationally, this mineral phosphate 
solubilization capacity of P. bilaii, P. radicum, and P. pinophilum has been exploited and sold as commercial agricultural 
products. Novozymes Biologicals Limited (Canada) has commercially released P. bilaii as a bioinoculant to help in-
crease P nutrition (JumpStarts LCO) and P. radicum (PR-70 RELEASE; BioCare Technology, Somersby, Austria).

14.3.6 Enhancement of plant defense responses

The Penicillium species also helps in enhancing the defense responses in plants. Wastewater of the pharmaceutical 
industry containing the abstract of the dried mycelia of P. chrysogenum (DMP) has been widely used in agriculture 
to enhance plant growth and protect it from diseases. DMP demonstrates efficiency in resistance against fungal, 
viral, and nematode diseases in plants such as grapevines, tobacco, Arabidopsis, apples, cotton, melons, and others 
(Dong and Cohen, 2001, 2002a; Gotlieb et al., 2003; Thuerig et al., 2006b; Zhong et al., 2015). The water distillate of P. 
chrysogenum is also reported to stimulate the accretion of defense-related genes, such as PR1 (Chen et al., 2006), PAL, 
and PDF1.2 (Pieterse et al., 2009). These three genes serve as markers of salicylic acid (SA) and ethylene/jasmonic 
acid (ET/JA)-dependent signaling pathways. The first report of P. chrysogenum inducing resistance in A. thaliana was 
from Thuerig et al. (2006a). They propounded Penicillium to contain a minimum of one unknown elicitor, which may 
be a protein/glycoprotein that induces resistance by signal transduction. A recent study conducted on DMP shows 
that it induces systemic acquired resistance, thereby activating the defense through SA and JA gene regulation in 
Arabidopsis (Chen et al., 2018a,b).



208 14. Genus Penicillium: Advances and application in the modern era 

14.3.7 Bioremediation

The use of Penicillium species in aiding bioremediation has also been widely reported (Leitão, 2009). P. oxalicum 
B4, still accredited as a pollutant in both water and soil, recently demonstrated the efficient degradation of Triclosan 
(TCS) and is efficient against microbes and thereby acts as a preservative. The distinct traits of increased adsorption, 
quick degradation, and minimal residual toxicity displayed by P. oxalicum B4 help in TCS bioremediation (Tian et al., 
2018). Penicillium species have large-scale implication in dairy industries for the bioconversion of lipids. However, 
their performance to facilitate lipid transformation is less known to date. The most recent study evaluated the role 
of P. citrinum in alleviating lipid composition in dairy wastewater. It also exhibits the advantages of amalgamating 
enzyme hydrolysis and anaerobic digestion in wastewater management (Alves et al., 2019).

14.4 Penicillium sp. in allergic bronchopulmonary mycosis

An atypical circumstance of Penicillium-associated allergic bronchopulmonary mycosis (ABPM) was recently ob-
served in Japan in a 65-year-old male. The presence of P. luteum was confirmed through molecular analysis of the 
β-tubulin gene amplified by Bt2a and Bt2b primers in the increasing mold-containing septum after proper isolation 
(Oshikata et al., 2017). Until then, there was just one single case report of only Penicillium-associated ABPM, identi-
fied as P. digitatum or P. rubrum (Sahn and Lakshminarayan, 1973).

14.5 Future prospects

As fungal metabolites from the Penicillium species have demonstrated a vast array of biological activities, they 
have addressed many urgent needs of pharmaceutical industries in the development of novel drugs. Only a fraction 
of the global fungal diversity has been described. The Penicillium species is among the most prevalent fungi, widely 
known for its repertoire of SMs due to the utilization of vast substrates from different environments. There remains 
a broad scope for the discovery of new Penicillium species along with the unexamined species to be subjected to sci-
entific scrutiny for the synthesis of many drugs in the pharmaceutical sector.

Moreover, the emerging field of nanobiotechnology has also created a significant impact in the medicinal 
sciences, especially in the field of cancer therapy. The efficacy of different nanoparticles synthesized by many 
Penicillium species can be evaluated against different cancer cell lines. As these species are the source of many 
unique natural products, they may be employed for characterizing novel nanobiotics that can aim to lower the 
doses of antibiotics, thereby increasing the proficiency in limiting multidrug resistant microorganisms. In the 
food industry, different methods for improving the stability and catalytic activity of enzymes from different spe-
cies of Penicillium can be further explored using genetic approaches such as mutation and selection, hybridiza-
tion, recombinant DNA technology, etc. To further promote the use of Penicillium in the wine and beer industry, 
studies are required for intensifying the application of cellulase through the manipulation of genes and proteins 
in Penicillium species that aim to effectively utilize the biomass production for enhancing the alcoholic yield and 
clarity while improving the flavors of different beers and wines. Various strains of Penicillium can also be ex-
plored for increasing inulinases to enhance the production of fructose syrup, fructooligosaccharides, bioethanol, 
citric acid, tequila, etc. To enhance the discovery of natural products, different methods to bioengineer secondary 
metabolite BCG pathways can be used. This can overcome the main obstacle of using Penicillium as a generic 
cell factory. Additional species of wood-inhabiting Penicillium producing natural dyes can be further tested to 
verify the photostability of their dyed products. Their antimicrobial properties can also be explored. Studies on 
 structure-function relationships through site-directed mutagenesis and three-dimensinal structure modeling of 
industrially important enzymes such as serine alkaline protease can be done. Lastly, species from this genus 
could also be exploited as a good plant growth-promoting fungus and improved as a bioinoculant by evaluating 
their efficiency under diverse agroclimatic zones and extreme environments. Studies on the synergistic inter-
actions of plants and other microbes can furnish a good understanding of the ecological fitness of such PGPF 
inoculated plants.

The cosmopolitan distribution and species diversity that exist in the genus Penicillium make this biological re-
source a promise for future bioactive molecules in drug discovery. The exploration of diverse microhabitats and eco-
geographic zones that exist in countries such as India may result in the discovery of many new species of Penicillium 
that will cater to the demands of future applied research.
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15.1 Introduction

The members of the order Eurotiales constitute several species under the genera Penicillium, Talaromyces, and 
Aspergillus that were earlier a part of the family Trichocomaceae. Houbraken and Samson et al. (2011) segregated the 
family Trichocomaceae to the Thermoascaceae, Trichocomaceae, and Aspergillaceae families based on a polyphasic taxo-
nomic approach. Among these, the members of genus Aspergillus have a huge socioeconomic impact. Micheli (1729) 
coined the genus name Aspergillus based on its resemblance to the shape of an aspergillum (holy water sprinkler). 
Haller (1768) validated this genus. However, Fries (1832) authorized the generic name typifying Aspergillus glaucus 
(L.) Link. Before 1981, most mycologists did not follow the intricate nomenclature rules for naming pleomorphic 
fungi that expressed both sexual and asexual stages. In 1981, these rules were then simplified and radical proposals 
were accepted at the International Botanical Congress at Sydney. Although the process resulted in simplified rules, 
it led to multiple changes in Aspergillus. The checklist of “names in current use” of the family Trichocomaceae con-
tains 185 anamorphic Aspergilli and 72 associated teleomorphs (Pitt and Samson, 1993). It was later updated to 184 
Aspergilli and 70 associated teleomorphs (Pitt et al., 2000). Both these checklists were derived on the basis of the mor-
phological species concept, which was then the current concept. Considering the medical importance of Aspergillus, 
Hawksworth (2011) provided a thorough background of the system, regulating the names of fungi with a focus on 
Aspergillus and other pleomorphic fungi. Hawksworth also suggested the inclusion of the “one fungus, one name” 
concept for nomenclature (Hawksworth, 2011; Hawksworth, 2012). The Botanical Congress in Melbourne then ad-
opted his suggestions, which are known as the Melbourne Code (McNeill et al., 2012).

Morphological characteristics that include the structure of the conidial head, the presence or absence of the sexual 
fruiting body (the cleistothecia), Hùlle cells (that provide nutrition for cleistothecia), and sclerotia (the hardened 
mycelia containing the food reserve of Aspergillus) are significant for the identification and segregation of species 
(Houbraken et al., 2014; Samson et al., 2014). Although the morphological traits of Aspergillus spp. are the foundation 
for identifying the genus, a paradigm shift with research advancements in the field of molecular gene sequencing 
and phylogenetic species concepts along with Genealogical Concordance Phylogenetic Species Recognition (GCPSR) 
and extrolite profiling led to a more stable and holistic polyphasic approach toward the identification and species 
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boundaries determination in Aspergillus (Samson et al., 2014). Currently, in accordance with this concept, the genus 
is divided into six subgenera (Aspergillus, Circumdati, Cremei, Fumigati, Polypaecilium, and Nidulantes) and 24 sec-
tions, including Aspergillus, Flavi (A. flavus), Nigri (A. niger), Circumdati (A. ochraceus), Fumigati (A. fumigatus), and 
Nidulantes (A. nidulans) (Peterson, 2008; Houbraken and Samson, 2011; Houbraken et al., 2014; Samson et al., 2014; 
Tsang et al., 2018). This genus now comprises 344 globally valid species, as per the International Commission on 
Penicillium and Aspergillus (ICPA) (Houbraken et al., 2016).

Prior to molecular sequencing, Raper and Fennell (1965) assigned A. terreus as the only species belonging to the A. 
terreus group. Later, the section Terrei was expanded with species such as A. niveus, A. carneus, A. niveus var. indicus, A. 
allahabadii, A. ambiguus, and A. microcysticus (Peterson, 2000, 2008; Varga et al., 2005). Species that belong to the section 
Terrei under the subgenus Circumdati are ubiquitously present in the environment and are morphologically character-
ized by the presence of columnar heads that range from buff to brown in color. Among these, strains of A. terreus are 
found in varied environments from deserts to grasslands, from compost to plant product contaminants of crops such 
as barley, corn, and peanuts (Kozakiewicz, 1989). A. terreus has a high growth rate with varied colony appearances that 
include heavily sporulating colonies to fluffy as well as poorly sporulating phenotypes. The conidiophores observed 
under the microscope are typically long, columnar, colorless (hyaline), and smooth, and give rise to subspherical vesi-
cles with phialides strictly in two series. The conidia are smooth-walled with shapes from globose to slightly elliptical 
and a diameter of about 1.5–2.4 μm. The phylogenetic analysis of A. terreus reveals that A. alabamensis, A. terreus var. 
floccosus, A. terreus var. africanus, A. terreus var. aureus, A. hortai, and A. terreus NRRL 4017 all represent distinct lineages 
from the A. terreus clade (Samson et al., 2011). Due to the presence of a unique repertoire of secondary metabolites 
(SMs), A. terreus has gained significant socioeconomic status. Strains from these species have also demonstrated their 
impact in the environmental, ecological, biotechnological, and medical fields. A few of these SMs have immensely 
benefited mankind through their use as cholesterol-lowering drugs, antitumor metabolites, and antiviral compounds. 
Further, there are also several reports of A. terreus as a human pathogen in immunocompromised patients, thereby 
receiving major clinical attention. The identification of accessory conidias that are globose and thick-walled transpar-
ent cells arising laterally on the hyphae in tissues of infected patients gives a strong indication of A. terreus infection.

15.2 Major bioactive secondary metabolites

Various SMs (bioactive compounds with low molecular weight) such as polyketides and nonribosomal peptides 
are synthesized through the secondary metabolic processes of filamentous fungi. Polyketide synthases (PKSs) are 
large multidomain enzymes that provide chemical scaffolds for the biosynthesis of polyketides (Cox, 2007; Chiang 
et al., 2010). On the other hand, the catalytic potential of nonribosomal peptide synthetases (NRPSs) is responsi-
ble for the synthesis of nonribosomal peptides (Strieker et  al., 2010). The metabolite products discovered in the 
Aspergillus species are shown on a website (https://www.aspergillus.org.uk), wherein A. terreus is reported to pos-
sess a large number of SMs. Researchers in the last few decades have successfully isolated various kinds of SMs 
such as polyketides (Ghisalberti et al., 1990; Macedo Jr et al., 2004), meroterpenoids (Kim et al., 2002), sesquiterpenes 
(Wijeratne et al., 2003), sesterterpenoids (Li et al., 2005), alkaloids (He et al., 2013), and butenolides (Guo et al., 2016; 
Liao et al., 2018) from terrestrial and marine A. terreus strains. Due to this enormous catalog of SMs that exhibit di-
verse biological activities, A. terreus has recently received a lot of attention. For instance, aromatic butenolides are 
known to exhibit varied biological activities such as antibacterial (Ibrahim et al., 2015), cytotoxic (Rao et al., 2000; 
Gu and Qiao, 2012), antiinflammatory (Guo et al., 2016), and antioxidant (Li et al., 2016). Guo et al. (2016) demon-
strated three new butenolides–asperteretal A, asperteretal B, and asperteretal C–that possess antiinflammatory and 
cytotoxicity activities. A recent investigation dealt with the discovery of four new butenolides that are aromatic in 
nature, called asperimides A–D (compounds 1–4). These butenolides represent the first example of butenolides with 
a maleimide core isolated from A. terreus grown on solid cultures.

15.3 Genetic modifications to trigger the production of SMs

To describe the biosynthetic repertoire in any fungus, it is mandatory to express the silent gene clusters. This 
actuates the most significant part of SMs (Brakhage and Schroeckh, 2011). Thus, to activate the biosynthesis of the 
maximum possible SMs produced from a single strain, an effective method known as one strain, many compounds 
(OSMAC) has been designed to alter the media composition and process parameters (Bode et al., 2002). When the 
environmental stimuli and cultivation conditions are suitable enough to express the cluster of the examined strain 
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of fungus in its natural habitat, it is predicted to produce the corresponding molecule. Several biosynthetic clusters 
have been identified and characterized by researchers after the full genome sequence of A. terreus became available. 
These include the clusters that bring out SM biosynthesis such as isoflavipucine (Gressler et al., 2011), terretonin 
(Guo et al., 2012), acetylaranotin (Guo et al., 2013), and dehydrocurvularin (Xu et al., 2013). However, a large part of 
these putative biosynthetic loci present within the genome of A. terreus are yet to be functionally linked with any met-
abolic product (Sanchez, 2012). A study also reported the presence of compounds such as (+)-geodin, citrinin, terrein, 
terreic acid, and dehydrocurvularin in addition to lovastatin produced by A. terreus. It was also observed that potato 
dextrose broth induced the biosynthesis of several metabolites, but it inhibited the formation of lovastatin. With the 
availability of the whole genome sequence of A. terreus NIH 2624, the putative gene clusters that were potentially 
related to citrine along with terreic acid biosynthesis are known (Tomasz and Marcin, 2014). Abd Rahim et al. (2015) 
also successfully obtained lovastatin and (+)-geodin by A. terreus from crude glycerol.

Another technique considered to be efficient in investigating the functions of fungal genes is insertional muta-
genesis (Campoy et al., 2003; Rodríguez-Tovar et al., 2005). The Agrobacterium tumefaciens-mediated transformation 
(ATMT) system is widely used as a successful tool for insertional mutagenesis (De Groot et al., 1998; Sugui et al., 
2005; Zhang et al., 2011). A recent study using the ATMT system reported the crucial factors that affect the rate of 
transformation that occurs in A. terreus. After the rapid availability of several T-DNA insertional mutants, the inser-
tion site surrounded by flanking sequences was isolated by TAIL-PCR. These mutants demonstrated mitotic stability, 
confirming that ATMT works efficiently for insertional mutagenesis as well as for the subsequent identification of the 
mutated genes in A. terreus (Wang et al., 2014).

A chemical-epigenetic method has also been devised that aims to increase the chemo diversity of fungi. The technique 
involves the use of either the DNA methyltransferase inhibitors (DNMTi) or histone deacetylase inhibitors (HDACi) as 
epigenetic modifiers (Chiang et al., 2011) that chemically stimulate the transcription of unexpressed biosynthetic gene 
clusters effectively, resulting in a variety of natural products (Williams et al., 2008; Henrikson et al., 2009; Cichewicz, 
2010; Vervoort et al., 2010; Wang et al., 2010). Recently, using this chemical-epigenetic method, four new meroterpenoids 
identified as (1) (4S)-4-decarboxylflavipesolide; (2) C (1), 1-(2,2-dimethylchroman-6-yl)-3-(4-hydroxyphenyl)propan-
2-one; (3) (R,E)-3-(2,2-dimethyl chroman6-yl)-4-hydroxy-5-((2-(2-hydroxypropan-2-yl)-2,3- dihydrobenzofuran-5-yl)
methylene) furan2(5H)-one; and (4) methyl (R)-2-(2-(2-hydroxypropan-2-yl)-2,3-dihydrobenzofuran-5-yl) acetate 
were obtained from an A. terreus (OUCMDZ-2739) culture. Among these, compound 3 exhibited the strongest α- 
glucosidase inhibition (Sun et al., 2018a).

The analysis of genome-based deletion techniques also revealed the biosynthetic gene clusters present in fungi. This 
analysis was lately used in A. terreus for exposing the acetylaranotin bis-thiomethyltransferase gene. Acetylaranotin 
is an epipoly thiodiketo piperazine (ETP) SM that has a peculiar transannular disulfide bridge that displays a wide 
range of bioactivities. These include antiviral, antibacterial, antiallergic, antimalarial, anticancer, and cytotoxic effects 
due to the presence of the unique disulfide bridge. The disulfide bridge forms with a minimum of two reported 
mechanisms. The first is the generation of reactive oxygen species (ROS) through redox cycling among the disulfide 
and dithiol forms, and the second occurs through the inactivation of free thiol-containing proteins by the disulfide 
exchange along with the formation of intermolecular disulfide bonds (Gardiner et al., 2005; Nicolaou et al., 2012; 
Boyer et al., 2013). Among these ETPs, the apoptosis-inducing gliotoxin produced by A. fumigatus was most critically 
examined (Dolan et al., 2014). The genome-based deletion analysis done on A. terreus demonstrates the production 
of acetylaranotin and its ETP intermediate, acetylapoaranotin, along with their corresponding bis-thiomethylated 
derivatives (Guo et al., 2013). In a recent study, the homologs of the GtmA/TmtA protein in A. terreus (by BlastP) 
demonstrated that AtaS ATEG_01465.1, located outside the acetylaranotin gene cluster, catalyzes the S-methylation 
of its biosynthetic pathway. Further, the targeted deletions of ATEG 01465.1, acetyltransferase (AtaH), and benzoate 
hydroxylase (AtaY) produced three new acetylaranotin derivatives from A. terreus (Sun et al., 2018b).

15.4 Activating the silent pathway through the PKS-NRPS gene for high SM production

After the advent of whole-genome sequencing projects in the past few years, analyses conducted by researchers 
indicated that the actual metabolite potential of fungi is greater than that noted under the standard fermentation 
conditions (Chiang et al., 2009; Hertweck, 2009; Brakhage and Schroeckh, 2011). Due to the absence of particular 
stimuli in various Aspergillus species, a large section of the genes coding for polyketide synthases (PKSs), the non-
ribosomal peptide synthetases (NRPSs), and the hybrids thereof (PKS-NRPS) remain silent (Brakhage et al., 2008). 
This suggests that certain environmental conditions favor the activation of such cryptic or silent gene loci. Various 
innovative avenues have now been designed to unravel the true metabolite synthesizing potential of fungi, some of 
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which function by adding epigenetic modifiers (Bok et al., 2009; Cichewicz, 2010) while in others cocultivation with 
organisms that trigger the expression helps (Schroeckh et al., 2009). A further directed method implicates the ectopic 
expression of cluster-specific activator genes (Bergmann et al., 2007). Another analysis demonstrated the presence of 
a gene locus around ATEG00316-ATEG00331 by a SMURF analysis (www.jcvi.org/smurf/index.php) harboring the 
gene ATEG00325 that could code for a PKS-NRPS hybrid. By monitoring gene expression, metabolic profiling, and 
using a lac-Z reporter strain, the systematic investigation of physiological conditions eventually led to the discovery 
of isoflavipucine and dihydroisoflavipucine. It was noted that the formation of phytotoxin is activated by certain 
amino acids, enthused at alkaline pH but severely repressed in the presence of glucose (Gressler et al., 2011).

15.5 Kojic acid and its use in the food and fermentation industries

Species from the genus Aspergillus are key organisms used in the food and fermentation industries as they enhance 
textures, nutrients, and flavors of Asian fermented foods (Cook and Campbell-Platt, 1994; Bennett, 2010). The three 
koji molds, A. oryzae, A. sojae, and A. luchuensis, have been declared national fungi (the Koku-kin) and further cer-
tified by the Brewing Society of Japan (Bentley, 2006; Kitamoto, 2015; Ichishima, 2016). They have been categorized 
into yellow, black, and white koji molds (Bentley, 2006; Hong et al., 2013, 2014). During fermentation, these molds 
infect several cereals and/or soybeans and secrete hydrolytic enzymes such as amylase or other volatile organic 
compounds that contribute to the preparation of numerous products such as alcoholic beverages, vinegar, and soy 
sauces (Bentley, 2006; Machida et al., 2008). In a recent study, a few Aspergillus species were evaluated to check the 
pathway governing the synthesis of kojic acid, wherein A. terreus produced the highest (2.21 g/L). The ability of kojic 
acid production was further enhanced by random mutagenesis through different exposure timings to ultraviolet 
light (5–40 min). The optimum secretion of kojic acid obtained from the C5–10 mutant was theoretically found to be 
120.2 g/L, depending on the obtained response surface model for optimization of the medium (Shakibaie et al., 2018).

15.6 A. terreus: Medicinal and pharmaceutical uses

15.6.1 Cholesterol-lowering statins

The Aspergillus species can produce various SMs that are either harmful or beneficial to humans. Statins and anti-
biotics are beneficial metabolites obtained from many Aspergillus species including A. terreus. Statins are cholesterol- 
reducing compounds that function through the inhibition of 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA 
reductase). This reduces the risk of cardiovascular diseases (Zhou and Liao, 2009). These compounds are emerging in 
the therapeutic sector as lipid-lowering agents and play a vital role in preventing coronary artery diseases. Moreover, 
statins also play a key role in neuroprotection (Kivipelto et al., 2005), immunomodulation (Greenwood et al., 2006), 
and cellular senescence (Brouilette et al., 2007). Recently, convincing evidence showed that the useful effects of statins 
are not just due to the cholesterol-lowering property, but also because of the cholesterol-independent or pleiotropic 
property that is directly involved in improving endothelial function, attenuating vascular remodeling, suppressing the 
vascular inflammatory response, and stabilizing the atherosclerotic plaques. Such effects of statins are seen majorly due 
to their ability to hinder the isoprenoid synthesis whose products provide important lipid attachment sites for intracel-
lular signaling molecules such as Rho, Rac, and Cdc42 (Zhou and Liao, 2009). The US Food and Drug Administration 
(FDA) has currently sanctioned seven types of statins: atorvastatin (Lipitor), fluvastatin, lovastatin (Mevacor, Altoprev), 
pitavastatin (Livalo, Nikita), pravastatin (Pravachol), rosuvastatin (Crestor), and simvastatin (Zocor).

15.6.2 Lovastatin and (+)-geodin

Lovastatin (C24H36O5), also known as mevinolinic acid, was the first statin approved by the FDA (1987). Lovastatin 
was obtained from A. terreus and commercialized for the first time by Merck. Apart from lowering cholesterol levels, 
lovastatin is reported to have anticancer properties while increasing immunity, reducing inflammation, preventing neu-
rological and bone disorders, etc. (Morimoto et al., 2006; Seenivasan et al., 2008; Barrios-González and Miranda, 2010). 
Several factors such as the composition of the medium, the amount of aeration, the morphology of the fungus, and the 
broth rheology are known to affect the production of lovastatin. Furthermore, variations of pH were studied with re-
spect to the cultivation medium on the form of lovastatin, being either -hydroxy acid or lactone; the dependability of its 
determination through direct chromatographic measurement was done using filtered broth (Bizukojc et al., 2012). It has 
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been found that mevinolinic acid was optimum when the pH of the medium equals 7.5 and 8.5, and was correlated with 
the rapid utilization of lactose by A. terreus. Likewise, the pH for other secondary metabolites and the pH values of the 
medium were correlated with the use of mass spectrometry. It was observed that (+)-geodin was produced only at pH 
6.5 while the optimum production of monacolin was recorded at pH 7.5 (Bizukojc et al., 2012). (+)-geodin is yet another 
secondary metabolite reported from A. terreus (Raistrick and Smith, 1936). Askenazi et al. (2003) followed genetic engi-
neering techniques to disrupt the biosynthesis of (+)-geodin. Hargreaves et al. (2002) also isolated (+)-geodin from the 
Aspergillus species isolated from leaf litter, then determined its structure and studied its antifungal properties. Couch 
and Gaucher (2004) studied the biosynthesis of (+)-geodin by eliminating the production of sulochrin. Bizukojc and 
Ledakowicz (2007) studied the synchronous biosynthesis of lovastatin (mevinolinic acid) and (+)-geodin from A. terreus 
ATCC 20542 in the fed-batch run that rose significantly along with (+)-geodin due to its carbon source dependability. 
Similarly, Kamath et al. (2015) analyzed the effects of different culture conditions affecting the production of lovastatin 
from Aspergillus terreus (KM017963). Further, it was found that the addition of carbon sources such as glucose or dextrin 
and supplementation with metal salts such as CuSO4 (8%), FeSO4 (8%), CaCl2 (10%), and NaCl (6%) along with MgSO4 
(6%) drastically increased the production of lovastatin by five-fold (Kamath et al., 2015).

15.6.3 Simvastatin

Another important derivative of the fungal polyketide lovastatin is Simvastatin (Zocor) (Hoffman et al., 1986; 
Plosker and McTavish, 1995). The industrial scale up of Simvastatin contains three critical steps: production of lo-
vastatin via A. terreus fermentation, production of monacolin J by hydrolysis of lovastatin in alkaline conditions, 
and transforming monacolin J to simvastatin using biological or chemical ways (Xie and Tang, 2007). Such multistep 
processes are laborious, expensive, and unfriendly to the environment. Huang et al. (2017) studied Simvastatin pro-
duction in an industrial strain of A. terreus that heterologously expressed lovastatin hydrolase, which has the ability 
to produce monacolin J by single-step fermentation with high efficiency. This makes the entire process of simvastatin 
production feasible and promising.

15.6.4 l-Asparaginase and β-glucuronidase

l-Asparaginase (l-asparagine amido hydrolase E.C.3.5.1.1) is another medicinally valuable secondary metabolite 
that has chemotherapeutic potential for lymphoblastic leukemia treatment (Asthana and Azmi, 2003). Studies also 
demonstrated that low quantities of l-asparaginase in food reduce the carcinogenic effect of acrylamide (Mottram 
et al., 2002). l-Asparaginase is used for eliminating acrylamide formation with a negligible influence on the forma-
tion of maillard products used in baked goods (Hendriksen, 2009; Anese et al., 2011).

β-glucuronidase is another SM of medical importance obtained from A. terreus. It hydrolyzes the glycyrrhizin (GL) 
converting it to glycyrrhetinic acid 3-O-mono-b-d-glucuronide (GAMG) and glycyrrhetinic acid (GA) (Liu et al., 2012). 
GL is among the main bioactive compounds reported in licorice (Glycyrrhiza glabra) as a natural sweetener. GL is 
known for its pharmacological activities, including antiviral (Cinatl et al., 2003; Harada, 2005), antiallergic (Park et al., 
2004), antiinflammatory (Matsui et al., 2004; Wang et al., 2016), antioxidative (Michaelis et al., 2011), and antitumor 
activities (Huang et al., 2014). Further owing to the hydrolyzing property of β-Glucuronidase and its applications in 
cancer diagnosis, pharmacotherapy, and genetic manipulation (Homburger, 1957; Basu et al., 2004; Wallace et al., 2010; 
Pasqualini and Chetrite, 2012), mutants of A. terreus (AtGUS-t1, AtGUS-t2, and AtGUS-t3) were developed in GL bio-
transformation for drastic improvement in the performance of β-glucuronidase (Liu et al., 2012; Xu et al., 2017). Such 
studies prove that sequence editing is an easy and proficient strategy for producing industrially important enzymes.

15.7 A. terreus in bioremediation

Copper (Cu) is an essential element for living organisms and is required in minute quantities. Higher concentra-
tions of Cu lead to many physiological and health problems and death in extreme cases. High amounts of heavy 
metals such as Cu are released in the environment through electroplating, ceramic articles, textile materials, batteries 
used for storage, glass, and industrial effluents. To facilitate heavy metal removal from aqueous solutions, biosorp-
tion using microorganisms is an effective and ecofriendly strategy. A byproduct of A. terreus obtained through the 
fermentative process has been evaluated as a biosorbent for removing copper traces (Gulati et al., 2002). The optimal 
conditions for removing Cu in aqueous solutions have been standardized in a report on A. terreus (strain ATCC-
20516) by Cerino-Córdova et al. (2012).
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Au (III) or auric chloride is a common oxidation state of gold and is illustrated by gold (III) chloride (Au2Cl6). 
Because of the widespread applications of gold, minor quantities of gold are released as waste into water streams. 
Due to the monetary value and limited reserves of gold obtained from the Earth’s crust, it becomes essential to 
recover gold from the waste. Unlike chemical techniques for gold recovery, the biosorption technique is easy to pro-
cess, economic, and ecofriendly (Wang and Chen, 2009; Lo et al., 2014; Dodson et al., 2015; Nancharaiah et al., 2016; 
Shah, 2016). The A. terreus SRD49 strain demonstrated the maximum capacity of Au (III) sorption (0.755 mM/g of 
biomass) in a study conducted by Shah et al. (2017).

High concentrations of polycyclic aromatic hydrocarbons (PAHs) are found in terrestrial environments at coal gas-
ification sites and tar oil distillation plants. PAHs are reported as mutagenic and carcinogenic, posing a health risk for 
wildlife and humans (Jacob et al., 1986). Fungi oxidize PAHs under cometabolic conditions and thereby mineralize 
them (Field et al., 1992; Bezalel et al., 1996). Successful PAH degradation was achieved through A. terreus isolated 
from PAH-polluted soil through the metabolization of pyrene and benzo(a)pyrene to the corresponding hydroxy and 
sulfate metabolites (Capotorti et al., 2004).

15.8 Conclusions and future prospects

The genus Aspergillus is widely accredited to possess an array of functional secondary metabolites, extrolites, and 
extracellular enzymes. These are vital microorganisms for use in the biotechnological and medical sectors. A. terreus 
is one of the economically important species of genus Aspergillus. It is involved in the synthesis of many secondary 
metabolites that are essential in the pharmaceutical, fermentation, and food industries. This chapter has tried to build 
a holistic overview of A. terreus with a focus on its medicinal and industrial uses. It provided a concise and current 
overview of A. terreus taxonomy, biology, and its advances and applications in the modern era. The whole genome 
sequencing of A. terreus exposes the fields of comparative genomics, transcriptomics, proteomics, and metabolomics 
for further research. Although a large number of putative secondary metabolism genes and clusters have been identi-
fied, functional analysis is still necessary to validate the efficient production of secondary metabolites. Together with 
advanced bioinformatics and expression analysis tools, new insights can be gained into the functional properties and 
metabolism of A. terreus.

References
Abd Rahim, M.H., Hasan, H., Montoya, A., Abbas, A., 2015. Lovastatin and (+)‐geodin production by Aspergillus terreus from crude glycerol. Eng. 

Life Sci. 15 (2), 220–228.
Anese, M., Quarta, B., Frias, J., 2011. Modelling the effect of asparaginase in reducing acrylamide formation in biscuits. Food Chem. 126 (2), 

435–440.
Askenazi, M., Driggers, E.M., Holtzman, D.A., Norman, T.C., Iverson, S., Zimmer, D.P., Boers, M.E., Blomquist, P.R., Martinez, E.J., Monreal, A.W., 

Feibelman, T.P., 2003. Integrating transcriptional and metabolite profiles to direct the engineering of lovastatin-producing fungal strains. Nat. 
Biotechnol. 21 (2), 150–156.

Asthana, S.A., Azmi, W., 2003. Microbial L-asparaginase: a potent antitumor enzyme. Indian J. Biotechnol. 2 (2), 184–194.
Barrios-González, J., Miranda, R.U., 2010. Biotechnological production and applications of statins. Appl. Microbiol. Biotechnol. 85 (4), 869–883.
Basu, C., Kausch, A.P., Chandlee, J.M., 2004. Use of β-glucuronidase reporter gene for gene expression analysis in turfgrasses. Biochem. Biophys. 

Res. Commun. 320 (1), 7–10.
Bennett, J.W., 2010. An overview of the genus Aspergillus. In: Machida, M., Gomi, K. (Eds.), Aspergillus: Molecular Biology and Genomics. Caister 

Academic Press, pp. 1–17.
Bentley, R., 2006. From miso, saké and shoyu to cosmetics: a century of science for kojic acid. Nat. Prod. Rep. 23 (6), 1046–1062.
Bergmann, S., Schümann, J., Scherlach, K., Lange, C., Brakhage, A.A., Hertweck, C., 2007. Genomics-driven discovery of PKS-NRPS hybrid me-

tabolites from Aspergillus nidulans. Nat. Chem. Biol. 3 (4), 213–217.
Bezalel, L., Hadar, Y., Cerniglia, C.E., 1996. Mineralization of polycyclic aromatic hydrocarbons by the white rot fungus Pleurotus ostreatus. Appl. 

Environ. Microbiol. 62 (1), 292–295.
Bizukojc, M., Ledakowicz, S., 2007. Simultaneous biosynthesis of (+)-geodin by a lovastatin-producing fungus Aspergillus terreus. J. Biotechnol. 

132 (4), 453–460.
Bizukojc, M., Pawlak, M., Boruta, T., Gonciarz, J., 2012. Effect of pH on biosynthesis of lovastatin and other secondary metabolites by Aspergillus 

terreus ATCC 20542. J. Biotechnol. 162 (2–3), 253–261.
Bode, H.B., Bethe, B., Hofs, R., Zeeck, A., 2002. Big effects from small changes: possible ways to explore nature’s chemical diversity. ChemBioChem 

3 (7), 619–627.
Bok, J.W., Chiang, Y.M., Szewczyk, E., Reyes-Dominguez, Y., Davidson, A.D., Sanchez, J.F., Lo, H.C., Watanabe, K., Strauss, J., Oakley, B.R., Wang, 

C.C., 2009. Chromatin-level regulation of biosynthetic gene clusters. Nat. Chem. Biol. 5 (7), 462–464.
Boyer, N., Morrison, K.C., Kim, J., Hergenrother, P.J., Movassaghi, M., 2013. Synthesis and anticancer activity of epipolythio diketopiperazine 

alkaloids. Chem. Sci. 4 (4), 1646–1657.
Brakhage, A.A., Schroeckh, V., 2011. Fungal secondary metabolites—strategies to activate silent gene clusters. Fungal Genet. Biol. 48 (1), 15–22.

http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0010
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0010
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0015
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0015
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0020
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0020
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0020
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0025
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0030
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0035
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0035
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0040
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0040
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0045
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0050
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0050
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0055
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0055
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0060
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0060
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0065
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0065
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0070
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0070
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0075
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0075
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0080
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0080
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0085


 References 221

Brakhage, A.A., Schuemann, J., Bergmann, S., Scherlach, K., Schroeckh, V., Hertweck, C., 2008. Activation of fungal silent gene clusters: a new 
avenue to drug discovery. In: Natural Compounds as Drugs, pp. 1–12.

Brouilette, S.W., Moore, J.S., McMahon, A.D., Thompson, J.R., Ford, I., Shepherd, J., Packard, C.J., Samani, N.J., 2007. Telomere length, risk of 
coronary heart disease, and statin treatment in the West of Scotland Primary Prevention Study: a nested case-control study. Lancet 369 (9556), 
107–114.

Campoy, S., Perez, F., Martín, J.F., Gutierrez, S., Liras, P., 2003. Stable transformants of the azaphilone pigment-producing Monascus purpureus 
obtained by protoplast transformation and Agrobacterium-mediated DNA transfer. Curr. Genet. 43 (6), 447–452.

Capotorti, G., Digianvincenzo, P., Cesti, P., Bernardi, A., Guglielmetti, G., 2004. Pyrene and benzo(a)pyrene metabolism by an Aspergillus terreus 
strain isolated from a polycylic aromatic hydrocarbons polluted soil. Biodegradation 15 (2), 79–85.

Cerino-Córdova, F.D., García-León, A.M., Soto-Regalado, E., Sánchez-González, M.N., Lozano-Ramírez, T., García-Avalos, B.C., Loredo-Medrano, 
J.A., 2012. Experimental design for the optimization of copper biosorption from aqueous solution by Aspergillus terreus. J. Environ. Manag. 95, 
577–582.

Chiang, Y.M., Lee, K.H., Sanchez, J.F., Keller, N.P., Wang, C.C., 2009. Unlocking fungal cryptic natural products. Nat. Prod. Commun. 4 (11), 
1505–1510.

Chiang, Y.M., Oakley, B.R., Keller, N.P., Wang, C.C., 2010. Unraveling polyketide synthesis in members of the genus Aspergillus. Appl. Microbiol. 
Biotechnol. 86 (6), 1719–1736.

Chiang, Y.M., Chang, S.L., Oakley, B.R., Wang, C.C., 2011. Recent advances in awakening silent biosynthetic gene clusters and linking orphan 
clusters to natural products microorganisms. Curr. Opin. Chem. Biol. 15 (1), 137–143.

Cichewicz, R.H., 2010. Epigenome manipulation as a pathway to new natural product scaffolds and their congeners. Nat. Prod. Rep. 27 (1), 11–22.
Cinatl, J., Morgenstern, B., Bauer, G., Chandra, P., Rabenau, H., Doerr, H.W., 2003. Glycyrrhizin, an active component of liquorice roots, and rep-

lication of SARS-associated coronavirus. Lancet 361 (9374), 2045–2056.
Cook, P.E., Campbell-Platt, G., 1994. Aspergillus and fermented foods. In: Powell, K.A., Renwick, A., Peberdy, J.F. (Eds.), The Genus Aspergillus. 

Federation of European Microbiological Societies Symposium Series, vol. 69. Springer, Boston, MA, pp. 171–188.
Couch, R.D., Gaucher, G.M., 2004. Rational elimination of Aspergillus terreus sulochrin production. J. Biotechnol. 108 (2), 171–178.
Cox, R.J., 2007. Polyketides, proteins and genes in fungi: programmed nanomachines begin to reveal their secrets. Org. Biomol. Chem. 5 (13), 

2010–2026.
De Groot, M.J., Bundock, P., Hooykaas, P.J., Beijersbergen, A.G., 1998. Agrobacterium tumefaciens-mediated transformation of filamentous fungi. 

Nat. Biotechnol. 16 (9), 839–842.
Dodson, J.R., Parker, H.L., García, A.M., Hicken, A., Asemave, K., Farmer, T.J., He, H., Clark, J.H., Hunt, A.J., 2015. Bio-derived materials as a green 

route for precious and critical metal recovery and re-use. Green Chem. 17 (4), 1951–1965.
Dolan, S.K., Owens, R.A., O’Keeffe, G., Hammel, S., Fitzpatrick, D.A., Jones, G.W., Doyle, S., 2014. Regulation of non-ribosomal peptide synthesis: 

bis-thiomethylation attenuates gliotoxin biosynthesis in Aspergillus fumigatus. Chem. Biol. 21 (8), 999–1012.
Field, J.A., De Jong, E., Costa, G.F., De Bont, J.A., 1992. Biodegradation of polycyclic aromatic hydrocarbon by new isolates of white rot fungi. 

Appl. Environ. Microbiol. 58 (7), 2219–2226.
Fries, E.M., 1832. Systema Mycologicum. . E. Mauritius, Gryphiswald.
Gardiner, D.M., Waring, P., Howlett, B.J., 2005. The epipolythiodioxopiperazine (ETP) class of fungal toxins: distribution, mode of action, func-

tions and biosynthesis. Microbiology 151 (4), 1021–1032.
Ghisalberti, E.L., Narbey, M.J., Rowland, C.Y., 1990. Metabolites of Aspergillus terreus antagonistic towards the take-all fungus. J. Nat. Prod. 53 (2), 

520–522.
Greenwood, J., Steinman, L., Zamvil, S.S., 2006. Statin therapy and autoimmune disease: from protein prenylation to immunomodulation. Nat. 

Rev. Immunol. 6 (5), 358–370.
Gressler, M., Zaehle, C., Scherlach, K., Hertweck, C., Brock, M., 2011. Multifactorial induction of an orphan PKS-NRPS gene cluster in Aspergillus 

terreus. Chem. Biol. 18 (2), 198–209.
Gu, W., Qiao, C., 2012. Furandiones from an endophytic Aspergillus terreus residing in Malus halliana. Chem. Pharm. Bull. 60 (11), 1474–1477.
Gulati, R., Saxena, R.K., Gupta, R., 2002. Fermentation waste of Aspergillus terreus: a potential copper biosorbent. World J. Microbiol. Biotechnol. 

18 (5), 397–401.
Guo, C.J., Knox, B.P., Chiang, Y.M., Lo, H.C., Sanchez, J.F., Lee, K.H., Oakley, B.R., Bruno, K.S., Wang, C.C., 2012. Molecular genetic characteriza-

tion of a cluster in A. terreus for biosynthesis of the meroterpenoid terretonin. Org. Lett. 14 (22), 5684–5687.
Guo, C.J., Yeh, H.H., Chiang, Y.M., Sanchez, J.F., Chang, S.L., Bruno, K.S., Wang, C.C., 2013. Biosynthetic pathway for the epipolythiodioxopiper-

azine acetylaranotin in Aspergillus terreus revealed by genome-based deletion analysis. J. Am. Chem. Soc. 135 (19), 7205–7213.
Guo, F., Li, Z., Xu, X., Wang, K., Shao, M., Zhao, F., Wang, H., Hua, H., Pei, Y., Bai, J., 2016. Butenolide derivatives from the plant endophytic fungus 

Aspergillus terreus. Fitoterapia 113, 44–50.
Haller, A., 1768. Historia stirpium indigenarum Helvetiae inchoata. Bernae.
Harada, S., 2005. The broad anti-viral agent glycyrrhizin directly modulates the fluidity of plasma membrane and HIV-1 envelope. Biochem. J. 

392 (1), 191–199.
Hargreaves, J., Park, J.O., Ghisalberti, E.L., Sivasithamparam, K., Skelton, B.W., White, A.H., 2002. New chlorinated diphenyl ethers from an 

Aspergillus species. J. Nat. Prod. 65 (1), 7–10.
Hawksworth, D.L., 2011. Naming Aspergillus species: progress towards one name for each species. Med. Mycol. 49 (1), 570–576.
Hawksworth, D.L., 2012. Managing and coping with names of pleomorphic fungi in a period of transition. IMA Fungus 3 (1), 15–24.
He, F., Bao, J., Zhang, X.Y., Tu, Z.C., Shi, Y.M., Qi, S.H., 2013. Asperterrestide A, a cytotoxic cyclic tetrapeptide from the marine-derived fungus 

Aspergillus terreus SCSGAF0162. J. Nat. Prod. 76 (6), 1182–1186.
Hendriksen, H.V., 2009. Evaluating the potential for enzymatic acrylamide mitigation in a range of food products using an asparaginase from 

Aspergillus oryzae. J. Agric. Food Chem. 57 (10), 4168–4176.
Henrikson, J.C., Hoover, A.R., Joyner, P.M., Cichewicz, R.H., 2009. A chemical epigenetics approach for engineering the in situ biosynthesis of a 

cryptic natural product from Aspergillus niger. Org. Biomol. Chem. 7 (3), 435–438.
Hertweck, C., 2009. Hidden biosynthetic treasures brought to light. Nat. Chem. Biol. 5 (7), 450–452.

http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0090
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0090
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0095
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0095
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0095
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0100
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0100
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0105
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0105
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0110
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0110
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0110
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0115
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0115
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0120
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0120
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0125
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0125
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0130
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0135
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0135
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0140
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0140
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0145
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0150
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0150
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0155
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0155
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0160
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0160
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0165
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0165
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0170
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0170
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0175
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0180
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0180
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0185
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0185
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0190
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0190
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0195
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0195
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0200
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0205
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0205
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0210
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0210
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0215
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0215
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0220
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0220
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0225
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0230
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0230
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0235
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0235
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0240
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0245
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0250
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0250
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0255
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0255
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0260
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0260
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0265


222 15. Aspergillus terreus

Hoffman, W.F., Alberts, A.W., Anderson, P.S., Chen, J.S., Smith, R.L., Willard, A.K., 1986. 3-Hydroxy-3-methylglutaryl-coenzyme A reductase 
inhibitors, Side chain ester derivatives of Mevinolin. J. Med. Chem. 29 (5), 849–852.

Homburger, F., 1957. Clinical laboratory procedures in cancer diagnosis; serum prostatic acid phosphatase and vaginal fluid beta-glucuronidase. 
Am. Pract. Dig. Treat. 8 (8), 1205–1212.

Hong, S.B., Lee, M., Kim, D.H., Varga, J., Frisvad, J.C., Perrone, G., Gomi, K., Yamada, O., Machida, M., Houbraken, J., Samson, R.A., 2013. 
Aspergillus luchuensis, an industrially important black Aspergillus in East Asia. PLoS One 8 (5), e63769.

Hong, S.B., Yamada, O., Samson, R.A., 2014. Taxonomic re-evaluation of black koji molds. Appl. Microbiol. Biotechnol. 98 (2), 555–561.
Houbraken, J., Samson, R.A., 2011. Phylogeny of Penicillium and the segregation of Trichocomaceae into three families. Stud. Mycol. 70, 1–51.
Houbraken, J., de Vries, R.P., Samson, R.A., 2014. Chapter  4—Modern taxonomy of biotechnologically important Aspergillus and Penicillium 

Species. In: Sariaslani, S., Gadd, G.M. (Eds.), Advances in Applied Microbiology. vol. 86. Academic Press, pp. 199–249.
Houbraken, J., Samson, R.A., Yilmaz, N., 2016. Taxonomy of Aspergillus, Penicillium and Talaromyces and its significance for biotechnology. In: 

Aspergillus and Penicillium in the Post-Genomic Era. Caister Academic Press, Norfolk, pp. 1–15.
Huang, R.Y., Chu, Y.L., Jiang, Z.B., Chen, X.M., Zhang, X., Zeng, X., 2014. Glycyrrhizin suppresses lung adenocarcinoma cell growth through 

inhibition of thromboxane synthase. Cell. Physiol. Biochem. 33 (2), 375–388.
Huang, X., Liang, Y., Yang, Y., Lu, X., 2017. Single-step production of the simvastatin precursor monacolin J by engineering of an industrial strain 

of Aspergillus terreus. Metab. Eng. 42, 109–114.
Ibrahim, S.R., Elkhayat, E.S., Mohamed, G.A., Khedr, A.I., Fouad, M.A., Kotb, M.H., Ross, S.A., 2015. Aspernolides F and G, new butyrolactones 

from the endophytic fungus Aspergillus terreus. Phytochem. Lett. 14, 84–90.
Ichishima, E., 2016. Development of enzyme technology for Aspergillus oryzae, A. sojae, and A. luchuensis, the national microorganisms of Japan. 

Biosci. Biotechnol. Biochem. 80 (9), 1681–1692.
Jacob, J., Karcher, W., Belliardo, J.J., Wagstaffe, P.J., 1986. Polycyclic aromatic hydrocarbons of environmental and occupational importance. 

Fresenius Z. Anal. Chem. 323 (1), 1–10.
Kamath, P.V., Dwarakanath, B.S., Chaudhary, A., Janakiraman, S., 2015. Optimization of culture conditions for maximal lovastatin production by 

Aspergillus terreus (KM017963) under solid state fermentation. Hayati J. Biosci. 22 (4), 174–180.
Kim, W.G., Cho, K.M., Lee, C.K., Yoo, I.D., 2002. Terreulactone A, a novel meroterpenoid with anti-acetylcholinesterase activity from Aspergillus 

terreus. Tetrahedron Lett. 43 (17), 3197–3198.
Kitamoto, K., 2015. Cell biology of the Koji mold Aspergillus oryzae. Biosci. Biotechnol. Biochem. 79 (6), 863–869.
Kivipelto, M., Solomon, A., Winblad, B., 2005. Statin therapy in Alzheimer’s disease. Lancet Neurol. 4 (9), 521–532.
Kozakiewicz, Z., 1989. Aspergillus species on stored products. Mycol. Pap. 161, 1–188.
Li, G.Y., Li, B.G., Yang, T., Yin, J.H., Qi, H.Y., Liu, G.Y., Zhang, G.L., 2005. Sesterterpenoids, terretonins A-D, and an alkaloid, asterrelenin, from 

Aspergillus terreus. J. Nat. Prod. 68 (8), 1243–1246.
Li, L.J., Li, T.X., Kong, L.Y., Yang, M.H., 2016. Antioxidant aromatic butenolides from an insect-associated Aspergillus iizukae. Phytochem. Lett. 16, 134–140.
Liao, G., Wu, P., Xue, J., Liu, L., Li, H., Wei, X., 2018. Asperimides A–D, anti-inflammatory aromatic butenolides from a tropical endophytic fungus 

Aspergillus terreus. Fitoterapia 131, 50–54.
Liu, Y., Huangfu, J., Qi, F., Kaleem, I., Wenwen, E., Li, C., 2012. Effects of a non-conservative sequence on the properties of β-glucuronidase from 

Aspergillus terreus Li 20. PLoS One 7 (2), 1–8.
Lo, Y.C., Cheng, C.L., Han, Y.L., Chen, B.Y., Chang, J.S., 2014. Recovery of high-value metals from geothermal sites by biosorption and bioaccu-

mulation. Bioresour. Technol. 160, 182–190.
Macedo Jr., F.C., Porto, A.L., Marsaioli, A.J., 2004. A novel metabolite from Aspergillus terreus: structure and 13C labeling. Tetrahedron Lett. 45 (1), 53–55.
Machida, M., Yamada, O., Gomi, K., 2008. Genomics of Aspergillus oryzae: learning from the history of Koji mold and exploration of its future. DNA 

Res. 15 (4), 173–183.
Matsui, S., Matsumoto, H., Sonoda, Y., Ando, K., Aizu-Yokota, E., Sato, T., Kasahara, T., 2004. Glycyrrhizin and related compounds down-regulate 

production of inflammatory chemokines IL-8 and eotaxin 1 in a human lung fibroblast cell line. Int. Immunopharmacol. 4 (13), 1633–1644.
McNeill, J., Barrie, F.R., Buck, W.R., Demoulin, V., Greuter, W., Hawksworth, D.L., Herendeen, P.S., Knapp, S., Marhold, K., Prado, J., Prud’Homme 

Van Reine, W.F., Smith, G.F., Wiersema, J.H., Turland, N.J., 2012. International Code of Nomenclature for Algae, Fungi and Plants (Melbourne 
Code). Adopted by the 18th International Botanical Congress, Melbourne, 2011, Regnum Vegetabile, vol. 154 Koeltz Scientific Books, 
Koenigstein, Australia.

Michaelis, M., Geiler, J., Naczk, P., Sithisarn, P., Leutz, A., Doerr, H.W., Cinatl Jr., J., 2011. Glycyrrhizin exerts antioxidative effects in H5N1 influ-
enza A virus-infected cells and inhibits virus replication and pro-inflammatory gene expression. PLoS One 6 (5), 1–9.

Micheli, P.A., Nova Plantarum Genera IVXTA Tovrnefortii Methodvm Disposita,  1729, Florence, Italy, 223 pp
Morimoto, K., Janssen, W.J., Fessler, M.B., McPhillips, K.A., Borges, V.M., Bowler, R.P., Xiao, Y.Q., Kench, J.A., Henson, P.M., Vandivier, R.W., 2006. 

Lovastatin enhances clearance of apoptotic cells (efferocytosis) with implications for chronic obstructive pulmonary disease. J. Immunol. 176 
(12), 7657–7665.

Mottram, D.S., Wedzicha, B.L., Dodson, A.T., 2002. Acrylamide is formed in the Maillard reaction. Nature 419 (6909), 448–449.
Nancharaiah, Y.V., Mohan, S.V., Lens, P.N., 2016. Biological and bio electrochemical recovery of critical and scarce metals. Trends Biotechnol. 34 

(2), 137–155.
Nicolaou, K.C., Lu, M., Totokotsopoulos, S., Heretsch, P., Giguere, D., Sun, Y.P., Sarlah, D., Nguyen, T.H., Wolf, I.C., Smee, D.F., Day, C.W., 2012. 

Synthesis and biological evaluation of epidithio-, epitetrathio-, and bis-(methylthio)diketopiperazines: synthetic methodology, enantioselec-
tive total synthesis of epicoccin G, 8,8′-epi-ent-rostratin B, gliotoxin, gliotoxin G, emethallicin E, and haematocin and discovery of new antivi-
ral and antimalarial agents. J. Am. Chem. Soc. 134 (41), 17320–17332.

Park, H.Y., Park, S.H., Yoon, H.K., Han, M.J., Kim, D.H., 2004. Anti-allergic activity of 18 β-glycyrrhetinic acid-3-O-β-D-glucuronide. Arch. Pharm. 
Res. 27 (1), 57–68.

Pasqualini, J.R., Chetrite, G.S., 2012. Hormonal enzymatic systems in normal and cancerous human breast: control, prognostic factors, and clinical 
applications. Horm. Mol. Biol. Clin. Invest. 9 (1), 25–63.

Peterson, S.W., 2000. Phylogenetic relationships in Aspergillus based on rDNA sequence analysis. In: Samson, R.A., Pitt, J.I. (Eds.), Integration of 
Modern Taxonomic Methods for Penicillium and Aspergillus Classification. Harwood Academic Publishers, Amsterdam, pp. 323–355.

http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0270
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0270
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0275
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0275
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0280
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0280
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0285
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0290
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0295
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0295
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0300
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0300
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0305
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0305
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0310
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0310
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0315
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0315
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0320
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0320
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0325
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0325
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0330
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0330
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0335
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0335
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0340
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0345
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0350
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0355
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0355
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0360
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0365
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0365
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0370
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0370
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0375
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0375
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0380
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0385
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0385
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0390
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0390
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0395
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0395
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0395
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0395
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0400
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0400
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0410
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0410
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0410
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0415
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0420
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0420
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0425
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0425
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0425
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0425
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0430
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0430
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0435
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0435
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0440
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0440


 References 223

Peterson, S.W., 2008. Phylogenetic analyses of Aspergillus species using DNA sequences from four loci. Mycologia 100 (2), 205–226.
Pitt, J.I., Samson, R.A., 1993. Names in current use in the family Trichocomaceae. In: Greuter, W. (Ed.), Names in Current Use in the Family 

Trichocomaceae, Cladoniaceae, Pinaceae, and Lemnaceae. Koeltz Scientific Books, Konigstein, Germany, pp. 13–57.
Pitt, J.I., Samson, R.A., Frisvad, J.C., 2000. List of accepted species and their synonyms in the family Trichocomaceae. In: Samson, R.A., Pitt, J.I. (Eds.), 

Integration of Modern Taxonomic Methods for Penicillium and Aspergillus classification. Harwood Academic Publishers, Amsterdam, pp. 9–79.
Plosker, G.L., McTavish, D., 1995. Simvastatin. Drugs 50 (2), 334–363.
Raistrick, H., Smith, G., 1936. Studies in the biochemistry of micro-organisms: the metabolic products of Aspergillus terreus Thom. Part II. Two new 

chlorine-containing mould metabolic products, geodin and erdin. Biochem. J. 30 (8), 1315–1322.
Rao, K.V., Sadhukhan, A.K., Veerender, M., Ravikumar, V., Mohan, E.V., Dhanvantri, S.D., Sitaramkumar, M., Babu, J.M., Vyas, K., Reddy, G.O., 

2000. Butyrolactones from Aspergillus terreus. Chem. Pharm. Bull. 48 (4), 559–562.
Raper, K.B., Fennell, D.I., 1965. The Genus Aspergillus. Williams & Wilkins, Baltimore.
Rodríguez-Tovar, A.V., Ruiz-Medrano, R., Herrera-Martínez, A., Barrera-Figueroa, B.E., Hidalgo-Lara, M.E., Reyes-Márquez, B.E., Cabrera-Ponce, 

J.L., Valdés, M., Xoconostle-Cázares, B., 2005. Stable genetic transformation of the ectomycorrhizal fungus Pisolithus tinctorius. J. Microbiol. 
Methods 63 (1), 45–54.

Samson, R.A., Peterson, S.W., Frisvad, J.C., Varga, J., 2011. New species in Aspergillus section Terrei. Stud. Mycol. 69, 39–55.
Samson, R.A., Visagie, C.M., Houbraken, J., Hong, S.B., Hubka, V., Klaassen, C.H., Perrone, G., Seifert, K.A., Susca, A., Tanney, J.B., Varga, J., 2014. 

Phylogeny, identification and nomenclature of the genus Aspergillus. Stud. Mycol. 78, 141–173.
Sanchez, J.F., 2012. Advances in Aspergillus secondary metabolite research in the post-genomic era. Nat. Prod. Rep. 29 (3), 351–371.
Schroeckh, V., Scherlach, K., Nützmann, H.W., Shelest, E., Schmidt-Heck, W., Schuemann, J., Martin, K., Hertweck, C., Brakhage, A.A., 2009. 

Intimate bacterial-fungal interaction triggers biosynthesis of archetypal polyketides in Aspergillus nidulans. Proc. Natl. Acad. Sci. U. S. A. 106 
(34), 14558–14563.

Seenivasan, A., Subhagar, S., Aravindan, R., Viruthagiri, T., 2008. Microbial production and biomedical applications of lovastatin. Indian J. Pharm. 
Sci. 70 (6), 701–709.

Shah, K.R., 2016. Biosorption of precious metals. Int. J. Curr. Microbiol. App. Sci. 5 (5), 647–656.
Shah, K.R., Duggirala, S.M., Tipre, D.R., Dave, S.R., 2017. Mechanistic aspects of Au (III) sorption by A. terreus SRD49. J. Taiwan Inst. Chem. Eng. 

80, 46–51.
Shakibaie, M., Ameri, A., Ghazanfarian, R., Adeli-Sardou, M., Amirpour-Rostami, S., Torkzadeh-Mahani, M., Imani, M., Forootanfar, H., 2018. 

Statistical optimization of kojic acid production by a UV-induced mutant strain of Aspergillus terreus. Braz. J. Microbiol. 49 (4), 865–871.
Strieker, M., Tanović, A., Marahiel, M.A., 2010. Non-ribosomal peptide synthetases: structures and dynamics. Curr. Opin. Struct. Biol. 20 (2), 

234–240.
Sugui, J.A., Chang, Y.C., Kwon-Chung, K.J., 2005. Agrobacterium tumefaciens mediated transformation of Aspergillus fumigatus: an efficient tool for 

insertional mutagenesis and targeted gene disruption. Appl. Environ. Microbiol. 71 (4), 1798–1802.
Sun, K., Zhu, G., Hao, J., Wang, Y., Zhu, W., 2018a. Chemical-epigenetic method to enhance the chemo diversity of the marine algicolous fungus, 

Aspergillus terreus OUCMDZ-2739. Tetrahedron 74 (1), 83–87.
Sun, W.W., Romsdahl, J., Guo, C.J., Wang, C.C., 2018b. Genome-based deletion analysis in Aspergillus terreus reveals the Acetylaranotin bis-

Thiomethyl transferase gene. Fungal Genet. Biol. 119, 1–6.
Tomasz, B., Marcin, B., 2014. Culture-based and sequence-based insights into biosynthesis of secondary metabolites by Aspergillus terreus ATCC 

20542. J. Biotechnol. 175, 53–62.
Tsang, C.C., Tang, J.Y., Lau, S.K., Woo, P.C., 2018. Taxonomy and evolution of Aspergillus, Penicillium and Talaromyces in the omics era—past, pres-

ent and future. Comput. Struct. Biotechnol. J. 6, 197–210.
Varga, J., Tóth, B., Kocsubé, S., Farkas, B., Szakács, G., Téren, J., Kozakiewicz, Z., 2005. Evolutionary relationships among Aspergillus terreus isolates 

and their relatives. Antonie Van Leeuwenhoek 88 (2), 141–150.
Vervoort, H.C., Drašković, M., Crews, P., 2010. Histone deacetylase inhibitors as a tool to up-regulate new fungal biosynthetic products: isolation 

of EGM-556, a cyclodepsipeptide, from Microascus sp. Org. Lett. 13 (3), 410–413.
Wallace, B.D., Wang, H., Lane, K.T., Scott, J.E., Orans, J., Koo, J.S., Venkatesh, M., Jobin, C., Yeh, L.A., Mani, S., Redinbo, M.R., 2010. Alleviating 

cancer drug toxicity by inhibiting a bacterial enzyme. Science 330 (6005), 831–835.
Wang, J., Chen, C., 2009. Biosorbents for heavy metals removal and their future. Biotechnol. Adv. 27 (2), 195–226.
Wang, X., Sena-Filho, J.G., Hoover, A.R., King, J.B., Ellis, T.K., Powell, D.R., Cichewicz, R.H., 2010. Chemical epigenetics alters the secondary me-

tabolite composition of guttate excreted by an Atlantic-forest-soil-derived Penicillium citreonigrum. J. Nat. Prod. 73 (5), 942–948.
Wang, D., He, D., Li, G., Gao, S., Lv, H., Shan, Q., Wang, L., 2014. An efficient tool for random insertional mutagenesis: Agrobacterium 

 tumefaciens-mediated transformation of the filamentous fungus Aspergillus terreus. J. Microbiol. Methods 98, 114–118.
Wang, W., Chen, X., Zhang, J., Zhao, Y., Li, S., Tan, L., Gao, J., Fang, X., Luo, A., 2016. Glycyrrhizin attenuates isoflurane-induced cognitive deficits 

in neonatal rats via its anti-inflammatory activity. Neuroscience 316, 328–336.
Wijeratne, E.K., Turbyville, T.J., Zhang, Z., Bigelow, D., Pierson, L.S., VanEtten, H.D., Whitesell, L., Canfield, L.M., Gunatilaka, A.L., 2003. Cytotoxic 

constituents of Aspergillus terreus from the rhizosphere of Opuntia versicolor of the sonoran desert. J. Nat. Prod. 66 (12), 1567–1573.
Williams, R.B., Henrikson, J.C., Hoover, A.R., Lee, A.E., Cichewicz, R.H., 2008. Epigenetic remodeling of the fungal secondary metabolome. Org. 

Biomol. Chem. 6 (11), 1895–1897.
Xie, X., Tang, Y., 2007. Efficient synthesis of simvastatin by use of whole-cell biocatalysis. Appl. Environ. Microbiol. 73 (7), 2054–2060.
Xu, Y., Espinosa-Artiles, P., Schubert, V., Xu, Y.M., Zhang, W., Lin, M., Gunatilaka, A.L., Sï, R., 2013. Characterization of the biosynthetic genes for 

10, 11-dehydrocurvularin, a heat shock response-modulating anticancer fungal polyketide from Aspergillus terreus. Appl. Environ. Microbiol. 
79 (6), 2038–2047.

Xu, Y., Liu, Y., Rasool, A., Wenwen, E., Li, C., 2017. Sequence editing strategy for improving performance of β-glucuronidase from Aspergillus 
terreus. Chem. Eng. Sci. 167, 145–153.

Zhang, Y., Li, G., He, D., Yu, B., Yokoyama, K., Wang, L., 2011. Efficient insertional mutagenesis system for the dimorphic pathogenic fungus 
Sporothrix schenckii using Agrobacterium tumefaciens. J. Microbiol. Methods 84 (3), 418–422.

Zhou, Q., Liao, J., 2009. Statins and cardiovascular diseases: from cholesterol lowering to pleiotropy. Curr. Pharm. Des. 15 (5), 467–478.

http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0445
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0450
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0450
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0455
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0455
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0460
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0465
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0465
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0470
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0470
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0475
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0480
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0480
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0480
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0485
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0490
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0490
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0495
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0500
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0500
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0500
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0505
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0505
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0510
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0515
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0515
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0520
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0520
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0525
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0525
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0530
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0530
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0535
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0535
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0540
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0540
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0545
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0545
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0550
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0550
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0555
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0555
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0560
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0560
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0565
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0565
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0570
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0575
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0575
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0580
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0580
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0585
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0585
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0590
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0590
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0595
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0595
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0600
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0605
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0605
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0605
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0610
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0610
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0615
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0615
http://refhub.elsevier.com/B978-0-12-821005-5.00015-6/rf0620


This page intentionally left blank



New and Future Developments in Microbial Biotechnology and Bioengineering
https://doi.org/10.1016/B978-0-12-821005-5.00016-8
 225 

C H A P T E R

Copyright © 2021 Elsevier B.V. All rights reserved.

Bioprospect potential of gasteroid  
mushrooms of the genus Astraeus
Kandikere R. Sridhara,b,* and Mundamoole Pavithraa

aDepartment of Biosciences, Mangalore University, Mangalore, Karnataka, India, bCentre for Environmental Studies, 
Yenepoya University, Mangalore, Karnataka, India

*Corresponding author. E-mail: 

16.1 Introduction

Macrofungi are diverse and produce morphologically distinct visible spore-bearing structures (fruit bodies) as 
basidiomycetes or ascomycetes (e.g., mushrooms, puffballs, false-truffles, brackets, cup fungi, stinkhorns, earthstars, 
bird’s nest fungi, coral fungi, jelly fungi, and boletes). As important functional components of forest ecosystems 
(decomposers and ectomycorrhizal), macrofungal diversity and distribution have major ecological significance. 
Mushrooms serve as natural nutritional sources possessing the capacity to combat protein-energy malnutrition. 
Many cultivated and wild mushrooms have become functional foods worldwide and several of them are valuable 
sources of nutraceuticals as well as pharmaceuticals (Khatun et al., 2012). Mushrooms, as alternatives to plant- and 
animal-based foodstuffs, serve as food supplements as well as nutraceutical and medicinal sources (Kumari and Atri, 
2014). High amounts of proteins, essential amino acids, fibers, some minerals with a moderate quantity of fatty acids, 
vitamins, pigments, and flavors in edible macrofungi favor human nutrition and health. Owing to several functional 
attributes (e.g., water- and oil-absorption capacities, least gelation concentration, bulk density), edible mushrooms 
are useful in many food formulations (Aremu et al., 2009). In addition, the bioactive components of mushrooms, 
especially polyphenolics, have been identified as excellent antioxidants to scavenge free radicals (Barros et al., 2007).

Among the gasteromycetes, the species belonging to the genus Astraeus have special recognition owing to their 
nutritional, pharmaceutical, and therapeutic applications. Up to 13 species of Astraeus have been described from 
different geographic regions of the world (Astraeus asiaticus, A. hygrometricus, A. koreanus, A. morganii, A. odoratus, A. 
pteridis, A. ryoocheoninii, A. sapidus, A. sirindhorniae, A. smithii, A. stellatus, A. telleriae, and A. thailandicus) (Petcharat, 
2003; Phosri et al., 2004, 2007, 2013, 2014; Hembrom et al., 2014; Ryoo et al., 2017). The Astraeus species are ectomycor-
rhizal with tree species belonging to many families (Betulaceae, Dipterocarpaceae, Ericaceae, Fagaceae, and Pinaceae) 
(Phosri et al., 2013, 2014; Mortimer et al., 2012). A. hygrometricus is ectomycorrhizal in the Sal forests in Orissa, West 
Bengal, and in the forests of the Himalayas, the Western Ghats of India, and southeast Asia (Sanmee et al., 2003; Pyasi 
et al., 2011; Kennedy et al., 2012; Mortimer et al., 2012; Semwal et al., 2014). A study carried out in Thailand to follow 
the relationship between fire episodes and the production of A. odoratus revealed that fire promotes more and larger 
fruit bodies (Kennedy et al., 2012). A. odoratus is also known from the fire-impacted scrub jungle of Southwestern 
India in association with Hopea ponga (Dipterocarpaceae) (Greeshma et al., 2015, 2016).

The fruit bodies of A. hygrometricus collected by local people are sold in the markets of Dehra Dun, West Bengal, 
and Orissa in India (Dutta and Acharya, 2014; Manna et al., 2014; Semwal et al., 2014; Pavithra et al., 2015). Four 
 common Astraeus spp. (A. asiaticus, A. hygrometricus, A. odoratus, and A. thailandicus) are sold in the markets of 
Thailand (Petcharat, 2003; Butkrachang et al., 2007; Fangfuk et al., 2010; Mortimer et al., 2012). A. odoratus is a popular 
and expensive culinary delicacy in Thailand. Astraeus species are used by ethnic tribes in Orissa for medicinal pur-
poses (Panda and Tayung, 2015). The spore mass of Astraeus species is mixed with mustard oil and used for topical 
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 applications to combat skin burns. The exploration of Astraeus species has three benefits: nutritional, medicinal, and 
ectomycorrhizal values. This review mainly emphasizes the nutraceutical, therapeutic, and pharmaceutical impor-
tance of the Astraeus species.

16.2 Nutritional and nutraceutical potential

Among the Astraeus species, the ones most studied for nutritional and nutraceutical potential include A. hygrome-
tricus and A. odoratus (Fig. 16.1). The tender fruit bodies of the Astraeus species are endowed with several valuable 
proximal components (protein, carbohydrates, and crude fiber) (Table 16.1). The fruit bodies of A. hygrometricus in 
northern Thailand possess moderate amounts of crude protein (14%–14.7%), high carbohydrates (44.9%–54.4%), 
high crude fiber (10.8%–12.3%), and low fat (2.7%–4.4%) (Sanmee et al., 2003). On the other hand, a nutritional anal-
ysis of the outer and inner parts of A. hygrometricus collected from India resulted in low quantities of fiber, fat, and 
protein with a moderate quantity of carbohydrates (Singh, 2011). Compared to A. hygrometricus, A. odoratus consists 
of high amounts of protein (26.4%), lipids (7.3%), and crude fiber (35.5%) (Srikram and Supapvanich, 2017). A recent 
study on A. hygrometricus in southwest India showed protein content almost equivalent to edible legumes (16.8%–
17.3%) (Pavithra et al., 2018), which is higher than the edible mushroom Auricularia auricula-judae (Karun et al., 2018). 
This study also revealed high quantities of carbohydrates and crude fiber as well as high calorific value with low 
lipids. The diets with high carbohydrates with high calorific value are known to combat diabetes as well as intestinal 
cancers (Venn and Mann, 2004). High crude fiber in diets is advantageous to improve digestibility by trapping low 
amounts of proteins as well as carbohydrates (Balogun and Fetuga, 1986).

Several valuable nutraceutical components have been reported from the Astraeus species (Table 16.1). A. hygro-
metricus consists of minerals such as boron, calcium, copper, iron, magnesium, manganese, phosphorus, potassium, 
sulfur, and zinc (Singh, 2011; Sanmee et al., 2003; Pavithra et al., 2018). Among them, potassium was dominant and 

FIG. 16.1 Excavated and surface-cleaned tender edible fruit bodies of Astraeus hygrometricus (A); mature and spent fruit bodies of A. hygromet-
ricus (B); excavated uncleaned edible tender fruit bodies of Astraeus odoratus (C); and mature fruit bodies of A. odoratus in the field (D).
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satisfied the NRC-NAS (1989) recommended standards for infants/children and adults (Pavithra et al., 2018). The 
quantities of magnesium, iron, and zinc were also up to the NRC-NAS (1989) standards. The low Na/K ratio (<  1) 
in A. hygrometricus (Pavithra et al., 2018) is favorable to reducing blood pressure and hypertension (Yusuf et al., 
2007). In addition to minerals, the Astraeus species are known to possess considerable quantities of phenolics, phytic 
acid, flavonoids, β-carotene (vitamin A), ascorbic acid (vitamin C), thiamine (vitamin B1), and essential amino acids 
(EAA) (Singh, 2010, 2011; Srikram and Supapvanich, 2017; Pavithra et al., 2016, 2018). Besides phenolics and vita-
mins, phytic acid as a common antioxidant serves as an antineoplastic agent, absorbs postprandial glucose, reduces 
renal lithasis, and prevents tooth decay (Kumar et al., 2010). Flavonoids are also known for their benefits to human 
health (e.g., antidiabetic, antiinflammatory, hepatoprotective, and cordioportective) (Champ, 2002; Tapas et al., 2008). 
Many EAA in A. hygrometricus of southwest India (His, Ile, Leu, Lys Thr and Val) were equivalent or surpassed the 
FAO-WHO (1991) standards (Pavithra et al., 2018). The protein efficiency ratios (PER) of A. hygrometricus were also 
high (>  2), which shows a high quality of protein suitable for the human diet. In A. hygrometricus, the ratio of total 
unsaturated fatty acids to total saturated fatty acids was 0.5. Such a ratio is desirable according to the Department 
of Health (1994) in the prevention of cardiac diseases. Recent studies on the functional properties of A. hygrometricus 
reveal that the high protein solubility (acidic and alkaline pH), the least gelation concentration, the water-holding 
capacity, the oil-holding capacity, the emulsion properties, and the foam properties (of uncooked and cooked tender 
fruit bodies) are suitable to develop many value-added food products (Pavithra et al., 2017). Such functional proper-
ties are controlled by the quantities of total lipids and crude fiber in fruit bodies.

16.3 Antimicrobial and therapeutic potential

The Astraeus species are well known for their antimicrobial, antifungal, and antiprotozoal potential (Table 16.2). 
Different solvent extracts (methanol, ethanol, and chloroform) of A. hygrometricus showed antibacterial (against 
pathogenic bacteria), antifungal (against Aspergillus fumigatus, Aspergillus niger, and Candida albicans), and antipro-
tozoal (Leishmania donovani) properties (Badshah et al., 2012; Lai et al., 2012; Mallick et al., 2015). A. odoratus and A. 
pteridis were active against Mycobacterium tuberculosis (Stanikunaite et al., 2008; Arpha et al., 2012).

The Astraeus species possesses several health-promoting therapeutic abilities (Table 16.2). The antioxidant activi-
ties of A. hygrometricus have been proved repeatedly (Biswas et al., 2010a; Mandal et al., 2015; Pavithra et al., 2016). 
Such potential is because of their bioactive components such as phenolics, tannins, flavonoids, phytic acid, vitamin 
C, and β-carotene (Singh, 2011; Pavithra et al., 2016; Srikram and Supapvanich, 2017). The antioxidant activities of 
various extracts (e.g., crude, boiled, aqueous, ethanol, and methanol) of the Astraeus species showed total antioxi-
dant, ferrous-ion chelation, reducing power, DPPH radical scavenge, hydrogen peroxide radical scavenge, superox-
ide radical scavenge, β-carotene bleach, hydroxyl radical scavenge, and inhibition of lipid peroxidation (Biswas et al., 
2010a; Mandal et al., 2015; Pavithra et al., 2016). There is a strong dependence of antioxidant activity of uncooked and 
cooked A. hygrometricus with bioactive components based on principal component analysis (Pavithra et al., 2016).

 Rich in Reference

NUTRITIONAL VALUE

Astraeus hygrometricus (India) Carbohydrates Singh (2010)

Astraeus hygrometricus (India) Carbohydrates Singh (2011)

Astraeus hygrometricus (India) Protein, fiber, and carbohydrates Pavithra et al. (2018)

Astraeus hygrometricus (Thailand) Fiber and carbohydrates Sanmee et al. (2003)

Astraeus odoratus (Thailand) Protein and fiber Srikram and Supapvanich (2017)

NUTRACEUTICAL VALUE

Astraeus hygrometricus (India) Phenolics and vitamins (B1and C) Singh (2010, 2011)

Astraeus hygrometricus (India) Phenolics, flavonoids, phytic acid,  
vitamins (A and C)

Pavithra et al. (2016)

Astraeus hygrometricus (India) Iron and essential amino acids Pavithra et al. (2018)

Astraeus odoratus (Thailand) Phenolics and flavonoids Srikram and Supapvanich (2017)

TABLE 16.1 Nutritional and nutraceutical qualities of the Astraeus species.
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A. hygrometricus is known to combat several human ailments such as diabetes, cancer, hepatitis, coronary diseases, 
and inflammation (Table 16.2). An ethanolic extract showed strong hypoglycemic activity against alloxan- induced diabe-
tes in mice with a decrease in blood glucose levels (Biswas and Acharya, 2013). The ethanolic extract also showed che-
mopreventive activity against Ehrlich’s ascites carcinoma (EAC) cells, resulting in decreased EAC count in tumor-bearing 
mice (Biswas et al., 2012). It was also responsible for immunomodulation with anticancer activity (Naz, 2014). By restor-
ing the hepatic antioxidant status, A. hygrometricus reduced the level of hepatic damage (Soares et al., 2013). The extract 
was also responsible for the inhibition of prostaglandin synthesis and platelet aggregation as well as the stimulation of 
nitric oxide synthesis, preventing coronary artery atherosclerosis and combating cardiovascular diseases (Biswas et al., 
2011b). The wild edible A. hygrometricus is known for many therapeutic values. The ethanolic extract of A. hygrometricus 
showed significant antiinflammatory activity against carrageenan-, dextran-, and formalin- induced paw edema in mice 
(Biswas et al., 2010b). Mallick et al. (2010, 2016) demonstrated the induction of cell-mediated immunity by the metab-
olite astrakurkurone derived from A. hygrometricus. The antiinflammatory activity of A. hygrometricus is comparable to 
the standard drug diclofenac (Biswas et al., 2010b). The cytotoxic potential by the metabolites of A. hygrometricus has 
been demonstrated by Arpha et al. (2012). There is an urgent need to systematically profile bioactive compounds of 
various Astraeus species to develop new food, nutraceutical, and pharmaceutical products.

16.4 Bioactive metabolites

The Astraeus species consists of several bioactive compounds of immense pharmaceutical value (Table  16.3). 
Such compounds were reported mainly from four Astraeus species (A. asiaticus, A. hygrometricus, A. odoratus, and A. 
pteridis) (Stanikunaite et al., 2008; Mallick et al., 2009, 2010, 2015, 2016; Arpha et al., 2012; Lai et al., 2012; Pimjuk et al., 

 Impact Reference

ANTIMICROBIAL ACTIVITY

Astraeus hygrometricus Antibacterial Badshah et al. (2012)

Astraeus hygrometricus Anti-Aspergillus Badshah et al. (2012)

Astraeus hygrometricus Anti-Candida Lai et al. (2012)

Astraeus hygrometricus Anti-Leishmania Lai et al. (2012)

Astraeus hygrometricus Anti-Leishmania Mallick et al. (2015)

Astraeus odoratus Antibacterial Isaka et al. (2016)

Astraeus odoratus Anti-Mycobacterium Arpha et al. (2012)

Astraeus pteridis Anti-Mycobacterium Stanikunaite et al. (2008)

THERAPEUTIC POTENTIAL

Astraeus hygrometricus Antioxidant Biswas et al. (2010a)

Astraeus hygrometricus Antioxidant Mandal et al. (2015)

Astraeus hygrometricus Antioxidant Pavithra et al. (2016)

Astraeus odoratus Antioxidant Srikram and Supapvanich (2017)

Astraeus hygrometricus Antidiabetic Biswas and Acharya (2013)

Astraeus hygrometricus Anticancer Naz (2014)

Astraeus hygrometricus Anticarcinoma Biswas et al. (2012)

Astraeus hygrometricus Hepatoprotective Biswas et al. (2011a), Soares et al. (2013)

Astraeus hygrometricus Prevents cardiovascular ailments Biswas et al. (2011b)

Astraeus hygrometricus Antiinflammation Mandal et al. (2015)

Astraeus hygrometricus Antiinflammation Biswas et al. (2010b)

Astraeus hygrometricus Immunomodulation Chakraborty et al. (2004), Mallick et al. (2010, 2016)

Astraeus odoratus Cytotoxicity Arpha et al. (2012)

TABLE 16.2 Antimicrobial and therapeutic potential of the Astraeus species.
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2015; Isaka et al., 2016; Rahi and Malik, 2016). Some of the bioactive compounds derived from the Astraeus species 
include polysaccharides, heteroglucan, astrakurkurone, triterpenoids, astrahygrol, astrahygrone, and astrapteridiol. 
Their broad functions are cytotoxicity, tumor regression, macrophage stimulation, immunostimulation, inhibition of 
pathogenic fungi, and inhibition of pathogenic bacteria.

The polysaccharide from A. hygrometricus stimulated the growth of macrophages (Rahi and Malik, 2016). The het-
eroglucan isolated from A. hygrometricus showed immunomodulation and antitumor activities (Chakraborty et al., 
2004; Mallick et al., 2010). Astraodoric acids isolated from the A. odoratus displayed antimycobacterial activity (astra-
odoric acid A and B: M. tuberculosis H37Ra) and cytotoxicity (astraodoric acid A–C: against KB, NCI-H187, and MCF-7 
cell lines) (Arpha et al., 2012). The lanostane-like triterpenes (1 and 2) isolated from A. hygrometricus showed excellent 
inhibitory activity of C. albicans while triterpene 2 inhibited the growth of L. donovani promastigaotes (Lai et al., 2012). 
Further exploration of metabolites of the Astraeus species will help develop new therapeutic agents against several 
human ailments.

16.5 Conclusions

The gasteroid mushrooms of the genus Astraeus have worldwide distribution, as they are mycorrhizal with tree 
species of diverse families. They are one of the most important groups of mushrooms owing to their edibility, nutra-
ceutical value, medicinal properties, and ectomycorrhizal association. Among 13 species of Astraeus, only 5–6 species 
have been explored for nutritional value, nutraceutical qualities, therapeutic potential, and novel metabolites. The 
nutritional, nutraceutical, and therapeutic values of Astraeus species seem to be dependent on the specific species, its 
geographic location, and the method of processing. Interest in the importance of the Astraeus species has developed 
mainly due to the ethnic knowledge of tribals in India and Southeast Asia. There are several potential geographic 
locations and tree species on the Indian subcontinent and other geographic locations that need focused attention to 
conserve the Astraeus species (e.g., lateritic jungles and forests consist of trees belong to Dipterocarpaceae).
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17.1 Bipotentialities of Termitomyces Heim

All the known species in the genus Termitomyces are edible and form an important resource in the ethno-
mycophagic traditions in Afro-Asian countries. Mushrooms are used as food and have well-known medicinal 
properties due to their antioxidants and immunomodulatory attributes. Mushrooms have also gained interest as 
functional foods and nutraceuticals (Abd Malek et al., 2012). Edible mushrooms are potential sources of dietary 
fiber due to chitin and other hemicelluloses, mannans, and polysaccharides. Beta-glucans are dominant glycans 
in mushrooms, having immune-stimulatory potency. Among more than 15,000 known mushroom species, about 
1800–2000 are traditionally considered edible while about 600–700 species are known to have medicinal values 
(Okwulehie and Odunze, 2004).

The tropical mutualistic fungus Termitomyces Heim is an obligate exosymbiont of mound-building termites and 
the fungus cultivator subfamily Macrotermitineae. Fungal databases vary in giving correct estimates of known 
identified Termitomyces taxa, such as Mycobank (50 records) and Catalogue of Life (70 records), but the highest 
number is reported by the fungus database Index Fungurom (95 taxa) (Table 17.1). The fruiting bodies of these 
mushrooms appear at the onset of the monsoon and grow on termitaria in forest- or savannah-like soils from June 
to October. These termitophilic species are valued as being edible, tasty, and nutritious (Aryal and Budathoki, 
2016). Nutritional constituents such as proteins, essential amino acids, macro- and micronutrients, vitamins, and 
fiber and taste components from Termitomyces fruitbodies have been reported. These have high protein (31%–37%) 
and carbohydrates (32%) and low lipid content (Adejumo and Awosanya, 2005; Ogundana and Fagade, 1982). 
This chapter attempts to highlight the chemical creativity of Termitomyces that is useful in biomedical applications. 
This chapter excludes data related to enzymes and proteins reported from this genus, which are being published 
separately.

During the past few decades, more attention has been paid to explore the chemical creativity of mushrooms, 
as these are sources of new compounds capable of improving biological functions that can also be used as dietary 
supplements and for other medicinal purposes (Chang and Buswell, 1996; Chang, 2008). Chinese and Japanese bio-
medicinal research has shown that large numbers of higher fungi have potential benefits in ameliorating oncological 
cases; controlling viral pathogens; and helping with diseases due to high cholesterol, clumping of blood cells, and 
elevated blood pressure (Wang et al., 1998). Hence, mushrooms with medicinal properties are used to explore their 
antioxidant, antitumor, and antimicrobial properties as well as for nutraceutical and pharmaceutical products (Kidd, 
2000; Ferreira et al., 2010). Screening the Termitomyces species for chemical creativity has revealed the presence of 
compounds unique to the species, especially neuritogenic/extracellular polysaccharides as well as some not-so-
unique compounds such as alkaloids and pigments and some common compounds such as organic acids, phenols, 
and vitamins.
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TABLE 17.1 Termitomyces taxa recorded in Index Fungorum fungal databases.

Termitomyces species

1 Termitomyces albiceps S.C. He  Termitomyces microcarpus f. elongatus R. Heim

2 Termitomyces albidolaevis Dhanch., J.C. Bhatt & S.K. Pant  Termitomyces microcarpus f. microcarpus (Berk. & Broome) 
R. Heim

3 Termitomyces albidus (Singer) L.D. Gómez  Termitomyces microcarpus f. santalensis R. Heim

4 Termitomyces albuminosus (Berk.) R. Heim 39 Termitomyces narobiensis Otieno

5 Termitomyces albus (Peck) L.D. Gómez 40 Termitomyces orientalis R. Heim

6 Termitomyces aurantiacus (R. Heim) R. Heim 41 Termitomyces perforans R. Heim

7 Termitomyces badius Otieno 42 Termitomyces poliomphax (Singer) L.D. Gómez

8 Termitomyces biyi Otieno 43 Termitomyces poonensis Sathe & S.D. Deshpande

9 Termitomyces brunneopileatus D.C. Mossebo & E.P.F. Essouman 44 Termitomyces quilonensis Sathe & J.T. Daniel

10 Termitomyces bulborhizus T.Z. Wei, Y.J. Yao, B. Wang & Pegler 45 Termitomyces rabuorii Otieno

11 Termitomyces cartilagineus (Berk.) R. Heim 46 Termitomyces radicatus Natarajan

12 Termitomyces citriophyllus R. Heim 47 Termitomyces reticulatus Van der Westh. & Eicker

13 Termitomyces clypeatus R. Heim 48 Termitomyces robustus (Beeli) R. Heim

14 Termitomyces congolensis (Beeli) Singer  Termitomyces robustus var. fuliginosus R. Heim

15 Termitomyces cylindricus S.C. He  Termitomyces robustus var. robustus R. Heim

16 Termitomyces dominicalensis L.D. Gómez 49 Termitomyces sagittiformis (Kalchbr. & Cooke) Reid

17 Termitomyces entolomoides R. Heim 50 Termitomyces schimperi (Pat.) R. Heim

18 Termitomyces epipolius (Singer) L.D. Gómez  Termitomyces schimperi f. lactifluus R. Heim

19 Termitomyces eurrhizus (Berk.) R. Heim 51 Termitomyces singidensis Saarim. & Härk

20 Termitomyces floccosus S.M. Tang, Raspe & S.H. Li 52 Termitomyces spiniformis R. Heim

21 Termitomyces fragilis L. Ye, Karun, J.C. Xu, K. D. Hyde & 
Mortimer

53 Termitomyces striatus (Beeli) R. Heim

22 Termitomyces fuliginosus R. Heim  Termitomyces striatus f. bibasidiatus Mossebo

23 Termitomyces globulus R. Heim & Gooss.-Font  Termitomyces striatus f. brunneus Mossebo

24 Termitomyces griseiumbo Mossebo  Termitomyces striatus f. camerunensis Mossebo

25 Termitomyces heimii Natarajan  Termitomyces striatus f. griseiumboides Mossebo

26 Termitomyces indicus Natarajan  Termitomyces striatus f. griseus R. Heim

 Termitomyces indicus var. indicus Natarajan  Termitomyces striatus f. ochraceus R. Heim

 Termitomyces indicus var. patialensis Atri, Amand & Kour  Termitomyces striatus f. pileatus Mossebo

27 Termitomyces infundibuliformis Mossebo  Termitomyces striatus f. striatus (Beeli) R. Heim

28 Termitomyces intermedius Har. Takah & Taneyama  Termitomyces striatus f. subclypeatus D.C. Mossebo & E.P.F. 
Essouman

29 Termitomyces lanatus R. Heim  Termitomyces striatus f. substriatus R. Heim

30 Termitomyces le-testui (Pat.) R. Heim  Termitomyces striatus f. subumbonatus Mossebo

 Termitomyces le-testui f. incertus R. Heim  Termitomyces striatus var. annulatus R. Heim

 Termitomyces le-testui f. lactifluus R. Heim  Termitomyces striatus var. aurantiacus R. Heim

 Termitomyces le-testui f. le-testui R. Heim  Termitomyces striatus var. striatus (Beeli) R. Heim

31 Termitomyces longiradicatus Sathe & J.T. Daniel 54 Termitomyces subclypeatus Mossebo

32 Termitomyces macrocarpus Z.F. Zhang & X.Y. Ruan  Termitomyces subclypeatus f. subclypeatus Mossebo

33 Termitomyces magoyensis Otieno  Termitomyces subclypeatus f. tetrasporus Mossebo
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17.1.1 Novel neuritogenic compounds

Termitomyces mushrooms have been found to be exceptionally creative in producing unique neuritogenic chem-
icals. Neuritogenic compounds help in the regeneration of nerve cells. Novel neuritogenic cerebrosides such as 
Termitocesphins A–I and Termitomycamides A–E have been reported from the edible paleotropical mutualistic 
mushrooms Chinese T. albuminosus and T. titanicus. According to Qu et al. (2012), its neuritogenic activity is related 
to the molecular structure. Among the Termitomycesphins reported, A and C were found to possess an interesting 
structural domain that could account for their better nerve regeneration ability as compared to other similar com-
pounds from T. albuminosus (Qi et al., 2000). Subsequently, the hydroxylated cerebrosides Termitomycesphins E-H 
were identified from T. albuminosus (Qu et al., 2012; Qi et al., 2001).

Another group of researchers reported a molecule that could minimize endoplasmic reticulum (ER) damage such 
as Termitomycamides A–E from T. titanicus (Choi et al., 2010). Thus, these Termitomyces ER stress-protective com-
pounds have the potential to treat neuronal diseases. Additionally, the novel cerebroside Termitomycesphin I and 
two known cerebrosides were also isolated from T. titanicus (Choi et al., 2012). Fig. 17.1 shows the chemical structural 
details of Termitomycesphins and Termitocamides.

17.1.2 Polysaccharides as immune stimulators

Another interesting aspect of the chemical creativity of Termitomyces is the production of bioactive polysac-
charides. In edible mushrooms, polysaccharides are active constituents involved in numerous beneficial effects. 
Mushroom polysaccharides also have immunomodulating with antitumor, chemopreventive, hypoglycemic, and 
antiaging properties (Chatterjee et al., 2013; Chakraborty et al., 2006). Among a battery of useful molecules from 
mushrooms, glucans are more promising as these are effective against tumors and can modulate immune re-
sponses (Bhanja et al., 2012). These glucans may occur in various structural forms from different species of mush-
rooms (Chakraborty et al., 2006; Chandra et al., 2007). Several polysaccharides with different solubility properties 
have been reported from the genus Termitomyces (Fig. 17.2). Two types of polysaccharides are known to be present 
in T. eurrhizus (Chatterjee et al., 2013; Mondal et al., 2004), T. heimii (Manna et al., 2015), T. microcarpus (Chandra 
et al., 2007), and T. striatus (Mondal et al., 2006). Water-insoluble glucans known as TEINS are obtained from T. 
eurrhizus (Chakraborty et  al., 2006). Chatterjee et  al. (2013) used the commercial antiulcer drug Omeraproaole 
to compare the antiulcerogenic activity of a bioactive glycan (1.51 g/100 g) from the T. eurrhizus mushroom dry 
weight. Alkali-treated T. robustus yielded a novel water-soluble fucoglucan that consists of the two sugar moieties 
in a molar proportion of 1:4 (Mondal et al., 2008). Hetero glucan has been reported from T. clypeatus (Pattanayak 
et al., 2015). T. clypeatus showed excellent in vitro antioxidant activity and was found cytotoxic against all cancer 
cells. This indicates that T. clypeatus possesses anticancer activity, making it valuable for application in food and 
drug products (Mondal et al., 2016). Maiti et al. (2008) reported the highest immunomodulatory activity from T. 
clypeatus in an affinity eluted protein. Egba et al. (2014) also evaluated the immunomodulatory activities of T. ro-
bustus extract on cytokine expression and hemagglutination on Wistar albino rats. They reported that at a dose rate 

Note: Relative ranking (1–60) is based on appearence of the taxa in the Index Fungorum (http://www.indexfungorum.org/) database as accessed in May 2020. 
Colors and bold fonts not indicated in proof reading.

TABLE 17.1 Termitomyces taxa recorded in the index Fungorum fungal database—cont’d

Termitomyces species

34 Termitomyces mammiformis R. Heim 55 Termitomyces subhyalinus Moncalvo et al.

 Termitomyces mammiformis f. albus R. Heim 56 Termitomyces subumkowaan Mossebo

 Termitomyces mammiformis f. mammiformis R. Heim 57 Termitomyces titanicus Pegler & Piearce

35 Termitomyces mboudaeinus Mossebo 58 Termitomyces tylerianus Otieno

36 Termitomyces medius R. Heim & Grassé  Termitomyces tylerianus var. macrocarpus Atri, Kaur & Kour

 Termitomyces medius f. medius R. Heim & Grassé  Termitomyces tylerianus var. tylerianus Otieno

 Termitomyces medius f. ochraceus D.C. Mossebo & E.P.F. Essouman 59 Termitomyces umkowaan (Cooke & Massee) D.A. Reid

37 Termitomyces meipengianus (M. Zang & D.Z. Zhang) P.M. Kirk 60 Termitomyces upsilocystidiatus S.M. Tang, Raspe & K.D. 
Hyde

38 Termitomyces microcarpus (Berk. & Broome) R. Heim   

http://www.indexfungorum.org/
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of 300 mg/kg per body weight, T. robustus increased the expression of interleukin-2, serum interferon, and serum 
tumor necrosis factor (TNF-α). In recent years, a variety of medicinal effects of T. albuminosus have been reported 
(Hu et al., 2014). T. albuminosus polysaccharides were found to potentially show antihyperlipidemic, hepatopro-
tective, and antioxidant activities (Zhao et al., 2016, 2017).

17.1.3 Antiproliferating effects

The inhibition of proliferating tumor cells is an important goal of modern medicine, and the Termitomyces 
species have been found to be chemically creative in this regard. Termitomyces eurrhizus extracts in 80% ethanol, 
a water-soluble polysaccharide fraction, and a polyphenolic fraction showed inhibition of Leishmania donovani 
(Mallick et al., 2014). Maiti et al. (2008) reported the antiproliferating activity of T. clypeatus on five tumor cell 
lines. Njue et al. (2018) extracted five ergostanes from T. microcarpus and reported that they showed cytotoxicity 
against human cancer cell lines. They also reported betulinic acid, which is known to have a variety of biological 
activities.

FIG. 17.1 Neuritogenic Termitomycesphins and Termitocamides.
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17.1.4 Bioactive compounds

17.1.4.1 Alkaloids, phenols, vitamins, and pigments
The Termitomyces species have been chemically prospected for bioactive compounds such as alkaloids, tocopher-

ols, total phenols, and vitamins C, A, B1, and B2 (Table 17.2). A total of 16 Termitomyces species have been reported to 
have total phenols. A total of nine species are reported to have alkaloids and vitamin C, followed by vitamin A (four 
species), vitamin B1 (five species), vitamin B2 (four species), and tocopherols (one species). The reported contents 
of bioactive compounds from Termitomyces are alkaloids and vitamins, whereas other contents were inconclusive 
(Table 17.2). A range of phenolic compounds as well as ergosterol, lovastatin, and GABA from T. mammiformis, T. 
globulus, T. clypeatus, T. eurrhizus, T. heimii, T. robustus, and T. albuminosus are known (Pahlevanlo, 2016; Tripathy 
et al., 2016; Ijeh et al., 2016; Ijioma et al., 2015; Lo et al., 2012). Ghate and Sridhar (2017) compared the presence of 
certain biomolecules in cooked and uncooked preparations of T. clypeatus. Recently, a black pigmentation reported 
previously by a taxonomist in Termitomyces fruit bodies was confirmed to be a sulfur-rich pheomelanin pigment (de 
Souza et al., 2018).

17.1.4.2 Antioxidant capacity
Antioxidants are molecules with radical scavenging capacity that show effects against oxidative damage 

caused by free radical species such as OH and O2– radicals (Johnsy and Kaviyarasan, 2014). Table 17.3 indicates 
the antioxidant activities from different Termitomyces species. Loganathan et al. (2010) reported antioxidant prop-
erties from the T. reticulatus whole mushroom, cap, and stipe ethanolic extracts. The whole mushroom showed 
higher activity then the stipe, followed by the cap. The ethanolic extracts contained alkaloids, phenols, saponins, 
anthraquinones, carbohydrates, proteins, steroids, and cardiac glycosides. According to Puttaraju et al. (2006),  

FIG. 17.2 Polysaccharides from Termitomyces.
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Bioactive compounds Termitomyces species Reference

Alkaloids T. badius, T. mammiformis, T. medius, T. microcarpus,  
T. radicatus, T. striatus

Kumari and Atri (2012), Atri et al. (2014)

T. clypeatus, T. eurrhizus Tripathy et al. (2016)

T. heimii Kumari and Atri (2012), Atri et al. (2014), Tripathy et al. 
(2016)

Total phenols T. microcarpus Johnsy and Kaviyarasan (2014), Mitra et al. (2014), Mitra 
et al. (2016a), Atri et al. (2014)

T. eurrhizus Tripathy et al. (2016)

T. heimii Johnsy and Kaviyarasan (2014), Mitra et al. (2015a,b), 
Pahlevanlo (2016), Tripathy et al. (2016)

T. mammiformis Pahlevanlo (2016)

T. albuminosus Mau et al. (2004)

T. reticulatus Loganathan et al. (2010)

T. clypeatus Mitra et al. (2016b,c), Pahlevanlo (2016), Tripathy et al. 
(2016)

T. indicus Pahlevanlo (2016)

T. globulus Pahlevanlo (2016)

T. badius Atri et al. (2014)

T. medius Atri et al. (2014)

T. striatus Atri et al. (2014)

T. heimii Atri et al. (2014)

T. mammiformis Atri et al. (2014)

T. radicatus Atri et al. (2014)

T. eurrhizus Rajoriya et al. (2014), Singdevsachan et al. (2014)

α-Tocopherol T. albuminosus Mau et al. (2004)

γ-Tocopherol T. albuminosus Mau et al. (2004)

δ-Tocopherol T. albuminosus Mau et al. (2004)

Pyrogallol Termitomyces sp. Mitra et al. (2016b)
Mitra et al. (2016c)

Cinnamic acid Termitomyces sp. Mitra et al. (2016b)

Ascorbic acid/ 
vitamin C

T. microcarpus Johnsy and Kaviyarasan (2014), Adejumo et al. (2015), 
Mitra et al. (2014, 2016a)

T. eurrhizus Tibuhwa (2012), Tripathy et al. (2016)

T. heimii Atri et al. (2014), Johnsy and Kaviyarasan (2014), Tripathy 
et al. (2016), Mitra et al. (2015a,b)

T. mammiformis, T. radicatus, T. reticulatus Atri et al. (2014)

T. albuminosus Mau et al. (2004)

T. clypeatus Mitra et al. (2016b,c), Tripathy et al. (2016)

T. robustus Adejumo et al. (2015)

Vitamin A (retinol) T. heimii, T. mammiformis, T. radicatus, T. reticulatus Atri et al. (2014)

Vitamin B1 (thiamine) T. eurrhizus, T. heimii, T. mammiformis, T. radicatus, T. 
reticulatus

Atri et al. (2014)

Vitamin B2 
(Riboflavin)

T. heimii, T. mammiformis, T. radicatus, T. reticulatus Atri et al. (2014)

TABLE 17.2 Bioactive compounds reported from Termitomyces species.



S
p

ec
ie

s
A

n
ti

ox
id

an
t  

ac
ti

vi
ty

R
ed

u
ci

n
g 

 
p

ow
er

S
ca

ve
n

gi
n

g 
 

ef
fe

ct
 o

n
 D

P
P

H
 

ra
d

ic
al

s

S
ca

ve
n

gi
n

g 
 

ab
il

it
y 

on
 A

B
T

S
 

ra
d

ic
al

s
C

h
el

at
in

g 
ef

fe
ct

 
on

 f
er

ro
u

s 
io

n
s

L
P

O
 in

h
ib

it
io

n

A
sc

or
b

ic
 a

ci
d

 
eq

u
iv

al
en

t 
an

ti
ox

id
an

t 
ca

p
ac

it
y 

(A
E

A
C

)
To

ta
l a

n
ti

ox
id

an
t 

ca
p

ac
it

y
R

ef
er

en
ce

s

T.
 a

lb
um

in
os

us
2.

59
 ±

 0
.0

4 
m

g/
m

L
4.

72
 ±

 0
.1

1 
m

g/
m

L
5.

04
 ±

 0
.0

8 
m

g/
m

L
 

3.
01

 ±
 0

.0
2 

m
g/

m
L

 
 

 
M

au
 e

t a
l. 

(2
00

4)

T.
 c

ly
pe

at
us

1.
3 

±
 0

.3
9 

μg
1.

77
 ±

 0
.0

35
 m

g/
m

L
3.

22
 ±

 0
.4

 m
g/

m
L

 
nd

 
 

 
M

it
ra

 e
t a

l. 
(2

01
6b

)

0.
03

5 
±

 0
.0

05
 μg

0.
56

 ±
 0

.0
5 

m
g/

m
L

0.
33

 ±
 0

.0
1 

m
g/

m
L

 
1.

00
8 

±
 0

.0
7 

m
g/

m
L

 
 

 
M

it
ra

 e
t a

l. 
(2

01
6c

)

 
 

17
.4

5 
μg

/
m

L
 

 
 

 
 

Pa
hl

ev
an

lo
 (2

01
6)

 
0.

30
 m

g/
m

L
93

.4
5%

 
 

 
 

 
Tr

ip
at

hy
 e

t a
l. 

(2
01

6)

T.
 e

ur
rh

iz
us

 
1.

50
 m

g/
m

L
94

.2
4%

 
 

 
 

 
Tr

ip
at

hy
 e

t a
l. 

(2
01

6)

 
 

87
.8

8 
±

 1
.3

7%
 

 
 

0.
38

 ±
 0

.0
08

 m
g/

g
40

.3
0 

±
 0

.3
2 

m
g/

g 
D

W
R

aj
or

iy
a 

et
 a

l. 
(2

01
4)

, 
Si

ng
d

ev
sa

ch
an

 
et

 a
l. 

(2
01

4)
 

 
77

 ±
 3

.0
2%

 
 

 
0.

33
 ±

 0
.0

1 
m

g/
g

45
.6

3 
±

 1
.1

3 
m

g/
g 

D
W

 
 

83
.5

8 
±

 8
.3

6%
 

 
 

0.
36

 ±
 0

.0
5 

m
g/

g
47

.2
1 

±
 1

.0
6 

m
g/

g 
D

W

T.
 g

lo
bu

lu
s

 
 

7.
7 

μg
/

m
L

 
 

 
 

 
Pa

hl
ev

an
lo

 (2
01

6)

T.
 h

ei
m

ii
0.

00
2 

±
 0

.0
00

5 
m

g/
m

L
1.

31
 ±

 0
.3

 m
g/

m
L

0.
49

 ±
 0

.0
2 

m
g/

m
L

 
 

 
 

 
M

it
ra

 e
t a

l. 
(2

01
5a

)

 
0.

57
5 

±
 0

.0
2 

m
g/

m
L

1.
25

 ±
 0

.3
 m

g/
m

L
 

 
 

 
0.

01
 ±

 0
.0

05
 m

g
M

it
ra

 e
t a

l. 
(2

01
5b

)

 
 

12
.0

7 
μg

/
m

L
 

 
 

 
 

Pa
hl

ev
an

lo
 (2

01
6)

 
0.

80
 m

g/
m

L
93

.1
9%

 
 

 
 

 
Tr

ip
at

hy
 e

t a
l. 

(2
01

6)

T.
 in

di
cu

s
 

 
15

.6
8 

μg
/

m
L

 
 

 
 

 
Pa

hl
ev

an
lo

 (2
01

6)

T.
 m

am
m

ifo
rm

is
 

 
6.

23
 μg

/
m

L
 

 
 

 
 

Pa
hl

ev
an

lo
 (2

01
6)

T.
 m

ic
ro

ca
rp

us
0.

25
 ±

 0
.0

05
 m

g/
m

L
1.

65
 ±

 0
.0

25
 m

g/
m

L
1.

98
 ±

 0
.2

 m
g/

m
L

 
0.

14
 ±

 0
.0

15
 m

g/
m

L
 

 
 

M
it

ra
 e

t a
l. 

(2
01

4)

 
1.

7 
±

 0
.2

 m
g/

m
L

0.
60

 ±
 0

.0
1 

m
g/

m
L

 
1.

3 
±

 0
.0

3 
m

g/
m

L
 

 
0.

07
5 

±
 0

.0
25

 m
g

M
it

ra
 e

t a
l. 

(2
01

6a
)

T.
 r

et
ic

ul
at

us
 

2.
58

7 
±

 0
.2

5 
m

g/
m

L
4.

92
 ±

 0
.3

4 
m

g/
m

L
1.

37
 ±

 0
.2

8 
m

g/
m

L
 

2.
05

3 
±

 0
.0

5 
m

g/
m

L
 

 
L

og
an

at
ha

n 
et

 a
l. 

(2
01

0)

T
A

B
L

E
 1

7.
3 

A
nt

io
xi

da
nt

 a
ct

iv
it

y 
in

 th
e 

Te
rm

ito
m

yc
es

 sp
ec

ie
s.



240 17. Chemical creativity of Termitomyces mushrooms 

HPLC analysis predicted a preponderance of certain interesting phenolic compounds in both T. heimii and 
T. mammiformis. The antiradical and antioxidant activities of alcoholic extracts from different African termi-
tophilic species were evaluated (Tibuhwa, 2012). The highest antioxidant ability was found in T. microcarpus 
and to a lesser degree in some other species (Khatua et al., 2013). Several reports indicated that T. clypeatus,  
T. heimii, and T. microcarpus are good sources of natural antioxidants (Mitra et al., 2014, 2015a,b, 2016a,b,c). The 
total phenol content was found to be higher in T. mammiformis (28 mg/g) followed by T. indicus (25.5 mg/g),  
T. heimii (23.75 mg/g), T. globulus (18.5 mg/g), and T. clypeatus (17.5 mg/g) (Pahlevanlo, 2016). The highest anti-
radical activity unit (EAU515) was from T. microcarpus (EAU515 1.48). The scavenging power was also highest 
in T. microcarpus (EC50 < 0.1 mg/mL), followed by T. le-testui (EC50 = 0.14 mg/mL) while T. eurrhizus showed the 
least power (EC50 = 0.36 mg/mL). In a quantitative analysis, T. microcarpus was also found with the highest con-
tent of phenols except the vitamin C content, which was high in T. aurantiacus and T. eurrhizus (Tibuhwa, 2012). 
Tripathy et al. (2016) reported reducing power and DPPH from T. clypeatus, T. heimii, and T. eurrhizus.

17.1.4.3 Antimicrobial activity
Phenolic compounds are known for their use as antimicrobial agents against some microorganisms resis-

tant to commercial antibiotics. Thus, epidemiological studies indicate that the consumption of phenolic-rich 
foods might significantly decrease the risk of some health problems due to their antioxidant, antimutagenic, 
antiinflammatory, and antibacterial properties (Alves et al., 2013). Only five Termitomyces species—T. clypeatus,  
T. eurrhizus, T. heimii, T. microcarpus, and T. robustus—from 57 known and distinct species were found to be sub-
jected to antimicrobial screening activity against pathogens. Screening for antimicrobial activities was carried 
out for these species using aqueous methanol, ethanol fruit body extracts, and cultural PDA broth extracts. The 
T. microcarpus fruit body methanol extract in purified form showed the highest activity against Proteus vulgaris, 
indicated by a 20 mm inhibition zone, followed by Staphylococcus aureus (18 mm) and Escherichia coli (16 mm) 
(Jonathan et al., 2008). Giri et al. (2012) also reported antimicrobial activity using the fruit body methanol ex-
tracts of T. clypeatus, T. eurrhizus, and T. microcarpus. T. eurrhizus and T. microcarpus showed inhibition activity 
against Proteus vulgaris. T. eurrhizus also showed activity against Escherichia coli whereas T. microcarpus inhibited 
Bacillus cereus and Proteus vulgaris while T. clypeatus was active against Pseudomonas aeruginosa. Crude fractions 
of petroleum ether and methanol extracts of T. microcarpus and Termitomyces sp. showed diversity in bioac-
tive compounds by GC-MS analysis and indicated positive inhibition against P. aeruginosa, Staphylococcus au-
reus, and Candida albicans (Nakalembe and Kabasa, 2012). Oyetayo (2009) reported differential inhibition zones 
against C. albicans (11.5 mm, 10 mm), Cryptococcus neoformans (13 mm, 13 mm), B. cereus (No inhibition, 9 mm), 
and Alcaligenes faecolis (13 mm, 13 mm) with a concentration of 40 mg/g of T. clypeatus and 44 mg/g T. robustus, 
respectively, using fruit body ethanol extracts. Deshmukh et  al. (2014) reported the antimicrobial activity of  
T. heimii using cultural potato dextrose broth extract; it showed the highest activity against Bacillus subtilis 
(13 mm) followed by Salmonella typhimurium (11 mm), with no activity for E. coli and Streptococcus pyogenes. Also, 
much less activity was seen against Klebsiella pneumoniae (6 mm) and Enterococcus sp. (5 mm). A Termitomyces 
le-testui water extract showed antibacterial properties against E. coli and S. aureus and indicated a significant im-
munostimulatory effect on both the cell-mediated and humoral immune system in mice (Mahamat et al., 2018). 
Studies indicated that among the different solvents used, methanolic extracts showed higher inhibitions zones 
than any other solvents used such as ethanol, petroleum ether, or plain aqueous solutions. These studies demon-
strated the potential of various species of Termitomyces to yield novel bioactive compounds as potential leads 
for novel drugs to cure diseases. There is a potential scope in undertaking studies using different Termitomyces 
cultures under submerged fermentation conditions to obtain cultural extracts. These could then be subjected 
to differential extraction with solvents such as acetone, chloroform, and xylene, followed by testing the same 
against human pathogens. More attempts should be taken to purify bioactive compounds and standardize the 
agar diffusion assay using purified fractions.

17.2 Biomedical applications of Termitomyces lipids

Several biomedically important lipids have been reported from nine different Termitomyces species (Table 17.4). 
Ergosterol, which is the precursor of ergocalciferol, is extensively used as a dietary calcium supplement for 
people suffering from hypercalcinemia and osteoporosis. Linoleic acid is also found to be important for body 
growth, maintenance of health through the production of prostaglandins, and the regulation of blood pressure, 
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blood lipids, immune response, inflammation, and apoptosis (Abd Malek et al., 2012). Nabubuya et al. (2010) 
reported that the dietary intake of T. microcarpus is associated with lowering the serum levels of total and LDL-
cholesterol, thus preventing coronary heart disease. Lo et  al. (2012) reported the presence of lovastatin and 
GABA from T. albuminosus, which are known to prevent acute coronary syndromes and atherosclerotic disease 
along with an antihypertensive effect (Chen et al., 2012). Termitomyces le-testui indicated the presence of the free 
fatty acids linoleic (C18:2), stearic (C18:0), oleic (C18:1), palmitic (C16:0), pentadecanoic (C15:0) and myristic 
(C14:0) acid essential fatty acids which are required for the promotion of a variety of body biochemical functions 
(Arasmus, 1995; Baraza et al., 2007). The α,α-1,1′-Trehalose has been reported for the first time in a Termitomyces 
letestui species. This α,α-1,1′-Trehalose previously reported to possess α-glucosidase inhibition, exhibiting the 
ability to suppress postprandial hyperglycemia caused by prolonged high blood glucose levels associated with 
diabetes (Matsuura et al., 2002; Aryal et al., 2014). This indicates the potential nutritional value of T. letestui for 
individuals susceptible to diabetes (Baraza et al., 2007). Lu et al. (2008) proposed saponins and polysaccharides 
that form the major active constituents of T. albuminosus, and the dry matter of the culture broth of T. albuminosus 
also suggested analgesic and antiinflammatory activities. The highest immune-stimulatory activity was deter-
mined in the Cibacron blue affinity eluted protein from T. clypeatus and the highest antiproliferative activity was 
from Calocybe indica (Maiti et al., 2008).

17.3 Conclusions and prospects

Several well-known fungi such as Agaricus bisporus, Auricularia auricular-judae, and Lentinula edodes are known 
to be effective in antioxidation, antiinflammation, anticancer, etc. The wild Afro-Asian Termitomyces species also 
indicate good potential to be chemically creative and have high dry matter, digestible lysine-rich protein, fiber, 
vitamins-folic acid, thiamine, riboflavin, niacin, pantothenic acid and biotin, minerals-phosphorus, potassium, 
calcium, copper and iron and lower amount of fats and carbohydrates (Jiskani, 2001; Aryal, 2015). Besides the 
nutritional benefits, many species of Termitomyces possess antioxidant properties and thus have high medicinal 
value (Rajoriya et al., 2014). Because Termitomyces possesses nutritional and medicinal importance, it can be used 
as a dietary supplement. Due to their complex life cycle and dependence on cultivator termites, the Termitomyces 
mushroom species are unable to fruit in vitro. So, a submerged culture of the biomass would make it possible to 
exploit their chemical creativity and bipotentialities in the future. The discovery of neuritogenic compounds and 
the endoplasmic reticulum stress-protective compounds found in two species out of 60 clearly show promise in 
screening the rest of the 58 species for similar novel biomolecules. Exhaustive chemical screening is required for 
complete knowledge of useful chemicals from the 60 distinct species. This is a big challenge for the Afro-Asian 
mycological community in the future. We recommend that, consistent with the Nagoya protocol under CBD, a 
global Termitomyces chemical screening effort with leads from Afro-Asian countries with rich diversity and gene 
pools of this interesting genus is required to tap their chemical bounty and employ the same for human welfare.
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18.1 Introduction

The fruiting bodies of fungi belong to their higher group, basidiomycetes and ascomycetes (Chang and Miles, 
1992) and are both edible and nonedible. The word mushroom was originated from the Latin word mucus (Baker, 
1989). The saprotrophic, parasitic, or mycorrhizal nature provides mushrooms with special ecological importance. 
Edible mushrooms include both cultivated and wild mushrooms and are consumed worldwide. Mushrooms are rich 
in nutrition and are known for the preparation of delicious foods. In many Asian countries, they are used in curries, 
soups, and broths. In India, barbecued wild edible mushrooms are also consumed in the form of various delicious 
food preparations. Mushrooms are also used as medicines (Isildak et al., 2004) to treat various human ailments.

Water and molecular oxygen are the most important constituents for life on Earth. The balance of molecular oxy-
gen is maintained by two main metabolic processes—photosynthesis and respiration—that occur in autotrophs. In 
addition to its constant liberation as a result of photosynthesis, molecular oxygen is also fixed into different com-
pounds by enzymatic and nonenzymatic processes. In its dioxygen state, the oxygen molecule has two unpaired 
electrons with parallel spin. Upon physical or chemical activation of this dioxygen, the spin of one of the elec-
trons changes and makes it highly reactive. The monovalent reduction of oxygen, that is, highly reactive superoxide 
(Elstner, 1982), is the first form of reactive oxygen species (ROS). The superoxide takes part in both oxidation and 
reduction reactions and can easily be dismuted into H2O2. The hydroxyl radical exhibits higher chemical reactivity 
and creates damage inside the cell. This chapter aims to highlight the nutritional importance of mushrooms and to 
discuss their roles as antioxidants.

18.2 Nutritional and medicinal value of wild mushrooms

Mushrooms are good source of vitamins, proteins, volatile oils, tocopherols, phenolic compounds, flavonoids, 
and organic acid. Consuming mushrooms is like getting a food therapy, which can be a solution to various ail-
ments including high blood pressure and high cholesterol as well as the prevention of cancer. The nutritional and 
medical values of mushrooms are attributed to the presence of various useful chemical compounds (Manzi et al., 
2001). Different species of wild mushrooms are consumed all over the world, and some are grown while some are 
foraged. Agaricus bisporus, Lentinula edodes, Volvariella volvacea, Auricularia nigricans, Auricularia indica, Pleurotus 
tuber-regium, Pleurotus australis, etc., are some of the popular cultivated mushrooms that are consumed by a good 
number of people. The wild mushrooms that are foraged and edible are expensive as compared to cultivated 
mushrooms. A lot of people choose to make them a part of their diet because of their earthy flavor. The consump-
tion of foraged edible mushrooms is becoming quite popular due to their nutritional and medicinal properties 
(Manzi et al., 2001).
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18.3 Some wild edible mushrooms with antioxidant properties

Chanterelles (Cantharellus), Morels (Morchella), Lions Mane (Hericium erinaceus), Maitake (Grifola frondosa), and 
Oyster mushrooms (Pleurotus ostreatus) are popular fruiting bodies of wild edible fungi known for their nutrients, 
medicinal properties, flavors, and earthiness. Various species of wild mushroom suitable for human consumption 
have been recorded from different habitats all over the world. The most known and consumed wild mushrooms are 
Agaricus spp.; Shitake or L. edodes; Oyster mushrooms or Pleurotus spp.; Straw mushrooms or V. volvacea; Lion’s Head 
or pom-pom or H. erinaceus; the Ear mushroom or Auricularia auricula-judae; and maitake or G. frondosa. These mush-
rooms are quite expensive. Some wild mushrooms are obtained in fewer quantities, which makes them expensive. 
Some wild mushrooms including L. edodes, Pleurotus spp., Shaggy mane or Coprinus comatus, Flammulina velutipes, 
and Blewit or Lepista nuda are now raised under artificial conditions owing to their commercial importance (Patel 
and Goyal, 2012).

Mushrooms and other higher fungi grow in different regions of the world under different diverse habitats. Some 
examples are Terfezia claveryi, V. volvacea, and L. nuda reported from China; L. edodes and Cantharellus lutescens re-
ported from Spain; G. frondosa reported from Korea; Cantharellus cibarius and different species of Suillus, namely  
S. luteus, S. granulates, and S. bellini along with some other varieties of wild mushrooms such as Boletus edulis reported 
from Portugal; a wide range of wild mushrooms including Termitomyces heimii, T. tylerance, T. microcarpus, T. schim-
peri, T. mammiformis, F. velutipes, and Ganoderma lucidum reported from India, other varieties of the wild mushroom 
Geastrum saccatum, L. edodes, and Agaricus blazei reported from Brazil; Hypsizygus marmoreus and Armillariella mellea 
found in Taiwan; and two species of Morchella, M. vulgaris and M. esculenta, reported from Turkey with antioxidant 
compounds.

18.4 Endogenous antioxidant defense system in mushrooms

Billions of years ago, the Earth had an anoxic environment. But with the advent of oxygen, many oxidation reactions 
began on Earth, resulting in the production of energy in biological systems. However, free radicals were produced 
due to the partial reduction of oxygen species, and this had deleterious effects on living cells. Various diets including 
mushrooms exhibited beneficial effects against these damaging effects on the cell caused by the partial reduction of 
oxygen species. Studies on the extracts of wild mushrooms have shown that most of their beneficial effects are due to 
their ability to scavenge free radicals. The antioxidative capacity and reducing power of wild mushrooms have been 
described by various researchers (Cheung et al., 2003; Puttaraju et al., 2006; Dubost et al., 2007; Lee et al., 2008) and 
various antioxidants have been studied in the extracts of fresh, dried, and cooked wild mushrooms. Puttaraju et al. 
(2006) reported that the quantity of antioxidants differs from one part of the mushroom to another. Dubost et al. (2007) 
quantified polyphenols and ergothioneine in wild mushrooms and correlated them to their antioxidant capacity.

1 Studies on the antioxidative nature of different species of vegetables, herbs, fruits, cereals, sprouts, and 
seeds have received more attention during the past decade (Kahkonen et al., 1999). Herbs and spices have 
always been a part of the food of human beings and are believed to contain natural antioxidants such as 
phenolic compounds, tocopherols, ascorbic acid, and flavanoids that protect living cells and their structural 
components from oxidative stress that causes aging and degenerative diseases (Velioglu et al., 1998). The regular 
consumption of wild mushrooms such as T. heimii, Verpa conica, Pleurotus pulmonarius, and Ramaria botrytis 
promotes health and helps in combating oxidative stress (Rai et al., 2008).

18.5 Antioxidative scavenging machinery in wild mushrooms

Antioxidants are chemical compounds that protect cells from free radical-induced damage. The free radicals pres-
ent inside the cells harm the cells and are associated with various diseases, including diabetes mellitus, cancer, and 
inflammation (Halliwell and Gutteridge, 1999). The sources for the formation of free radicals can be both intrinsic 
and extrinsic. The intrinsic sources include metabolic pathways that can lead to early aging as well as inflammation, 
whereas the extrinsic factors may include drugs, pesticides, smoke, air pollution, ionizing radiation, organic solvents, 
and extreme exercise (Blokhina et al., 2003). When the free radical reactions begin inside the cells, they reach the 
nearby cells and intercellular space at a fast pace. These ROS bring changes in the biomolecules such as proteins that 
are the building blocks, lipids that are a part of the biomembranes, then carbohydrates and nucleic acids. Organisms 
develop a system to combat these free radicals that are formed during different metabolic pathways. The naturally 
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occurring antioxidants in cells are insufficient to prevent the damage caused by free radicals, which are formed as 
a result of partial oxidation reactions. Artificial supplements such as propyl gallate and chemicals such as tertiary 
butyl hydroquinone have been reported to have extremely harmful and deleterious effects (Pal et al., 2010). As a re-
sult of this, there is an increased emphasis on investigating and exploiting antioxidant-rich food (Finley et al., 2011).

A series of complex detoxification steps takes place inside a cell to scavenge out ROS. Superoxide is the first reac-
tive species formed as a result of the monovalent reduction of oxygen. Superoxide dismutase is considered the pri-
mary enzymatic defense system against reactive radicals. Hydrogen peroxide is formed as the product of superoxide 
dismutase, which is further detoxified by different enzymatic and nonenzymatic compounds.

The antioxidant activities or the free radical scavenging mechanisms in mushrooms have been studied using dif-
ferent methods (Pal et al., 2010). They are strong antioxidants and act as free radical scavengers. Their antioxidant 
activities are also attributed to their hydrogen-donating capacity and also as a singlet oxygen quencher. The phenolic 
compounds play an important role in the prevention of oxidation. There are different types of phenolic compound 
present in wild mushrooms that exert their effect by scavenging the harmful ROS (Kozarski et al., 2015). According 
to Morel et al. (1994), the antioxidative properties of phenols are because of their ability to prevent lipid peroxida-
tion and to chelate ferrous ions. The reducing capacity is due to the chelating property of the antioxidant, which 
reduces ferric ions to ferrous ions by donating an electron. This has been studied and reported in L. edodes, V. volvacea, 
Pleurotus eous, Auricularia auricular, A. bisporus, etc.

There are many kinds of internal defense systems that rely upon the enzymes that have an antioxidative role in the or-
ganism located inside the cell as well as in the extracellular spaces. The enzymatic antioxidative defense system includes 
enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidases (GPX), and glutathione reductase 
(Gred). Glutathione (GSH); tocopherols α, β, and γ or vitamin E; ascorbic acid or vitamin C; lipoic acid; and other anti-
oxidants form the endogenous nonenzymatic antioxidant system inside the cells (Valko et al., 2007). Superoxide ( O2

• ) 
is readily converted into hydrogen peroxide by the enzyme called SOD. Hydrogen peroxide is then converted to water 
by the action of the enzyme catalase in the peroxisomes. A group of selenoenzymes (GPX) need selenium for their bio-
synthesis. For a strong antioxidant enzyme defense system, the intake of selenium via food or dietary supplements is 
necessary. It has been reported that mushrooms have inadequate amounts of selenium (Falandysz, 2008).

Mushrooms contain vitamin E, which is readily soluble in lipids. It is present in the membranes and plays a crucial 
role in preventing lipid peroxidation. Different forms of vitamin E have been reported, of which tocopherol is the 
most active form (Kozarski et al., 2015). When coming in contact with vitamin E, ROS generate less active phenolic 
radicals with unpaired electrons (Fang et al., 2002). The oxidative damage caused by reactive species can be pre-
vented by the intake of natural foods that are rich in antioxidants. Mushrooms are known to prevent oxidative dam-
age (Halliwell and Gutteridge, 1999). Natural sources of antioxidants are known to their role in combating oxidative 
stress in organisms and cells. The aversion toward the use of synthetic antioxidants is believed to be a prime reason 
for the increased use of food items that contain antioxidant substances (Patel and Goyal, 2012). A wide range of nat-
urally occurring antioxidants has been estimated from a variety of mushrooms. A mushroom-rich diet can be used 
to cope with oxidative stress that causes chronic and severe disorders. Mushrooms contain antioxidants that have 
innumerable prophylactic health benefits. However, several compounds are still unknown and need to be identified 
(Liu, 2004). The findings of various studies suggest that the consumption of raw fruits, uncooked vegetables, and 
mushrooms has been reported to be effective in reducing diseases such as cancer (Liu, 2004).

A balance between the production and scavenging of enzymatically and nonenzymatically free radicals is the 
most important factor for the proper functioning of the cell. The organisms undergo oxidative stress due to increases 
in the formation of reactive species and decreases in the rate of its scavenging. With the formation of an excessive 
amount of free radicals, the cellular machinery is disrupted because of the damage to the cellular metabolism. This 
thereby disturbs the proper functioning of the organism, leading to various ailments. In an aerobic metabolism, the 
reactive radicals are continuously formed inside the cell. Mushrooms with natural antioxidants may help in boost-
ing the defense mechanism. In this scenario, the antioxidants in the food play an important role as armor while 
combating the damage caused by ROS. The antioxidant nature of wild mushrooms has been an area of keen interest 
to various researchers, and many antioxidative compounds have been estimated from them (Bartosz, 1997). These 
compounds have been found to be phenolic compounds, tocopherols, ascorbic acid, carotenoids, etc. When made a 
part of the diet, wild mushrooms promote health because of all the bioactive compounds they contain.

Due to the activity of free radical scavenging enzymes, namely superoxide dismutase, catalase and peroxidase 
play significant roles in health and longevity. It is now known that extracts of macrofungi contain many components, 
and all of them have their specific antioxidative actions. The antioxidant components present in fruit bodies, myce-
lium, and broth are estimated to be phenolics, flavonoids, glycosides, polysaccharides, tocopherols, ergothioneine, 
carotenoids, and ascorbic acid (Zheng et al., 2014; Kozarski et al., 2015; Suabjakyong et al., 2015).
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Different methods are used to extract antioxidants from wild mushrooms. It has been established that methanolic 
extraction has various polyphenolic compounds, including flavonoids, lycopene, and β-carotenes (Hussein et al., 
2015). Polyphenols are responsible for a series of biological actions that include scavenging of free radicals and metal 
chelation. It has been observed that antioxidants extracted from mushrooms exhibit antioxidative properties at dif-
ferent stages of oxidation and protect cells by different mechanisms (Kozarski et al., 2014).

The antioxidants found in mushrooms are of two types: primary and secondary. The primary antioxidants break 
the chain and are free radical scavengers while the latter are preventive in nature (Wang et al., 2014; Glamoclija et al., 
2015; Kozarski et al., 2015). The secondary antioxidants are formed as a result of the deactivation of metals, the inhi-
bition or breakdown of lipid hydroperoxides, the regeneration of primary antioxidants, singlet oxygen quenching, 
etc. (Ferreira et al., 2009; Finley et al., 2011). The activation of ROS scavenging enzymes is due to certain substances 
present inside the cells that act as signaling agents, which leads to the activation of genes.

18.6 Antioxidant compounds of wild mushrooms

The analysis, identification, and quantification of antioxidants present in wild mushrooms have been car-
ried out by various researchers (Dubost et al., 2006; Klaus et al., 2011, 2013; Chen et al., 2012; Kozarski et al., 
2015). Various analytical tools such as NMR, UV-Vis spectroscopy, various spectrophotometric assays, high- 
performance liquid chromatography, gas chromatography, and Fourier transform infrared (FT-IR) have been 
reported for the estimation of antioxidants in wild mushrooms. Some of the antioxidants present in wild mush-
rooms are described below.

18.6.1 Polyphenols

Polyphenols are available in abundance in food, but the occurrence of phenolic compounds in different forms is the 
most challenging in elucidating its health effects (Vujovic et al., 2015). Polyphenols can be classified on the basis of differ-
ent groups on the basis of their function and composition. This is mainly dependent on its phenol ring and the elements 
that bind to it. So there is a difference between the phenolic acids or flavonoid or lignin. Apart from this, many polyphe-
nols occur in mushrooms as esters or polymers. Phenolic acids are the main phenolic compounds found in mushrooms. 
Phenolic acids are classified as hydroxybenzoic acids or hydroxycinnamic acids (Choi et al., 2012). The widely present 
and distributed benzoic acids in mushrooms are p-hydroxybenzoic, homogentisic, gallic acid, and vanillin. The cinnamic 
acids reported in mushrooms are o-coumaric, ferulic, sinapic, 3-o-caffeoylquinic, and caffeic as well as ellagic and tannic 
acids (Ferreira et al., 2009).The antioxidative effect of the polyphenolic compound is because of its ability to quench free 
radical species. Polyphenols as antioxidants are reported to play a role in promoting cell survival and preventing tumor 
growth as well as bacterial and viral infections (Paiva and Bozza, 2014).

18.6.2 Flavonoids

Flavonoids are natural phenolic compounds present in wild mushrooms. Different classes of flavonoids are antho-
cyanidins, chaleones, flavanols, flavones, isoflavones, and flavanones (Morel et al., 1994). Flavonoids have a flavan 
nucleus that contains two benzene rings; this is joined by an oxygen-containing pyran ring. It was observed that the 
French were at a lower risk of heart disease, even though they were smokers who consumed a substantial amount of 
saturated fat (Ferrieres, 2004). It was believed that this might be due to a high intake of red wine, which is rich in fla-
vonoids (Amic et al., 2007). Six subclasses of flavonoids—flavonol, flavones, isoflavones, flavanones, anthocyanidins, 
and flavanols—have been reported (Manach et al., 2004). The methanolic extract of the mushroom Cantharellus re-
vealed the presence of phenols as the main antioxidants (Kozarski et al., 2015). The most abundant flavonoids in foods 
are flavonols, amounting to about 86% (Amic et al., 2007), and they exhibit direct scavenging activity against ROS.

18.6.3 Polysaccharides

Polysaccharides along with polysaccharide-protein complexes are a significant bioactive compound of wild edible 
mushrooms. Polysaccharides play an important role as immune stimulators and are believed to have a prophylactic 
effect that protects against infectious diseases and the formation of tumors. Polysaccharides present in mushrooms 
have a strong antioxidative property and a strong ability to scavenge reactive oxygen radicals. Their abilities to 
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 chelate ferrous ions, inhibit lipid peroxidation, and increase the activity of lots of scavenging enzymes such as super-
oxide dismutase, catalase, and glutathione peroxidase are important characteristics.

Mushroom polysaccharides are a natural dietary supplement and a source of natural medicine that can prevent and treat 
a number of lifestyle-related disorders. Kim et al. (2006) reported that ROS present in the gastrointestinal tract may cause 
oxidative injury, which could cause gastrointestinal (GI) inflammation. The polysaccharides from edible wild mushrooms 
can prevent lipid peroxidation and the generation of pathogens of various GI diseases caused due to oxidative stress.

18.6.4 Vitamins

18.6.4.1 l-Ascorbic acid (vitamin C)
Ascorbic acid is an effective reactive oxygen scavenger. It comprises the first line of defense in plasma and cells 

against ROS (Bhattacharyya et al., 2014). Ascorbate is very efficient in inhibiting lipid peroxidation. Vitamin C has 
been reported in various edible mushrooms (Kozarski et al., 2015) and has been quantified by high-performance 
liquid chromatography or spectrophotometrically. Kozarski et al. (2015) reported 100 mg per 100 g dry weight of 
ascorbic acid in the mushroom Cantharellus. The quantity is much higher than that present in some recommended 
fruits and vegetables with vitamin C, which are usually considered a good source of vitamin C (Davey et al., 2000).

18.6.4.2 Vitamin E
Vitamin E consists of chemically related compounds such as tocopherols and tocotrienols (α, β, γ, and δ). Vitamin 

E protects the peroxidation of lipids present in the cell membranes. Tocopherols are present in mushrooms and their 
quantification suggests that their quantity is low compared to some food crops (Ferreira et al., 2009; Grangeia et al., 2011).

18.6.4.3 Vitamin A including carotenoids
Carotenoids are reported to play a major role as a provitamin A (Rao and Rao, 2007). In several species of 

mushrooms, β-carotene and lutein have been reported (Pilz et al., 2003; Ferreira et al., 2009; Kozarski et al., 2015). 
Canthaxanthin, a carotenoid, has been used in treating night blindness by Chinese herbalists for a long time (Pilz 
et al., 2003); it is also reported to protect human tissues from oxidative damage by reacting with ROS.

18.6.4.4 Vitamin D
Vitamin D belongs to a family of lipophilic secosteroids that enhances the assimilation of calcium, iron, magne-

sium, phosphorus, and zinc in the intestine (Wiseman, 1993). The function of vitamin D has been studied widely due 
to its role in the coordination of muscles as well as cardiovascular disease, cancer, and diabetes (Phillips et al., 2012). 
It was further reported that vitamin D3 can be obtained from animals (Phillips et al., 2012), but vitamin D2 is present 
in large amounts in mushrooms and yeast, although their content is mainly dependent on the type of strain/species 
and their developmental stage (Shao et al., 2010).

18.6.5 Ergothioneine

Ergothioneine is a sulfur-containing derivative of histidine, which can be supplied to the body through diet. 
Mushrooms are the major source of ergothioneine and around 400–2500 mg per g dry weight of ergothioneine has 
been obtained from mushrooms (Chen et al., 2012; Dubost et al., 2006; Weigand-Heller et al., 2012). It has also been 
reported from A. bisporus (Weigand-Heller et al., 2012).

18.7 Conclusion

Oxidative stress has a major role in aging as well as in increasing the chances of chronic ailments. The life span can be 
increased by preventing oxidative stress. At the present time, there is a conscious effort to supplement the diet with an-
tioxidative compounds to bring down the effect of oxidative stress. Mushrooms have an appreciable amount of proteins 
and low fat content. The in vitro experimentation on the estimation and role of wild mushrooms suggests its effectiveness 
as an antioxidant (Finkel and Holbrook, 2000) due to the presence of compounds such as polyphenols, polysaccharides, 
vitamins, and carotenoids. Both wild and cultivated mushrooms contain ergothioneine, which plays a significant role in 
protecting mitochondria and its parts. These compounds safeguard mitochondria from damage caused by ROS often re-
lated to the formation of superoxide due to the escape of electrons from the electron transport system. The consumption 
of mushroom antioxidants could protect against cancer and other degenerative diseases caused due to the formation of 
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a high amount of ROS. Standardization of the amount of antioxidants obtained from mushrooms is being taken up, but 
due to a lack of data and insufficient information, the safety profile of the extracted compounds needs to be assured.
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19.1 Introduction

Mycotoxins, also known as toxic secondary metabolites, are products produced by the fungal population that are 
toxic to plants, animals, and humans. Out of various mycotoxins, aflatoxins, citrinin, penicillic acid, patulin, ochra-
toxin A, fusaric acid, tenuazonic acid, deoxynivalenol, cytochalasins, fumonisins, zearalenone, and fusarin C are con-
sidered to mostly contaminate cereal crops or grains (Ismaiel and Papenbrock, 2015). The term mycotoxin was first 
used in the 1960s to describe the toxin associated with contaminated peanuts in animal feed. Most mycotoxins are 
produced by the genera of the families Aspergillus, Fusarium, and Penicillium (Bhat et al., 2010); they are mentioned 
in Table 19.1.

These toxins affect seed germination, seed quality, seed viability, growth of the coleoptile and root, seedling vigor, 
etc. (Ismaiel and Papenbrock, 2015). Most mycotoxins are often produced by endophytes that affect plant growth en-
zymes and colonize plant root tissues, resulting in the development of various plant-related disorders (Rabiey et al., 
2019). The existence of mycotoxins in different parts of plants without disease symptoms will still produce slight 
biological infections on the plant's physiology (Zain, 2011). The first reported mycotoxin was aflatoxin B1 isolated 
from the fungus Aspergillus flavus. Mycotoxins contaminating food grains are broadly classified into two groups. The 
first one is field fungi that invade seed crops, and the second one is storage fungi that proliferate during seed storage 
(Afsah-Hejri et al., 2013).

Species of the genus Aspergillus have been reported worldwide as plant pathogens that infect crop systems before 
harvesting by producing aflatoxins. It is also reported that mycotoxins inhibit hypocotyl and root elongation and 
also translocate from roots to different parts of the plant (stem and leaves), which apparently damages healthy seeds 
and fruits (Alshannaq and Yu, 2017).

Species of the genus Fusarium are also reported to produce various phytotoxic compounds such as beauvericin 
(BEA), fumonisins (fumonisin B1, FB1), fusaric acid (FA), enniatin (ENN), trichothecenes, and moniliformin (MON) 
(Chilaka et al., 2017). They have various biological activities that cause metabolic, physiological, and morpholog-
ical effects, including effects on calli, seed germination inhibition, wilting, necrosis, chlorosis, etc. (Ismaiel and 
Papenbrock, 2015). This chapter discusses the fungal metabolites acting as mycotoxins, their occurrence, different 
fungal populations that produce mycotoxins, their toxicological properties, etc. Efforts are also made to cover the 
potent action mechanism of mycotoxins and their potent therapeutics.

19
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Mycotoxin Species References

3-Acetyldeoxynivalenol Fusarium spp. Perkowski et al. (1988)

4-Deoxynivalenol Fusarium spp. Perkowski et al. (1988)

Aflatoxin B1, B2, G1 Aspergillus niger Horn and Wicklow (1983)

Aspergillus flavus Fakruddin et al. (2015)

Aspergillus parasiticus Kostarelou et al. (2014)

Beauvericin Fusarium spp. Logrieco et al. (1998)

Citrinin Aspergillus terreus Sankawa et al. (1983)

Monascus ruber Hajjaj et al. (1999)

Penicillium citrinum Bragulat et al. (2008)

Penicillium chrysogenum Bragulat et al. (2008)

Penicillium expansum Bragulat et al. (2008)

Penicillium verrucosum Bragulat et al. (2008)

Citreoviridin Aspergillus terreus Lin et al. (2016)

Penicillium griseofulvum Perrone and Susca (2017)

Penicillium oxalicum Perrone and Susca (2017)

Penicillium spp. Perrone and Susca (2017)

Cyclopiazonic acid Aspergillus flavus Chalivendra et al. (2017)

Aspergillus tamarii Homa et al. (2019)

Cytochalasin Phoma spp. La Kim et al. (2012)

Destrxin B Aspergillus ochraceus Harris and Mantle (2001)

Aspergillus westerdijkiae Gil-Serna et al. (2015)

Penicillium verrucosum Limay-Rios et al. (2017)

Deoxynivalenol Alternaria spp. González et al. (1998)

Epicoccum spp. Golo et al. (2014)

Fusarium oxysporum Wang et al. (2018)

Diacetoxyscirpenol Fusarium spp. Yoshinari et al. (2018)

Enniatin Fusarium spp. Liuzzi et al. (2017)

Frequentin Penicillium frequentans Curtis et al. (1951)

Fumonisin B1 Alternaria spp. Chen et al. (1992)

Epicoccum spp. Mendes et al. (2015)

Fusarium oxysporum Irzykowska et al. (2012)

Microdochium nivale Ferrigo et al. (2016)

Fusarium spp. Ismail et al. (2017)

Fumigaclavin Aspergillus fumigatus Rementeria et al. (2005)

Fumitoxin Aspergillus fumigatus Debeaupuis and Lafont (1978)

Fumonisin Fusarium proliferatum Li et al. (2017)

Fusarium verticillioides Rosa Junior et al. (2019)

Fusaric acid Fusarium spp. Bacon et al. (1996)

Gliotoxin Aspergillus fumigatus Sugui et al. (2007)

TABLE 19.1 Mycotoxin-producing fungi.
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TABLE 19.1 Mycotoxin-producing fungi—cont’d

Mycotoxin Species References

HT-2 toxin Fusarium spp. Morcia et al. (2016)

Moniliformin Fusarium spp. Rabie et al. (1982)

Mycophenolic acid Penicillium spp. Patel et al. (2016)

Nivalenol Alternaria spp. Munitz et al. (2014)

Epicoccum spp. Braga et al. (2018)

Fusarium spp. Pereira et al. (2018)

Fusarium oxysporum Kim et al. (1993)

Microdochium nivale Gagkaeva et al. (2020)

Ochratoxins Aspergillus niger Wang et al. (2016)

Black aspergilli strains Wang et al. (2016)

Aspergillus alliaceus Wang et al. (2016)

A. carbonarius Wang et al. (2016)

Aspergillus ochraceus Wang et al. (2016)

Aspergillus cretensis Wang et al. (2016)

Aspergillus lacticoffeatus Wang et al. (2016)

Aspergillus pseudoelegans Wang et al. (2016)

Aspergillus roseoglobulosus Wang et al. (2016)

Aspergillus sclerotioniger Wang et al. (2016)

Aspergillus steynii Wang et al. (2016)

Aspergillus sulphurous Wang et al. (2016)

Aspergillus westerdijkiae Wang et al. (2016)

Neopetromyces muricatus Gil-Serna et al. (2009)

Penicillium nordicum Virgili et al. (2012)

Penicillium chrysogenum Chen et al. (2013)

Penicillium nordicum Berni et al. (2017)

Penicillium verrucosum Wawrzyniak and Waśkiewicz (2014)

Petromyces alliaceus Frisvad et al. (2019)

Palitantin Penicillium spp. Yamaji et al. (1999)

Patulin Aspergillus clavatus Puel et al. (2010)

Aspergillus terreus Puel et al. (2010)

Penicillium expansum Hammami et al. (2017)

Penicillium funiculesum Hammami et al. (2017)

Penicillium griseofulvum Hammami et al. (2017)

Penicillic acid Aspergillus ochraceus Bacon et al. (1973)

Aspergillus westerdijkiae Samson et al. (2006)

Penicillium verrucosum Keromnes and Thouvenot (1985)

Penitrem A Penicillium spp. Wagener et al. (1980)

Continued
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19.2 Mycotoxin metabolites

Aflatoxins, trichothecenes, and ergot alkaloids, which are grain crop mycotoxins, are reported to cause serious 
epidemics in both livestock and humans. Some others that are reported to cause diseases in livestock include fumon-
isins, ochratoxins, phomopsins, and zearalenone (Bennett and Klich, 2003). In grain crops, sterigmatocystin, cyclo-
piazonic acid, and mycotoxins produced from citrinin and Alternaria alternata have been reported in food grains, but 
are not reported to affect livestock or humans (Omotayo et al., 2019).

TABLE 19.1 Mycotoxin-producing fungi—cont’d

Mycotoxin Species References

Rubratoxin B Penicillium rubrum Moss et al. (1969)

Roquefortine Penicillium spp. Wagener et al. (1980)

Sterigmatocystin Aspergillus versicolor Jakšić Despot et al. (2017)

Aspergillus flavus Rabie et al. (1977)

Aspergillus parasiticus Rabie et al. (1977)

Aspergillus sydowii Rabie et al. (1977)

T-1 toxin Alternaria spp. Meena and Samal (2019)

Epicoccum spp. Del Frari et al. (2019)

Fusarium oxysporum Mirocha et al. (1989)

Microdochium nivale Chełkowski et al. (1991)

T-2 toxin Alternaria spp. Harwig et al. (1979)

Epicoccum spp. Del Frari et al. (2019)

Fusarium oxysporum Mirocha et al. (1989)

Microdochium nivale Adhikari et al. (2017)

Trichoderma viride McCormick et al. (2011)

Territrems A and B Aspergillus terreus Ling et al. (1994)

Penicillium griseofulvum Nicoletti and Trincone (2016)

Tenuazonic acid Alternaria tenuisi Meronuck et al. (1972)

Trichothecenes Fusarium species Desjardins et al. (1993)

Trichothecium roseum Ueno (1980)

Verruculogen Aspergillus fumigatus Khoufache et al. (2007)

Viomellein Penicillium spp. Hald et al. (1983)

Viopurpurin Trichophyton mentagrophytes Blechert et al. (2019)

Viriditoxin Aspergillus fumigatus Urquhart et al. (2019)

Vomitoxin Fusarium nygamai Fallahi et al. (2019)

Zearalenone Alternaria spp. Vejdovszky et al. (2017)

Epicoccum spp. Tralamazza et al. (2016)

Fusarium oxysporum Vejdovszky et al. (2017)

Fusarium verticillioides Vejdovszky et al. (2017)

Microdochium nivale Broggi and Moltó (2001)

Fusarium spp. Vejdovszky et al. (2017)
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19.3 Occurrence of mycotoxins

Mycotoxins are present in various products such as animal products and feeds, cereal crops, and leguminous 
plants. During pre- and postharvesting of crops and food products, mycotoxin contamination can occur (Bhatnagar 
et al., 2006; Pereira et al., 2014). Contamination and mold growth on cereals or crops can happen when they are stored 
improperly for a prolonged time (Bennett and Klich, 2003). The major crop that is susceptible to this contamination 
is maize, whereas rice is less susceptible (Chulze, 2010). These mycotoxins are very stable thermally and chemically 
during the processing of food, which includes pasteurization, baking, cooking, roasting, frying, and boiling. They 
can easily reach the human plate by many routes via meat, milk, and eggs as a consequence of animals consuming 
contaminated feed (Kaushik, 2015; Marin et al., 2013). Plant seeds grown in stressed conditions are more prone to 
fungal invasion, along with aflatoxin production. Irrigation timing, drought, and insect damage are the most general 
plant stressors that are recognized (Hendrickson and Grant, 1971).

The aflatoxigenic fungal spores colonize the areas where insects damage the plant and therefore spread the spores 
(Diener et al., 1987). The utmost level of mycotoxins is harbored by animal concentrated feedstuffs (Gizachew et al., 
2016). The intensity of mycotoxins contamination in leguminous crop varies geographically and groundnut is the 
main source of mycotoxins (Assefa et al., 2012). Aspergillus niger and A. flavus are the main fungi responsible for in-
fection in the groundnut seed (Gebreselassie et al., 2014). The main source of these toxins is cereal crops, namely teff, 
barley, wheat, and sorghum. From a total of 84 samples suspected to produce deoxynivalenol, only 48.8% showed an 
overall incidence in sorghum, wheat, and barley, whereas zearalenone and fumonisins were found only in the sam-
ple of sorghum (Ayalew, 2010). For humans, the major source of aflatoxin contamination is animal milk. Out of 110 
samples of raw milk, nine samples showed less or equal to 0.05 μg/L of M1 aflatoxin, whereas 29 samples exceeded 
the value of 0.5 μg/L (Gizachew et al., 2016). Binder et al. (2007) explained the occurrence of mycotoxin in feed ingre-
dients, food production, and agriculture commodities (Binder et al., 2007).

To evaluate mycotoxin incidence in some regions of animal production, a 2-year survey was carried out by Biomin 
(a producer of feed additives). It was found that in Europe, more than half the sampled materials were contaminated 
above the quantification limit, as they contained T-2 toxin, deoxynivalenol (DON), and zearalenone (ZON) major 
contaminant materials. In the agronomical crops of Togo, research was carried out on the natural occurrence of my-
cotoxins in sorghum and maize. They took 67 samples of raw cereals, which constituted 12 sorghum and 55 maize. 
They used high-performance liquid chromatography coupled with tandem mass spectroscopy to investigate the 
mycotoxins. Fumonisin with a concentration range from 81.5 to 361 μg/kg and 101 to 1838 μg/kg for sorghum and 
maize, respectively, was the furthermost occurring mycotoxin. However, aflatoxin was also detected in sorghum and 
maize with concentration ranges of 6–16 μg/kg and 256 μg/kg, respectively (Hanvi et al., 2019). Ultraperformance 
liquid chromatography coupled with mass spectroscopy was also used to detect the aflatoxins G1, G2, B1, and B2; 
fumonisins B1 and B2; ochratoxin; zearalenone; HT-2; T-2; and deoxynivalenol mycotoxins in cat food (64 extruded 
samples) purchased from Italy. The major two mycotoxins, that is, fumonisins and deoxynivalenol, were identified 
as the most quantified in the samples up to 95% and 80%, respectively, whereas the aflatoxins G1, G2, and B2 were 
not found in any sample (Grandi et al., 2019). The presence of mycotoxins in animal feed was analyzed by the mul-
timycotoxin LC-MS/MS method. It was reported that out of 82 samples of sows feed, wheat, and maize sourced in 
different EU countries 67% of the samples contained more than one mycotoxin (Monbaliu et al., 2010). Mycotoxins 
are ubiquitous in agricultural commodities, for example, oilseeds and cereals.

Mycotoxins also occur in indoor environments such as air, building materials, and dust. Fungi, having the ability 
to release secondary metabolites, are present in the indoor environment, which results in the proliferation of toxi-
genic fungi on different building materials (Jarvis and Miller, 2005; Nielsen, 2003). It has also been reported that 
the production of secondary metabolites takes place on artificial building materials, that is, wood or gypsum board 
(Nielsen, 2002; Nielsen et al., 2004; Nieminen et al., 2002; Ren et al., 1999). More than one fungal strain can produce 
various types of mycotoxins. Floor dust, building materials, and airborne dust were found to be contaminated by 
mycotoxins. A total of 33 different bacterial and fungal secondary metabolites were present from the pg/g to μg/g 
range. The most common mycotoxins found were equisetin, sterigmatocystin, meleagrin, enniatin B, emodin, and 
beauvericin (Täubel et al., 2011). In the floor dust of homes damaged with only water, the major mycotoxins found 
were cytochalasin D, equisetin, sterigmatocystin, and enniatins (Vishwanath et al., 2011).

In Korean rice, the natural occurrence of mycotoxins was observed, with a recorded range from 1.8 to 7.3 g/kg of 
aflatoxin B1 (Park et al., 2005). In another study, a total of 1200 samples of milled rice and paddy were contaminated 
with a high percentage of aflatoxin B1 (Reddy et al., 2009). Rice samples were taken and analyzed from Vietnamese 
fields, and it was found that the maximum levels of citrinin (0.42 and 0.38 μg/kg) were present during the rainy 
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 season (Nguyen et al., 2007). Markov et al. (2013) reported that the detection level of mycotoxins in 90 samples of 
meat was 64% in which ochratoxin contamination was predominant while 10% of the samples were affected by af-
latoxin B1 (Markov et al., 2013). Various types of Italian cured hams were analyzed; out of 110 samples, 84 showed 
ochratoxin on the outer and inner surfaces. The innermost product layers exhibited a concentration level below 
0.1 g/kg, whereas the outer surface presented a concentration of 0.53 g/kg (Dall’Asta et al., 2010).

19.4 Toxicological properties of mycotoxin

Mycotoxins are dreadfully toxic metabolites that are secreted by fungi. They can be categorized based on their tox-
icity as immunosuppressive, carcinogenic, teratogenic, and mutagenic. The effect of mycotoxins on various organs of 
the human body is well represented in Fig. 19.1. The presence of mycotoxins in food items, even in minute quantities, 
can result in severe health implications for humans as well as animals owing to the toxicological effects (Omotayo 
et al., 2019). Researchers believe that the elimination of mycotoxins in food is the single most effective change that 
could be made to prevent mycotoxin-associated health hazards. The toxin severity is different within different types 
of mycotoxins. This depends on various factors such as their nature and dosage, the susceptibility of the species to-
ward mycotoxins, the time of exposure, etc. (Zain, 2011).

Moreover, the susceptibility of a species, in turn, is regulated by physiological and genetic factors such as age, 
intestinal microflora, nutrition, hormones, environmental exposure, parasitism, and infections (Belkaid and Hand, 
2014). The toxicological properties of common mycotoxins are discussed below.

19.4.1 Aflatoxin

Aflatoxins are polyketide compounds and extensively studied mycotoxins. The Aspergillus species is a predom-
inant producer of aflatoxin (Yu, 2012). Commonly, A. flavus and A. parasiticus synthesize aflatoxin A and B, respec-
tively, and in a few cases, they also synthesize mycotoxin cyclopiazonic acid. As is known, aflatoxins are potent 
hepatocarcinogens and fall in the category of type I human carcinogens (Kumar et al., 2017). In India, many reports 

FIG. 19.1 Effect of mycotoxins on various organs of the human body.
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have been recorded for deaths induced by aflatoxin poisoning because of the heavy consumption of contaminated 
maize (Benkerroum, 2019). It has been found that aflatoxins are responsible for various abnormalities such as lung 
cancer, skin cancer, and hepatocellular carcinoma. For instance, the liver as the lipophilic organ stores and concen-
trates all molecules via the bloodstream, that is, contaminants, drugs, and mycotoxins inside the hepatocytes; the 
long-term exposure of mycotoxins transforms them into cancer cells (Gruber-Dorninger et al., 2017). Aflatoxins con-
vert the reactive form of 8,9-epoxide that is capable of binding with DNA as well as proteins via the cytochrome P450 
enzymes (Hamid et al., 2013).

19.4.2 Ochratoxin A

In experiments, ochratoxin A is found to cause cancer in animals. Also, it has been associated with renal toxicity, 
immunosuppression, and nephropathy in several animals. The nephrotoxic effects are a result of lipoperoxidation 
caused interaction of ochratoxin A with iron to form a complex which results in the formation of hydroxyl radicals. 
However, research has reported the high binding affinity of OA toward plasma proteins and unknown macromole-
cules in human plasma (Bui-Klimke and Wu, 2015).

19.4.3 Fumonisins

Fumonisins are mycotoxins that show resemblances to sphingoid bases, sphingosine (So), and sphinganine (Sa). 
The fungal species F. verticilloides and F. proliferatum, commonly found on maize, are the main producers of fumon-
isin toxin (Bryla et al., 2014). The presence of fumonisin B1 in maize plants is known to cause the disease leukoen-
cephalomalacia found in horses. Fumonisin B1 is also believed to cause pulmonary edema in pigs and is found to be 
toxic to the central nervous system, pancreas, liver, lungs, and kidneys (Marasas, 1995). Fumonisins are categorized 
as class 2B carcinogens and are actively involved in enhancing tumor proliferation, as they alter the metabolism of 
sphingolipids and interfere with the functioning of endothelial cells. They interfere in the synthesis of sphingolipids 
by inhibiting the enzyme synthetase ceramide, which results in the accumulation of sphingosine in cells. They also 
cause neurological diseases in humans by altering the communication and regulation of cells (Riley et al., 2001).

19.4.4 Trichothecenes

Trichothecenes interfere with the synthesis of hepatic proteins to different degrees and elevate the concentra-
tion of the amino acid tryptophan in both the brain and blood. Tryptophan is a precursor molecule involved in the 
synthesis of serotonin, a neurotransmitter known to cause insomnia and induce loss of appetite. The consumption 
of trichothecene-contaminated food is therefore associated with ill health effects such as vomiting, loss of appetite, 
immunosuppression, ataxia, lethargy, and lesions in the intestinal tract (Proctor et al., 2018).

19.4.5 Zearalenone

Fungal species belonging to the genera Fusarium such as F. equiseti, F. graminearum, F. semitectum, F. crookwellense, 
and F. culmorum are the main producers of the ZEA mycotoxin. According to research, it has been found to be geno-
toxic, hepatotoxic, cytotoxic, and hematotoxic (Shi et al., 2017). It is also known to possess an estrogenic effect and is 
a known cause of developmental and reproductive toxicity. It regulates the expression of estradiol (E2)-responsive 
genes and activates the estrogen receptors, leading to hyperestrogenism. High zearalenone ingestion can lead to a 
hormonal imbalance and the malignancy of mammary glands (Agriopoulou et al., 2020).

19.5 Mechanism of action

19.5.1 Aflatoxin

In Vigna radiata (mung bean seeds), the inhibition of aflatoxin by protochlorophyllide and chlorophyll a and b 
biosynthesis has been studied by Sinha and Kumari (1990). It has been observed that aflatoxin suppresses the levels 
of nucleic acid and protein in mung seeds and germinating maize. The polymerase activity, that is, chromatin-bound 
DNA-dependent, is inhibited by aflatoxin. Due to aflatoxin binding to DNA during the process of replication or in-
hibition, the DNA polymerase prevents DNA synthesis. Protein synthesis inhibition occurs because of the absence 



260 19. Mycotoxin metabolites of fungi 

of m-RNA (Tripathi and Misra, 1981). It was found that in aflatoxin-treated plants, the tiller number was reduced; 
this might occur due to the accumulation of damaged DNA in cells, leading to apoptosis. Aflatoxin has also been 
reported to induce apoptosis or to arrest the cell cycle (Fadl-Allah et al., 2011).

19.5.2 Penicillic acid

Penicillic acid interacts with the residues of -SH in enzymes. It inhibits lactic dehydrogenase and alcohol dehydro-
genase, which belongs to thiol enzymes, thus it contains the thiol group (Ashoor and Chu, 1973; Ciegler et al., 1972; 
Fondy et al., 1965).

19.5.3 Citrinin

Citrinin has the ability to bind with cellular components in the vascular system as well as in the leaves. It affects 
the translocation process and disturbs the osmotic balance (Damodaran et al., 1975). It also affects the process of res-
piration of germinating seedlings and seeds (Chagas et al., 1994). Citrinin increases the efflux and inhibits the influx 
of calcium ions (Ca2  +) in the matrix of mitochondria by decreasing Ca2  + accumulation (Chagas et al., 1995).

19.5.4 Patulin

Patulin’s mechanism of action takes place mainly in two ways, that is, primary and secondary effects. The primary 
effects involve the intoxication of cell cultures, after which the inhibition of DNA, protein, and RNA synthesis occurs. 
It has the ability to induce oxidative damage and to react with the sulfhydryl groups, giving rise to genotoxic effects 
(Liu et al., 2007). The secondary effects include respiratory inhibition in soybean suspension cultures as well as in the 
germinating pollen of apples. It has also been reported that patulin reacts with cellular nucleophiles in vitro (Fliege 
and Metzler, 1999; Ismaiel and Papenbrock, 2014).

19.5.5 Ochratoxin

Ochratoxin causes DNA damage and mitochondrial respiration inhibition, interferes with metabolic systems, 
 disrupts calcium homeostasis, and increases the peroxidation of the lipid membrane (Ringot et al., 2006). The ex-
posure of this mycotoxin to the leaves of A. thaliana causes a hypersensitive response that highly increases reactive 
oxygen species. Along with this, it also enhances xenobiotic detoxification and the defense response of antioxidant 
enzymes. The stimulation of ochratoxin activates the membrane transport system drastically and causes changes 
in transcription factor expressions. Its toxicity process is mediated by signaling molecules such as jasmonic acid, 
 ethylene, mitogen-activated protein kinase, and ethylene (Wang et al., 2012).

19.6 Conclusions

Mycotoxins are toxic secondary metabolites produced by fungi that are toxic to plants, animals, and humans. These 
toxins are produced from fungal species belonging to Fusarium, Aspergillus, Monascus, Penicillium, Phoma, Alternaria, 
Epicoccum, Microdochium, Neopetromyces, Petromyces, Trichoderma, Trichothecium, Trichophyton, etc. They affect seed 
germination, seed quality, seed viability, growth of the coleoptile and root, and seedling vigor while suppressing the 
levels of nucleic acid and proteins and inhibiting lactic dehydrogenase and alcohol dehydrogenase enzymes. They 
also affect the translocation process and disturb the osmotic balance in plants. A proper understanding of the mech-
anisms of mycotoxin action at the cellular and biochemical levels on host plants is important to inhibit the action of 
these mycotoxins.
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20.1 Introduction

There is a consensus that the indiscriminate utilization of agrochemicals, hydrocarbons, and pharmaceutical prod-
ucts has accelerated the problems related to land degradation (soil, vegetation, and microorganism communities), 
aquatic resources, and human and livestock health. Hazardous chemicals of particular concern pertain to petroleum 
hydrocarbons, incessant organic pollutants (halogenated organic compounds and polycyclic aromatic hydrocarbons), 
dyes, pesticides (herbicides and insecticides), and heavy metals. The characteristics of these chemicals are as follows.

20.1.1 Petroleum hydrocarbons (PHs)

They are a complex mixture of various compounds, namely saturated aromatics, resins, and asphaltenes. Among 
them, the saturated fraction have straight and branched chains of alkenes and cycloalkanes (naphthenes). The major 
aromatic portion includes volatile hydrocarbons such as toluene, benzene, and xylene. Fatty acids, phenols, ketones, 
esters, and porphyrins are the major constituents of asphaltene while pyridines, quinolines, carbazoles, sulfoxides, 
and amides are the major constituents of the resins. Depending on the level of PHs exposure, the human immune sys-
tem as well as the circulatory, reproductive, respiratory, and endocrine systems are significantly affected. Similarly, 
in plants, studies have shown that glucose assimilation, stomatal opening and closing, and transpiration rate are 
significantly decreased in petroleum-contaminated soil (Han et al., 2016). The population and abundance of various 
soil microbes are also affected considerably with PHs contamination (Hazim and Al-Ani, 2019).

20.1.2 Polycyclic aromatic hydrocarbons (PAHs)

The term PAH denotes the compounds having carbon and hydrogen atoms only. Chemically, they comprise two or 
more benzene rings bonded in cluster, linear, or angular arrangements. The major source of PAHs in the environment 
is the incomplete combustion of hydrocarbons such as fossil fuels, the accidental discharge of petroleum or the use and 
dumping of petroleum products, and firewood gasification and liquefaction. Their toxicity is generally carried out through 
their interfaces with the cellular membrane function as well as enzymatic systems (Abdel-Shafy and Mansour, 2016).

20.1.3 Halogenated organic compounds

These are the substances containing hydrogen and carbon, but where hydrogen atoms have been replaced by halogens 
such as fluorine, iodine, chlorine, and bromine. Pentachlorophenol (PCP), trichloroethene (TCE), 2,4-dichlorophenoxyacetic 
acid (2,4-D), polychlorinated biphenyl (PCB), and dioxins are examples of xenobiotic halogenated organic compounds. 
The major portions of these compounds in the environment are generated through the use of chlorine within the pulp  

20
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and paper industry. Most of the halogenated organic substances are not readily degradable and produce many harmful 
impacts on the environment. Their exposure leads to CNS depression, liver and kidney injuries, and cancer.

20.1.4 Dyes

Synthetic dyes are largely utilized in the textile, paper, cosmetic, pharmaceutical, and food industries. Environmental 
control of dyes is important due to their possible toxicity and carcinogenicity. Their exposure leads to dermatitis, al-
lergies, conjunctivitis, and occupational asthma (Lellis et al., 2019).

20.1.5 Pesticides

Pesticides are mainly used in plant protection and human health protection programs. They may be categorized 
further such as insecticides, herbicides, and fungicides. Their extensive use has accelerated the contamination of 
many terrestrial and aquatic global ecosystems. Such chemicals can lead to many health problems such as gastroin-
testinal disturbances as well as dermatological, respiratory, neurological, carcinogenic, reproductive, and endocrine 
effects (Nicolopoulou-Stamati et al., 2016).

20.1.6 Heavy metals

Any metallic element that has a relatively high density and shows toxicity, even at a low concentration, is often re-
ferred to as a “heavy metal.” These are naturally occurring elements with a high atomic weight and a density at least 
five times greater than that of water. Heavy metals enter our environment through both natural (erosion, volcanic 
activity, mineral weathering) and anthropogenic (burning of fossil fuels, mining and smelting of metalliferous ores, 
municipal waste, fertilizers, pesticides, sewage sludge amendments, effluents from industries such as electroplating, 
leather tanning, wood preservation, pulp processing, steel manufacturing) sources (Hassan et al., 2017). Anthropogenic 
sources of some heavy metals are chromium (flying ash, steel industries, Khan et al., 2007), mercury (medical waste, coal 
burning, and gold and silver mining, Wuana and Okieimen, 2011), nickel (battery processing and repair, steel alloys, 
kitchen appliances, surgical instruments, industrial pollutants, Tariq et al., 2006), copper (pesticides and fertilizers us-
age, Khan et al., 2007), cadmium (plastic burning, paints and pigments, electroplating, phosphate fertilizer, Pulford and 
Watson, 2003), arsenic (pesticides and wood storage, Thangavel and Subbhuraam, 2004) and lead (batteries, herbicides, 
insecticides, aerial emissions from petrol, Wuana and Okieimen, 2011). Heavy metal toxicity is a problem of increasing 
significance with respect to ecological, evolutionary, nutritional, and environmental aspects (Jaishankar et al., 2014).

There are many approaches to restore (the process of assisting the recovery of an ecosystem that has been dam-
aged, degraded, or destroyed) and/or rehabilitate (the compensation of ecosystem processes, productivity, and ser-
vices but does not necessarily mean a return to the preexisting biotic setting) the degraded site/areas. Bioremediation 
is an ecofriendly and cost-effective technique that utilizes biological mechanisms (microbes and plants) to remove 
environmental contaminants from the ecosystem. It is carried out by decreasing the solubility of pollutants through 
pH modification, redox reactions, and their adsorption from the affected area (Ojuederie and Babalola, 2017). This 
may be either in situ or ex situ. In the former, the contaminates are directly treated or decomposed from the degraded 
site by the addition of nutrients or through enhancing the activities of suitable microorganisms. In the latter, the in-
fected substances (e.g., soil/water) transported to the other site for their treatments. The success of bioremediation 
relies on many factors such as the selection of suitable plant (phytoremediation) and microorganism species, existing 
environmental conditions, and the nature of the pollutants. Microbial bioremediation depends upon the metabolic 
activities of the microorganism that can subdue the toxicants and convert them into innocuous forms through re-
dox processes. They can remediate the metal through extrusion (metals are pushed out of cells by active transport), 
exclusion (metal ions are set aside from the target sites by the advance of a permeable barrier), biotransformation 
(toxic metals are converted to less-toxic forms with the help of oxidation, reduction, volatilization, methylation, and 
demethylation), and fixation-fix metals (through the development of a complex with metal-binding proteins or with 
enzymatic detoxification, intra- and extracellular sequestration, termination of metal by acid formation, chelation, 
and precipitation through the construction of organic bases and extracellular metal precipitation).

The aim of this chapter is to provide up-to-date information about the potential of various fungal species to re-
mediate various types of organic and inorganic pollutants. This chapter also briefly introduces the mechanism of 
mycoremediation and the type and role of fungal enzymes utilized for this purpose.

Fungi belong to the most diverse groups among microorganisms, and they can serve as a pathogen, mutualist, 
and decomposer. Different fungal species play a pivotal role in different human sectors. Their applications in various 
human sectors are illustrated in Fig. 20.1.
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The term “mycoremediation” was suggested by Paul Stamets (Purohit et al., 2018) for contaminate removal by 
using one or more fungal species. This technique involves the specific amplification of fungal cultures that accelerate 
the decomposition of pollutants. Besides decomposition, some fungal species also produce biostatic/biocidal com-
pounds that actively participate in the remediation of organic and inorganic substances. They may be utilized with 
manure and compost while the mass application of species also incorporates a specific pollutant (Singh, 2006). In 
general, fungi can effectively break down complex cellular molecules such as lignin, cellulose, and hemicellulose by 
virtue of their effective enzymatic system. They convert them into simpler molecules, thus participating in nutrient 
cycling and regulating the C:N ratio (Deacon, 2006). Under the remediation process, fungi probably obtain nitrogen, 
carbon, or energy sources from the toxicants. Many fungal species can degrade complex hydrocarbons and compos-
ite chains of toxic molecules into simpler, nontoxic, and biodegradable forms.

20.2 Bioremediation potential of fungi: Phylum level diversity

The question of how many fungal species occur on our planet is a fascinating area of research among mycologists. 
Previous quantitative evaluations were principally based on an average ratio of the number of fungi observed on a 
specific host. Recently, culture-independent methodologies, particularly large-scale environmental sequencing, have 
provided a new approach to calculate the approximate number of fungi (Blackwell, 2011; Wu et al., 2019). A rational-
ized estimate of fungal diversity showed that fungal species ranged from 2.2 to 3.8 million worldwide (Hawksworth 
and Luecking, 2017).

Fungi can transform or degrade large numbers of pollutants such as persistent organic pollutants (POPs), polyaro-
matic hydrocarbons (PAHs), pharmaceuticals and personal care products (PPCPs), fabric dyes, petroleum hydrocarbons, 
pulp and paper industry waste material, leather tanning effluents, and pesticides (Hawari et al., 2000; Pointing, 2001; 
Prenafeta-Boldú et al., 2006; Pinedo-Rilla et al., 2009; Deshmukh et al., 2016; Bosco and Mollea, 2019). In general, most of 
the fungal species reported or evaluated for their bioremediation properties are related to the phyla Basidiomycota and 
Ascomycota (Harms et al., 2011), and a few belong to the subphylum Mucoromycotina. Fungal species like Aspergillus 
niger, Aspergillus fumigatus, Pleurotus ostreatus, Cunninghamella elegans, Cunninghamella bainieri, Trichoderma harzianum, 
Trichoderma viride, Phanerochaete chrysosporium, Pleurotus ostreatus, Candida krusei, Aspergillus ochraceus, Trametes versicolor, 
Fusarium solani, and Penicillum janthinellum can oxidized PAHs like anthracene, naphthalene, phenanthrene,  fluoranthene, 

FIG. 20.1 Application of fungi in different sectors of humans.
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pyrene, benzo[a]anthracene and chrysene (Al-Hawash et al., 2018). The bioremediation of colored effluents from the 
leather tanning, textile dye, sugar, and bleached kraft pulp mill industries has been reported with fungal species related 
to various groups, including Penicillium, Aspergillus, and white-rot fungi (Duarte et al., 2013; Buvaneswari et al., 2013; 
Huang et al., 2014; Deshmukh et al., 2016). Within a fungal phylum, the fungal diversity with respect to mycoremedia-
tion is described in subsequent subheadings.

20.2.1 Ascomycota

This is the most diversified phylum of fungi and the species that belong to this can be symbiotic, saprotrophic, or 
parasitic. Studies (Evans and Seviour, 2012; Maza-Márquez et al., 2016) from sludge or wastewater treatment plants 
suggested that most of the species belong to this phylum, which indicated Ascomycota dominance at the polluted 
area. Their high adaptabilities at polluted sites are attributed to metal ion chelating and their ability to grow faster at 
slightly basic pH conditions (Tigini et al., 2014).

Among fungi, species like Alternaria alternate, Cladosporium herbarum, Acremonium strictum, Aspergillus fumiga-
tus, A. flavus, A. niger, A. sydowii, A. terreus, A. destruen, Penicillium melanoconidium, P. chrysogenum, P. purpuroge-
num, Paecilomyces sp., Phlebia sp., Trichoderma viride, T. harzianum, Fusarium moniliforme, F. roseum, Humicola insolens, 
Daldinia concentrica KFRI 40-1, Phomopsis sp., Hymenoscyphus ericae, Oidiodendron griseum, and Saccharomyces cerevisiae 
have been evaluated for their bioremediation properties. Details of pollutant’s remediate by them along with their 
general remediation mechanism are illustrated in Table 20.1.

S. No. Fungal species Class
Bioremediation of 
chemicals

Mechanism of 
bioremediation References

1 Alternaria alternata Dothideomycetes Glyphosate, 
cypermethrin, and 
carbendazim

Through changes in 
intracellular enzymes and 
hydraulic conductivity

Spagnoletti and 
Chiocchio (2019)

2 Cladosporium herbarum Dothideomycetes Anthracene Enzymatic degradation Krivobok et al. (1998)

3 Aspergillus fumigatus, Aspergillus 
niger, Penicillium purpurogenum, 
Acremonium strictum, and 
Fusarium moniliforme

Eurotiomycetes Azo dyes Enzymatic degradation Paundalik et al. (2019)

4 Aspergillus terreus JASI Eurotiomycetes Chlorpyrifos Fungi utilize this chemical as 
a carbon and nitrogen source

Silambarasan and 
Abraham (2013)

5 Aspergillus fumigatus and 
Penicillium melanoconidium

Eurotiomycetes Diuron, 
chlorfenvinphos, and 
isoproturon

Through the formation of 
cis and trans isomeric forms 
of intermediate compounds 
such as 2,4-dichlorophenacyl 
chloride, 2,4-dichlorobenzyl 
alcohol, and 2-hydroxy-4-
chlorobenzoic acid

Oliveira et al. (2015)

6 Aspergillus flavus and A. sydowii Eurotiomycetes Malathion Through the involvement of 
cutinase and laccase enzymes 
and mercaptosuccinate as an 
intermediate product

Ramadevi et al. (2012)

7 Aspergillus niger Eurotiomycetes Heavy metals (Cd, Zn, 
Ur, Ag, Cu)

Biosorption of heavy metals Wang and Chen (2006)

8 Aspergillus fumigatus Eurotiomycetes Heavy metals (Ur) Bioaccumulation of heavy 
metals

Guibal et al. (1995)

9 Paecilomyces species, Penicillium 
species, and Phlebia species

Eurotiomycetes PAH, endosulfan Hydroxylation Anastasi et al. (2009)

10 Aspergillus sydowii and 
Aspergillus destruens

Eurotiomycetes PAH degradation Enzymatic degradation Abradelo-Gonzalez 
et al. (2019)

TABLE 20.1 Details of Ascomycota species for bioremediation of different chemicals.
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In general, some species of the filamentous ascomycete genera such as Cladophialophora and Exophiala can as-
similate toluene (Pointing, 2001). Species belonging to the genera Aspergillus and Penicillium degrade chlorophe-
nols, polycyclic aromatic hydrocarbons (PAHs), pesticides, and synthetic dyes (Cerniglia and Sutherland, 2010; 
Prince, 2010). Genera such as Cordyceps and Fusarium (of the order Hypocreales) and Pseudallescheria spp. (of the 
order Microascales) can metabolize polychlorinated dibenzo-p-diocins (PCDDs) (Chang, 2008). Mitosporic fungi 
(Ascomycota species that can survive in an asexual reproductive state using diploid mitospores produced by mitosis 
as propagules, or a sexual reproductive state) such as Acremonium spp. and Graphium spp. can degrade PAHs 
and methyl-tert-butylether (MTBE), respectively (Pinedo-Rilla et  al., 2009; Skinner et  al., 2009). The subphylum 
Saccharomycotina genera such as Candida, Khyvernomyces, Neurospora, Pichia, Saccharomyces, and yeast can effec-
tively degrade n-alkanes, n- alkylbenzenes, crude oil, endocrine-disrupting chemicals (EDC), and PAHs (Vallini et al., 
2001). Wang et al. (2012a,b) reported the flourishing growth of Ascomycota species such as Penicillium, Fusarium, 
Debaryomyces, Trichoderma, and Paecylomices on artificial PAH polluted soils, revealing their potential for biodegrada-
tion. Further, approaches for the biotransformation of PAHs by Ascomycota have been reviewed by Aranda (2016).

20.2.2 Basidiomycota

Large numbers of basidiomycota have been experimentally evaluated for their bioremediation properties. The ma-
jority of such species, for example, Agaricus bisporus, Agrocybe praecox, Agrocybe perfecta, Bjerkandera adusta, Bjerkandera 
species, Boletus edulis, Ceratobasidium stevensii, Calocybe indica, Coriolopsis gallica, Coriolus versicolor MKACC 52492, 
Daedalea dickinson, Fomitopsis pinicola, F. palustris, Flammulina velutipes, Fomes fasciatus, Ganoderma austral, Gloephyllum 

TABLE 20.1 Details of Ascomycota species for bioremediation of different chemicals—cont’d

S. No. Fungal species Class
Bioremediation of 
chemicals

Mechanism of 
bioremediation References

11 Hymenoscyphus ericae and 
Oidiodendron griseum

Leotiomycetes 2,4-D, atrazine Mineralization via  
enzymatic degradation

Donnelly and Fletcher 
(1994)

12 Saccharomyces cerevisiae Saccharomycetes Heavy metals Intracellular metal  
absorption

Guiraud et al. (2008)

13 Candida, Pichia, and Yarrowia 
species

Saccharomycetes Petroleum  
hydrocarbon

Enzymatic degradation Chaillan et al. (2004)

14 Trichoderma viride and T. 
harzianum

Sordariomycetes Vydate Through alcohol 
dehydrogenase enzyme of 
the respiratory system

Helal and Abo-El-
Seoud (2014)

15 Trichoderma harzianum Sordariomycetes Diuron, 
chlorfenvinphos, and 
isoproturon

Through the formation of 
cis and trans isomeric forms 
of intermediate compounds 
such as 2,4-dichlorophenacyl 
chloride, 2,4-dichlorobenzyl 
alcohol, and 2-hydroxy-4-
chlorobenzoic acid

Oliveira et al. (2015)

16 Fusarium moniliforme and 
Fusarium roseum

Sordariomycetes Atrazine Mycoremediation is carried 
out through production of 
intermediate N-dealkylated 
and hydroxylate, de-
isopropyl atrazine, and de-
ethyl isopropyl atrazine

Sene et al. (2010)

17 Daldinia concentrica KFRI 40-1 Sordariomycetes Monomeric styrene 2-Phenyl ethanol, benzoic 
acid, cyclohexadiene-1,4-
dione, butanol, and succinic 
acid are the major metabolites 
produced during degradation 
of this chemical compound

Lee et al. (2006)

18 Trichoderma viride and Humicola 
insolens

Sordariomycetes Heavy metals (Hg) Biosorption of heavy metals Javed et al. (2007)

19 Phomopsis species Sordariomycetes PAH degradation Enzymatic degradation Tian et al. (2007)
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trabeum, G. striatum, Gomphidius viscidus, Hypholoma fasciculare, Irpex lacteus, Lactarius piperatus, Leccinum scabrum, 
Lentinula edodes, Lentinus squarrosulus, Lentinus villosus, Mortierlla species, Nematoloma frowardii, Peniophora cinerea, 
Phanerochaete chrysosporium, P. sordid, Phlebia acanthocytosis, P. aurea, P. brevispora, Psilocybe castanella, Pisolithus tincto-
rius, Pleurtous platypus, P. ostreatus, Pleurotus ECS-0190, Pleurotus pulmonarius, P. sajor-caju, P. tuber-regium, Postia placenta, 
Polyporus species, Rhizopogon vinicolar, Schizophyllum commune, Stereum hirsutum, Stropharia coronilla, Suillus granulatus, 
Trametes villosa, T. hirsute, T. versicolor KFRI 20251, Trichaptum bisognin, Trametes versicolor, and Tylophora fibrillosis, belong 
to Agaricomycetes. Details of these fungi along with their bioremediation potential are provided in Table 20.2.

S. No. Fungal species
Bioremediation of 
chemicals Mechanism of bioremediation References

1. Agaricus bisporus and Lactarius 
piperatus

Cadmium Biosorption Nagy et al. (2014)

2. Agrocybe praecox PAHs and TNT Through laccase and Mnp Steffen et al. (2000)

3. Bjerkandera adusta PAHs, PCBs Enzymatic modification of lignin Bumpus et al. (1985)

4. Bjerkandera species Phenanthrene Oxidation Terrazas-Siles et al. (2005)

5. Ceratobasidium stevensii Phenanthrene Enzymatic degradation (MnP) Dai et al. (2010)

6. Coriolopsis gallica PAHs Biotransformation Pickard et al. (1999)

7. Coriolus versicolor MKACC 
52492

PAH Enzymatic degradation Jang et al. (2009)

8. Coriolus versicolor, Stereum 
hirsutum, and Hypholoma 
fasciculare

Metalaxyl Through cytochrome P450  
monooxygenase system and ligninolytic 
peroxidase

Bending et al. (2002)

9. Daedalea dickinson, Fomitopsis 
pinicola, and Gloeophyllum 
trabeum

DDT Microbial biodegradation via Fenton 
reaction

Purnomo et al. (2011)

10. Flammulina velutipes Copper Biosorption Luo et al. (2013)

11. Fomes fasciatus Copper Biosorption Sutherland and Venkobachar 
(2013)

12. Fomitopsis palustris Metals (Cu, Co, and Zn) Oxalate production Gadd et al. (2014)

13. Ganoderma australe Lindane Through using ligninolytic enzymes Dritsa et al. (2009)

14. Gloeophyllum striatum Polychlorophenol Mineralization Singh (2006)

15. Gloephyllum trabeum Endosulfan and lindane Mycoremediation involved biosorption, 
oxidation under the presence of laccase  
and peroxidase enzymes

Spina et al. (2018)

16. Gomphidius viscidus, Leccinum 
scabrum, and Boletus edulis

DDT, endrin, and chlordane Degradation includes oxidation-reduction 
reactions and involvement of lignin 
peroxidase and manganese peroxidase

Bhandari (2017)

17. Irpex lacteus Dyes, PAHs, lindane, TNT, 
bisphenol A, nonylphenol, 
dimethyl phthalate

Enzymatic degradation through the  
use of laccase, lignin peroxidase (LiP), 
mananes peroxidase (MnP)

Novotny et al. (2000)

18. Irpex lacteus and  
Bjerkandera adusta

PAHs These fungi utilizing PAHs during fungal 
cometabolism

Mao and Guan (2016)

19. Lentinula edodes Pendimethalin and 
diflufenican

Absorption, equilibrium point exclusion  
of xenobiotic components

Pinto et al. (2016)

20. Lentinula edodes 2,4-Dichlorophenol Enzymatic degradation through laccase  
and MnP

Tsujiyama et al. (2013)

21. Lentinus squarrosulus Crude oil Mineralization Adenipekun and Fasidi (2005)

22. Mortierlla species Endosulfan Through endosulfan diol, endosulfan 
sulfate, and endosulfan lactone formation

Kataoka et al. (2010)

TABLE 20.2 Details of Basidiomycota (Agaricomycetes) for bioremediation of different chemicals.
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TABLE 20.2 Details of Basidiomycota (Agaricomycetes) for bioremediation of different chemicals—cont’d

S. No. Fungal species
Bioremediation of 
chemicals Mechanism of bioremediation References

23. Nematoloma frowardii Radionuclide C Enzymatic degradation through MnP Hofrichter et al. (1999)

24. Peniophora cinerea, Psilocybe 
castanella, Trametes villosa, 
Agrocybe perfecta, Trichaptum 
bisognin, and Lentinus villosus

Pentachlorophenol Through the production of chloride 
ions during degradation, suggesting 
dehalogenation of the molecule

Machado et al. (2005)

25. Phanerochaete chrysosporium Terbufos Mycoremediation of this carried out 
through the involvement of glyoxal 
oxidase, superoxide dismutase, cellobiose 
dehydrogenase, and biomineralization of 
glycerol trinitrate

Pointing (2001)

26. Phanerochaete chrysosporium Chlorobenzoic acids (CBA) Degrade CBA giving some aromatic 
metabolites from a hydroxylation  
pathway and a dechlorination pathway

Bath and Arora (2006) and 
Nakagawa et al. (2006)

27. Phanerochaete chrysosporium Synthetic dye, PAHs, 
lindane, polychlorophenol, 
PCBs, and DDT

Enzymatic degradation through LiP and 
MnP

Singh (2006)

28. Phanerochaete chrysosporium PAH degradation Enzymatic degradation (LiP, MnP) Dhawale et al. (1992)

29. Phanerochaete chrysosporium  
and Trametes hirsuta

Lindane Lindane intracellular degradation  
through tetrachlorocyclohexanol 
production

Singh and Kuhad (1999)

30. Phanerochaete chrysosporium 
KFRI, 20742, Trametes versicolor 
KFRI 20251

Monomeric styrene The major metabolites produced during 
degradation of this chemical compound 
are 2-phenyl ethanol, benzoic acid, 
cyclohexadiene-1,4-dione, butanol, and 
succinic acid

Lee et al. (2006)

31. Phanerochaete sordida Acetamiprid By using lignin peroxidase and  
ligninolytic enzymes

Wang et al. (2012a,b)

32. Phlebia acanthocytosis, P. aurea, 
and P. brevispora

Dieldrin and aldrin Through the participation of  
hydroxylation and carboxylic acid esters  
in an oxidation-reduction reaction

Xiao et al. (2011a)

33. Phlebia sp. AmDNT, PAHs, TNT, and 
coal

Enzymatic degradation through LiP  
and MnP

Singh (2006)

34. Pisolithus tinctorius Mono-fluorophenols Effectively degrade this chemical through 
cometabolism of glucose consumption

Franco et al. (2014)

35. Pleurotus sp. ECS-0190 Chlorothalonil With the active involvement of  
ligninolytic enzymes such as laccase, 
phenoloxidase, and MN peroxidase

Camacho-Morales and 
Sanchez (2016)

36. Pleurotus ostreatus Polychlorinated biphenyls This species working through substrate-
unspecific extracellular and intracellular 
oxidoreductases, laccases, and Mn-
dependent and independent peroxidases

Chun et al. (2019)

37. Pleurotus ostreatus Quinoline Through total mineralization and some 
fermentation

Zhang et al. (2007)

38. Pleurotus ostreatus Polychlorinated biphenyls 
(PCBs)

Laccases catalyze the degradation of 
hydroxylated PCBs

Chun et al. (2019)

39. Pleurotus ostreatus and 
Gloeophyllum trabeum

Lindane and endosulfan Degradation of these chemicals carried  
out through laccase enzyme with the 
formation of intermediate of endosulfan 
ether and endosulfan sulfate

Ulcnik et al. (2013)

Continued



274 20. Mechanistic evaluation of bioremediation properties of fungi 

Within Basidiomycota, wood-inhabiting white-rot fungi such as the Phanerochate chrysosporium, Nematoloma, 
Pleurotus, and Trameters species can mineralize PAHs 2,4,6-trinitrotoluene (TNT) and various chloro-aromatics (Fahr 
et al., 1999; Pointing, 2001), soil-dwelling, litter-decomposing species such as Agrocybe and Stropharia are also known to 
mineralize organic pollutants (Harms et al., 2011). The genus Rhodotorula of the subphylum Pucciniomycotina can me-
tabolize cresols and crude oil constituents (Bhatt et al., 2006). The Basidiomycetes genera, particularly mushrooms, can 
uptake heavy metals from the soil through their mycelia and build them up in their fruiting body. Species of Boletus, 
Leccinum, Cortinarius, Phellinus, Agaricus, and Amanita can mobilize various heavy metals in soil (Ali et al., 2017).

20.2.3 Glomeromycota

Similarly, species such as Glomus geosporum, Scutellospora heterogama, and Gigaspoara gigantean (Glomeromycota) 
are also evaluated for metal remediation (Abu-Elsaoud et al., 2017). Leyval et al. (1997) reported the enzymatic deg-
radation of zinc metal by Glomus geosporum while the mycoremediation of copper by the Scutellospora heterogama and 
Gigaspoara gigantean species was evaluated by Prasad (2017).

20.2.4 Zygomycota

The Absidia cylindrospora, Cunninghamella elegans, Mucor racemosus, M. ramannianus, Mortierella, and Rhizopus spe-
cies all belong to Mucoromycotina (Table 20.3). Cunninghamella, Mucor, and Rhizopus degraded PAHS, TNT, pes-
ticides, and textile dyes (Prince, 2010). Cunninghamella elegans can effectively degrade fluoranthene and convert it  
into 3-fluoranthene-β-glucopyranoside, 3-(8-hydroxy-fluoranthene)-β-glucopyranoside, and fluoranthene trans-2,3- 
dihydrodiol metabolites (Pothuluri et al., 1992).

S. No. Fungal species
Bioremediation of 
chemicals Mechanism of bioremediation References

40. Pleurotus pulmonarius Crude oil pH-dependent biotransformation Olusola and Anslem (2010)

41. Pleurotus pulmonarius Radioactive cellulosic  
waste

Fungal mycelia solidified with Portland 
cement acts as a barrier for releasing radio 
contaminants

Eskander et al. (2012)

42. Pleurotus sajor-caju Heavy metals Biosorption of heavy metals Jibran and Milsee Mol (2011)

43. Pleurotus tuber-regium Heavy metals Biosorption of heavy metals Oyetayo et al. (2012)

44. Pleurotus tuber-regium Crude oil polluted soil Enzymatic degradation Isikhuemhen et al. (2003)

45. Pleurtous platypus, Agaricus 
bisporus, and Calocybe indica

Copper, nickel, zinc, 
cadmium, lead

Biosorption Prasad and Ralegankar 
(2013)

46. Postia placenta and  
Gloeophyllum trabeum

Polysaccharide 
decomposition

Lignin demethylation Filley et al. (2002)

47. Rhizopogon vinicolar 2,4-D Mineralization Leyval et al. (1997)

48. Schizophyllum commune  
and Polyporus sp.

Malachite green dye Enzymatic degradation Rajput et al. (2011)

49. Stropharia coronilla Mineralization of 14 
C-labeled synthetic lignin

Degradation by ligninolytic enzymes Singh (2006)

50. Suillus granulatus Cresol, catechol Biotransformation Singh (2006)

51. Trametes versicolor Carbofuran, oxytetracylin, 
and cypermethrin

Degradation of these chemicals carried  
out through involvement of cytochrome 
P450 reductase and laccase enzyme by 
utilizing the respiratory pathway

Mir-Tutusaus et al. (2014)

52. Trametes versicolor PAHs and synthetic dyes Enzymatic degradation Novotny et al. (2004) and 
Tanaka et al. (1999)

53. Tylophora fibrillosis 4-Fluorobiphenyl By formation of 4-fluorobiphen-4-ol and 
4-fluorobiphen-3′-ol

Green et al. (1999)

TABLE 20.2 Details of Basidiomycota (Agaricomycetes) for bioremediation of different chemicals—cont’d
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20.3 Basic degradation mechanism

Fungi have many strategies to remove environmental pollutants, and these can be categorized into nonenzy-
matic (bioadsorption, biomineralization) and enzymatic (biotransformation and biodegradation) approaches. The 
success of mycoremediation depends on many interactive mechanisms. The starting step is the use of an appro-
priate substrate on which fungi can flourish that can also be used as a food source; this is regarded as a state of 
growth, that is, nutrient capture. On this, the fungus grows and produces fruiting bodies and primary metabolites. 
After successful colonization, the fungus produces secondary metabolites (enzymes) with the ability to break down 
complex toxic molecules and convert them into the nontoxic stage. The uptake of pollutants by different fungi 
entails two processes: (i) bioaccumulation, which represents the active metabolism-dependent processes, includes 
both transport into the cell and partitioning into intracellular components, and (ii) biosorption, which is related to 
the binding of pollutants to the biomass without using metabolic energy. Fungi can solubilize metals from minerals 
or metallic alloys. Thus, they can enhance metal bioavailability and mobility or immobilize metals in the form of 
complexes or precipitates, leading to decreased metal bioavailability and mobility. Metal mobilization can result 
from complexolysis, redoxolysis, or acidolysis while metal immobilization mechanisms rely mainly on biosorption, 
intracellular accumulation, or precipitation (i.e., biomineralization). Compared to bacteria, fungi can immobilize 
metals inside their organelles (mostly vacuoles), and metals can be translocated and/or accumulated within tissues 
such as rhizomorphs and fruiting bodies (Cai et al., 2016; Dzionek et al., 2016; Losa and Bindschedler, 2018).

The efficacy of bioremediation depends on the assortment of appropriate species and existing environmental 
conditions that directly or indirectly affect its metabolite activities. Different degradative pathways have been 
suggested in mycoremediation that suggest the basic reactions involved in pollutant degradation. Different da-
tabases such as the MetaCyc database (https://metacyc.org) have described the metabolic pathways of different en-
zymes involved in bioremediation (Caspi et al., 2014). Absorption onto a fungal biomass has been explored as 
one important mechanism for pollutant remediation with the addition of other enzymes such as laccases. With  
the help of this enzyme, T. versicolor and P. ostreatus transform endosulfan into endosulfan sulfate and endosul-
fan ether (Ulcnik et al., 2013). Armillaria sp. F022 through the production of laccase, can degrade the anthracene 
and oxidize it into anthraquinone, benzoic acid, and other products like 2-hydroxy-3-naphthoic acid and coumarin 
(Hadibarata et al., 2013a,b). The white rot fungus Phlebia degrades dieldrin through hydroxylation reactions that 
produce three hydroxylated metabolites. Further, these fungi can also degrade aldrin via attacking its methylene 

S. No. Species
Bioremediation of chemicals/
pollutants Mechanism of bioremediation References

1. Mucor racemosus Aldrin and dieldrin This species modifies the epoxide ring 
by the process of hydroxylation and 
produces an intermediate of alrin-trans-7 
endophosphate and alrin-trans-diol

León-Santiesteban and 
Rodriguez-Vazquez (2017)

2. Mucor ramannianus Carbofuran and 
2,3-dihydrobenzofuran

Through hydrolysis in furanyl ring with 
the production of carbofuran phenol

Seo et al. (2007)

3. Absidia cylindrospora and 
Cunninghamella elegans

Anthracene These fungal species transform  
anthracene to 1,4-dihydroxy  
anthraquinone

Guiraud et al. (2008)

4. Mucor species Heavy metals such as zinc,  
lead, cadmium, and nickel

Bioadsorption Yan and Viraraghavan 
(2000)

5. Rhizopus species Heavy metals such as copper, 
zinc, and cadmium

Biosorption Volesky and Holan (1995)

6. Cunninghamella species Heavy metals such as lead,  
zinc, and cadmium

Through ion sequestration El-Morsy (2004)

7. Mortierella species 2,4-D Hydroxylation and dechlorination Nakagawa et al. (2006)

8. Mortierella species. Gr4 Herbicides such as 
chlorotoluron, diuron, linuron, 
isoproturon

N-demethylation and hydroxylation Badawi et al. (2009)

TABLE 20.3 Details of Mucoromycotina (formerly Zygomycota) for bioremediation of different chemicals.

http://MetaCyc.org
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group, producing a new product such as 9-hydroxyaldrin and carboxylic acid (Xiao et al., 2011a). Similarly, species 
such as Naematoloma frowardii, Phanerochaete laevis, P. ostreatus, Pleurotus sajor-caju, Rhizoctonia solani, and T. versi-
color can degrade anthracene to anthracene trans-1,2-dihydrodiol 1-anthrol, 9,10-anthraquinone, phthalate, and 
glucuronide (Kadri et al., 2017). Both ligninolytic (Coriolopsis polyzona, Pleurotus ostreatus, Phanerochaete chrysos-
porium, and Trametes versicolor) and nonligninolytic (Absidia fusca, A. cylindrospora, Botryosphaeria laricina JAS6, 
Cladosporium herbarum, Cunninghamella elegans, Mucor thermo-hyalospora, Paecilomyces lilacinus, Pseudallescheria 
boydii, Talaromyces spectabilis, and Ulocladium chartarum) species are able to degrade PAHs by means of the ex-
tracellular lignin-degrading enzymatic system, which contributes to the first attack on PAHs, and of the P450 
monooxygenase (Marco-Urrea et  al., 2015). Phenol biodegradation is mainly achieved through the production 
of phenoloxidase enzymes (peroxidases, tyrosinases, and laccases) by basidiomycetes genera such as Ganoderma 
spp., Trametes spp., Pleurotus, and Lentinus spp. These species act on phenol and incorporate one or two atoms of 
oxygen (Martínkova et al., 2016). Similarly, chlorinated hydrocarbons (CHCs) such as polychlorinated biphenyls 
(PCBs) and chlorinated pesticides (DDT) are effectively biodegraded by white-rot fungi by virtue of unspecific ox-
idative enzymes (Bosco and Mollea, 2019). The mycodegradation of pharmaceutically active compounds (PhACs) 
such as α-methylphenethylamine (amphetamine), N-methylamphetamine (methamphetamine), acetaminophen 
(paracetamol), carbamazepine, ciprofloxacin, clofibric acid, diazepam, diclofenac, flumequine, furosemide, gemfi-
brozil, ibuprofen, metoprolol, omeprazole, warfarin, benzophenone, and ethylhexyl methoxycinnamate has been 
reviewed by Olicón-Hernández et al. (2017). The biotransformation of PhACs includes hydroxylation, oxidation, 
sulfoxidation, and dealkylation reactions and the mycodegradation of ciprofloxacin can be carried out by fungal 
species belonging to different phyla by using different mechanisms (Fig. 20.2).

Thus, the biodegradation properties of different fungal species are generally attributed to employing different 
extracellular (laccases, manganese peroxidase, lignin peroxidase, versatile peroxidase, DyP-type peroxidases, and 
unspecific peroxygenases (UPOs)) and intracellular enzyme systems, including the cytochrome P450 family (CYP) 
epoxidase and transferases (Jebapriya and Gnanadoss, 2013; Durairaj et al., 2015).

For broader insight, this chapter is bifurcated into two different headings that deal with the pollutant-specific 
approach and the enzyme-specific approach.

Ciprofloxacin

Trichoderma viridae
Hydroxy-3-oxo-4-vinylcyclopent-1-enyl 

ciprofloxacin

Mucor ramannianus
Pestaloptiopsis guepini

Panus tigrinus
Dichomitus squalens
Pleurotus ostreatus
Trametes versicolor

N-acetylciprofloxacin

Desthylene-N-acetylciprofloxacir

N-formylciprofloxacin

Trametes versicolar
Panus tigrinus

Dichomitus squalens
Pleurotus ostreatus

Irpex lacteus

N-acetyl-
formylciprofloxacin

Trametes versicolor
Gloeophyllum 

striatum

8-hydroxy-ciprofloxacin

7-((2-Acetamidoethyl)amino)-1-
cyclopropyl-6-fluoro-8-hydroxy-4-oxo-
1,4-dihydroquinoline-3-carboxylic acid

Trametes versicolor

Hydroxymethyl-
N-ciprofloxacin

Trametes versicolor
Gloeophyllum striatum

Panus tigrinus
Dichomitus squalens
Pleurotus ostreatus

Irpex lacteus

Desethylene-N-ciprofloxacin

FIG. 20.2 Biodegradation of ciprofloxacin through different pathways utilized by fungal species belonging to different phyla.
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20.4 Pollutant-specific approach

20.4.1 Dyes

The white-rot fungus Phanerochaete chrysosporium is utilized as a model organism for dye decolorization studies; 
this property is attributed to the ligninolytic enzyme. Different studies have suggested that alterations of the physico-
chemical parameters or the inclusion of some supplements and/or inducers in the cultivation medium may increase 
the production of dye-degrading fungal enzymes. The potential of extracellular enzymes of white-rot fungi for the 
decolonization of different industrial dyes is summarized in Table 20.4.

20.4.2 Polycyclic aromatic hydrocarbons (PAHs)

Due to the hydrophobic nature of PAHs, they can easily build up in fatty tissue and spread throughout the food 
chain (Varjani, 2017). For biodegradation, fungi are more efficient compared to bacteria as they can degrade high 
molecular weight PAHs (Fernandez-Luqueño et al., 2011). Large numbers of fungal species are reported for their 
specific mode of action on various PAHs (Abdel-Shafy and Mansour, 2016). This is attributed to the production of 
extracellular enzymes such as phenol oxidases (laccase) and peroxidases, which are able to oxidize lignin and other 
compounds through a formal abstraction of one electron (Varjani, 2016). Pleurotus ostreatus can degrade 80%–95% of 
all PAHs present in soil (Steffen et al., 2007). Among the basidiomycetes, the cytochrome 450 system and the lignin 
extracellular completely broke down different metabolites into carbon dioxide. The mycoremediation potential of 
Aspergillus niger for polyvinyl alcohol (PVA), starch, and glycerol depends on the carbon source and the composition 
of the medium culture (Jecu et al., 2010). Phanerochaete, Trametes, Bjerkandera, P. chrysosporium, and Pleurotus are also 
potent strains for PAH biodegradation (Gupte et al., 2016). In pure culture, Phomopsis liquidambari (endophytic fun-
gus) utilizes phenolic 4-hydroxybenzoic acid as a sole carbon source, and thus can serve as an efficient PAH degrader 
(Chen et al., 2013). Phanerochaete chrysosporium can oxidize pyrene and anthracene by using its enzyme machinery 

Fungal species Enzymes
Percent decolonization and 
decolonization time References

Basidiomycetes sp. L-168 Laccase (Lac) Remazol Brilliant Blue R (>  98%). 5 days Narkhede et al. (2013)

Pleurotus ostreatus Disperse violet (>  97.67%). 3 days Devi et al. (2012)

Armillaria species Remazol Brilliant Blue R (>  86%). 96 h Hadibarata et al. (2012)

Aureobasidium pullulans and 
Cladosporium werneckii

Malachite green (73%) and methylene blue 
(35%). 3 h

Ademakinwa and Agboola (2014)

Cerrena species Various types of textile dyes Yang et al. (2014)

Trametes species Malachite green and Bromothymol blue 
(>  60%). 12 h

Ling et al. (2015)

Ganoderma lucidum Manganese peroxidase (MnP) Textile wastewater (61%–80%), Sandal 
reactive dyes (79%–93%), and S.F. Turq 
Blue (82%) at 12 h

Bilal and Asgher (2015)

Irpex lacteus Remazol Brilliant Violet %R (up to 96%)  
5 h

Qin et al. (2014)

Phanerochaete chrysosporium Indigo Carmine (91%) 6 h Li et al. (2015)

Pleurotus ostreatus Lac and MnP Direct blue (99%). 18 h Vishwakarma et al. (2012)

Trametes trogii Fast Blue RR (65%), methylene blue (30%), 
and azure B (30%). 24 h

Grassi et al. (2011)

Datronia species Lac, MnP, and lignin peroxidase 
(LiP)

Ramazol Brilliant Blue R and Reactive 
Black 5

Vaithanomsat et al. (2010)

Pleurotus eryngii Reactive Black 5 (>  94%). 72 h Hadibarata et al. (2013a,b)

Crepidotus variabilis Ramazol Brilliant Blue R (92%) and raw 
textile water (58%). 14 days

Mangamuri et al. (2012)

TABLE 20.4 Potential of extracellular enzymes from white-rot fungi for the decolonization of dyes.
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that includes manganese peroxidase (MnP) and lignin peroxidase (LiP) enzymes (Lei et al., 2007). For example, bio-
transformation through fungi involves two distinct phases. In phase I, the toxicant enters the cell and produces dihy-
droxy, dihydrodiol, hydroxyl, and quinine derivatives. This whole process is governed through the CPY system and 
epoxide hydrolases. The second phase is governed through the transferases which facilitate the further accumulation 
of methyl, glucose, sulfate, xylose, or glucuronic acid groups. Subsequently, these metabolites are stored in fungal 
cell organelles (phase-III) (Aranda, 2016).

20.4.3 Heavy metal

Galerina vittiformis exhibited mycoremediation property for various kinds of heavy metals such as Cu, Cd, Cr, 
Pb, and Zn while Marasmius oreades can accumulate bismuth and titanium (Singh and Gauba, 2014). Phanerochaete 
chrysosporium and Trametes versicolor can remediate chromium at 0.5–1.0 mg L−  1 while T. versicolor can absorb lead at 
concentration ranges from 0.25 to 2 mg L−  1 (Pacheco et al., 2015). Through biosorption, Phanerochaete chrysosporium 
can remove zinc (57%) and lead (87%) at a 100 mg L−  1 concentration (Marandi et al., 2010). A study from Mohsenzadeh 
and Shahrokhi (2014) revealed that Trichoderma asperellum is able to absorb cadmium at more than 76% under alkaline 
pH. Fruiting body of fungus Suillus luteus can accumulate mercury at low level polluted soils (Saba et al., 2016).

20.4.4 Pesticides

Pesticides can be classified as fungicides, herbicides, and insecticides based on their applications. Aldrin, heptachlor, 
endrin, chlordane, endosulfan, and DDT are the major examples of chlorinated insecticides. Fungal species such as 
Fusarium oxysporum, Trichoderma viride, and Phanerochaete chrysosporium showed their potential for DDT degradation. 
P. chrysosporium mineralizes DDT by the production of lignin peroxidase (LiP). Similarly, the ectomycorrhizal fungal 
species such as Leccinum scabrum, Boletus edulis, Laccaria bicolor, and Gomphidius viscidus also showed their potential for 
DDT degradation (Huang et al., 2007). Trichoderma harzianum oxidizes endosulfan into endosulfan sulfate and subse-
quently into endosulfan diol through hydrolysis (Katayama and Mastumara, 1993). A similar conversion of endosulfan 
was also reported with Mucor thermo-hyalospora MTCC 1384 (Shetty et al., 2000) and with Aspergillus niger ARIFCC 
1053 (Bhalerao, 2012). Two strains of Mortierella sp. namely W8 and Cm1–45 are able to degrade more than 70% and 
50% of α- and β-endosulfan, respectively. Both species converted this chemical into endosulfan lactone. Cyathus bulleri, 
P. chrysosporium, Pleurotus sp., and Trametes hirsute showed their biodegradation properties for lindane (Tekere et al., 
2002). P. chrysosporium can work on this chemical with the help of the extracellular degradation enzyme lignin. Phlebia 
brevispora, Phlebia tremellosa, and Phlebia acanthocystis degrade heptachlor and heptachlor epoxide (Xiao et al., 2011b).

Parathion, malathion, diazinon, fenitrooxon, fenitrothion, glyphosate, chlorpyrifos, disulfoton, and bromophos are 
examples of organophosphorus insecticides. P. chrysosporium has the ability to hydrolyze chlorpyrifos and can convert 
it into carbon dioxide and water (Bumpus et al., 1993). A similar mode of action on chlorpyrifos was also exhibited by 
Aspergillus, Trichoderma harzianum, and Penicillium brevicompactum (Obojska et al., 2002). On the other hand, Hypholoma 
fasciculare and Coriolus versicolor can degrade chlorpyrifos with a “biobed” composting substrate (Bending et al., 2002).

Diuron, atrazine, terbuthylazine, phenyl ureas, and butachlor are popular herbicides. They can be biodegraded 
by fungi such as Agrocybe semiorbicularis, Auricularia auricula, Coriolus versicolor, Dichomitus squalens, F. solani, F. ox-
ysporum, Flammulina velupites, Hypholoma fasciculare, Pleurotus ostreatus, Phanerochaete velutina, and Stereum hirsutum 
(Bending et al., 2002). These fungi can break down these chemicals by adopting different pathways such as cycliza-
tion, C-dealkylation, O-dealkylation, N-dealkylation, hydroxylation, dehydrogenation, dechlorination, and debu-
toxymethylation (Chakraborty and Bhattacharyya, 1991). Butachlor and glyphosate can be degraded by using soil 
microbes such as Penicillium citrinum, P. glaucum, P. notatum, Aspergillus niger, Bacillus subtilis, Fusarium oxysporum, 
Mucor sufui, and Trichoderma viride.

20.5 Enzyme-specific degradation approach

The characteristics of different fungal enzymes involved in mycoremediation are as follows.

20.5.1 Laccases

Laccases (EC 1.10.3.2; p-diphenol oxygen oxidoreductases also known as polyphenol oxidases) are related to the 
copper oxidase group, and most fungal laccases are extracellular and predominantly produced by genera belonging  
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to Ascomycota and Basidiomycota (Baldrian, 2006; Giardina et  al., 2010; Majeau et  al., 2010). Laccases generally 
consist of two active sites, three domains, and four sites, including copper (Barrios-Estrada et al., 2018). The copper 
atoms function as electron donors that facilitate oxidation and copper sites also play a vital role in determining the 
redox potential. The presence of the appropriate mediator laccase shows a higher oxidation capability for the oxida-
tion of nonphenolic lignin compounds and the detoxification of various environmental pollutants (Upadhyay et al., 
2016). These mediators include 1-hydrobenzotriazole (1-HBT), 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS), and violuric acid (Xu et al., 2000).

Mushroom laccases are mainly involved in the deprivation of lignocellulosic materials (More et al., 2011). Trametes 
versicolor and P. ostreatus are the popular model organisms for studying laccases (Yang et al., 2017). Their reaction 
mechanism deals with O2 dependent in which one electron oxidizes a large range of compounds such as PAHs and 
phenolic lignin model compounds (Peng et al., 2015). Fungal laccase is capable of oxidizing most of the phenolic and 
nonphenolic compounds, and their activity has been quantified to be more than 20 times higher in fungi such as T. 
versicolor than other organisms (Margot et al., 2013). The Mushroom laccase T. versicolor can degrade pesticides such 
as isoproturon, atrazine, chlorothalonil chlorpyrifos, and pyrimethanil using different laccase mediators (Jin et al., 
2016). It is also seen that high laccase activity cultures of P. pulmonarius are capable of remediating PCP, which is a 
wood preservative and pesticide (de Souza et al., 2011). Laccases from Trametes hirsute and Lenzites elegans are able to 
decolorize azo dyes, anthraquinonic dyes, triarylmethane dyes, and indigoid dyes (Pandey et al., 2018). T. versicolor 
laccases, in combination with HBT, were capable of oxidizing two PAHs, acenaphthene and acenaphthylene. Laccase 
produced by C. hirsutus catalyzed the oxidation of five PAHs: fluoranthene, pyrene, anthracene, benzo[a]pyrene, 
and phenanthrene in the presence of the redox mediators ABTS and HBT. Basically, the PAH-oxidizing capabilities of 
laccases depend on the fungal species from which they were produced (Okparanma et al., 2011). Anthracene was en-
tirely degraded by the laccases of the Ganoderma lucidum fungus in the absence of a redox mediator. At the same time 
and in the presence of the mediator, this same laccase degraded benzo[a]pyrene, fluoranthene, acenaphthene, and 
acenaphthylene (Pozdnyakova, 2012). Laccases from basidiomycetes (Trametes villosa, Coriolopsis rigida, Pycnoporus 
coccineus) and an ascomycete (Myceliopthora thermophila) were analyzed for the decolorization of flexographic inks 
in the presence of synthetic and artificial mediators (Fillat et al., 2012). Laccase from Fusarium incarnatum exhibited 
more than 90% remediation of the endocrine-disrupting chemical bisphenol A (Chhaya and Gupte, 2013). However, 
the utility of laccases is limited by their low shelf life. This disadvantage can be overcome by immobilization of the 
enzyme on nanoparticles, thus providing high residual activities over a broad range of pH and temperature (Patel 
et al., 2014).

20.5.2 Peroxidases

Peroxidases (EC 1.11.x; donor:hydrogen-peroxide oxidoreductases) encompass different superfamilies of phenol ox-
idases that use H2O2 or organic hydrogen peroxide as electron-accepting cosubstrates. Peroxidases are classified into 
manganese peroxidase (MnP), lignin peroxidase (LiP), and versatile peroxidase (VP) depending on their source and 
activity. Among them, LiP and MnP are heme peroxidases that essentially require hydrogen peroxidase and manganese 
for their activity. Both are predominantly produced by white rot and basidiomycetes fungi for the degradation of toxic 
compounds while VP enzymes can work with a broad range of substrates and are very effective for oxidizing both 
phenolic and nonphenolic compounds (Karigar and Rao, 2011). MnP produced by Anthracophyllum discolor is capable 
of degrading pyrene, anthracene, fluoranthene, and phenanthrene (Kadri et al., 2017). Similarly, MnP produced by 
N. frowardii can effectively degrade phenanthrene, pyrene, fluoranthene, benzo[a]pyrene, and benzo[b]fluoranthene.

Bjerkandera adusta, Cerrena unicolor, Coriolopsis gallica, Coriolopsis polyzona, Dichomitus squalens (Polyporus anceps), 
Ganoderma lucidum, Irpex lacteus, Myceliophtora thermophila, Panus (Lentinus) tigrinus, Phanerochaete chrysosporium, 
Phanerochaete magnolia, Phanerochaete sordida, Phlebia brevispora, Phlebia tremellosa, Pleurotus eryngii, Pleurotus ostreatus, 
Pleurotus pulmonarius, Obba rivulosa (Physisporinus rivulosus), Pycnoporus cinnabarinus, Pycnoporus sanguineus, Trametes 
hirsuta, Trametes polyzona, Trametes pubescens, Trametes trogii, Trametes versicolor, and Trametes villosa are the major WRF 
fungal species producing laccases and different types of peroxidases for the bioremediation of endocrine-disrupting 
compounds such as alkyl phenols (found in coatings, detergents, and fuels), heavy metals (mostly from mining in-
dustries), and dioxins (resulting from recycling or waste industries).

20.5.3 Tyrosinase

Tyrosinase (EC 1.14.18.1) related to group of binuclear copper enzymes present in various species of bacteria, 
fungi, plants, and animals. In fungal species (belongs to Ascomycota, Basidiomycota, and Mucoromycotina) this enzyme 
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is mainly intracellular in nature (Halaouli et al., 2006; Ullrich and Hofrichter, 2007). Tyrosinase have the potential for 
hydroxylation of monophenols to o-diphenols and oxidation of diphenols to o-quinones and by virtue of these, it is 
a potential source for biocatalysis, biosensor, and bioremediation (Fairhead and Thony-Meyer, 2010). Among fungi, 
its produces by Agaricus bisporus, Neurospora crassa, Amanita muscaria, Lentiula edodes, Aspergillus oryzae, Portabella 
mushrooms, and Lentinula boryana (Nawaz et al., 2017).

20.5.4 Cytochrome P450s

Cytochrome P450s (CYPs EC 1.14.14.1): It is an intracellular heme-containing monooxygenase that plays a 
significant role in a wide variety of metabolic processes important for development as well as biotic/trophic 
interactions in most living organisms. Among fungi, it is produced by different species related to Ascomycota, 
Basidiomycota, Mucoromycotina, and Chytridiomycota (Cerniglia and Sutherland, 2010; Kasai et  al., 2010). 
Separate cytosolic and mitochondrial isoforms of P450 are presented in Fusarium oxysporum and other fungi; 
these can be utilized for the degradation of dioxins (Sakaki et al., 2013; Guengerich and Munro, 2013). The white 
rot fungus Phanerochaete chrysosporium and the brown rot fungus Postia placenta, are the most well-known fungi 
that actively participate in the biodegradation of various xenobiotic compounds (Shin et al., 2018). P. chrysospo-
rium 33 CYP families can use the hydroxylation of polycyclic aromatic hydrocarbons; similarly, CYP63A2 from 
this fungi can oxidize crude oil aliphatic hydrocarbon n-alkanes, endocrine-disrupting long-chain, alkylphenols 
(APs), and PAHs (Syed et al., 2013). This species also induces the oxidation of pentachlorophenol (Ning and 
Wang, 2012). The degradation of benzo[a]pyrene (BaP) by Aspergillus nidulans was evaluated by Ostrem Loss 
et al. (2019). The crucial role of the detoxification of 2,4-dichlorophenoxyacetic acid by the filamentous fungus 
Umbelopsis isabellina was reported by Nykiel-Szymańska et al. (2018). Durairaj et al. (2016) described the xeno-
biotic potential of the cytochrome P450 monooxygenases of the following fungal species: Magnaporthe oryzae, 
Neurospora crassa, Aspergillus fumigates, Aspergillus oryzae, Aspergillus niger, Aspergillus nidulans, Cochliobolus lu-
natus, Fusarium graminearum, Fusarium oxysporum, Fusarium verticillioides, Penicillium chrysogenum, Saccharomyces 
cerevisiae, Candida albicans, Candida tropicalis, Yarrowia lipolytica, Schizosaccharomyces pombe, Phanerochaete chrysos-
porium, Postia placenta, Puccinia graminis, Phycomyces blakesleeanus, and Batrachochytrium dendrobatidis. Aspergillus 
niger, Chrysosporium pannorum, and Cunninghamella elegans are examples of nonligninolytic fungi that use a 
cytochrome P450 monooxygenase enzyme-mediated oxidative route for the degradation of PAH (Al-Hawash 
et al., 2018).

20.5.5 Glutathione transferase

Glutathione transferase (EC 2.5.1.18 glutathione S-transferases; glutathione conjugating enzymes; GSTs). GSTs 
are a super family of different enzymes that have significant role in phase II detoxification reaction. Glutathione 
S-transferases was reported in various fungal species like Aspergillus species, Botrytis cinerea, Coprinus cinereus, 
Candida albicans, Cryptococcus neoformans, Chaetomium globosum, Laccaria bicolor, P. chrysosporium, Postia placenta, 
Neurospora crassa, Magnaporthe grisea, Sclerotinia sclerotiorum, Ustilago maydis, Melampsora larici-populina, Fusarium spe-
cies, Mycosphaerella species, tagonospora nodorum, Schizosaccharomyces pombe, Rhizopus oryzae, Phycomyces blakesleeanus, 
Sporobolomyces roseus, and Trichoderma reseei (Morel et  al., 2009). Cadmium detoxification potential of Trichoderma 
virens GST (TvGST) was observed by Dixit et al. (2011).

20.6 Future perspective of mycoremediation

In an ever-increasing field of development, environmental pollution has become a major source of trouble. To 
combat it with various kinds of organic and inorganic pollutants, mycoremediation has emerged as a powerful tool 
to clean the environment. In the last three decades, many studies have been conducted that have documented the 
potential of various fungal species for remediation purposes. However, the majority of such studies can be placed 
under the testing phase. Thus, this green technology requires more efforts to be carried out toward field-based re-
sults. Further, studies are also required to develop a species-based consortium that can be directly applied at the 
affected area. Thus, effort is required for the development of commercial mycoremediation products similar to many 
available bioherbicide products.
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1
Information Security Policy and Standards

Samir Pawaskar
Government Agency in Qatar

1.1  Brief Introduction

The Information Security Policy is the core statement from the business owners/manage-
ment that conveys the intent and the desire of the organization. It effectively sets the tone 
for how information security will align and assimilate within the business. The subject of 
information security policies and standards is a critical domain and forms the cornerstone 
of any effective Information Security Management System’s implementation within a cor-
porate organization. It is also one of the most overlooked areas in every organization.

Organizations believe that writing information security policies and standards is a cut 
and paste job that can be done by an information security intern using GOOGLE as a ready 
and useful tool. This chapter helps in understanding the challenges in writing effective 
policies and addresses how organizations should tackle the subject.

1.2  Definitions

During the course of our work, we come across various terms and definitions that leave us 
wondering at times what they mean. Can they be used interchangeably? Is a policy the 
same as a standard? Or wait, is policy a framework? Confused?

In this section, let us try to unravel what all this different nomenclature means and how 
the terms relate to each other. For the sake of simplicity, this section will use references 
from the British Dictionary and Wikipedia to come up with an acceptable definition.

Legislation:
British Dictionary: A law or a set of laws.
Wikipedia: Legislation (or “statutory law”) is a law which has been promulgated (or 
“enacted”) by a legislature or other governing body or the process of making it.

Regulation:
British Dictionary: An official rule that controls how something is done.
Wikipedia: In government, typically regulation means stipulations of the delegated leg-
islation which is drafted by subject-matter experts to enforce primary legislation.
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Executive Order:
British Dictionary: In the United States, an official instruction given by the president or 
by a state’s governor.
Wikipedia: In the United States, an executive order is a directive issued by the president 
of the United States that manages operations of the federal government.

Policy:
British Dictionary: A set of ideas or a plan for action followed by a business, a govern-
ment, a political party, or a group of people.
Wikipedia: A policy is a deliberate system of principles to guide decisions and achieve 
rational outcomes. A policy is a statement of intent and is implemented as a procedure 
or protocol.

Standard:
British Dictionary: An official rule, unit of measurement, or way of operating that is used 
in a particular area of manufacturing or services.
Wikipedia: Techniques generally set forth in published materials that attempt to protect 
the cyber environment of a user or organization1.
An established norm or requirement about a technical system2.

Guidelines:
British Dictionary: Information intended to advise people on how something should be 
done or what something should be.
Wikipedia: A guideline is a statement by which to determine a course of action. A guide-
line aims to streamline particular processes according to a set routine or sound 
practice.

Strategy:
British Dictionary: A detailed plan for achieving success in situations such as war, poli-
tics, business, industry, and so on, or the skill of planning for such situations.
Wikipedia: A high-level plan to achieve one or more goals under conditions of uncer-
tainty (Henry Mintzberg, 1978).

Framework:
British Dictionary: A system of rules, ideas, or beliefs that are used to plan or decide 
something.
Wikipedia: A document that lays out a set of procedures or goals, which might be used in 
negotiation or decision-making to guide a more detailed set of policies, or to guide 
ongoing maintenance of an organization’s policies3.

Manual:
Both British Dictionary and Wikipedia: A book that gives you practical instructions on how 
to do something or how to use something4. A policy manual is generally referred to as a 
collection of policies in an organization.

1 Refers to Cyber Security Standards.
2 Refers to Technical Standards.
3 Refers to Policy Framework.
4 Refers to general manual and not specifically in the context of policy manual.
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1.3  Structure of Policy5 Documents

Before we discuss the policy structure, let us quickly understand the national context. To 
build a context, let us use a fictitious organization, named S3 Inc. This particular organiza-
tion is based in a country called Utopia and has recently hired Mr. ISM as the Head of 
Information Security.

The organization works in the financial sector and is regulated by a sector regulator.
Typically, any country would have laws that may have an impact on the organization 

and the business it does. Some legislation may be sector-specific and some general, for 
example, cybercrime law, information technology related law, etc. The country may also 
issue specific national policies, standards, or guidelines in line with this legislation.

Further, the sector that an organization operates in may be regulated and have its own 
sector-specific regulations. For example, sectors like Telecommunications, Internet Services, 
Finance, and Insurance are usually regulated sectors around the world. In this case, the 
sector regulators may enforce specific regulations or standards on organizations that oper-
ate within the industry. Finally, if an organization is part of a conglomerate or multina-
tional empire, it may have its own policies and standards at a group/conglomerate or 
parent company level.

As the Head of Information Security, Mr. ISM will have to take into consideration all the 
relevant legislation, policies and standards (at all levels) that are in play to ensure that his 
internal policies and procedures are in sync and consistent when he starts drafting organi-
zation-specific policies, procedures, and guidelines.

In the following sections, the concepts will be discussed from an organization’s perspec-
tive, but it is important to take a step back and understand the national context.

In terms of priority and hierarchy, the national legislation would be at the top, since 
non-compliance with a law could possibly be a crime or punishable offense, followed by 
the national policies and standards (if they are enforced). At the next level are the sectoral 
regulations (non-compliance with these regulations could possibly be a punishable offense 
or incur possible fines), followed by sectoral policies and standards (if enforced). These 
will be followed by policies and standards defined at the company’s group level, at the 
parent company level, or at a conglomerate level (see Figure 1.1 to understand a typical 
corporate policy structure (JS OP DE BEECK, 2009)).

5 Policy here refers to all documents such as policy, standard, guidelines etc.

 
Laws 

Policy 

Standards  

Guidelines 

FIGURE 1.1
Policy structure.
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From Mr. ISM’s perspective, all of these would qualify as legislation (in a nutshell) and 
need to be considered while drafting the organization’s corporate policies and procedures. 
Within the corporate structure, the policy would be at the top, followed by procedures 
based on standards and best practices, and supported by guidelines and work instruc-
tions (WI).

So how does it work? Typically the policy sets the tone at the highest level, indicates the 
direction an organization would like to move in, and the objectives it wants to achieve. 
Once the policy is agreed, an organization would align its business processes with the cor-
porate policy. The processes would be documented through process maps (visual work-
flows/information flows) and procedures. The procedures would specify in detail how the 
process would work. The organization may further develop guidelines or WI (at a micro 
level) to further clarify how the process would work at a micro level. This may especially 
happen for large or complex processes.
Let us try to understand this with our example.

Utopia has announced an update to its Information Technology Act (2010). As per the 
new amendments, it has identified Government, Finance, Transport, and Energy as critical 
sectors for the state of Utopia. Critical organizations operating within these sectors would 
need to have a formal Information Security Management System (ISMS) in place. The sec-
tor regulators for each of these sectors would draw up the criteria for identifying critical 
organizations within their sectors.

The Utopian Central Bank had issued the Utopian Financial Sector Information Security 
Standard in 2016. Further, in line with the new amendments to the information technology 
(IT) law, the Utopian Central Bank has issued a directive amending its licensing regula-
tions that regulate the banking and non-banking financial institutions in Utopia.

The directive, among other things, states that any banking or non-banking financial 
institutions making an annual business turnover of over 100 million Utopian Dollars for 
the last two consecutive years would be classified as a Critical Sector Organization. All 
such organizations will have to implement an ISMS as mandated by the new Information 
Technology Act. In light of these changes, the management of S3 Inc. met and decided to 
abide by the new laws and regulations. They hired Mr. ISM as the Head of Information 
Security and tasked him with implementing the ISMS as required by the new laws and 
regulations.

Mr. ISM has started the work in earnest and has done a GAP analysis within the organi-
zation. One of the first things to be done is creating an Information Security Policy and the 
policy manual for the organization.

Before writing the Information Security Policy and the policy manual for the organiza-
tion, Mr. ISM needs to understand the regulatory environment, the IT Law, any other rel-
evant legislation that may be binding upon S3 Inc., its business, any relevant or binding 
regulations imposed by the sector regulator as part of their licensing, and any standards or 
policies from the parent/group company. Having understood the legal context, Mr. ISM 
needs to understand the business of S3 Inc. and its objectives (vision and mission), as this 
is critical for building an effective policy and procedures.

The most important document will be the Corporate Information Security Policy (CISP), 
which will set the tone for the information security program within S3 Inc. It will also 
establish the high-level objectives, program ownership, and accountabilities within S3 Inc. 
Further, a policy manual will be developed to support the CISP and the information secu-
rity program. The policy manual will include sub-policies and procedures that will define 
in detail the various processes developed to support the information security program. For 
complex or technical processes, it may be helpful to issue additional guidelines to explain 
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and clarify the process to the end-user. In some cases, the complex process may be broken 
down into tasks, and appropriate WI may be issued to execute these tasks.

1.4  Governance (Understanding the Ownership, Responsibilities, 
and Accountabilities)

Policy, by definition, is a set of action items; governance, by definition, is the manner or 
action of governing. Within a corporate environment, the business owners define the objec-
tives and policies as a means to execute and achieve these objectives. It is imperative that a 
governance framework is in place to ensure effective implementation and execution of 
policies.

What this effectively means is that the policy should be issued and authorized by the 
right person and at the right level within the organization. A RACI matrix should be 
defined, effectively identifying the ownership, responsibilities, and accountabilities for the 
implementation of policies. As an example, imagine the IT Director issuing an HR Policy 
asking all employees to start work early. The policy will not be successful because the 
employees will challenge the authority of the IT Director to issue an HR Policy.

Similarly, can you imagine an information security analyst issuing a policy regulating 
Internet usage within the organization? Will employees adhere to it? No, because the issuer 
does not have the required authority.

In the context of information security, the CISP should always be signed off by the CEO 
or the head of the organization. It indicates clear authority, management support, and 
commitment from the top.

1.5  Writing Effective Policies (Characteristics and Attributes 
of an Effective Policy Document)

What is the secret ingredient to make a policy effective? Well, honestly, there is none (see 
Figure 1.2 to understand how policies work).

However, there are three aspects of a policy life cycle that need to be understood to 
make it effective. They are strategic, tactical, and operational aspects. Let us understand 
the strategic aspect of policy.

Foremost, the policy owner/author must be clear on the objective that needs to be 
achieved with the policy document. Does the intended objective align with the business 
goals, vision, and mission of the organization? Does the policy contradict an existing pol-
icy document or existing legislation? It is important that the policy owner/author under-
stands and considers regulatory and business requirements while drafting the policy. 
Further, the policy owner/author must assess the operational impacts of the policy. Will 
the changes be huge? Will they create disruption? Is the disruption justified?

What would be the financial impact of this policy? Here the policy owner/author needs 
to assess both the costs and the returns. The cost here refers to the financial investment 
required to implement the policy (e.g., cost of policy development, associated awareness 
costs, cost in terms of creating/amending processes, cost of systems, if any, that may be 
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required to implement the policy, etc.). Returns here refer to the financial gain the organi-
zation would make or save due to this new policy (e.g., possible fines that you would 
avoid, gains due to process optimization, enhanced sales due to better customer confi-
dence, etc.).

The policy owner/author must also understand and review the collateral damage that 
could be caused due to the policy. For example, imagine an organization that decided to 
end its “Work from Home” initiative to mitigate the risks associated with remote access 
and the costs associated with mitigating those risks. This policy would have an impact on 
the female workforce (especially young mothers) who may be using the work from home 
option; similarly this may also impact workforce who may be living far from the office, as 
this will entail spending long hours commuting to work. There is a possibility that such 
employees may leave the organization. Some of the other things that need to be considered 
include the organization’s work environment and culture. So briefly, these cover the stra-
tegic aspects of a policy life cycle. This aspect should be dealt with as part of the policy 
needs assessment. Now, let us delve into the tactical aspect.

This involves the actual drafting of the policy document. It is imperative that the policy 
owner/author effectively translates the organization’s strategic considerations into the 
policy document. The key importance is to ensure that the document is clear, concise, and 
commonsensical.

Some effective “dos and don’ts” while writing a policy are:

 1. The language should be simple. Avoid using legal language.
 2. The sentences should be short.
 3. Keep the document focused. Do not try to cover everything under the sky in a single 

document.
 4. Do not create ambiguity in the document as it may confuse the readers.
 5. The policy documents should be concise, not more than a few pages. Standards, pro-

cedures, and guidelines may be detailed and long as necessary (see Figure 1.3 for 

Business
Objec�ves

Business
Vision and

Mission

Corporate
Policies

Policy
Indicators
(KSFs and

KPIs) 

Success/
Failure
Course

Correc�ons

Decide
Course Correc�on Define

Drive

Dictate

Define

FIGURE 1.2
Understanding how policies work.
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additional clarity on what is expected in each of the documents (Policy vs Standard 
vs Control vs Procedure, 2020)).

 6. Clearly identify the objective of the policy, define the scope and audience for the doc-
ument, articulate the clauses in lucid language, define the KPIs to monitor and evalu-
ate the policy, define how the policy will be implemented (roles and responsibilities), 
and analyze the enforcement of the plan (how will it be enforced and the conse-
quences for not abiding by or breaching the policy [e.g., fines, suspension, termina-
tion, etc.]).

Last, let us consider the operational aspects of the policy.
Once the policy is drafted, the most important step is to get the document empowered. 

This is achieved by ensuring that the document is signed off by the head of the organiza-
tion, or the highest authority accountable for the particular policy.

Imagine a scenario where there is an organization X whose CISP is signed by the CIO 
and another organization Y whose CISP is signed by the CEO. It goes without saying that 
the CISP signed by the CEO would have greater acceptance than that signed by the CIO. 
It will also demonstrate management support at the highest level. Once this is achieved, 
the policy owner/author needs to work on creating awareness and acceptance of the 
policy. A communication plan needs to be developed to ensure that the message reaches 
the intended audience. This can be done through awareness sessions, emails, posters, 
one to one meetings, and so on. It is necessary that buy-in for the policy is achieved 
across the organization; only then will the policy be effectively adopted within the 
organization.

Along with the awareness, the policy owner/author must work on the effective 
implementation of the policy. Depending on the policy, this may entail new or amended 
processes, awareness/training of employees, and technology (hardware/software/
infrastructure) to implement and achieve the desired objectives.

Lastly, the policy owner/author needs to put in place an effective mechanism to moni-
tor the policy. The identified KPIs should be monitored over a period to verify if the policy 
is achieving the desired outcomes. There is also a need to monitor any harmful collateral 
effects that were not envisaged in the beginning. The feedback from this activity will go 
back into the review cycle and will determine if the policy needs to be tweaked or amended 
(see Figure 1.2 to understand how policies work).

Policy
Address the ques�on Why do we need to do this?

Iden�fy issues and scope 

Standards
Address the ques�on

of What are the
requirements?

Prescribe quan�fiable
measures

Procedures
Address the ques�on of
How... do we actually do

it?
Define steps to

complete and ac�on

Guidelines
Provide general

suppor�ng informa�on
Provides addi�onal

recommenda�ons and
best prac�ces   

FIGURE 1.3
Understand the contents of various policy documents.
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1.6  Policy Life Cycle (Policy from Cradle to Grave)

Let us now look into the policy life cycle and understand how it works. Broadly, there are 
five stages in a policy’s life cycle, as shown in Figure 1.4.

1.6.1  Development

The development stage of policy consists of multiple sub-steps. Contrary to what many 
might think, this stage is much more than writing a policy document itself. The most 
important thing here is not writing the policy itself, but doing a needs assessment.

1.6.1.1  Needs Assessment

It is important to answer the question, “Why do we need this policy?” There could be vari-
ous reasons for that, for example, the business vision, mission, or objectives have changed; 
the business has decided to get into a new line of business; there is a change or new direc-
tion from the regulators; the business needs to optimize the current processes or opera-
tions; or there is a regulatory requirement. The answer to this question will help you 
understand the objectives of the policy.

1.6.1.2  Policy Drafting

Having clearly understood the objectives and the needs of the business, the next step is to 
draft the policy document. Depending on the document (whether it is a policy, procedure, 
and guidelines), you will choose a drafting language. Policy documents are crisp and to 
the point (generally a two- to three-page document). Standards and procedures are more 
detailed documents and delve into additional details (technical, operational aspects) to 
ensure compliance with a policy. These are essentially best practices for achieving specific 

Development Implementa�on Enforcement
Assess,

Review, and
Update  

End of Life

FIGURE 1.4
Policy life cycle.
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tasks needed to accomplish a policy objective. Guidelines are detailed documents that will 
provide comprehensive help to the users on how to implement, operate, or execute a par-
ticular task. It may provide guidance on the usage of tools that will facilitate the implemen-
tation, operation, or execution of a particular task. This may be a step-by-step approach as 
well. In some cases, the complex process may be broken down into specific tasks, and the 
users may be provided with WI on how to execute the specific tasks.

1.6.1.3  Stakeholder Review

Once the document draft is ready, the stakeholders should review the document to ensure 
its efficacy. Stakeholders may provide feedback on the writing style (typos, grammar, lan-
guage, tone, etc.), policy clauses (whether the policy makes sense to their business, whether 
there are operational limitations, auditability challenges, etc.), or any other feedback as 
deemed applicable. It is essential that any feedback received be addressed in a professional 
manner. The policy owner/author should either accept the feedback or rationalize it with 
the stakeholders. This would entail either making the stakeholder understand the policy 
owner’s/author’s stance or coming to an agreement by making some modifications to the 
existing clauses.

1.6.1.4  Identify Key Success Factors and Key Performance Indicators

Before the policy is approved, it is equally important to identify and agree with the man-
agement on the key success factors of the policy. The key success factors will be measured 
or tracked by key performance indicators. Using these indicators, the policy owner/author 
and the management can, in a rational way, measure the success or failure of policy 
implementation.

1.6.1.5  Policy Approval

This is the last step in this phase of the policy life cycle and involves getting the policy 
document vetted and signed off at the appropriate level within the organization hierarchy. 
Once signed off, the document is ready to be published.

1.6.2  Implementation

Once the policy document is published, the policy owner/author should ensure the imple-
mentation of the policy. This involves a number of steps.

1.6.2.1  Communication and Awareness

Communication and awareness is a key step in making a policy implementation success-
ful. The policy owner/author should begin by drafting a comprehensive communication 
and awareness plan for the policy. The plan should assess the objectives that need to be 
achieved by the policy, understand the audience and the business it affects, and lastly, the 
time frames (if any) for the policy objective to be achieved.

The plan should, among other things, draw a timeline for its activities, identify the 
media to be used, agree on the tone of the message, and the message to be delivered. It 
should further devise a mechanism to record or assess the effectiveness of the message 
delivered.
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Creating awareness is key to policy implementation, because unless a policy is commu-
nicated and people are made aware of the policy and the potential change it may introduce 
in their daily life or the way they conduct business, and how it will benefit them and/or 
the business, there may be a natural resistance, as humans instinctively resist change.

1.6.2.2  Create/Update Processes

The next step in implementation is to make changes in your business processes to incorpo-
rate the essence of the new policy. This may necessitate creating new processes or updating 
existing processes to be in compliance with the new policy and be aligned to achieve the 
desired objectives.

For example, now that S3 Inc. has decided to implement an ISMS, one of the first things 
Mr. ISM has done is to create an Information Security Steering Committee. This effectively 
is a new process, wherein all enterprise information security risks will have to be validated 
by this committee; all new projects, any new line of business that is started, or any new 
service/product that is launched will have to be validated by the committee. At the same 
time, it may impact certain existing processes. For example, going forward, any changes, 
updates, patches, and/or product updates applied by the information technology team 
will have to be assessed for cyber risks and be vetted by the change management commit-
tee or change advisory board.

1.6.2.3  Provide Tools Where Possible

Technology can be a good friend. The policy owner/author should look at all available 
opportunities to automate the implementation of the policies and use technology effec-
tively to deploy and monitor the performance of the policies. Users should be provided 
with tools that can help them adopt and implement the policy.

For example, the new security policy mandates users to report security incidents to the 
security team. In order to help the users comply with the policy, the policy owner/author 
could create an online form on the intranet or a ready-made email template that users can 
use to submit incidents to a dedicated mailbox. This will help users in providing all rele-
vant information needed by the security team, as well as ensuring that records collected by 
the security team are uniform and leave no space for ambiguities.

1.6.3  Enforcement

This is to make sure that the policy is being followed by the intended audience, which 
could be the internal employees, outsourced staff, vendors, etc. There are two key steps 
within this phase: monitoring compliance, and influencing the user’s behavior using the 
carrot-and-stick approach.

1.6.3.1  Monitoring Compliance

During the development phase, there was a discussion about identifying success factors 
and key performance indicators to evaluate the success of the policy. Similarly, during the 
implementation phase, there was a discussion about creating/amending processes as well 
as using technology to ensure compliance with the policy.

In the enforcement phase, the policy owner/author needs to follow up through the use 
of technology and/or records created as part of the updated processes to ensure that the 
new policy is being complied with.
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For example, the new access policy says that vendors should be escorted and be super-
vised in the data center. The policy owner/author may verify this by checking the access 
logbook of the data center, or the access control records of data center; these may be cross 
verified with CCTV logs.

1.6.3.2  Influencing User’s Behavior (The Carrot-and-Stick Approach)

Humans, by nature, resist change, and it requires a certain amount of conditioning of the 
human mind before they accept it. This conditioning in part can be achieved through com-
munication and awareness, where the policy owner/author talks about the benefits of the 
policy and how it could help both the individuals and the organization. The policy owner/
author can also subtly convey the message that non-compliance with the policy could lead 
to monetary losses (fines for individuals or organizations) and/or punishments (loss of 
jobs or jail sentences).

The human mind also has a rebel streak, and it is important that the message communi-
cated is reinforced from time to time. For example, if the policy subjects observe or believe 
that non-compliance with the policy does not really lead to any personal fines or punish-
ments or accountabilities, compliance will deteriorate over a period of time. Hence, it is 
necessary that the human conditioning is maintained over the period of the policy life 
cycle. It is usually a dual approach, where good actions are rewarded (carrot), and bad 
actions are punished through disciplinary actions (sticks).

During the initial period, especially in the case of new policies, it may be better to devise 
a rewards program that effectively motivates the subjects to adhere and comply with the 
policies. Over a period of time, this could become part of the overall employee appraisal 
program, which should evaluate an individual’s compliance with policies.

1.6.4  Assess, Review, and Update

This is an important phase in the life cycle of any policy. A policy is not “God’s word” and 
is not cast in iron either. The dynamics around the policy can change, and at times, may 
change rapidly. It is imperative that the policy owner/author has a grip on the policy and 
is able to steer it, amend it, and keep it relevant in the changing dynamics. Some of the fac-
tors that may impact the relevance of the policy include a change in business objectives, 
change in management, or change in the regulatory regime. The policy owner/author will 
have to ensure that the policy is adapted to stay in alignment with these changes. This may 
not be a fairly regular scenario, but one that involves ensuring that within the established 
context, the policy is delivering as expected.

Let us consider some scenarios and review them in the context we are discussing now.

 1. One example is a Remote Access Policy and how it impacts employees who live far 
away and young mothers. This is an example of the collateral impacts of the policy; 
the policy owner/author should review the benefits accrued to the organization vis-
à-vis this policy and the loss of its staff.

 2. Another example is about the data center access, where there are indications that IT 
staff are not adhering to the “escort vendors” policy because the CCTV footage does 
not tally with your access control records. This is a pure breach, and the policy owner/
author should do a root cause analysis for this behavior. Maybe the IT staff are under 
pressure, and they cannot spare time to act as escorts to the vendor. This could point 
to operational challenges in the work environment.
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 3. Yet another example could be the rise in the number of security incidents reported. 
This could point to the success of a policy asking employees to report security inci-
dents and does not necessarily mean that the security position of the organization 
has deteriorated. Every metric needs to be carefully evaluated. A number going high 
or going low is an indication of neither policy success nor policy failure. So, within 
the same example, typically the number of incidents would increase in the initial 
days as users start reporting suspicious activities as incidents. Over a period of time, 
however, this will plateau as users will improve their skills and ability to identify 
suspicious activities. In the long run, maybe, as overall organization maturity 
improves, the technology improves, and the information security team improves its 
skills, eventually the reported incidents may decrease.

The policy owner/author should ensure that they identify the right metrics for evaluating 
the success of the policies and also evaluate if there are any collateral impacts that the 
policy introduces. Based on this feedback, the policy should be tuned from time to time to 
ensure that the desired objective is achieved.

1.6.5  End of Life

For various reasons, the organization may reach a point when a particular policy may no 
longer be needed. The reason could either be a change in business objectives, change in 
management, or change in the regulatory regime, as well as changes in technologies or 
changes in business processes.

Once the policy owner/author, in agreement with the management, reaches the conclu-
sion that a policy is no longer needed, it is best advised that such a policy is formally 
revoked through proper notification. The policy owner/author should assess and advise 
the management, the policy subjects, and the stakeholders on any legal and regulatory 
requirements related to records pertaining to the old policy.

The policy subjects and the stakeholders should receive suitable communications advis-
ing them on the date when the policy ceases to be in force, if the policy will be superseded 
by any other policy, advice on maintaining documentation and records related to the old 
policy, and any other information that may be necessary.
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Abstract 

Driver distraction is considered as major factors in most 
of the traffic accidents. Driving errors may arise due to 
the distraction of the drivers. The aim of this paper is to 
analyze the EEG signals to detect distractive driving. 
Data from 10 different subjects were obtained and 
categorised into different frequency bands. Distractive 
driving is related with Theta band, so the Theta 
frequency band were decomposed using Discrete Wavelet 
Transform (DWT) and 17 different features were  

 

extracted. By enabling Principle Component Analysis 
(PCA) the accuracy rate was found for Cognitive 
Distraction and Visual Distraction using different 
machine learning algorithms. K Nearest Neighbour 
(KNN) performed well when compared to other machine 
learning algorithms with a better accuracy rate of 71.1%.  

 
Keywords: Electroencephalogram, Distraction, Cognitive, 
Visual, Theta band. 

I. Introduction 

Distracted driving is driv ing while performing  

secondary which leads to the chance of a motor vehicle 

crash[1]. To understand the driver behaviour it is 

significant to monitor their states [2]. A statistics 

indicates that there were 34,439 fatal crashes happened 

in US involved by 51,914 drivers, and 37,461 peoples 

lost their life’s in the year 2016[3]. National Highway 

Traffic Safety Admin istration (NHTSA) had taken a 

necessary effort to save lives by preventing this 

dangerous behaviour [4]. Driver’s inattention can be 

categorized into Distraction and  Fatigue in [5]. Five 

types of driver d istraction was considered in a study by 

American Automobile Association Foundation for 

Traffic Safety (AAAFTS) [6] namely attentive, 

Distracted, Looked but did not see, sleepy and 

unknown. In  this paper, two categories of distraction 

namely Cognitive Distraction, which is looked but did  

not see and Visual Distraction is analysed using EEG 

signals. 

Generally, d istraction of the drivers is detected using 

Vehicular measures (pedal movement, braking, and 

lane deviation). Behavioural measures (Face 

Movement, Head  

 

Movement, Eye Movement, and Mouth Movement). In  

case of behavioural measures, and Physiological 

measures such as Electrooculogram EOG), 

Electrocardiogram (ECG), Electroencephalogram 

(EEG) etc. The percentage of eye closure measures the 

alert level of the drivers  and the eye position was 

classified as open and close using classifiers such as 

support vector machine[7]. In[8] a stereo camera was 

used to monitor the driver distraction in real time by  

 

analysing the face gaze of a driver. The current driving  

state of the driver was indicated using an android-based 

Smartphone apps which receives physiological and 

facial data via wireless sensor network[9]. The 

alertness of the driver was continuously monitored and 

determined using the visual analysis of eye behaviour 

and head posture[10]. An innovative driver assistance 

system was proposed to find the alert state of the 

drivers which can measure the physiological signals 

and eye-blinking activit ies in a single device[11]. 

In[12] the eye and head t racking data were applied  

through advanced data processing methods . As an 

alternative of focussing the individual parts of the body 

by studying the upper body posture and motion as a 

whole overcomes the limitations of general purpose 

tracking algorithms[13].  

 

II. Related Works 
 

One challenge in the study of distraction driving is the 

wide range of distraction exposed to drivers. These 

distraction can induced the drivers to perform the 

secondary task such as using mobile, interacting with  

passengers, seeing ad boards, listening music etc[14].  

To build  up a real time approach for cognitive 

detection using driver’s eye blink and driver’s 

performance data were applied to Support Vector 

Machines (SVM) models and the result indicates that 

an accuracy rate of 81% was obtained for detecting the 

driver d istraction[15]. A new framework by map  

viewing to predict the starting and ending time of a 

distraction was executed in[16], and the overall 

accuracy values were 81% and 70%, respectively for 

24 subjects. Most researchers focussed on vehicular 
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and behavioural based prediction for distraction 

detection. So in  this study we are focussing on EEG 

based method to predict distraction. 

 

III. Proposed Methodology 
 

The proposed methodology using EEG for driver 

distraction detection is shown in Figure 1. The EEG 

data is acquired from different subjects are splitted into 

sub bands. Theta band which is suitable for distraction 

detection was pre-processed; features were ext racted 

and classified as Visual and Cognitive Distraction. 

 
Figure 1: Proposed Methodology 

 

A. Experimental Setup 

A Virtual Reality based driv ing environment setup was 

installed in AI Research Lab at VISTAS. A speed 

dreams game was installed to make a feel of real road 

driving environment and the speed of the vehicle was 

set at a maximum of 60 Km/hr. A 21 channel EEG 

electrodes was used to obtain the data from 10 subjects 

in 3 different timings.Each part icipant has to 

participate the experiments in 3 d ifferent timings 

(midnight (01.00 am to 2.00 am); early morning (4.00 

am to 5.00 am) and afternoon (2.00 pm to 4.00 pm). 

The experiments were held for 90- 120 minutes. An 

Infrared (IR) camera was used to capture the 

behavioural measures of the drivers. The subjects will 

be interrupted both visually (through messages) and 

cognitively (by phone call) while driv ing and the 

corresponding EEG data are recorded. The wall of the 

experimental area was covered with b lack cloth to have 

a feel of d riv ing in night t ime.  Figure 2 & Figure 3 

represents the image taken  during Cognitive 

Distraction & Visual Distraction 

 

Figure2: Image taken during Cognitive     Figure 3: Image taken during Visual 
distraction        distraction 
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IV. Signal Processing and Analysis  

A band pass filter was set at a range of 0.5 Hz to 49 Hz 

to remove the noises and other artifacts like power line 

interference; eye movement etc from the raw EEG 

data. The filtered EEG data were categorized into 

different bands such as Delta (δ), Theta (θ), Alpha (α), 

Beta (β), and Gamma (γ). The distraction was related to 

Theta band (8-13 Hz), so only the theta band was used 

for further process. A wavelet analysis for the EEG 

was done and the Daubechies (DB4) fourth order 

Discrete Wavelet Transform was used to decompose 

the Theta band signals. The linear and nonlinear 

features such as Mean, Median, Maximum, Minimum, 

Standard Deviation, Kurtosis, Hurst, Root Mean 

Square, Trim Mean, Harmonic Mean, Nan Mean, 

Sample Entropy, Power, Energy, Mode and Variance 

were extracted for the theta band. Principle Component 

Analysis was enabled for features reduction. By using 

the classification learner tool the classifier accuracy for 

identifying the d istraction type (Cognitive and Visual) 

was found using the following machine learning  

algorithms such as SVM and KNN. 

V. Results and Discussion 

A two class comparison between cognitive distraction 

and visual distraction was made using SVM and KNN 

algorithms. Table1 shows the accuracy rate of 21 EEG 

channels for both cognitive and visual distraction using 

SVM and KNN. 

 

 

 

 

Table 1: Accuracy rate of detecting distraction using SVM and KNN classifiers 

Channels Classifiers Visual Distraction 
Cognitive 

Distraction 
Total 

FP2 
SVM 26 81.8 53.3 

KNN 91.3 50 71.1 

FP1 
SVM 100 4 51.1 

KNN 63.6 60.8 62.2 

F7 
SVM 100 4 53.3 

KNN 56.5 45.4 51.1 

F3 
SVM 100 0 51.1 

KNN 95.6 40.9 68.9 

FZ 
SVM 95.4 17.3 55.6 

KNN 22.7 91.3 57.8 

F4 
SVM 100 4.5 53.3 

KNN 100 9 55.6 

F8 
SVM 95.6 22.7 60 

KNN 73.9 36.3 55.6 

T3 
SVM 40.9 78.2 60 

KNN 95.4 8.6 51.1 

C3 
SVM 100 9 55.6 

KNN 52.1 63.6 57.8 

CZ 
SVM 95.6 9 53.3 

KNN 78.2 27.2 53.3 

C4 
SVM 100 4.3 51.1 

KNN 72.7 34.7 53.3 

T4 
SVM 95.6 9 53.3 

KNN 72.7 43.4 57.8 

M2 
SVM 91.3 18.1 55.6 

KNN 13 100 55.6 

M1 
SVM 95.4 13 53.3 

KNN 59 47.8 53.3 

T5 
SVM 9 100 55.6 

KNN 54.5 52.1 53.3 

P3 
SVM 100 21.7 60 

KNN 72.7 56.5 64.4 

PZ 
SVM 95.4 8.6 51.1 

KNN 95.4 13 53.3 

P4 
SVM 100 8.6 53.3 

KNN 59 56.5 57.8 

T6 
SVM 95.6 9 53.3 

KNN 60.8 50 55.6 
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O1 
SVM 4 100 51.1 

KNN 100 0 51.1 

O2 
SVM 45.4 73.9 60 

KNN 90.9 17.3 53.3 

 

Figure 4 shows the Accuracy rate of distraction using 

SVM and KNN classifier. It is clear that KNN 

Classifier performs well when compared to SVM. FP2 

channel has the highest accuracy of 71.1% when 

compared with all other channels.  

 

 

Figure 4: Total Accuracy rate of distraction using SVM and KNN classifier 

The cognitive and visual distraction predicting 

percentage was also performed as shown in Figure 5 

and Figure 6 respectively. Channels FP1, F3, F4, F7, 

C3, C4, P3 P4 and O1 has the accuracy rate of 100%  

for visual d istraction and ChannelsM2, T5 and O1 have 

the highest accuracy rate of 100% for predicting  

cognitive distraction. 

 

Figure 5: Comparison of Visual distraction using SVM and KNN classifier 
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Figure 6: Comparison of Cognitive distraction using SVM and KNN classifier 

In this study we implemented EEG based distraction 

detection. Based on our result the channels C3, C4, P3, 

P4, FP1, F7, F3, F4,  and O1 has 100 % accuracy for 

predicting the visual distraction. While the driver is 

visually distracted he/she has to concentrate on the 

secondary task also (messaging while driving). But  

while in cognitive d istraction the subjects view will not 

be affected, as he/she can see the road while talking on  

the phone. So the EEG signals will be more related to 

visual distraction when compared to cognitive 

distraction. 

 

VI. Conclusion  

In this paper, the results of both cognitive distraction 

and visual Distraction are compared, and it is found 

that channel FP2 has the highest accuracy rate of 

71.1% for p redicting d istraction in d rivers. An 

accuracy rate of 100% was obtained for predicting  

Visual distraction in  9 channels (FP1, F3, F7, F4, C3, 

C4, P3 P4 and O1). Similarly channels M2, T5 and O1 

have the highest accuracy rate of 100% for predicting  

cognitive distraction. In future, using channel reduction 

techniques the channels can be reduced into a single 

channel or two channel electrodes for providing a 

compact model to alert the drivers from distraction.  
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ABSTRACT: Data analysis helps travel organizations 
to provide better recommendations for investing in 
their future trips based on its business and personal 
trips. This paper presents the basic concepts, various 
types and levels of data analysis, predictive modeling 
techniques and appropriate performance measures. 
There are basically three types of algorithms for 
predicting   such as linear regression (machine 
learning model), analysis of Variance (statistical 
model) and artificial neural network (machine 
learning model). Data Analysis is being used in many 
fields such as health care, manufacturing, information 
technology and so on. A travel dataset provided by the 
uber in Kaggle is used to study the performance of 
chosen predicting algorithms. The 
primarymethodology behind this study is to analyze 
and find the accuracy of the most frequent category of 
trip among all trips taken by a customer in a region 
using data analysis. The parameters which are taken 
into consideration are category, purpose, total distance 
and speed of the travel.  The results of precision, 
recall, f1 score, Area Under Curve (AUC) and 
Receiver Operating Characteristic Curve (ROC) are 
evident that the Artificial neural network (ANN) 
based prediction is comparatively higher than other 
algorithms. 
 
Keywords: Exploratory data analysis, linear 
regression, analysis of variance, hypothesis testing, 
artificial neural network, interquartile ratio, outliers. 

 

1 INTRODUCTION 
Travelling is unavoidable and it is a part of 
day to day activity for every human, there are 
a number of transportation support providers. 
They collect data from the commuters which 
helps to analyze and predict precise 
information about the customer satisfaction, 
number of trips taken, distance travelled, and 
frequency of trips to the same destination and 
so on.  One of the most common ways of 

trips for near travelling is taken through 
roadways. The trips taken by the person 
could either be a personal or business trip for 
various purposes. Due to high mobility of 
people moving from one place to another it 
gave a start for companies to make travelling 
applications which made it easier for people 
to move from one place to another for 
various reasons.  

The most known type of travelling for day to 
day situations are highly taken into 
consideration for the travelling companies to 
provide their customer to reach their 
destination on time which involve various 
things like start location, end location, 
distance and speed. Wide Range of 
companies started to develop applications 
which could be user friendly for customers. 
Companies like uber make their mobile 
applications in such a way that it helps their 
customers to book their trips whenever they 
require.  

As a result, high volume of data generated in 
companies like Uber, which had to be 
managed and needed to be predicted for 
improving their profit based on their 
customer’s trips in different places. A review 

has been done on exploratory data analysis 
related articles and the details are represented 
in Table 1.1.  

Exploratory data analysis helps in providing 
all the required preprocessing techniques to 
be done and it's also used for finding the data 
type of each variable in the data set. 
Exploratory data analysis (EDA) is an  
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Table 1.1: Review of Exploratory data analysis 

Ref Algorithm / Technique Metrics Limitations 

[1] Density Strip Analysis 
One Dimensional 
Heat map 

Difficult to map color onto a 
continuous scale. 

[2] Exploratory Data Analysis Air Quality Metrics 
Not a Definite ratio of Numerical 
indication in visualization 

[3] 
Principal Component Analysis, 
K-means  

Standardization 
 
Difficult to predict the number of 
Clusters for its unit 

[4] 
Exploratory Data Analysis, 
Random forest Modelling 

Rapid Miner Model Tuning is insufficient 

[5] Neural Networks 
Correlation 
Analysis 

Outlier Analysis is not checked 
for better Correlation 

[6] ANN and Regression Analysis 
Hash table Analysis 
 

Classification report is not 
analysis for accuracy 

 

analytical model which gives a summarized 
information about the variable that are 
present in the data set it is also known to be a 
helpful process in performing preprocessing 
techniques in each phase of its data analysis. 
DESCRIBE function, which helps in 
providing the in-depth description about its 
count, mean, minimum, maximum and its 
interquartile ratio is identified using this 
function call.INFO function helps in 
identifying if any missing function are 
present in the variables on the basis of   the 
number of rows and columns of the data 
frame. DUPLICATE function is used for 
finding any duplicate values that are present 
in the data set if there are any duplicate 
values then it has to be dropped and then the 
information has to be provided with no 

duplicate values. This function call is 
represented in Fig 1.1. 

2 LINEAR REGRESSION 
In statistics, linear regression is a predictive 
modelling technique, which is used for 
finding the relationship that exists between 
two variables. It helps us to identify how the 
variables are dependent on each other. So, 
the linear modelling is performing with a 
helps of a dependentvariable with one or 
independent variables. There are two types of 
linear modeling techniques: single linear 
regression and multiple linear regression. 
Let X be the independent variable and Y be 
the dependent variable. A linear relationship 
between these two variables can be defined 
as follows, and this algorithm is represented 
in Fig. 2.1. 
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Fig. 1.1: Uber dataset Variables and its data type. 

 

 

     Fig. 2.1. Graphical representation of linear regression. 

2.1 Least Square Method 
This is performed by identifying the partial 
derivative of L, equating it to 0 and then 
identifying an expression for M and C. 
Finding the Error: So, to reduce the error 
function, a way to calculate the error in the 
first place is required. A loss function 
method in machine learning is simply a 
calculation of how different the predicted 
value is from the actual value on the 
Analysis. Quadratic Loss Function method is 
used in order to measure the loss or error in 
our model. Thus the model helps in 
providing a better predicted value from the 

actual value which we get from performing 
certain mathematical operations, these are 
the resulting equations which are obtained 
Quadratic Loss Function, Least square 
method as given below with its explanation 
in Fig.2.1.1 and 2.1.2. 

where L- partial derivative for minimum sum 
of squares, y –predicted value, p - Quadratic 

loss variable, m – Slope, x -Actual value, x̅ - 

mean of x, y̅ - mean of yand c – Intercept. 
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Fig. 2.1.1.  Least Square Linear Regression model of Actual value (independent variable-Speed, dependent 
variable-Distance), 2.1.2. Least Square Linear Regression model of Predicted value (independent variable-

Speed, dependent variable-Distance) 

2.2 Scikit-learn Linear Model 
Scikit-learn is a linear modelling technique, 
which is used for performing training and 
testing of the data set to get much better and 
accurate results. In the data we take 70% 
training and 30% testing in this model and 
then we create a linear regression object 
which helps in predicting the model analysis. 
In order to get a constant accuracy ratio we 
keep the random state as 1000099 value. 
Thus the model runs in this random state 
which is encountered to be the highest value 

obtained of all. Based on the Scikit-learn 
prediction we could find that the accuracy of 
the model lies between 50-70%.From this 
inference the model seems to be performing 
moderately with the help of the R-Square 
Value which denotes the Accuracy or how 
well the model gets fit. The intercept 
represents the c value, slope represents the m 
value and Y_Pred represents the predicted 
value (Y_Pred = mX+C) to be taken into 
consideration and it’s represented in Fig. 
2.2.1, Fig 2.2.2 and Fig 2.2.3 

 
Fig. 2.2.1. Least Square Linear Regression model of Actual value (independent variable-Speed, dependent 

variable-Distance) Fig. 2.2.2.  Predicted Linear regression model with mean square error, intercept, and 
coefficient with R-square (Accuracy). 

 
 
 
 

 

 
 

Figure 3a Figure 3b 

 

 
 

Figure 4a Figure 4b 
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Fig. 2.2.3. Graphical Representation of Actual and predicted Value from the above types of linear 

regression models. 
 
Based on the above inferences of two types 
of the linear regression methods we found 
that the Scikit-learn method performs slightly 
better than the least square method. Thus the 
Accuracy Score Obtained from the Scikit-
learn is 63% and from least squares we got 
an accuracy score of about 56%. 
 

3 ANALYSIS OF VARIANCE 
Analysis of variance (ANOVA) is a 
statistical approach that is used for 
population mean differences that exist among 
two more factors. ANOVA checks the 
impact of one or more factors by comparing 
the means of different samples. In Analysis 
of Variance certain hypothesis testing is 
performed in order to provide inference of 
the results. Such type of Hypothesis Testing 
involves two types: Null Hypothesis and 
Alternate Hypothesis it checks by the alpha 
value using a defined significance level of 
95%. There are two types of Hypothesis 

testing in Analysis of Variance:Null 
Hypothesis and Alternate Hypothesis. 
 

3.1   One way ANOVA  
The word treatment is generic and as such 
may denote different methods, machines, 
different advertisement copy platforms, 
different strategies, different brands and the 
like[12].  
Total sum of the Squares = Treatment sum of 
the Squares + Error Sum of Squares 
The variation in the sum of the squares of the 
response variable (dependent variables) is 
caused only by the treatment is attributed to 
error term. These inferences are shown in 
Table 3.1.1. Since the P value is greater than 
the significance level (0.05 alpha value), we 
accept the null hypothesis and state that the 
population mean of each customer with 
different Category (Business and personal) is 
same in each distance travelled by the 
customer.  
 

Table 3.1.1 ANOVA output (dependent variable distance), (independent variable category). 
 Data 

Frames 
Sum of the 

Squares 
 Mean of the 

Squares  Fvalue P Value(> F ) 

Design 1 338.3 
 

338.3 1.30 
 

0.25 

Residuals 1153 298542.5 18.80 NAN NAN 
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3.2 One way ANOVA with 
OLS(Ordinary least Square) 
Regression: 

Analysis of Variance with OLS regression is 
performed if both the dependent and 
independent variables are continuous. 
Whereas, in normal one way analysis of 
variance it happens with a dependent variable 
as categorical and independent variable as 
continuous. This operation is performed to 
identify the mean difference that exists 
among two continuous variables. Dependent 
variable is distance, the independent variable 
is speed. These inferences are shown in 
Table 3.2.1 and Table 3.2.2. 
Since the P value is greater than the 
significance level (0.05 alpha value), we 
Reject the null hypothesis and state that the 
population mean of each Speed travelled 
with different distance is not the same.  

4 ARTIFICIAL NEURAL 
NETWORKS 

Artificial Neural Network (ANN) is an 
inspiration from the Biological Neural 
Network algorithm that constitutes the 
animal brain. Moreover, ANN contains 

Active function, to perform well. Train and 
testing are also performed in this Algorithm 
by standardizing the variable into one unit 
using Standard Scalar function[9]. There are 
three layers which are present in the neural 
network that provide the root reason for 
predicting the data, they are the Input layer, 
Hidden layer and Output layer in each phase. 
Modeling Tuning is performed using the 
GridSearchCV package from the Scikit 
learner module. GridSearchCV helps in 
proving the parameter to be manually 
assigned. The hidden layer size, activation 
function, solver and the max iteration can be 
manually modified to get better accuracy 
which denotes how well the model performs. 
A Classification report is generated to 
provides its necessary values, they are 
Precision (positive predictive value), Recall 
(Sensitivity), F1 Score (Binary classification 
of 0’s and 1’s)and Support(it denotes how 
frequent the items appear in a data) with the 
overall Accuracy score in percentage.These 
inferences are shown in Table 4.1. 
 

 

Table 3.2.1 OLS Regression Results of Ordinary least Square method 

 
 
 
 
 
 

                         OLS Regression Results                             
============================================================================== 
Dep. Variable:                      y   R-squared:                       0.560 
Model:                            OLS   Adj. R-squared:                  0.559 
Method:                 Least Squares   F-statistic:                     1425. 
Date:                Tue, 31 Mar 2020   Prob (F-statistic):          5.39e-202 
Time:                        22:52:18   Log-Likelihood:                -4299.1 
No. Observations:                1124   AIC:                             8602. 
Df Residuals:                    1122   BIC:                             8612. 
Df Model:                           1                                          
Covariance Type:            no robust                                          
============================================================================== 
                 Coef    std err          t      P>|t|      [0.025      0.975] 
------------------------------------------------------------------------------ 
Intercept     11.4617      1.655      6.925      0.000       8.214      14.709 
x              0.7705      0.020     37.754      0.000       0.730       0.811 
============================================================================== 
Omnibus:                        4.980   Durbin-Watson:                   2.072 
Prob(Omnibus):                  0.083   Jarque-Bera (JB):                5.783 
Skew:                          -0.057   Prob(JB):                       0.0555 
Kurtosis:                       3.332   Cond. No.                         405. 
============================================================================== 
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Table 3.2.2. ANOVA output (dependent variable distance), (independent variable Speed) 
 Data 

Frames Sum of theSquares 
 Mean of the 
Squares  Fvalue P Value(> F ) 

Design 1 1175570.4 
 

1175570.4 1425.3 
 

5.3e-2 
Residuals 1122 138203.1 123.1 NAN NAN 

 

 
Classification Report of the Test Model in ANN: 
Table 4.1 Accuracy Score of total number of 
business and personal trips in a category as 0’s 
and 1’s. 

 
Classifica

tion 

 
Precision 

 
Recall 

 
F1-

Score 

 
Support 

0 0.94 0.99 0.96 315 

1 0.40 0.09 0.14 23 

Macro 
Average 

0.67 0.54 0.55 338 

Weighted 
Average 

0.90 0.93 0.91 338 

 
From the above classification report the 
precision, recall, F1 score with its Macro 
Average and Weighted Average is also 
determined in percentile format. The testing 
model runs with an accuracy score of 93%, 
which tells how well the model, performs in 
this prediction of predictive modeling [8]. 
Support denotes the total number of items of 
1’s and 0’s in the data. Thus this testing 

model gives us a strong classification report 
with better accuracy score when the random 
state is assigned to 65.Grid search Cross 
validation also helped in tuning the model. 
The Cross Validation is assigned to in the 
Grid search CV. Using test split function the 
model is separated as 70% training and 30% 
testing. These inference are shown in Table 
4.2. 
 

Classification Report of the Train Mode in 
ANN 
Table 4.2 Denotes the Accuracy Score of total 
number of business and personal trips in a 
category as 0’s and 1’s. 

 
 

Classifica
tion 

 
Precisio

n 

 
Recall 

 
F1-

Score 

 
Support 

0 0.94 0.98 0.96 733 

1 0.35 0.11 0.17 53 

Macro 
Average 

0.65 0.55 0.57 786 

Weighted 
Average 

0.90 0.93 0.91 786 

From the above classification report the 
precision, recall, F1 score with its Macro 
Average and Weighted Average is also 
determined in percentile format. The training 
model runs with an accuracy score of 93% 
which tells how well the model performs in 
this prediction of predictive modelling. 
Support denotes the total number of items of 
1’s and 0’s in the data.[7] Thus this training 

model gives us a strong classification report 
with better accuracy score when the random 
state is assigned to 65.Grid search Cross 
validation also helped in tuning the model. 
The Cross Validation is assigned to in the 
Grid search CV. Using the test split function 
the model is separated as 70% training and 
30% testing.Based on the above inferences 
we find that both the training and testing are 
found to perform almost the same level with 
an accuracy score of 93%.  
 

Confusion Matrix 
Confusion matrix helps in providing the 
positive and negative values based on actual 
and predicted values combined to give a 2/2 
matrix of total no of true positive, true 
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negative, false negative and false positive 
numbers in the data set. These inference are 
shown in Table 4.3. 
 

Table 4.3 Representation of Confusion Matrix 
 

N (denotes 
the 
number of 
values) 

Predicted 
Negative 

Predicte
d 

Positive 

Actual                      
Negative 

True 
negative 

False 
Positive 

Actual                      
Positive 

False 
Negative 

True 
positive 

Thus, the true positive and true negative 
values are done based on the dependent and 
independent labels as X and Y in a table 
format. Based on training and testing the 
following figures confusion matrix of them 
are provided in Fig. 4.1, Fig. 4.2. 
Based on the representation of the confusion 
matrix we come to a conclusion the true 

positive, true negative, false positive, false 
negative value of train data is slightly better 
than the test data. 
 

Area under the Curve-: 
AUC and ROC curve is a performance 
metrics measurement for classification 
problems at various threshold point settings. 
Rectifier characteristic curve is a probability 
curve and AUC represents degree or metrics 
of separation. It tells how much a model is 
capable of distinguishing between 
classes. Higher the AUC, better the model is 
at predicting zeros as zeros and ones as ones. 
By The Rectifier operating characteristic 
curve is plotted with True Positive Rates 
against the False Positive Rates where True 
Positive Rates is on the Y axis and False 
Positive Rates is on the X axis. These 
inferences are shown in Fig.4.3. 

 

 
Fig.4.1. Representation of Confusion matrix of testing set with actual and predicted value. Fig. 4.2. 

Representation of Confusion matrix of training set with actual and predicted value. 

 
Fig. 4.3 Implementation of AUC-ROC curve 

   

 

Figure 6a Figure 6b 
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Methods used in AUC-ROC Curve: 
True Positive Rate (TPR) / Recall / 
Sensitivity = TP/TP + FN. 
Specificity = TN /TN + FP 
False Positive Rate (FPR) =FP/TN + FN 
  
AUC-ROC Curve of Training set and Test 
set: 
Higher the AUC, better the model.  
 
The ROC curve is plotted with TPR against 
the FPR where TPR is on the y-axis and FPR 
is on the x-axis. These inferences are shown 
in Fig.4.4 and Fig.4.5. 
Based on the above inferences the AUC-
ROC of training and testing data is identified 
using its true positive, true negative, false 

positive, false negative, sensitivity and 
recall.ROC is a probability curve and AUC 
represents degree or measure of separation. It 
tells how much a model is capable of 
distinguishing between classes.AUC on the 
training data is 87% and on test data is 72%. 
The precision and recall metrics are also 
almost similar between training and test set, 
which indicates no over fitting or under 
fitting has happened. Best grid model has 
better improved performance over the initial 
classifier model as the sensitivity was much 
lesser in the initial model. The Overall model 
performswell in predicting the category of 
trips travelled by a customer. These 
inferences are shown in Table 4.4. 

 

 
Fig.4.4. AUC curve train and test 

Fig.4.5 ROC Curve of train and test set. 
 
 

 
Table 4.4 Accuracy Results in Each Algorithms 
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Algorithm Accuracy 

Linear Regression (R square value) 63% 

ANOVA(OLS) 56% 

Artificial Neural Networks 93% 

 

5 CONCLUSION 
Based on the three predictive models such as 
Linear Regression, Analysis of Variance, 
Artificial Neural Network, it is found that the 
Accuracy obtained in ANN is far better than 
Linear Regression and Analysis of Variance. 
The Accuracy Score of Linear Regression 
under least Square method is 55%, Scikit 
learn is found to be 64%, which is slightly 
better than least Square method. Training and 
testing were taken in a ratio of 70:30. Then 
standard scalar function was used which 
helped in providing or grouping all the 
variables into one unit and from the above 
inference it is found that ANN model seems 
to be performing much better than Linear 
regression with an Accuracy score of 93%. 
The Accuracy of the ANN model is found to 
be better performing than linear regression 
and ANOVA Ordinary least square method 
used in uber drive dataset. 
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Abstract

Natural products have received a much attention as a source of bioactive substance, with this view the present study was aimed for 
profiling anti-diabetic compound in Benincasa hispida for anti-diabetic effect and it complication. Diabetes mellitus has become a 
major public health and economic problem across the globe. DM affects a population of approximately 424.9million adults aged 
20-79) worldwide in 2017. Benincasa hispida synonyms are Cucurbita hispida thumb, belongs to curcurbitaceae family, commonly 
known as white pumpkin. In India white pumpkins are mostly used for auspicious function and in traditional food preparation. 
But the fruit has vast nutritional values with essential phytochemicals volatile oils, flavonoids, glycosides, saccharides, proteins, 
carotenes, vitamins, minerals, β-sitostesin and uronic acids. In the present study, chemical profiling in peals, seeds and pulp extracts 
were investigated. A comprehensive profiling in peel, seed and pulp extracts individually using HPLC-QTOF-MS/MS analysis 
and would reveal the active compounds. Differential inhibition of α-amylase and α-glucosidase activity observation in response to 
polarity of extract, cultivar and tissue type. These results would suggest that the consumption of white pumpkin may have potential 
health benefits to manage diabetes.
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Sequence Mining-Based Support Vector
Machine with Decision Tree Approach
for Efficient Time Series Data
Classification

D. Senthil and G. Suseendran

Abstract The growing demand for an efficient approach to classify time series data
is bringing forth numerous research efforts in data mining field. Popularly known
applications like business, medical and meteorology and so on, typically involves
majority of data type in the form of time series. Hence, it is crucial to identify and
scope out the potential of time series data owing to its importance on understanding
the past trend as well as predicting about what would occur in future. To efficiently
analyze the time series data, a system design based on Sliding Window Technique-
Improved Association Rule Mining (SWT-IARM) with Enhanced Support Vector
Machine (ESVM) has been largely adopted in the recent past. However, it does not
provide a high accuracy for larger size of the dataset along with huge number of
attributes. To solve this problem the proposed system designed a Sequence Mining
algorithm-based Support Vector Machine with Decision Tree algorithm (SM-SVM
with DT) for efficient time series analysis. In this proposed work, the larger size of
the dataset is considered along with huge number of attributes. The preprocessing
is performed using Kalman filtering. The hybrid segmentation method is proposed
by combining a clustering technique and Particle Swarm Optimization (PSO) algo-
rithm. Based on the sequence mining algorithm, the rule discovery is performed to
reduce the computational complexity prominently by extracting the most frequent
and important rules. In order to provide better time series classification results, the
Support Vector Machine with Decision Tree (SVM-DT) method is utilized. Finally,
the Pattern matching-based modified Spearmen’s rank correlation coefficient tech-
nique is introduced to provide more similarity and classification results for the given
larger time series dataset accurately. The experimental results shows that the pro-

D. Senthil (B)
Department of Computer Science, Vels Institute of Science, Technology & Advanced Studies
(VISTAS), Chennai, India
e-mail: senthildphd@gmail.com

G. Suseendran
Department of Information and Technology, School of Computing Sciences, Vels Institute of
Science, Technology & Advanced Studies (VISTAS), Chennai, India
e-mail: suseendar_1234@yahoo.co.in

© Springer Nature Singapore Pte Ltd. 2020
N. Sharma et al. (eds.), Data Management, Analytics and Innovation,
Advances in Intelligent Systems and Computing 1016,
https://doi.org/10.1007/978-981-13-9364-8_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9364-8_1&domain=pdf
mailto:senthildphd@gmail.com
mailto:suseendar_1234@yahoo.co.in
https://doi.org/10.1007/978-981-13-9364-8_1


4 D. Senthil and G. Suseendran

posed system achieves better accuracy, time complexity and rule discovery compared
with the existing system.

Keywords Classification · Time series · Hybrid segmentation · Pattern matching ·
Accuracy

1 Introduction

Time series data is considered vital among several time-based sequential data sets
which could be acquired easily from applications involving both financial and scien-
tific aspects [1]. Ideally, time series can be regarded as an accumulation of chrono-
logically observed data sets or findings. Time series data comprises of large data
size, high in dimensionality and may require updating by progressively. In addition
to that, time series data has been defined [1] by means of continuous and numerical
in nature and always assumed as either than an individual numerical attribute.

Time series data classification could begin by taking advantage of extensive
research interests and so the developments along that data sets are put forward as
an effort to establish advancements in data mining field [2]. At the same time, the
complexity of the time series data imparts huge demand on the research efforts and
hence targets the interest of the researchers since last decade. Recently, time series
data mining framework possesses fundamental contribution toward analyzing the
time series analysis [3] especially in the field of data mining.

Significant methods which are involved in time series data mining framework
also possess the capability to successfully characterize [3] and also predict com-
plex trend in time series that might be nonperiodic, irregular, and so on. Such
methods involving concepts relevant to data mining would help to analyze time
series data and also overcome the limitations along the conventional mechanisms
adopted for time series analysis, especially of both stationary and linearity based
requirements [4].

This proposed work deals with data set which is typically very large in data size
having huge amount of the attributes. In order to overcome issues pertaining to
low accuracy and high computational complexity, hybrid method comprising Slid-
ing Window Technique with Improved Association Rule Mining (SWT-IARM) and
Enhanced Support Vector Machine (ESVM) [5] is adopted for the time series eval-
uation. This technique also does not deal with large size dataset.

In the intent of dealing with abovementioned issues, the proposing work intro-
duced sequence mining algorithm-based Support Vector Machine with Decision Tree
algorithm shortly said to be as SM-SVM with DT for an efficient manner of time
series analysis [6]. In this preprocessing has been carrying out as the first step. The
preprocessing would take over in terms of using the Kalman filtering.

Second, the hybrid segmentation approach is taken place by means of combining
the clustering technique [7] and the PSO algorithm. PSO stands for Particle Swarm
Optimization algorithm. Depending on sequence mining algorithm, rule discovery
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has performed in the aim of reducing computational complexity by means of extract
the highly frequent and the important rules.

Then to bring out the hopeful time series of classification results, SVM-DT
approach has been used in this review process. Whereas SVM-DT stands as Support
Vector Machine with Decision Tree is a method used for obtaining better result in
terms of classification process [8]. At last, Pattern matching-based modified Spear-
men’s rank correlation coefficient mechanism has designed in the aim of providing
high similar and the classification results for using large time series dataset in an
accurate way [9]. The experimental results may also show up that the proposing
review could achieve well-saying accuracy, the time complexity and also the rule
discovery has been comparing with the existing system.

The paper is structured with the following sections: Sect. 2 discusses the reported
literature on various models/approaches for time series classification. Section 3
overviews the proposed approach and the specific methodology being adopted.
Section 4 presents the experimental results of the proposed scheme and finally Sect. 5
covers the concluding remarks.

2 Literature Survey

Win [1] dealt with the time domain statistical models and the approaches on time
series analyze which used by applications. It brings out the brief view on basic con-
cepts, nonstationary and stationary models, nonseasonal and the seasonal models,
the intervention and also outlier models, the transfer function models, the regression
time series model, the vector time series models, those applications. In this paper,
author reviews the process in time series analysis which involves the model iden-
tification, the parameter estimation, the diagnostic checks, the forecasting, and the
inference. We also discuss on autoregressive conditional heteroscedasticity model
and more generalized in manner.

In the work reported by Lu et al. [2] an approach using ICA has been proposed
for variables prediction helping the generation of components which are referred
as independent components, called shortly as IC. Once finding and eliminating ICs
containing noisy components, few of the remaining variables among them are used
in reconstructing the forecast variables which already comprises fewer noise, thus
serving as the variables to be used as input in the model termed as SVR forecasting.
Towards understanding the performance evaluation of introduced approach, exam-
ples pertaining to opening index: Nikkei 225 and the closing index: TAIEX has been
dealt in detail. The obtained output has shown that the proposed model would out-
perform SVR model constituting having non-filtered elements and also the random
walk model.

Fu in [3] made a brief study and represented the review made comprehensively
on the existing research involving data mining of time series date. The entire work
could be divided into several sections comprising initial representation followed by
indexing, and then follows further steps such as measuring similarity, segmentation,
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visualization, and lastly the mining process. Additionally, research problems handled
with advanced methodologies had been dealt significantly. The key importance is
found to be that the review would help as a complete information to the potential
researchers as it covers an up-to-date review of recent developments on time series
data-based mining. Further, potential research gaps are also critically reviewed which
would help the prospective researchers to understand and progress on the time series
data investigation.

Varied techniques employed for the data mining of time series-based data has
been reviewed chronologically in the work reported by Esling and Agon [4]. The
review intends to give a complete overview of widely applied tasks that attracted the
interest of several researches has been dealt. In most of the methods, assumptions
related to classify the time series data have been found to be entirely dependent on
the similar elements to implement the method specifically. Moreover, the literature
survey has been classified into smaller sections based on some commonly dealt
features including representative models, measure to understand distance followed by
indexing approaches. Detailed review of literature corresponding to each single entity
has been studied. Formalization of four robust methods and distance classification
of any individual entity has also been dealt.

Senthil and Suseendran [5] has introduced an approach in the proposed research
named Sliding Window Technique-based Improved ARM with Enhanced SVM
(shortly represented as SWT-IARM with ESVM). In proposed system, preprocess-
ing has performed in terms of using the Modified K-Means Clustering representing
namely by MKMC. The indexing process could do with the help of R-tree which
would provide a faster result. Segmentation is then made by SWT and it could min-
imize cost complexity by means of optimal segments. IARM has applied on the
efficient rule discovery step by generating most frequent rules. By ESVM classifica-
tion approach, the rules are been made to classified in more accurate way.

One of the approach holding core theoretical background with respect to the
dynamic systems has been studied in the work reported by Povinelli et al. [6]. It
has also included judicious selection of parameters, which gives the theory based
on topology resulted due to signal reconstruction ensuring asymptotical mode of
representing the entire fundamental system. This specific algorithm could calculate
the appropriate parameters automatically with reference to spaces involving recon-
structed phase, as only number of signals, mixtures, and class labels are only required
to be given in the form of input. Among many, three individual data sets comprising
motor current simulations, electrocardiogram recordings, and finally speech wave-
forms have been employed for data validation study. Robust output has resulted from
the proposed method across various domains, from which it is evident that the method
outperforms the baseline method, for instance, the neural network comprising time
delay.

Methods to study data mining-based models for classifying time series datasets
have also been reported by Keogh et al. [7], wherein commonly used representa-
tions having a linear piecewise approximation has given prime attention. Hence,
this model has triggered studies related to support clustering, classification of time
series data followed by specific indexing and mining. Also, several other algorithms
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have been studied to derive the abovementioned representation, which eventually
enabled to research every algorithm individually for several times. This method has
been found to be undertaken for the first time to understand by empirically relating
the proposed techniques. Authors also have shown that most of these represented
algorithms typically contains issues in view of data mining.

To effectively forecast several temporal courses which combine to form temporal
abstractions having case-based reasoning Schmidt and Gierl [8] has presented a dif-
ferent approach by introducing two prognostic applications which find huge impor-
tance in applications involving no consistent/particular standards that lack known
periodicity and complete domain theory. The first model has dealt the prediction of
time series data derived from kidney related function, especially from patients treated
in intensive care units [10]. The underlying idea behind the model is to overcome the
time delay, which eventually helps in cautioning the patients prone to kidney related
failures. Yet, another application has worked in entirely different domain referred
as geographical medicine and the basic aim is to compute the prompt cautioning so
as to prevent from infectious disease characterized by means of time varied cyclic
incidences.

In the methodology reported by Ghalwash and Obradovic [9], simple Multivariate
Shapelets Detection (MSD) has been adopted which enables quick and user-specific
classification, in this context classification of patient-relevant data sets which are
typically in multivariate time series. This mechanism might extract the time series
patterns and be called as multivariate shapelets, from all of dimensions of time series
which is distinctly manifest target class in locally. The time series are made to classify
by means of searching the most earliest in closest patterns.

Thiyagaraj and Suseendran [11] performed role of data mining techniques in
the process of heart disease prediction. This research discusses about the various
data mining techniques, their working procedure during the prediction of heart dis-
ease has been provided. Rohini and Suseendran [12] introduced the new hybrid
method for classifying the spirometry data. This work introduced the new technique
namely Hybridized K means Clustering with decision tree algorithm. Thiyagaraj
and Suseendran [13] introduced the modified Firefly Algorithm-Based Radial Basis
Function With Support Vector Machine for the accurate prediction of heart disease.
An input dataset encompasses three kinds of attributes such as Input, Key, and Predic-
tion attributes. After the normalization, an attribute reduction and feature extraction
are performed by using FA and Principal Component Analysis (PCA), respectively.
Finally RBF-SVM is classified a features as normal or heart diseases.

3 Proposed Methodology

Time series dataset having high number of attributes has been used in this review
[14]. First preprocessing has carry out with the help of Kalman filtering. Then hybrid
segmentation is performed by means of combining the Particle Swarm Optimization
with clustering approaches. The rule discovery process is carrying out to extract
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the most significant rules and attributes in the intent of reducing the complexity of
computation process. Finally SVM-DT is introduced to obtain a better classification
result in terms of accuracy. These above said process which is proposing in this
particular work has been illustrated in flow chart Fig. 1.

Fig. 1 Architecture of
proposed system

Time series dataset with huge 
amount of attributes 

Preprocessing using Kalman 
filtering

Hybrid Segmentation using 
Clustering and PSO algorithm

Rule discovery

Using of Support Vector Machine-
Decision Tree approach

Classification Result

3.1 Time Series Dataset

A time series dataset refers to a progression of the data points series based on
time order which is jacketed, enlisted, or may be recorded or graphed. Generally, a
sequence of progressively equal spaced points in the time order approach denotes
time series. Time series analysis could involve different strategies to examine the
time series data in expectation of extracting the meaningful statistics and further-
more distort the characteristics of data.
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3.2 Preprocessing

In this introducing work as first step preprocess is being carried out to obtain an effi-
cient approach. Preprocess would be performed by means of using Kalman filtering.
Kalman Filtering is also said to be LQE that stands for linear quadratic estimation.
This algorithm utilizes different set of the measurements in series confronting some
statistical noise and inaccuracies observed over time during the analysis. Further-
more, it creates the estimation of exhibiting unknown variables. These variables tend
to be more accurate than single measurement by valuation of the joint probability
distribution among the variables over the dispersion of factor every timeframe.

Kalman filters are relying upon different straight dynamical frameworks that are
discrete in time domain. The state of system was being denoted by vector of the real
numbers. The Kalman filter was used for the purpose of estimating internal state of
a specific process governed by a sequence of the noisy observations. Thus a model
based on the structure of Kalman filter framework has been developed to carry out
the process analysis. This means that specifying the following matrices:

• Fk , denotes state transition model
• Hk , portrays the observation model
• Qk , represented by covariance of process noise
• Rk , defines covariance of observation noise
• At times Bk , denoting control-input model, for every time-step of k that states as

follows.

The Kalman filter model would be speculated as the true state of time k has derived
from state at k − 1 in accordance with,

xk = Fkxk−1 + Bkuk + wk

Thus,

Fk denoting a state transition model which is applied to a previous state namely xk−1

Bk defining a control-input model that can be correlated to control vector uk

wk expressed as the one of process noise that presumed to draw from zero
mean multivariate normal distribution, N in terms of covariance, Qk . Where,
wk ∼ N (0, Qk).

At time k, observation or measurement zk of true state xk postulated on the basis
of equation follow

zk = Hkxk + vk

Where, Hk stated as an observation model mapping true state space to observed
space and the vk as an observation noise considered as zero-mean Gaussian white; the
noise having covariance Rk: Thus, vk ∼ N (0, Rk). as initial state, the noise vectors
at every step {x0, w1, …, wk , v1 … vk} are considered as mutually independent in
nature.
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Thus by using this Kalman Filtering model designed as per proposing work pre-
processing could carry out. The result obtained from this preprocessing stage is given
as input for segmentation process which is a hybrid approach using clustering and
PSO-based approach.

3.3 Segmentation

Segmentation has been performed with the help of combination of both Particle
Swarm Optimization techniques to acquire better experience with time series analy-
sis. Time series Segmentation is an approach among various methods of time series
analysis. Here inputs are made to separate as various discrete segments in the aim of
revealing properties of source. Most widely using algorithms in this field are based on
change point detection such as sliding windows, bottom-up, top-down methods. Par-
ticle Swarm Optimization is a classification of optimization problem solving using
an iterative population-based approach primarily repetitive approach originated from
the flocking behavior of the birds. In the PSO, the composition of particles set consti-
tutes as population, whereas each particle might really represent potential resolution
to optimization problem. Each particle was predominantly composed of two prop-
erties which are unique to each other. Initial property as position defined as the
particle’s position in solution space and the later property known as velocity indi-
cating the stratagem of particle’s current new position in every of iteration. Position
and Velocity of particle have defined as x(t)

i and v(t)
i respectively.

Where,

∣
∣
∣v(t)

i = x(t)
i − x(t−1)

i .

In each clustering techniques depending Particle Swarm Optimization, three prob-
lems should get addressed namely particle representation, definition of similar mea-
sures, and definition of fitness function. In the following, each issue is portrayed for
time series and data clustering based on the arrangement of PSO.
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The distance measure had computed as follows:

Sdist(y, z) = 2 × 1√
2π

inf∫

�y,z

e− x2

2 dx,

�y,z =
√

(y
−

− z−)�
−1(y

−
− z−)

T ,

y and z are being obtained by means of average over rows in time dimension of
every time series matrix namely y and z, and � is covariance matrix. The hybrid
similarity measure, SH between the two multivariant time series had computed by
combine two metrics which mentioned above,

SH (y, z) = α1Sdist(y, z) + α2SPCA(y, z),

where,α1 and α2 reflect contribution of every metric in final similarity measure
and are chosen as α1 + α2 = 1.

This combination of above said clustering mechanisms and the above-discussed
particle swarm pptimization. This combination would bring out the best hybrid seg-
mentation part in this review. Since segmentation has been carried out by using
sliding window-based approach but in this discussing review, hybrid segmentation
has been adopted to overcome the issues that are seen in existing work. Thus this
hybrid approach will give out hopeful segmentation to obtain better accuracy result
in terms of classification.
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3.4 Rule Discovery

As third most step rule discovery would carry out. This rule discovery process could
take place based on sequence mining algorithm the rule discovery. This usage of
sequence mining approaches will pave a way to minimize the computational com-
plexity in prominently by means of extracting highly more frequent and the important
rules. This approach in data mining would concern with finding out patterns that are
relevant among all in nature. Usually it deals with discrete values, thus time series
mining is somehow closely relevant to this. At the end of the rule discovery stage,
we could able to find out frequent rule generation which is highly most in nature.
Thus it would obtain high confidence rules from frequent itemsets that are available.

3.5 Support Vector Machine-Decision Tree

In proposed work, hybrid SVM-based decision tree has been introduced to obtain best
classification result and to speeding up the process. SVM make pattern recognition
and could do data analysis as possible. Regression analysis and the classification are
being carried out using Support Vector Machine. Thus the result got from applying
SVM would act as a decision-making model. Support vector machine represented
in short form as SVM is one among supervised learning mechanisms in computer
science and the statistics. Support Vector Machine intent in analyzing the data and
for recognizing the patterns. It may deal by individually with the classification and
also regression analysis. Data would linearly that are separable which makes the
researchers by means of identifying both hyperplanes in margin. This evaluation
purely depends on the method in no points present in between and it may maximize
distance among all. SVM might help in splitting the data having hyperplane and
would also extend nonlinear boundaries by means of kernel trick. SVM would do
classification method by correct in terms of classifying data present. It is also been
described mathematically as following:

xi .w + b ≥ +1 for yi = +1
xi .w + b ≤ −1 for yi = −1

Above equations may also combine in forming one set of the differences as shown
below,

yi (xi .w + b) − 1 ≥ 0 ∀i

Thus,

x denotes vector point
w denotes weight parameter as vector.
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Splitting of data was based on the value got from the above equation. If output is
founded more than 0, it meant to accept for split input data. SVM would identify the
point which having distance as long from hyperplane among each of them. Hyper-
plane could likewise expand accessible edge margin availability and after that divides
lines in the nearest focuses on the raised frame hull of datasets accessible. The dis-
cussed processes are taken place if hyperplane chosen is at as far point that possibly
from the data. In addition to that, this approach has applied on points at another side.
Summed Distance has defined in terms of splitting hyperplane to points which at
nearest. At last, summed distance has been observed by solving and then subtracting
currently available two distances.

SVMs in testing phase were predominantly used to test the tasks subjected under-
neath binary classification. Many methods exist that are addressing toward this task
which intends to minimize number of the support vectors. It aims to reduce number
of the presenting test data points which are in need of SVM’s approach to be clas-
sified. In rule discovery, the decision boundary of SVM has to be aggregated within
the decision trees. The obtained resulting tree, which is one among the hybrid tree
containing univariate and the multivariate SVM nodes. The SVM nodes were used
by the hybrid tree to identify and classify the crucial data points lying within the
decision boundary; however, the remaining less crucial data points also been classi-
fied by univariate nodes. The hybrid tree classification accuracy was ensured as far
as tuning the threshold parameter.

Thus this combination of decision tree approach with Support vector machine to
obtain a beneficial rule discovery process. Finally with the help of Support Vector
Machine-Decision Tree technique, rule discovery has been carried out and important
rules are being identified.

3.6 Classification

Thus by performing the above-discussed steps sequentially, hopeful classification
could obtain. As a final step, Pattern matching depending modified Spearmen’s rank
correlation coefficient technique has been applied in the intent of providing very
most similarity and also the good classification results for the using larger time series
dataset inaccurately. The experimental results obtained show up that the proposing
system in this review would achieve time complexity, better accuracy, and rule dis-
covery as compared to various systems that exist.

4 Experimental Results

Evaluation of performance in respect to the time complexity, the accuracy and the
rule generation of those namely SVM, ARM, SWT-IARM with ESVM, and SVM-
DT has been conducted. The objectives were acquired by experimenting with the
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real and synthetic data sets. It had tested about 35 time series datasets that acquired,
and possess stock market values, the chemical and the physics phenomenon mea-
surements.

4.1 Accuracy

Accuracy has been calculated as entire correctness of model designed and has com-
puted as total actual classification parameters namely Tp +Tn which have segregated
in terms of summing the classification parameters namely Tp + Tn + Fp + Fn.. Thus
accuracy is been computed by means of below formula represented:

Accuracy = Tp + Tn
(

Tp + Tn + Fp + Fn
)

From Fig. 2, it could be observed that the comparison metric has evaluated by

Fig. 2 Accuracy
comparison
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means of using the existing and the proposed approach in terms of the accuracy. In
x-axis, algorithms are represented and in the y-axis accuracy values are been plotted.
The existing system may provide less accuracy, whereas proposed system could bring
out the high accuracy for those inputted values. The proposed Support vector machine
with Decision Tree simply representing as SVM-DT algorithm would select the best
rules from time series data available. Finally these rules are made to apply for training
and the testing phase to procure time series data which are in pertinent nature and
closely connected with the given dataset. From the result obtained, we can conclude
that the proposing system with SVM-DT would bring out better classification output.
Thus proposed SVM-DT algorithm is considered as superior to previous one namely
used in existing work.
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4.2 Time complexity

The system works well, thus algorithm would provide the lower complexity values
and it is illustrated in Fig. 3.

From Fig. 4, it has been noted that comparison metric is analyzed by the existing
and the proposed method by means of the time complexity. In x-axis, algorithms are
been taken and in y-axis time complexity value has been plotted. The existing method
may provide high time complexity, while proposing system might provide low time
complexity for inputting data. The proposing SVM-DT approach is used for selecting
the good rules among all. At last, these rules are to be applied on train and test phase
in the aim of producing highly more related data on the time series dataset. The result
has proven that the introducing system would attain higher classification results with
SVM-DT mechanism. Thus introduced SVM-DT is assumed as superior to previous
one namely the SVM, the ARM and the SWT-IARM with ESVM algorithms (Fig. 4).

From the above draw chart, rules are generated by the existing and the proposed
algorithms have been made to compared and showed. For x-axis, algorithms are
been taken and in the y-axis, rule discovery value is placed. The proposing SVM-DT
would provide very low number of the rules and thus it proven the superior time
series classification.

Fig. 3 Time complexity
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5 Conclusion

In this system, time series dataset is made to evaluate by using an efficient techniques.
The indexing approach is focus on increasing the similarity and the faster access. The
time required for constructing data series index which evolve to prohibitive as data
grows, and they might consume less amount of time for the large sizing data series.
In this preprocessing has been taken place as first step by means of Kalman filtering.
Then it is applicable for hybrid segmentation process by means of combining the
clustering approaches and particle swarm optimization methodologies. Finally SVM-
DT stands for Support vector Machine-Decision Tree has been applied to carry out
an effective sequence mining and thus obtains the better classification output.

In future work, a new system will develop by means of various data mining
approached in terms of increasing the accuracy and reducing the time complexity as
compared to this introduced system.
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A Hybrid Optimization Algorithm
for Pathfinding in Grid Environment

B. Booba, A. Prema and R. Renugadevi

Abstract Grid computing has been highly effective in the area of life sciences,
financial analysis, research collaboration, and engineering. This paper is a study of
existing algorithms like Swarm Intelligence (SI) algorithms such as Ant Colony
Optimization (ACO), Particle Swarm Optimization (PSO), Artificial Bee Colony
(ABC–PSO), and Parallel Particle Swarm Optimization (PPSO) to opt for the
optimal path in a grid computing environment. These algorithms were used to solve
the complex optimization problems in finding the path between source node to
destination node effectively. Nature computing techniques based on the study of the
collective behavior of ants, particle swarms, and bees are used to find the optimal
path, improve the optimization methods and scalability in a set of representative
problems. The hybridization of a grid computing environment and nature-inspired
computing algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms and the evaluated results showed the effectiveness of the pathfinding
problem. ACO is implemented on a dynamic grid computing environment to
demonstrate scalability and a solution for pathfinding. A class of four algorithms is
used to find an optimal path and improve the optimization methods and shorten the
computational time in a grid computing environment.
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1 Introduction

1.1 Overview of Grid Computing

Grid computing is a platform for solving computational problems in science,
engineering, commerce, and other fields. Numerous solutions to grid computing are
being developed. Grid computing has been proven to be highly effective in the area
of life sciences, financial analysis, research collaboration, and engineering [1].

Grid computing is the accumulation of computer resources to achieve a common
goal. The grid provides location-transparent scheduling that is a measure of reg-
istering resources required at a determined time interval for computation. Grid
capacity has to make more cost-effective utilization of a given measure of computer
resources as an approach to tackle problems that cannot be approached without a
huge measure of computing power. The fact that it utilizes the resources of
numerous workstations might be helpful synergistically to harness and manage as
cooperation to a typical destination [2].

1.2 Problem Definition

The objectives are to find the grid computing based-pathfinding, identifying the
position of the obstacles being developed on the grid computing environment and
comparing, analyzing the performance results of the class of four algorithms in
nature-inspired computing. This paper focuses on motion planning for “pathfind-
ing”. It addresses the optimal pathfinding problem in a grid computing environment
[3]. This paper focuses on the use of SI algorithms such as ACO, PSO, PPSO, and
hybrid ABC–PSO to find the optimization problems for selecting the shortest path
in a grid computing environment. These algorithms utilize the swarm intelligence in
grid environment to obtain an optimal solution over an iterative process. The
optimal solutions are evaluated using different kinds of aspects, the hybrid ABC–
PSO has been evaluated against other SI algorithms. A conclusion has been shown
that the hybrid ABC–PSO algorithm performs better in terms of intensification and
diversification concepts. This paper is to demonstrate robustness, scalability of the
nature-inspired pathfinding algorithms in a customized grid computing
environment.

1.3 Proposed Work

The pathfinding algorithms are analyzed to stumble on the shortest path in grid
computing milieu from source node to destination node even if there are any
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obstacles. This paper focuses on the use of ACO, ABC–PSO, and PPSO for
selecting the shortest path in a grid computing environment [4].

The following approaches are used in the proposed work:

• Election of shortest path using ACO algorithm.
• Selection of shortest path by means of Parallel Particle Swarm Optimization

(PPSO) algorithm.

The above mentioned approaches were used to solve the complex optimization
problem in pathfinding between source nodes to destination node effectively.

2 Related Works

ACO methods are useful in reducing the problems of finding paths to a goal state. I
showed the behavior of real ants, and to provide heuristic solutions for optimization
problem. Cellular-DPSABC algorithm is able to apply dynamic optimization
problems. The principle of this algorithm was implemented in PSO to fitness value
population in Artificial Bee Colony Algorithm (ABC). This projected algorithm can
be applied for solving optimization problems. The new algorithm is simple and
flexible swarm-based one. It is also robust, it was established on a limited set of test
problems [5].

An abstraction mechanism which maintains memory competence using a
large-scale grid. It is also effective in reducing planning costs. This mechanism
called a Minimal-Memory (MM) abstraction distinguishes the abstraction repre-
sentation of the techniques which use the abstraction for pathfinding.
Memory-efficient way of precomputing subgoals reduces the main obstacle in
applying real time search systems in video games. Bee Colony Optimization
(BCO) algorithm is focused on obstacle prevention and shortest safe path from the
source to the target. Field D* can be used to approximate a distance find on the
nodes of a complex, and the distance field can be used to weight the complex [6].

3 Contribution of the Paper

3.1 Design of ACO Algorithm for Pathfinding

ACO is a streamlining algorithm in light of the activities of strategies which are to
diminishing the issues of finding the paths to a goal state. ACO basically is an
artificial system that takes motivation from the conduct of genuine states. It locates
the most efficient routes from their nests to food sources [7]. The attribute of ACO
algorithms is the permutation of the structure of a solution. ACO algorithms are
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capable of solving minimum cost path problems on more complicated graphs as
shown in Fig. 1.

ACO is capable of solving the large computational problem in gird computing
[8]. When all the jobs are assigned, the resources are allocated by the pheromone
trails. The pheromone trail can be proposed from the source node while traveling
through several nodes to the target node.

The trails are updated by

sab  1� pð Þsabþ
X

m

Dm
sab ð1Þ

Equation (1) is the amount of pheromone deposited for a state transition, ab is
the pheromone evaporation coefficient and sab is the amount of pheromone
deposited by mth system [9].

3.2 Design of ABC–PSO Algorithm

The benefit of ABC over other swarm intelligence approaches is that in the ABC
algorithm the imaginable solutions indicate food sources. A total number of
employed bees are identical to the number of nourishment sources, with each
working honey bee speaking to a sustenance source [10]. Nourishment source
signifies an answer for the issue that is fundamental to be upgraded. Every suste-
nance source is produced as pursues

Xij ¼ Xminjþ rand 0; 1½ � Xminj � Xminj
� � ð2Þ

ABC–PSO, two algorithms’ components smoothly with the end goal to pick up
profit by their specific qualities Fig. 2. The incorporating PSO with ABC is to build
goal of the pbests of the particles. The algorithm with segments from both ABC and
PSO is shaped with the end goal to have a calculation that easily tackles distin-
guishable issues as while having iteratively invariant conduct as PSO in the
meantime [11].

D

S

Fig. 1 Grid pathfinding
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For every molecule i in the swarm, the ABC calculation method refresh con-
dition is down to business to the individual best pbesti. This is done after iteratively
choosing another molecule k, arbitrary issue variable j, hence cpbesti is refreshed as
pursues

pbestij ¼ pbestijþ/ij X pbestij � pbestkj
� � ð3Þ

3.3 Design of PPSO Algorithm

Parallel processing is to generate the same results and feasibly uses multiple pro-
cessors to reduce the run time. Each time, all particles are independent it can be
easily analyzed in parallel [12]. The PPSO algorithm solves complex functional
optimization problems. The particles in PPSO algorithm are attracted to the best
locations in the search space [13]. The process of PPSO group is shown in Fig. 3.

The above technique gives the worldwide best and the neighborhood best
arrangements [14]. It builds the shot of particles to find a superior arrangement and
to expand the nearby ideal arrangements.

Initialization of the 
parmeter

Termination 
Creiteria
satisfied

Update Employee Bees

Apply PSO operation

Update onlooker Bees

Update Scout Bees

Memorize the Best Food Source

Best
Solution
Found

NO

YES

Fig. 2 ABC–PSO algorithm
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4 Simulation Results

In this work, MATLAB tool is used to build the simulation environment and the
proposed techniques are simulated to evaluate the performance of Make span and to
find an optimal path [15].

Make span ¼ Completion time of last job� Starting time of first job

Fig. 3 The process of parallel particle swarm optimization/group
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To evaluate the effectiveness of these algorithms, the average deviation of the
present best result from the optimum in all iterations is determined. The yield of the
dynamic condition gives the premise on which most limited ways can be figured
between any two hubs utilizing pheromone esteems at every one of their neighbor
hubs [16, 17]. The system show utilized in unique is made out of the hubs and
connections that are viewed as bidirectional. It very well may be finished by dis-
secting the likelihood make length esteems [18].

5 Performance Analysis

The Proposed technique is replicated for various combinations of grid sizes such as
128 � 8, 256 � 16, 512 � 32, and 1024 � 64. The results are shown in Table 1. It
demonstrates the performance of the ACO, PSO, ABC–PSO, and PPSO algorithms.
This performance measure produces a fast rate of better optimization make span
[19].

Figure 4 defines a method to find the solution for the problem of resource with
total execution times which equal to the make span. According to this, the optimal
solution for each algorithm is found based on the global pheromone.

Table 1 Probability make span of ACO, PSO, ABC–PSO, and PPSO

Probabilistic make
span of ACO

Probabilistic make
span of PSO

Probabilistic make
span of ABC–PSO

Probabilistic make
span of PPSO

No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value

[0][0] 818 [0][0] 799 [0][0] 470 [0][0] 580

[0][1] 652 [0][1] 550 [0][1] 320 [0][1] 520

[0][2] 563 [0][2] 490 [0][2] 290 [0][2] 450

[0][3] 506 [0][3] 476 [0][3] 281 [0][3] 410

[1][0] 491 [1][0] 359 [1][0] 260 [1][0] 310

[1][1] 404 [1][1] 350 [1][1] 251 [1][1] 280

[1][2] 348 [1][2] 332 [1][2] 234 [1][2] 290

[1][3] 343 [1][3] 312 [1][3] 219 [1][3] 260

[2][0] 309 [2][0] 275 [2][0] 170 [2][0] 230

[2][1] 280 [2][1] 230 [2][1] 140 [2][1] 190

[2][2] 176 [2][2] 141 [2][2] 121 [2][2] 160

[2][3] 163 [2][3] 132 [2][3] 76 [2][3] 99
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6 Conclusion

This work reports the application of ACO for pathfinding in a simulated grid
computing environment which is suitable for comparison with PSO, ABC–PSO,
and PPSO algorithms. The hybridization of grid computing environment and swarm
intelligence algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms. The distinction between ant colony and bee colony is also studied
through simulation studies in MATLAB. ACO is implemented on a dynamic grid
computing environment to demonstrate the scalability of the proposed solution for
pathfinding. For the future, this can be implemented in a cloud environment to
avoid obstacles freely and improve the scalability.
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Chapter

Kinetic Studies on Cell Growth
Punniavan Sakthiselvan, Setti Sudharsan Meenambiga

and Ramasamy Madhumathi

Abstract

The kinetic model of cell growth is substantially capable to predict product
formation. Mathematical models provide a strategy for solving problems encoun-
tered in fermentation process. A biochemical engineering approach to address this
problem could be to develop a mathematical model which not only helps in the
understanding of the system but also predicts various cultivation strategies to facil-
itate the optimization of a fermentation process, saving much of the time and cost
for performing experiments. The presented overview indicates that many of the
environmentally relevant aspects in growth kinetics are still waiting to be discov-
ered, established, and exploited. A kinetic model that describes microbial growth,
product formation and substrate consumption and the experimental data were
fitted with modified logistic equation.

Keywords: cell growth, kinetics, fermentation, biomass, growth associated,
product

1. Introduction

Cell growth implies increase in its mass and physical size controlled by physical,
biological and chemical environments. Microbial growth is quantified by increase in
the macromolecular and chemical constituents of the cell and growth pattern of
each microbe is unique. Cell growth and cell division are inseparable for microbes as
bacteria divide by binary fission, yeast cells by budding and viruses divide intracel-
lularly [1]. Microbial growth during log phase is very important for the analysis of
cells due to division by binary fission [2]. A typical mammalian cell growth is
influenced by nutrient availability and thus a threshold cell size is required for DNA
synthesis and mitosis [3]. Thus, each class of organisms have a different growth
pattern based on their cell cycle and cell division. Understanding the growth kinet-
ics of different classes of organisms forms the basis for fermentation process to
achieve optimum product concentration.

Growth kinetics is an autocatalytic reaction which implies that the rate of
growth is directly proportional to the concentration of cell. The cell concentration is
measured by direct and indirect methods. Direct methods include measuring the
cell mass concentration and cell number density by its dry weight, turbidity (optical
density), plate counts etc. Whereas, indirect methods of measuring cell density are
done by measuring the concentration of proteins, ATP or DNA content [4].

Batch growth kinetics of a microbe follows a growth curve with lag phase as the
initial phase during which cells adapt to a new environment. Multiple lag phases
occur if the media is supplemented with more than one sugar and such type of
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growth is referred to as diauxic growth. Following the lag phase is the log phase in
which the cell mass and cell number increases exponentially and then the depletion
of nutrients starts which indicates the deceleration phase. The accumulation of toxic
products results in deceleration phase after which stationary phase commences in
which growth rate equals the death rate. The continuous growth kinetics accessed
by a perpetual feeding process in which the growth is controlled by the concentra-
tion of the rate limiting nutrient [5].

Microbial growth kinetics explains the relationship between the specific growth
rate of a microbe and its substrate concentration. Microbial growth kinetics largely
depends on the laboratory culture conditions. In batch culture, microbial cell com-
position and its state change as a function of time and thus the rate of increase in
biomass concentration was monitored [6]. Alternatively, in continuous culture the
concentration of substrate is at equilibrium and the culture grows at stable physio-
logical state which provides more precise and reproducible data [7, 8]. However,
the constant growth conditions represent an artificial growth environment which
does not explain many microbial kinetic phenomena. Thus, growth of microbial
cells was performed under mixed substrates rather than single substrate to under-
stand the growth kinetics of microorganisms in their natural environment [9].

The substrate such as nutrients (carbon and nitrogen sources), hormones and
growth factors influence the growth pattern of microbial and mammalian cells.
Substrate limited and substrate-sufficient growth would be observed on the basis of
the relative availability of the substrate and the organisms utilize more substrate and
energy under substrate sufficient conditions which in turn produces different pat-
terns of product formation. A term describing the residual substrate concentration in
Leudeking-Piret model was thus extended in the product formation kinetics [10].

Product of interest is traditionally achieved in the fermentation industry by
metabolic engineering of few microorganisms which involves many genetic engi-
neering techniques. The complexity of such genetic modifications and microbial
metabolism due to various interconnected pathways urges the need to focus
on developing mathematical models for identifying targets of metabolic
engineering [11, 12].

Mathematical models are kinetic models which explain the relationship between
rates and the concentration of reactants/products and allows to predict the rate of
conversion of reactions in to products. This simulated model thus paved way for the
optimal design of the operating conditions and operating design of the process for
optimal product formation. Qualitative models were mostly used by researchers
rather than quantitative models for gene expression systems as quantitative predic-
tion of process parameters are complicated. However, with the advancements in
experimental techniques of life sciences and using powerful computer technology,
complex mathematical models were developed which is used for the design of
various bioprocesses [13]. Industrial Biotechnology largely makes use of such
mathematical models and saves time and resources with a clear understanding of
strategies to optimize the product yield. Other potential uses of mathematical
models include increasing the range of substrates, reduction of undesirable product
formation and on the whole optimization of fermentation processes [14, 15].

Studying growth of a microorganism is the basis of biotechnological exploitation
of microflora for production of desired product. Optimization of growth of micro-
organism in a particular media is desirable due to economical and availability of
particular growth constituent in a region. Despite this, some microorganisms have
specific requirement and they grow in a particular growth media.

The presented overview thus provides a knowledge on the fundamental basics of
microbial growth kinetics and energetics which forms the basis for bio-engineering
in optimizing, producing and purification of commercially novel products.

2

Cell Growth



2. Growth kinetics

Classified based on the relationship between product synthesis and energy
generation in the cell:

• Growth associated

• Non-growth associated

• Mixed-growth associated

2.1 Growth associated

Growth linked products are formed by growing cells and hence primary metab-
olites. Figure 1 clearly shows that product is formed simultaneously with growth
of cells. That is product concentration increases with cell concentration. The
formation of growth associated product may be described by Eq. (1);

dP

dt
¼ rp ¼ qpX (1)

where P = concentration of product
qp = specific rate of product formation
X = biomass concentration.

2.2 Non-growth associated

They are formed by cells which are not metabolically active and hence are called
secondary metabolites. Figure 2 clearly shows that product formation is unrelated

Figure 1.
Growth associated.
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to growth rate but is a function of cell concentration. The formation of Non-growth
associated product may be described by Eq. (2);

qp ¼ β ¼ constant (2)

2.3 Mixed-growth associated

The product formation from the microorganism depends on both growth and
Non-growth associated. It takes place during growth and stationary phases. In
Figure 3, product formation is a combination of growth rate and cell concentration.
The formation of Mixed-growth associated product may be described by Eq. (3);

qp ¼ αμ þ β (3)

2.4 Production kinetics

Microbial growth kinetics, i.e., the relationship between the specific growth rate
(μ) of a microbial population and the substrate concentration (s), is an indispens-
able tool in all fields of microbiology, be it physiology, genetics, ecology, or bio-
technology, and therefore it is an important part of the basic teaching of
microbiology [16]. Unfortunately, the principles and definitions of growth kinetics
are frequently presented as if they were firmly established in the 1940s and during
the following “golden age” in the 1950s and 1960s the key publications are those
of Monod. Monod, logistic, modified logistic model, and Leudeking-Piret models
were used to describe the batch growth kinetics of cell. The Monod kinetic model
is given as Eq. (4):

μ ¼
μmaxS

Ks þ S
(4)

Figure 2.
Non-growth associated.
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where μ is the specific growth rate (h-1), S is substrate concentration (g/L) and
KS and μmax are the Monod constant (g/L) and maximum specific growth rate, (h-1)
respectively.

At the end of the lag phase, the growth of microorganisms is well acclimatized
for its contemporary environment. Then the cells were multiplied hastily. The
major active part of the cell growth curve which is called as the exponential (log)
phase is used for the adjudication of kinetic parameters. The period of balanced
growth that is the log phase, in which all components of a cell grow at the equivalent
rate. Malthus model was also used for the cell growth behavior.

In Contois model, Michaelis constant is directly proportional to cell concentra-
tion and specific growth rate is inversely proportional to cell concentration which is
described by Eq. (5). The Monod equation was also modified with the maintenance
term which was incorporated in the Herbert model (Eq. (6)).

μ ¼
μmaxS

KsXþ S
(5)

μ ¼ μmax þmð Þ
S

Ks þ S

� �

�m (6)

where X is cell mass concentration (g/L) and t is time (h). Separation of variables
and integrating Eq. (4) yields Eq. (5). The above equations were used to enumerate
the cell growth and product accumulation during the batch experiments [17]. The
relationship between cell growth and product formation were identified by
Leudeking-Piret kinetics.

Leudeking-Piret model (Eq. (7)) was used for kinetic analysis of cell production.

dp

dt
¼ α

dx

dt
þ βx (7)

where α and β are the associated and non-associated growth factor respectively.
x and p show the concentration of dry cell weight (DCW) and product

Figure 3.
Mixed growth associated.
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concentration. The Logistic equation was used to analyze the exponential growth
phase kinetics while Malthus kinetics was used to express the death phase kinetics
(Eqs. (8) and (9)) [16, 18].

dx

dt
¼ μm 1�

x

xm

� �

x (8)

dx

dt
¼ μ � x (9)

x tð Þ ¼
x0 exp μm � tð Þ

1� x0
xm

� �

1� exp μm � tð Þð Þ
h i (10)

1n
x

x0

� �

μ � t (11)

where xm, x0 and μm are the initial DCW or biomass concentration, maximum
biomass concentration and maximum specific growth rate of the microorganism,
respectively. Also, tm is the required time (seed age) for maximum product con-
centration by the microorganism. According to Eq. (10), in order to estimate the
value of the μm, a plot of 1n x

xm�x against t will yield a straight line that the value of

its the slope corresponds to μm and the intercept equals to 1n xm
x0

� 1
� �

: The sub-

strate and product inhibitory effect on cell growth has been presented by Eq. (11).
where x is biomass concentration with respect to time and x0 is the initial biomass
concentration.

1n
x

xm � x
¼ μm � t � 1n

xm

x0
� 1

� �

(12)

The growth pattern of micro-organism followed the modified Logistic model.
Maximum cell concentration was obtained for sugarcane bagasse incubated for 48 h
when compared to glucose as carbon source. The experimental values deviate
slightly towards the end of stationary phase because the modified logistic equation
used does not distinguish the decrease in cell density that normally occurs at the end
of stationary phase [19]. Substituting Eqs. (8) and (10) into Eq. (7) and integrating,
will yield Eq. (13).

p tð Þ ¼ p0 þ αx0
exp μm � tð Þ

1� x0
xm

� �

1� exp μm � tð Þð Þ
h i� 1

8

<

:

9

=

;

þ β
xm
μm

1n 1�
x0

xm

� �

1� exp μm � tð Þð Þ

� �

(13)

Eq. (13) can be rewritten as Eq. (14)

p tð Þ ¼ p0 þ αA tð Þ þ βB tð Þ (14)

The value of dx/dt is equal to zero and x = xm in the stationary phase. Using
Eqs. (7) and (13), one can obtain:

β ¼
dp
dt st � phaseð Þ

xm
(15)
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The value of xm can be obtained from the experimental growth kinetic data and
the value of parameter α was obtained from the slope of the linear plot of
p tð Þ � p0 � βB against A(t).

Eqs. (13) and (16) show the kinetic model of product production in the
exponential growth phase and death phase, respectively.

p tð Þ ¼ p0 þ αx0 exp μ � tð Þ þ β
x0

μ
exp μ � tð Þ (16)

¼ p0 þ αA tð Þ þ βB tð Þ

The resulting graph obtained from kinetic modeling of product production
by Leudeking-Piret model are shown in Figure 4. It is the combination of kinetic
models for better agreement between experimental data and model
predictions which are employed in cell growth and Product production. The prod-
uct accumulation mostly adhered to growth-associated kinetic pattern. Matlab ver.
7.12 computer software was used to define the interpretation of growth kinetic
parameters.

3. Conclusion

One of the very important practical applications of this model is the evaluation
of the product formation kinetics. Mathematical models facilitate data analysis
and provide a strategy for solving problems encountered in fermentations. Infor-
mation on fermentation process kinetics is potentially valuable for the improve-
ment of batch process performance. Finally, the product yields and substrate
conversions are criteria with the main attention toward productivity.
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Figure 4.
The kinetic modeling of product production by Leudeking-Piret model using carbon source.
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Appendices and nomenclature

μmax maximum specific growth rate (h-1)
Xi independent variables
Xo initial biomass concentration (mg/ml)
Xmax maximum biomass concentration (mg/ml)
X biomass concentration (mg/ml)
t incubation time (h)
DCW dry cell weight
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ABSTRACT: 

The increasing demands on nanoparticles have wide pertinent in almost all the fields. Biological 

synthesis of nanoparticles has emerged as rapidly developing research area in nanotechnology 

across the globe with various biological entities being employed in production of nanoparticles 

constantly forming an impute alternative for conventional methods. Simple prokaryotes to 

complex eukaryotic organisms including higher plants are used for the fabrication of 

nanoparticles. Marine ecosystem has variety of living resources, which includes prokaryotes like 

microorganism to eukaryotic organism like higher plants and animals. One area of untapped 

potential is marine microorganism as Nano factories to fabricate Nanoparticles. Marine 

microorganisms are known to interact with metal ions as marine ecosystems are constantly 

exposed to high metal salt concentration. These microorganisms may reduce the metallic ions 

rapidly for the formation of Nanoparticles of desired shape and controlled size. Our review, 

mainly focused on what the marine organisms are involved in and what type of nanoparticles is 

synthesized, including size and food and medicinal applications. In future, it will be a good 

reference for the further research on marine ecosystem to develop drug from sea.  
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ABSTRACT: 

Carbon based recalcitrant polymers (i.e.) plastics are incredibly versatile. They are durable, 

light weighted, corrosive resistant material that readily do not enter into the biodegradation 

cycle of the biosphere. Plastics are malleable in nature and consists of a wide range of 

synthetics, semi-synthetic organic compounds that are moulded into solid objects. These 

compounds which are being dumped into water bodies possess a serious threat to the aquatic 

life and also is a major cause for the failure in reproduction of aquatic organisms.  Plastics have 

become an omnipresent material due to its diverse application. The organic substances are 

decomposed by the micro-organisms into elementary materials such as carbon dioxide, water 

and ammonia by the process of biodegradation, ergo it becomes the only way to solve this 

predicament. Marine Microorganisms are the one that grow in estuarine habitat. Marine 

environment has proven to be an abundant source of both chemical and biological diversity, 

the aquatic habitat being an enormous pool of resources approximately covers three fourth of 

our planet. They are the first living organisms that survive without oxygen. Marine microbes 

which plays a vital role maintaining the balance of the ecosystem and also act as a decomposer 

by separating the ubiquitous waste materials. They also contribute to a wide range of aquatic 

biomass which includes various bacteria, fungi, archaea and virus. Irrespective of its vast 

diversity, marine fungi have distinct characteristics features that enables them to be potential 

degraders. Polyethylene (PE) is one of the most widely used polymer. Polyethylene (PE) being 

a thermoplastic polymer has variable crystalline structure coupled with composites which 

depends on the molecular weight. To modify the properties of Polyethylene (PE), it is important 

to know its structure.  Our review comprises the biodegradation process of Polyethylene (PE) 

by marine fungal species: Zalerion maritimum, Aspergillus niger, A. flavus and Penicillium 

species.  

Keywords: Plastics, Biodegradation, Polyethylene (PE), Marine Derived Fungi. 
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A Hybrid Optimization Algorithm
for Pathfinding in Grid Environment

B. Booba, A. Prema and R. Renugadevi

Abstract Grid computing has been highly effective in the area of life sciences,
financial analysis, research collaboration, and engineering. This paper is a study of
existing algorithms like Swarm Intelligence (SI) algorithms such as Ant Colony
Optimization (ACO), Particle Swarm Optimization (PSO), Artificial Bee Colony
(ABC–PSO), and Parallel Particle Swarm Optimization (PPSO) to opt for the
optimal path in a grid computing environment. These algorithms were used to solve
the complex optimization problems in finding the path between source node to
destination node effectively. Nature computing techniques based on the study of the
collective behavior of ants, particle swarms, and bees are used to find the optimal
path, improve the optimization methods and scalability in a set of representative
problems. The hybridization of a grid computing environment and nature-inspired
computing algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms and the evaluated results showed the effectiveness of the pathfinding
problem. ACO is implemented on a dynamic grid computing environment to
demonstrate scalability and a solution for pathfinding. A class of four algorithms is
used to find an optimal path and improve the optimization methods and shorten the
computational time in a grid computing environment.
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1 Introduction

1.1 Overview of Grid Computing

Grid computing is a platform for solving computational problems in science,
engineering, commerce, and other fields. Numerous solutions to grid computing are
being developed. Grid computing has been proven to be highly effective in the area
of life sciences, financial analysis, research collaboration, and engineering [1].

Grid computing is the accumulation of computer resources to achieve a common
goal. The grid provides location-transparent scheduling that is a measure of reg-
istering resources required at a determined time interval for computation. Grid
capacity has to make more cost-effective utilization of a given measure of computer
resources as an approach to tackle problems that cannot be approached without a
huge measure of computing power. The fact that it utilizes the resources of
numerous workstations might be helpful synergistically to harness and manage as
cooperation to a typical destination [2].

1.2 Problem Definition

The objectives are to find the grid computing based-pathfinding, identifying the
position of the obstacles being developed on the grid computing environment and
comparing, analyzing the performance results of the class of four algorithms in
nature-inspired computing. This paper focuses on motion planning for “pathfind-
ing”. It addresses the optimal pathfinding problem in a grid computing environment
[3]. This paper focuses on the use of SI algorithms such as ACO, PSO, PPSO, and
hybrid ABC–PSO to find the optimization problems for selecting the shortest path
in a grid computing environment. These algorithms utilize the swarm intelligence in
grid environment to obtain an optimal solution over an iterative process. The
optimal solutions are evaluated using different kinds of aspects, the hybrid ABC–
PSO has been evaluated against other SI algorithms. A conclusion has been shown
that the hybrid ABC–PSO algorithm performs better in terms of intensification and
diversification concepts. This paper is to demonstrate robustness, scalability of the
nature-inspired pathfinding algorithms in a customized grid computing
environment.

1.3 Proposed Work

The pathfinding algorithms are analyzed to stumble on the shortest path in grid
computing milieu from source node to destination node even if there are any
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obstacles. This paper focuses on the use of ACO, ABC–PSO, and PPSO for
selecting the shortest path in a grid computing environment [4].

The following approaches are used in the proposed work:

• Election of shortest path using ACO algorithm.
• Selection of shortest path by means of Parallel Particle Swarm Optimization

(PPSO) algorithm.

The above mentioned approaches were used to solve the complex optimization
problem in pathfinding between source nodes to destination node effectively.

2 Related Works

ACO methods are useful in reducing the problems of finding paths to a goal state. I
showed the behavior of real ants, and to provide heuristic solutions for optimization
problem. Cellular-DPSABC algorithm is able to apply dynamic optimization
problems. The principle of this algorithm was implemented in PSO to fitness value
population in Artificial Bee Colony Algorithm (ABC). This projected algorithm can
be applied for solving optimization problems. The new algorithm is simple and
flexible swarm-based one. It is also robust, it was established on a limited set of test
problems [5].

An abstraction mechanism which maintains memory competence using a
large-scale grid. It is also effective in reducing planning costs. This mechanism
called a Minimal-Memory (MM) abstraction distinguishes the abstraction repre-
sentation of the techniques which use the abstraction for pathfinding.
Memory-efficient way of precomputing subgoals reduces the main obstacle in
applying real time search systems in video games. Bee Colony Optimization
(BCO) algorithm is focused on obstacle prevention and shortest safe path from the
source to the target. Field D* can be used to approximate a distance find on the
nodes of a complex, and the distance field can be used to weight the complex [6].

3 Contribution of the Paper

3.1 Design of ACO Algorithm for Pathfinding

ACO is a streamlining algorithm in light of the activities of strategies which are to
diminishing the issues of finding the paths to a goal state. ACO basically is an
artificial system that takes motivation from the conduct of genuine states. It locates
the most efficient routes from their nests to food sources [7]. The attribute of ACO
algorithms is the permutation of the structure of a solution. ACO algorithms are
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capable of solving minimum cost path problems on more complicated graphs as
shown in Fig. 1.

ACO is capable of solving the large computational problem in gird computing
[8]. When all the jobs are assigned, the resources are allocated by the pheromone
trails. The pheromone trail can be proposed from the source node while traveling
through several nodes to the target node.

The trails are updated by

sab  1� pð Þsabþ
X

m

Dm
sab ð1Þ

Equation (1) is the amount of pheromone deposited for a state transition, ab is
the pheromone evaporation coefficient and sab is the amount of pheromone
deposited by mth system [9].

3.2 Design of ABC–PSO Algorithm

The benefit of ABC over other swarm intelligence approaches is that in the ABC
algorithm the imaginable solutions indicate food sources. A total number of
employed bees are identical to the number of nourishment sources, with each
working honey bee speaking to a sustenance source [10]. Nourishment source
signifies an answer for the issue that is fundamental to be upgraded. Every suste-
nance source is produced as pursues

Xij ¼ Xminjþ rand 0; 1½ � Xminj � Xminj
� � ð2Þ

ABC–PSO, two algorithms’ components smoothly with the end goal to pick up
profit by their specific qualities Fig. 2. The incorporating PSO with ABC is to build
goal of the pbests of the particles. The algorithm with segments from both ABC and
PSO is shaped with the end goal to have a calculation that easily tackles distin-
guishable issues as while having iteratively invariant conduct as PSO in the
meantime [11].

D

S

Fig. 1 Grid pathfinding
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For every molecule i in the swarm, the ABC calculation method refresh con-
dition is down to business to the individual best pbesti. This is done after iteratively
choosing another molecule k, arbitrary issue variable j, hence cpbesti is refreshed as
pursues

pbestij ¼ pbestijþ/ij X pbestij � pbestkj
� � ð3Þ

3.3 Design of PPSO Algorithm

Parallel processing is to generate the same results and feasibly uses multiple pro-
cessors to reduce the run time. Each time, all particles are independent it can be
easily analyzed in parallel [12]. The PPSO algorithm solves complex functional
optimization problems. The particles in PPSO algorithm are attracted to the best
locations in the search space [13]. The process of PPSO group is shown in Fig. 3.

The above technique gives the worldwide best and the neighborhood best
arrangements [14]. It builds the shot of particles to find a superior arrangement and
to expand the nearby ideal arrangements.

Initialization of the 
parmeter

Termination 
Creiteria
satisfied

Update Employee Bees

Apply PSO operation

Update onlooker Bees

Update Scout Bees

Memorize the Best Food Source

Best
Solution
Found

NO

YES

Fig. 2 ABC–PSO algorithm
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4 Simulation Results

In this work, MATLAB tool is used to build the simulation environment and the
proposed techniques are simulated to evaluate the performance of Make span and to
find an optimal path [15].

Make span ¼ Completion time of last job� Starting time of first job

Fig. 3 The process of parallel particle swarm optimization/group
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To evaluate the effectiveness of these algorithms, the average deviation of the
present best result from the optimum in all iterations is determined. The yield of the
dynamic condition gives the premise on which most limited ways can be figured
between any two hubs utilizing pheromone esteems at every one of their neighbor
hubs [16, 17]. The system show utilized in unique is made out of the hubs and
connections that are viewed as bidirectional. It very well may be finished by dis-
secting the likelihood make length esteems [18].

5 Performance Analysis

The Proposed technique is replicated for various combinations of grid sizes such as
128 � 8, 256 � 16, 512 � 32, and 1024 � 64. The results are shown in Table 1. It
demonstrates the performance of the ACO, PSO, ABC–PSO, and PPSO algorithms.
This performance measure produces a fast rate of better optimization make span
[19].

Figure 4 defines a method to find the solution for the problem of resource with
total execution times which equal to the make span. According to this, the optimal
solution for each algorithm is found based on the global pheromone.

Table 1 Probability make span of ACO, PSO, ABC–PSO, and PPSO

Probabilistic make
span of ACO

Probabilistic make
span of PSO

Probabilistic make
span of ABC–PSO

Probabilistic make
span of PPSO

No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value

[0][0] 818 [0][0] 799 [0][0] 470 [0][0] 580

[0][1] 652 [0][1] 550 [0][1] 320 [0][1] 520

[0][2] 563 [0][2] 490 [0][2] 290 [0][2] 450

[0][3] 506 [0][3] 476 [0][3] 281 [0][3] 410

[1][0] 491 [1][0] 359 [1][0] 260 [1][0] 310

[1][1] 404 [1][1] 350 [1][1] 251 [1][1] 280

[1][2] 348 [1][2] 332 [1][2] 234 [1][2] 290

[1][3] 343 [1][3] 312 [1][3] 219 [1][3] 260

[2][0] 309 [2][0] 275 [2][0] 170 [2][0] 230

[2][1] 280 [2][1] 230 [2][1] 140 [2][1] 190

[2][2] 176 [2][2] 141 [2][2] 121 [2][2] 160

[2][3] 163 [2][3] 132 [2][3] 76 [2][3] 99
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6 Conclusion

This work reports the application of ACO for pathfinding in a simulated grid
computing environment which is suitable for comparison with PSO, ABC–PSO,
and PPSO algorithms. The hybridization of grid computing environment and swarm
intelligence algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms. The distinction between ant colony and bee colony is also studied
through simulation studies in MATLAB. ACO is implemented on a dynamic grid
computing environment to demonstrate the scalability of the proposed solution for
pathfinding. For the future, this can be implemented in a cloud environment to
avoid obstacles freely and improve the scalability.
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A Hybrid Optimization Algorithm
for Pathfinding in Grid Environment

B. Booba, A. Prema and R. Renugadevi

Abstract Grid computing has been highly effective in the area of life sciences,
financial analysis, research collaboration, and engineering. This paper is a study of
existing algorithms like Swarm Intelligence (SI) algorithms such as Ant Colony
Optimization (ACO), Particle Swarm Optimization (PSO), Artificial Bee Colony
(ABC–PSO), and Parallel Particle Swarm Optimization (PPSO) to opt for the
optimal path in a grid computing environment. These algorithms were used to solve
the complex optimization problems in finding the path between source node to
destination node effectively. Nature computing techniques based on the study of the
collective behavior of ants, particle swarms, and bees are used to find the optimal
path, improve the optimization methods and scalability in a set of representative
problems. The hybridization of a grid computing environment and nature-inspired
computing algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms and the evaluated results showed the effectiveness of the pathfinding
problem. ACO is implemented on a dynamic grid computing environment to
demonstrate scalability and a solution for pathfinding. A class of four algorithms is
used to find an optimal path and improve the optimization methods and shorten the
computational time in a grid computing environment.

Keywords ACO � PSO � ABC–PSO � PPSO � Grid computing � Nature-inspired
computing � Pathfinding � Swarm intelligence

B. Booba (&) � A. Prema
Department of Information Technology, School of Computing Science, Vels Institute
of Science, Technology and Advanced Studies (VISTAS), Pallavaram, Chennai, India
e-mail: boobarajashekar@gmail.com

A. Prema
e-mail: unjanai@gmail.com

R. Renugadevi
Department of Computer Science, School of Computing Science, Vels Institute of Science,
Technology and Advanced Studies (VISTAS), Pallavaram, Chennai, India
e-mail: nicrdevi@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
N. Sharma et al. (eds.), Data Management, Analytics
and Innovation, Advances in Intelligent Systems and Computing
1042, https://doi.org/10.1007/978-981-32-9949-8_50

713

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9949-8_50&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9949-8_50&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9949-8_50&amp;domain=pdf
mailto:boobarajashekar@gmail.com
mailto:unjanai@gmail.com
mailto:nicrdevi@gmail.com
https://doi.org/10.1007/978-981-32-9949-8_50


1 Introduction

1.1 Overview of Grid Computing

Grid computing is a platform for solving computational problems in science,
engineering, commerce, and other fields. Numerous solutions to grid computing are
being developed. Grid computing has been proven to be highly effective in the area
of life sciences, financial analysis, research collaboration, and engineering [1].

Grid computing is the accumulation of computer resources to achieve a common
goal. The grid provides location-transparent scheduling that is a measure of reg-
istering resources required at a determined time interval for computation. Grid
capacity has to make more cost-effective utilization of a given measure of computer
resources as an approach to tackle problems that cannot be approached without a
huge measure of computing power. The fact that it utilizes the resources of
numerous workstations might be helpful synergistically to harness and manage as
cooperation to a typical destination [2].

1.2 Problem Definition

The objectives are to find the grid computing based-pathfinding, identifying the
position of the obstacles being developed on the grid computing environment and
comparing, analyzing the performance results of the class of four algorithms in
nature-inspired computing. This paper focuses on motion planning for “pathfind-
ing”. It addresses the optimal pathfinding problem in a grid computing environment
[3]. This paper focuses on the use of SI algorithms such as ACO, PSO, PPSO, and
hybrid ABC–PSO to find the optimization problems for selecting the shortest path
in a grid computing environment. These algorithms utilize the swarm intelligence in
grid environment to obtain an optimal solution over an iterative process. The
optimal solutions are evaluated using different kinds of aspects, the hybrid ABC–
PSO has been evaluated against other SI algorithms. A conclusion has been shown
that the hybrid ABC–PSO algorithm performs better in terms of intensification and
diversification concepts. This paper is to demonstrate robustness, scalability of the
nature-inspired pathfinding algorithms in a customized grid computing
environment.

1.3 Proposed Work

The pathfinding algorithms are analyzed to stumble on the shortest path in grid
computing milieu from source node to destination node even if there are any
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obstacles. This paper focuses on the use of ACO, ABC–PSO, and PPSO for
selecting the shortest path in a grid computing environment [4].

The following approaches are used in the proposed work:

• Election of shortest path using ACO algorithm.
• Selection of shortest path by means of Parallel Particle Swarm Optimization

(PPSO) algorithm.

The above mentioned approaches were used to solve the complex optimization
problem in pathfinding between source nodes to destination node effectively.

2 Related Works

ACO methods are useful in reducing the problems of finding paths to a goal state. I
showed the behavior of real ants, and to provide heuristic solutions for optimization
problem. Cellular-DPSABC algorithm is able to apply dynamic optimization
problems. The principle of this algorithm was implemented in PSO to fitness value
population in Artificial Bee Colony Algorithm (ABC). This projected algorithm can
be applied for solving optimization problems. The new algorithm is simple and
flexible swarm-based one. It is also robust, it was established on a limited set of test
problems [5].

An abstraction mechanism which maintains memory competence using a
large-scale grid. It is also effective in reducing planning costs. This mechanism
called a Minimal-Memory (MM) abstraction distinguishes the abstraction repre-
sentation of the techniques which use the abstraction for pathfinding.
Memory-efficient way of precomputing subgoals reduces the main obstacle in
applying real time search systems in video games. Bee Colony Optimization
(BCO) algorithm is focused on obstacle prevention and shortest safe path from the
source to the target. Field D* can be used to approximate a distance find on the
nodes of a complex, and the distance field can be used to weight the complex [6].

3 Contribution of the Paper

3.1 Design of ACO Algorithm for Pathfinding

ACO is a streamlining algorithm in light of the activities of strategies which are to
diminishing the issues of finding the paths to a goal state. ACO basically is an
artificial system that takes motivation from the conduct of genuine states. It locates
the most efficient routes from their nests to food sources [7]. The attribute of ACO
algorithms is the permutation of the structure of a solution. ACO algorithms are
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capable of solving minimum cost path problems on more complicated graphs as
shown in Fig. 1.

ACO is capable of solving the large computational problem in gird computing
[8]. When all the jobs are assigned, the resources are allocated by the pheromone
trails. The pheromone trail can be proposed from the source node while traveling
through several nodes to the target node.

The trails are updated by

sab  1� pð Þsabþ
X

m

Dm
sab ð1Þ

Equation (1) is the amount of pheromone deposited for a state transition, ab is
the pheromone evaporation coefficient and sab is the amount of pheromone
deposited by mth system [9].

3.2 Design of ABC–PSO Algorithm

The benefit of ABC over other swarm intelligence approaches is that in the ABC
algorithm the imaginable solutions indicate food sources. A total number of
employed bees are identical to the number of nourishment sources, with each
working honey bee speaking to a sustenance source [10]. Nourishment source
signifies an answer for the issue that is fundamental to be upgraded. Every suste-
nance source is produced as pursues

Xij ¼ Xminjþ rand 0; 1½ � Xminj � Xminj
� � ð2Þ

ABC–PSO, two algorithms’ components smoothly with the end goal to pick up
profit by their specific qualities Fig. 2. The incorporating PSO with ABC is to build
goal of the pbests of the particles. The algorithm with segments from both ABC and
PSO is shaped with the end goal to have a calculation that easily tackles distin-
guishable issues as while having iteratively invariant conduct as PSO in the
meantime [11].

D

S

Fig. 1 Grid pathfinding
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For every molecule i in the swarm, the ABC calculation method refresh con-
dition is down to business to the individual best pbesti. This is done after iteratively
choosing another molecule k, arbitrary issue variable j, hence cpbesti is refreshed as
pursues

pbestij ¼ pbestijþ/ij X pbestij � pbestkj
� � ð3Þ

3.3 Design of PPSO Algorithm

Parallel processing is to generate the same results and feasibly uses multiple pro-
cessors to reduce the run time. Each time, all particles are independent it can be
easily analyzed in parallel [12]. The PPSO algorithm solves complex functional
optimization problems. The particles in PPSO algorithm are attracted to the best
locations in the search space [13]. The process of PPSO group is shown in Fig. 3.

The above technique gives the worldwide best and the neighborhood best
arrangements [14]. It builds the shot of particles to find a superior arrangement and
to expand the nearby ideal arrangements.

Initialization of the 
parmeter

Termination 
Creiteria
satisfied

Update Employee Bees

Apply PSO operation

Update onlooker Bees

Update Scout Bees

Memorize the Best Food Source

Best
Solution
Found

NO

YES

Fig. 2 ABC–PSO algorithm
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4 Simulation Results

In this work, MATLAB tool is used to build the simulation environment and the
proposed techniques are simulated to evaluate the performance of Make span and to
find an optimal path [15].

Make span ¼ Completion time of last job� Starting time of first job

Fig. 3 The process of parallel particle swarm optimization/group
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To evaluate the effectiveness of these algorithms, the average deviation of the
present best result from the optimum in all iterations is determined. The yield of the
dynamic condition gives the premise on which most limited ways can be figured
between any two hubs utilizing pheromone esteems at every one of their neighbor
hubs [16, 17]. The system show utilized in unique is made out of the hubs and
connections that are viewed as bidirectional. It very well may be finished by dis-
secting the likelihood make length esteems [18].

5 Performance Analysis

The Proposed technique is replicated for various combinations of grid sizes such as
128 � 8, 256 � 16, 512 � 32, and 1024 � 64. The results are shown in Table 1. It
demonstrates the performance of the ACO, PSO, ABC–PSO, and PPSO algorithms.
This performance measure produces a fast rate of better optimization make span
[19].

Figure 4 defines a method to find the solution for the problem of resource with
total execution times which equal to the make span. According to this, the optimal
solution for each algorithm is found based on the global pheromone.

Table 1 Probability make span of ACO, PSO, ABC–PSO, and PPSO

Probabilistic make
span of ACO

Probabilistic make
span of PSO

Probabilistic make
span of ABC–PSO

Probabilistic make
span of PPSO

No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value No. of
iteration
in matrice

Value

[0][0] 818 [0][0] 799 [0][0] 470 [0][0] 580

[0][1] 652 [0][1] 550 [0][1] 320 [0][1] 520

[0][2] 563 [0][2] 490 [0][2] 290 [0][2] 450

[0][3] 506 [0][3] 476 [0][3] 281 [0][3] 410

[1][0] 491 [1][0] 359 [1][0] 260 [1][0] 310

[1][1] 404 [1][1] 350 [1][1] 251 [1][1] 280

[1][2] 348 [1][2] 332 [1][2] 234 [1][2] 290

[1][3] 343 [1][3] 312 [1][3] 219 [1][3] 260

[2][0] 309 [2][0] 275 [2][0] 170 [2][0] 230

[2][1] 280 [2][1] 230 [2][1] 140 [2][1] 190

[2][2] 176 [2][2] 141 [2][2] 121 [2][2] 160

[2][3] 163 [2][3] 132 [2][3] 76 [2][3] 99
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6 Conclusion

This work reports the application of ACO for pathfinding in a simulated grid
computing environment which is suitable for comparison with PSO, ABC–PSO,
and PPSO algorithms. The hybridization of grid computing environment and swarm
intelligence algorithms such as ACO, PSO, ABC–PSO, and PPSO has resulted in a
class of solutions that differ in structure and design from the peer-to-peer network
algorithms. The distinction between ant colony and bee colony is also studied
through simulation studies in MATLAB. ACO is implemented on a dynamic grid
computing environment to demonstrate the scalability of the proposed solution for
pathfinding. For the future, this can be implemented in a cloud environment to
avoid obstacles freely and improve the scalability.
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Defending Jellyfish Attack in Mobile
Ad hoc Networks via Novel Fuzzy
System Rule

G. Suseendran, E. Chandrasekaran and Anand Nayyar

Abstract Security in mobile ad hoc environment is the most concerned research
issue which is focused in the proposed research methodology by introducing
authenticated routing based attack injection and detection framework using genetic
fuzzy rule based system (AR-AIDF-GFRS). This assures both the successful
detections of attacks present in the environment and secured routing by using
trusted nodes. Here, initially, jellyfish attack is injected into the MANET envi-
ronment. This attack is detected by genetic fuzzy based rule system which would
generate rules based on which attack would be identified. And then to ensure the
secured routing, trust evaluation of nodes is done by ant colony based trust eval-
uation method (ACTEM). This method selects the optimal nodes which are trusted
in nature for establishing the route path. The overall evaluation of the proposed
research method is done in NS2 simulation environment which proves that
AR-AIDF-GFRS can outperform the existing research method by accurately
identifying attacker nodes.
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1 Introduction

The 21st century of advancements and innovations open for everybody, where there
no evident limits between the usefulness of the gadgets the portable specially
appointed systems administration (MANETs) assume huge part. MANETs have
turned out to be a standout among the most predominant zones of research in the
current years and as a result of the difficulties, it postures to the related calculations.
MANET is an arrangement of remote versatile hubs that progressively
self-compose in the subjective and transitory system topologies.

MANET has become a rising research area with many practical applications. Its
technology provides a flexible way to set up communications in situations with
geographical constraints that demand distributed networks without any centralized
authority or fixed base station, such as disaster relief, emergency situations (rescue
team), battlefield communications, conference rooms, and military applications [1].
Compared to the traditional wireless and wired networks, MANET is prone to
varied security vulnerabilities and attacks because of its features in terms of no
centralized authorities, distribution cooperation, open and shared network wireless
medium, severe resource restriction, and high dynamic nature of network topology.
The factors that attracted attraction of researchers around MANETs are:
Self-configuration and Self-maintenance. Another unique feature of MANETs that
poses security threats is its unclear defense line, i.e., no built-in security.

MANETs doesnt have committed switches, and its hubs generally work by
sending the bundles to each other accordingly having no security in the corre-
spondence, giving access to both true blue clients and aggressors [2]. For instance,
hub S can speak with hub D by utilizing the most brief way S–A–BD as appeared in
Fig. 1 (the dashed lines demonstrate the immediate connections between the hubs).
In the event that hub A moves out of hub S range, hub A needs to locate an option
course to hub D (S–C–EB–D). Accordingly, security in MANETs is the most
essential worry for the fundamental usefulness of the system. The accessibility of
system administrations, privacy, and trustworthiness of the information can be
accomplished by guaranteeing that security issues have been met. MANETs reg-
ularly experience the ill effects of security assaults in view of its highlights like

Fig. 1 Communication
between nodes in MANETs
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open medium, progressive topology change, absence of focal checking and
administration, helpful calculations, and no unmistakable barrier system. These
elements change the combat zone circumstances for MANETs against all sorts of
security dangers [3].

A MANET is more open to these sorts of assaults as correspondence depends on
shared trust between the hubs; there is no essential issue for arranging adminis-
tration, no approval office, energetically changing topology, and restricted assets.

The main objective of the proposed method is to implement flexible network
structure for MANETs environment by accurately detecting the attacks and pre-
venting the unwanted packet dropouts. This is ensured by injecting jellyfish attack
into the environment which is detected via genetic fuzzy rule based system which
identifies the attack presence. The prevention of attack is done via trust-aware
routing in which routing is performed via trustworthy nodes in the environment by
proper means of authentication before establishing the routing path.

1.1 Structure of the paper

The rest of the paper is organized as follows: Section 2 outlines literature review of
varied proposed methodologies by other researchers. Section 3 highlights the
proposed research method along with suitable examples. Section 4 covers simu-
lation based performance evaluation of proposed method and compares the novel
proposed method with existing techniques. Section 5 concludes the paper with
future scope.

2 Related Works

In this segment, shifting-related research strategies have been examined in detail in
light of their working methodology regarding assault identification. Andel et al. [4]
have characterized the undetectable hub assault and turned out to be not quite the same
as the current assaults (man in the center, disguising, and wormhole) and set up its
uniqueness. The authors characterized it as, in any convention that relies upon rec-
ognizable proof for any usefulness, any hub that successfully takes an interest in that
convention without uncovering its personality is an imperceptible hub, and the activity
and convention effect is named as INA. Considering the impacts of INA on various
directing conventions, authors demonstrated it as unsolvable assault until now.

SAODV directing convention is utilized to avert against dark gap assault;
however, it requires overwhelming weight encryption calculation [5]. SAR can be
utilized to safeguard against dark gap assaults. In SAR, it needs intemperate
encryption and decoding at each jump. ARAN can be utilized to guard against
pantomime and renouncement assaults. It may not protect against validated ego-
tistical hubs. Security convention SEAD is utilized against change assaults [6].
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Di Crescenzo et al. [7] secure the administration disclosure stage by utilizing a
safe different ruling set creation convention and the administration arrangement
stage by utilizing a novel sort of edge signature plot. The two conventions address
novel security objectives and are of free enthusiasm as they can discover applica-
tions to different ranges, most strikingly, the development of a conveyed and sur-
vivable open key framework in MANET.

Kim et al. [8] utilized the transmission control convention (TCP) to give solid
information regarding transmission that has been performed with the end goal of
smooth mix with the wired web. The creators propose their TCP-Vegas-impromptu
convention, which is made mindful of RCs and utilizes the right BaseRTT esteems.
Lee et al. [9] concluded that system coding in mix with single-bounce correspon-
dence permits P2P document sharing frameworks in MANET to work in a more
effective way and cause the frameworks to run without any hiccup. For example,
dynamic topology and irregular network and in addition different issues that have
been ignored in past MANET P2P explores, for example, tending to, hub/client
thickness, non-helpfulness, and temperamental channel.

El Defrawy et al. [10] address various issues emerging in suspicious area-based
MANET settings by planning and breaking down a protection saving and secure
connection state based steering convention (Caution). Alert uses hubs’ present areas
to safely disperse and develop topology depictions and forward information.With the
guide of cutting-edge cryptographic strategies (e.g., amass marks), caution gives both
security and protection highlights, including hub confirmation, information trust-
worthiness, secrecy, and immovability (following protection). Zhao et al. [11] pro-
posed a hazard mindful reaction instrument to methodically adapt to the distinguished
steering assaults. Our hazard mindful approach depends on a broadened Dempster–
Shafer numerical hypothesis of proof presenting a thought of significance factors [13].

3 Secured Routing with the Concern of Attacks

1. Versatile specially appointed system is one of the most regular impromptu
systems with part of the issues identified with blockage and steering. It is one of
the answers to secure the transmission over the system. Security angles assume a
critical part in application situations given the vulnerabilities innate in remote
specially appointed system administration from the very truth that radio corre-
spondence happens (e.g., in strategic applications) to steer, man in the center
and expound information infusion assaults. Security has turned into an essential
worry keeping in mind the end goal to give ensured correspondence between
versatile hubs in a threatening domain. The proposed framework is going to plan
an interruption location framework to identify the jellyfish assault infused into
the framework [14].

2. This identification framework depends on fluffy rationale. An IDS framwork is
proposed in which change is made via utilization of two variables, i.e., Bundle
misfortune rate and information rate. The two elements utilize fluffy rationale
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which is criticial thinking control framework. Fluffy rationale gives a straight-
forward approach to touch base at a clear conclusion in light of obscure,
questionable, loud, or missing data. We proposed a calculation which depends
on above elements. In this calculation, initially, we characterize the system with
N number of hubs and we set source hub to S and goal hub D and after that, we
let the currect hub as source hub. We rehash the means until the point when the
current hub is not equivalent to goal hub. In this now, we discover the rundown
of neighboring hubs of current hub. We distinguish the parameters of each
neighbor hub, i.e., bundle misfortune and information rate.

3.1 Jellyfish Attack Injection

Jellyfish assault is one of the refusals of administration assault and furthermore a
kind of inactive assault which is hard to recognize. It produces delay before the
transmission and gathering of information parcels in the system. Applications, for
example, HTTP, FTP, and video conferencing, are given by TCP and
UDP. Jellyfish assault irritates the execution of the two conventions. Jellyfish
assaults are focused against shut circle streams. TCP has surely understood vul-
nerabilities to postponement, drop, and misarrange the parcels. Because of this,
hubs can change the arrangement of the bundles likewise drop a portion of the
information parcels. The jellyfish aggressor hubs completely obey convention rules,
and henceforth this assault is called as uninvolved assault.

This assault which takes after all TCP rules has trademark in which jellyfish hub
lessens the throughput, by dropping some of the bundles or deferring a few parcels
or reordering a few parcels. At the point when a malignant hubs dispatch sending
dismissal assaults, it likewise may follow all steering systems. A malevolent hub
propelling jellyfish assaults may keep dynamic in both course finding and bundle
sending with a specific end goal to keep it from identification and conclusion, yet
the pernicious hub can assault the movement by means of itself by reordering
parcels, dropping parcels intermittently, or expanding nerves. The jellyfish assault
is particularly destructive to the TCP movement in that agreeable hubs can scarcely
separate these assaults from the system blockage. It focuses on TCP’s blockage
control component.

As appeared inFig. 2, hub JF is a jellyfish, andhubSbegins to speakwithhubDafter
awaybymeans of the jellyfishhub is built up.At that point, the dissent of administration
assaults propelled by hub JF will cause bundle misfortune and sever the correspon-
dences between hubs S and D at the end. In our work, jellyfish occasional assault has
been infused into the MANET condition for the enhanced system execution.

Intermittent dropping is conceivable due to snidely picked period by the evil
hub. This sort of occasional dropping is conceivable at hand-off hubs. Assume that
blockage misfortunes drive a hub to drop a% of bundles. Presently, consider that
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the hub drops a% of parcels intermittently, then TCP’s throughput might be less-
ened to almost zero notwithstanding for little esteems.

3.2 Genetic Fuzzy Based Attack Detection

This technique involves the detection of attacker levels in the network layers using
fuzzy logic technique. The following steps determine the fuzzy rule based
interference:

• Fuzzification: This involves obtaining the crisp inputs from the selected input
variables and estimating the degree to which the inputs belong to each of the
suitable fuzzy sets.

• Rule evaluation: The fuzzified inputs are taken and applied to the antecedents of
the fuzzy rules. It is then applied to the consequent membership function.

• Aggregation of the rule outputs: This involves merging of the output of all rules.
• Defuzzification: The merged output of the aggregate output fuzzy set is the input

for the defuzzification process and a single crisp number is obtained as the
output.

Initially, the fuzzy logic engine analyzes each layer, namely, the MAC layer,
physical layer, and routing layer for the detection of abnormal behaviors. Then, the
information gathered are stored in an attack database whose format is shown in
Table 1.

Fig. 2 Jellyfish attack
scenario

Table 1 Attack database

Layer Intrusion frequency
(F)

Probability of successful attack
(P)

Severity
(S)

MAC Layer F1 P1 S1
Physical
layer

F2 P2 S2

Routing layer F3 P3 S3
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The parameters in the table are: Interruption recurrence (F). It is characterized as
the assault force against the layer that is liable to checking. Its unit is in assaults/unit
time.

Likelihood for effective assault (P): It portrays the strategy by which the
aggressor handles to defeat the proactive controls. It varies in the range of (0–1).

Severity (S): It depicts the effect of an assault on the layer. The fluffy derivation
framework is represented utilizing Fig. 3.

3.2.1 Fuzzification

This includes fuzzification of information factors, for example, interruption recurrence
(F), likelihood of effective assault (P), and seriousness (S), and these data sources are
given a degree to suitablefluffy sets. The fresh information sources are blendofF,P, and
S. We take two potential outcomes, high and low for F, P, and S. Figures 4, 5, 6, and 7
demonstrate the participation work for the information and yield factors. Because of the
computational proficiency and uncomplicated recipes, the triangulation capacities are
usedwhich are generally used for progressive applications. Likewise, a positive effect is
offered by this outline of enrollment work.

Fig. 3 Fuzzy interference
system
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Fig. 4 Membership function of intrusion frequency

Fig. 5 Membership function of successful attack probability

Fig. 6 Membership function of severity
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In Table 2, F, P, and S are given as sources of info and the yield speaks to the
level of aggressor (AL) in every hub in the individual layer. In light of the aggressor
level, the trust estimation of noxious hub is decreased (Clarified in Sect. 3.1). The
eight fluffy sets are characterized with the blends introduced in Table 2.

Table 2 shows the composed fluffy induction framework. This outlines the
capacity of the deduction motor and strategy by which the yields of each manage
are consolidated to create the fluffy choice.

In the event that F, P, and S are low, at that point the attack level is low.
In the event that F and P are low, S is high, at that point the attack level is medium.
In the event that F and S are low, P is high, at that point the attack level is medium.
In the event that F is low, P and S are high, at that point the attack level is high.
In the event that F is high, P and S are low, at that point the attack level is medium.
In the event that F and S are high, P is low, at that point the attack level is high.
In the event that F and P are high, S is low, at that point the attack level is high.
In the event that F, P, and S are high, at that point the attack level is high.

Fig. 7 Membership function of attacker level

Table 2 Fuzzy rules for the
determining output

S. No F P S AL

1. Low Low Low Low

2. Low Low High Medium

3. Low High Low Medium

4. Low High High High

5. High Low Low Medium

6. High Low High High

7. High High Low High

8. High High High High
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3.2.2 Genetic-Based Rule Selection to Reduce Computation Overhead

An overabundance number of standards may not deliver great execution and it
makes hard to comprehend the model conduct. To choose and tune a minimized
arrangement of fluffy affiliation rules with high characterization precision from the
manage base, a GA is utilized, where rules depend on the semantic two-tuple
portrayal. The emblematic interpretation parameter of a semantic term is a number
inside the interim [− 0.5, 0.5) that communicates the area of a mark when it is
moving between its two parallel names. In the event that S is set of marks speaking
to a fluffy parcel, at that point, there is a couple (Si, ai), Si 2 S, ai 2 [− 0.5, 0.5).
The CHC approach makes utilization of an interbreeding aversion instrument and a
restarting procedure to energize assorted variety in the populace, rather than the
notable transformation administrator. This inbreeding aversion instrument will be
considered keeping in mind the end goal to apply the hybrid administrator, i.e., two
guardians are crossed if their hamming separation isolated by 2 is more than a
foreordained edge L. This edge esteem is instated as the most extreme conceivable
separation between two people (the quantity of non-coordinating qualities in the
chromosome) isolated by 4. Following the first CHC plot, L is decremented by 1
when there are no new people in the populace in one era. Keeping in mind the end
goal to make this technique free of the quantity of qualities in the chromosome, for
this situation, L will be decremented by u% of its underlying worth (where u
controlled by the client, typically 10%). At the point when L is beneath zero, the
calculation restarts the populace. Plan of this GA is as per the following:

Codification and beginning quality pool: To consolidate the govern determination
with the worldwide horizontal tuning, a twofold coding plan for both run choice CS
and sidelong tuning CT is utilized. For the CS part, every chromosome is a parallel
vector that decides when a govern is chosen or not (alleles “1” and “0” individually).

Chromosome assessment: To assess a decided chromosome punishing countless,
arrangement rate is figured and the wellness work is expanded. This capacity must
be in the agreement with the system of imbalanced datasets. Along these lines, the
normal of total of effectively ordered preparing designs by the standards in the
chromosome part CS is utilized as wellness work.

Fitness Cð Þ ¼
PNrs

i¼1
NCP Rið Þ
Nrs

where Nrs is the number of rules in the rule set and NCP(Ri) is the number of
correctly classified training. In the event that there is no less than one class without
chose rules or if there are no secured designs, the wellness estimation of a chro-
mosome will be punished with the quantity of classes without choosing rules and
the quantity of revealed designs.

Hybrid administrator: The hybrid administrator will rely upon the chromosome
part where it is connected. In the CS part, the half-uniform hybrid plan (HUX) is
utilized. The HUX hybrid precisely trades the mid of the alleles that are diverse in
the guardians (the qualities to be crossed are arbitrarily chosen from among those
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that are distinctive in the guardians). This administrator guarantees the most
extreme separation of the posterity to their folks (investigation).

Restarting approach: To make tracks in an opposite direction from neighborhood
optima, a restarting approach has been utilized. For this situation, the best chro-
mosome is kept up, and the remaining are created aimlessly. The restart technique is
connected when the limit esteem L is beneath zero, which implies that every one of
the people existing together in the populace is fundamentally the same.

3.2.3 Defuzzification

The system by which a fresh esteems are removed from a fluffy set as a portrayal
esteem is alluded to as defuzzification. The centroid of region plot is mulled over
for defuzzification amid fluffy basic leadership process. The recipe (1) portrays the
defuzzifier strategy.

Fuzzy cost ¼ P
all rules

zi � k zið Þ
� �

=
P

all rules
k zið Þ

� �
where fuzzy_cost is utilized to determine the level of basic leadership, zi is the

fluffy all tenets, and variable k(zi) is its enrollment work. The yield of the fluffy cost
work is adjusted to fresh an incentive according to this defuzzification technique.

3.3 Secured Routing Using Trusted Nodes

In this system, we consider swarm insight in view of insect state enhancement
(ACO) method for performing confirmed directing. This procedure includes two
insect operator to be specific forward subterranean insect (FA) and in reverse insect
(BA) [12]. The means associated with this calculation are as per the following.

Stage 1 When source (S) needs to transmit the information parcel to goal (D), it
dispatches FA with a limit put stock in esteem (Tth) connected with it.

Stage 2 The versatility of FA going to every Ni depends on probabilistic choice
run shown in [14].

Pr Ni; Sð Þ ¼
a Ni;Sð Þn: b Ni;Sð Þ½ �rP

Ni2Nn
s N1;Sð Þ½ �n: b½ � Ni:Sð Þr if r0; otherwise

0; otherwise

(

where a(Ni, S) i represents pheromone value.
b (Ni, So) represents the bandwidth related heuristic value.
NR represents the receiver node.
RT (Ni) represents the routing table for Ni.
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n and r are the parameters that control the relative weight of the pheromone and
heuristic value, respectively.

Step 3 FA travels through Ni using the control portrayed in stage 2 and confirms
whether the trust estimation of the went to hub is more prominent than the
trust edge esteem.

If Ti > Tth, then
FA continues its path and keeps updating the routing table until it reaches D
Else if Ti < Tth Then
The node is omitted from getting updated in the routing table.
End if

Step 4 Each FA deposits a quantity of pheromone (Dsu rð Þ) in the visiting Ni as per
the following equation:

Dsu rð Þ ¼ 1
Xu
s rð Þ

where Xu
s rð Þ represents the total number of Ni visited by FA during its tour at

iteration r and u = 1, 2, …., n.

Step 5 At the point when FA achieves D, BA is produced and the whole data
gathered by FA is exchanged for BA.

Step 6 The BA at that point takes an indistinguishable way from that of its relating
forward subterranean insect, yet the other way. It refreshes the pheromone
table with the confide in estimation of the separate Ni.

Step 7 Once S gets the BA, it gathers the directing data about all Ni along every
way from its refreshed pheromone table.

Step 8 From the gathered data, S picks the course with dependable hubs for
information correspondence.

4 Experimental Results

This section enlists all simulation paramaters utilized for creating MANET scenario
for evaluating the proposed methodology for combating Jellyfish attack. Ubuntu
17.04 is utilized as the working framework since it is easy to use which makes it
simple to oversee. All the testing of the proposed method is performed on NS-2.35
simulator. In Table 3, we portray MANET parameters that are utilized as a part of
this reenactment to quantify its execution and contrast it and distinctive conventions
over a MANET organize. In the reproduction, we examine the connection between
various MANET execution parameters regarding bundles’ size.

448 G. Suseendran et al.



The proposed authenticated routing based attack injection and detection frame-
work using genetic fuzzy rule based system (AR-AIDF-GFRS) is compared with the
existing techniques like artificial bee colony (ABC), and memetic artificial bee colony
(MABC) algorithm and performance is measured in terms of throughput, packet
delivery ratio (PDR), end-to-end delay (E2E), routing efficiency, routing overhead
(RO), and so on. The performance and results of the routing algorithm are as follows.

4.1 Throughput

The throughput is the number of bytes transmitted or received per second. The
throughput is denoted by T,

Throughput ¼ received node/simulation time

T ¼
Pn

i¼1 N
r
iPn

i¼1 N
s
i
� 100%

where Nr
i is the average receiving node for the ith application, Ns

i = average
sending node for the ith application, and n = number of applications.

Figure 8 shows throughput comparison results of the attack detection algorithms
such as ABC,MABC, and AR-AIDF-GFRS. From these figures, it concludes that the
proposed AR-AIDF-GFRS based AD algorithm has improved throughput as com-
pared to ABC and MABC. Based on Fig. 8, it is observed that AR-AIDF-GFRS
performs better when the number of nodes increase and provides stable path from
source to destination. It demonstrates that the number ofMbps transmitted fromsource
to destination has increased when using AR-AIDF-GFRS based AD algorithm.

Table 3 Parameters used in simulation

Parameter Value

Operating system Ubuntu 17.04

NS2-2 version 2.35

Channel type Wireless channel

Number of nodes 100

Speed 3, 5, 7, 10, 20, 25

Data type UDP

Simulation time 160 s

MAC protocol MAC/802.11

Data packet size 100, 300, 500, 700, 800, 1000, 1500 and 2000

Area of simulation 700 * 700

Radio propagation model Two-ray ground

Routing protocol AODV/DSR
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The values of these algorithms are tabulated in Table 4. Table 4 outlines average
throughput results of AR-AIDF-GFRS based AD algorithm i.e. 473.8 Mbps/s for
AODV protocol, 295.4 Mbps/s for MABC algorithm and 350.6 Mbps/s for ABC
algorithm.

4.2 Packet Delivery Ratio (PDR)

It can be measured as the proportion of the received packets by the receiver node as
compared to the packets transmitted by source node.

PDR ¼ number of received packets / number of sent packetsð Þ � 100

T ¼
Pn

i¼1 Ns
i � Nr

i

� �Pn
i¼1 N

s
i

� 100%

Figure 9 shows the packet delivery ratio of the proposed AR-AIDF-GFRS based
AD algorithm, compared with existing optimization algorithms. Since the more
number of the attacks has been detected, those routes are removed from original
routing table. AODV increases the PDR of the proposed system and slightly
decreases if the number of nodes increases. It shows that the number of packets
transmitted from source to destination has increased for AR-AIDF-GFRS based AD
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Table 4 Throughput
comparison results of AODV
protocol

No. of nodes Throughput (Mbps/Seconds)-AODV

ABC MABC AR-AIDF-GFRS

20 178 205 236

40 278 312 356

60 389 423 569

80 425 476 587

100 483 561 621

Avg 350.6 395.4 473.8
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algorithm. The values of these algorithms are tabulated in Table 5. Table 5 shows
that the proposed AR-AIDF-GFRS based AD algorithm produces average PDR
results of 91.176% for AODV protocol, whereas the average PDR results of MABC
and ABC are 84.61 and 77.344%, respectively.

4.3 Dropped Packets Ratio

It can be measured as the ratio of the number of packets that sent by the source node
that fails to reach the destination node.

Dropped packets ¼ sent packets� received packets

T ¼
Xn
i¼1

Ns
i � Nr

i

� ��Xn
i¼1

Ns
i

Figure 10 shows the drop packet ratio of the proposed AR-AIDF-GFRS based
AD algorithm, compared with existing optimization algorithms. From the results, it
concludes that the proposed AR-AIDF-GFRS based AD algorithm has less number
of dropped packets as compared to other existing algorithms for both routing
protocols, since the number of attacks detected in the proposed work is high. Those
routes have been removed from original routing table and thereby reduces the
number of dropped packets. It shows that the number of packets transmitted from
source to destination has been higher. The values of these algorithms are tabulated
in Table 6. Table 6 shows that the proposed AR-AIDF-GFRS based AD algorithm
produces drop packets ratio results of 7.47% for 100 number of nodes in the AODV
protocol, whereas the drop packets ratio results of MABC and ABC are 13.48 and
21.48%, respectively.
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4.4 End-to-End Delay (E2E)

It represents the time required to move the packet from the source node to the
destination node.

E-2-E delay packetid½ � ¼ received time packetid½ ��sent time packetid½ �

The average E2E can be calculated by summing the times taken by all received
packets divided by its total numbers

D ¼
Pn

i¼1 di
n

where di = average end-to-end delay of node of ith application and n = number of
application.

Figure 11 shows the E2E delay performance comparison results of proposed
AR-AIDF-GFRS based AD algorithm, compared with other existing optimization
algorithms. From the results, it concludes that the proposed AR-AIDF-GFRS based

Table 5 PDR comparison
results of AODV protocol

No. of nodes Packet Delivery Ratio (PDR) (%)-AODV

ABC MABC AR-AIDF-GFRS

20 75.89 82.56 89.52

40 76.93 83.87 90.51

60 77.52 84.79 91.45

80 77.86 85.31 91.87

100 78.52 86.52 92.53

Avg 77.344 84.61 91.176
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AD algorithm has lesser E2E when compared to existing algorithms for both
routing protocols. It shows that the number of packets transmitted from source to
destination has been higher. The values of these algorithms are tabulated in Table 7.
Table 7 shows that the proposed AR-AIDF-GFRS based AD algorithm produces
average E2E delay of 13.084% for AODV protocol, whereas the average E2E delay
results of MABC and ABC are 17.836 and 23.07%, respectively.

Table 6 Average drop
packets ratio comparison
results of AODV protocol

No. of nodes Drop packets ratio (%)-AODV

ABC MABC AR-AIDF-GFRS

20 24.11 17.44 10.48

40 23.07 16.13 9.49

60 22.48 15.21 8.55

80 22.14 14.69 8.13

100 21.48 13.48 7.47
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Table 7 Average E2E delay
comparison results of AODV
protocol

No. of nodes E2E Delay (%)-AODV

ABC MABC AR-AIDF-GFRS

20 20.56 15.36 11.25

40 21.43 16.98 12.58

60 23.58 17.87 13.17

80 24.15 18.46 13.95

100 25.63 20.51 14.47

Avg 23.07 17.836 13.084
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5 Conclusion

In this work, detecting a malicious node and launching new optimization algorithm
may lead to serious security concerns. The proposed scheme uses new method,
namely, authenticated routing based attack injection and detection framework using
genetic fuzzy rule based system (AR-AIDF-GFRS). The proposed research assures
successful detection of Jellyfish attack and secured routing via trusted nodes. In this
work, initially, jellyfish attack would be injected into the MANET environment.
This attack would be detected by introducing genetic fuzzy based rule system which
would generate various number of rules based on which attack would be identified.
And then to ensure the secured routing without involvement of intruders, in this
work trust evaluation of nodes is done by using ant colony based trust evaluation
method (ACTEM). The method select the optimal nodes from the MANET envi-
ronment which is more trusted in nature for establishing the route path. The overall
evaluation of the proposed method i.e. AR-AIDF-GFRS is done using NS-2.35
simulator and results state that the proposed method outshines in every aspect in
terms of performance as compared to existing algorithms. In future scenario, dif-
ferent attacks can be considered for improving the network performance. In addi-
tion to that attacks, prevention mechanism can be introduced to avoid the network
failure and unwanted computation overhead.
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I. Introduction
Major causes of increasing mortality rate are heart disease. The
unhealthy life style, stress, obese and health history of patients are the
risk factors of heart disease. Heart disease leads to complications like
heart attack, heart failure and strokes etc. Most of the heart diseases are
preventable with proper diagnosing system and simple lifestyle
modification. Usage of Machine Learning techniques has been
increased to develop screening tools with pattern recognition and
classification. Such tools provide more accuracy as compare to other
traditional approaches. Machine learning is used to extract the hidden
facts from medical data. Machine learning is a multi-disciplinary filed. It
consists of statistics, algebra, data processing and knowledge analytics
etc., Machine learning aims to make machine capable of learning.
Machine learning is classified into three categories: Supervised,
Unsupervised Machine Learning and Reinforcement Learning. Fig. 1.
shows the classification of machine learning techniques.
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An Effective Hybrid Intrusion Detection
System for Use in Security Monitoring
in the Virtual Network Layer of Cloud
Computing Technology

T. Nathiya and G. Suseendran

Abstract Security in the cloud computing environment is very important in the
detection of intrusions into the virtual network layer. Denial of service (DoS) and
distributed denial of service (DDoS) attacks are the main threats to cloud computing,
and it is therefore crucial to protect against these types of intrusive attack. In this
chapter, the effective monitoring of security by a hybrid intrusion detection system
(H-IDS) in the virtual network layer of cloud computing technology is discussed and
a detailed view of insider and outsider attackers in the virtual network layer is
provided. This framework splits into four layers, namely virtual machine layer, node
layer, cloud cluster layer, and cloud layer. Signature and anomaly techniques are
used to detect known as well as unknown attacks and all virtual machine (VM) host
systems which are available in the cloud computing environment are considered.
The cloud cluster layer uses a correlation module (CM) to detect distributed attacks,
and the Dempster-Shafer theory (DST) is employed in the final decision-making
phase of the intrusion detection system (IDS) in order to improve its accuracy.
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1 Introduction

Modern cloud computing can be defined as the renovation of information technology
infrastructure. Resources are deployed and hosted in the virtual environment via the
internet for the benefit of end users. This type of development is termed an
internet-based computing environment. A cloud data center has a virtually shared
server in multiple location points worldwide, which provides software, hardware,
infrastructure, and many resource tools [1, 2]. In Jan 2011, the National Institute of
Standards and Technology (NIST) SP 800-145 proposed three services. First, infras-
tructures as a service (IaaS) allows the customer to create and access their own virtual
machines. The platform as a service (PaaS) development deploys tools, frameworks, an
application programming interface (API), and languages which are used to build and
run applications, such as the Google App Engine and Microsoft Azure. The third type
of service is software as a service (SaaS) and this employs a fully online application
process that can be directly installed by the user, in a similar way to email. The most
important aspect is the different levels of cloud computing involved, such as cloud
service provider (CSP) data centers, the internet (network level) and the end user [3].
CSP describes shared pooled computing resources which provide on-demand
self-services where the user only pays for the resources they actually use. Cloud
computing saves on cost, saves on energy, and is rapidly developing and empowering
customers. These are the main influential factors that are leading to customers being
increasingly likely to adopt this technology.

Service providers access services in four ways. These are private, public,
community, and by hybrid cloud. This chapter primarily focuses on the hybrid
cloud as a combination of the private cloud and the public cloud. Most organiza-
tions are currently moving to the hybrid cloud [4]. Data and infrastructure man-
agement in the cloud is provided by a vendor [5]. There are serious risks involved
in the handing over of sensitive data from providers and cloud computing is easily
targeted by attackers. Malicious clouds can be classified into three types, namely
network level, end-user level, and CSP level. The internet (network level) is a
highly sensitive level and is subject to domain name system (DNS) attacks, dis-
tributed denial of service (DDoS) attacks, ransomware attacks, IP spoofing, port
scanning, and routing information protocol (RIP) attacks [6].

There are many security issues affecting cloud computing services on a daily
basis. Hackers employ illegal actions in order to disturb services. Two types of
hacking attack occur and these are termed insider threats and outsider threats. In
2011, a total of 1041 instances of data loss occurred, and in 2012 a total of 1047
data breach incidents occurred, both in the first nine months of the year.

Epsilon leaked millions of names and email addresses from its customer database, for
example, and from Stratfor in the United States, 75,000 credit card numbers and
860,000 usernames and passwords were stolen [7]. In 2017, ransomware attacks affected
many banks, National Health Service hospitals in the United Kingdom, large telecom
companies, and natural gas companies, while in 74 countries tens of thousands of
systems were hacked [8]. Intrusions in the network layer of the cloud can be classified as
either of two types (see Fig. 1). The first type is malicious insider attackers. These
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Fig. 1 Architecture of insider and outsider attackers

originate from the internal cloud and give unauthorized access to internal users or
service providers. The second type, known as malicious outsiders originate from outside
the cloud. Both attackers affected integrity, availability, and confidentiality. In 2014, the
Amazon cloud server was affected by a DDoS attack and hosting services was suffered.
On that occasion, the attacker deleted important data backups and affected machine
configuration resulting in systems being completely down for approximately 12 h.

The malicious insider enters the cloud infrastructure using either admin access, the
host system of the administrator or the administrator creates its own virtual machine
(VM). An administrator gives some advantages to be entered the kind of attack to
launched [9]. So, the provider almost protects inside and outside attacks. The traditional
network security layer used to prevent outsider attacks employs a firewall, but the case
of insider attacks (back end) is a difficult problem to address. To overcome this problem,
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an intrusion detection system (IDS) is often used in the network. An IDS is essential in
the detection of attacks to the network security layer [10], as it monitors network traffic
and allows intrusion data to be detected. In this chapter, we discuss the design of an
effective hybrid intrusion detection system (H-IDS) for security monitoring in the net-
work security layer of cloud computing technology. H-IDS makes the efficiency of
signature and anomaly based technique. These H-IDS challenges are discussed later in
this chapter. In addition, discussed on Dempster Shafer theory (DST) which is used in
distributed intrusion. Using this new algorithm, it is possible to detect a network security
layer attack and satisfy the cloud IDS requirements of a virtual network.

The rest of this chapter discusses related work and network attacks, and provides
a brief description of network attacks. The following sections present clear details
of the security framework, details on analyses of the proposed security framework,
a discussion of future work, and references are given at the end of the chapter.

2 Intrusion Detection System (IDS) and Related Work

In the early days, security methods such as encryption, firewalls, virtual private net-
works, and gateways etc. were employed but didn’t provide a high enough degree of
security. Due to the nature of such static techniques it wasn’t possible to depend on
them completely. As a result there was a need to improve and increase the use of
dynamic techniques to monitor systems and provide notification of illegal activities.
A real-time deduction approach was introduced, known as an intrusion detection
system (IDS) [11]. These systems are software applications that monitor networks and
work to detect malicious activity and report it to either an administrator or SIEM
(Security Information and Event Management). In the cloud computing environment,
IDS are classified depending on the detection technique employed. There are three
technique, namely signature-based IDS, anomaly-based IDS, and hybrid IDS. The
signature-based IDS is a means of detecting all known attacks using a rule from a
signature database. It produces a low incidence of false alarms and uses a fast
multi-pattern matching (FMPM) algorithm to detect Denial of service (DoS) attacks.
Signature-based IDS continuously update new attacks and these not detect the novel
attack. Mainly problems of misuse IDS is every new type of attack it’s can’t be updated
[12]. The second technique is anomaly-based IDS. This is employed to detect novel
attacks and to identify unknown attacks. It has two main advantages over
signature-based IDS. The first advantage is the ability to detect an unknown attack (or
zero-day attack) and in order to detect new types of attack there is no need to update the
database because the constantly update the normal profile database but implementation
part is very difficult that is the main drawback of anomaly based IDS. The third
technique involves the use of hybrid IDS which apply signature detection along with
anomaly techniques to improve the performance and potential of current IDS.

IDS: Host-based IDS (HIDS) and network-based IDS (NIDS). HIDS are set at
each host machine and monitor movement from both inside and outside the host
machine. HIDS is dynamic sensor which trace the internal state of the system.
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It investigates network packets of the specific host and is supposed to detect the
program which accesses resources in the host. HIDS can’t detect network attacks
because they only operate within the host system. However, NIDS are placed at
routers and switches and can observe network traffic and all traffic through the
NIDS monitors. NIDS cannot encrypt data and can only inspect packets to see
whether they contain malicious data. NIDS are better than HIDS because HIDS
work to protect from within a system but NIDS work to protect all the hosts that are
connected to the network [4, 13].

Le Dang et al. [14] proposed a multiple-pattern exact matching algorithm that
reduced character comparisons and memory space based on a graph transition
structure and using a dynamic linked list and searching techniques, such as the
Wu-Manber algorithm (WM), Aho-Corasick algorithm (AC) and Comments Water
Algorithm (CW) to compare various algorithm to be created multi-pattern exact
matching algorithm. In this algorithm to produced high efficient space and time.

Puri et al. [15] proposed a novel security framework which employed statistical
learning-based approaches to detect attacks in real time. Support vector machine
(SVM) and regression tree (RT) algorithms were used to classify the attacks in
HIDS. 90% available training set from KDDCUP 99 dataset is used and 10% is
execution time and produced high accuracy of detection and lowest false rate. The
proposed algorithm is used to obtain a realistic result by adding a network analytic
tool to capture the packet to be transferred over the network, such as Snort etc.

Vieira et al. [16] proposed grid and cloud IDS (GCIDS). These systems combine
both signature- and anomaly-based techniques and use artificial neural networks to
detect unknown attacks. If any attack is intruding to detect and alert system informs
to another node. This is an efficient means of finding unknown attacks. The out-
come of this paper was a reduction in the duplication of data. However, the tech-
niques need greater training time and increased sample detection accuracy.

Singh et al. [17] proposed a combined IDS-related architecture for the cloud. In
this structure, a NIDS is inserted into each host system in order to observe network
packets. The cloud cluster controls a correlation unit (CU) in light of the heap on
the bunch. Grunt programming is used to identify the mark based known assaults.
A combination of decision tree (DT) and support vector machine (SVM) statistical
approaches is applied to an anomaly technique to detect unknown attacks. The use
of this approach has improved detection accuracy. However, this concept is high
network traffic, CU may leads maximize the success.

Kamatchi and Modi [18] proposed and implemented Bayesian theory in the
virtual network layer to detect both known and unknown attacks, and a Snort tool
was also used to detect known attacks. The proposed framework involved a
signature-based technique with an anomaly detection technique, and resulted in an
improvement in detection time but required the use of training samples. An over-
view of the above approaches to H-IDS and proposed frameworks is shown in
Table 1.
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3 Proposed Security Framework

3.1 Design Goals

The proposed security architecture has been used to detect attacks on virtual net-
works in the cloud and it provides a minimum number of false alarms, a greater
degree of accuracy, minimum communication, and lower cost which are all
important requirements in the cloud environment. Under the proposed security
framework design, all important factors, namely a large-scale dynamic system,
ability to identify a variety of attacks, scalability and synchronization of IDS
sensors are addressed.

Table 1 Analytical study of H-NIDS for cloud based

Reference Feature

IDS type Is the
data
in
real
time?

Positioning Advantages Challenges

Multi-pattern
matching extra
algorithm in IDS in
the cloud, 2016 [14]

Network-based Yes On each
host
machine

Produced
highly
efficient
memory space
and time

Generates a
high number
of false
positive
alarms

Novel security in
the cloud
Hybrid IDS, 2017
[15]

Network-based
system

Yes On each
node

Execution
time and
produced
Accuracy
detection rate
and false rate

Requires
more training
samples

IDS for grid and
cloud, 2010 [16]

Host system Yes On each
node

Reduces false
positive and
false negative
alarm rates

Needs more
training data
and samples
Detection
rate

Collaborative IDS
framework for the
cloud, 2016 [17]

Network-based Yes On each
cluster
node

Protects
against DDoS
attacks

Needs a
number of
training
samples

NIDS in the cloud,
2016 [18]

Network-based Yes At the
executing
server

Detection
percentage is
very high

Needs a lot
of training
data samples

Fuzzy clustering
IDS in the cloud,
2016 [19]

Host-based Yes On each
node to be
tested

Removes the
problem of a
sharp
boundary

Low
detection
accuracy
time
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3.2 Design of Proposed Security Framework

Distributed environments, such as that of cloud computing, are targeted by attackers
for identified organization. As a result, IDS are employed to protect both the inside
and the outside of the cloud as shown in Fig. 2. The diagram consists of four layers
with the lower layer sending the alert signal to the upper level. These four layers are
the cloud layer, cloud bunch layer, node layer, and VM (virtual machine) layer. In
this level consisting of module via that are management module, the correlation
module, NIDS. Cloud users communicate with the front end of the cloud and this in
turn communicates with the external internet audience and the internal cloud net-
work. The back end relates to the physical hardware and software used in cloud
network services.

Fig. 2 Architecture of the proposed security framework
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Virtual Machine (VM) Layer: This is the lowest layer of the framework and con-
tains VMs allocated to the cloud user. To protect the VM from an unauthorized
malicious attacker, the VM is controlled by the node layer.

Host Layer and NIDS: This layer is connected to several node controllers (NC),
which are connected to a number of VMs. Each NC implements a NIDS which
monitors the virtual network traffic generated in virtual switch on all host machine.
Reports and alerts are sent to the correlation module (CM) of the cloud cluster layer.
The NC has server processing of NIDS. Single instance of the Virtual network
contains multiple VMs which could be observed NC deployment in NIDS. It
safeguarded with insider and outsider network attack.

Cloud Cluster (CC) Layer and Correlation Module (CM): This acts as a back end
for clustering in the cloud computing environment. The cloud cluster communicates
with the NC and cloud controller (CC). The CM collects the evidence of the attack
from the NIDS. Following this, a DST combination rule is applied to identify the
evidence of distributed attacks at the cluster layer. The CM manages VM execution
and service level agreements (SLAs) per cluster.

Cloud Layer and IDC Management Module (MM): This is the highest layer of the
design and contains the edge to outside network. The MM receives intrusion reports
from the cloud cluster network in this layer. The Cloud Cluster Controller
(CCC) manages and controls the cloud clusters. Here, access control is allowed the
privileged cluster to send alert to CCC. The Dempster-Shafer theory (DST) is then
applied to the correlation module (CM) this combination of the rule to identifying the
collusion attacks in the cloud network.

3.3 Functioning of the H-NIDS Framework

The major characteristics of H-NIDS are their dynamic nature, ability to self-adapt,
scalability, and efficiency. As a result, it was decided to make the proposed system a
real-time system that was adaptive to scope with dynamic attack series of devel-
opments. A detailed view of the hybrid network intrusion detection system
framework is shown in Fig. 3. The following steps are employed for both normal
and threat packets.

3.3.1 Firewall

The firewall is responsible for filtering traffic according to the network security
policy. First, arriving packets having the correct source IP address and destination
IP address are tested and are either allowed to pass or are blocked. The packet filters
are very fast accessing to implementing the end routers. Since it decreases the
number of unauthorized packets coming from an external network, NIDS is only
used to detect insider attacks.
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3.3.2 H-NIDS

H-IDS are mounted in the cloud virtual network layer (virtual switch) which is
connected to the available hosts. It monitors network traffic to/from the VM.
H-NIDS combine both signature- and anomaly-based intrusion detection methods.

(a) Signature-Based Intrusion Detection: This contains a set of rules used to
identify the intrusion. This type of technique is used to detect known attacks
and is termed signature-based intrusion detection. It passes attack packets
through to the CM. Normal packets are sent to feature extraction. Use of this
technique leads to a high degree of accuracy, rapid detection of known attacks,
and a minimal false positive rate. The signature database simultaneously
updates with information about the packets. Snort software is used in
signature-based intrusion detection.

(b) Feature Extraction: Traditional features, such as protocol, port number, and
extra virtual network features are combined with virtual private IP, VLAN
identifier etc. and packets details are sent anonymously to the intrusion
detection module. If reduces these features to improve the performance of the
instruction detection technique [20].

(c) Anomaly-Based Intrusion Detection: This method can be classified into three
types. First, the statistical-based approach acquires organize movement action
and then creates a client profile relating to them. This client profile is contin-
uously checked for deviation between their conduct and the ordinary one.
Unilabiate, multi-variations, time arrangement, and self-comparative techniques
are all used. Second, knowledge-based methodologies incorporate limited state
machines, portrayal dialects, and master frameworks, all with predefined rules
[20]. The third method is a machine learning technique involving connected
hereditary calculations, neural systems, Bayesian systems, fluffy rationale, and

Fig. 3 Functioning of the H-NIDS framework
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bunched locations. All these techniques are used in the detection of an attack
[21]. Table 2 shows a comparative study of anomaly-based intrusion detection
techniques, and refers to various papers using anomaly-based approaches to
calculate training time and testing time in order to provide a better deduction
rate, increased accuracy, and more frequent alarms.

(d) Decision Module: DST blend manage is makes the keep going basic leadership
on obscure assaults. To constructing the DST combination rule is as follows:

Bayesian statistics assign probabilities to each new dataset, which can be derived
from the elementary probability

P
A
B

� �
¼ P A

B

� �
P Að Þ

P Bð Þ

where, p A
B

� �
represents the posterior probability of the model, p B

A

� �
represents the

probability function of the data, P Að Þ denotes the prior possibility of the model,
which is both a strength and weakness of Bayesian statistics and P Bð Þ represents an
evidence of probability [25].

Dempster-Shafer Theory: This theory of evidence was first formulated by Shafer
in 1976 and originates from Bayesian theory. Our examination the DST has one of
a kind favorable circumstances in dealing with in interruption investigation. The
technique was implemented with an IDS-ready correlation module (CM). For
instance, DST supports the genuine and false case. Data moves to CM for false
case. It is earlier likelihood of assault, by utilizing DST we can allocate a 0.1

Table 2 Comparative study of anomaly-based intrusion detections

S. No Method/Approach
used

Rate of deduction Disadvantages

1 Semi-supervised
fuzzy clustering
algorithms [19]

To prevent reaching of optimum
clustering quality

Model does not
apply in the real
world

2 Decision tree and
support vector
machine [17]

Overall detection rate 99.40, 0.60%
intrusion missing, 1.69% of alarms are
false. Accuracy rate of 98.92%

Decision tree does
not include the forest
tree

3 Artificial neural
network algorithm
[22]

100% true positive rate with only 2
false alarms

Efficiency can be
improved by using
feature reduction

4 Neural network
[23]

95% accuracy achieved Model does not
discuss with real
time

5 Genetic algorithm
[24]

57% of attacks detected from a
random set with no false alarms

Method using feature
selection techniques
only
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certainty to “assault” or “genuine”, 0 certainty to “no-assault” or “false”, and 0.9
certainty to “{true, false}” [26].

Frame of Discernment and Belief Function: The DST approach permits three
types of response: assault, no assault and don’t know—the last alternative of per-
mitting numbness in evidential thinking. In this way, that the DST just an
arrangement of separate theories of intrigue, i.e., {attack, no-attack} is called edge
of wisdom. The basic probability assignment (BPA) work is the power set of the
casing of acumen. The BPA ranges from 0 to 1 with a goal defined as

mh ¼ 2� ð1Þ

and X1
A¼0

Að Þ ¼ 1 ð2Þ

where BPA for null set ϴ is m (ϴ) = 0, a function Bel: 2� ! 0; 1½ � is a belief
function over h if it is given by BPA.

Bel Að Þ ¼
X
B�A

m Bð Þ ð3Þ

For all A 2 2�, Bel Að Þ represents a measure of aggregate convictions to the
confirmation of A. the few conviction works over a similar casing of acumen and in
light of particular of Evidence, Dempster combination Rule, which is given by
condition (4).

m cð Þ ¼
P

Ai\Bj ¼ Cm1 Aið Þm2 bjð Þ
1�P

Ai\Bj ¼ hm1 Aið Þm2 Bjð Þ ð4Þ

For all non-empty C�m cð Þ cases is a basic likelihood assignment of the com-
bination rule. Anywhere m1;m2 is a basic probability. The belief function is over
the same frame h.

3.3.3 Correlation Module (CM)

The CM represents the cloud cluster layer and its role is to detect all types of attack
and corresponding clusters for all node layers. It gathers the evidence of intrusion
from all of the HNIDS. The authorization controls only allow alerts from HNIDS
located in the same clustering of nodes. The CM deploys the DST combination rule
in order to detect complicity of intrusion from various HNIDS. Whenever a dis-
tributed attack is detected by the CM, an intrusion report is sent to the management
module (MM) for further action.
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3.3.4 Management Module (MM)

The MM is the main part of the proposed framework. A view of management
module processing in the cloud is presented in Fig. 4.

Using the DST combination rule, the MM receives an alert from the CM in the
cloud cluster layer. If an attack is identified by the MM, then the administrator is
informed. The signature database is then updated with the identification of the new
type of attack in order to improve its future efficiency.

4 Analysis of the Proposed Security Framework

Cloud computing is a powerful tool which uses the resources as a service through
internet. The ability to provide security for cloud resources is therefore a major
asset. The cloud suffers from traditional attacks such as address resolution protocol
(ARP), DoS, and DDoS etc. These attacks affect both cloud resources and services
offered. Many cloud providers use firewalls like Microsoft Azure and Eucalyptus
etc. However, firewalls only prevent outsider attacks, and insider attacks and some
particularly tricky outsider attacks are not detected by firewalls. For example, port
25 is common port used by mail servers. If there is an attack on any common port, it
is not possible for the firewall system to separate normal traffic from attack traffic.
To overcome this problem, we propose an effective HIDS for use in security
monitoring in the virtual network layer of cloud computing technology. This
framework is deployed at the front end as well as at the back end VMM in order to
detect external and internal attacks.

A hybrid IDS is a combination of signature-based and anomaly-based techniques
and is used to locate distributed attacks in the cloud infrastructure. The known
attack detects attacks fast which only compare the signature matching using

Fig. 4 Detailed view of the management module
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signature DB. For unknown attacks, the CM and MM use a DST combination rule,
which provides fast intrusion detection and updates all changes in the signature
database.

The CM functions to reduce the number of intrusion alarms which are forwarded
to the MM. As a result, it decreases mathematical calculations and communication
cost. This new projected security framework satisfies the maximum number of
cloud IDS requirements under the virtual network security layer.

Intrusion is handled by NIDS in virtual machines which are connected in the
virtual network. NIDS may exist either in each virtual machine or node controller.
Both the MM and CM are capable of controlling NIDS, and NIDS themselves are
scalable since they can adjust to either the NC or VM node.

4.1 Security Analysis of the Proposed Framework

In our proposed framework, security monitoring of IDS is deployed across the
entire host machine in a virtual network that minimizes attacks in VM. NIDS is
being provided for pass the sign of the detecting intrusion in Correlation Module.
The CM provides authorization to find distributed and unknown attacks over virtual
networks and runs on controlled access which permits authorized NIDS transaction
alert alone.

The management module (MM) provides the authorization to find distributed
intrusions in the cloud network layer. Node performance is affected by any attracter,
and in order to avoid this problem the MM only provides access to authentic
requests verified through the signature database at various levels. The authentica-
tion mechanism fetch rule is applied to each network transaction.

5 Conclusion and Future Work

The principle security concern in cloud computing is one of finding interruptions in
the virtual system layer. In this chapter, an effective NIDS for use in security
monitoring to identify virtual network layer related attacks and distributed attacks is
discussed. The use of a HID technique improves accuracy and reduces false alarms.
The alert mechanism at various layers of the cloud is to capture distributed intru-
sion. As per our analysis, the proposed framework is easily achievable in current
virtual network security and this study offers a great deal of encouragement and
inspiration to that end.

In future, security frameworks will be validated using a classification algorithm
implanted via a Weka tool in order to demonstrate real-time analysis of location rate
along with the low rate of false alarms in the private cloud. The analysis of our
framework will improve training and testing times and help to provide 100%
accuracy.
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treating various diseases. 
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these two plants antibacterial activity composition is very high. In this study. 

the Ultrasonic mode extractions were carried out using two different solvents 

Ethanol and Chloroform. The sample were initially analysed using Thin Layer 

Chromatography (TLC). Further the crude samples were purified using 

Column Chromatographic 
method. The various phytoconstituents 

such as 
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the solvents gave good result with the Retension factor Rf values of 0.25 & 
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Abstract 

Providing effective leaning environment to the students with the help of ICT is the core 

objective of the educational institution around the world. To achieve this goal, E-learning paradigm 

helps lot in the last past decades. But due to flexibility and convenient usage, E-learning fail to satisfy 

the learner’s requirements. In order to enhance traditional class room based learning method with 

latest ICT tool, researchersproposes mobile learning platform which will enable the learners to learn 

anywhere and anytime by using their smart devices like mobile phone, tablet etc.Mobile learning 

helps the user to learn the course/subject at anytime and anywhere and also provides the unique 

experience to the learners in terms of its flexibility. In order to adopting mobile learning to the 

regular curriculum in the existing educational setup required to consider several critical factors. This 

paper, highlights the critical factors for designing m-learning platform for educational institution. This 

will ignite the young developers to provide flexible and more general, mobile learning platforms in 

future.  

Index Terms: Mobile Learning, Context, Learning Style, Content Adaptation, Personalized Learning. 

I.Introduction 

Usage of mobile applications are increased every day. Peoples are being addict of using 

mobile applications in every work of their daily routines for example, bill payment, bank money 

transfer, ticket booking, newspaper, shopping etc. Developers are interested to add more services 

through mobile. This technology advancement, provides the facility to learners can learn anything, 

anywhere and at any time.  

Mobile learning is an evaluation of E-Learning.  Many LMS (Learning Management System) 

provides facility to add different types of educational contents and assessment features to the courses 

in the educational institutions For example .Moodle, blackboard, Sakai, Canvas, open edxetc [1]. 

Every LMS system has certain features but suitability for mobile is little extended. M-Learning System 

design itself has some limitation when compare to the E-Learning System. More over most of the 

learning management systems are more focused on course content and provides same kind of course 

contents method to all the learners. These issues open the new doors for researchers to design and 

develop flexible, adaptable and suitable M-Learning platform for educational institutions especially 
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to the learners. This paper presents the different factors to be consider before designing and 

developing Mobile Learning platforms. 

II.Factorsto be considered for Designing M-Learning Platform 

 Learners Profile 

Learners’ personal profile may also consider for m-learning or e-learning system. 

SoualahAlila, Mendes and Nicolle [6] highlights the learners personal profile includes 

the details personal details of the learners such as name, email, technologies Known, interest 

of study, current position/job. 

Yang [7], learning environment considers the learner’s intention. The learner is 

coming for E-Learning site. The learner can come for research purpose or survey purpose or 

purpose or just to learn the concept etc. 

 Learners Knowledge 

Learners knowledge or Learners state is main consideration of any Learning System. 

Learners knowledge always being dynamic. So periodic assessment must be taken using 

different assessment methods. Initially the domain knowledge can be assessed short quiz on 

the specific domain or marks of the prerequisite course or degree. Subsequent assessment is 

required in each level of the course using different assessment method based on the course 

content. After assessing the knowledge level of the learners, learning system either mobile or 

e-learning system must adopt the content based the current state. 

Kazanidis and Satratzemi [2] presented a learning management system that 

personalizes adaptive hypermedia courses according to learners’ knowledge, goals and 

personal characteristics. Learners progress and behaviors are monitored and statistical 

feedback is analyzed to improve course effectiveness. 

Premlatha, Dharani and Geetha[3], presented the propose dynamic learner profiling 

and automatic learners classification system includes the learners current  state (Novice , 

Beginner, Intermediate, Experts). The current state of the learners is assessed by the test 

performance of the learners in test and is used to classify the learners.  

Andreas Schmidt, and Claudia [5]indicates  theLevel of expertisewhether the person 

is a beginner or that learner has some pre-knowledge about a topic or the learner is an 

expert in that topic.  

 

 Learners Behavior 

The behavior of the learner might not always be the same, Hence learners behaviors 

have been observed dynamically based on the various browsing actions such as time spent 

on materials, time spent in tests, type of learning objects, skipping of learning objects, count 

of various learning objects, performance in the tests and navigation [3]. 
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 Learners Maturity 

The learners’ ages are grouped into three categories (junior, 11–17 years old; adult, 

18– 45 years old; and senior, 46–65 years old). Junior and senior learners are presented with 

courses which carries basic explanations while adults are presented with explicitly detailed 

contents. Seniors are presented with only the essential topics of study as their pace in 

learning reduces as they grow older [4].  

 Learning Style 

The most influential aspect of m-learning application is said to be the learning styles, 

for an effective impact of the learning content over the learner in a learning activity. The 

learning styles designate everything that is characteristic to an individual when he/she is 

learning, i.e., a specific manner of approaching a learning task, the learning strategies 

activated in order to fulfill the task [8].  

Learning styles represent a combination of cognitive, effective and psychological 

characteristics that indicate the learner’s way of processing, grasping, understanding and 

perception capabilities towards the course contents. 

Several learning style models have been proposed by Myers-Briggs, Kolb and 

FelderSilverman out of which Felder-Silverman Learning Style Model (FSLSM) focuses 

specifically on aspects of the learning styles of engineering students and it is successfully 

been proved in questionnaire approach and as a behavioral model in literature based 

approach [9]. In FSLSM,  Active/reflective dimension represents the way of processing 

information. The second dimension covers sensing/intuitive learning. The third, visual/verbal 

dimension differentiates learners who remember best what they have seen. The fourth 

dimension characterizes learners’ understanding. 

 Resources: 

The application checks for CPU and RAM usages to adapt itself in such a way that 

these resources are used at their optimum level in order to reduce the loading time during 

the learning sessions. 

Low processor and memory makes contents lag during the loading time whereas using a high 

processor and memory the content loads flawlessly during user interaction [4]. 

 Network 

WIFI connection to ensure that a constant connection speed is kept when browsing 

the contents. With an internet speed ranging from 0 kbps to 100 kbps, contents are displayed 

only as text so that users can learn though at a lower bandwidth while with a speed range of 

101 kbps to 250 kbps, content will be textual with some basic images loaded in JPEG format. 

This will enable users to have some visual content for their learning process. A connection 
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above 1000 kbps (1 Megabyte), results in contents displayed in high definition (HD) quality 

video (480p or 720p) with textual and pictorial elements [4] 

 Platform 

Device adaptation is one major feature for using diverse platforms such as Android or 

IOS platform [4].  

 Screen and Browser 

Screen Size and  Browsers are considered so that contents are presented in the 

desirable format across varied screen resolutions and browsers [4]. 

 Other Contextual features 

Learners current activity (Driving/ Walking/Sleeping/Working etc), Learners current 

location, time, Lighting, Temperature etc are other contextual information, which will help 

personalize the m- learning system. 

III.Conclusion 

Mobile learning is a tool for the students to engage themselves in learning anytime 

and anywhere. The transparent characteristics of mobile devices have led researchers to 

focus on its potentials. This paper highlights some of the important factors for designing more 

personalized and adaptive mobile learning platform for educational institutions. 
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Abstract 

Big Data deals with huge unstructured or semi-structured data. The data is 

typically heterogeneous, partial and demands quick results. Hence, Big Data 

needs better learning methods and needs to handle uncertainty. In fact, 

applications like document retrieval and medical and healthcare data analysis 

include data in different formats. For Big Data, due to uncertainty and 

heterogeneity in data, simple pattern based methods do not work. Big Data 

forms domains like atmospheric sciences data (e.g radar, satellites, and 

sensor networks), continuous electricity data, climate models, ensemble data 

etc.  

Keywords: Hadoop, Big Data Analytics Lifecycle, Banking, Agriculture, 

Health Care, Challenges 

 

1. Introduction 

Human beings are the best pattern recognition machines. Naturally, they 

tend to create patterns. When tweets, blogs, posts, articles, news and 

messages are written, they are bound to have patterns. With the increasing 

amount of unstructured text, it is very important to discover patterns in the 

text. One can find patterns in usage of words, smileys, hash tags, etc. 

Data that is generated by Facebook posts, tweets, emails, blogs, ratings, 

reviews and reports etc is unstructured. Such data does not have specific 

format and does not fit into any predefined schema. It increase in the 

Volume (from KB to YB), Variety in the format of the data (from structured 

to unstructured) and Velocity with which the volume is increasing (from 

batch to real-time) make it difficult to understand and make sense out of it. 

The following characteristics of Big Data as shown below: 

(i) Volume – Yottabytes, Kilobytes, Tables, Files, 

Transactions 

(ii) Velocity – Batch, Real-Time streams. 

(iii) Variety- Structured, Unstructured, Semi-Structured, Video 

CSV, Photos, XML. 

The Big Data analytics lifecycle involves identifying, procuring, preparing 

and analyzing large amounts of raw, unstructured data to extract meaningful 

information that can serve as input for identifying patterns, enriching 

existing enterprise data and performing large-scale searches. 

Different kind of organizations uses data analytics tools and techniques in 

different ways.  

 

(i) In business-oriented environments, data analytics results can lower 

operational costs and facilitate strategic decision-making. 

(ii) In the scientific domain, data analytics can help identify the cause 

of a phenomenon to improve the accuracy of predictions. 

(iii) In service-based environments like public sector organizations, 

data analytics can help strengthen the focus on delivering high-

quality services. 

 

2. Challenges In Big Data Analytics 

Big Data analytics finds out patterns, association among variety of data with 

business outcomes. The challenges associated with Big Data mining and Big 

Data analytics are different from other data, since it requires higher pace and 

more efficient algorithms.  

 

Big Data is heterogeneous, but typical traditional processing algorithms 

expect homogeneous data. For example, if an employee fails to provide all 

data, some of the fields are missing. Dealing with this partial information or 

incomplete information is another challenge in mining and processing of Big 

Data. Even use of error handling methods could not handle some of such 

cases.  

 

The increasing volume of data is another challenge while analyzing Big 

Data. Though using cloud computing we can store large amount of data, 

there is a demand for timely response with reference to interactive and 

distributing processing of data. 

 

3. Management and Tools of Big Data 

 

Today, in many organizations most of the data are stagnant. Data received 

from various resources, such as sensor network data, private and public data, 

log files etc., are highly disorganized (Chen, H, 2012). Earlier most of the 

companies were not able to capture and store these data, and also existing 

traditional tools were incapable to analyze them in finite amount of time. 
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However, the new paradigm of Big Data technology has shown great 

performance in many dimensions along with providing excellent decision-

making support. The fundamental objective behind Big Data technology is to 

minimize the hardware and computational cost and analyze the large pool of 

information available for effective decision making. Evolution of Big Data 

technology leads to management of very high volumes of data without 

requiring high cost super computers. There are tools and techniques 

available for effective data management, simple DB, Google BigTable, Not 

Only SQL(NoSQL), Voldemort, MemcacheDB and Data Stream 

Management (DSMS). However, still special tools and techniques are to be 

developed for storing, accessing and analyzing large volumes of data in near 

future. Some of the popular tools and techniques for Big Data are Hadoop, 

MapReduce, and Big Table. These techniques have efficiently done data 

management by effectively processing huge volumes of data and that too in 

timely manner. It is also cost effective.  

 

3.1 Hadoop 

Hadoop is a framework for processing data in parallel using MapReduce 

pattern, where the entire work is dividing into different tasks or blocks and 

gets distributed across group of machines (Clusters). Currently, Hadoop is 

used on large volumes of data. With Hadoop framework, many of the 

enterprises are able to efficiently tackle data that were unmanageable and 

difficult to analyze previously. Hadoop is composed of different components 

such as HBase, Kafka, HCatalog, Pig, Oozie, Zookeeper, and Hive . 

However, the most widespread components are Hadoop Distributed File 

System (HDFS) and MapReduce. HDFS is planned to run n commodity 

hardware. The architecture of the HDFS is shown in fig.1 below. It is highly 

fault tolerant and gives high throughput. HDFS supports master/salve 

architecture. HDFS cluster comprises single Namenode, called master server 

and a number of Datanodes, called slave nodes. The Namenode handles the 

file system namespace and controls access to files by clients. A file is 

divided into one or more blocks (64MB size) and HDFS stores these blocks 

in DataNodes. Replication of all HDFS files is done in multiples for 

facilitating parallel processing for the huge volumes of data.  

 

 

 

 

 

 

 

Fig. 1: HDFS: Hadoop Storage and File System 

 

 

 

 

4. Methodology Work 

Methodology work will be required to control how data flows into and out of 

Big Data solutions. It should consider how feedback loops can be set up to 

empower the processed data to experience rehashed refinement, as shown in 

fig 2. 

 

 

 

 

 

 

 

 

 

Fig 2: Methodology Work 

 

It shows that each repetition can help fine-tune processing steps, algorithms 

and data models to improve the accuracy of results and deliver greater value 

to the business.  

 
4.1 Big Data in Cloud Environment 
 
Clouds provide remote environments that can host IT infrastructure for 

large-scale storage and processing’s, among other things. Nevertheless 

whether an association is as of now cloud-empowered, the appropriation of a 

Big Data condition may require that a few or that whole condition be 

facilitated inside a cloud. For instance, an endeavor that runs its CRM 

framework in a cloud chooses to include a Big Data solution in a similar 

cloud condition so as to run examination its CRM information. This 

information would then be able to be imparted to its essential Big Data 

condition that lives inside the endeavor limits. 

Common justifications for incorporating a cloud environment in support of a 

Big Data solution include:  

 Inadequate in in-house hardware resources. 

 Upfront capital investment for system procurement is not available.  

 The project is to be isolated from the rest of the business so that 

existing business processes are not impacted. 

 The Big Data activity is a proof of idea  

 Datasets that should be prepared are as of now cloud inhabitant  

 The points of confinement of accessible figuring and capacity assets 

utilized by an in-house Big Data solution are being reached. 

 

5. Big Data Analytics Lifecycle 

 

Big Data analysis varies from conventional information investigation 

essentially because of the volume, velocity and variety qualities of the  
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information being forms. To address the particular necessities for performing 

investigation on Big Data, a well ordered technique is expected to sort out  

the exercises and undertakings required with procuring, handling, breaking 

down and repurposing information. It is critical that anyhow the lifecycle, 

thought be made for issues of preparing, training, tooling and staffing of an 

information examination group. 

The Big Data analytics lifecycle can be divided into the following nine 

stages as follows: 

1. Business Case Evaluation: Business Case Evaluation: It requires 

that a business case be made, surveyed and endorsed preceding 

continuing with the real hands-on analysis tasks. 

2. Data Identification: It is to identifying the data sets required for the 

analysis project and their sources. 

3. Data Acquisition & Filtering: The obtained information is then 

subjected to mechanized separating for the expulsion of degenerate 

information or information has been considered to have no an incentive 

to the analysis objectives. 

4. Data Extraction: To extracting dissimilar data and transforming it 

into a format that the underlying Big Data solution can use with the 

end goal of the information analysis. 

5. Data Validation & Cleansing: To building up frequently complex 

validation runs and expelling any known invalid information. 

6. Data Aggregation & Representation: To coordinating various data 

sets together to land at a bound together view. 

7. Data Analysis: is intense to doing the genuine investigation 

undertaking, which commonly includes at least one type of analytics. 

8. Data Visualization: is keen to utilizing data visualization techniques 

and tools to graphically impart the analysis comes about for successful 

translation by business users. 

9. Utilization of Analysis Results:  is committed to deciding how and 

where handled analysis information can be additionally utilized. 

  

6. Application of Big Data Analytics 

6.1 Healthcare 

 

Patient Information is traditionally stored in hard copies which are tough to 

maintain for years. Big Data leads a way to effectively store and reuse the 

patient information. Big Data not only used to maintain patient information, 

even in other medical functions. A report by McKinsey in 2011 states that 

healthcare industry will have a increase in his economy by 30 billion 

because of the impact of Big Data in Healthcare industry. To Store the 

Social media and social networking have increased connectivity and 

communication. The different messages are going in different directions and 

in unstructured or semi-structured formats. Social Medias have impacted 

healthcare industry in great way. This has increased communication among 

patients, healthcare service providers and communities.  The communication 

between patients and service providers allows the information to flow and is 

a source of Big Data.  

 

Social networking deals with large volumes of data. Large volume of 

unstructured data with different flavors poses many challenges.   There can 

be different opinions of different patients, there can be biases, and 

misunderstanding and even information displayed based on partial 

knowledge.  

 

6.2 Transportation 

 

Huge number of people uses road transportation every day. The weather 

condition, the human unintentional interruption causes an accident.The 

Vehicle information about the number of transportation of a vehicle, the 

prediction of occurrence of traffic could be done effectively using Big Data. 

The capability of Big Data avoids road accidents and predicts traffic 

occurrence. Microwave Detection System. Mobile detection system and 

surveillance system could be used to record the traffic data. The decision 

making on a real time situation could be done efficiently using the Big Data 

Analytics. 

 

Many Intelligent Transportation Systems (ITS) (Gang Zeng, 2015) were 

build using the tools such as Hadoop and uses the surveillance system to 

record the vehicle information. To control the traffic, the Intelligent 

Transportation System manipulates the traffic flow, the average speed of the 

road and the path of the vehicle. New Routes between the source and 

destination could be discovered using the intelligent system. The various 

paths and their travelling time could also be meritoriously maintained using 

the Big Data to provide the traveller to choose the path.  

 

6.3 Education 

 

Many ICT based learning courses such as MOOC are available to enable 

education serve better. These courses generate large amount of data and need  

to be maintained.( Saptarshi Ray, 2013). A student may attend an online quiz 

and could get results in just fraction of seconds. This could be done using the 

decision making capability of the Big Data. Even the sources to find right 

answers for a wrong choice given by the student could be possible with Big 

Data. The researchers use the Social Networks Adapting Pedagogical 

Practice to know the level of students and to prepare the course syllabus for 

the better understanding of the student. 

 

Learner Analytics and Academic Analytics are the two major categories of 

Big Data Analytics in educational sector. Learning Analytics measures the 

learner’s capability and changes the context for the learners to learn more 
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easily and effectively (Shikha Anirban, 2014). Academic Analytics deals 

with the enrichment of the resources of the institutions through the data 

collected from learners and institutions. 

 

 

 

 

6.4 Agriculture 

Agricultural sector has a wide effect with digitization and helps in precision 

agriculture and smart farming (Max v. Schönfeld et al, 2017). Making an 

automatic control agriculture machines, analyzing the yields are called as 

precision agriculture. To find the correct amount of seeds and fertilizers with 

respect to the soil and the field could be done with Big Data Analytics. The 

information about the weather conditions could be analyzed using Big Data 

Analytics. Smart Farming includes ability to know the market details, 

maintaining farmer details to have better selling of the crops.   

 

Open Data is a powerful, evidence--‐based tool for long--‐term sustainable 

development by improving economic opportunities for farmers and health of 

consumers. Open access to research, meta--‐ analysis, and open publication 

of data are vital resources for nutritional security. 

 

6.5 Banking 

The Demonetization shows significant impact in changing the banking sector 

to use Big Data to improve the working and standardizing the banking tasks. 

More quantity of data generated due to the high usage of smartphones and 

computers to perform banking transactions (Kuchipudi Sravanthi and 

Tatireddy Subba Reddy, 2015). Big Data plays a vital role in storing and 

maintaining this volume of data. The real challenge is in providing security 

while storing and maintaining the data.  

 

The impact of Big Data in banking sector reached its maximum height in the 

recent years with enhanced security in transactions, avoiding thefts and loses 

of data. Banks extract information faster and easier (Utkarsh Srivastava and 

Santosh Gopalkrishnan, 2015). The Big Data has its impact even in the 

compliance management of banking customers and financial crime 

management. 

 

The main objective of banks is to getting Customers, holding customers , 

increasing Customers(Pingale Murali Manish et al, 2017). To attain these 

Big Data is used in banks to observer the customer’s view, to enhance the 

quality of the service provided to the customer. Analysis of customer profile, 

knowing the customer usage time, understanding the reason for customer 

loss are done efficiently with Big Data Analytics. The customers can be 

clustered based on their usage frequency. 

 

6.6 Enterprise 

To attain success, the business needs to take risks which include capability 

of thinking, predicting things ahead and making a decision. Before a decade 

these tasks are done using the expertise knowledge in that business. To 

provide a better solution for business, Big Data lays its application in 

enterprise too.  

 

 

 

Big Data Analytics plays an important role for enterprises in decision 

making. The Big Data helps in knowing the state of art marketing strategies 

to reinforce the business (Kuchipudi Sravanthi and Tatireddy Subba Reddy, 

2015). Big Data Analytics enforces less expense and fast decision making 

with the combined effort of expert business people. 

 

6.7 Data Mining 

 

Decision Tree with Data Mining helps users to know what characteristics 

will be required to yield the needed result. The Big Data capability of  

making decision helps in refining the needed attributes used in any 

applications of data mining (Kuchipudi Sravanthi and Tatireddy Subba 

Reddy, 2015).  

 

6.8 Clustering 

 

Grouping the data based on some characteristics is clustering and Big Data 

Analytics has its application in this grouping by making automatic decision 

making of finding the correct group and placing the data in that cluster 

(Kuchipudi Sravanthi and Tatireddy Subba Reddy, 2015).. Big Data with 

Clustering helps in easy identification of similar group of people based on 

their location, area of interest, age group and qualification and address them 

in an efficient way. 

 

7. Conclusion 

Everything is driven by Analytics today. Right from decisions at small stores 

to decision about procuring servers at big companies some type of analytics 

is utilized. With advent of advanced techniques for analytics and capability 

to mine big data now it is the time to leverage analytics is better way.  

 

Business analytics demands deriving value form big data to create business 

value. Business decision-making has been one of the major areas of interest 

and business analytics and big data can help in great way. It comes with 

challenges and with effective text mining and data correlation overcome 

these challenges.  
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Abstract—Soil nutrients play a vital role in the getting good yield 
for crops and to get quality product. In India till now the crops 
are grown with the help of traditional methods. As we all aware 
due to the increase in population requires an implementation of 
some new methods, which considerably give good yield of crops 
with less expense. The objective of this work is to propose such 
method for soil nutrients monitoring and management with 
automated irrigation using pH sensor which in turn identify pH 
value of soil using Arduino and Zigbee with IoT and Wireless 
Sensor Network. The proposed automated system designed with 
an objective of seed selection using pH value which can be 
considered as endeavour. water conservation, maintaining 
necessary temperature inside the greenhouse, which helps plants 
to get necessary warmth, nor too cold or hot and choosing 
necessary fertilizer for plants through which over feed or under 
feed of fertilizers can be avoided.  
 
Keywords — IoT, WSN,  pH sensor, Arduino, Zigbee. 

I. INTRODUCTION  

Plants nutrition have been classified into two i) as 
macronutrients and micronutrients. The macronutrients are 
nitrogen (N), phosphorus (P), potassium (K), sulfur (S), 
calcium (Ca) and magnesium (Mg). Among these six NPK 
plays a vital role in growth of plants. Physical and chemical 
properties of soil determine the growth of plants. Soil 
properties are pH, color depth, fertility organic matter, texture 
and so on. Among which pH value is used to measure acidic 
and alkaline property of soils. The value of pH ranges from 0 
to 14, where 7 stands for neutral, value less than 7 is 
considered as (pH acidic and the value above 7 is categorized 
under alkaline. Based on the pH value soil has been classified 
in to extremely acidic (pH 4.5), very strong acidic (pH 5.0), 
strongly acidic 5.5), medium acidic (pH 6.0) and neutral (pH 
7.0). The ideal pH value is between 5.5 to 7.0.Almost all the 
time soil pH value does not fall in the permissible limit, issue 
arises due to this is , soil will not absorb the necessary nutrients 
which is required for plant growth and its healthiness. In 
extremely acidic soil 70% of fertilizer will be wasted, for very 
strong acidic 54% of fertilizer will be wasted, for strongly 
acidic 33% will be wasted, medium acidic 20% and for neutral 

0% is wasted. It is always a big task to maintain the 
permissible range of pH value of soil. 

II. RELATED WORKS 

The author proposed a portable handheld device for testing 
soil with EC sensor, pH sensor and colour sensor. The system 
developed used to identify the colour texture, Electrical 
Conductivity and pH value of soil.  In order to have proper 
knowledge about soil which usually farmers don’t have, Soil 
test is required to identify necessary fertilizer and also to find 
the nutrients present in soil [1]. 
 
 In order to automate irrigation and fertigation to get a high 
yield than traditional method author developed this system to 
monitor weather and soil property. Drip irrigation has been 
practiced for water conservation; minimize soil erosion since 
only the required fertilizers are injected in the field. The 
experiments were carried in maize and sugarcane field as 
surface and sub-surface irrigation respectively [2]. 
 
The author used fibre optic based colour sensor to decide N, P, 
& K values in the soil sample. With the principle of absorption 
of colours are absorbed to identify N, P, K amounts as high, 
medium, low or none. The system which was developed by 
author will dispense only the required amount of fertilizers in 
the soil [3]. 
 
The author used QUEFTS model (Quantitative Evaluation of 
Fertility of Tropical Soils) for assessing yield of crop in 
response to N, P and K application in different environments. 
The above model used six field data sets with maize, rice, and 
wheat crops grown in tropical and temperate regions [4]. 
 
The author proposed an e-Agriculture Application based on 
the framework consisting of KM-Knowledge base and 
monitoring modules. The system helped farmers to make 
better decision, and also provide needed information 
throughout entire farming. A knowledge based system with 
various sensors, which overcomes limitations of traditional 

547978-1-5386-5657-0/18/$31.00 c©2018 IEEE



agricultural through proper water resource utilization and 
reduced labour cost [5]. 
 
A weekly irrigations need for plantation was developed by 
author with soil and climatic variables where several nodes 
placed in the field which collects data. In order to manage 
irrigation in agriculture an automatic Smart Irrigation 
Decision Support System, SIDSS, was developed by author. 
This system used two machine learning techniques, PLSR and 
ANFIS, for SIDSS. Three commercial plantations of citrus 
trees located in the South-East of Spain used to validate this 
system [6]. 
 
A low cost greenhouse monitoring system has been developed 
by author who includes two parameters such as temperature 
and humidity with WSN and  zigbee technology has been 
developed. Zigbee is used for communication which supports 
up to 100 m range. A cheap and easy monitoring system has 
been developed by the author. The feasibility of the system 
was tested in Agriculture Department of Melaka Tengah 
greenhouse in Malaysia [7]. 
 
A system developed by author for automatic irrigation system 
which checks the amount of the three main macronutrients i.e. 
nitrogen, phosphorus and potassium in the soil. Colour chart is 
also used by author for determining the amount of N, P, K in 
the soil sample as high, medium and low. Unlike traditional 
method manual intervention was reduced. Sensors sense the 
change in temperature and humidity in the surroundings. 
System tested on wheat and bajara crop [8]. 
 
This system was developed to dispense only required amount 
of fertilizers in the soil by using fibre optic based colour 
sensor to determine N, P, and K values in the soil sample. 
Aqueous solution of soil has been measured to determine N, P, 
K based on the principle of absorption as high, medium, low, 
or none [9]. 
 
The author developed a system for automated irrigation if 
moisture falls below the threshold. Better crop yield is 
achieved through dispensing Nutrients (n, p, k) in to farm 
based on the predicted values The notification was sent to 
farmers mobile regularly. Farmer would be able to monitor the 
field conditions from anywhere [10]. 
 
A system on remote monitoring for agricultural industry 
combined with some farmer friendly applications. Data was 
collected from multiple nodes and help the farmers handle 
various operations wirelessly providing a smart agricultural 
field for smart farmers [11]. 
The author shows how soil moisture affects the growth of 
plants. Tomato plant is tested against soil moisture. Other 
sensor such as temperature and pH sensor also used [12]. 
 
The author has measured various soil parameters such as 
NPK, humidity, temperature, co2 and air to increase the 
growth of crop in greenhouse [13]. 

 
The author developed a system for smart agriculture which is 
executed through by spraying required water and fertilizer 
required for the field without overdoing it [14]. 
 
The author developed this system to improve plant 
productivity, identify plant disease and efficient use of 
fertilizer. The sensors like temperature, humidity pH sensor 
and nitrogen sensors were used to achieve proper proportion 
of Pesticides to improve growth and productivity and reduce 
risk of over usage of pesticides [15]. 
 

A. Selecting a Template (Heading 2) 

First, confirm that you have the correct template for your 
paper size. This template has been tailored for output on the 
US-letter paper size. If you are using A4-sized paper, please 
close this file and download the file “MSW_A4_format”. 

B. Maintaining the Integrity of the Specifications 

The template is used to format your paper and style the 
text. All margins, column widths, line spaces, and text fonts are 
prescribed; please do not alter them. You may note 
peculiarities. For example, the head margin in this template 
measures proportionately more than is customary. This 
measurement and others are deliberate, using specifications 
that anticipate your paper as one part of the entire proceedings, 
and not as an independent document. Please do not revise any 
of the current designations. 

III. PROPOSED SYSTEM DESIGN 

The system has been proposed to for the selection / prediction 
of suitable crop for the soil by using one of the soil properties 
such as pH value, plants will absorb the required nutrients 
from the soil for their growth, one of the soil parameters such 
as pH, will also changes for each and every harvesting of 
crops. It is necessary to maintain pH value in order to get good 
nutrients for the plants. Apart from this above the system is 
proposed for automatic dispensing of water which is required 
irrespective of season. Since over watering and under watering 
will damage the growth of crops. An automatic temperature 
maintenance inside greenhouse is required because plants will 
not grow either of two extreme temperature that is neither too 
hot, nor too cold.   
 

A. Components of Proposed  system  

Atmega2560: It is a high performance, low power RISC 
based microcontroller, which operates through zigbee 
module   
 

    Temperature Sensor (environment): The DHT11 humidity      
    and temperature sensor. Through which environment  
    parameters can be recorded. 
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Temperature Sensor (for soil): The LM35 sensor used to find 
the temperature of the soil. The working temperature range of 
this sensor is -55º to +120ºC at the  
Humidity Sensor (for environment): This sensor is used to find 
the relative humidity in air / surroundings also used to find the 
amount of moisture content present in air. 
 
 Soil Moisture Sensor: The moisture level more than the 
desired threshold value, when the sensor measures more 
moisture than the set threshold, the digital output goes high 
and an LED indicates the output. When the moisture in the 
soil is less than the set threshold, the output remains low. The 
digital output can be connected to a micro controller to sense 
the moisture level. 

 pH Sensor: the power of hydrogen in soil  can be me1asured 
using pH sensor. Its value ranges from 0 to 14. Soil whose pH 
value below 7 will be categorized under acidic, above 7 is 
alkaline soil type and 7 are considered as neutral. 

Actuators: The actuators used are for dispensing N, P, K and 
organic fertilizers solenoid valve will be used. For automatic 
watering motor will be used. For maintaining required warmth 
inside the greenhouse lights are used. 

 

 

Fig. 1. Proposed System Design 

IV. PROPOSED SYSTEM ALGORITHM 

 
Algorithm for the proposed system is given below. 

 
Step 1: start 
 
Step 2: Read the pH value, Soil Moisture,     

Soil Temperature, Temperature  
and Humidity values. 
 

Step 3: check if soil moisture <   
                     Threshold then    
           “Automatically switch on the  
            Water from dispenser”     
       Else  
          Valve get closed/ switched off  
 
 
     Step 4: Check if Temperature < Threshold  
                  “Lights / Bulbs are automatically  
                       Switched on “ 
  
                    Else 
                     “Lights are switched off” 
 
    Step 5: Identify the pH value of soil  
   If pH > 7.0  
                “Prediction of suitable alkaline based   
                                                                       crop “ 
            Else  
                   If pH < 7.0 
                    “Prediction of suitable acidic based  
                                                                   crop” 
 
    Step 6:  prediction will happen for each and 

    every time before and after harvesting. 
 

    Step 7: Identify the required fertilizer for the crop  
                among the available (i .e.) N, P, K and  
                organic fertilizer from  calculated pH value 

   
   Step 8: stop 
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V. PROPOSED SYSTEM FLOWCHART 

start

Read the pH value, temp, humidity, environment       
temp, humidity 

If  humidity
<    threshold Pour water from  Dispenser 

automatically

If  
env. temp

<  threshold
Switch on lights / bulbs 
automatically

yes

No

yes

Choose crop and fertilizer according to the pH value

Repeat the process at  the prescribed time  gap

stop

No

Store this data in database and perform data analysis

 
 

Fig. 2. Proposed System Flowchart 

VI. ANALYSIS OF SYSTEM FOR NUTRIENTS  

MANAGEMENT IN AGRICULTURE AND GREENHOUSE 

The analysis of the existing system is presented in table 1. 
This describes the fallowing factors such as purpose of 
developing the system. Different types of sensors utilized by 
the author. And in which plants/ crops they carried out the 
experiment/ the usage of the developed system 

Most of the system uses temperature, humidity and soil 
moisture sensors in order to perform automated irrigation 
system [6][7][14][11]. System [6] was tested using citrus crop.   

Some system used fiber optic sensor based color sensor for 
measuring NPK values [3][9] in order to effectively dispense 
only the required amount of fertilizer which is actually required 
for the crops. 

In order to implement water conservation system used soil 
moisture sensor through which required amount of water for 
the crops is dispensed [2] which has been tested in crops like 
maize and sugarcane 

Soil moisture plays a vital role in the development of crops 
which was proved in system [12] with the help of tomato plant 
by showing that decrease in moisture level creates stress to 
plants which in turn affects its  growth  

System [2][11] used  LDR  sensor the purpose of this 
sensor is to measure the amount of light required  for plants 
growth. Light is also one of the major factor which affects 
plants growth, this sensor help in checking the sufficient light 
availability. 

System [15] used nitrogen sensor, which found to one of 
the vital nutrients termed as micronutrients which is required 
for the growth of plants. In order to find the amount of nitrogen 
which is present in the soil this sensor has been utilized by the 
author. 

[1][12][13][14][15] System has used pH sensor the main 
function of the pH sensor is to find out the presence of 
hydrogen in the soil, pH is one of the factor which determines 
plant growth. This factor helps in classifying the soil as 
alkaline or acidic. If the soil is too acidic or too alkaline the 
amount of fertilizer which is fed for the growth of the plants is 
wasted. In order to effectively utilization of fertilizer pH sensor 
is used. Through which plants get necessary fertilizer. 

[1] Also used EC sensor – Electrical conductivity sensor with 
color sensor to identify the texture, color and pH value of soil. 
   

Before you begin to format your paper, first write and save 
the content as a separate text file. Complete all content and 
organizational editing before formatting. Please note sections 
A-D below for more information on proofreading, spelling and 
grammar. 

Keep your text and graphic files separate until after the text 
has been formatted and styled. Do not use hard tabs, and limit 
use of hard returns to only one return at the end of a paragraph. 
Do not add any kind of pagination anywhere in the paper. Do 
not number text heads-the template will do that for you. 

550 Second International Conference on Green Computing and Internet of Things (ICGCIoT)



Table 1. Comparative Analysis of system for Nutrients Management in Agriculture and Greenhouse. 

  

Reference Purpose of system development 
 

Temperature 
Sensor 

Humidity 
Sensor 

Ph 
Sensor 

Other 
Sensor1 

Other 
Sensor 2 

Plants /Crop tested /system usage 

[1] Portable handheld device for IoT 
system 

 
 

 
 

 
 

Electrical 
conductivity  
sensor 

Color texture 
sensor 

Identify soil texture , color and pH 
value 

[2] Water conservation & injecting 
required fertilizer 

 
 

 
 

 LDR sensor Soil moisture 
sensor 

Maize and sugarcane crop 

[3] N, P, K  in soil and to use proper 
fertilizer 

 
 

 
 

 
 

Fiber optic based 
color sensor 

Nil Helps in dispensing only required 
fertilizer 

[6] Automatic smart irrigation    Soil sensors Nil Citrus trees in the South-East of Spain. 

[7] low cost greenhouse monitoring system   
 

 
 

 
 

Nil Nil Greenhouse in Malaysia. 

[8] automatic irrigation system  
 

 
 

 
 
 

Color sensor Nil Wheat and Bajara crop 

[9] Measurement of  N , P and K  contents 
of soil to  increase crop fertility 

 
 

 
 

 
 

Fibre optic based 
colour sensor 

Nil Dispensing only required amount of 
fertilizers in the soil. 

[10] Dispensing regulated amount of 
nutrients (n, p, k) better crop yield is 
achieved 

 
 

 
 

 
 

Soil moisture 
sensor 

Nil Smart irrigation achieved 

[11] remote monitoring system for 
agricultural industry 

 
 

 
 

 
 

Soil moisture 
sensor 

Light sensor Smart agriculture controlled remotely 

[12] Monitoring stress in plants due to soil 
moisture 

 
 

 
 

 
 

Nil Nil Tomato plant 

[13] Increase food production in greenhouse    Co2 sensors NPK sensor Food production capability of soil 
increased 

[14] Smart irrigation    Soil moisture 
sensor 

Nil Automatic water and fertilizer 
spraying 

[15] Improve plant productivity , identify 
plant disease and efficient use of 
fertilizer 

  
 

 Soil moisture 
sensor 

Nitrogen  
sensor 

System informs proportion of 
Pesticides to improve growth and 
productivity and reduce risk of over 
usage of pesticides.  
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VI . CONCLUSION AND FUTURE WORK 

The proposed work seems to be unique that it has been 
designed to find the suitable crop for the available sample of 
soil, by calculating the pH value. Comparing with existing 
work where pH used to determine fertilizers required for soil. 
The objective of this work is designed by using database in 
order to store data and to analyze it. But in near future cloud 
can also be used for better storage, data analysis and 
visualization of data. 
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Abstract 

Big Data deals with huge unstructured or semi-structured data. The data is 

typically heterogeneous, partial and demands quick results. Hence, Big Data 

needs better learning methods and needs to handle uncertainty. In fact, 

applications like document retrieval and medical and healthcare data analysis 

include data in different formats. For Big Data, due to uncertainty and 

heterogeneity in data, simple pattern based methods do not work. Big Data 

forms domains like atmospheric sciences data (e.g radar, satellites, and 

sensor networks), continuous electricity data, climate models, ensemble data 

etc.  

Keywords: Hadoop, Big Data Analytics Lifecycle, Banking, Agriculture, 

Health Care, Challenges 

 

1. Introduction 

Human beings are the best pattern recognition machines. Naturally, they 

tend to create patterns. When tweets, blogs, posts, articles, news and 

messages are written, they are bound to have patterns. With the increasing 

amount of unstructured text, it is very important to discover patterns in the 

text. One can find patterns in usage of words, smileys, hash tags, etc. 

Data that is generated by Facebook posts, tweets, emails, blogs, ratings, 

reviews and reports etc is unstructured. Such data does not have specific 

format and does not fit into any predefined schema. It increase in the 

Volume (from KB to YB), Variety in the format of the data (from structured 

to unstructured) and Velocity with which the volume is increasing (from 

batch to real-time) make it difficult to understand and make sense out of it. 

The following characteristics of Big Data as shown below: 

(i) Volume – Yottabytes, Kilobytes, Tables, Files, 

Transactions 

(ii) Velocity – Batch, Real-Time streams. 

(iii) Variety- Structured, Unstructured, Semi-Structured, Video 

CSV, Photos, XML. 

The Big Data analytics lifecycle involves identifying, procuring, preparing 

and analyzing large amounts of raw, unstructured data to extract meaningful 

information that can serve as input for identifying patterns, enriching 

existing enterprise data and performing large-scale searches. 

Different kind of organizations uses data analytics tools and techniques in 

different ways.  

 

(i) In business-oriented environments, data analytics results can lower 

operational costs and facilitate strategic decision-making. 

(ii) In the scientific domain, data analytics can help identify the cause 

of a phenomenon to improve the accuracy of predictions. 

(iii) In service-based environments like public sector organizations, 

data analytics can help strengthen the focus on delivering high-

quality services. 

 

2. Challenges In Big Data Analytics 

Big Data analytics finds out patterns, association among variety of data with 

business outcomes. The challenges associated with Big Data mining and Big 

Data analytics are different from other data, since it requires higher pace and 

more efficient algorithms.  

 

Big Data is heterogeneous, but typical traditional processing algorithms 

expect homogeneous data. For example, if an employee fails to provide all 

data, some of the fields are missing. Dealing with this partial information or 

incomplete information is another challenge in mining and processing of Big 

Data. Even use of error handling methods could not handle some of such 

cases.  

 

The increasing volume of data is another challenge while analyzing Big 

Data. Though using cloud computing we can store large amount of data, 

there is a demand for timely response with reference to interactive and 

distributing processing of data. 

 

3. Management and Tools of Big Data 

 

Today, in many organizations most of the data are stagnant. Data received 

from various resources, such as sensor network data, private and public data, 

log files etc., are highly disorganized (Chen, H, 2012). Earlier most of the 

companies were not able to capture and store these data, and also existing 

traditional tools were incapable to analyze them in finite amount of time. 
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However, the new paradigm of Big Data technology has shown great 

performance in many dimensions along with providing excellent decision-

making support. The fundamental objective behind Big Data technology is to 

minimize the hardware and computational cost and analyze the large pool of 

information available for effective decision making. Evolution of Big Data 

technology leads to management of very high volumes of data without 

requiring high cost super computers. There are tools and techniques 

available for effective data management, simple DB, Google BigTable, Not 

Only SQL(NoSQL), Voldemort, MemcacheDB and Data Stream 

Management (DSMS). However, still special tools and techniques are to be 

developed for storing, accessing and analyzing large volumes of data in near 

future. Some of the popular tools and techniques for Big Data are Hadoop, 

MapReduce, and Big Table. These techniques have efficiently done data 

management by effectively processing huge volumes of data and that too in 

timely manner. It is also cost effective.  

 

3.1 Hadoop 

Hadoop is a framework for processing data in parallel using MapReduce 

pattern, where the entire work is dividing into different tasks or blocks and 

gets distributed across group of machines (Clusters). Currently, Hadoop is 

used on large volumes of data. With Hadoop framework, many of the 

enterprises are able to efficiently tackle data that were unmanageable and 

difficult to analyze previously. Hadoop is composed of different components 

such as HBase, Kafka, HCatalog, Pig, Oozie, Zookeeper, and Hive . 

However, the most widespread components are Hadoop Distributed File 

System (HDFS) and MapReduce. HDFS is planned to run n commodity 

hardware. The architecture of the HDFS is shown in fig.1 below. It is highly 

fault tolerant and gives high throughput. HDFS supports master/salve 

architecture. HDFS cluster comprises single Namenode, called master server 

and a number of Datanodes, called slave nodes. The Namenode handles the 

file system namespace and controls access to files by clients. A file is 

divided into one or more blocks (64MB size) and HDFS stores these blocks 

in DataNodes. Replication of all HDFS files is done in multiples for 

facilitating parallel processing for the huge volumes of data.  

 

 

 

 

 

 

 

Fig. 1: HDFS: Hadoop Storage and File System 

 

 

 

 

4. Methodology Work 

Methodology work will be required to control how data flows into and out of 

Big Data solutions. It should consider how feedback loops can be set up to 

empower the processed data to experience rehashed refinement, as shown in 

fig 2. 

 

 

 

 

 

 

 

 

 

Fig 2: Methodology Work 

 

It shows that each repetition can help fine-tune processing steps, algorithms 

and data models to improve the accuracy of results and deliver greater value 

to the business.  

 
4.1 Big Data in Cloud Environment 
 
Clouds provide remote environments that can host IT infrastructure for 

large-scale storage and processing’s, among other things. Nevertheless 

whether an association is as of now cloud-empowered, the appropriation of a 

Big Data condition may require that a few or that whole condition be 

facilitated inside a cloud. For instance, an endeavor that runs its CRM 

framework in a cloud chooses to include a Big Data solution in a similar 

cloud condition so as to run examination its CRM information. This 

information would then be able to be imparted to its essential Big Data 

condition that lives inside the endeavor limits. 

Common justifications for incorporating a cloud environment in support of a 

Big Data solution include:  

 Inadequate in in-house hardware resources. 

 Upfront capital investment for system procurement is not available.  

 The project is to be isolated from the rest of the business so that 

existing business processes are not impacted. 

 The Big Data activity is a proof of idea  

 Datasets that should be prepared are as of now cloud inhabitant  

 The points of confinement of accessible figuring and capacity assets 

utilized by an in-house Big Data solution are being reached. 

 

5. Big Data Analytics Lifecycle 

 

Big Data analysis varies from conventional information investigation 

essentially because of the volume, velocity and variety qualities of the  
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Data Node Data Node Data Node 
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information being forms. To address the particular necessities for performing 

investigation on Big Data, a well ordered technique is expected to sort out  

the exercises and undertakings required with procuring, handling, breaking 

down and repurposing information. It is critical that anyhow the lifecycle, 

thought be made for issues of preparing, training, tooling and staffing of an 

information examination group. 

The Big Data analytics lifecycle can be divided into the following nine 

stages as follows: 

1. Business Case Evaluation: Business Case Evaluation: It requires 

that a business case be made, surveyed and endorsed preceding 

continuing with the real hands-on analysis tasks. 

2. Data Identification: It is to identifying the data sets required for the 

analysis project and their sources. 

3. Data Acquisition & Filtering: The obtained information is then 

subjected to mechanized separating for the expulsion of degenerate 

information or information has been considered to have no an incentive 

to the analysis objectives. 

4. Data Extraction: To extracting dissimilar data and transforming it 

into a format that the underlying Big Data solution can use with the 

end goal of the information analysis. 

5. Data Validation & Cleansing: To building up frequently complex 

validation runs and expelling any known invalid information. 

6. Data Aggregation & Representation: To coordinating various data 

sets together to land at a bound together view. 

7. Data Analysis: is intense to doing the genuine investigation 

undertaking, which commonly includes at least one type of analytics. 

8. Data Visualization: is keen to utilizing data visualization techniques 

and tools to graphically impart the analysis comes about for successful 

translation by business users. 

9. Utilization of Analysis Results:  is committed to deciding how and 

where handled analysis information can be additionally utilized. 

  

6. Application of Big Data Analytics 

6.1 Healthcare 

 

Patient Information is traditionally stored in hard copies which are tough to 

maintain for years. Big Data leads a way to effectively store and reuse the 

patient information. Big Data not only used to maintain patient information, 

even in other medical functions. A report by McKinsey in 2011 states that 

healthcare industry will have a increase in his economy by 30 billion 

because of the impact of Big Data in Healthcare industry. To Store the 

Social media and social networking have increased connectivity and 

communication. The different messages are going in different directions and 

in unstructured or semi-structured formats. Social Medias have impacted 

healthcare industry in great way. This has increased communication among 

patients, healthcare service providers and communities.  The communication 

between patients and service providers allows the information to flow and is 

a source of Big Data.  

 

Social networking deals with large volumes of data. Large volume of 

unstructured data with different flavors poses many challenges.   There can 

be different opinions of different patients, there can be biases, and 

misunderstanding and even information displayed based on partial 

knowledge.  

 

6.2 Transportation 

 

Huge number of people uses road transportation every day. The weather 

condition, the human unintentional interruption causes an accident.The 

Vehicle information about the number of transportation of a vehicle, the 

prediction of occurrence of traffic could be done effectively using Big Data. 

The capability of Big Data avoids road accidents and predicts traffic 

occurrence. Microwave Detection System. Mobile detection system and 

surveillance system could be used to record the traffic data. The decision 

making on a real time situation could be done efficiently using the Big Data 

Analytics. 

 

Many Intelligent Transportation Systems (ITS) (Gang Zeng, 2015) were 

build using the tools such as Hadoop and uses the surveillance system to 

record the vehicle information. To control the traffic, the Intelligent 

Transportation System manipulates the traffic flow, the average speed of the 

road and the path of the vehicle. New Routes between the source and 

destination could be discovered using the intelligent system. The various 

paths and their travelling time could also be meritoriously maintained using 

the Big Data to provide the traveller to choose the path.  

 

6.3 Education 

 

Many ICT based learning courses such as MOOC are available to enable 

education serve better. These courses generate large amount of data and need  

to be maintained.( Saptarshi Ray, 2013). A student may attend an online quiz 

and could get results in just fraction of seconds. This could be done using the 

decision making capability of the Big Data. Even the sources to find right 

answers for a wrong choice given by the student could be possible with Big 

Data. The researchers use the Social Networks Adapting Pedagogical 

Practice to know the level of students and to prepare the course syllabus for 

the better understanding of the student. 

 

Learner Analytics and Academic Analytics are the two major categories of 

Big Data Analytics in educational sector. Learning Analytics measures the 

learner’s capability and changes the context for the learners to learn more 
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easily and effectively (Shikha Anirban, 2014). Academic Analytics deals 

with the enrichment of the resources of the institutions through the data 

collected from learners and institutions. 

 

 

 

 

6.4 Agriculture 

Agricultural sector has a wide effect with digitization and helps in precision 

agriculture and smart farming (Max v. Schönfeld et al, 2017). Making an 

automatic control agriculture machines, analyzing the yields are called as 

precision agriculture. To find the correct amount of seeds and fertilizers with 

respect to the soil and the field could be done with Big Data Analytics. The 

information about the weather conditions could be analyzed using Big Data 

Analytics. Smart Farming includes ability to know the market details, 

maintaining farmer details to have better selling of the crops.   

 

Open Data is a powerful, evidence--‐based tool for long--‐term sustainable 

development by improving economic opportunities for farmers and health of 

consumers. Open access to research, meta--‐ analysis, and open publication 

of data are vital resources for nutritional security. 

 

6.5 Banking 

The Demonetization shows significant impact in changing the banking sector 

to use Big Data to improve the working and standardizing the banking tasks. 

More quantity of data generated due to the high usage of smartphones and 

computers to perform banking transactions (Kuchipudi Sravanthi and 

Tatireddy Subba Reddy, 2015). Big Data plays a vital role in storing and 

maintaining this volume of data. The real challenge is in providing security 

while storing and maintaining the data.  

 

The impact of Big Data in banking sector reached its maximum height in the 

recent years with enhanced security in transactions, avoiding thefts and loses 

of data. Banks extract information faster and easier (Utkarsh Srivastava and 

Santosh Gopalkrishnan, 2015). The Big Data has its impact even in the 

compliance management of banking customers and financial crime 

management. 

 

The main objective of banks is to getting Customers, holding customers , 

increasing Customers(Pingale Murali Manish et al, 2017). To attain these 

Big Data is used in banks to observer the customer’s view, to enhance the 

quality of the service provided to the customer. Analysis of customer profile, 

knowing the customer usage time, understanding the reason for customer 

loss are done efficiently with Big Data Analytics. The customers can be 

clustered based on their usage frequency. 

 

6.6 Enterprise 

To attain success, the business needs to take risks which include capability 

of thinking, predicting things ahead and making a decision. Before a decade 

these tasks are done using the expertise knowledge in that business. To 

provide a better solution for business, Big Data lays its application in 

enterprise too.  

 

 

 

Big Data Analytics plays an important role for enterprises in decision 

making. The Big Data helps in knowing the state of art marketing strategies 

to reinforce the business (Kuchipudi Sravanthi and Tatireddy Subba Reddy, 

2015). Big Data Analytics enforces less expense and fast decision making 

with the combined effort of expert business people. 

 

6.7 Data Mining 

 

Decision Tree with Data Mining helps users to know what characteristics 

will be required to yield the needed result. The Big Data capability of  

making decision helps in refining the needed attributes used in any 

applications of data mining (Kuchipudi Sravanthi and Tatireddy Subba 

Reddy, 2015).  

 

6.8 Clustering 

 

Grouping the data based on some characteristics is clustering and Big Data 

Analytics has its application in this grouping by making automatic decision 

making of finding the correct group and placing the data in that cluster 

(Kuchipudi Sravanthi and Tatireddy Subba Reddy, 2015).. Big Data with 

Clustering helps in easy identification of similar group of people based on 

their location, area of interest, age group and qualification and address them 

in an efficient way. 

 

7. Conclusion 

Everything is driven by Analytics today. Right from decisions at small stores 

to decision about procuring servers at big companies some type of analytics 

is utilized. With advent of advanced techniques for analytics and capability 

to mine big data now it is the time to leverage analytics is better way.  

 

Business analytics demands deriving value form big data to create business 

value. Business decision-making has been one of the major areas of interest 

and business analytics and big data can help in great way. It comes with 

challenges and with effective text mining and data correlation overcome 

these challenges.  
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Abstract :  Hadoop is an open source frame work which works on 

java platform. It contains two major components HDFS (Hadoop 

Distributed File System) and Map reduce for processing large 

amount of data. The large amount of small files can be generated 

by various platforms. It’s difficult to handle small files because it 

takes lots of seek and hops while searching file from the block in 

the distributed system. The objective of this paper is developing an 

efficient approach improved HDFS to handle files from various 

users and to develop an effective method based on Merging files 

concept. By merging various small files into a large file reduces 

the memory utilization in name-node of HDFS. The proposed 

technique used to  store and fetch the  small files in a better 

manner. Intermediate Memory cache is used to  Merge the files . 

Keywords : HDFS, Small Files, Name-Node, Cache 

 

1 Introduction 

Internet services are used in all fields, due to this large amount of 

data is generated in every field for each and every minute. Cloud is 

used to store these huge data. Large files are not only referred as 

Big-data. The largest amount of small files is also referred as Big-

data. Big-data is a combination of structured and unstructured type 

of data. Hadoop is a distributed open source framework used to 

store and access cluster of data in commodity hardware. Hadoop 

uses HDFS and Map-reduce two major components to store and 

access the data stored in a distributed and replicated manner. Map-

reduce are the framework used to split the data sets and process it 

parallel manner. The combination of HDFS and Map-reduce 

improves the efficiency by batch processing technique. 

 

 

 Frequent access of small files calls memory for each access, so 

time also consumed and efficiency also reduced. To overcome this 

problem, Small files are merged up to the block size and stored in 

data nodes will reduce the memory access and increase the storage 

space also. So many concepts are used to merge the small files. 

Those techniques are discussed in detail in this paper. 

 

2 BACKGROUND 

 

2.1 Hadoop Distributed File System 

 

 HDFS is a distributed framework for storing and access cluster of 

data stored in various machines. HDFS is a Master/Slave 

Architecture with Name-node and Data-node. Name-node holds 

the Namespace  i.e. file size , date of  file modified,  the number of 

replications, in which data node file  is stored, like the information 

about the files are present in the namespace. For each file 150 

bytes of memory space are allocated to hold the file related 

information. The files are stored in blocks present in Data-node. 

The maximum size of Data-node is 128MB. Higher fault tolerance 

because files are stored in replication manner.  

 

2.2 Map-reduce  

 

Map-reduce is a program model based on Java for distributive 

computing. The Map-reduce algorithm contains Map and Reduce. 

Map modifies the input element into key-value pairs. Reduce takes 

input from Map and combines as set of  key-value pairs. Data 

processing over various nodes can be easily measured by using 

Map-reduce. 
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The processes of Map-reduce have following stages 

Map stage:  Mapper Process file which is in HDFS by passing into 

Mapper function Line by line which results in small pieces of data. 

 

Reduce stage:  It processes the data which come from Map stage 

and produce the output and it is stored in HDFS. 

 

2.3 Small files problem:    

  Big data means not only large volume of files, small volume of 

files in large number is also considered as Big-data. HDFS process 

and stores, big size file in efficient manner. HDFS is composed of 

two main components Name-Node and Data-node. Name-node 

holds all the information of files (metadata) that stored in Data-

node. It helps clients to access files. The name-node allocates 150 

bytes of memory to hold the each file information separately. Data-

node hold files and do read and write operation according to client 

request.  

The files are divided into segments according to the size and are 

stored in individual blocks in Data-node. The maximum size of a 

block is 128MB. Data produced from various Social Medias and 

organizations are not big in size. Small size files also produced in 

large number .Storing and accessing these small files takes a 

individual block separately, each block hold 150 bytes of memory 

For example one million small sized (10mb) files want to store in 

HDFS means each file hold separate block (128MB). It utilize only 

10 MB in 128 MB balance space are not utilized, so huge number 

of blocks are used to hold files. These million small files need 

separate 150 bytes in the Name node. While accessing files each 

and every time separate Name node is accessed to view file details 

fetch the new file from memory take more execution time. So, 

Small files cannot handle efficiently in hadoop. And moreover 

millions of block each with 128MB is not possible to allocate in 

hadoop. To handle these small size files, some of the compaction 

techniques are used to merge the small files up to the block size to 

reduce the storage space and to improve the access efficiency.  

 

2.4 Techniques used to group small files. 

HAR files: Hadoop Archive (HAR files) is used to merge the files 

in HDFS as Archives. The reduced HAR files are directly given as 

input to Map-reduce, while referring files in Archive. Processing 

files in Archive also require a lot of map tasks so some 

improvement is needed. While merging files in Archive original 

files remain same so on that time memory space is occupied as 

double, after Archive was created then original files can be deleted. 

Once Archive created we can’t able to modify the files in it, we 

have to recreate another Archive. So Archive is not an efficient 

way for merging files 

 

Sequence files: Sequence files are used in Map-reduce and it used 

a key / value pair for holding the filename and content. It reduces 

the memory space in Name-node. Sequence file is split able, and it 

supports compression. The compression types are Uncompressed, 

Record-compressed, and Block-Compressed. In Record 

compressed only values are compressed and in Block compressed 

both keys and values are compressed. 

 

3 Related work 

 

[1] In this approach Small files are merged by using a optimized 

Map File based storage of small files which merges small files into 

large one based on worst fit strategy. Internal fragmentation is 

reduced in this approach. Unused memory space in block is used to 

store the files in worst fit strategy. While merging files in block to 

make it into large file if reaches the cut-off size the internal 

fragmentation occurs and memory left unutilized is used for other 

files. Two strategies are followed in this approach . Based on the 

small files size file filtering occurs. ii) File merging using worst fit 

strategy. It improves the data processing in Map-reduce. 

 

[2] Proposed a system to solve small file problem by merging the 

small files with the help of Mapper and Reducer. Mapper adds files 

to the block until its maximum size after it is passed to Reducer 

which reduces the file size through merging by using the merging 

algorithm. 

 

[3] Proposed an approach file integration and cache method to 

improve the performance of small files processing. File integration 

merges the massive, small files in client side directory. The index 

and offset of small files are maintained in the combined large file. 

In data the node merged files are stored in a block.  
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Instead of small files in individual block. The file storage space is 

decreased. 

 [4] In this approach Files are sorted based on Logical File Name 

using Radix sort technique. After that Files are merged using 

Merging Algorithm based on the LFN output. SMSBL Technique 

is named for this LFN based sorting and merging. In this approach 

global mapping table is used to hold the information of each small 

file, big file and block information. Cache mechanism is used to 

read small files in Data-node. If a file wants to read means first 

cache is checked whether the file is available there, if it’s available 

means then no need to go for Data-node. Then accessing time is 

reduced. 

[5] Proposed an approach in that Small files are merged in client 

side, index file indicates the offset size and length of the merged 

file, fragmentation occurs after merging the files so no need for 

internal fragmentation. Name-node keeps information about 

merged file and index only so utilization of RAM is reduced. 

 

[6]  In his approach the Merging technique Before data reaching 

the Name-node to reduce the memory space occupied by 

Namespace. . If a file is requested first metadata of the large file is 

accessed it holds the index and offset of small files. Caching 

strategy is used to fetch the files so cache is accessed to get files if 

it is not found then Data node is accessed. For each and every file 

no need to access the Data-Node, processing time also reduced in 

this approach. 

 

[7] In this approach HAR File is used to combine files, Files are 

combined by HAR technique but to refer the files index is used, so 

referring index takes time to fetch information from memory so 

HAR are integrated. By using this method access time is reduced. 

 

4. Proposed work 

 

To overcome the problem of storing and small files in HDFS is 

Various Techniques are used to reduce the Memory space and 

access time. The base concept under this is merging the Small files 

into large files before it reaching the Name-node. Because in 

Name-node Namespace is maintained for each and every small 

files individually. For each file 150 bytes of RAM is allocated to 

hold the Meta data. Fetching information from memory each and 

every time for every individual small file consume more time. 

 

 In Data-node 128MB is allocated for each block to hold the files  

If file size is very small for example 20 MB means remaining 

108MB left unused. If more small files have to store means more 

blocks required and in each blocks some unused memory left. 

These unused memories are used by merging the small files and 

placing it in the block up to its maximum memory of 128MB by 

using Merging Algorithm Techniques.  The merging should take 

place in client side. 

 

4.1 Prolonged HDFS  

In this approach the small files are merged at the client side before 

it reaching the Name-node. While entering Name-node only file 

information of large merged files. 

Fig.2 

 

Steps that are involved in merging files 

Small files are fetched, and they are merged in temporary memory 

up to the size of blocks and they are stored in merged files. The 

namespace in Name-node keeps only the metadata of merged files. 

In data-node each block maintains a index table which keeps the 

information of all the small files that are maerged and stored in that 

block.Each index is pair of offset and length of a file. 
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4.3 Table 1- Merging concepts  

 
SI.NO 
 
 

Author  & Title of paper 
 
 

Techniques used 
 
 

Advantages  
 
 

Future Enhancement 
  
 

1.  
An Improved Small File 
Processing Method for HDFS 

 
File Integration and 
Cache mechanism 

Combines small files into 
large file and cache 
mechanism is used in 
data node to access files 

Small files increased a lot 
means updating index is 
difficult, some pre-fetching 
technique should used to 
improve performance  

2.  

Optimized Mapfile based Storage 

of Small Files in Hadoop 

 

OMSS algorithm is used 

for Merging files using 

worst fit strategy. 

Cutoff size identified 

for merging files  

 

Internal fragmentation, 

reduced. Small Files 

merged into large files  

 

It is implemented for online 

problem means, then all files 

should keep available for 

future processing 

3.  

A BigData MapReduce Hadoop 

Distribution Architecture for 

Processing Input Splits to solve 

the Small Data Problem 

 

Merging Algorithm 

using in Mapper and 

Reducer 

 

Memory  size is reduced 

and performance 

increased  

 

Merging concept should be 

implemented 

on Image files 

4.  An Efficient Approach for storing 

and Accessing small Files with 

Big Data Technology 

Merging and 

Fragmentation at client 

side 

Accessing time reduced 

and Ram space at name-

node also reduced 

Merging implementation on 

logically  related files 

5.  [An Effective Merge Strategy 

Based Hierarchy For Improving 

Small File Problem on HDFS 

SMSBL Technique 

based on LFN 

Files are sorted according 

to the parent file 

relationship then Merged  

SMSBL Technique should be 

optimized for better solution 

6. A Selective Approach for Storing 

Small Files in Respective Blocks 

of Hadoop 

Merging Technique is 

used  to merge related 

file with the help of 

Mapper and Reducer 

Memory space reduced  Different types of files are 

merged to bring better 

solution for all types of data. 

 

File Mapping is technique of finding the small files , a request is 

sent to Name-node. Name-node maintains the Filename and 

block number of merged file. It also provides index number to 

find the starting and ending of small file in the block. 

Merging files does not improve the reading and accessing files 

function. Because for accessing files need to access the 

individual small file information so there is no change in time 

for accessing the files. So to overcome this problem Temporary 

memory cache is maintain , while accessing the files first that 

memory is searched to get the file if it is found there no need to 

go into block no index accessing time is saved. Files placing in 

Cache: All the small files are not placed in cache [3] Some 

strategies are followed to place files like  Least recently used 

technology(LRU) ,Not Recently Used (NRU), First In First 

Out(FIFO).  

In LRU Strategy files are replace in the basis of time which are 

not possible to use in future. FIFO replaces The file which came  

 

 

first in cache.NRU replaces the file which are used in the cache. 

In all the strategies LRU is efficient than other strategies. If 

number of files increases then cost also heavy, It also reduce the 

efficiency. LRU is suitable for less number of files. So Random 

replacement strategy is good to follow for placing files in cache. 

In LRU strategy the access number and cache object is 

represented as statistical information, NRU maintains a time and 

cache files as statistical information. So LRU and NRU are 

combined and generated a new strategy  

LRU-NRU in that a queue is created one unvisited file is replace 

by another entering file If the cache regions are not reached limit 

space which represents that ht ratio is very high. Then 

replacement will be stopped then cache module is adjust to 

resource space size 
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In cache files are added all read operations takes place in cache, 

if file is in cache then it will be send otherwise Data-node will 

be accessed to get the files. This is represented as read through 

type. When a file wants be accessed then it will be accessed in 

both cache and Name node at a time this strategy is called Read 

Aside Type. In this cache will search faster than the Name node 

block so if file is found in cache then search in block will be 

stopped. When a file in cache is modified and it exceeds the 

cache size then it is deleted from the cache. So the improved 

HDFS is improved comparing to HDFS in memory space and in 

accessing time of small files.  

Reading files from blocks   [8] Name node maintains a index 

table which provides the beginning of the file in which block. 

This helps to fetch file from that specified block directly instead 

of searching files in all blocks… en a file has to be accessed 

from the merged file Mapping techniques is used up to fetch the 

file from large merged file in Data-node through Name-node. 

Example If 9 small files are compiled up to the block size and  

stored in 3 blocks . File 1 , File 2, File 3 are stored in Block1, 

Then File4, File 5, File 6 are stored in Block 2, and File 6,File 7, 

File 8 , File 9 are stored in block 3.Index table contain the name 

of file and details of files in block. When a file is requested the 

merged large file where the small is stored and the needed small 

file is accessed. In each block the file length and off set is 

maintained in a table 

 

Fig. 2 

 

 

5 Conclusion: In this paper Merging technologies are 

discussed for combined the small files for reducing the Memory 

space and File Accessing time. By having various merging 

techniques files are merged using an Improved HDFS.  

 

It is used to merge the files in client side and Block index is 

maintained in Data node to get the small file information to 

access files  

From relevant block. Cache or temporary memory is used 

Before Data node to reduce the accessing time of files from the 

Data node. For placing Files also various strategies discussed, 

with their advantages and disadvantages and a new strategy 

LRU_NRU is discussed for placing files in Cache 

 

In future the merging technique should be optimized to reduce 

the storage space .Index access because the index access is time 

consuming to reduce that LRU-NRU strategy should be 

improved to place the files in temporary memory. The small 

files can be generated in all types like audio, video, images, 

which may be structure or unstructured files 
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Abstract: The advancements made in the data mining 
technologies has explored on the healthcare environment. 
Prediction and classification of diseases are the challenging 
tasks in the medical data analysis. Several techniques are 
suggested for classifying the medical attributes that throws 
issues like data imbalance, multi-class and spatiality. This 
paper concentrates on discovering a heuristic knowledge 
for the thyroid disease diagnosis system. The proposed 
study is carried out in two phases, namely, i) classification 
and ii) prediction. In classification phase, C5.0 decision 
tree classifier is adopted for the classifying the data into its 
relevant class with the help of factor analysis oriented 
feature selection process. With the classified result, an 
efficient decision making process is done via cultural 
algorithm. This phase mainly concentrates on assisting each 
entities of the healthcare environment for predicting the 
thyroid diseases based on past behavior. The proposed 
method is evaluated on thyroid dataset acquired from UCI 
machine repository. Performance metrics such as precision, 
sensitivity and specificity are studied which proves that the 
proposed classifier performed better than the Support 
Vector Machine (SVM). In addition to, we have also 
discovered a valid knowledge for predicting the thyroid 
diseases.  

Keywords: Cultural algorithm, Data mining, Decision tree, 
Healthcare environment, Medical data, Prediction and 
Thyroid disease.   

I. INTRODUCTION 

 According to the recent study done by 
Times of India, one in ten adults is being suffered 
from hypothyroidism. It has been surveyed by the 
Indian Thyroid Society. Most of the study intends to 
create awareness about the diagnosis of thyroid. 
When compared to other diseases, it ranked 9th. It 
also depicts that the symptoms related to the thyroid 
are similar to other diseases. Most of the people are 
unaware about the thyroid disease and its detection 
process [3]. Diagnosis of disease is an interlacing and 
daunting task that requires lot of knowledge and 

experience to find the uncovered patterns. Thyroid 
disease diagnosis is one among the challenging task 
to predict the results. Henceforth, developing 
awareness among the people about the disease and its 
prediction plays a vital role in computer technologies.  

 Thyroid gland is palpated by the endocrine 
gland that induces thyroid hormone. This endocrine 
gland is placed near the jaw of the neck region. The 
main function of thyroid hormone is to hasten the 
metabolic rate, fat burn, protein and sensitivity of the 
body. The thyroid gland induces two kinds of igneous 
hormones, namely, thyroxine (T4) and tri- 
iodothyronine (T3). These two hormones play a vital 
task in functioning of human parts such as blood 
circulation, energy production, protein production etc 
[4]. The building block of these two hormones is the 
production of protein. An improper secretion of 
iodine will leads to an improper functioning of the 
human parts, which causes the thyroid diseases. The 
symptoms produced by thyroid disease are the 
sudden weight gain, increased heart beat rate, 
sensitivity and even fertility. The thyroid disease is of 
two types, hypothyroid and hyperthyroid. The 
shortage of iodine causes hypothyroid and the 
ampleness of iodine secretion causes hyperthyroid. 
Both of them operate inversely, if the iodine secretion 
is abnormal.  

 Generally, data mining refers to discover the 
hidden patterns from large voluminous of data which 
includes domains like artificial intelligence, machine 
learning, statistical model and decision making 
systems. Since, the healthcare environment possesses 
lots of patient sensitive data. These data triggers the 
risk factors of the diseases [5]. Decision tree is one of 
the predictive data modeling that defines the 
significance of the attributes in tree structure. It 
belongs to the class of machine learning systems 
which is applied to the fields of medicine, financial 

analysis, astronomy and biology systems for effective 
classification systems. In this study, the classification 
system is combined with the evolutionary computing 

to achieve optimal prediction systems. In recent days, 
cultural algorithm is widely used for complex social 
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systems. The users with diverse set of rules are often 
leads to misclassification costs and complexity.  

 The contributions made in the paper are:  

i) We do observations on the significance 
of the thyroid diseases.  

ii) The medical data is acquired from the 
well-reputed UCI machine repository. 

iii) Feature selection is an important phase 
of the classification systems. Factor 
analysis is used for finding the 
significance of the attributes.   

iv) The selected features are then fed into 
the C5.0 decision tree classifier and 
then the data is placed onto its relevant 
classes.  

v) The classified results are further used in 
cultural algorithm. In our current study 
we try a novel attempt for decision 
making system. Based on the past 
behavior of the patients, the prediction 
is done.  
 

 The paper is arranged as follows: Section II 
reveals the prior works; Section III proposes the 
research methodology; Section IV discuses the 
experimental analysis and concludes in Section V. 
  

II. RELATED WORK  

 This section reveals the prior works 
processed by other researchers. Farad soleimanian et 
al studied about the thyroid disease classification 
using Multilayer Perceptron (MLP). Each input is fed 
into single layer and achieved better classification 
accuracy. The author in [6] studied about the Support 
Vector Machine (SVM) for the classification of the 
thyroid disease. The SVM is tested on the two 
datasets with three features extraction model that 
presented better classification precision.   

 The authors in [7] have studied the thyroid 
classification using Support Vector Machine and k-
NN system. Each attributes is given as input and 
found the nearest neighbor for classification process. 
It was modeled in the graph having objects. Each 
class is considered as the Bayesian system where 
each sample is delivered as the class. It has depicted 
the accuracy rate of 84%. The author in [8] discussed 
about the determination thyroid lobes using 

ultrasound images. The left and right lobes of the 
thyroid were studied. The ultrasound image is further 
enhanced that suppress the speckles. In specific to, 
active contour method is used for the segmenting the 
thyroid region. In [9], the author discussed about the 
thyroid classification tools that helps to diagnosis the 
thyroid. They have validated through different 
performance metrics which proved lower 
classification accuracy rate. The author in [10] 
studied two parallel based on the texture based 
segmentation to classify the thyroid data. They 
initiated the thyroid data into intelligent CAD 
solution.  

 The author in [11] studied about the active 
contour model for thyroid classification systems. In 
specific to, variable active contour model are defined 
for the detection of thyroid nodules using ultrasound 
images. They investigated on the operations like edge 
independency, smoothness, topological structure etc. 
They have also proved better accuracy for limited set 
of images. Preeti Agarwal et al studied about the 
intelligent segmentation model that automatically 
segments the thyroid affected region of the system. It 
was analyzed on the mazda, segmentation tool for the 
thyroid US images. The author in [12] suggested a 
tool, thyroid nodule detector which is a CAD tool 
that detects the affected region of the thyroid using 
ultrasound images. In [13], the author studied about 
the thyroid classification system by improving the 
feature extraction techniques.  The feature extraction 
techniques include the co-occurrence matrix, gray 
level matrix, texture features, dependent matrix and 
Fourier features. They exhibited about 78 features of 
the thyroid nodules that subsequently used for the 
classification systems. It identified the affected 
region of the thyroid nodules.  

  Several data mining techniques like 
Bayesian classifier, neural network, C4.5, CART and 
REP tree are widely studied for the hypothryroidism 
classification systems and achieved better 
classification accuracy. They have studied on the 
3772 instances for better data classification systems. 
The author in [14] studied on extracting the relevant 
thyroid classifier features using Support Vector 
Machine learning systems.  It was executed on the 
UCI machine repository which yielded better 
accuracy rate. The author in [15] discussed about the 
likelihood nature of the neighboring vectors.

Their output depicted the higher sensitivity rate. It 
can also be extended for the optimization algorithms. 
The author in [16] discussed about neural network 

and radial basis function algorithm for diagnosis of 
thyroid system. They also determined the 
pathological examinations over the grade of the 
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thyroid diseases. They yielded better classification 
accuracy with degraded sensitivity and specificity 
rate.   

 The author in [17] presented the study on the 
decision tree classifiers over the thyroid dataset 
obtained from UCI machine repository. The C4.5 and 
C5 are used for the classifiers that diagnosis the 
thyroid diseases. The author in [18] studied about the 
thyroid disorders using Artificial Neural networks 
(ANN). Generally, feature selection is done by the 
genetic operators. Robustness is the metric used for 
the improved Artificial Neural networks. The similar 
study is extended by the cross-validation method 
which showed degraded accuracy. Neuro fuzzy 
model was used for the trained datasets.   

III. RESEARCH METHODOLOGY 

 This section discusses about the proposed 
model. This study motivates to make better decision 
making process for the healthcare environment. 
Initially, we have collected Thyroid dataset from the 
UCI machine repository.  

a) Preprocessing: 

 Table 1. Dataset description 

Dataset Settings 
Attributes 29 
Datatype Numeric or boolean 

valued 
Training set 2800 instances 
Testing set 972 instances 

Missing values Yes (Symbolized as ‘?’). 
Allbp Normal values  i.e 

absence of thyroid 
disease 

Allhyper Presence of hyperthyroid 
disease 

Allhypo Presence of hypothyroid 
disease 

 

Preprocessing is the first step of our research 
model. It plays a vital role in making better decision 
systems. The use of missing data elements and too 

many variables degrades the quality of the 
classification systems. It helps to clean and prepare 
the data for the upcoming data processing system. 
Here, in our research study, we have collected 3 
dataset, namely, Allbp, Allhyper and Allhypo. All the 
missing values are replaced with 0’s.  

b) Feature extraction:  

  Feature extraction is the second step of our 
proposed model. The selected features are then used 
for the classification input. The preprocessed data are 
then subjected to feature extraction process. It helps 
to sort out the classic features for the thyroid 
classification systems.  

In this, we have used factor analysis for selecting the 
relevant features. It depicts the high degree of cross-
correlation between variables. It figures out the linear 
combination of the hidden features.  

Assume V1, V2…Vn be the sample data with mean 
vector µ and covariance matrix∑(𝑉𝑛). Each variable 
Vi is subjected to different variables. Thus, the 
observation vector X is stated as X1, X2…Xn, as 
follows:  

𝑥1−𝜇1 = 𝛽11𝑓1 + ⋯ … 𝛽1𝑚𝑓𝑚 + 𝜀1

𝑥2 − 𝜇2 = 𝛽21𝑓2 + ⋯ … . . 𝛽2𝑚𝑓𝑚 + 𝜀2

𝑥𝜌 − 𝜇𝜌 = 𝛽𝜌1𝑓𝜌 + ⋯ … … 𝛽𝜌𝑚𝑓𝑚 + 𝜀𝜌

  (1) 

 Where, 𝛽  is the weight coefficients which 
depicts the factors are independent.   

c) Feature selection & Classification systems: 

Relied upon the factor scores, the relevant 
features are selected for classifying the thyroid 
dataset. The result of [1] study shows that decision 
tree algorithm suits well for disease prediction as it 
produces better accuracy results. Decision tree 
classifier is the most simple and elegant classification 
model which uses machine learning systems. The 
selected features are then fed into the C5.0 algorithm 
for achieving better classification systems. Since 
C5.0 algorithm consumes lesser memory, the 
proposed algorithm is given as follows: 

 

   

Input: Dataset D with trained records and its relevant class labels and the selected features.  

Output:  Classified data 
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Steps:  

Create an empty set E.  

If the records in D belongs to similar class, then  

                   Label as Class C else  

Label as child class C.  

Apply (Feature _selection_ process) 

Label as node N with breaking_values  

if breaking_values  is discrete-valued   

Empty_list  Feature_list- breaking_values 

For each outcome j of breaking_values  

Let Dj be the set of data tuples in D satisfying outcome j 

if Di 

 is empty then attach a leaf labelled with majority class in D to node N 

else,  

attach the node returned by Generate C5.0 decision tree(Dj, attribute_list) to node N 

 Return N 

 

d) Prediction systems: 

 To the best of our knowledge, evolutionary 
algorithm is used for deriving the knowledge from 
the classified results. In Evolutionary algorithms like 
cultural algorithm an additional mechanism for 
extraction of information during execution of the 
algorithm is implemented [2]. The classified result 
consists of three classes, normal, hypothyroid and 
hyperthyroid. Based on the classification rules, the 
knowledge is derived for making effective decision 
process. Iteration based analysis is carried out for 
making the system easier. Generally, the cultural 
algorithm works on two phases: 

i) Population Phase:  

 Initializing the no.of population i.e three 
classes, namely, normal, hypothyroid and 
hyperthyroid in which each class composes of 
independent features for determining the objective 
function. By applying several functions, these 

features are altered for the generated population.  The 
fitness function is the significant process in the 
initialization of population space. In order to derive 
an optimal solution for the generated knowledge, a 
novel fitness function, named, Multiple Criteria 
based Linear Programming Model (MC-LPM) is 
formulated. Let us assume the individuals of the 
class, as c= (c1, c2 and c3). It is computed in the linear 
separable hyperplane as: 

w.c= u thresh   (2)  

  Where w is the class weight, c is the class name and 
‘u’ is the user-defined threshold. Hence, this attempt 
help to locate the best hyperplane which can 
precisely isolate the class from the samples and also 
predict the new data belongs to the specified class or 
not. The linear hyperplane is splitted into two 
objective groups,   

(𝑤. 𝑐𝑖) ≤ 𝑢𝑡ℎ𝑟𝑒𝑠 ;  ∀𝑐𝑖 ∈ 𝐴𝑏𝑠𝑒𝑛𝑐𝑒𝑡ℎ𝑦𝑟𝑜𝑖𝑑    (3) 
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(𝑤. 𝑐𝑖) ≥ 𝑢𝑡ℎ𝑟𝑒𝑠 ;  ∀𝑐𝑖 ∈ 𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒𝑡ℎ𝑦𝑟𝑜𝑖𝑑  (4) 

 The prediction issue is handled by two 
objective functions. In some cases, it can lead to the 
knowledge intersection in the linear separable 
hyperplane. Hence, our proposed system avoids such 
situation. Therefore, the MC-LPM is formulated as: 

 Let i   denotes the intersecting points with 

reference to training sample ci which should be 

minimized. Let i  denotes maximizing the distance 

from training sample ci to the hyperplane. The 
conditions are formulated as:  

(𝑤. 𝑐𝑖) ≤ 𝑢𝑡ℎ𝑟𝑒𝑠 + 𝛼𝑖 − 𝛽𝑖 , ∀𝑐𝑖 ∈ 𝐴𝑏𝑠𝑒𝑛𝑐𝑒𝑡ℎ𝑦𝑟𝑜𝑖𝑑  (5) 

(𝑤. 𝑐𝑖) ≥ 𝑢𝑡ℎ𝑟𝑒𝑠 − 𝛼𝑖 + 𝛽𝑖 , ∀𝑐𝑖 ∈ 𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒𝑡ℎ𝑦𝑟𝑜𝑖𝑑(6)  

  Based on the objectives, the MCLP is given 

as 
1

min
n

ii


  and 
1

max
n

ii


  where 

, 0           

Finally, the fitness function is formulated for 
achieving optimal solution. 

 ii) Constructing the belief space:  

  Belief space is the second space that helps 
for efficient search space process. In this work, 
domain and situational oriented belief space are 
studied. It stores the knowledge analysis of the 
evolutionary system. The belief space composes of 
the two functions, viz, influence and acceptance 
function. Based on the domain oriented generated 
rules, the two functions are processed. The influence 
function operates on the population assessment 
whereas acceptance function selects the group of 
individuals for the assessment process. The MC-LPM 
is merged with the belief space system. The two 
knowledge spaces used are:  

a) Situational knowledge space: It depicts the 
discovery of optimal solution found at the 
end of each iteration.  

b) Domain knowledge space: It acts as the 
guidelines for studying individual behavior 
of the knowledge. 

The belief space is given as:   

B (t) = S (t). D (t)  (7) 

 Where t is the time period; 

 The situational knowledge consists of set of 
solutions and thus,  

𝑆(𝑡) = {𝑦𝑎(𝑡) ∶ 𝑎 = {1, … . . 𝑚𝑠}}     (8) 

 Where 𝑦𝑎(𝑡) is the situational knowledge component 
that holds set of solutions a for the m individuals at 
particular period t.  

 The domain knowledge describes the 
behavior of an individual’s at each dimension with 

the information is given as:  

𝐷 (𝑡) = 𝐾𝑗(𝑡) = (𝐼𝑗(𝑡), 𝐼𝑗
𝑃𝑟𝑒𝑠(𝑡), 𝐼𝑗

𝑃𝑎𝑠𝑡(𝑡)) (9) 

Where 𝐾𝑗(𝑡) is the knowledge discovery from the jth 
individuals at time t; 

𝐼𝑗(𝑡)  is the information of the jth individuals at time t. 

  𝐼𝑗
𝑃𝑟𝑒𝑠(𝑡)  is the present behavior about the jth 

individuals at time t. 

𝐼𝑗
𝑃𝑎𝑠𝑡(𝑡)  is the past behavior about the jth individuals 

at time t. 

Acceptance Function: 

 It helps to crook the belief space using the 
current behavior of the individuals. It operates on the 
statistical function of the individuals. One class of 
functions uses only the information of top individuals 
in the population to renew the belief space.  

For example, if the top 20% rule is applied, then just 
the top 20% individuals impact the belief space in 
each generation. A second class of functions, called 
modified-top 20% is also static in nature but uses 
temporal information about the number of 
generations used so far to determine the number of 
individuals accepted at time (generation number) t.  

Adaptation function:  

 The two knowledge space is updated for the 
set of m individuals. The situational knowledge is 
updated as:  

          𝑆(𝑡 + 1) = {𝑦𝑎(𝑡 + 1)}           (10) 

Where 𝑦𝑎(𝑡 + 1) is merged with MC-LPM and given 
as:  
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 𝑦`(𝑡 + 1) =

 {
𝑚𝑖𝑛𝑙=1,2…𝑛 𝐵(𝑡). 𝐾𝑗(𝑡)  𝐼𝑓 𝑚𝑖𝑛𝑙=1,2…𝑛 𝐵(𝑡). 𝐾𝑗(𝑡)  ≤ 𝛼𝑖   

𝑒𝑙𝑠𝑒          𝛽𝑖
 

             (11)
 

 In similar way, the domain knowledge is updated as 
follows:  

 𝐾𝑗 =

{
𝑓 ( 𝐼𝑗(𝑡))  𝑖𝑓 𝑚𝑖𝑛𝑙=1,2…𝑛 𝐵(𝑡). 𝐾𝑗(𝑡)  ≤ 𝛼𝑖

𝑒𝑙𝑠𝑒   𝛽𝑖

        (12) 

Influence function:  

 The adaptation phase is successfully 
achieved using the influence function. The situational 
knowledge component change the directions based 
on the individual behavior found at the domain 
knowledge.  

 Thus, an optimal solution is derived as the   

𝜎𝑖𝑗(𝑡) = 𝑂𝑝𝑡𝑖𝑚𝑎𝑙 (𝐾(𝑡))      (13) 

Where  𝜎𝑖𝑗(𝑡)  is the control parameter that holds the 
effective discovery of knowledge.   

IV. EXPERIMENTAL RESULTS 

 This section reveals the experimental 
settings and results of the Thyroid dataset obtained 
from the UCI machine repository [18].  The table 1 
depicts the details of the dataset. In our study, we 
have created a database for achieving the 
classification accuracy and better decision making 
system.  

The table 2 describes the class distribution of the 
created database. Table 3 depicts the details of 
attributes in which 15 attributes are binary and 6 
attributes are continuous.  

Table 2: Class distribution of the dataset 

Index  Class Name  Magnitude 
of a class 

Distribution 
of the class 
(%) 

C1 Normal  35 23.33% 

C2 Hyperthyroidism  25 16.66% 

C3  Hypothyroidism  90 60% 

 Total  150 100% 

 

Table 3: Attribute Description 

Attributes Ranges  

Age  [10-90] 

Sex  [M, F] 

On thyroxine  [f, t] 

Query_On_thyroxine  [f, t] 

Sick  [f, t]  

Pregnant  [f, t] 

Thyroid surgery  [f, t] 

I131 treatment  [f, t]  

Query hypothyroid  [f, t] 

Query hyperthyroid  [f, t] 

Lithium  [f, t] 

Goitre  [f, t] 

Tumor  [f, t] 

Hypopituitary  [f, t] 

Psych  [f, t] 

TSH  [0.0, 0.53] 

T3 [0.0005,0.18 

TT4 [0.002, 0.6] 

T4U [0.017, 0.233] 

FTI [0.002, 0.642] 

The collected dataset is generally containing missing 
values. The missing values are replaced by ‘0’. Once 

after the data is preprocessed, then the factor score 
analysis is done. This analysis imbibes every variable 
and its significance. It also balances the attributes. A 
simpler and easier varimax rotation is used for 
attribute discovery. In addition, the factors can often 
be interpreted from the opposition of few variables 
with positive loadings to few variables with negative 
loadings. The variance of the each attributes is 
estimated in factors in order to achieve the optimal 
attribute selection process. Since T3 and T4 
hormones are mainly responsible for thyroid 
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secretion, the extracted features are listed in table 4& 
5. 

Table 4: Selected Features – Factor values  

Features Component  
1 2 

T3 0.384 0.332 

TSH 0.073 0.916 

TT4 0.885 0.276 

FTI 0.772 0.291 

T4U 0.821 0.371 

On 
thyroxine  

0.721 0.245 

 

Table 5: Selected features  

 

 

The selected features are then fed into the classifier. 
The classified rules are generated as follows:  

Rule 1: Onthyroxine =f, TSH> =25, T3>0, TT4>=50, 
FTI>=50  Class negative  

Rule 2: Onthyroxine = t  Class negative  

Rule 3: TSH measured = f  Class negative  

Rule 4:  TSH>6; TT4<=41  Class primary 
hypothyroid  

Rule 5: Onthyroxine =f; TSH>6; TT4>41  Class 
compensated hypothyroid  

Rule 6:  Onthyroxine =f; TSH>=6; TT4>150; FTI 
>=200  Hyperthyroid  

  Based on the above rules, the records are 
classified.  

 Table 6: Classification results 

Features  Tree 
size  

Classification 
accuracy  

No of 
rules 
used 

All  2 78.00 6 
Selected 6 
features  

2 91.12 6 

All  5 63.21 6 
Selected 6 
features  

5 94.12 6 

All  10 89.45 6 
Selected 6 
features  

10 93.45 6 

The performance metrics like precision, 
sensitivity and specificity are computed. The 
confusion matrix displayed for the thyroid 
classification is given as follows:  

True Positive = the rate of correctly identified as its 
relevant classes.  

 False positive= the rate of incorrectly identified as its 
relevant classes.  

True negative= the rate of correctly rejected from its 
relevant classes  

False negative= the rate of incorrectly rejected from 
its relevant classes   

Precision:  It is defined as the no. of instances 
classified correctly by the total no. of cases. It is 
given as:  

Precision (Positive predicted value) = (TP) / (TP+FP)  

Sensitivity: It measures the possibility of positive 
classification of instances. It is given as: 

Sensitivity: (TP)/ (TP+TN) 

Specificity: It measures the possibility of negative 
classification of instances. It is given as:  

Specificity: (TN)/ (TN+FP) 

 

 

 

 

    

 

 

 

On thyroxine, T3, TSH, TT4, FTI and 
T4U 
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Table 7: Performance parameters 

 

Metric  C5.0  SVM 

Sensitivity  98.33 89.03 

Specificity  80.00 75.03 

Precision  96.24 91.16 

  

From the table 7, it is inferred that our proposed C5.0 
classifier outperforms than the prior classifier SVM.  

 Based on the classified results, the 
knowledge is discovered using improved cultural 
algorithm. Based on the age and sex variable, a meta-
heuristic knowledge is analyzed for the obtained 
classified results.  Since our proposed model intends 
to suggests the knowledge for both technicians and 
non-technicians. Rules are generated based on 
selected features and then setting a common 
threshold. 

The results are displayed based on training dataset. 
The suggested knowledge of the classified results is: 

a) H1: Predicting the absence of thyroid 
disease  

b) H2 (a): Predicting the presence of 
hypothyroid disease 

c) H2 (b): Predicting the presence of 
hyperthyroid disease  

 Table 8: Parameter settings 

Parameters  Settings  

Number of 
samples  

150 

Number of 
generations  

25 

Number of 
classes 

3 

Stopping 
criteria  

Number of 
generations  

 

Table 9: Paired differences  

 

Classified 
rules 

Paired differences 
Mean  Std. 

Deviation  
Std. 
Error  

95% confidence 
interval  
Lower  Upper  

Rule 1 0.073 0.709 0.009 0.055 0.091 

Rule 2 0.075 0.644 0.008 0.059 0.092 

Rule 3 0.059 0.805 0.011 0.080 0.038 

Rule 4 0.068 0.581 0.008 0.053 0.083 

Rule 5 0.055 0.625 0.008 0.071 0.039 

Rule 6 0.052 0.689 0.006 0.075 0.025 

 

With the table 9, the knowledge’s discovered are the:  

i) There are 3 primary classes in thyroid 
diseases, namely, normal, hyperthyroid 
(increase of T3 hormone and 
hypothyroid (decrease of T3 hormone)  

ii) With the help of 6 classified rules, the 
knowledge is derived.  

iii) The main features of the thyroid 
classification are On thyroxine, T3, 
TSH, TT4, FTI and T4U 

iv) On thyroxine feature play a vital role 
for the presence or absence of thyroid 
disease diagnosis  

v) The sub-class of the thyroid disease are 
mainly depends on the TSH, T3 and 
TT4.  

vi) For sample, when a new patient enters, 
based on the Onthyroxine, TSH and T3, 
the class is predicted.  

vii) Since, age is the dependent variable, the 
proposed cultural algorithm efficiently 
makes the decision of the thyroid 
disease.  

viii) We have used situational and domain 
knowledge of the patient which decides 
the current scenario i.e temporal based 
patient behavior. 
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V. CONCLUSION 

 This study suggests a heuristic knowledge 
discovery of the thyroid classification system. To 
make an effective decision making system, the 
classified results is further integrated with the cultural 
algorithm. The proposed study is carried out in two 
phases, the first phase depicts the thyroid 
classification using C5.0 decision tree classifier and 
the second phase depicts the knowledge discovery 
using cultural algorithm. The motive of the study is 
to discover a heuristic knowledge discovery from the 
classified results of thyroid disease system. The 
novelty lies in acquiring the optimal classified rules. 
Factor analysis is studied for selecting the optimal 
features.   

Our system assists both technical and non-technical 
entities in healthcare environment. Though several 
techniques were introduced, still some of the issues 
are not focused. Our proposed system resolves the 
above mentioned issues with an efficient decision 
making analysis.  Since, we have utilized multi-
criteria based linear programming function, the 
prediction phase intellectually decides the factors for 
predicting the thyroid diseases. 

 Experimental results have been processed in the 
thyroid dataset acquired from the UCI machine 
repository. The main novelty in this work is to reduce 
the number of features for classification purpose and 
the usage of cultural algorithm on classified result. It 
has been proved that our proposed system is a novel 
attempt in the field of medical data mining systems 
with efficient knowledge discovery. 
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ABSTRACT: 

Knowledge acquisition includes complex intellectual 
processes: recognition, learning, correspondence, 
affiliation, and reasoning. The term knowledge is 
additionally used to mean the pure comprehension of a 
subject with the capacity to utilize it for a particular reason. 
By definition, knowledge can be partitioned into two sorts: 
inferred and express knowledge. Implicit knowledge will 
be the knowledge that individuals convey in their brains 
and is, subsequently, hard to get to. Inferred knowledge is 
viewed as more significant in light of the fact that it gives 
setting to individuals, spots, thoughts, and encounters. 
Powerful exchange of implied knowledge by and large 
requires broad individual contact and trust. In this review, 
we are going to see the activities, methodologies, and tools, 
and some auto-generated database query examples, created 
for knowledge acquisition, can be altered and stretched out 
to help scholarly foundations with knowledge management. 

KEYWORDS: 

Artificial Intelligence, Information, and Communication 
Technology, Knowledge Acquisition, Knowledge 
Management,  

 

I. LITERATURE REVIEW: 

With the rapid development of information and 
communication technologies (ICT) in the society, the 
growth in the availability, accessibility, and sharing 
of information and quality of the information has 
taken major place allowing relatively easy process 
than ever before. Information and communication 
technology plays a crucial role in organizing 
knowledge, both in order to enable sharing, 
collaboration, categorizing, dissemination and storing 
of knowledge which can later be retrieved and 
accessible as meaningful across different 

contexts.[1]. The vital source of information in social 
media is the user-generated content which holds 
information on consumers and business trends. The 
performance of the search engines can be improved 
by detecting the spam pages and taking measures to 
eliminate it furthermore this also saves the user time. 
Cloud Computing refers to the outsourcing service by 
other companies and service providers over the 
Internet. Cloud Computing is easily manageable. It 
provides easy access to the resources and available 
on-demand and provides ‘pay-per-use’ basis. To 

overcome this Knowledge Acquisition can be used 
with Artificial Intelligence.  

II. KNOWLEDGE ENGINEERING: 

Knowledge engineering (KE) was characterized in 
1983 by Edward Feigenbaum and Pamela 
McCorduck as takes after: KE is an engineering 
discipline that includes incorporating knowledge into 
PC frameworks with a specific end goal to take care 
of complex issues typically requiring an abnormal 
state of human aptitude. Knowledge is a fundamental 
part of engineering plan. Noteworthy decreases in 
expenses and improvement time can be made if 
knowledge is caught by experts and put away in a 
knowledge base. The substance of knowledge base 
can be utilized as a part of various routes: (i) to 
scatter knowledge to other individuals in an 
association; (ii) to re-utilize knowledge in various 
courses for various purposes; (iii) to utilize 
knowledge to create wise frameworks that can 
perform complex plan undertakings. 

 

Despite the fact that the advantages of catching and 
utilizing knowledge are a show, it has for some time 
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been perceived in the artificial intelligence (AI) 
people group that knowledge is difficult to gain from 
pros. To begin with, authorities are bad at reviewing 
and clarifying 'unsaid knowledge' which works at an 
intuitive level and is in this manner hard, if certainly 
feasible the troubles come from a number all that 
they know. They have what is named, to clarify. 

Second, experts have diverse encounters and 
assessments that require totaling to give a solitary 
rational picture. Third, authorities create specific 
conceptualizations and mental alternate routes that 
are difficult to convey. To manage such challenges, 
the field of Knowledge Engineering was conceived 
exactly 25 years back, and the part of the knowledge 
build was made. Since that time, knowledge 
engineers have built up various standards, strategies, 
and apparatuses that have extensively enhanced the 
process of obtaining, utilizing and actualizing 
knowledge. Five Steps of Knowledge Engineering as, 

 Knowledge acquisition 
 Knowledge validation  
 Knowledge representation  
 Inference  
 Explanation and justification 

 

Two Main Views of Knowledge Engineering, 

 Transfer view – This is the traditional view. 
In this view, the key idea is to apply 
conventional knowledge engineering 
techniques to transfer human knowledge 
into the computerized system.  
 

 Modeling view – In this view, the 

knowledge engineer attempts to model the 

knowledge and problem-solving techniques 

of the domain expert into the computerized 

system. 

 

 
 
 

III. INTRODUCTION TO 

KNOWLEDGE ACQUISITION: 

Knowledge acquisition is the process of gaining 
knowledge from a human master or a gathering of 
specialists for the improvement of knowledge-based 
frameworks. It includes an arrangement of 
procedures and strategies that endeavor to inspire 
knowledge of an area authority through some type of 
direct communication with the master. 

a) Knowledge Acquisition Issues and 

Difficulties: 

 Key issues  

 The end-product must be useful to the end-
users. 

 To be useful, the end-product must be full of 
high-quality knowledge that is correct, 
complete, and relevant, and stored in a 
structured manner. 

 The project must be run in an effective way of 
creation the most use of the available 
resources. 

 The project should not unduly disrupt the usual 
running of the organization, hence should not 
involve too much time from experts. 
 

 Experts can find it difficult to:  

Experts their skill in a way that is completely 
intelligible to the knowledge design, Ascertain  what 
the knowledge build really needs, Give the correct 
level of detail, Present thoughts in an unmistakable 
and intelligent request, Explain the majority of the 
language and the area particular phrasing, Recall 
everything that is important to the task, Avoid 
floating off to discuss superfluous things. 

 

 Knowledge engineers can find it difficult to, 

 Understand everything the expert says 
 Note down everything the expert says 
 Keep the expert talking about relevant issues 
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 Maintain the high level of concentration 

required to take in a mass of new knowledge 

Because knowledge is a critical factor affecting the 
performance of an expert system, knowledge 
acquisition is a priori a fundamental task of any 
knowledge engineering enterprise. A number of 
methodologies, tools, and techniques have been 
proposed in order to address the problem of 
knowledge acquisition. 
 

b) The knowledge acquisition general 
activities: 

The knowledge acquisition’s entire development 

process is divided into a number of sub-activities: 
Elicitation, Interpretation, 
Formalization/Operationalization, Design, and 
Implementation. Each of these activities deals with 
different aspects of the system development. 

The knowledge acquisition process begins with 
Elicitation. Techniques like organized meetings [2] 
are utilized for getting casual depictions of the 
knowledge about the particular area and the critical 
thinking process itself. The subsequent knowledge 
communicated in regular dialect is put away in 
alleged knowledge protocols. Amid the 
Interpretation stage, the knowledge structures 
which might be distinguished in the knowledge 
protocols are spoken to in a semi-formal variation of 
the Expertise Model: the Structure Model [3]. All 
organizing data in this model, similar to the 
information conditions between two deductions, is 
communicated in a settled, limited dialect while the 
essential building pieces, e.g. the depiction of a 
deduction, are spoken to by unlimited writings. This 
portrayal gives an underlying organized depiction of 
the developing knowledge structures and can be 
utilized as a correspondence premise between the 
knowledge design and the master. Along these lines, 
the master can be incorporated in the process of 
organizing the knowledge.  

 

 

 

The Structure Model is the establishment of the 
Formalization/Operationalization process which 
brings about the formal Expertise Model: the KARL  

Model. The KARL Model has an indistinguishable 
calculated structure from the Structure Model while 
the essential building squares which have been 
spoken to as normal dialect writings are currently 
communicated in the formal detail dialect KARL (cf. 
[4], [5]). This portrayal evades the unclearness and 
equivocalness of common dialect depictions and in 
this manner gets a clearer comprehension of the 
whole critical thinking process. The KARL Model 
can be straightforwardly mapped to an operational 
portrayal on the grounds that KARL (with some little 
confinements) is an executable dialect. The 
aftereffect of the knowledge acquisition stage, the 
KARL Model, catches every utilitarian prerequisite 
for the last KBS. Amid the Design stage, extra non-
practical necessities are considered. These non-
practical prerequisites incorporate e.g. proficiency 
and practicality, yet additionally, the requirements 
forced by target programming and equipment 
situations. Productivity is as of now somewhat 
canvassed in the knowledge acquisition stage, yet just 
to the degree as it decides the PSM. Thusly, 
utilitarian decay is as of now part of the knowledge 
acquisition stage. Hence, the design stage in MIKE 
constitutes what might as well be called itemized 
design and unit design in programming engineering 
approaches.  

The Design Model which is the result of this phase is 
expressed in the language DesignKARL [6]. 
DesignKARL extends KARL by providing additional 
primitives for structuring the KARL Model and for 
describing algorithms and data types. DesignKARL 
additionally allows describing the design process 
itself and the interactions between design decisions 
[7]. The Design Model captures all functional and 
non-functional requirements posed to the KBS. In the 
Implementation process, the Design Model is 
implemented in the target hardware and software 
environment 
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Fig 1: The knowledge acquisition  

 

c) METHODOLOGIES AND TOOLS: 

A. Methodologies 
 
Various techniques have been created in knowledge 
engineering to typify the standards. Here we should 
concentrate on one specific arrangement of systems 
that constitutes a philosophy for securing knowledge 
from a specialist amid 'knowledge acquisition'. Two 
kinds of methods are utilized. One is characteristic 
methods and the other is 'imagined' procedures. The 
process of moving from normal to created methods. It 
is abridged in the accompanying advances: I) 
Conduct an underlying meeting with the master to (a) 
scope what knowledge ought to be procured, (b) 
decide to what reason the knowledge ought to be put, 
(c) increase some comprehension of key phrasing, 
and (d) assemble an affinity with the master. This 
meeting ought to be recorded on either audiotape or 
tape for later investigation. ii) Transcribe the 
underlying meeting and break down the subsequent 
report i.e. protocol, to deliver an arrangement of  

 
inquiries that cover the fundamental issues over the 
area. iii) Conduct a moment meet with the master 
utilizing the pre-arranged inquiries to give structure 
and center i.e. semi-organized meeting. iv) 
Transcribe the semi-organized meeting and dissect 
the subsequent protocol, searching for knowledge 
writes ideas, properties, and qualities, classes of 
ideas, connections between ideas, assignments, and 
tenets. v) Represent these knowledge components in 
various organizations, for instance, progressive 
systems of classes, pecking orders of protected 
components, frameworks of ideas and properties, 
graphs and stream diagrams. vi) Use the subsequent 
portrayals and organized documentation with 
imagined procedures to enable the master to change 
and develop the knowledge you have just caught. vii) 
Repeat the investigation, portrayal building and 
acquisition sessions until the point when the master is 
cheerful that the objectives of the task have been 
figured it out. viii) Validate the knowledge obtained 
from different specialists, and make changes where 
important. It doesn't expect that any past knowledge 
has been assembled, or that any nonspecific 
knowledge can be connected. 
 

B. Tools 
 
Knowledge engineers make the process of securing, 
displaying and putting away knowledge more 
productive and less inclined to blunders by utilizing 
devoted programming instruments. PCPACK is the 
completion of such instruments that are a monetarily 
accessible arrangement of knowledge acquisition 
devices that are produced for a look into on an 
assortment of the undertaking. The point is to 
recognize the essential parts of the space. The 
apparatus recreates the way somebody would check a 
page of content utilizing distinctive shaded 
highlighter pens, for ex., green for ideas, yellow for 
characteristics. At the point when the client has 
finished featuring a report, the checked content can 
be naturally spared in the PCPACK database for use 
in every single other instrument. PCPACK is the help 
apparatus for the MOKA and Common KADS 
philosophies. Thus, it is completely reliable with the 
strategies and procedures of knowledge engineering. 
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PCPACK is a suite of apparatuses that incorporate 
the accompanying: 
i) Protocol tool: this allows the marking-up of 
interview transcripts, notes and documentation to 
identify and classify knowledge elements to be added 
to the knowledge base. 
ii) Ladder tool: this facilitates the creation of 
hierarchies of knowledge elements such as concepts, 
attributes, processes, and requirements; 
iii) Diagram tool: this allows the user to construct 
compact networks of relations between knowledge 
elements, such as process maps, concept maps, and 
state-transition diagrams; 
iv)  Matrix tool: this allows grids to be created and 
edited that show relations and attributes of 
knowledge elements; 
v) Annotation tool: this allows sophisticated 
annotations to be created using dynamic HTML, with 
automatically generated links to other pages and to 
other knowledge models in PCPACK; 
vi) Publisher tool: this allows a website, or another 
information resource, to be created from the 
knowledge base using a template-driven approach 
that maximizes re-use. Knowledge engineering 
methodologies, such as MOKA, CommonKADS, and 
the 47-Step Procedure, provide ways of conducting a 
project from start to finish and ensuring best practice 
along the way. 

 

d) Implementation of automatic query 
creation of knowledge acquisition 
process 

 
A simplified example is shown in the following, 
using a simplification of the syntax of (ML)2: 
 

i. DOMAIN 
 
Patient-data:   temp(patient1) = 38 
Symptom-definitions:  temp(P) > 37 → fever(P) 
Symptomatology:  hepatitis(P) → fever(P) 
 

ii. KNOWLEDGE ROLES 
 
from patient-data:   A→ data(A) 
from symptom-definition: A→B →abstraction(A,B) 

from symptomatology:  A →B →causation(A,B) 
 
 
 
 

iii. INFERENCE 
abstract(A1,A2):         data(A1)Λ abstraction(A1,A2) 
                                     → observation(A2) 
hypothesis(B1,B2): observation(B2) 
                              Λcausation(B1,B2)hypothesis(B1) 
 
 

iv. TASK 
    begin abstract(A,B) ; hypothesis(B,C) end 

 

 The domain layer specifies a number of 
declarative facts in the domain. These 
facts are already organized in three 
different modules. 
 

 The knowledge roles empose a problem-
solving interpretation on these neutral 
domain facts: any statement from the 
patient-data module is interpreted as data, 
any implication from the symptom-
definition module is interpreted as an 
abstraction rule, and any implication from 
the symptomatology module is interpreted 
as a causal rule. 

 
 

 The inference steps then specify how 
these knowledge roles can be used in a 
problem-solving method: an abstraction 
step consists of a deductive (modus 
ponens) step over an abstraction rule, 
whereas a hypothesize step consists of an 
abductive step over a causation rule. 
 

 Finally, the task model specifies how 
these atomic inference steps must be 
strung together procedurally to form a 
problem-solving method: in this, a 
sequence of a deductive abstraction step 
followed by an addictive hypothesize step. 
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IV. CONCLUSION: 

Principle, techniques, and tools, created for 

knowledge acquisition, can be altered and stretched 

out to help scholarly foundations with knowledge 

management. Knowledge engineering has been 

managing knowledge for as far back as 25 years, 

from both a hypothetical and functional point of 

view, and has developed a load of standards, systems, 

and apparatuses that have a decent reputation in an 

extensive variety of uses. There is a generous cover 

between the worries and issues experienced in 

knowledge acquisition in light of the fact that, in 

numerous territories, this is endeavoring to do a 

similar thing utilizing innovation to "transport" 

knowledge from a specialist in a space to the 

individuals who are not specialists. 
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ABSTRACT:  
 
 
 
Chronic Kidney Disease (CKD) is considered as a 
significant threat for the society with respect to the health 
in the existing situation. In this research, the proposed 
classifier is Ant Colony Optimization (ACO) Based 
Feature Selection / Extreme Learning Machine (ELM) 
which is utilized for CKD prediction. The formulated 
feature selection algorithm which is ACO algorithm 
minimizes the quantity of features from the data set of 
CKD to carry out the process of classification and 
maximizes the accuracy of the classification technique.   
The minimization of the attributes are also performed 
using the ACO based minimization of attribute technique 
to discover the optimal features for identifying the CKD 
and order them based on their predictability. ELM renders 
a unique learning atmosphere with the variety of feature 
mappings techniques that can be imposed in the 
classification area straight away. ELM has few 
constraints in the optimization. The formulated ELM 
classifier space is identified and can be subjected for the 
training of the network utilizing the ELM technique 
originally.  The outputs of the experiment show that 
implementation of ELM classifier results in increased 
ability when correlated with the standard options i.e., 
extraction of input weights randomly.  The experiment 
consists of the set of data that has 400 patients and has the 
problems of missing and noise information, where 250 
patients have CKD and 150 patients have non CKD.  At 
last cost-accuracy trade-off analysis is performed to 
determine an innovative CKD exploring the ELM 
technique with minimized computing interval and 
potential accuracy.  
 
Key terms: Ant Colony Optimization (ACO), Chronic 
Kidney Disease (CKD), Extreme Learning Machine 
(ELM), Feature selection and Machine learning algorithm 
 
1. INTRODUCTION 
 
The diagnosis of disease in the medical industry is 
considered to be a progressive factor with several models 
analysed many defects. The maintenance of patient 
history in the computerized records stimulated these 
models which facilitated the information readily available 
for the physicians to treat the patients.  Similarly the 
existing techniques developed for chronic kidney disease 
(CKD) depend on the inspected workshop or significant 
information [1]. CKD damages a huge area of world’s 

population [2] which is related with the most important 
morbidity and mortality [3] and is a critical clinical 
condition with adequate negative effects [4-5]. Due to this 
the patients suffering from the kidney defects left 
undiagnosed and the attention to them becomes 
suboptimal [5]. 
 
CKD is damage to kidneys due to factors related to 
lifestyle changes. Nowadays due to exposure to 
environmental changes, there are changes even observed 
in health which many do not recognize due to busy 
lifestyles. CKD can be caused due to lack of water 
consumption, smoking, improper diet, loss of sleep and 
many other factors. Researches also state that being 
diabetic is a highest risk which by time leads to kidney 
failure. CKD is unique in its nature among most diseases 
since it is mostly discovered when it is in the final stages 
of progression whereby it will be much risky as well as 
expensive to treat due to being in the final stage called 
kidney failure. 
 
Data mining algorithms have a useful role in health care 
industries in the prediction cum diagnosis of diseases. 
These data mining applications relate to medical device 
industries and pharmaceutical industries including 
hospital management, with the main aim of finding useful 
and hidden information from the database. The process of 
knowledge discovery includes developing, understanding, 
selection, the creation of data and pre-processing of data. 
Data mining tool is found complex and time consuming 
instead, for advanced information findings use of a 
database is recommended information [6] . Health care 
organization develops an extensive data which is found 
difficult to analyse and to make a proper decision 
regarding patient health, treatment costs and other details 
of hospitals; in this case, data mining tool is helpful [7] . 
One of the methodologies for development in health care 
is gathering the input data and presenting the output 
Information, and artificial intelligence uses Healthcare 
knowledge, data mining here it is considered as a core 
step for information recovery in health care [8] . 
 
Some of the algorithms such as Support Vector Machine 
(SVM), artificial neural network (ANN), and Naive 
Bayes are utilized for data mining can be imposed to 
diagnose Acute Renal Failure and Chronic 
Glomerulonephritis. These algorithms consist of a set of 
attributes which produce the outcome as a predictive 
quality and these predominantly focuses on chronic 
kidney disease which is a life-threatening illness.  In this 
study, Ant Colony Optimization which is utilized by 
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Feature Selection process (ACO) and Classifier with 
Extreme Learning Machine (ELM) is formulated for the 
diagnosis of CKD. The proposed ACO based feature 
selection algorithm minimizes the feature quantity from 
the CKD dataset for the process of classification and 
increases the classification accuracy. 
 
2. LITERATURE REVIEW 
 
Kunwar et al [9] proposed to diagnose a disease named 
Chronic Kidney Disease (CKD) with the aid of certain 
techniques like Naive Bayes and Artificial Neural 
Network (ANN) which are used for classification 
purpose. The outputs which are retrieved through the 
Rapidminer tool prove the Naive Bayes(NBs) to yield 
increased accuracy level when compared to Artificial 
Neural Network.  
Misir et al [10] formulated an innovative system for the 
diagnosis of a disease named CKD which also tried for a 
significant technique used for feature selection as well as 
to identify the minimal features that describe the set of 
data. Two innovative binary classification techniques are 
followed for the approval of the minimized set of 
features. The outputs of these are validated with regard to 
four significant validation variables. The results suggest 
that the minimized features show minimized uncertainty 
reduces time and economically effective. 
 
Luck et al [11] formulated a summarized and simple 
technique for discriminating the normal principle which 
uses a mining algorithm to discover two categories of 
patients: 1) The victims having no renal failure but with 
inferior to moderate CKD 2) victims have mild to highly 
developed   CKD stages with renal failure. The technique 
which is used for prediction finds the m-dimensional 
parameter area to extract the nearest weights of both the 
categories of the patients under the understandable norms. 
The outputs show that the formulated local technique is 
an expensive strategy for the design of varying CKD 
levels and are effective as a model which is followed 
world-wide utilizing chi2 parameter having 70% of 
classification accuracy. 
 
Wickramasinghe et al [12] formulated a technique to 
regulate the disease utilizing the appropriate schedule for 
diet and to discover it with the help of algorithms meant 
for classification. The proposed technique functions along 
with the aid of different dietary schedule by analyzing 
potassium aspect for CKD victims as per their potassium 
level in their blood. Multiclass Decision Jungle, 
Multiclass Decision Forest, Multiclass Neural Network 
and Multiclass Logistic Regression are the variety of 
algorithms where the technique is implemented.  
 
Yang et al [13] proposed a technique to analyze the 
frequency of the medical reports of 588 CKD victims 
from the nephrology field of a clinic rated under third 
grade according to “bi-directional cumulative probability 
dichotomy”.   In addition to that two different models are 
subjected to the prediction as well as for exploring CKD 
pathological type. The formulated technique shows the 
existence of the probable pathogenic varieties also the 

existence of CKD pathogenic varieties as per stated in 
logistic binary regression. 
 
Goldfarb-Rumyantzev et al [14] proposed a Woodpecker 
model to improve the level of predictions with the help of 
linear, exponential, and fusion types. The fusion models 
extracted the outputs which were nearest to the original 
outputs of the complete population for every CKD phase. 
The hazardous layering tool and the model used for 
prediction of 2 years mortality produced a better output 
which can be utilized in the medical industry to minimize 
the victim deaths caused by CKD.  
 
Marino et al [15] proposed an olden method to identify 
the existence of CKD in two varieties of cats:  Random 
selection is made on cats with four similar age (RS group) 
and cats selected for deteriorating joint problems (DJD 
group), and to validate the existence of CKD and DJD 
among these categories. This proposal also renders the 
concept of relationship and   general factors CKD and 
DJD having the outstanding coincidence across age 
aspects and the changes in the style of life.  
 
Norouzi et al [16] designed an innovative neurofuzzy 
inference system (ANFIS) for exploring the renal failure 
timeframe of CKD according to the original medical 
reports. A technique named Takagi-Sugeno type ANFIS 
was utilized to explore GFR data. Parameters of age, sex, 
weight, pre-existing problems, diastolic BP, creatinine, 
calcium, phosphorus, uric acid, and GFR were identified 
in prior for the prediction purpose. Eventhough there is a 
large probability of risks in humans and the automatic 
tendency of CKD progression, the formulated technique 
can identify the GFR variations accurately at high 
intervals in future.  
 
Chetty et al [17] formulated certain model for 
classification which is constructed using various 
classification algorithms like Wrapper subset parameter 
valuator and excellent search mechanism to identify and 
classify the CKD and non CKD victims. The proposed 
models are imposed on recently gathered CKD set of data 
take from the TICI database. The outputs of these models 
have provided good response in the classification of CKD 
and non CKD issues. Comparison is performed on 
various models. The comparative results prove that 
classifiers yielded good performance on the minimized 
set of data than the actual set of data.  
 
3. PROPOSED METHODOLOGY  
 
The aim of this research is to find out the predictability of 
CKD or non-CKD with the maximum accuracy with the 
minimum number of features. In this research, the 
proposed classifier is Ant Colony Optimization (ACO) 
Based Feature Selection and Extreme Learning Machine 
(ELM) which is helpful for CKD prediction. The 
formulated feature selection algorithm which is ACO 
algorithm minimizes the quantity of features from the 
data set of CKD to carry out the process of classification 
and maximizes the accuracy of the classification 
technique.   The minimization of the attributes are also 
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performed using the ACO based minimization of attribute 
technique to discover the optimal features for identifying 
the CKD and order them based on their predictability.  
Quick diagnosis and treatment are required for the 
survival of the victims. According to the UCI database, 
24 attributes are used for the prediction of CKD or non-
CKD. A minimum of 16 attributes are essential for the 
conduct of pathological study which includes many 
resources, cost, time - space, and uncertainties.  
 
3.1. Dataset Information  

 
According to the estimated Glomerular Filtration 

Rate (GFR) CKD is classified into Stages I–V [18]. GFR 
is manipulated with the mathematical calculations along 
with the attributes including serum creatinine, age, sex, 
body size, ethnic origin, etc [19]. The blood gets spoiled 
if it deteriorates the regular functioning of a kidney leads 
to the accumulation of the high level of wastes.  The UCI 

database contains 24 attributes for the CKD set of data 
with one attribute more for (binary) class [20]. It has 400 

samples to two varieties of classes (“CKD” ‑.250 cases; 

“NOTCKD” ‑.150 cases). Within the attributes of 24, 11 

are taken as numeric and 13 are considered as nominal. 
The set of data also has some missing data. Removing 
these rows with the left out data, a number of 160 
samples are used to carry out this work.  
 
3.2. Feature selection using ACO algorithm 
 
In the pattern recognition technique, feature selection is a 
significant process in the CKD. Minimizing the quantity 
of features in CKD facilitates the classifier to achieve the 
feasible output. To extract the feasible subset of CKD 
features, ACO algorithm was implemented and the flow 
chart of the optimization task is shown in Diagram 1. 

                                                                                                          
 

Figure 1. Architecture of Proposed system  
 
The feature selection step in the CKD is done by fusing 
the algorithm of optimization and ELM classifier. The 
identified features of CKD are sent from ACO to ELM 
classifier and the extracted technique is validated with the 
help of the test set with the given CKD features. The 
output of each ant is validated with the misconception to 
enhance pheromone table. The process is repeated till the 
criteria is fulfilled which is denoted as optimal error 
value. ACO is a repetitive with probable meta-heuristic 
method used for identifying the solutions to conjunctional 
optimization issues. It is considered as an exploring 
technique which is implemented by actual biological ants 
trying to identify a small error from their nest to the 
source of food. During the forage, the ants contact 
indirectly with the help of their pheromone which is aided 
to record the corresponding training samples (paths) and 
which entice all the remaining ants. In the ACO 
algorithm, artificial ants (agents) accomplish the virtual 
pheromone to revise their path using the decision graph, 

i.e. the agent will select the substitute node which will 
reflect the path. The quantity and weight of the 
pheromone is used by an agent, which utilizes to revise its 
path based on the goodness of the output is correlated 
with the contesting with the solution which is correlated 
with the previous agents of the similar iteration. The 
forthcoming agents utilize the pheromone notifications of 
older agents which are good is treated as criteria when 
grouping their choices to identify the shortest path of all 
probable choices.  
 
The target is helpful in identifying the shortest path that 
lets one time visit of each city. Surrogate paths are made 
depending on the probabilistic model and within the ACO 
metaphor, the paths are created by artificial ants walking 
on the graph that encodes the issue in every vertex which 
corresponds to a city and every edge corresponds to a 
connection among two cities.  First trial made for the 
construction of ACO algorithm were not fulfilling till the 
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algorithm is merged with its local optimizer [21]. A 
setback is prior merging to a feasible output as more of 
virtual pheromone was constructed soon. In order to 
overcome this issue, pheromone evaporation is enforced. 
The pheromone connected to a solution vanishes after a 
specified time interval. The solution is created for a 
problem, ants chooses the next city for its visit by means 
of stochastic technique. The probability of ant visiting the 
city j, when ant k is in city ‘i’ and contains the creation of 
partial solution sp, can be illustrated as: 
 

𝑝𝑟𝑖𝑗
𝑘 = {

𝜏𝑖𝑗
𝑎 𝜂𝑖𝑙

𝑏

∑ 𝜏𝑖𝑗
𝑎 𝜂𝑖𝑙

𝑏
𝐶𝑖𝑙∈𝑁(𝑠𝑝)

 𝑖𝑓𝐶𝑖𝑙 ∈ 𝑁(𝑠𝑝) 

0 𝑒𝑙𝑠𝑒

 (1) 

 

Where N(s
p
) corresponds to the group of optimal 

solutions to obtain the accuracy level in the classification.  
σ and υ are fixed values used to constants to regulate the 
correlative significance of the pheromone against the 
heuristic data, ηij which is denoted as: 

𝜂𝑖𝑗  =
1

eij
   (2) 

Where 𝑒𝑖𝑗  the error between training sample i and test 
sample j. At the time every repetitions, the pheromone 
values are revised by all the m ants that have constructed 
the feasible outputs in the repetition. The pheromone τij, 
related with the edge merging samples i and j is revised as 
given below: 
 
𝜏𝑖𝑗 ← (1 − 𝜌)𝜏𝑖𝑗 + ∑ ∆𝜏𝑖𝑗

𝑎𝑚
𝑘=1  (3) 

 
Where ρ is considered as the rate of evaporation, m is 

the ant numbers, and Δ𝜏𝑖𝑗
𝑘  is the amount of pheromone 

constructed on edge (i, j) by ant called k, as: 

∆𝜏𝑖𝑗
𝑘 = {

𝛿

𝐿𝑘
 𝑖𝑓𝑎𝑛𝑡 𝑢𝑠𝑒𝑑 𝑒𝑑𝑔𝑒(𝑖, 𝑗)𝑖𝑛 𝑖𝑡𝑠 𝑡𝑜𝑢𝑟 

0 𝑒𝑙𝑠𝑒
 (4) 

 
Where δ is considered to be a constant and Lk is the 
tour’s length laid by ant k [22]. In this work, the features 
value id denoted by a node and the vector of the feature 
between nodes can be assumed as the paths between 
nodes. A probability of hundred probable errors is 
formulated for every node to activate the variety, before 
an ant moves from a chosen path on a random basis. 
Every connection among the nodes is from 1st to the 12th 
node through the variety o paths and the feasible output is 
constructed by the validation of the ant visits.  The fitness 
value is authorized to the ant which is visiting based on 
the performance of the path. Hence superior ants will 
trace trajectory nearer and will extract nominal expenses 
having higher pheromone path weights. Similar operation 
is iterated by the other ants and the process of 
optimization of the feature is not stopped till the same 
loop is repeated by other ants and the feature optimization 
process are not terminated unless the complete fitness 
function is fulfilled. The task is initiated by a basic single 
ant which is chosen in its path in the random basis, and 
the feasible feature is achieved by colony evolution. The 
visiting ant also drops pheromones to the paths in which 
they have travelled, which facilitates other ants to follow 
them. In order to enable other ants identify the substitute 

paths and the solution, the pheromones are revised and 
evaporated frequently. Local pheromone revision and 
global pheromone revision are utilized to revise 
pheromone table corresponding to every repetition and 
tour. Once the repetition of every ant is completed, the 
table of local pheromone can be revised as shown below; 
 

𝜏(𝑛)𝑖𝑗 ← 𝜏(𝑛 − 1)𝑖𝑗 +
(0.01×𝜗)

𝐶𝐴
 (5) 

where 𝜏𝑖𝑗
𝑘  is considered to be the value of pheromone   

between nest (i) and (j) at the nth  repetition, θ is the  
coefficient of pheromone revision,  CA is the function for 
the fitness, for the tour of ant visit. A hundreds of 
repetitions are done for every visit and the task of 
revision of global pheromone initiates.  The good 
pheromone paths and the worst tour are revised into the 
given equations 7 an 8 as shown below:  

 

𝜏(𝑛)𝑖𝑗
𝑏𝑒𝑠𝑡 ← 𝜏(𝑛)𝑖𝑗

𝑏𝑒𝑠𝑡 +
𝜗

𝐶𝐴𝑏𝑒𝑠𝑡
 (6) 

𝜏(𝑛)𝑖𝑗
𝑤𝑜𝑟𝑠𝑡 ← 𝜏(𝑛)𝑖𝑗

𝑤𝑜𝑟𝑠𝑡 −
0.3×𝜗

𝐶𝐴𝑤𝑜𝑟𝑠𝑡
 (7) 

 
Where 𝜏(𝑛)𝑖𝑗

𝑏𝑒𝑠𝑡  and 𝜏(𝑛)𝑖𝑗
𝑤𝑜𝑟𝑠𝑡  are the ants pheromone 

paths visited in the tour having the lowest (𝐶𝐴𝑏𝑒𝑠𝑡) and 
highest cost value (𝐶𝐴𝑤𝑜𝑟𝑠𝑡) in a single repetition. The 
pheromone evaporation is derived in equation 8, 
minimizes the weight of the pheromone of the paths 
travelled to enable the ants travel to low density paths 
persuading the diversity. 
𝜏(𝑛)𝑖𝑗 = 𝜏(𝑛)𝑖𝑗

𝜆 + [𝜏(𝑛)𝑖𝑗
𝑏𝑒𝑠𝑡 + 𝜏(𝑛)𝑖𝑗

𝑤𝑜𝑟𝑠𝑡] (8) 
 
where λ is the constant denoting the evaporation.  
 
3.3. Extreme learning machine (ELM) classifier  
 
Extreme Learning Machine (ELM) [23] proposes a 
broader variety of “generalized” SLFNs whose tuning of 
the hidden layer is not required.  ELM is yielding 
attractions from the researchers world-wide [24-25]. ELM 
was actually enhanced for single-hidden-layer feed 
forward neural networks [23] and then finally enlarged to 
“generalize” SLFNs which need not be essentially alike 
neurons [26-27]. The tuning of hidden layer in ELM is 
not necessary. The function which denotes the output of 
ELM for SLFNs which is generalized is: 
𝑓𝐿(𝑋) = ∑ 𝛽𝑖

𝐿
𝑖=1 ℎ𝑖(𝑥) = ℎ(𝑥)𝛽 (9)  

 
where β = [β1, . . . , βL]T is the output weights of the 
vector between the L nodes hidden layer and the output 
node and h(x) = [h1(x), . . . , hL(x)] is the vectors output 
(row)  of the hidden layer with regard to the input CKD  
x. h(x) originally traces the data of CKD from the d-
dimensional input space of CKD  to the L-dimensional 
hidden-layer The feature space  of CKD is H, and  h(x) is 
feature used for mapping purpose. The decision function 
of ELM corresponds to the CKD classification can be 
depicted as 
 
𝑓𝐿(𝑋) = 𝑠𝑖𝑔𝑛(ℎ(𝑥)𝛽) (10) 
 
ELM attains the smallest training error along with the 
minimal norm of output density. This may be true based 
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on an inference to generalized SLFNs may not have the 
alike neurons in the hidden layer [27]. ELM is subjected 
to reduce the training error along with the output densities 

[27]. Minimize: ||𝐻𝛽 − 𝑇||
2
 & ||𝛽|| where H is referred 

to the output matrix of the hidden-layer. To minimize the 
norms’ output density ||β|| is originally done to increase 
separating margins distances of the two varying classes in 
the feature space of ELM: 2/||β|| the reduced norm least 
square method can be utilized instead of the standard 
optimization technique was subjected to the actual 
implementation of ELM [26-27] 
𝛽 = 𝐻∗𝑇 (11) 
where 𝐻∗ is termed as the Moore–Penrose generalized 
inverse belonging to H matrix. Variety of technique is 
aided to validate Moore–Penrose generalized matrix 
inverse: orthogonal projection technique, 
orthogonalization technique, iterative process, and 
singular value decomposition (SVD) [28]. The orthogonal 
projection technique [28] can be implemented in two 
categories: during HTH is non - singular and 𝐻∗ = 
(HTH)−1HT, or when HHT is meant to be a non - singular 
and 𝐻∗ = HT(HHT) −1 
The resultant output is permanent and proves to have a 
good improved attainment.  Deng et al. [29] have 
designed the enforcement of ELM with the performance 
of sigmoid additive class of SLFNs. This section also 
analyses the postulates of SLFNs with the help of various 
nodes which are hidden (feature mappings) along with the 
kernels. Nonlinear piecewise iterative operations are 
utilized as hidden-node output operations and ELMs’ 

feature mappings are assorted.  
ℎ(𝑥) = [𝐺(𝑎1, 𝑏1, 𝑥), … . , 𝐺(𝑎𝐿 , 𝑏𝐿 , 𝑥)] (12) 
where G(a, b, x) is a nonlinear piecewise iterative 
operations fulfilling ELM universal approximation 
capability postulates [25] and {(ai, bi)}Lcted i=1 are 
extracted on a random basis as per iterative distribution of 
the given probability. For instance, nonlinear piecewise 
iterative operations are stated below:  
1) Sigmoid function 
A sigmoid function is a mathematical operation with 
holding a quality of "S"-shaped curve or sigmoid curve. 
Mostly the sigmoid function points out the speciality of 
the logistic operation which is derived by the formula.  

𝐺(𝑎, 𝑏, 𝑥) =
1

1+exp(−(𝑎.𝑥+𝑏))
  (12) 

Gaussian function 
The Gaussian function depends on the distance of the 
Euclidean which is measured between the vectors’ input 

and the origin. The Gaussian function corresponds to the 
distance of squared Euclidean. Elimination of the square 
term is not similar to squared Euclidean distance.  

𝐺(𝑎, 𝑏, 𝑥) = exp (−𝑏||𝑥 − 𝑎||
2

)(13) 

If a feature mapping h(x) is hidden to the end users then 
the application of Mercer’s conditions on ELM is 
accepted. It can be denoted as ELMs’ Kernel matrix as 
stated below:  
Ω𝐸𝐿𝑀 = 𝐻𝐻𝑇: Ω𝐸𝐿𝑀𝑖,𝑗

= 𝐾(𝑥𝑖 , 𝑥𝑗) (14) 

The ELM classifiers’ (32) solution operation can be 
shortly denoted as:  

𝑓(𝑥) = ℎ(𝑥)𝐻𝑇 (
𝐼

𝐶
+ 𝐻𝐻𝑇) 𝑇 = 𝐾𝑇 (

𝐼

𝐶
+ Ω𝐸𝐿𝑀) 𝑇 (15) 

 

4. RESULTS AND DISCUSSION 
 
The classification algorithms and feature selection 
algorithms were implemented in MATLAB tool. The 
implementation is done using Intel Core 2 Duo Processor 
E7400 CPU (2.8 GHz Dual Core, 1066 MHz FSB, 3 MB 
L2 cache) with 2 GB RAM. According to estimated 
Glomerular Filtration Rate (GFR) the CKD is categorized 
into Stages I–V which is given in the table 1[18]. The 
estimation of GFR is done with the aid of mathematical 
equations utilizing serum creatinine, age, sex, body size, 
ethnic origin, etc [19]. The blood gets spoiled if it 
deteriorates the regular functioning of a kidney leads to 
the accumulation of the high level of wastes.  
Table 1. The stages of CKDs 
Stages Medical Features GFR(mL/min/1.7 

m2) 
I Contamination in the 

normal or High GFR 
≥90 

II Contamination with a 
mild low-level in GFR 

60-89 

III Medium Low in GFR 30-59 
IV Resolute Decrease in 

GFR 
15-29 

V Kidney Failure <15 or dialysis 
Table 2 represents the CKD data set from UCI 

that contains 24 attributes and additional one more 
attribute for class (binary) [20]. It contains 400 samples to 

two different classes (“CKD” ‑.250 cases; “NOTCKD” 

‑.150 cases). Among the 24 attributes, 11 are numeric and 

13 are nominal. The set of data consists of some set 
where some values are absent. Eliminating these tuples 
with missing values, 160 samples were used in this work. 

Table 2. The attributes of CKD in UCI 
Attribute 
number 

Attributes 
(type) 

Attribute 
values 

Attribute 
codes 

1 Age 
(numerical) 

Years Age 

2 Blood 
pressure 

(numerical) 

mm/Hg bp 

3 Specific 
gravity 

(nominal) 

1.005, 1.010, 
1.015, 1.020, 

1.025 

sg 

4 Albumin 
(nominal) 

0, 1, 2, 3, 4, 5 al 

5 Sugar 
(nominal) 

0, 1, 2, 3, 4, 5 su 

6 Red blood 
cells 

(nominal) 

Normal, 
abnormal 

rbc 

7 Pus cell 
(nominal) 

Normal, 
abnormal 

pc 

8 Pus cell 
clumps 

(nominal) 

Present, not 
present 

pcc 

9 Bacteria 
(nominal) 

Present, not 
present 

ba 

10 Blood glucose 
random 

mg/dl bgr 
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(numerical) 

11 Blood urea 
(numerical) 

mg/dl bu 

12 Serum 
creatinine 

(numerical) 

mg/dl sc 

13 Sodium 
(numerical) 

mEq/L sod 

14 Potassium 
(numerical) 

mEq/L pot 

15 Hemoglobin 
(numerical) 

G hemo 

16 Packed cell 
volume 

(numerical) 

- pcv 

17 White blood 
cell count 

(numerical) 

cells/cumm wbcc 

18 Red blood 
cell count 

(numerical) 

millions/cmm rbcc 

19 Hypertension 
(nominal) 

No, yes htn 

20 Diabetes 
mellitus 

(nominal) 

No, yes dm 

21 Coronary 
artery disease 

(nominal) 

No, yes cad 

22 Appetite 
(nominal) 

Good, poor appet 

23 Pedal edema 
(nominal) 

Yes, no pe 

24 Anemia 
(nominal) 

Yes, no ane 

25 Class 
(nominal) 

CKD, 
NOTCKD 

‑ 

 
The confusion matrix shows the pursuance 

produced by the classification algorithms by evaluating 
the performance metrics (table 3). 

 
Table 3. Confusion matrix 

 
Confusion Matrix Prediction 

Positive Negative 
Actual Positive TP FN 

Negative FP TN 
 
This study is used for evaluating the pursuance 

performance of proposed techniques. The below 
mentioned metrics have been utilized and inspected is 
shown underneath. To evaluate the systems’ pursuance, 

computed Classification Accuracy (CA), precision, recall, 
F-measure and Error Rate (ER) are the significant 
variables that evaluate the pursuance of the system 
leaving out the knowledge of distribution of information. 
Few other variables that determine the pursuance of the 
system are Computed True Positive (TP), True Negative 
(TN), False Positive (FP), and False Negative (FN). Other 
variables are stated underneath: 

True Positive (TP) - shows the positive 
occurrences exactly categorized as positive outputs. 

True Negative (TN) – shows the negative 
occurrences exactly categorized as negative outputs. 

 False Positive (FP) - shows the negative 
occurrences wrongly categorized as positive outputs and 
False Negative (FN) - shows the positive occurrences 
wrongly categorized as negative outputs. 

Classification Accuracy - shows the potency 
classifier algorithm to predict the dataset classes  

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃+𝑇𝑁

𝑇𝑃+𝐹𝑃+𝑇𝑁+𝐹𝑁
× 100 (16) 

Sensitivity is the accuracy evaluation of the 
target class’s instances (Eq 17). 

𝑅𝑒𝑐𝑎𝑙𝑙 = 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃

𝑇𝑃+𝐹𝑁
× 100 (17) 

Precision also called positive predictive value is 
the fraction of relevant instances among the retrieved 
instance 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃

𝑇𝑃+𝐹𝑃
× 100 (18) 

F-measure is the harmonic mean of precision 
and recall is evaluated as : 

𝐹 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = 2 ×
𝑅𝑒𝑐𝑎𝑙𝑙×𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

𝑅𝑒𝑐𝑎𝑙𝑙+𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛
× 100 (19) 

 

 
Figure 2. Precision comparison vs. Classifiers 

 
Figure 2 shows the performance comparsion 

results of three classifiers like K nearest 
Neighbour(KNN),Neural Network(NN) and ELM 
classifier with ACO algorithm. The resutls of these 
classifiers are measured in terms of the precsion . From 
the resutls it concludes that the proposed ELM classifier 
with ACO algorithm produces higher precsion results of  
90.03% ,whereas other methods such as  KNN and NN 
produces 74.85% and 80.89 % only, so it concludes that 
the proposed work performs good than the existing 
classifiers.  
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Figure 3. Recall comparison vs. classifiers 

Figure 3 depicts the output comparsion results of 
three classifiers like  K nearest Neighbour(KNN),Neural 
Network(NN) and ELM classifier with ACO algorithm. 
The resutls of these classifiers are measured in terms of 
the recall . From the resutls it concludes that the proposed 
ELM classifier with ACO algorithm produces higher 
recall results of  91.46% ,whereas other methods such as  
KNN and NN produces 76.13% and 82.40 % only, so it 
concludes that the proposed work performes better than 
other classifiers. 
 

 
Figure 4. F-measure  comparison vs. classifiers 

Figure 4 shows the performance comparsion 
results of three classifiers like K nearest 
Neighbour(KNN) ,Neural Network(NN) and ELM 
classifier with ACO algorithm. The resutls of these 
classifiers are measured in terms of the f-measure . From 
the resutls it concludes that the proposed ELM classifier 
with ACO algorithm produces higher f-measure results of  
90.74% ,whereas other methods such as  KNN and NN 
produces 75.49% and 81.64 % only, so it concludes that 
the proposed work performes better than other classifiers. 

Figure 5 shows the performance comparsion 
results of three classifiers such as KNN , NN and ELM 
classifier with ACO algorithm. The resutls of these 
classifiers are measured in terms of the accuracy . From 
the resutls it concludes that the proposed ELM classifier 
with ACO algorithm produces higher accuracy results of  
91% ,whereas other methods such as  KNN and NN 

produces 76.00% and 82 % only, so it concludes that the 
proposed work performes better than other classifiers. 

 

 
Figure 5. Accuracy  comparison vs. classifiers 

 
5. CONCLUSION AND FUTURE WORK 
 
Almost 10% of the population in the worldwide is 
affected with a major health problem chronic kidney 
disease. However, the prediction of CKD is evidently 
done using systematic and automatic methodologies. 
Many of the methodologies, the machine learning are one 
of the very kinds. The classifier in the machine learning 
algorithms can provide the class labels to the test samples 
with known features and unknown class. The existing 
works with machine learning algorithms fail to provide 
the accuracy of prediction to the needed extent. The 
modelling of a novel CKD predictor is the motivated 
research topic in this work. An Extreme Learning 
Machine (ELM) technique is developed for the prediction 
of CKD. Also perform ACO based attribute reduction to 
find the most relevant features for detecting CKD and 
prior them according to their predictability. In the ELM 
technique is a improvement under the Sigmoid additive 
type of SLFNs. It extends such study to generalized 
SLFNs with a different type of hidden nodes (feature 
mappings) including the kernels. Thus the proposed 
technique can be capable of providing better accuracy and 
acceptable speed. The performance metrics utilised for 
the analysis are accuracy, precision, recall, and F-
Measure. From the analysis, it has concluded that the 
formulated technique is well organised to fetch the 
perfect classification. The present work is extended to 
incomplete samples in future work. Future work should 
mainly focus on implementing more big data oriented 
tools and techniques which makes the process much 
faster and effective. The greatest challenge in healthcare 
domain is the data, provided enough and appropriate data 
is available, many applications can be implemented 
which take the healthcare industry to an advanced level. 
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Abstract:  

The area of big data is commonly disturbed by means of the size of processing on which conventional computational algorithms stop 
working. By means of the growing applications of Big Data analytics in image processing domain, there has been an increasing require 
designed for quantitative image quality estimation methods. Recently, an Image Cloud Processing (ICP) is introduced for images in the 
direction of allow co-location of image storage and computation at the same time as reducing data transfer.  At the same time as ICP focus 
on decreasing the storage and computation overhead in the direction of increase effectiveness, however how to enhance the quality of 
images becomes still difficult task, so the proposed work focuses on noise removal algorithm for ICP framework, which be able to be 
developed and experimented in parallel consequently as to attain a increase in quality of the image without decreasing the performance 
results together with the increasing image size. In this work, develop and evaluate a novel Adaptive Median Filter (AMF) for noise 
removal which is devoted in the direction of contribution a consistent and proficient model for increasing the image quality in the 
existence of high noise levels. AMF algorithm is proposed for noise removal in the direction of increases quality of the image by reducing 
noises in the images. Filtering methods such as Decision Based Filtering (DBF), Median Filter (MF) and AMF are evaluated in terms of 
their force on the following image analysis. The experimental results show with the purpose of all of these filtering methods is able to give 
better results and higher value as the amount of noise being removed increases. The filtering methods results are measured in terms of 
metrics like Peak Signal to Noise Ratio (PSNR), Mean Square Error (MSE), and time efficiency.  The results analysis demonstrates that 
the proposed AMF algorithm is reliable for image data sets. 

Keywords: Big data,Cloud computing, Distributed system, Filtering, Image processing, MapReduce, Median filtering, Noise removal. 

1. Introduction 

There is a huge increase in the usage of image information in the field of social media, cameras used for surveillance and the images shot by the satellites. 
The hike is unlimited in the multimedia sector. On the other hand, this development is not restricted to multimedia data.  The increase of image set of data 
and the size of the computing grids form an issue in the data segregation and in the area of computational nodes. The data transfer from the computational 
nodes to the primary storage can diminish the network with the less number of tasks that are in active state. The complexity in the field of computer 
architecture is that the bandwidth of the network. The optimal feasible solution is that to find out the information which is stored on the nodes in order to 
resist the issue of diminishing the network by adopting the process of information copying.  

Moreover the efficiency of big data having the image has clearly provocation the major issues of the existing image processing industry.  Many researches 
correlated to formulate highly potential image processing algorithms have been developed. In spite of all these accomplishments that are concentrated in the 
optimization of image processing algorithms, the avoidance of elementary scarcity problem occurs in the individual node depending upon the processing 
steps.  

This defect is overcome by specific “big data” engineering, e.g., Apache Hadoop [1-4]. Previously, Digital Imaging and Communications in Medicine 
(DICOM) to Neuroimaging Informatics Technology Initiative (NiFTI) transformation was discovered to be an area where the important benefits are made 
extensible with the utilization of big data frameworks [5]. Cloud computing is considered to be an infrastructure meant for a commercial establishment that 
challenges in the removal of the requirement of the computing privileges for the maintenance by the concerns and organizations alike [6] has surveyed the 
services of cloud computing potentials, which are considered to be fulfilled for the purpose of high scientific computing, which serves to be optimal feasible 
solution for the scientist who are in dire need of the instant and unstable resources.  

The significant target of filtering is the noise elimination in the objects, which are noise hinders, are used in most of the varieties of data analysis. The 
current filtering techniques targets on the noise removal which is the result of basic – level information errors that are produced from the irrelevant 
information process, but data objects which seems to be inadequate or feebly adequate can also hinder the analysis of data. Hence the target is to improve 
the analysis of data to the maximum extent, considering the objects as noise with regard to the analysis done.  

To overcome this setback, the construction of innovative algorithm enhances the processing process by roving the noise. The alternate method is to 
formulate a filtration design which helps in the removal of noise safeguarding the images [7] features, edges and other details. Moreover the need for 
filtering methods exists to eliminate the noises. The data sets consist of huge quantity of noise, hence imposing the filtration methods, a part of information 
is discarded.  

For the purpose of analysis of geometrical values within an image, mathematical morphology is a method which is implemented by dividing it into simplest 
patterns called structuring elements [8]. The product of the image operations exist in non-linear and are utilized in  areas of edge detection , process of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5521265/#R1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5521265/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5521265/#R6
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object segmentation [9], noise suppression process [10] and identification of geometrical formation of images [11]. Alternate sequence filters (ASFs) are 
identified as the significant operators and are being researched.   

Multi structure elements based morphological filters [13], soft morphological filters [14] and hybrid operator-based morphological filters [15] are the 
various morphological filters. Median filter are considered to have a fair de-noising power, which does the powerful de-noising filtration. The variations 
from the Median filters are formulated in switching median filter [16], weighted median filter [17] in order to enhance its potential.  In this work, develop 
and evaluate a novel Adaptive Median Filter (AMF) for noise removal which is devoted in the direction of contribution a consistent and proficient model for 
enhancing image results in the existence of high noise levels. 

2. Literature Review 

Dong and Xu [18] formulated an innovative technique named impulse detector, which is derived depends on the contrast between the current pixel and its 
neighbours which are formatted filter in order to fetch new Directional Weighted Median (DWM) filter. Extended work on m prove that the formulated 
filter, apart from rendering improved outputs, also provides a good improved potentials resulting in suppressed impulse with high-level of noise that can 
safeguard more number of details including the thin lines. This filter also provides better performance in the restoration of corrupted color images.  

Zhao et al [19] designed an updated adaptive median filter where it provides an enhanced performance. The outputs of simulation implement an innovative 
method rendering a better filtering potential.  

Vasicek and Sekanina [20] proposed an innovative method AMFs, specifically developed to enhance the performance of Field Programmable Gate Arrays 
(FPGA). AMFs illustrate the improved filtering aspects when correlated to the conventional MFs.  But the cost of its implementation is expensive. The 
designed model is constructed for throughput letting 300 M pixels filtered /sec. The highest performance provides the Adaptive Median Filter (AMF) using 
the filtering window 7x7 pixels, and shot noise is able to be suppressed with around 60% of intensity. Along with the filtering process, AMFs can also be 
utilized as a corrupted pixels detector (detection statistics).  

Chen and Zhang [21] designed an innovative filter that is used to detect edges with the four probable directions which replaces approximated noise-free 
edge median assessment in the place of noise corrupted pixel. The outputs of simulation prove that the formulated multi-stage Directional Median Filter 
(DMF) can render the best output by the suppression of impulse noise under all the circumstances.  

Nawaz et al [22] designed an innovative modus-operandi by using the complete potential of the fast median filter turned into an updated DWM that can be 
extensively applied in real – time situations to eliminate the random valued impulse noise effectively from a image which is greatly corrupted excluding the 
conciliation of the outputs performance. The fallout of the simulation clearly shows that the expected strategy provides good performance with regard to the 
complexity of time and PSNR when correlated to directional weighted median filter and other current techniques.  

Shrestha [23] formulated an innovative decision based method which provides an enhance performance when compared with the existing techniques. The 
analyses were done depending on visual appreciation and more of quantitatively by MSE and PSNR belonging to various images that are filtered.  

Gocławski and Sekulska-Nalewajko [24] designed an innovative technique in Graphics Processing Unit (GPU) depending on median smoothing which has 
been formulated that utilizes two-step validation of local intensity histograms which are preserved in the graphical equipment that is mutually shared. The 
optimal output is to produce about 50 million voxels/sec during the processing phase in the the neighbourhood of 125 voxels that is constructed by Kepler 
architecture by utilizing Quadro K6000 graphic card.  

Khatri and Kasturiwale [25] designed a novel method that contains noise detection and the elimination of noise which is detected with the help of Improved 
AMF making use of pixels which are not categorized into noise in gray level inclusive of colour images. The pixels are segmented into two classes having 
the noisy pixel and noise – free pixels. Eliminating the Impulse noise, processing of noisy pixels is carried out. The output image receives the noiseless 
pixels. The formulated technique proposed method adaptively changes the masking matrix size of the median filter based on the count of the noisy pixels. 
The simulation outputs and the analysis have been done to study the potential of the formulated method implementing the Simple Median Filter (SMF), 
Simple AMF (SAMF) and Adaptive Switched Median Filter (ASMF). Efficiency is proven in regard to that of objective and subjective parameters in the 
proposed technique. 

Pasquini et al [26] designed an investigative model which detects the application of a median filter to 1D information. The technique depends on the 
extraction of mathematical qualities of the median filter, which exposes certain relativity between the sample data which is absent in sequences of a filter. 
Within the analyzed 1D sequence their presence permits the median filters eliminated application. In accordance to the derivative quality, this technique 
produces 0% false negatives, and false positives are hypothetically probable, proving the results of experiments as false alarm rate is empty sequences 
which are adequately elongated. The formulated method has the potential to identify a median filtered segment of 1-D information with a better precision 
rendering a best evaluation of the window which is being utilized.  

Kunsoth and Biswas [27] formulated an updated decision based MF that eliminates gray images’ impulse noise. With the digital images’ noise elimination, 

various categories of median filters are utilized. Few among them are Standard MF, Weighted Median Filter (WMF), AMF and Decision Based Median 
Filter (DBMF). Excluding DBMF, the pixels are processed regardless of image corruption, which are exchanged by the pixels median value in the local 
region without bothering its features that are available for the sample edges.  

Wu et al [28] designed Semi-Global stereo Matching algorithm (SGM), and a disparity refinement algorithm which is an innovative model. With the help of 
SGM, a fundamental disparity map is evaluated. With the application of disparity refinement algorithm a better disparity map can be extracted. The 
formulated refinement technique depends on a segment-tree and a fast WMF. Few other analyses are conducted on a familiar Middlebury set of data. The 
outputs prove that the formulated technique can enhance the performance of the disparity map efficiently in many situations.  

Aghajarian et al [29] proposed a new modified mean filter denoising for images with the purpose of removing the salt-and-pepper noise. Jin et al [30] 
proposed image denoising model which is an appropriate development of the nonlocal means filter. Jiang et al [31] proposed a new noise detection 
algorithm based on fractional calculus to removed noises from images. 

https://www.sciencedirect.com/science/article/pii/S1665642315300158#bib0025
https://www.sciencedirect.com/science/article/pii/S1665642315300158#bib0030
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https://www.sciencedirect.com/science/article/pii/S1665642315300158#bib0070
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3. Proposed Methodology 

The proposed  ICP framework includes of two processing methods such as Static Image Cloud Processing (SICP) and Dynamic Image Cloud Processing 
(DICaP) illustrated in figure 1, SICP is expected on handing out individuals huge-scale image data with the purpose of have been stored in the distributed 
scheme. Translate these static images primary in the direction of maintain the essential information as their equivalent PI mages which determination be 
then stored in the data file limited in Big-Image. In this work, develop and evaluate a novel Adaptive Median Filter (AMF) for noise removal which is 
devoted in the direction of contribution a consistent and proficient model for increasing the image quality in the existence of high noise levels. AMF 
algorithm is proposed for noise removal in the direction of increases quality of the image by reducing noises in the images. Filtering methods such as 
Decision Based Filtering (DBF), Median Filter (MF) and AMF are evaluated in terms of their force on the following image analysis. The experimental 
results show with the purpose of all of these filtering methods is able to give better results and higher value as the amount of noise being removed increases. 
The filtering methods results are measured in terms of metrics like PSNR, MSE, and Accuracy.  The results analysis demonstrates that the proposed AMF 
algorithm is reliable for image data 

sets.  

Figure 1. Proposed Framework 

 The Median Filter (MF) is one of the categories of nonlinear filtering 
algorithm, frequently second-hand in order to eliminate noise. It is 
considered as pre-processing stage in order to increase the efficiency of 
image processing for example retrieval on an image. It extensively used 
in image processing applications while in assured conditions; it 
conserves edges at the same time as reducing noise. The major design of 
the MF is in the direction of run all the way through the signal access 
with entry; substitute every entry by means of the median of 
neighboring points. Note with the purpose of if the window has an odd 
number of accesses, subsequently the median is straightforward in the 
direction of explain: it is currently the centre point following every one 
of the entries in the window is arranged numerically. For an even 
number of entry, there is further than single prospective median. It is a 
strong filter and it is broadly used as smoothers designed for image 
processing, in addition to in signal processing. A mainly significant 
benefit of the MF over linear filters is with the purpose of the MF being 
able to remove the result of input noise ranges by means of 
tremendously huge magnitudes. On the contrary, linear filters are 
susceptible in the direction of this type of noise with the purpose of the 
output might be decreased rigorously with even through a little part of 
uneven noise ranges. The result y of the MF at the instant t is computed 
as the median of the input image ranges associated in the direction of the 
instants adjacent towards t: 

𝑦(𝑡) = 𝑚𝑒𝑑𝑖𝑎𝑛 (𝑥 (𝑡 −
𝑇

2
) , 𝑋(𝑡 − 𝑇1 + 1),… 𝑥(𝑡),… , 𝑥 (𝑡 +

𝑇

2
)) --- (1) 

window of the median filter is denoted as ‘t’. In addition the one-
dimensional MF mentioned above, in recently two-dimensional filters is 
used by researchers. Here the images are described in separate form 
with two-dimensional group of pixels -i.e. position of non-negative 
ideals Bijefficient with two indexes – 𝑖 = 1,…𝑁𝑦 (rows) and 𝑗 =

1,… . 𝑁𝑦 (Column) where  the  basics Bijare  scalar  ranges influential the 

color of the pixel. Generally MF result is straightforwardly limited with 
the size of filtering window. For instance, the image’s feature is capable 

in the direction of be restricted at the same time as its denoising 
capability is undermined when a lesser window is selected designed for 
noise removal. On the contrary, the image’s element is broken at the 

same time as its denoising ability is increased when an advanced 
window is selected. The steps are mentioned in the following manner: 

(1) Define the window sizes as S ={2,4,6,8,10} and the set of 
noise pollution levels as NP ={0.2,0.4,0.6,0.8,1.0} for MF.  

(2) Determine the lesser distance. The range of the lesser 
distance 𝑚𝑖𝑛𝑑𝑖𝑠is described as the lesser distance among ξ 

and NPi: 

𝑚𝑖𝑛𝑑𝑖𝑠 = min
𝑆𝑖∈𝑆

{|𝜉 − 𝑁𝑃𝑖|}---------- (2) 

The noise pollution level of the image ξ is described as follow: 

𝜉 =
|𝑁|

|𝐼|
---------- (3) 

Where  

|𝑁| = ∑ 𝑌𝑖𝑗𝑌𝑖𝑗=1
---------- (4) 

|N| is denoted as the no.of noise set, and |I| is denoted as the no.of 
image set I . 

(3) Find out the size of filtering window adaptively 

𝑚𝑠 = 𝑆𝑖||𝜉 − 𝑁𝑃𝑖| = 𝑚𝑖𝑛𝑑𝑖𝑠---------- (5) 
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The sample MATLAB pseudocode for AMF is described as follows. In 
the pseudocode aMediantFilter2D(cdata, cidx);call the original MATLAB 
built function then size of median filtering is updated using the above 
equations. 

I = imread(*'); 

J = I; 

smax = 9; 

[nrowsncols] = size(I); 

LL= ceil(smax/2);//lower limit 

UL= floor(smax/2);// higher limit 

For ii=1:ncols-smax 

    For jj=1:nrows-smax 

cidx = ii;                     

cdata= double(I(jj:jj+smax-1, ii));             

         [pixelval, pixelvalid] = aMediantFilter2D(cdata, cidx); 

ifpixelvalid 

J(jj, ii) = pixelval; 

        End 

    End 

End 

h = figure; 

set( h, 'Name', [ mfilename, '_plot' ] ); 

subplot(1, 2, 1 ); 

imshow( I, [  ] ); 

subplot(1, 2, 2 ); 

imshow( J, [  ] ); 

4. Results and Discussion 

This This section provides wide-ranging experimental analysis for the 
results of proposed AMF and existing methods experimented on the 
ImageNet [32] dataset experimented on Hadoop-1.0.3 cluster.  
ImageNet [32] is a huge-scale image dataset planning in the direction of 
give researchers a straightforwardly available image database and it is 
structured similar in the direction of the WordNet hierarchy. Images of 
the similar resolution 640 × 480 as the dataset described by ImageNet-B 
in the direction of measure the effectiveness of Big-Image with 200 
images resized towards no higher than 800 × 800 denoted by ImageNet-
D towards test the constancy and load conflict of DICP and SICP. The  
salt  and  pepper  noise  is  single  of  the  generally important  noise 
structure  of  an  image.  The  greatest  built-in  filter which  is  capable  
and  mainly  used  is  MF.  If  either salt  noise  or  pepper  noise  is  
there  in  any  image  the AMF is  successful  way  in the direction of  
employ. 

Peak Signal to Noise Ratio (PSNR) 

PSNR is constantly unavailable as the measure designed for 
determining the results of image filters. Let us assume that f(i,j)is the 
normal image, f’(i,j) is the corrupted image, g(i,j) is the de-noised 
image. The description of PSNR is described as follows:  

𝑃𝑆𝑁𝑅 = 10 × log
2552

1

𝑀𝑁
∑ ∑ |𝑓(𝑖,𝑗)−𝑔(𝑖,𝑗)|2𝑁

𝑗=1
𝑀
𝑖=1

---------- (6) 

Mean Square Error (MSE) 

MSE is described as the number of type of standard or sum 
of square of the error among two images. 

𝑀𝑆𝐸 =
1

𝑀𝑁
∑ ∑ |𝑓(𝑖, 𝑗) − 𝑔(𝑖, 𝑗)|2𝑁

𝑗=1
𝑀
𝑖=1 ---------- (7) 

Time efficiency  

In this part, also plan to measure the time effectiveness of 
filtering algorithms. 

Table 1. Performance comparison results  

Metrics  Noises Decision Based 
Filtering (DBF) 

Median 
Filter (MF)  

AMF 

PSNR(dB) Salt   35.62 38.95 42.51 

Pepper   32.68 34.51 40.41 

MSE Salt   0.325 0.285 0.25 

Pepper   0.36 0.34 0.32 

Time 
(seconds) 

Salt   43 41 37 

Pepper   48 45 40 

 

Figure 2. PSNR comparison vs. number of noises 

 Figure 2 shows the performance comparison results of PSNR 
metrics with respect to two types of noises.  The results of these noises 
are measured between three filtering methods such as DBF, MF and 
AMF. The proposed  AMF algorithm produces higher PSNR results of 
42.51 dB, whereas the other filtering algorithms such as MF and DBF 
produces PSNR results of 38.95 dB and  35.62 dB for salt  noise. The 
proposed AMF algorithm produces higher PSNR results of 40.41 dB, 
whereas the other filtering methods such as MF and DBF produces 
PSNR results of 34.51 dB and 32.68 dB for pepper noise. From the 
results it concludes that the proposed AMF algorithm produces higher 
PSNR for salt noise when compared to pepper noise. 
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Figure 3. MSE comparison vs. number of noises  

 Figure 3 shows the performance comparison results of MSE 
metrics with respect to two types of noises.  The results of these noises 
are measured between three filtering algorithms such as DBF, MF and 
AMF. The proposed  AMF algorithm produces lower MSE results of 
0.25, whereas the other filtering methods such as MF and DBF produces 
MSE results of 0.285 and  0.325 for salt  noise. The proposed AMF 
algorithm produces lower MSE results of 0.32, whereas the other 
filtering methods such as MF and DBF produces MSE results of 0.34 
and  0.36 for pepper  noise. From the results it concludes that the 
proposed AMF algorithm achieves lower MSE for salt noise when 
compared to pepper noise. 

 

 

Figure 4. Time comparison vs. number of noises 

 Figure 4 shows the performance comparison results of time 
metrics with respect to two types of noises.  The results of these noises 
are measured between three filtering algorithms such as DBF, MF and 
AMF. The proposed AMF algorithm consumer lower time results of 37 
seconds, whereas the other filtering methods such as MF and DBF 
produces time results of 41 seconds and 43 seconds for salt noise. The 
proposed AMF algorithm consumes lower time results of 40 seconds, 
whereas the other filtering methods such as MF and DBF produces time 
results of 45 seconds and 48 seconds for pepper noise. From the results 
it concludes that the proposed AMF algorithm consumes lower time for 
salt noise when compared to pepper noise. 

Statistics analysis 

Correlation is a measure of the association among two pixels 
in an image. If the two pixels are the two neighbouring pixels in an 
image, subsequently there is a very close correlation among them else it 
is hypothetical they are less related. Results are shown in table 2. 

Table 2. Correlation coefficient values 

Image Original input image Output image size 

Correlation coefficient 0.9256 0.9458 

5. Conclusion and Future Work 

MF has been extensively used in big image processing designed for 
removing noises since it be able to considerably decrease the power of 
noise at the same time as degradation of performance. This MF is still a 
difficult task in the case of big data images including up to a billion of 
pixels, particularly designed for huge size filtering windows. In this 
work, develop and evaluate a novel Adaptive Median Filter (AMF) for 
noise removal which is devoted in the direction of contribution a 
consistent and proficient model for increasing the image quality in the 
existence of high noise levels. To solve MF problem new window size is 
selected designed for filtering. Compute the size of filtering window 
adaptively by considering lesser distance. Results of proposed AMF 
algorithm and existing methods experimented on the ImageNet dataset 
experimented on Hadoop-1.0.3 cluster Results of filtering methods are 
measured in terms of metrics like PSNR, MSE, and time efficiency.  
The proposed AMF algorithm demonstrated that it be able to be 
effectively applied in the direction of huge amount of data in ImageNet 
and moreover huge window size with thousands of pixels. Additionally 
the occurrence of window data recurrence in neighbouring threads has 
not been used consequently far in the direction of speed up the AMF 
algorithm. These issues will be focused in the future work.  
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1. Introduction

Biomedical Engineering defines the advanced knowledge and innovations in biology,

medicine, and engineering. These fields of engineering enhance human health with the help

of cross-disciplinary activities. The activities associate the engineering fields with clinical

practices and biomedical sciences. Biomedical Engineering helps in development of

innovative ideas by understanding the nature of the living system with the help of

engineering techniques. The design, development, and application of algorithms, processes,

and systems by interfacing engineering sciences with medical practices are to improve the

health care sector. Healthcare is related with engineering designs and fields to develop and

establish a well organized health society. Biomedical engineering is an interdisciplinary

sector which involves different fields. One among them is biomedical instrumentation that

deals with equipment have used for the betterment of the health sector [1].

Biomedical Instrumentation deals with the study of instruments used for recording of bio

potentials of different types. This field of instrumentation also describes the internal

circuits of the equipment specially designed for diagnosis and treatment. Circuit designing

and working of all instruments related with the health care sector is studied under

biomedical instrumentation. Advancements in medical instruments have paved path for

early diagnosis, detection and treatment of various diseases or disorders. Innovations and

developments in this sector developed a society with advanced health facilities.

Automation in biomedical instrumentation enabled the physicians to diagnose the
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abnormalities at a single press of a button. Instruments are designed in such a way that

they are fully automated and easy to handle even by the common people [2]. Best example

to be defined for this kind of automation is the glucometer which diagnosis the sugar level

in the blood. Glucometer has been designed completely automatic that with a single prick

the level of glucose in the blood is defined along with the medical conditions of the

sample subject. Further advancements in this field of instrumentation have made

smartphones as a diagnostic tool for diseases or disorders [3].

Automation in biomedical instrumentation explains the automatic designing of the medical

instruments for the identification and treatment of abnormalities. Automation explains the

use of control system in the instruments and automatic operation of the instruments.

Automation of medical instruments helps to perform all kinds of activities without time

consumption. Clinical laboratories with automated instruments are capable of performing

wide variety of tests for large number of samples within limited time span. Automation in

the laboratories emphasize the degree of simplification for the usage of the instruments by

anyone after proper training. Automation has been introduced in all small hospitals and

even in clinics for easy diagnosis and effective patient care. The motivation or idea for the

development of the automation in the field of medical instrumentation came into frame

because of the pressure built on the experts for diagnosis and treatment. This is mainly to

develop a well-advanced health care society for the people. Innovations in the field of

automation especially in the development of the medical instruments have enabled a better

standard of patient care.

Innovations in medical instruments has helped us to experience a new era of medical field

which enhances the life expectancy, quality of life, diagnosis and treatment. Health

industry developed with a high efficiency and cost effectiveness. Automatic innovations in

this field of engineering relates with the control mechanism of the instruments designed

mainly for diagnosis and treatment. Automation has influenced to such an extent that even

the bio potentials, medical images, and bio signals can be transmitted and received using

telemedicine. Robotic surgeries completely automated is designed and being studied to

deduce the failure rate of the complicated operations, specifically neurosurgeries.

Instrumentation used in operation theaters is automatically to illustrate the region,

position, angle of incision, and cutting strategy of the abnormality for which the surgery is

performed. Clinicians make use of these automated equipment to determine the state or

nature of the abnormality.

Advancements in the diagnostic equipment describe that determination of any sort of

abnormality or even cancerous cells in the body has become more efficient. Effective

training and use of the instrument has helped in diagnosis of wide range of disorders.

Hereditary disorders can also be diagnosed with the help of the advanced instruments from

the womb of the mother. Medical instruments are specially designed and structured for the
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treatment of the different variety disorders or diseases. Advancement in laser technology

has configured special surgical procedures in the medical field for treatment. Internet of

Things (IoT) and Information Technology developed a completely automatic environment

for the medical instruments [4].

Diagnostic tools for various disorders are defined with the automatic internal circuits.

Automatic instruments designed for the recording of bio potentials like ECG, EEG, EMG,

EOG, ERG, EGG, and VEP sensed a way for diagnosis of disorders. By analyzing these

analog signals, the nature and condition of the particular organ of the body is studied.

Analysis of bio signals are designed along with the recording equipment for effective

study. Imaging techniques and instruments capture images based on different mechanism

which are used for the diagnosis of a disease or abnormality. X-ray, CT, MRI, Ultrasound,

PET, SPECT, f-MRI are certain types of imaging modalities that produce different

sectional images of the regions of the body considered for the diagnosis. Imaging systems

help in the diagnosis and also assist physicians during surgeries. All these instruments or

equipment with different automatic mechanism are used in the different sectors of health

care and medicine. In this chapter, mechanism, design, structure, innovations,

advancements, and automation in the medical equipment used in various fields are

analyzed and discussed.

2. Biomedical instrumentation

Instrumentation engineering is defined as the stream which is mainly focused on

measuring instruments. They are used in designing equipment, electrical instruments, etc.

Instruments are typically used in the field of automotive, chemical or manufacturing

industries. The main goal of instrumentation system is optimization, safety, accuracy,

productive, and being stable. Instrumentation principles have been applied to biomedical

equipment and many types of bio sensors are used in biomedical instrumentation.

Selection is mainly based on cost, reliability and good environmental factors. Biomedical

engineers are used to record the human signals and it is used to record signals.

Instrumentation technologists are used to troubleshoot the instruments, whereas

biomedical technologists troubleshoot the medical equipment and maintaining the

instruments [5].

Instrument is a term which is used to measure and record the human signals.

Instrumentation refers to a group of devices. Here sensor plays a vital role in the

mechanism. Biomedical engineering is defined as the application of medicine and

technology together for health care purposes. Instruments in this field help in monitoring

patients, diagnosing, and in therapy process. Many biomedical research is based upon

prosthesis, diagnostics, and therapeutics.
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Biomedical instrumentation is a subbranch of the biomedical engineering field, which is

mainly focused on how electronics can measure the physical parameters and it improves

medical care. Medical Instrumentation involves in designing new devices which solves

health sector related problems by adapting recent advancements in medicine and

engineering. Biomedical engineers are the ones who design the medical device or

instruments. Many types of instruments ranging from X-ray, magnetic resonance imaging

(MRI) to small devices such as pacemakers, drug delivery system, cochlear implants, and

infusion pumps help in diagnostic and therapeutic medical devices. It is an innovative

product which helps to reduce the cost and it improves the technology. Recent trending

technologies are in the field of wound dressing, tissue engineering, etc. Biomedical optics

is a field which involves the interaction of human biological tissue and light, then the

result will be processed for imaging purposes [6].

Engineers design instruments and devices, and also they carry out research and solve the

problems which include acquiring innovative understanding of living organisms and

applying engineering skills on application. Implementing new procedures and algorithms

helps in improving health care. Basically, in instrumentation, the sensor plays a vital role

in the instrumentation system. It helps to convert the information from one form to another

form. The diaphragm is an element in the sensor, which helps to convert the term pressure

into displacement. The acquired signal will be processed, filtered, and monitored.

Measurand is a basic system which helps to measure the physical parameters of a human.

Simple examples for these instruments can be blood pressure, ECG, and so on.

Instruments used in signal conditioning are mainly defined to amplify, condition, and filter

the signal. The signals will be converted into digital form with the help of microcomputer.

Then the output is described in the display unit. Output is represented in the form of

values, graphs, or tables. There are various technologies implemented to study and analyze

the human body system. Cardiovascular technology defines all the medical instruments,

implanted devices associated with cardiovascular system. Neurological techniques deals

with the devices, drugs related to brain system and its nerves. Orthopedic technology

states about all the implanted devices related to skeletal systems. Cancer technology

relates to all the devices, drugs related to cancer diagnosis and treatment [7].

A medical device is used for diagnosing a disease, treatment, and prevention of disease.

Examples for these instruments are pacemakers, infusion pumps, contact lens, dental

implants, etc. Implantable pacemaker design is shown in Fig. 3.1.

Implant is defined as a type of medical tool, which is used to replace a missing function.

Classification of biomedical instruments includes measuring the required physical

parameter such as temperature, pressure, or flow. The next step includes whether the

instrument is resistive or capacitive. Measurement techniques are available for

cardiovascular, neuromuscular, and endocrine systems.
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Biomedical instrumentation has several advantages over other fields. It is defined as

embedding different modules in a system. This instrumentation is used in the section of

telemedicine. Embedding system will face challenges in future regarding health care.

Health care applications are used widely in imaging techniques. Bioengineering is defined

as interdisciplinary field where all streams of engineering are involved. Embedding

modules with artificial intelligence is trending nowadays. It supports both wired and

wireless sensors. Embedded systems acquire high performance and high accuracy.

Biomedical engineering involves finding out more solutions for problems related to

medical health care. Biomechanics is also a field of bioengineering which is used to study

in detail about the structure of the biological organs [8,9].

There are many types of biomedical equipment. Medical imaging techniques like

ultrasound, MRI, and CT Scans. Life supporting equipment are used to maintain and

monitor the patient’s body condition. These include equipment’s like ventilators,

incubators, heart lung machines, and hemodialysis machines. Parameters of human body

can be measured using appropriate machines. ECG is used to measure the heart rate

signals. EEG is used to pick up the electrical activity of the brain. Blood pressure

apparatus is used to measure the blood pressure of the patient. A biomedical engineer is

used in the health care section. They are mainly responsible for working of a medical

instrument. They act as an intermediate between the physicians and the medical equipment

[10].

Figure 3.1
Implantable pacemaker. Courtesy: http://www.heartsurgeons.com/procedures7.html.
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Safety plays a vital role in biomedical instrumentation. It gradually decreases the ill

people and it reduces mortality rate. The major causes of accidents occur due to improper

training of staffs, improper maintaining of medical equipments, malfunctioning of medical

equipments. In early years, processors and controller was monitored by a manual operator

which is used to measure the pressure, temperature, and flows.

A biosensor is used to measure a biological response and it is converted into an electrical

signal. It involves in designing and developing new analytical devices to solve health

related issues. Biomedical instruments ranges from ultrasound imaging machine to small

implantable pacemakers. It involves combination of engineering and biology to solve

health issues. They are mainly used to determine the concentration of the biological

substance. Bioengineering is a new evolutionary product that enhances the technology and

is cost effective. Recent progress is in the field of the biomaterials and biomedical

applications are also helpful in the field of drug delivery systems [11].

Biomedical engineering is classified into tissue engineering where it plays a vital role in

bodily fluids and tissues. They are currently working in the field of designing organs.

Recent discoveries include artificial urinary bladders. Tissue engineering also includes the

process of manipulating genes. Neural engineering is a technique where the neural system

will be enhanced. This technique is used to solve problems and analyze the difference

between neural tissue and nonliving tissues. Neural engineers work intensely to solve

designs related to neural tissues. Cognition and trending research in neural fields enables

us to study and analyze the pattern of training and functioning of neural structures for a

particular source of action.

Artificial intelligence in the field of medicine has opened sources to many noninvasive or

minimally invasive techniques for both diagnosis and treatment. Classification of biomedical

instruments includes the study of biomedical equipment. The measured quality will be

sensed such as temperature, pressure, and flow. The main advantage of classification is it

helps to measure the quantities easily. They are mainly useful for wired and wireless sensors

and actuators. Security systems have also extensively enhanced to save patients data. It is

specially designed to keep the patients data securely. Advancements in security system for

protection of data led to the use of biometrics for storage of confidential details.

Biomedical applications have been extensively used in biotechnological applications. It is

mainly used in wound dressings and suture processes. Coatings are very important for

blocking the antifouling effect. It has also good effects on collagen and gelatin that is

extensively used in biomaterials for drug delivery systems. Maintenance plays an

important role in drug delivery systems because target systems are marked for delivering

the medicine. Biomaterials specially produced for implants are designed with high

biocompatibility rate. Research oriented field of study in biomedical engineering.
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Software-based designing is performed and printed out to form volume-based structures in

different materials. Not only designing of implants but also instruments are designed for

fixing and positioning the implants at the exact location [12]. Especially in implant

surgeries, the location or region where the implant to be placed is analyzed through

imaging techniques and these images help in to develop a computerized layout for fixation

of the implants exactly at the correct region.

Medical imaging technique also comes under medical instrumentation. The physicians will

find it easy to view the size and location of the diseased organ. Medical or biomedical

imaging is a major sector related of medical devices used for imaging. They are widely

used in the field of radiology. Instrumentation is also involved in implantation such as it is

used to replace the missing organ. The material which is used to replace the organs is

made up of silicone rubber and titanium. Implants include cochlear implants and

pacemaker. Bionics is also a replacement of a biological structure. Bionics is mainly used

for organ replacement. Biomedical instrumentation is used for replacement of human

body. They work with the physicians for performing artificial body parts [13].

Clinical engineering is a special field in biomedical engineering which deals with the use

of medical equipment and technologies for clinical applications. Clinical engineers mainly

focus on supervising biomedical equipments and servicing the medical equipments. For

example, measuring of exact heart rate, saturation level of oxygen, blood pressure and so

on for the athletes and sports person is made possible using simple devices. It is

fashionable and invisible. These sensors can be embedded and integrated in clothes. Power

supply is needed for energy consumption [14,15].

Bio sensors specially designed to analyze any kind of electrical signals or energy derived

from the biological cells or bio chemical particles. Protein, amino acid, DNA structures,

Antibody, Enzyme chemical composition, Ionic substances in the cell structures and all

other internal substances can be analyzed and studied using the bio sensors which shown

in Fig. 3.2. Bio sensors study the energy released by the biological substances and

illustrate the results that can be interpreted for diagnosis of medical conditions [11].

Biomechanics is a special field of biomedical engineering which deals with study of usage

of mechanics by the living organism. Instrumentation in this field is related to sensors for

calibrating speed of the patient, sensing motor ability of the individual postphysiotherapy

treatment. Gait analysis and stabilizing the motor activities are performed with these

instruments designed. For diagnosis of the motor functions of the individuals, pre- and

posttreatment is obtained with the help of highly configured instruments. These

instruments are designed to record the motor activities and analyze them automatically.

Advanced signal processing is used in biomedical instrumentation. Fourier series signals

are used here. These types of transforms are used extensively in neuroimaging technique.
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In biomedical measurements, advanced machine learning algorithms are widely studied.

They are used in separating and defining the nature of the bio signals. Analog signals are

recorded from the human source for diagnosis and monitoring purposes. Numerous bio

signals can be derived from the human body. Each organ of the body produces electrical

signals defined as bio signals. Automatic equipment are specially designed to record these

low amplitude signals. Different circuits are used to obtain efficient signal [16].

Home based rehabilitation has also been widely evolved in recent years of biomedical

instrumentation. They have good accuracy and reliability. They are used to measure and

analyze the patient’s performance. It has been dependent on physiological and

environmental factors.

Instrumentation in biomedical engineering combines both the knowledge of engineering

and biology for developing health care. They are called for mainly to develop instruments

and devices to acquire information to solve all the new problems. It is an interdisciplinary

domain where engineers design several researchers explore from nanomedicine to robotics

in telesurgery. It is the application of electronics and measurement techniques to design

and fabricate the medical devices. They are used in diagnosis and treatment of a disease.

Computerized technologies play a vital role in bio instrumentation; here we use

microprocessors to do all the large number of small tasks in a single purpose instrument. It

is a simple method to implement the technique.

Biomedical field is a challenging field, where all the fields are involved in it. It is used to

educate the future researches to know about the government regulations regarding safety

standards and efficiency. Measurement is an important factor which is used in medical,

biomedical and health care fields. Because it forms the medical and evaluation, it is used

extensively in the field of biomedical instrumentation. Measurement is very important

Figure 3.2
Functioning of bio sensor for data analysis. Courtesy: https://www.mdpi.com/2079-6374/5/3/537/htm.
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because it is the ultimate first process in biomedical instrumentation. If measurement is

not proper, it results in the wrong decision of the patient.

Confidence is an important factor in biomedical instrumentation. Doctors and physicians

should believe and trust the results recorded by the instrument. If the instrument results are

not correct it results in dissatisfaction of patient. Sometimes it results in loss of a patient’s

life. So measuring the data is an important factor in hospital health care [17].

Instrumentation and measurements is used for continuous monitoring, imaging of patient

parameters. Advancements in today’s worldinclude touch screen, voice, and gesture

recognition. It has created a boom in the health care industry.

The main aspects of biomedical instruments include:

• Accuracy

• Reliability

• Portable

• Calibration

Calibration is mainly performed for proper working of instrumentation. Technology has

evolved in such a way that the medical facilities are brought to doorstep. Nowadays, it has

been embedded in the form of application in smart phones. Signal quality must be

improved for better results. Specialized equipment are inexpensive for biosensors. These

areas are specific areas where advancements are used in the form of gesture, voice

recognition.

3. Automation in the field of biomedical instrumentation

Automation plays a significant role in every industry in the world and also in our daily

experience. Automation is a transformation of work process or a procedure or equipment

to automatic rather than much human control or operation. Ford was the first company to

establish automation department in 1947, for designing electronic, chemical, hydraulic

parts etc. For years, the pharmaceuticals, automotive, chemicals/plastics, aerospace,

consumer, and electronics industries have employed automation technology to increase

productivity and reduce manufacturing costs. Later in 1970s automation entered the health

care industry right from the automatic execution/detection of any parameter in medical

image to the automatic production of medical equipment [18]. Automation has taken

several advances in every other industry in which the health care industry has never been

an exception. With human lives sometimes at stake, quality, reliability, and repeatability

are critical factors to be defined for the production of medical products. In the medical

field, for the past few decades automation has taken a very huge leap in the development
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of technologies that aid in advancing the diagnostic and therapeutic procedures i.e., right

from automatic interpretation in ECG machine to Robotic surgical procedure and from

recognizing a pattern to Artificial neural networks.

As time is a critical feature especially in a medical diagnostic field, the concept of

automation reduces the time delay for a large extent. With human lives sometimes at

stake, quality, reliability and repeatability are critical to the production of medical

products. Automation in diagnostic field has largely reduced manual errors and increased

the speed and precision of diagnosis. In general, there are three significant components in

an automatic process. They are sensor to detect the status of the system, actuator to

perform the control commands and the controllers for the program flow and for decision

making [19].

Some automation tools are Programmed Logic Controller (PLC), Programmed Automation

Controller (PAC), Distributed Control System (DCS), Artificial Neural Network (ANN),

Human Machine Interface (HMI), and Motion Control. Automation can either be fixed

where the control system is designed to perform one specific task at a time or automation

can be flexible where the system is designed or programmed to perform several tasks in a

given time duration.

Example for automation tools in instrumentation used as an assistive tool. Use of

programmed logic controllers in implementation of brainemachine interfaces (BMI)

mainly used for the aid of disabled people. This system design is for real-time

communication between the BMI and PLCs to control an electrical actuator that could be

used in devices to help the disabled. Motor imaginary signals extracted from the brain’s

motor cortex using an electroencephalogram (EEG) were used as a control signal. The

EEG signals were preprocessed and classified using simplified fuzzy adaptive resonance

theory mapping (ARTMAP) in which the classified signals are then translated into control

signals used for machine control via the PLC [20].

Use of automation in medical instruments can be described with another example,

electronic activity monitoring devices attached to the patients to analyze the physical

activities of knee and hip joints. In this case, the motor activities of the individual is

analyzed by monitoring the factors like speed, rotary angle, angular position of the knee

and hip joints and along with that all fundamental parameters are measured. Signals from

the joints are derived through sensors and monitored using the activity monitoring devices.

These devices function automatically to record and store the data related to the physical

activity of the patient. Thus, automation is involved in governing the activities of the

deformed anatomical structures in the human body. Automation used in different medical

sectors specifically in diagnosis and treatment processes.
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3.1 Automation in medical instruments

Faster diagnosis of any disease or disorder can lower the risk of complications to the

patients as treatment can be given at right time. Especially in the field of diagnostics, the

automation of instruments is evolving fast with high precision and accuracy. This can

allow more tests or diagnosis in a very short span of time and treatment at the earliest.

Laboratory equipment used nowadays are mostly semiautomated or fully automated.

Equipment such as biochemistry analyzers, cell counters, immunoassay analyzers used

today are fully automated where the operator just need to feed the urine or blood sample

at one end and the test results are obtained on the other end [21].

Laboratory automation is a latest boon where the handling of chemicals or samples

between the analyzing equipment has been automated either through conveyers or through

robotic arm depending on the complexity of the laboratory. In medical imaging,

automation has taken greater steps in MR imaging, CT scanning and emission tomography

imaging. Any pathology in the image found can automatically detect and the severity shall

be automatically deduced. For example, in MR imagining that is Magnetic Resonance

imaging the tumor can be automatically detected, 3D structure can be visualized and entire

dimensionality can be obtained. Nowadays, entire skull can be reconstructed in MR

scanning to understand the skull anatomy. This further helps in brain stimulation and

research purposes. 3D reconstruction of CT images is one of the latest techniques to

exactly locate the deformity and complexity of it [22].

In biosignals, for example in ECG signal processing, automation plays a role in pattern

detection and alarming on abnormal patterns of ECG and sudden changes in heart rate.

This is more beneficial in neonatal ICU. The software is trained with signal feedback and

ANN to improve the accuracy of pattern detection and classification. Automation is used

in different diagnostic instruments.

4. Automation in telerobotic surgeries

Robotics have paved path for many serious innovations and advancements in different

fields. In medical field, use of automatic robotic techniques was introduced to assist the

physicians in critical situations of surgeries. Surgical robots are designed with fully

automatic structures. A surgical robot is a device which can be controlled using its own

power and it can be programmed to aid the surgeons to carry out complex tasks in an easy

manner. Hence they can be best described as “extending human capabilities” rather than

“replacing human surgeons.” The arrival of surgical robotics in this era has guided a new

pathway to “[m]inimally invasive surgery,” where minimized surgical instruments were

used to make small incisions during surgeries. As a further advancement of this process,

telerobotic surgical systems were developed which led to many novel applications beyond
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the nuclear and industrial domains [23].The applications of tele robotic techniques in the

fields of medicine and health care have reduced the difficulties during diagnosis and

treatment of critical traumatic conditions. Origin and structural design of surgical robots

are explained in detail.

4.1 Origin of surgical robots

The word “Robot” was originated from the Czech word “Robota” meaning compulsory

labor. It was defined by the Robotic Institute of America as “It is a machine that performs

the mechanical functions of human being but it lacks sensitivity.” The surgical robots

came into existence after 1980s and their history is listed below in Table 3.1 as follows.

The robots designed for the health care sector is used for either diagnosis, treatment or

analytic study showed abrupt variations in the design and automatic mechanisms defined

for the functioning of the robots. These surgical robots decreased the mortality rate by

effectively increasing the efficiency of the physicians for diagnosis and treatment [24].

There are many different types of robotic surgeries defined for various functions are

described.

5. Types of robotic surgeries
5.1 Type-1 supervisorydcontrolled surgery systems

In this type of surgical systems, a human surgeon programs the robot. The surgeon

performs the necessary actions before the commencement of the surgery and the robots

Table 3.1: History of surgical robots.

Year Name of the surgical robots

1985 Programmable Universal Machine for Assembly (PUMA 560)
1988 Programmable floor robot (PROBOT)
1992 ROBODOC
1994 ZEUS Robotic Surgical System (ZRSS)
1997 Da Vinci
2001 Socrates Robotic Telecollaboration System
2006 Da Vinci S
2009 Da Vinci Si, iDrive Intelligent Power Unit
2009 Micro-robots and emerging field of nano-robots involving biology

and engineering
2010 SOFIE “Surgeon’s Operating Force-feedback Eindhoven” Surgical

Robot
2012 The Raven II
2012 Amadeus Robotic Surgical System
2014 Da Vinci Xi
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repeats the same. The surgeon should cautiously watch the robots activities during the

entire surgery so that he can intervene during the procedure if anything goes wrong.

The main drawback of this type is that, no adjustments can be made once if the input is

programmed. These are commonly used during hip and knee replacement surgeries.

5.2 Type-2 shared-control robotic surgery systems

This is a unique type of surgical system where the surgeon and robot share the surgery.

Here the surgeon does most of the work. The surgeon’s performance is monitored by the

robotic system which provides stability throughout the procedure. They are often used in

neurosurgery and orthopedic surgery.

5.3 Type-3 tele surgical robotic surgery system

Tele surgery is otherwise called as the remote surgery, in which a surgeon performs the

tasks at a distance from the patient. He controls the robot using a haptic interface. The

three types of Tele surgical Robots are namely (1) da Vinci surgical system; (2) ZRSS;

and (3) AESOP robotic surgical system. They are explained below as follows:

5.3.1 da Vinci Surgical System

The da Vinci Surgical System was manufactured by the American company “Intuitive

Surgical.” It was approved by the Food and Drug Administration in 2000. It makes use of

a minimally invasive approach to facilitate complex surgeries.

This system uses a 3D high-definition vision system and a tiny wristed instrument that

bends and rotates far greater than the human hand which translates the surgeon’s hand

movements into precise movements of tiny instruments inside our body thereby enabling

the surgeon to operate with an enhanced vision and control

5.3.2 ZEUS robotic surgical system (ZRSS)

ZEUS robotic surgical system (ZRSS) consists of an ergonomic surgeon console and three

table mounted robotic arms. It makes use of an endoscope through which the surgical task

can be performed. Out of these three robotic arms, the right and left arms were controlled

by the surgeon and he makes use of the third arm for magnified visualization of the

operative field [25].

5.3.3 Automated endoscopic system for optimal positioning (AESOP) robotic surgical system

Automated Endoscopic System for Optimal Positioning (AESOP) robotic surgical

system is one of the world’s first surgical robots certified by the US Food and

Drug Administration (FDA). This robotic system can be used for positioning and
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holding the endoscope in a minimally invasive surgery. It can be operated by foot

pedals [26].

6. Applications

The applications of surgical robots define the different sectors or departments of medicine

in which these surgical robots are used. Surgical robots describe the position, location and

angle of the abnormality to be removed from the body. They are also helpful for

performing minimally invasive techniques like endoscopy and laparoscopy [27]. Open

source robots which are designed with a reference database for analysis before indulging

in the surgical activities. Surgical robots are not only used as a surgery assistive tool but

also used in training the physicians during their course period. Virtual simulation of

surgeries for the students of medicine makes them more efficient. Automatic design of

analysis in the surgical robots helps them to perform surgeries virtually. Performance

of each physician during learning phase can be analyzed [28,29]. Further applications of

surgical robots of specified type in which field of medicine are tabulated below given in

Table 3.2 as follows:

6.1 PROS and CONS of surgical robots

6.1.1 PROS

• Faster recovery time

• Less pain

• Tiny Incision

• The subject can return to their normal activities after surgery within 2 weeks

• Reduced blood loss

• Reduces need for surgeon

Table 3.2: Applications of surgical robots.

Surgical robots Applications

DaVinci Cardiac Surgeries
ZEUS or Da Vinci system Gastrointestinal surgery, thoracic and

laparoscopic surgeries
Robotic Doppler Micro Probe Vascular identification in robotic microsurgical

procedure
NeuroArm Neurosurgery for both biopsy and microsurgery

Transrectal Ultrasound (TRUS) Prostate
Robotic System

Transrectal Ultrasound guided biopsy of prostate

The Raven II Open source surgery robot
Acrobot Sculptor Orthopedics

Cyber Knife Robotic System Radio surgery
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• Less operative time

6.1.2 CONS

• Highly Expensive

• Needs Regular maintenance

• Safety is not assured

6.2 The future of surgical robots

In the mere future, the surgical robots could be designed in such a way that they can

provide a tactile sensation, so that the surgeon can experience a feeling as that of

traditional procedures. Moreover, by the recent advancements, it would be possible to

maintain a greater distance between the surgeon and patient during the surgery.

Telerobotic system range can be increased in future for the benefit of all people in various

remote locations [30]. Physical performance of the physician at the locality may not be

necessary based on the automatic design of these robots in future.

Advancements in surgical robots should mainly focus on the design with fully automatic

structures that performs surgeries. Artificial intelligence to be interfaced with the robotic

systems is mainly to train and pattern these robots to perform a particular type of surgery.

Surgical procedures with very less invasion can be obtained with the advancements in

surgical robots. Further, new surgical procedures can also be developed in the upcoming

years. Surgical robots also a type of automatic instrumentation designed for welfare of the

health sector.

7. Automatic wireless sensor networking in biomedical instrumentation

Wireless sensor networking from the biomedical application perspective is defined in

detail. A wireless sensor network consists of large number of wireless devices connected

together to monitor the various parameters of the human body such as temperature, blood

pressure, heart rate, respiration rate etc. The wireless sensors sense the various parameters

and through any wireless transmission protocol the data is transmitted to the

microcontroller (computer/decision making device) which reads the data and displays the

data [31]. The most challenging aspects of designing the wireless sensor networking is

transmission range of wireless network, storage of data, signal processing (messaging,

routing, topology management), processing of data, signal security, and connectivity. This

chapter gives vivid description about the framework of wireless sensor networking for

wide range of biomedical applications to the readers and enables the readers to

understand easily about the various wireless sensors and its standards of use in health care

monitoring.
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The various physiological parameters of the human body that are measured using wireless

sensors are body temperature, ECG (heart rate), pulse rate, blood pressure. The need of

wireless sensors in biomedical applications becomes more adequate in recent times. The

biomedical wireless sensors acquire the sensor data from the subject, sends the data to the

controller. The controller transmits the data to the base station. The base station is

wirelessly connected to the receiver. The receiver receives data from the base station and

displays the data to the user [32].

Sensor System: The sensor node plays important role in WSN. The sensor system consists

of sensor nodes where the data from various subjects are sensed and collected in the

sensor node. The sensor system consist of three subelements: subsensor system, controller

system, communication system.

Subsensor System: The subsensor system converts the analog signal or analog sensed

data from sensor into digitized format. The digital conversion of data is more important

for transmission signal over WSN. The converted digital data are sent to controller system.

The subsensor system is connected to various other sensor nodes. The various sensors

nodes receive data from different locations, from different subjects.

Controller System: The controller system is also called as processing system. The data

collected from various sensor nodes and sensor subsystems are processed in controller

system. The controller system controls the sensor nodes and sensor subsystems. The

controller system consists of processors of high-speed transmission/reception of data with

huge memory capacity of storing the data. The controller system used in WSN should be

internet enabled system for transmission of data.

Communication System: The communication system is used as decision-making system,

that selects the protocol for communication with the receiver side and it selects the quick,

reliable, and easily accessible topology for communicating with the receiver. It acts as the

node for exchange of messages with the receiver side.

Base Station: The base station is very important element in WSN. The Base station is acts

as the gateway for host computers. Only through the gateway the sensor node data are

transmitted to the user side. All the Base station in the WSN will be connected to any

remote server for receiving the data toward the host computer [33].

The sensor system of the wireless network in general is defined in the block diagram

shown in Fig. 3.3.

8. Biomedical applications of wireless sensor networking

The most common wireless communication used for biomedical applications is Bluetooth

and Zigbee, because of its short range of communication (10 m) and efficient power
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management. Moving range of wireless signal/sensor acquisition to Body Area Network

(BAN) and Personal Area Network (PAN) for carrying important health care monitoring

information are next level of health care monitoring through WSN.

Common Requirements for WSN:

➢ Global Synchronization

➢ Two-way data communication

➢ Data retrieval

➢ Encryption

➢ Identification

➢ Authentication

➢ Power Consumption

➢ Error Detection/Correction

➢ On board or on Chip A/D conversion

➢ On board or on chip Microcontroller

8.1 IEEE 802.15.4

The IEEE 802.15.4 is the standard for physical layer and medium of access control for

Low Rate PAN. This is the basic standard for Zigbee communication. The various Zigbee

applications are House Automation/Monitoring, Industrial WSN, Remote sensing, health

care monitoring [34].

8.2 Open system interconnect layered architecture

The ISO standard for networking is OSI architecture is shown in Fig. 3.4. The main

concept of OSI is that the process of communication between two endpoints in a network

can be divided into seven distinct groups of related functions, or layers. Each

communicating user or program is on a device that can provide those seven layers of

function. In this architecture, each layer serves the layer above it and, in turn, is served by

the layer below it. So, in a given message between users, there will be a flow of data down

through the layers in the source computer, across the network, and then up through the

layers in the receiving computer.

Sensors Sensor Nodes Base Station Host 
Computer

Figure 3.3
Block diagram of wireless networking system.
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9. Network topology

The Zigbee network layer (NWK) supports different topologies like star, mesh and tree. In

a star topology, a single device network is defined as Zigbee coordinator. Zigbee

coordinator is necessary tool for start and maintenance of the devices in the network.

Other devices termed as end devices communicate with the Zigbee coordinator directly. In

mesh and tree topologies, the Zigbee coordinator is mainly used for starting the network

and also used to select particular key network parameters. But using Zigbee routers, the

network can be extended. In tree networks, routers move information and control

messages are sent through the network with the help of hierarchical routing strategy. Tree

networks make use of beacon-oriented communication as described in the IEEE 802.15.4-

2003 specification. Peer-to-peer communication is followed in mesh networks. A Zigbee

router designed in mesh networks does not emit regular IEEE 802.15.4-2003 beacons.

Architecture of Zigbee is shown in Fig. 3.5.

10. Bluetooth communication

Bluetooth is the simple wireless radio communication device used in recent trends to avoid

the cable and wired communication prototypes. Bluetooth Communication occurs between

Figure 3.4
Architecture of open system interconnect layered. Courtesy: https://store.chipkin.com/articles/bacnet-

how-is-the-bacnet-architecture-designed/.
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master and slave radio communication terminology. Each radio has 48-bit address fixed to

communicate with master and slave radio communication [35]. Two or more devices

connected together form an ad-hoc network called piconets. All units within a piconet

have their own frequency and hopping sequence pattern. Only a master can establish the

communication link first. The slaves connected to the piconet cannot communicate with

other slaves, communication established only with slave and master. A master in a piconet

transmits the even number slots and slaves take odd number slots. There will be only one

master for a piconet, but different slaves can participate on different piconet to single

master at Time Division Multiplexing Bias.

10.1 Bluetooth modules used for biomedical applications

The Various Bluetooth modules used in the biomedical applications are HC-05, HC-06, RS

232: TTL, BLE link Bee, BLE mini, Blue SMiRF, Bluetooth mate, JY-MCU, ITEAD BT,

etc. Among all the Bluetooth modules the HC-05 is commonly used modules. It is used as

Bluetooth Serial port prototype module. It can be easily programmed as master and slave.

It is fully enhanced with data rate 3 Mbps modulation with complete 2.4 Ghz radio

transceiver and baseband. It used adaptive frequency hopping technique and CMOS

technology.

11. Sensing technologies

There are two types of sensing technologies available for WSN for patient monitoring and

health care purpose. Type 1: Invasive Biosensor and Type 2: Noninvasive Biosensors. For

WSN the Noninvasive biosensors are preferred because of its power durability and long

connectivity.

Figure 3.5
Architecture of Zigbee. Courtesy: https://www.researchgate.net/figure/IEEE820154-ZigBee-protocol-stack-

architecture_fig2_265150617.
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11.1 Invasive biosensors for WSN

The invasive biosensors are used in sensing the bio signals and the biological activity of

the humans. It can also able to monitor and diagnose the vital parameters of the body. The

most important case in designing the invasive biosensors are it should be bio compatible

and it has long life time duration. The power source for the sensors should be compatible

and should produce less harm to the body. Mostly intercapacitive coupled or piezo electric

powered batteries are preferred in implantable biosensors. The size of the sensors should

be miniature in size. The implantable biosensors are used as biomarkers for sensing the

activity of the human body [36,37]. The various applications of implantable biosensors in

recent trends are saliva consumption estimation, glucose monitoring, nerve conduction

velocity monitoring, etc.

11.2 Noninvasive bio sensors for WSN

The Noninvasive Biosensors are mostly preferred in clinical applications for its low cost,

long durability, patient safety, power issues and connectivity toward WSN. The ECG is

monitored in the patient monitoring system. The available leads are 3e12 leads. The heart

rate is calculated using the ECG. In some patient monitors the respiration rate is

calculated using the ECG waveform. It is called as the ECG derived respiration rate. The

pulse rate is calculated using the pulse rate sensor. The pulse rate sensor consists of IR

Led transmitter and receiver which are placed on the index.

11.3 Respiration rate sensor

The respiration sensor is attached to a loop strap and long hook which is wrapped around

the chest or abdomen. In various applications, one sensor is always necessary to be placed

around the abdomen. Second respiration sensor is optionally placed around the chest. Two

sensors are used to analyze abdominal breathing exercises.

Unravel the strap and attach it to the abdomen (or torso) in such a way that the sensor is

placed in the front. The subject is allowed to breathe out to the extreme and later the

sensor is attached to reduce tension. The fit should be tight enough that the strap is fixed

even when the subject is in relaxed state. Over extension of the rubber strap around the

abdomen is avoided by promoting slack in the strap. The temperature of the body is

measured using temperature sensor that consists of thermistor that is used to measure the

body temperature.
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11.4 RF and antenna communication

RF transceivers are those which receive and demodulate the radio signals. It then

modulated to receive new signals. RF transceivers made up of an antenna which receives

transmitted signals and a tuner is used for separation of specific signal from all of the

other signals that is received by the antenna. Detectors or demodulators derive data or

information that was encoded in the system before transmitting the signals. Localized

interference and noise are limited using radio techniques. Transmission of new signal is

made possible by creating sine waves using oscillators which are encoded and broadcasted

as radio signals [38].

12. Selecting RF transceivers

Selecting RF transceivers requires a clear understanding about modulation methods and

radio techniques.

• Amplitude modulation (AM)

• Frequency modulation (FM)

• On-off key (OOK)

• Amplitude shift key (ASK)

• Frequency shift key (FSK)

• Phase shift key (PSK)

12.1 Specifications

• Important specifications for RF transceivers include sensitivity, output power, inter-

facing through communication, range of operating frequency, data rate, measurement of

the resolution and maximum transmission distance.

• Data rate is the number of bits per second that is to be transmitted.

• Sensitivity is the minimum input signal required.

• Communication interface is the method used for interfacing the output data or signal to

computers.

• General-purpose interface bus (GPIB) is the commonly used parallel interface.

• Universal serial bus (USB), RS232 and RS485 are common serial interfaces.

• Operating frequency is the range of signals that can be received and broadcasted.

• Measurement resolution is the minimum digital resolution of the signal provided.

• Maximum transmission distance is the largest distance by which the transmitter and

receiver are separated [39].
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12.2 Safety issues

The safety issues to be concentrated more on protecting the patient data on base station on

transmitter side and also from host side. The connectivity requires end to end encryption

of data for safety handling of patient data [40]. The wearable sensors must be carefully

designed so that to overcome power and heating issues. Due to continuous monitoring of

data the sensor might get heated. The heating issues of sensors should be controlled by

maintaining the environment temperature balanced.Among the topics that need detailed

tradeoff studies are:

(a) Miniaturization

(b) Antenna designs that effectively operate in the surrounding body environment

(c) Safety issues based on SAR distributions

(d) Communication link characteristics

This study is mainly related to biomedical applications. For example, implanted antennas

operate using a biomedical frequency band 402e405 MHz. Attention is given in designing

the antennas with miniaturized characteristics and proper functional ability in the tissue

environment [41].

The wireless sensor networking in biomedical application plays important role in health

care monitoring. The patient monitoring using wireless sensors and wearable noninvasive

sensors are more reliable and low cost for easy and long-term monitoring. The primary

goal for a best wireless sensor network is secured connectivity, long term connectivity, low

power consumption, more storage. One of the recent trend in wireless sensor connectivity

is IoT, which is connects the sensors to internet twenty-four-seven using applications and

data upload and download done via cloud computing etc. The IoT connects the patient and

physician real-time environment.

13. Recent advancements and applications in biomedical
instrumentation

Biomedical Instrumentation is the branch of instrumentation which deals with the

instruments used to measure the physiological parameters like pressure, flow, temperature

which are used for diagnosis and continuous monitoring of the patients by the physicians.

These instruments with automatic mechanism are also used for treatment and various

surgical procedures. Nowadays biomedical instruments become more necessary to

physician and the health care devices became mobile and portable.

Biomedical instruments can be divided as in-vivo (medical instruments within the body)

and in-vitro (medical instruments inside the laboratory).There are various application of
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medical instruments in different domain like medical devices in laboratories, Bio signal

analysis, medical imaging, clinical engineering, biotechnology, and genetic equipment,

implants, and bionics.

Due to manual error and requirement of continuous training, there is drastic increase and

advancement in evolution of automation in biomedical instruments. Manual testing may

lead to slow and prone mistakes this can be avoided by automatic operation of medical

devices. Instrumentation is used in different sectors of medicine and therefore application

of the instruments with automatic design has increased. This is mainly to rectify the

manual error generated and to increase the standard of the medical devices.

13.1 Biomedical instrumentation in medical imaging

The physicians are in need of looking inside the body directly or indirectly for better

diagnosis. The biological imaging technologies like X-ray, Computer Tomography (CT),

MRI, Ultrasonography, Fluoroscopy, Thermography, Positron emission tomography

(PET), Single Photon Emission Computed Tomography (SPECT) are designed

biomedical instruments used to visualize the body parts. These imaging modalities help

the physicians analyze and study the in-depth features of the body parts for diagnostic

purposes. X-ray and CT are mainly to diagnose the sections of the structural and

anatomical regions with abnormalities. Ultrasonography has developed to a greater

extent that movement and position of the fetus can be analyzed in seconds. Ultrasound

Imaging is used in diagnosis of various different abnormalities or deformities.

Functional Magnetic Resonance Imaging (f-MRI) is specially designed to analyze the

neurological disorders. In this type of imaging, functional regions of the organ (brain)

under study get highlighted for further analysis. Nuclear based imaging is performed for

better analysis of the affected regions that is specially used for tumor identification and

diagnosis of cancer.

3D visualization of the internal structures of the body enabled the positioning and analysis

of the affected region. Motion imaging helps to study and diagnose of numerous motion-

based dysfunctions of the organs. The latest biomedical instruments are used in real-time

visualization and it can also be digitalized for further reference. Real-time visualization is

used in techniques like laparoscopy, endoscopy and laser surgeries to assist the physicians

in treating the disorders or abnormalities. Real-time visualization using capsule endoscopy,

a best example for automatic imaging techniques defined to small capsule which is shown

in Fig. 3.6. Microchips embedded with camera lens, transmitter and receiver sensors are

used to capture the images internally [42].

Imaging techniques has advanced in such a way that performs scanning, analysis and

defines the state of the individual.
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13.2 Biomedical instrumentation in medical devices

Medical devices can be classified as diagnostic and therapeutic devices. The diagnostic

devices are used to diagnose and monitor the vital parameters derived from the body. The

diagnostic devices include thermometer, Bio signal recording instruments (ECG, EEG,

EMG, and so on), glucometer, pulse oximeter and patient monitoring system. The latest

technology like Energy Loss Optimization, Fuzzy Logic is used to Control Motor Drivers

for faster and accurate output. Automatic designing is to control the operations of the

instruments. In medical instruments, internal circuits are designed for performing the

functions of recording and analysis of data for diagnosis. When these instruments are used

for treatment purpose, the circuits are in built fed with all the necessary steps required for

the process [43].

Laser surgeries can be defined as the best example in which the instruments define the

range, distance, angle, position, type of radiation and amount of exposure for particular

type of abnormalities or medical condition described after diagnosis. Latest advancement

in automated medical devices is ultrahigh resolution image of tumor can be obtained using

MRI and high precision surgery can be achieved to remove the located tumor. But doing

this simultaneously is high impossible [44]. This can be achieved by piezo motor powered

MRI Robot.

13.3 Biomedical instrumentation in tissue engineering

Tissue engineering is a field which deals with combination of cells based on engineering

methods or techniques. Instruments used in this field are highly definite and used for many

applications. One among them is development of tracheas and solid jawbones from the

stem cells. Research is going on to develop the complete bio artificial organs which can

alter or replace the damaged natural organ. This is due to the advanced biomedical

instrumentation [45]. Genetic manipulation or gene modification for traditional breeding is

possible because of medical instruments.

Figure 3.6
Capsule endoscopy. Courtesy: https://www.dicardiology.com/article/capsule-endoscopy-systems-safety-

patients-cardiovascular-implants.
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Automatic design of equipment’s helps to make fine modifications in the genetic

combinations or amino acid codes. Novel drug manufacturing and delivery is also

achieved using medical instruments. Drug designing also requires automatic control

mechanism for illustrating the effect of the drug under research [46]. Open surgery

procedures for biopsy leads to tissue trauma and high recovery time this can be avoided

by using latest automated biopsy system [47]. This automated system consists of

disposable probe integrated with cannula and tissue chamber and a driver unit to produce

power to rotate the cannula and cutter. Automatic instrumentation is used in tissue

engineering helps to easy diagnosis even at cellular levels.

13.4 Biomedical instrumentation in implants and bionics

An implant is a replace of damaged or missing biological organ or a medical device that

assists a biological organ or used for diagnosis purpose. Mostly implants are in the form

of prosthetic devices which is mainly designed to replace the amputated body parts.

There are different types of implants that involve in delivering medication or drugs,

monitoring of body vital parameters and in different cases acts as an assistive tool to

damaged organs and tissues. In general implants are formed from skin, bone or other

body tissues. These implants can be produced synthetically using metal, plastic, ceramic

or other materials. Implants can be used permanently, or they can be removed if they are

not required further. For example, stents or hip implants are defined to be permanent.

But supportive ports or screws used to alter or repair the broken bones can be removed

when they are not needed. Designing of implants include instruments defined for

analyzing the structure of the implant through software and reconstructing it through the

required materials. Example for commonly used metallic implants is the knee joints.

These are implanted for patients with knee disorders especially in the case of total knee

replacements [48].

3D printers are efficient instruments used for constructing the implants or prosthetic

devices. The implants like artificial pacemaker and cochlear implants are electronics

embedded implants. These implants possess features which make them biocompatible

and described with automatic circuits for rhythmic functioning [49]. Automatic alarm

circuits are also defined for these electronic implants to indicate any type of internal

faults. External artificial body part that has the same biological and functional

structure to replace the missing biological organ is called bionics. Example for this

kind of system is bionic hand controlled by myoelectric signal which is shown in

Fig. 3.7.
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13.5 Biomedical instrumentation in clinical engineering

Laboratory instruments are used to perform tests or to obtain data from the samples.

Instruments like colorimeter, spectrophotometer, centrifuge, auto analyzer, and

fluoroscopy are used in laboratory to find the essential parameters and range of

chemical compositions to describe and diagnose the medical condition. Computed

tomography scanners, rapid HIV tests, real-time ultrasonography laparoscopic surgery,

and electronic health records are most common and notable examples for automatic

instrumentation in the laboratories [50]. Technology has developed in drastic range that

long lines in the pharmacy can be avoided by using fast robust compact and high

torque automatic prescription dispensing system. This system distributes tablets and

capsules, ointments with high accuracy. Computerized billing and storage of patient

details is mainly performed for storage and retrieval of the data for future analysis.

The automated histology process provides fast three dimensional views of molecular

structure.

13.6 Biomedical instrumentation in neural engineering

Neural engineering is the field of engineering interfaced with biological techniques to

replace, repair and analyze the neural systems. The aim of this type of biomedical field is

to analyze and provide solutions to neuroscience-related problems. This field of

engineering also deals with rehabilitative solutions for nervous system conditions. The

emphasis on engineering and quantitative methodology applied to the nervous system

distinguishes neural engineering from traditional areas in neuroscience such as

Figure 3.7
Myoelectric controlled prosthetic arm. Courtesy: https://www.nibib.nih.gov/news-events/newsroom/

implantable-sensors-improve-control-prosthetic-limbs.
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neurophysiology. The association of neuroscience and engineering defines neural

engineering separately from other engineering disciplines such as artificial neural

networks. Instrumentation in neural engineering deals with several fields such as brain

computer interface, neuroelectronics, neurotechnology, neuroimaging, neuroinformatics,

neurorobotics, neuromechanical systems, neuralcontrol, and so on. Instruments in all these

fields are used for interpreting the neural structures. Interpretation is mainly to analyze the

anatomical abnormalities or structural deformities in the nervous system [51]. Recent

advancements in the neural engineering field illustrate the use of automatic computer

interfaced prosthetic limbs for amputated individuals. Computer based controlling system

designed for the prediction and diagnosis of diseases. Artificial neural networks replicate

the nature of the biological neurons and defined new techniques like classification and

object recognition. Artificial intelligence plays a major role in automatic designing of

instruments for diagnosis and assisting the physicians during critical surgeries. Neural

engineering is full automated and computerized to enhance the state of the health care

sectors.

13.7 Biomedical instrumentation in rehabilitation engineering

Rehabilitation is a field for the designing, repairing and replacing of amputated limbs or

assistive tools for physically challenged individuals. Different prosthetic and orthotic

devices are designed as a assistive technology. Automated assistive devices are designed

with proper gait and appropriate motor functions for the physically challenged persons

[52]. There is more advancement in rehabilitation engineering with production of

motorized wheelchairs with automated controlled gears. Control mechanism defines the

use of servo motors and actuators in controlling the device structures for proper

functioning. Example for these devices can be ankle foot orthotic exoskeleton which acts

an external support for the stroke patients with diminished locomotary actions. There are

automated robot assisted rehabilitation devices to assist poststroke subject for recovery.

Ultrasound or Infrared based walking canes for visually challenged persons to identify or

recognize the objects before is designed which fully automatic and works at the press of a

switch [53].

Furthermore, innovative advancements are made in the field of rehabilitation.

Instrumentation designing with automatic mechanism is also useful in the developing

prosthetic and orthotic devices. Different rehabilitation devices are designed and developed

for the use of different physically challenged personalities.

13.8 Applications of automation in biomedical instrumentation

Best example for advancements in the field of instrumentation is embedding health care

modules to a drone and is widely used in delivering medical products or drugs to remote
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locations. Medical drones are used to carry medical equipment’s to regions prone to

disaster and damage. Drones are used in many ways to improve and provide medical

facilities to all regions even in remote areas of the world. Automation in biomedical

instrumentation is more effective for increasing the standard of the health care systems

[54].

Safety also plays a major role in developing the health care sectors. Electrical and

radiation safety of the instruments or equipment’s is necessary for the complete protection

of the patient. Electrical safety analyzers are designed for determining the leakage current,

voltage, and can also be used to define the damage in any internal circuits. Electrical

nature of the instrument is described with these safety analyzers. Automation is also

adopted by these instruments for accurate measurements of the flow of current or voltage

to the patient. Transmission of voltage from patient to system is analyzed using these

analyzers. Safety analyzer is specially designed for each instrument based on the

equipment’s internal design and features [55]. This safety analyzer for ECG machine

defines the leakage current and voltage in the electrodes and equipment system.

Radiation safety is also determined from the radiation-based instruments like CT, X-ray,

and so on. Radiation emitted by these equipment’s are analyzed and any leakage of

radiation will be detected through radiation safety analyzers. Automatic equipment’s for

the determination of radiation is developed [56]. Advancements in these detectors are

mainly focused in to define a cost effective design of detectors for analysis of radiation.

Medical instruments have led to various advancements in medical field. Automation led to

the development of different new equipment’s which is used for the diagnosis and

treatment. Technology played a vital role in implementing automatic mechanism in the

designing of the equipment. Computerized technology sophisticated the physicians and

helped the patients with proper health care and medical facilities. Thus, automation in

biomedical instrumentation is used in various applications in different fields of medicine.

14. Conclusion

Automation can be defined as a technological field in which any process or technique is

performed without any or minimal manual assistance. Integrating people and systems to

achieve automation is not a simple matter. Cognitive nature of the people is interfaced

with the computerized automatic mechanism in the devices for appropriate advancements

in the field of automation. Automation is used in instruments of various fields which is

developed and designed for functioning in different streams of engineering. Automation

deals with a wide range of applications from thermistor controlling the simple digital
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thermometer to a large industrial control system with several input measurements and

output control signals. In control complexity, automation of a system can range from

multi-variable high level systems to simple ONeOFF switch. Automation used in the

medical instruments is specially designed for the development of the health care sector

[57].

Medicine is a field of branches dealing with biological components functioning and

anatomical features. Each branch makes use of numerous automatic systems for various

purposes like diagnosis, analysis, research study, treatment and so on. Automation

designed for all the medical instruments is to make the health care more effective and

efficient. Biomedical instrumentation refers to the equipment’s specially designed with

sensors and circuits for diagnosis and treatment of different kinds of abnormalities.

Application of automatic mechanism occur in different medical instruments such as

recording instruments like ECG, EEG, EMG for diagnosis of abnormality related to the

regions producing the electrical activity. Automation is applied to all laboratory equipment

to test numerous samples at single cycle, thus leading to time consumption. Rehabilitation

another field of devices filled with automatic techniques that act as an assistive or

replacement tool [58,59].

Different fields of medicine make use of automation for the various sources of functions

even in biological nanotechnology for delivery of drugs and necessary minerals. Internal

circuits, time delay, alarming patterns and programmed control systems together define

automation in instruments. These setup organized in a medical equipment should be more

precise as it deals with the life of an individual. Automation is necessary for easy and

early diagnosis and treatment of life-threatening diseases or disorders. Continuous

calibration and monitoring of the instruments is required to prevent any disaster.

Instruments should be handled with care and proper guidance [60]. Rules and regulations

have been formulated for the instruments designed for the specific task of diagnosis,

treatment or analysis.

Medical instruments with automatic design and mechanism infringed in are useful for the

development and betterment of the health care and medical sector. Recent advancements

in the field of instrumentation led to new era for innovations in automatic designing.

Research and study is going on with all kinds of instruments to convert them fully

automatic. Thus, medical instruments developed and designed with automatic control

systems are useful to a larger extent for diagnosis and treatment.

References

[1] J.W. Clark Jr., M.R. Neuman, J.G. Webster, R.A. Peura, et al., Medical Instrumentation Application and
Design, fourth ed., John Wiley & Sons Inc., 2009.

[2] W. Boyes, Instrumentation Reference Book, fourth ed., Elsevier Inc., 2010.

98 Chapter 3



[3] A.M. Albisser, Intelligent instrumentation in diabetic management, Critical Reviews in Biomedical
Engineering 17 (1) (1989) 1e24.

[4] S.C. Mukhopadhyay, A. Lay-Ekuakille, Advances in Biomedical Sensing, Measurements, Instrumentation
and Systems, in: Lecture Notes in Electrical Engineering Book Series (LNEE), vol. 55, Springer, Berlin,
Heidelberg, 2010.

[5] J.D. Bronzino, Biomedical Engineering Handbook, second ed., vol. 1, CRC Press, 1999.
[6] A. Undar, Biomedical Instruments: Theory and Design, Control Engineering Practice, 1995.
[7] Bioengineering education, Journal of Clinical Engineering 11 (1986) 1e6, 1987; 12.
[8] R.B. Northrop, R.B. Northrop, Analysis and Application of Analog Electronic Circuits to Biomedical

Instrumentation, first ed., Taylor & Francis, 2003.
[9] Z.Q. Feng, M.K. Leach, X.H. Chu, Y.C. Wang, T. Tian, Electrospun chitosan nanofibers for hepatocyte

culture, Journal of Biomedical Nanotechnology 6 (2010) 658e666.
[10] N. Lessmann, B. van Ginneken, I. I�sgum, Iterative convolutional neural networks for automatic vertebra

identification and segmentation in CT images. Medical Imaging 2018: image processing, Proceedings of
SPIE (2018) 10574. https://doi.org/10.1117/12.2292731.

[11] Y. Fang, R.P. Ramasamy, Current and prospective methods for plant disease detection, Biosensors 5 (3)
(2015) 537e561, https://doi.org/10.3390/bios5030537.

[12] P. Agrawal, G.J. Strijkers, K. Nicolay, Chitosan-based systems for molecular imaging, Advanced Drug
Delivery Review 62 (2010) 42e58.

[13] A. Angeline Rajathi, Review on biomedical instrumentation/biomedical engineering and its various
applications, International Journal of Advanced Research in Electrical, Electronics and Instrumentation
Engineering 3 (3) (2014).

[14] J. Senarathna, A. Rege, N. Li, N.V. Thakor, Laser speckle contrast imaging: theory, instrumentation and
applications, IEEE Reviews in Biomedical Engineering 6 (2013) 99e110.

[15] B.D. McKean, D.A. Gough, A telemetry-instrumentation system for chronically implanted glucose and
oxygen sensors, IEEE Transactions on Biomedical Engineering 35 (7) (1988) 526e532.

[16] K.A. Ng, P.K. Chan, A CMOS analog front-end IC for portable EEG/ECG monitoring applications, IEEE
Transactions on Circuits and Systems I: Regular Papers 52 (11) (2005) 2335e2347.

[17] K.G. Tippey, M.B. Weinger, User-centered design means better patient care, Biomedical Instrumentation
& Technology 51 (3) (2017) 220e222.

[18] S. Gerovitch, Automation.Encyclopedia of Computer Science, fourth ed., John Wiley & Sons Inc., 2003,
pp. 122e126.

[19] J.R. Bright, The Development of Automation: Technology in Western Civilization, vol. 2, Oxford
University Press, New York, 1967, pp. 635e654.

[20] V. Jeyabalan, A. Samraj, C.K. Loo, Motor imaginary-based brainemachine interface design using
programmable logic controllers for the disabled, Journal of Computer Methods in Biomechanics and
Biomedical Engineering 13 (5) (2010) 617e623.

[21] M. Anson, Recent advances in biomedical instrumentation, Measurement and Control 18 (5) (1985)
166e168.

[22] O. Puonti, O. Puonti, K. Van Leemput, K. Van Leemput, J.D. Nielsen, J.D. Nielsen, C. Bauer, C. Bauer,
H.R. Siebner, H.R. Siebner, K.H. Madsen, K.H. Madsen, A. Thielscher, A. Thielscher, Skull segmentation
from MR scans using a higher-order shape model based on convolutional restricted Boltzmann machines.
Medical Imaging 2018: image Processing, Proceedings of SPIE (2018) 10574, https://doi.org/10.1117/
12.2293073. https://doi.org/10.1117/12.2293073.

[23] A. Chaudhary, et al., Robotic surgical systemsda review, International Journal of Applied Engineering
Research 9 (11) (2014) 1289e1294.

[24] R.D. Howe, Y. Matsuoka, Robotics for surgery, Annual Review of Biomedical Engineering 1 (1999)
211e240.

[25] http://www.4spin.info/application.

Biomedical instrument and automation 99

https://doi.org/10.1117/12.2292731
https://doi.org/10.3390/bios5030537
https://doi.org/10.1117/12.2293073
https://doi.org/10.1117/12.2293073
https://doi.org/10.1117/12.2293073
http://www.4spin.info/application


[26] B.S. Tiffany Leung, D. Vyas, Robotic surgery: applications, American Journal of Robotic Surgery 1 (1)
(2014) 1e64.

[27] P.N. Dogra, Current Status of Robotic Surgery in India, JIMSA, 2012.
[28] http://edition.cnn.com/2006/HEALTH/conditions/04/03/engineered.organs/index.html?_s¼PM:HEALTH.
[29] https://www.roboticoncology.com/history-of-robotic-surgery/.
[30] A. Taḱacs, et al., Origins of surgical robotics: from space to the operating room, Acta Polytechnica

Hungarica 13 (1) (2016) 13e30.
[31] C. Min, P.C. LeiJianmei, G. Xingming. Time synchronization in wireless physiological information sensor

network, in: Proceedings of the 2005 IEEE Engineering in Medicine and Biology 27th Annual
Conference Shanghai, China, September 1e4, 2005.

[32] A. Hadjidj, A. Bouabdallah, Y. Challal, Rehabilitation supervision using wireless sensor network, in:
IEEE International Symposium on a World of Wireless, Mobile and Multimedia Networks, 2011, https://
doi.org/10.1109/wowmom.2011.5986123.

[33] I. Al Khatib, M. Ismail, WNoCda microelectronic system architecture suitable for biomedical wireless
sensor networks, in: 48th Midwest Symposium on Circuits and Systems, 2005, https://doi.org/10.1109/
mwscas.2005.1594359.

[34] S.-L. Chen, H.-Y. Lee, C.-A. Chen, C.-C. Lin, C.-H. Luo, A wireless body sensor network system for
healthcare monitoring application, in: 2007 IEEE Biomedical Circuits and Systems Conference, 2007,
https://doi.org/10.1109/biocas.2007.4463354.

[35] J.-L. Lin, H.-C. Liu, Y.-T. Tai, H.-H. Wu, S.-J. Hsu, F.-S. Jaw, Y.-Y. Chen, The development of wireless
sensor network for ECG monitoring, in: 2006 International Conference of the IEEE Engineering in
Medicine and Biology Society, 2006, https://doi.org/10.1109/iembs.2006.259711.

[36] L. Zhang, X. Wu, Recent progress in challenges of wireless biomedical sensor network, in: 2009 3rd
International Conference on Bioinformatics and Biomedical Engineering, 2009, https://doi.org/10.1109/
icbbe.2009.5163284.

[37] M. Mercuri, P. Karsmakers, B. Vanrumste, P. Leroux, D. Schreurs, Biomedical wireless radar sensor
network for indoor emergency situations detection and vital signs monitoring, in: 2016 IEEE Topical
Conference on Biomedical Wireless Technologies, Networks, and Sensing Systems (BioWireleSS), 2016,
https://doi.org/10.1109/biowireless.2016.7445554.

[38] K. Lorincz, B. Kuris, S.M. Ayer, S. Patel, P. Bonato, M. Welsh, Wearable wireless sensor network to
assess clinical status in patients with neurological disorders, in: 2007 6th International Symposium on
Information Processing in Sensor Networks, 2007, https://doi.org/10.1109/ipsn.2007.4379727.

[39] T.C. Gayathri, C. Gomathi, N. Santhiyakumari, Energy efficient and node selection technique for wireless
body sensor network, in: 2015 International Conference on Communications and Signal Processing
(ICCSP), 2015, https://doi.org/10.1109/iccsp.2015.7322913.

[40] R. Chandrasekaran, S.U. Farheen, R.J. Hemalatha, A.J.A. Dhivya, T.R. Thamizhvani, IOT based e-
Healthcare system, International Journal of Engineering and Technology-UAE 7 (2.25) (2018) 43.

[41] R.A. Rashid, M.R.A. Rahim, M.A. Sarijari, N. Mahalin, Design and implementation of wireless
biomedical sensor networks for ECG home health monitoring, in: 2008 International Conference on
Electronic Design, 2008, https://doi.org/10.1109/iced.2008.4786688.

[42] D. Bandorski, R. Höltgen, D. Stunder, et al., Capsule endoscopy in patients with cardiac pacemakers,
implantable cardioverter defibrillators and left heart assist devices, Annals of Gastroenterology 27 (1)
(2014) 3e8.

[43] https://www.mayoclinic.org/tests-procedures/robotic-surgery/about/pac-20394974.
[44] H. Su, D.C. Cardona, W. Shang, A. Camilo, G.A. Cole, D.C. Rucker, R.J. Webster III, G.S. Fischer,

A MRI-guided concentric tube continuum robot with piezoelectric actuation: a feasibility study, in: 2012
IEEE International Conference on Robotics and Automation, RiverCentre, Saint Paul, Minnesota, USA,
May 14e18, 2012, pp. 1939e1945.

[45] P.S. Sona, Nanoparticulate drug delivery systems for the treatment of diabetes, Digest Journal of
Nanomaterials and Biostructures 5 (2010) 411e418.

100 Chapter 3

http://edition.cnn.com/2006/HEALTH/conditions/04/03/engineered.organs/index.html?_s=PM:HEALTH
http://edition.cnn.com/2006/HEALTH/conditions/04/03/engineered.organs/index.html?_s=PM:HEALTH
https://www.roboticoncology.com/history-of-robotic-surgery/
https://doi.org/10.1109/wowmom.2011.5986123
https://doi.org/10.1109/wowmom.2011.5986123
https://doi.org/10.1109/mwscas.2005.1594359
https://doi.org/10.1109/mwscas.2005.1594359
https://doi.org/10.1109/biocas.2007.4463354
https://doi.org/10.1109/iembs.2006.259711
https://doi.org/10.1109/icbbe.2009.5163284
https://doi.org/10.1109/icbbe.2009.5163284
https://doi.org/10.1109/biowireless.2016.7445554
https://doi.org/10.1109/ipsn.2007.4379727
https://doi.org/10.1109/iccsp.2015.7322913
https://doi.org/10.1109/iced.2008.4786688
https://www.mayoclinic.org/tests-procedures/robotic-surgery/about/pac-20394974


[46] P. Watts, A. Smith, PecSys: in situ gelling system for optimised nasal drug delivery, Expert Opinion on
Drug Delivery 6 (2009) 543e552.

[47] http://repairstemcell.wordpress.com/2009/10/11/jaw-bone-created-from-stem-cells-bbc-news/.
[48] N. Caplan, D.F. Kader, A comparison of four models of total knee-replacement prostheses, in: Classic

Papers in Orthopaedics, Springer, London, 2013, pp. 169e171.
[49] K. Englehart, B. Hudgins, A robust, real-time control scheme for multifunction myoelectric control, IEEE

Transactions on Biomedical Engineering 50 (7) (2003) 848e854.
[50] M.M. Lubran, Automation in the clinical laborator, Clinical Pathology Review 3 (4) (1984).
[51] D.M. Durand, What is neural engineering? Journal of Neural Engineering 4 (2006).
[52] https://www.micromo.com/applications/medical-lab-automation-equipment.
[53] J. Sakhardande, P. Pattanayak, M. Bhowmick, Smart cane assisted mobility for the visually impaired.

World Academy of Science, Engineering and Technology, International Journal of Computer, Electrical,
Automation, Control and Information Engineering 6 (10) (2012) 1262e1265.

[54] A.J.A. Dhivya, R.J. Hemalatha, T.R. Thamizhvani, J.E. Joseph, B. Babu, R. Chandrasekaran, Medical
droneda life saver in emergency situations, International Journal of Engineering and Technology-UAE 7
(2.25) (2018) 14e16.

[55] F.J. Weibell, Electrical safety in the hospitald1974, Annals of Biomedical Engineering 2 (2) (1974)
126e148.

[56] J.A. Dhivya, R. Chandrasekaran, J.E. Joseph, T.R. Thamizhvani, S.K. Arun, V. Manoj, Implementation of
wearable radiation detector, International Journal of Engineering and Technology-UAE 7 (2.25) (2018)
17e19.

[57] K. Thomas, Robotics and Automation Handbook, first ed., CRC Press/Taylor & Francis Group, 2004.
[58] N. Yadav, G.A. Morris, S.E. Harding, S. Ang, G.G. Adams, Various non-injectable delivery systems for

the treatment of diabetes mellitus, Endocrine, Metabolic & Immune Disorders-Drug Targets 9 (2009)
1e13.

[59] D. Baird, Analytical chemistry and the ’big’ scientific instrumentation revolution, Annals of Science 50
(1993) 267e290.

[60] N.A. Anderson, Instrumentation for Process Measurement and Control, third ed., CRC Press, 1998,
pp. 8e10.

Biomedical instrument and automation 101

http://repairstemcell.wordpress.com/2009/10/11/jaw-bone-created-from-stem-cells-bbc-news/
https://www.micromo.com/applications/medical-lab-automation-equipment


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

  

 

 



 



 



 















































































































Proceedings Of The National Conference On

‘BIORESOURCES 

IN 

HUMAN WELLNESS’

DEPARTMENT OF BIOCHEMISTRY
SCHOOL OF LIFE SCIENCES

VISTAS 

ORGANIZED 
By

26th & 27th February 2019



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

Message
from the Vice Chancellor’s  desk

Prof. P. Swaminathan, PhD, FIE                                 22nd February, 2019                                 
Vice-Chancellor
VISTAS

I am happy to note that the Department of Biochemistry, School of Life

Sciences, VISTAS is conducting a National level conference on “Bioresources

in Human Wellness” on 26th and 27th of February, 2019.

Nature is considered as the unlimited mine for molecules for a wide range of

applications. For centuries, molecules derived from animal, plant and microbial

cells are the main ingredients in health and wellness products. Bioresources

refer to phytochemicals or active compounds derived from animals, fungi, or

insects which are proven to be effective natural health product, useful in

preventing or treating illness, or optimizing body function.

The conference aims in bridging the gap between the valid use of bioresource

and its application on human wellness. I congratulate the Organizing Committee

for organizing a conference on the said topic and anticipate that the Plenary

lectures will be beneficial to the students and young researchers. My best

wishes to the “Organizing Committee” for the successful conduct of the

conference.
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Prof. Dr. R. Dinakaran Michael

Dean of Life Sciences and

Director, Centre for Fish Immunology

School of Life Sciences

VISTAS, Chennai-117

I am very happy to know that the Department of Biochemistry, School of Life

Sciences of our university is organizing a 2 day national conference on an

important theme, “BIORESOURCES IN HUMAN WELLNESS on 26th and

27th February, 2019. The theme of the conference is interesting in a way since it

is Bioresources in ‘human wellness’ and not ‘human health and wellness’. Are

health and wellness same or different? Health is defined as the overall mental

and physical state of a person and perhaps the absence of disease. Wellness is

more than being free from illness. Wellness refers to the state of being in

optimal mental and physical health. Wellness is an active process of becoming

aware of and making choices toward a healthy and fulfilling life. Thus, wellness

includes health and so the conference will hopefully have inputs on bio-

resources for human health and human wellness as well. I congratulate the

organizers for planning to conduct conference on such an important theme in

the context of numerous and diverse diseases and newer health conditions due

to deteriorating air, water and over all environmental condition.

I am sure all the conference participants, young and not so young would greatly

benefit from listening to experts in the field who are going to share their

experiences and research findings on various bio-resources contributing to our

health and wellness. The participants would also be greatly benefitted by

interacting with the experts and also among themselves during the ample

opportunities provided by the organizers. I congratulate my colleagues from the

Department of Biochemistry for organizing such an important and interesting

conference and I wish them all a great success in their endeavour.
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Human wellness is generally associated with good nutrition, dietary

supplements, physical fitness and mental fitness. In general, many consumers

are increasingly interested in more natural and less processed products. The

wellness concept is centred on the idea that the mind, body, spirit, community

and environment are inter-related and inter-dependent. People are starting to

realize the extent of pro-active control that they can have on their health and

well-being.

This conference serves to provide a platform for people associated with the

wellness industry to disseminate knowledge and share ideas. The conference

aims to bring academicians, scientists, traditional practitioners, conventional

health providers, complementary health providers, decision makers and policy

makers forward for sharing of views and experiences.

Forthwith, the conference intends to gather and promote active participation

from various related sectors. Effective collaboration and knowledge sharing in

the field would be beneficial to the industry

Dr. V. Vanitha, Head



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

Resource Person’s Message



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 
Organizing  Committee

Chief Patron
Dr. Ishari K. Ganesh, Chairman

Patron
Dr.  A. Jothi Murugan, Vice President, (Planning & Development) 

Dr. P. Swaminathan, Vice Chancellor

Dr. A. R. Veeramani, Registrar

Dr. S. Venkataraman, Controller of Examinations

Dr. R. Dinakaran Michael, Dean, School of Life Sciences

Convenor
Dr. V. Vanitha, Head 

Co- Convenor
Dr. K. G. Kripa

Dr. R. Sangeetha

Organizing Secretary
Dr. R. Padmini

Members
Dr. K. Gayathri

Dr. S. Perumal

Dr. N. Sathya Prasad

Mrs. L. Anna Sheba

Dr. S. Geetha

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 
Programme Schedule

DAY 1
9.00 am Registration
10.00 am Invocation

Welcome address Dr. V. Vanitha
Associate Professor & Head 
Department of Biochemistry
VISTAS

Felicitation Dr. A. R. Veeramani, Registrar, 
VISTAS
Dr. R. Dinakaran Michael
Dean, School of  Life Sciences VISTAS

Presidential Address Dr. P. Swaminathan
Vice Chancellor, VISTAS 

Key Note Address Dr. K. Kanakavalli
Director General,
Central Council for Research in Siddha 
(CCRS), Ministry of AYUSH, 
Govt. of India

11.00m Tea Break

11.20am Plenary Lecture - 1 Dr. V. Gopal,
Registrar Academic,  
Mother Teresa  Post Graduate and 
Research Institute of Health Sciences, 
(A Government of  Puducherry
Institution)

12.30pm Lunch
2.00 pm Plenary Lecture – 2 Dr. Rathinamala

Research Officer (S)
Siddha Regional Research Institute
Under Central Council for Research in 
Siddha (CCRS), Puducherry, 
Ministry of AYUSH, 
Govt. of India

3.00pm Tea Break

3.20 pm Poster Presentation

Closure of Day 1
DAY 2
10.00 am Paper Presentation Session I
11.00 am Tea Break
11.20 am Paper Presentation Session II
12.30 pm Lunch
1.30 pm Valediction 

Prize distribution
Vote of Thanks
Closure of Day 2
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MEDICINAL PLANTS IN HUMAN WELLNESS

V. Gopal
Principal, College of Pharmacy and Registrar Academic, Mother Theresa Post
Graduate and Research Institute of Health Sciences, A Government of Puducherry
Institution, Puducherry – 6

If even one new drug of the stature of penicillin or digitalis has been unjustifiably

banished to a company's back shelf because of exceedingly stringent regulatory

requirements, that event will have harmed more people than all the toxicity that

has occurred in the history of modern drug development

- William Wardell

Indian Systems of Medicine (ISM) are one of the oldest and well documented

health traditions in the world. Core strength in these systems is the holistic

approach to health and disease using natural substances derived from medicinal

plants, minerals and animal sources. Drug discovery based on ISM information is

a key path towards the discovery of new drugs in modern medicine. Transferring

traditional wisdom of ISM therapeutics in the light of western science is a hot spot

of research. Nearly 25% of modern medicines are derived from plants first used in

traditional medicine; to site an example, is the research on the Indian drug

Rauwolfia.

In 1931, Sen and Bose reported two alkaloids from Rauwolfia serpentina, Siddiqui

and Siddiqui in same year isolated five alkaloids which named as Ajmaline,

Ajmalinine, Ajmalicine, Serpentine, and Serpentinine. Chopra and his colleagues

in 1933 isolate an alkaloid from the plant and observed the hypotensive and CNS

depressant activity. Several others investigations had also been made by the Indian

researchers in subsequent years. In 1949, a historical paper by Dr Vakil in British

Heart Journal reported the antihypertensive activity of Rauwolfia in patients.

During that time nearly 90% of doctors in India used it as a routine hypotensive

drug and about 50 million tablets had been sold by a manufacturing agency alone.

Reverse pharmacology is an approach where discovery of leads/formulations is

based on the documented clinical experiences and scientific observations through

series of studies. Reverse pharmacology based on ISM knowledge concentrate on

the reversing routine ‘laboratory-to-clinic’ development to ‘clinics-to-

laboratories’. This process is highly useful to find better and safer leads.

National/international research discovered a number of drugs from plant which
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has been used in the Indian traditional medicine since ancient time, like Vasicine

and Vasicinone from Adhatoda vasica, Bacosoids from Bacopa monnieri,

Tylophorine from Tylophora indica, Conessine from Holarrhena

antidysentrica, Morphine and Codeine from Papaver somniferum, Sarsasapogenin,

Asparanin A and Asparanin B from Asparagus adscendens, Shatavarin

from Asparagus racemosus, Atropine from Atropa belladonna, Glycyrrhizin

from Glycyrrhiza glabra, Aloin from Aloe vera, Protodioscin from Tribulus

terrestris, Trigonelline from Trigonellafoenum-graecum, Catechin from Acacia

catechu, Withanolides from Withania somnifera, Tinosporic acid from Tinospora

cordifolia, Aegelin and Marmelosin from Aegle marmelos, Asiaticoside

from Centella asiatica, Emetine from Cephaelis ipecacuanha, Psoralen

from Psoralea corylifolia, Glycyrrhizin from G. glabra, Boeravinones

from Boerrhavia diffusa, Berberine from Berberis aristata, Plumbagin

from Plumbago indica, Curcumin from Curcuma longa, Podophyllin

from Podophyllum emodi, Jatamansone from Nardostachys jatamansi,

Quassinoids from Ailanthus spp., Arjunolic acid from Terminalia arjuna,

Gingerols from Zingiber officinale, Allicin from Allium sativum, Nimbidin

from Azadirachta indica, Forskolin from Coleus forskohlii, Pilocarpine

from Pilocarpus jaborandi, Diosgenin from T. foenum-graecum and plants

of Dioscorea spp., Vinblastine and Vincristine from Catharanthus roseus and

many more.

A number of approaches have been formulated toward the mainstreaming of ISM

medicine in healthcare system. ‘Romantic approach’ suggested that ISM medicine

is good as such and should be maintained as it is, ‘Trans-cultural and

transdisciplinary synergy approach’ support the fact that ISM and western sciences

recognize that they stand for one type of knowledge among others and that

information is always culturally entrenched and forming part of historic advance,

‘Syncretic approach’ considered to be merging two system to form a new system,

in ‘Complementarity approach’ one system provides as supportive role to

another. But ‘Evidence based approach’ to utilize both western as well as ISM

medicine in conjunction could be the best option to provide healthcare facility to

all.
The cost of research, development and testing of a new drug is vastly greater than
the cost of each dose produced. How should we pay for new medicines?
Innovators should be rewarded according to the impact of their medicine, and
people should contribute to these rewards according to their ability to pay.
-Thomas P
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SIDDHA MEDICINE - UN HUNTED TREASURE TROVE OF 
BIO RESOURCES

R. Rathinamala
Research Officer (Siddha), Siddha Regional Research Institute (CCRS),
Kuyavarpalayam, Puducherry – 605013.

Globally, there is a positive trend in favour of traditional and integrative health

sciences both in research and practice. There are common approaches to drug

discovery including use of chemical biology, serendipity, chemical synthesis,

combinatorial chemistry and genomics. However, the innovative approaches

involve ethno pharmacology, reverse pharmacology, holistic, systems biology and

personalized medicine. About 60% of anticancer and 75% of anti-infective drugs

approved from 1981 to 2002 could be traced to natural origins. Natural products

from traditional medicine are routinely used and hence their tolerance and safety

are relatively better known than other synthetic chemical entities entering first in

human studies. Indian subcontinent is well known for its diversity of forest and the

age old healthcare tradition. However, the abundant living and non-living

resources of India still lie unexplored and un-utilized.

Siddha medicine is one of the age old healthcare systems, which is popular in

southern peninsular region of India especially among Tamil speaking people. It

has a rich legacy that has come down to us as a gift of byproduct in the process of

attaining search for Siddhi i.e. Perfection. It is based on the principles of the

Mukkuttram (Vali, Azhal, Iyyam) theory which lays more emphasis on the humoral

approach.

The Materia Medica of Siddha Medicine is very vast compared to that of other

indigenous systems of medicine. The drug resources have been categorized into

Mooligai (Plant products), Thathu (Metals and minerals) and Jeevam (Animal &

marine products).

In Siddha, herbal medicines are used for the first line of management for diseases.

When the effective results were are not obtained with herbal formulations metals

and minerals are used. It is denoted in the Siddha classics as

“Veru paru thazhai paru minginakkal

Mella mella parpam chenduram paare”
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Around 900 plants are used in Siddha and 150 plants are exclusive. Herbs grow in

all over India were used (Eg Saffron, Aconite and licorice). Indigofera

Aspalathoides, Oldenlandia umbellate, Aristolochia bracteolata, Solanum

trilobatum, Corallocorpus epigaeus, Barringtonia acutangula, Acalypha indica,

Acalypha fruticosa, Melotheria maderaspatana are some of the excluisve herbs

used in Siddha.

Siddha makes use of mineral and herbomineral preparations to a larger extent.

The metals and minerals are classified into Uloagam, Padaanam, Kaarasaaram,

and Ubarasam. Totally 220 inorganic substances were described in Siddha Materia

Medica.

Many drugs of animal origin were extensively used by the Siddha physicians.

Milk, honey, curd, butter, conch shell, cowry, horns, musk, civet are some

examples.

Siddha literatures cover intricacies on various inorganic pharmaceutical

preparations that encompass usage of metals, minerals, animal products and salts

with or without plant drugs. These inorganic groups of drugs are usually

appreciated for their smaller dosage, long shelf life and easy palatability, most

importantly for their sustainable quicker results in wide range of degenerative

diseases, immunological diseases, gastrointestinal diseases etc.. Extensive research

has been conducted in drugs of plant origin, but very little research has gone into

drugs of inorganic origin and faunal origin.

Siddha literatures carry information about selection of drugs, meticulous

descriptions on drug processing, administration methods, and indications for

various human ailments. Sharing such resources is essential for optimizing

knowledge production. This is especially true in biological and medical sciences

with the development of large-scale biology in the –omics era. Integrating

documented clinical experiences and experiential observations into leads by trans-

disciplinary exploratory studies and further developing these into drug candidates

or formulations through robust preclinical and clinical research will provide better

and safer leads.
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List of Abstracts – Oral Presentation

Abstract No Title

OP01 Preparation and characterization of biodegradable nanoparticles using green
synthesis

OP02 Beta-caryophyllene enhances paclitaxel induced cytotoxicity in human breast
cancer

OP03 Analysis of anticoagulant and thrombolytic activity of alkaloid fraction of
Acalypha indica extract by molecular docking

OP04 GC–MS analysis and antimicrobial activity of various solvent extracts from
Simarouba glauca leaves

OP05 Nanoparticles and their applications in obesity

OP06 A biochemical study on the effect of sodium valproate in epileptic children

OP07 A biochemical study on antioxidant status and oxidative status in maternal
and cord blood of preterm infants

OP08 An approach to degrade polyethylene terephthalate using microbial
metabolites

OP09 A bimetallic –graphene hybrid nano system for the management of
chlorinated phenols in aqueous phase

OP10 Proliferation analysis of bone marrow derived stem cells on bioscaffold

OP11 Influence of propyl thiouracil on the expression of growth factors and their
receptors in primary psoriatic keratinocytes from patients

OP12 Biological synthesis and characterization of gold nanoparticles using Azolla

pinnata and its antioxidant, antibacterial and anti-proliferative activity
against MCF7 cell line

OP13 Phytochemical analysis and in vitro synergistic activities of Garcinia

cambogia

OP14 In-vitro Anti-diabetic analysis and GC-MS analysis of ethanol extract of
Cissus quadrangularis L.

OP15 Plant derived antioxidants and its medicinal benefits



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

OP01

Preparation and characterization of biodegradable nanoparticles using green

synthesis

Kavitha Loganathan and Vijayalakshmi Krishnamurthy

Department of Biochemistry, Bharathi Women’s College, Chennai.

Email: viji42research@yahoo.co.in

Nanoparticles are sub-nano sized colloidal drug delivery system with particle size

ranging from 10-1000 nm in diameter. The aim was to characterize the natural

polymeric biodegradable nanoparticles such as bovine serum albumin, egg

albumin and gelatin by green synthesis using Leucas aspera and Centella asiatica.

Nanoparticles were prepared and characterized. The leaves of Leucas aspera and

Centella asiatica were taken as an extract for the preparation of nanoparticles. The

biodegradable nanoparticles such as bovine serum albumin, egg albumin and

gelatin were prepared by desolvation method and it was characterized by

absorption spectra and scanning electron microscope (SEM). The biodegradable

nanoparticles such as bovine serum albumin, egg albumin and gelatin were

characterized by absorption spectra and scanning electron microscope. The

absorption spectra of biodegradable nanoparticles show the peaks between 200-

500nm and the morphology of prepared biodegradable nanoparticles were studied

by scanning electron microscope (SEM). The result of this investigation highlights

the preparation of bovine serum albumin, egg albumin and gelatin nanoparticles

and their characterization implicate their usage in various fields. Further work is

being carried out by detecting the best plant source for nanoparticles preparation

and their characterization and evaluate the anti-Parkinson potential of these

biodegradable nanoparticles using SHSY5Y cell lines.

mailto:viji42research@yahoo.co.in
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OP02

Beta-caryophyllene enhances paclitaxel induced cytotoxicity in human breast

cancer

Santhosh Arul and Haripriya Dayalan

Department of Biotechnology, Rajalakshmi Engineering College (Affiliated to

Anna University, Chennai), Thandalam, Chennai

Triple negative breast cancer are aggressive and lack receptors, alternate therapy is

inevitable. Beta caryophyllene (BCP) is a natural cannabinoid found in many

essential oils. BCP is well known for its anesthetic, antifungal, anti-inflammatory

action. BCP was reported to have cytotoxicity activity against many cancers;

however how it mediates its action remains elusive. Paclitaxel (PTX) a natural

derivative is an approved standard drug to treat cancer due to its ability to arrest

mitosis in cells. In the present study we studied the effect of BCP, PTX alone and

in combination. We performed MTT assay, clonogenicity assay to study the anti-

proliferative effect. Apoptosis was measured by Flow cytometry with Annexin

FITC. Reactive oxygen species and mitochondrial memberane potential were

monitored by levels of DCFH fluorescence and Rhodamine 123 fluorescence

respectively. Furthermore protein levels of key signaling pathway MAPK was

studied by western blot. Results showed that BCP, PTX alone and in combination

showed synergistic effect significantly reducing cell proliferation. The anti-

proliferative effect was mediated by increased ROS production. Protein expression

of MAPK was upregulated and expression of Akt and NFkB was downregulated

by treatment with drugs. Results from the present study prove that Beta-

caryophyllene and Paclitaxel synergistically act against human breast cancer cells

MDA-MB-231.
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OP03

Analysis of anticoagulant and thrombolytic activity of alkaloid fraction of

Acalypha indica extract by molecular docking

Harini R and Ramya D

Department of biotechnology, Prince Shri Venkateshwara Arts and Science

College, (Affiliated to the University of Madras) Gowrivakkam, Chennai –

600073. E.mail:harinirangarajan94@gmail.com

Thrombosis has become a major threat leading to various complications, causing a

death every five minutes (Vascular disease foundation). The commercial

anticoagulants and thrombolytics have various side effects that led to search for

other sources for treatment. In the present study, we hypothesized that Alkaloid

fraction of Acalypha indica extract may have anticoagulant and thrombolytic

activity. The alkaloid fraction was extracted and phytochemical screening was

carried out. Alkaloid estimation by BCG method revealed concentration of 840 μg
in 1mg. It was subjected to GC-MS analysis and molecular docking studies were

carried out using Hex and Patch Dock. The GC-MS analysis showed presence of

dasycarpidan-1-methanol, acetate, an alkaloid that was reported for first time in

Acalypha indica. Warfarin, which is commercially used as anticoagulant was also

identified, giving an insight that extract would definitely have anticoagulant

activity. Docking results revealed that the alkaloid dasycarpidan- has good binding

affinity with antithrombin, vitamin K and thrombin that would potentially

interpret good anticoagulant activity. Docking with plasminogen also revealed

dasycarpidan has better interaction among other compounds from GC-MS,

suggesting thrombolytic activity. Thus, dasycarpidan, the alkaloid from Acalypha

indica may act as potential anticoagulant and thrombolytic agent.

Key Words: Anticoagulant, Thrombolytics, Acalypha indica, Alkaloid,

Dasycarpidan.
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GC–MS Analysis and Antimicrobial Activity of Various Solvent Extracts from

Simarouba glauca Leaves

K.S.Ramya and A.Radha,

Department of Botany, Bharathi Women’s College (A), Chennai – 600 108, Tamil

Nadu, India.

E Mail : ramyaks2011@gmail.com; akiabhi@gmail.com

Medicinal plants prevent and decrease the adverse effects of conventional

treatments thereby, play a noteworthy role in disease management. In the present

study, different solvent extracts from the leaves of Simarouba glauca were

analyzed for its phytochemical profiling using Gas Chromatography – Mass

Spectrometry method. S. glauca, commonly known as Paradise tree, of the family

Simaroubaceae is reported for the presence of alkaloids, flavonoids, cardinolides,

glycosides, phenolic compounds, saponins and oils. The dried leaves collected

were powdered and soaked in different solvents in increasing polarity namely

Chloroform, Ethyl acetate and Methanol. The extracts were subjected to GC-MS

analysis which was carried out using Clarus 680 Gas chromatography. National

Institutes of Standards and Technology database was used to compare the

spectrum of unknown compounds with that of known ones. Different chemical

entities were present in each of the extracts. Based on the abundance, the top three

compounds present in the chloroform extract were Oxalic acid hexyl neopentyl

ester, Myristic acid vinyl ester, Dodecane 4,9-dipropyl. The ethyl acetate extract

contained Sulfurous acid heptadecyl 2-pentyl ester, Dodecane 4, 9-dipropyl and

Heptadecane 4-propyl. The methanol extract contained Cyclopropane 1-(1, 2-

dimethylpropyl)-1-methyl-2-nonyl, Octatriacontane 1, 38 – dibromo and Palmitic

acid vinyl ester. The compounds were considered to be pharmacologically and

biologically significant. The extracts when tested against the growth of selected

bacteria and fungi exhibited good antimicrobial activity. From this preliminary

study it is explicable that the plant contains many bioactive compounds and thus

suggested as a phyto pharmaceutically important plant.
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Nanoparticles and their applications in obesity

S.Yogalakshmi and K.Vijayalakshmi

Department of biochemistry, Bharathi Women’s college, Chennai-108.

Nanoparticles are defined as solid colloidal particles ranging in size from 10 to

1000 nm. Nanoparticles can be broadly grouped into 2 namely organic

nanoparticles and inorganic nanoparticles. Organic nanoparticles include carbon

nanoparticles and inorganic nanoparticles which includes magnetic nanoparticles,

iron nanoparticles, copper nanoparticles and silver nanoparticles. Nanoparticles

are widely used in cellular delivery due to their versatile features like wide

availability, rich functionality, good compatibility and capacity of targeting drug

and controlled release of drug. Nanoparticles can be prepared by various methods

like cross linking, polymerization, solvent evaporation, salting out. Nanoparticles

can be characterized by scanning electron microscopy, atomic force microscopy,

x-ray diffraction, fourier-transform infrared spectroscopy (FTIR). Nanoparticles

have various advantages in medical field. Nanoparticles have great potential to

treat diseases such as obesity, cancer, intracellular targeting, DNA delivery,

enzyme immune assay and radio imaging. Nanoparticles play a major role in drug

delivery and vaccine adjuvant. Nowadays obesity is a major health problem seen

in both developed and developing countries. By using nanoparticles for the

treatment of obesity they can minimize the risk factors for obesity and prevent the

side effects. Nanoparticles like iron, copper are synthesized using plant based

compounds for the treatment of obesity. The plant based drugs have a capacity to

control obesity and also reduce the side effects of chemically prepared drugs like

orlistat .This study aims to present an overview of nanoparticles with special

reference to their applications for drug delivery and treatment for obesity for the

human wellness.
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A biochemical study on the effect of sodium valproate in epileptic children

R. Yogapriya,and M. Premalatha,

Department of Biochemistry, Bharathi Women’s college Chennai – 600 108.

E Mail id: premaarashu@gmail.Com

Epilepsy is a common paediatric neurological disorder that can produce brain

damage and neuronal death. Epilepsy is more prevalent in children less than 5

years of age in developing countries like India. Oxidative stress has been

implicated in epileptogenesis. Valproate is an effective antiepileptic drug widely

used as first line treatment for epilepsy in children. The main aim of the present

investigation was to evaluate the effects of valproic acid on the oxidant –

antioxidant status in indian epileptic children before and after 2 months of

treatment with valproic acid by determining the activities of hepatic marker

enzymes such as transaminases, alkaline phosphatase, lactate dehydrogenase,

gamma – glutamyl transferase, membrane bound enzymes (Na+K+ ATPase, Ca

ATPase), the levels of plasma proteins, prothrombin time, lipid peroxidation,

enzymic & non-enzymic antioxidant status in plasma of normal and valproate

treated epileptic children. There was a significant increase in the levels of proteins,

prothrombin time, lipid peroxidation, and the activities of liver marker enzymes in

sodium valproate treated children. Further, the levels of non- enzymatic

antioxidants, the activities of membrane bound enzymes, and enzymatic

antioxidants (SOD, CAT, gpx) were significantly decreased in sodium valproate

treated children. The result of this study led to the conclusion that chronic

administration of VPA monotherapy may result in hepatic damage due to its toxic

metabolites. This shows a strong evidence of oxidative stress in VPA treated

children as evidenced by increased lipid peroxidation and reduced antioxidant

defense system.
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Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

OP07

A biochemical study on antioxidant status and oxidative status in maternal

and cord blood of preterm infants

M. Kanimozhi and M. Premalatha

Department of Biochemistry Bharathi Women’s college Chennai – 600 108.

E Mail id: premaarashu@gmail.com

Preterm or prematurity birth is a major contributing factor in infant mortality

around the world. Approximately 13 million preterm deliveries occur each year

world-wide. About 10 - 12% of Indian babies are born preterm every year. Though

numerous researches are being focused on the study to determine the cause and

consequences of preterm labour, relatively little understood regarding the

antioxidant status, oxidative stress and the role of micronutrients in preterm

delivery. This study was focused on the levels endogenous antioxidants and

oxidative stress indices along with antioxidant micronutrients in maternal and cord

blood of both term control and preterm deliveries. The changes were studied with

special reference to oxidative stress makers like TBARS, lipid hydroperoxide

scavenging enzymes like SOD, CAT, GPx, antioxidants glutathione and the levels

of micronutrients vitamin A, C and E, and trace elements namely selenium, zinc,

copper, iron and transport protein ceruloplasmin. There was significant increase in

the levels of vitamin C, zinc, copper, lipid peroxidation in cord blood and maternal

blood of preterm infants. Further there was decreased level of vitamin A, E,

selenium, iron, ceruloplasmin, glutathione and activities of enzymic - antioxidants.

This study led to that conclusion that oxidative stress may be one of the causes for

preterm delivery as evidenced by increased lipid peroxidation and reduced free

oxygen radical scavenger system.
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An approach to degrade polyethylene terephthalate using microbial

metabolites

Aravindhan A G, Ebciba C and Gnanamani, A.

Microbiology Division, Biological Materials Laboratory

CSIR-CLRI, Adyar, Chennai 20, Tamil Nadu, India

Poly Ethylene Terephthalate (PET) play a dominant role in environmental

pollution. The management of wastes containing PET is highly challenging since,

the structural and the chemical bonding between the molecules restrict its

degradation by conventional microbes. Though physical and chemical methods are

employed to reduce the pollution load, the generation of toxic by products further

increases the pollution with toxic load in the environment. Necessary methods to

manage the PET based wastes to keep our environment clean. In the present

study, other than microbes, we found microbial microbial products in the form of

enzymes play a major role in the degradation of PET based wastes. Hence, studies

were initiated with the selective microbial enzymes and assessed the surface

changes using SEM, ATM and light microscopy. Further, the release of degraded

products were assessed using various instrumental analysis, viz., UV-visible,

FTIR, and found the presence of terephtalic acid in the medium suggested the

possibility of degradation of PET wastes using microbial products. The results will

be discussed in detail.
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A bimetallic –graphene hybrid nano system for the management of

chlorinated phenols in aqueous phase

Yuvashree. S and Gnanamani. A

Microbiology Division, BML Laboratory,

CSIR-Central Leather Research Institute, Adyar, Chennai 20

Tamil Nadu, India

Chlorinated phenol are very resistant to Degradation. Existing treatment methods

based on chemical and physical technique cannot efficiently remove these

Chlorinated phenols from wastewater streams, and these removal method is

problematic because it may leave many by-products with unknown toxicity profile

in the outgoing water, or cause expensive complete mineralization. These problem

can be potentially overcome by combining sequential Nanotechnology-

bioremediation hybrid technique , Iron nanoparticle for dechlorination of (2-CP;

4-CP; 2,4 DCP; 3,4 DCP; 2,4,6 TCP). This system achieved a Dechlorination

efficiency of 90% for 500 mg/L within few hours and subsequent microbial

degradation of phenol by microorganism within 24 hours, demonstrating the

advantages of combining Nano-technology and bioremediation for waste water

purification.

Compared to other method, iron nanoparticle displayed better removal capacity

for Chlorinated phenol and stability from aqueous phase. Bacillus sp which is a

potent organism which grows in high concentration of phenol further enhanced

the process by complete degradation and converting the phenol to non toxic

product. The dechlorintion pathway proposed based on the gas chromatography

–mass spc-trometry (GC-MS) and HPLC analysis revealed that Phenol was

converted to CO2 and water through meta pathway .The result of this study

signifies potential application of Iron Nano-biohybrid system for complete

degradation of chlorinated phenol.

Keywords: Nanodechlorination, Biodegradation,Chlorophenols , phenol, Fe nano

particles, Bacillus sp
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Proliferation analysis of bone marrow derived stem cells on bioscaffold

P. Kirthipriya,

Department of Biotechnology, Arunai Engineering college, Thiruvannamalai,

India.

E Mail: Ptkirthipriya98@gmail.Com

Bone marrow derived stem cells, a pluripotent cells are fascinating due to ability

of self- renewal and differentiate into several cell types. These adult stem cells are

promising tools in tissue regeneration and repair as there is no rejection and

ethical concerns. However, there is an evidence says that bone marrow stem cells

results in phenotypic changes and undergoes senescence during in vitro. The aim

of our study is to analyze the proliferation of bone marrow derived stem cells on

bio scaffolds. The stem cells were isolated from bone marrow of chicken. After

their expansion, cells are seeded on bio scaffold (collagen). The proliferation of

cells on scaffold were measured. The cells grown on cell culture flasks sere taken

as control. The MTT assay were carried out to analyze the proliferation of cells

and RT-PCR were used to analyze the gene expression on cells during their growth

on bio scaffold. The influence of scaffolds on cell culture have been found.

Keywords: bone marrow, stem cell, proliferation, bioscaffold.
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Influence of propyl thiouracil on the expression of growth factors and their

receptors in primary psoriatic keratinocytes from patients

Santhosh Arul, Harinee Rajagopalan, Haripriya Dayalan

Rajalakshmi Engineering college, (affiliated to Anna university) Chennai, India

Psoriasis is an autoimmune condition where abnormal differentiation and hyper-

proliferation of keratinocytes leads to undifferentiated proliferation. Epidermal

growth factors and nerve growth factors are constitutively active resulting in

keratinocytes proliferation. Wherein, Epidermal Growth Factors induce

proliferation of keratinocytes and neural growth factors suppress apoptosis. The

corresponding receptors epidermal growth factor receptor and neural growth factor

receptors are overexpressed in psoriasis. Propyl thiouracil (PTU) is a thiourea

antithyroid drug, used in the treatment against hyperthyroidism and reported to

have effect in treating psoriasis. We speculate that PTU induced apoptosis may

target EGF and NGF and their receptors. We cultured primary keratinocytes from

psoriatic lesions obtained from patients and performed ELISA to study the

expression levels of EGF and NGF. We used Western blot to demonstrate the

levels of EGFR and NGFR. Results of the present study showed that PTU down-

regulated EGF and NGF protein levels and their corresponding receptors. This

study demonstrates that PTU mediates its mechanism by targeting the levels of

growth factors ligands and their receptors in psoriasis.
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Biological synthesis and characterization of gold nanoparticles using Azolla pinnata

and its antioxidant, antibacterial and antiproliferative activity against MCF7 cell

line

Vinothini Arjunan and Uma Ramaswamy*

PG & Research Department of Biochemistry, Dwaraka Doss Goverdhan Doss Vaishnav

College, Arumbakkam, Chennai, Tamil Nadu, India.

*E mail address : umaramesh.rg@gmail.com

Green synthesis of noble metal nanoparticles is a greatly developing area of research.

The present work was carried out for the synthesis and characterization of gold

nanoparticles using Azolla pinnata and to evaluate its antioxidant , antibacterial and

anti proliferative activities against MCF 7cell line, human breast carcinoma cell line.

The maximum synthesis of gold nanoparticle (AuNP ) was obtained in 5% Azolla

pinnata extract (pH7.4) and 1 mM Chloroauric acid (HAuCl4.3H2O) within 10 hours at

37°C. The synthesis of nanoparticles was preliminarily confirmed by the change of

colour from pale green to ruby red colour. AuNP’s were characterized by using UV-

visible spectroscopy, Scanning electron microscopy, Zeta potential and Fourier

transform spectroscopy (FTIR). Gold Surface Plasmon resonance (SPR) occurred at 520

nm.SEM analysis showed the presence of poly dispersed and spherical AuNP’s with size

ranges from 72-89nm. Stability of the nanoparticle was confirmed by zeta potential

value of -28.5mV.FTIR spectra revealed the presence of reducing groups in the extract

responsible for AuNP synthesis .The synthesized AuNP exhibited DPPH and hydroxyl

radical scavenging activities. Azolla derived gold nanoparticles demonstrated

antibacterial activity against bacteria which includes, Klebsiella pneumoniae and

Enterococcus fecalis with MIC value of 31.2 and 125 µg/ml. The invitro anti

proliferative activity of gold nanoparticles was confirmed by MTT assay in the cell lines

of human breast cell carcinoma (MCF 7) and vero cell lines showed IC50 value at

18.75 & 22.25 µg/ml respectively. AuNP treated cancer cell line the DNA was

fragmented and showed three bands ranging below 1000bp when compared to

control.Cell growth inhibition was mainly due to apoptosis proved by DNA

fragmentation analysis.The outcome of the study will be the development of anticancer

drugs form the synthesized gold nanoparticles of Azolla pinnata for biomedical

applications.

Key words : Azolla pinnata, MCF 7 cell lines, Gold nanoparticles
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Phytochemical analysis and in vitro synergistic activities of Garcinia cambogia

Sivan Kumar and Anna Sheba.L*

Department of Biochemistry, Vels Institute of Science, Technology and Advanced

Studies, Chennai, Tamil Nadu, India.

Infection and infectious agents exist from beginning of life. Infectious diseases are

still the world’s leading cause of mortality. For many decades plants have been

traditionally used as the source of antimicrobial substances. Some of the major

antimicrobial compounds produced by plants include phenolics, polyphenols,

terpenoids, essential oils, lectins, polypeptides and alkaloids. The aim of the

present study was to screen phytochemical constituents and evaluate antimicrobial

and synergistic antimicrobial properties of leaves and fruit rind of Garcinia

cambogia against the bacteria Staphylococcus aureus and Pseudomonas

aeruginosa. Phytochemical analysis revealed the presence of carbohydrate,

protein, alkaloid, phytosterol, flavonoid, saponin, phenol, tannin and di-terpene in

both the leaves and fruit rind aqueous methanolic extracts. Both the extracts

inhibited the tested bacteria with minimum inhibitory concentration (MIC) value

of 10 mg/ml. Fruit rind extract of G. cambogia showed higher antibacterial

activity against S. aureus and P. aeruginosa and also exhibited synergistic activity

with the antibiotic chloramphenicol against the tested microorganisms.

Keywords: H. sabdariffa, Synergistic effect, antimicrobial, phytochemicals
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In-vitro Antidiabetic analysis and GC-MS analysis of ethanol extract of

Cissus quadrangularis L.

G. V. Sasi Rekha1 and P. T. Devika2

1. Department Of Biochemistry, Annai Violet arts and science college, Ambattur,

Chennai-600053, Tamilnadu, India.

2. PG and Research Department Of Biochemistry, Mohamed Sathak College of

Arts & Science, Sholinganallur, Chennai – 600119, Tamilnadu, India.

Cissus quadrangularis belongs to the family Vitaceae, which is a perennial

climber, found mostly in the hotter parts of the world such as India, Sri Lanka,

Tropical Africa, Thailand, Java, and Philippines. The plant is mentioned in the

ancient systems of medicine such as Ayurveda, and is useful for treatment of

bloody diarrhoea, skin disorders, earache, haemorrhoids, irregular menstruation,

and accelerates healing of bone fracture. The aim of the study was to evaluate

antidiabetic activities and GC-MS analysis of ethanol extract of C.

quadrangularis. Antidiabetic ativities such as α-amylase activity and β-

glucosidase activity. GC-MS analysis was carried out for the identification of

known active compounds present in the ethanol extract of C. quadrangularis.

Key words : Cissus quadrangularis, antidiabetic activity, α-amylase inhibitory

activity, β-glucosidase activity.



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

OP15

Plant derived antioxidant and its medical benefits

Rajeswari S and Geetha S

Department of Biochemistry, Vels Institute of Science Technology Advanced

Studies, Pallavaram, Chennai - 600 117

Natural antioxidant are widely distributed in all the parts of plants (leaf, root,

stem, bark, seed, flower and fruits). World Health Organization has reported in

2003 that more than 20,000 plant species have been used in traditional medicine.

Some literatures have denoted that approximately 60% anticancer compounds and

75% of drugs for infectious diseases are derived from natural products. Natural

antioxidants have potential to balance the irregulated oxidative stress to restore

cellular homeostatis. Thousands of years ago, use of crude natural plant products

has been used by our ancestors for the treatment of many diseases because of its

medical benefits. Increase in the awareness of healthy lifestyle have prone an eye

on the consumption of nutritional rich antioxidant organic natural foods products,

which helps to fight against various kinds of stress, infectious diseases and related

pathologies. Due to its cost effectiveness, therapeutical properties have attracted

the pharmaceutical companies to use in the preparation of synthetic drugs. Some

phytochemicals especially polyphenols (phenolic acids, flavonoids, anthocyanins,

lignans and stilbenes), carotenoids (xanthophylls and carotenes) and vitamins

(vitamin E and C), tannins, alkaloids, terpenoids and flavonoid, ascorbic acid

exhibit several important biological activities as antimicrobial, anti-allergic, anti-

inflammatory, antioxidant and free radical scavenging etc. Poly phenol a

secondary metabolites act as a protective agents against the diseases like cancers,

cardiovascular diseases, diabetes, osteoporosis and neurodegenerative diseases.

Flavonoids, tannins are used in drug for its anti-diabetic, antimicrobial effects.

Ascorbic acid play an important role in defense against oxidative stress. These

natural plant sources antioxidants are more potent and safe than artificial ones.

This articles reveals the information about the natural occurring antioxidants and

its medical benefits which helps the researchers and pharmaceutical company to

focus on the active antioxidant molecules for the development of modern

medicine with synthetic drug.

Key words : Antioxidants, secondary metabolites, free radicals, phytochemicals



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

Poster Presentations



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

List of Abstracts- Poster Presentation

Abstract No Title

PP01 Anti – diabetic effect of trachyspermum ammi and Nigella sativa

PP02 Eliminating high fructose content from cocoa biscuits & developing a 

nutritious , diabetic friendly cocoa biscuit

PP03 Neuroprotective effects of marine algae

PP04 Isolation, characterization and antimicrobial activity of actinomycetes isolated 

from garden soil

PP05 Recent trends in natural product discovery

PP06 A green chemistry approach: recovery of lanolin from sheep wool

PP07 Therapeutic potential of medical marijuana

PP08 Antimicrobial activity of phytofabricated copper oxide nanoparticles

PP09 Nutraceuticals or medicines – your choice?

PP10 GOLDEN RICE: Agri - Biotechnology to meet the nutritional needs

PP11 Nutraceutical research to target Obesity, a global problem

PP12 Comparative evaluation of antioxidant potential of selected medicinal plants 

belonging to rutaceae and apiaceae

PP13 Stevia rebaudiana: A review

PP14 A review on phytosomes - novel drug delivery systems

PP15 Therapeutic potential of  pearl millets koozh

PP16 Nutritional value of pyropia sp

PP17 Medicinal uses of seahorse

PP18 Recombinant insulin production by Pichia plastoris

PP19 Marine resources in cosmetics

PP20 Medicinal value of Cassia auriculata: A review

PP21 Preliminary phytochemical analysis and ABTS radical scavenging activity of 

tender coconut shell mesoderm

PP22 Medicinal value of Erythrinia variegata

PP23 Medicinal value of Emblica officinalis



Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

PP01

Anti – diabetic effect of trachyspermum ammi and nigella sativa

Ashmitha Babu and Sangeetha R*

Department of Biochemistry. VISTAS , Chennai

Diabetes mellitus is a chronic metabolic disorder ,becoming a serious threat to

mankind that effect physical , psychological and social health. Among all types of

diabetes , type 2 diabetes is predominant. The treatment available in the modern

medicine have several adverse effects ,therefore there is a need to develop safe

and effective treatment for diabetes. Medicinal plants play an important role and

have been found to possess significant anti-diabetic property. The medicinal seeds

especially trachyspermum ammi and nigella sativa is used to improve the

glycemic control in diabetic patients. The aim of the study is to evaluate the

synergistic anti-diabetic effect of both the seeds which have been proved to exhibit

anti-diabetic activity individually. The amylase inhibitory potential of the seeds

was studied in order to prove their anti–diabetic effect.
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Eliminating high fructose content from cocoa biscuits & developing a

nutritious, diabetic friendly cocoa biscuit

Rakssha Ramesh, Reshma Bhanukumar and Gayathri V

Department of Biotechnology, Rajalakshmi Engineering College, Chennai

Some really yummy biscuits like OREO that are available in the market are really

loved by children. Still, considering the fact that components such as high

fructose corn syrup and other ingredients that are not healthy in the long run, we

sought out a solution and tried making tasty cocoa cookies in a healthier way

which is Diabetic friendly and will be loved by kids. Wheat flour with some

millets mixed with flour was taken along with unsweetened cocoa powder. We

refrained from using white sugar, instead used SORBITOL (product obtained by

reducing sucrose and alcohol). This can be used by diabetic patients as the rate of

absorbing the SORBITOL by our body is very slow and does not increase the

sugar levels of our body. Small amount of butter was taken for obtaining the

consistency and texture with three spoons of milk and a small pinch of salt. After

making the dough we made small balls from it, flattened them with some dry fruits

sprinkled on top of it and allowed for baking. We got crispy cookies as our end

desirable (Cocoa cookies) product. From this study it is concluded that these

cookies are lot healthier when compared to others available in the market. No

added sugars or preservatives and colors. They can easily be consumed by

Diabetic patients also and is definitely a kid loving healthier snack.
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Neuroprotective effects of marine algae

Anusha J and Aparrna S.

Department of Biochemistry. VISTAS , Chennai

The marine environment is known as a rich source of chemical structures with

numerous beneficial health effects. Among marine organisms, marine algae have

been identified as an under-exploited plant resource, although they have long been

recognized as valuable sources of structurally diverse bioactive compounds.

Presently, several lines of studies have provided insight into biological activities

and effects of marine algae including antioxidant, anti-neuroinflammatory,

cholinesterase inhibitory activity and the inhibition of neuronal death. Hence,

marine algae have great potential to be used for neuroprotection as part of

pharmaceuticals, nutraceuticals and functional foods. This contribution presents an

overview of marine algal neuroprotective effects and their potential application in

neuroprotection.
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Isolation, characterization and antimicrobial activity of Actinomycetes

isolated from garden soil

Jacintha Jasmine D and Anita R.J. Singh

PG & Research Department of Biotechnology, Women’s Christian College,

Chennai – 600006, Tamil Nadu, India.

jasinthajasmine@gmail.com; anjo_64@yahoo.com

Five different strains of actinomycetes have been isolated from rhizosphere soil

sample taken from Tulsi gardens of Kayathar, Tuticorin District. Heat treated Tulsi

growing rhizosphere soil sample (Kayathar, Tuticorin District) was serially diluted

and plated on Starch Casein agar medium, and incubated at 37°C for 7-14 days.

The isolates were subjected to morphological, biochemical and cultural

characterisation to study their spore morphology, aerial mycelium, and substrate

mycelium and enzyme degradation. Tests were performed as per International

Streptomyces Project (ISP). Morphological and cultural characteristics showed

that the strains AJ1, AJ2, AJ3, AJ4 and AJ5 belonged to the genus Actinomycete.

The cultures showed substrate and aerial mycelial growth and also soluble

pigments. Based on their morphology the isolates were subjected to antimicrobial

activity against pathogens. Antimicrobial activity was performed against seven

clinical isolates. AJ1 was found to show maximum activity against Klebsiella, S.

typhi and Enterobacter whereas AJ5 was found to show inhibitory activity against

Klebsiella.

Keywords: Actinomycetes, Morphology, Characterization, Antimicrobial activity.
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Recent trends in natural product discovery

Swetha R and Sneha V

Biotechnology Department, Rajalakshmi Engineering college,

Thandalam, Chennai-602105

Natural products are organic compounds secreted or produced by plants or micro

organisms primarily having a pharmaceutical or industrial significance. In modern

days, the idea of natural product discovery is not the same as it was a few years

ago. The scope of natural products has shifted from plant based discovery more to

microbial secondary metabolites. Especially the marine microbiome has been

widely explored in the past ten years. Strains of Streptomyces and actinomycetes

such as Salinospora species has been found to synthesize drugs against

tuberculosis and cancer respectively. Research has showed that many of the drugs

which are extracted from the marine microbiome are actually synthesized even by

the easily available urban soil microorganisms. The recent natural product

discoveries are more based on the gene clustering methods rather than culture

based techniques. Microbial studies using modern tools like metabolomics, gene

clustering, DNA extraction, molecular networking and pattern based genome

mining has proved that there are still many more secondary metabolites that the

strain can produce than those obtained as a result of fermentation of the particular

culture. This opens a vast area of discovering new classes of products from the

readily available microbial species.
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A Green chemistry approach: Recovery of lanolin from sheep wool

Nivedha lakshmi J1*, Anu C2, Shanmugavel M3, Praveen kumar R1, Gnanamani A3

1 Department of Biotechnology, Arunai Engineering College, Thiruvannamala

606603, TN. E-mail: nivedhalakshmij@gmail.com
2 Department of Biotechnology, Rajalakshmi Engineering College, Thandalam,

Chennai-602105, TN.
3 Biological Materials Laboratory, CSIR-Central Leather Research Institute,

Chennai- 600020, TN.

Enzymes are biocatalyst that catalyze many bio-chemical reactions and applied in

various industries. Proteases are one of the largest groups of hydrolytic enzymes

having 60% share in world enzyme market. Their specificity of actions lead to

worldwide attention in attempt. Fungal proteases offers an advantage where the

mycelium can be easily removed by filtration since protease are produced as

extracellular product. Last decade has seen a surge of reports on fungal proteases

and their biotechnological applications. Conventionally the tanners are practicing

the chemical method for dehairing process, which leads for hazardous pollution. In

this study the enzyme protease from Aspergillus flavus was used for dehairing of

sheep skins, Commercial important lanolin was extracted from the waste wool.

The enzyme protease was produced by SSF using this fungus and used for

dehairing process of sheep wool. The complete dehairing was observed and

completely eliminated the lime and sulfide. Lanolin is a wax secreted by

sebaceous gland of wool bearing animal which contains sterol ester and having a

waterproofing property. They have more derivatives and extensively used in

personal and health care as well as commercial products. Conventionally the

lanolin is recovered from the sheep wool by trimming their wool. If we use

chemical method for dehairing the lanolin cannot be recovered from the sheep

wool. But in this study the dehairing process was done by the enzyme and also the

waste wool was used for recovery of valuable product lanolin.

Key words: Fungal protease, SSF, Aspergillus flavus, Dehairing, Sheep wool,

Lanolin, Wax.

mailto:nivedhalakshmij@gmail.com


Proceedings Of The National Conference 

“BIORESOURCES IN HUMAN WELLNESS”
26th & 27th

Feb 2019 

Department  of  Biochemistry, VISTAS, Pallavaram, Chennai 

PP07

Therapeutic potential of medical marijuana

Atshaya R , Sneha S and Gayathri K

Department of Biochemistry, Vels Institute of Science, Technology and Advanced

Studies, Chennai

Medical marijuana is a drug well known for its sedative effect. The major medical

indications of marijuana are to relieve symptoms rather than cure disease. Medical

marijuana is not approved by the US food and drug administration (FDA) to treat

any diseases. However, scientific validation of various benefits has been reported.

Teta hydro cannabinols (THC) has been shown to decrease intraocular pressure,

yet no major Opthalmology organizations support medical cannabis use for

glaucoma. Earlier references reported that THC, can cure 50 % of people’s muscle

spasm and nervous disorder. The use of cannabis and cannabinoids for chronic

pain is controversial, but still it is commonly used for that treatment. Other

medical conditions that marijuana is used to treat include neuropathic pain,

spasticity related to parkinson's disease, seizures, nausea and vomiting related to

chemotherapy, anxiety disorder , sleep disorder, touretle syndrome, crohn's

disease. Further more it increases appetite, AIDS related wasting, and psychiatric

disorders such as post traumatic stress This review focus on medicinal uses of

marijuana.

Key Words: AIDS, muscle spasm, glaucoma, Parkinson’s disease.
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Antimicrobial activity of phytofabricated copper oxide nanoparticles

Anu C1, Nivedha Lakshmi J2, Shanmugavel M3, Vijayageetha B1, Gnanamani A3

1 Department of Biotechnology, Rajalakshmi Engineering College, Thandalam,

Chennai-602105, TN. Email: anuchandrasekar1996@gmail.com
2 Department of Biotechnology, Arunai Engineering College, Thiruvannamalai-

606603, TN.
3 Biological Materials Laboratory, CSIR-Central Leather Research Institute,

Chennai- 600020, TN.

Copper oxide nanoparticles (CuONps) were green synthesized using two plant

species of Amaranthaceae. These nanoparticles are of great interest because of its

properties like high melting point, thermal stability, electrical conductivity, high

surface area to volume ratio, low production cost, antimicrobial potency, catalytic

activity, optical and magnetic properties, low cost, compared to noble metals like

Au, Ag nanoparticles. Thus green synthesized CuONps were characterized using

UV-Visible spectroscopy, Fourier Transform Infrared spectroscopy (FTIR),

Thermogravimetric analysis (TGA), Dynamic light scattering (DLS), X-ray

Diffraction study (XRD), Scanning Electron microscopy (SEM), Energy

Dispersive X-ray spectroscopy (EDX). In our study, antimicrobial activity of these

green synthesized CuONps were studied against different bacterial and fungal

species. Gram positive strains like Bacillus subtilis, Enterococcus, Streptococcus

and gram negative strains like E-coli, Pseudomonas aueruginosa, Salmonella

typhi, Serratia were studied. The antifungal activities were studied against

Aspergillus flavus, Aspergillus niger and Aspergillus tamarii. The antimicrobial

activity was studied using zone of inhibition method, where different

concentration of CuONps were used. From the results, we conclude that our green

synthesized CuONps showed considerable antibacterial activity against all the

tested bacterial strains. In case of antifungal activity, the Aspergillus niger and

Aspergillus tamarii only showed the best results. Hence these CuONps can be

used for medical and industrial applications.

Keywords: CuONPs, Antimicrobial activity, Amaranthaceae, UV-Visible

spectroscopy, FTIR, TGA, DLS, SEM, EDAX.
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Nutraceuticals or medicines – your choice?

Prerana P and Hamsa Latha S

Department of Biomedical Sciences, Faculty of Biomedical Sciences, Technology

and Research, Sri Ramachandra Institute of Higher Education and Research,

No 1, Sri Ramachandra Nagar, Porur, Chennai-600116.

Nutraceuticals is a product of nutrition and pharmaceuticals which are used to

prevent chronic disease, improve health, increase life expectancy. It has advantage

over the medicine because they avoid side effect as they have natural dietary

supplements. Now-a-days consumers prefer nutraceutical food to pharmaceutical

drugs as it contains natural and organic ingredients. Nutraceutics help in

detoxification of the body, vitamin and mineral deficiencies are avoided and

probiotics maintain digestion. Herbal nutraceutics are more helpful in curing and

preventing diseases as they are naturally occurring substances from the plants such

as Echinacea, Calendula, Ginseng, etc., and microorganisms such as

Lactobacillus, Bifidbacterium, Streptococcus, etc. Some well known nutraceutics

are ginger- act as anti-inflammatory, green tea- anti-oxidant, omega 3- improve

cardiovascular health, etc. Intake of these nutraceutics can prevent life threatening

diseases like diabetes, cardiovascular disease, cancer and Parkinson’s disease. So

advantage of nutraceuticals is it posses multiple therapeutic effects.
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GOLDEN RICE: Agri - biotechnology to meet the nutritional needs

Mohammed Muzammil Ali, Marikar Mohammed Shafique and Sathya N Prasad

Department of Biochemistry, School of Life Sciences, Vels Institute of Science,

Technology and Advanced Studies, Chennai

Golden rice is a variety of rice (Oryza sativa) developed by genetic engineering

tools. This is a genetically modified rice variety to biosynthesize beta-carotene, a

precursor of vitamin A. It is an example of Agribiotechnology to produce a

fortified food to be grown and consumed in areas where vitamin A deficiency has

been a nutritional concern. Vitamin A deficiency causes vision related problems

such as night blindness, xerophthalmia, Bitot’s spots and keratomalacia.

Continued inadequate supply of vitamin A in the diet leads to irreversible damage

to the eyes especially among children of the developing countries. Since it is a

staple food crop for majority of the world's population, rice aptly qualifies as an

excellent crop for targeting vitamin deficiencies. Studies were carried out to insert

the genes responsible for the expression of enzymes (Phytoene synthase, Phytoene

saturase, zeta-carotene desaturase) needed for the synthesis of provitamin A. With

initial research hurdles, Golden rice has been a successful genetically modified

plant. However, Golden rice is still not cultivated commercially. One of the

reasons being that the crop yield has been comparatively low in field trials.

Research is going on to achieve this. Never-the-less, Golden rice is proposed to be

of added value.

Key words: Golden rice, beta carotene, Vitamin A, genetic engineering
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Nutraceutical research to target Obesity, a global problem

Sathya N Prasad

Department of Biochemistry, School of Life Sciences, Vels Institute of Science,

Technology and Advanced Studies, Chennai

Obesity has reached epidemic proportions globally and is expected to increase in

the near future to an alarming rate. In 2016, more than 1.9 billion adults were

overweight and over 650 million of these were found to be obese. The prevalence

of overweight and obesity is commonly assessed by using body mass index (BMI).

A BMI ≥ 25 kg/m2 is defined as overweight and ≥30 kg/m2 as obese. The

contributing factors include genetic, eating habits and life-style. Economic growth,

modernization, urbanization and globalization of food markets are the

precipitating factors of obesity especially in the developing countries. The

common health problems that sets in among obese (and over-weight) population

are cardiovascular diseases, diabetes (type II), musculo-skeletal disorders and

some types of cancers. Life becomes morbid and when left untreated can prove to

be fatal. Although FDA approved medications such as orlistat, phentermine, etc .,

are present in the market, they have been found to typically result in little weight

loss and may prevent further weight gain. Recent investigations are focusing on

phytochemicals and nutraceuticals, currently recognized as a natural approach.

Some of the compounds being investigated are Fucoxanthin (a carotenoid from

brown algae), the phytochemicals from hazelnut, etc.; and some common plants

(or plant parts) such as Lagenaria siceraria, Trigonella foenum graecum, Curcuma

longa, Vigna mungo etc. exhibit excellent properties in addressing obesity as well

as its secondary pathology such as diabetes, hypertension, hypercholestromia,

cardiovascular disease, etc. Further research is needed to authenticate the benefits

of these promising bioactives to treat obesity and its complications.

Key words: Obesity, BMI, nutraceuticals, Type II diabetes, cardiovascular diseases
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Comparative evaluation of antioxidant potential of selected medicinal plants

belonging to Rutaceae and Apiaceae

Kavitha. R and Kripa. K.G.*

Department of Biochemistry, School of Life Sciences, VISTAS, Chennai

Apiaceae or Umbelliferae is a family of mostly aromatic flowering plants named

after the genus Apium and commonly known as the parsley family, or simply as

umbellifers. The Rutaceae are a family commonly known as

the rue or citrus family of flowering plants. Plants belonging to these two families

are largely known for their edible utilities, medicinal values and for their usage in

perfume industries. Free radicals which are molecules with unpaired electrons

include reactive oxygen species (ROS) and reactive nitrogen species (RNS) are

generated by our body by various endogenous systems. They adversely alter bio

molecules and trigger a number of human diseases. Antioxidants prevent the

damage caused by free radicals. Oxidative stress arises as a result of an imbalance

between free radicals production and antioxidant defenses. Medicinal plants used

in traditional medicine contain numerous biologically active compounds, having

great antioxidant potential and are thus helpful in the treatment of various

pathological conditions and also in improving the quality of life. The aim of our

study was to investigate and comparatively evaluate the antioxidant potential of

extracts of selected medicinal plants including Aegle marmelos, Citrus medica,

Murraya koenigii belonging to the family Rutaceae and Coriandrum sativum,

Cuminum cyminum, Foeniculum vulgare belonging to the family Apiaceae

utilising in vitro antioxidant assay methods. The study established the higher

antioxidant potential of Citrus medica as compared to the other extracts which

may be attributed to the abundant presence of flavonoids and coumarins in the

plant.

KEYWORDS: Umbelliferae, Rutaceae, Oxidative stress, Antioxidants
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Stevia rebaudiana – a review

Surekha S and Sreelakshmi Sivadasan

Department of Biochemistry, School of Life Sciences, VISTAS, Chennai

Stevia has been used throughout the world since ancient times for various purposes

such as biosweetener and for other medicinal uses. Stevia is a small perennial

shrub growing up to 65-80cm tall. Stevia, of Asteraceae family, is a semi humid

subtropical plant that can be grown easily like any other vegetable crop even in the

kitchen garden. The soil should be in the pH range 6.5-7.5;well drained red soil

and loam soil. The leaves of Stevia plants have functional and sensory properties

superior to those of many other high potency sweetness. Its white crystalline

compound (stevioside) is the natural herbal sweetener with no calories and is over

100-300times sweeter than table sugar. Although Stevia can be helpful to anyone,

there are certain groups who are more likely to benefit from its sweetening

potential. These include diabetic patient, those interested in caloric intake and

children. Stevia is likely to become a major source of high potency sweetener for

the growing natural food market in the future.

Keywords : Stevia, stevioside, diabetic patients, caloric intake, medicinal use
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A Review on Phytosomes - Novel drug delivery Systems

Jeevitha E

jeevithavardhan@gmail.com

Novel drug delivery systems are designed based on physical and biochemical

mechanisms. Development of novel drug delivery system is a new approach for

plant extracts and active components. Many plant constituents have been used in

medicine because of their numerous pharmacological actions. Various

phytoconstitents, even though have outstanding bioactivity in in-vitro but reveals

no in-vivo action due to their poor lipid solubility or improper molecular size

sometimes both, which results in their poor absorption. Phytosome is a Novel drug

delivery system and which is a patented technology to overcome the above

mentioned problem. The term phyto means plant and some means cell like,they

are little cell like structure. Generally, phytosome combines bioactive

phytoconstituents of herbal extracts (flavanoids) bound by lipids (Phospholipids or

lecithin) which produces a lipid compatible complex. The bioactive constituent of

a phytomedicine are water-soluble compounds like flavanoids the presence of both

the water-soluble compounds and lipophilic outerlayer phytosome shows better

absorption which results in better bioavailability it produces more action than the

conventional herbal dosage form. The phytosome technology has been applied by

using many popular herbal drugs such as Ginkobilobs, howthorn, olive oils, grape

seed and ginseng, green tea. This article reviews the recent trends in phytosome.
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Therapeutic Potential of pearl millets koozh

Madhivadhani U and Jeya sree I

Department of Biochemistry, VISTAS, Chennai

South India is a rich source of numerous millets and spices. Ancient south indians

prepare numerous reciepies with these ingredients.. The dishes and foods made by

these millets is a rich source of nutrients. These dishes are healthy with high

medicinal values. South indian cuisine is famous for its rich taste and high

therapeutic ingredients. It includes the recipes of karnataka, kerala, andhra

pradesh, telangana and tamil nadu. Basically south indian dishes are tasty as well

as healthy as they do not contain much oil with extreme uses of hand made and

freshly prepared spices. Pearl millet is well known for its cooling effect and

available in summer season. Scientific evaluation of this recipe reveals various

pharmacological activities like anti-cancer activity, reduces cholesterol, helps in

digestion, anti-diabetic activity, and even supports weight loss etc., This review

explain much about the therapeutic potency of one of the traditionally available

south indian food “pearl millet koozh”.

Key words – anticancer, weight loss, digestion, diabetes
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Nutritional value of Pyropia sp.

Moinuddin J, Vivegan MK and Kripa KG

Department of Biochemistry, VISTAS, Chennai

Pyropia, one of the most cultured red algae has gained economic importance

across the globe for its nutritional benefits. Pyropia species is being cultivated,

harvested, dried, processed and consumed in large quantities in south eastern

countries. They can survive in deep sea with limited supply of light by the help of

bioactive pigments such as phycoerythrin, phycocyanin and carotenoids. Pyropia

contains relatively high amounts of proteins, carbohydrates, and micronutrients.

Because of their high protein content, they have become more important for the

food industry, especially in developed countries. It has been shown to be high in

essential vitamins and minerals that would inflate a balanced diet if consumed

regularly. Dried pyropia has been proved to contain numerous nutritional and

biologically active phytocompounds like polysaccharides, phycobilins, proteins

and peptides with effective pharmacological applications. In addition to their

potential use as diet supplements, enhancement of antioxidant activity and

immunity stimulation are the most studied health benefits.

Keyword: pyropia sp, antioxidant,nutritional value, diet supplement, bioactive

pigment, phytocompound.
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Medicinal uses of Seahorse

Swarnalatha S and Kiruba VS

Department of Biochemistry, VISTAS, Chennai

Wild Marine organisms have been used in the discovery and development of

traditional and allopathic medical treatment for a long time. Seahorses, a

syngnathidae fish, are one of the important candidate organisms which have been

used in Chinese traditional medicine from time immemorial. It is believed that

seahorses have the potential to cure infertility, baldness, asthma and arthritis and

its associated inflammation. Seahorses also have a putative free radical scavenging

effect in the ageing process. Seahorse, it belongs to the family Syngnathidae and it

is Hippocampus genus. Seahorses are a type of marine animal found throughout

the world’s oceans. They are actually a type of fish, with a long, curling tail, a

spiny body, a crowned head, and a protruding snout that resembles a horse. The

entire seahorse is used as a medicinal. The seahorses are caught, and then dried in

the sun before use. The seahorses are available in the form of Pills, Powder or

Capsules. Seahorses are known to contain natural Testosterone and are used to

cure variety of ailments including sexual dysfunction such as Impotence and

Infertility. Other ailments include Respiratory disorders such as Asthma,

Circulatory problems such as heart disease, kidney, liver disease, throat infections,

skin ailments and joint pain. Seahorse is good for facial skin and a restorative

detox/cleanser. It is also used to treat Insomnia and Abdominal pain.
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Recombinant insulin production by Pichia plastoris

Akshaya J and Priyanka S

Sri Ramachandra Institute of Higher Education and Research, Porur, Chennai

A significant barrier to insulin is its affordability. In this manuscript, the

recombinant insulin production by pichia pastoris is described as an efficient and

pocket friendly compared to other techniques. Pichia pastoris is used to produce

precursor insulin that produces concentrated insulin with purity greater than 98%

after transpeptidation reaction in large scale production. Insulin is also produced in

E.Coli and Saccharomyces cerevisiae that have therapeutic uses in humans. The

expression of human proinsulin in transgenic mice harboring human insulin cDNA

in the mammary gland during lactation as high as 8.1 g/L. complex differentiation

pattern of HES cells has characteristic of beta cell function(insulin production)

and act as a source for cell replacement in type-II diabetes. Pichia pastoris

provides advantage in glycosylation of secreted protein, high level of

heterogeneous protein(30% total cellular protein). In addition, we also describe the

method for recovery of H-Thr(tBu)- Ot Bu from transpeptidation reaction which

can be reused and is a costly reagent.
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Marine resources in cosmetics

Aarthy V, Haripriya K and Sheeba Lawrence

Department of Biochemistry, VISTAS, Chennai

Beauty and cosmetic ingredient firms are increasingly turning towards sea and

oceans in search of new ingredients. Marine organisms inhabit a wide spectrum of

habitats. ALGAE are rich in proteins, amino acids, carbohydrates, vitamins

(A,B,C) and oligo-elements such as copper and zinc. All those active principles

play a major role in hydration, firming, slimming, shine and protection. Photo-

protective compounds and molecules with antioxidants can be obtained from

micro-organisms inhabiting in extreme tropical and shallow water by subjecting to

strong light radiations. In addition sea fennel is widely used in skin care product

and has many properties that has been put forward by cosmetics industries.
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Medicinal value of Cassia auriculata: A review

Amirtha Priya and Asha B

Department of Biochemistry, VISTAS, Chennai

Senna auriculata belonging to Cassia species (Caesalpinaceae) are well known

medicinal plant commonly found in India and other tropical countries. It belongs

to Caeslpiniaceae ( Gulmohar ) family .Various medicinal properties have been

attributed to this plant in the traditional system of Indian medicine. Cassia species

is the ancient ayurvedic plant. It is use against various skin diseases such as

ringworm, eczema, and scabies. According to Ayurveda the leaves and seeds are

acrid, laxative, antiperiodic, anthelmintic, ophthalmic, liver tonic, cardiotonic and

expectorant. The leaves and seeds are useful in leprosy, ringworm, flatulence,

colic, dyspepsia, constipation, cough, bronchitis, cardiac disorders. Cassia species

powder made from Cassia species seeds and Cassia species splits are some ancient

natural ingredients. In India, Cassia species is used as a natural pesticide in

organic farms. Roasted seeds are substituted for coffee, like tephrosia seeds.

Cassia species are annual under shrub grows all over the tropical countries

(throughout India, Pakistan, Bangladesh and West-China) and grows well in

wasteland as a rainy season . It grows in low lying coastal area, river banks, etc…

Key Word :Glycosides , Ringworm , Infection ,Tannins , Anthra quinone

glycosides
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Preliminary phytochemical analysis and ABTS radical scavenging activity of

tender coconut shell mesoderm

Bhuvaneswari S, Elanthendral R and Gayathri K

Department of Biochemistry, VISTAS, Chennai

Tender coconut shell is economically cheap product. It is commonly used to make

shell charcoal, shell based activated carbon, shell powder, shell handicrafts etc.,

Scientific validation of tender coconut shell on various medical ailments has not

been reported earlier. Aim of the present study is to analyze phytoconstituents

present in different extracts of tender coconut shell mesoderm (TCSM) and

evaluation of their ABTS radical scavenging activity. Different extracts like

acetone, hydroalcoholic extract and alkaline fraction has been prepared from

TCSM. Qualitative analysis of phytoconstituents reveals the presence of

carbohydrate, protein, phenol, flavonoid, tannin in Acetone, hydroalcoholic extract

and alkaline fraction. Quantitative analysis of phytoconstituents like phenol,

flavonoid, tannin were estimated in different extracts of TCSM. The concentration

of phenolic compounds and flavonoids in different extracts were in the order of

Acetone, hydroalcoholic extract and alkaline fraction. Tannin was found to be

absent in acetone extract. ABTS radical scavenging activity of acetone extract was

found to be significantly higher than that of hydroalcoholic extract and alkaline

fraction. Conclusion - The results of present study reveals that acetone extract of

TCSM was found to be rich in phenolic compounds with significantly potent

ABTS radical scavenging activity than that of hydroalcoholic extract and alkaline

fraction. Acetone extract of TCSM can be evaluated for various pharmacological

activities.

Keywords – Phenolic compounds, flavonoids, tannin, carbohydrate, protein
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Medicinal value of Erythrina variegata .L

Janani PS, Vimala R and Geetha S

Department of Biochemistry, VISTAS, Chennai

Erythrina variegata .L (Kalyana murungai) is belong to Fabaceae (legume family)

a thorny deciduous tree growing to 60 feet tall. The coral tree is been cultivated

indigenous to the old world topics , originally from India to Malaysia. A wide

range of chemical compounds have been isolated, mainly alkaloids, flavonoids,

triterpenoids, and lectin .This acts as antiepileptic, antiseptic, and as an astringent.

The alkaloids extracted from the leaves of E. variegata are reported to have anti

inflammatory and analgesic activity. Isoflavonoids isolated from E.

variegata having antibacterial and anthelmintic activity. E. variegata shows

several other characteristic pharmacological effects like neuromuscular blocking,

smooth muscle relaxant, CNS depressant, and hydrocholeretic, which are

consistent with the reported uses of the plant extracts in the indigenous system of

medicine and it is rich source of rare vitamins and minerals with iron , calcium

and fiber .It enhances in strengthening bones , proper functions on digestions and

kidney problems , mother’s milk secretion ,skin disorders ,cough and cold

,menstrual problem, fertility related problem.

KEY WORDS : Alkaloids, antibacterial, cytotoxicity, Erythrina variegata,

isoflavonoids
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Medicinal value of Emblica officinalis

Shobana K, Iswarya B and Anna Sheba

Department of Biochemistry, VISTAS, Chennai

Emblica officinalis enjoys a hallowed position in Ayurveda. An Indian indigenous

system of medicine. According to believe in ancient Indian mythology, it is the

first tree to be created in the universe. It belongs to family Euphorbiaceae. It is

also named as Phyllanthus emblica or amla or Indian gooseberry. The species is

native to India and also grows in tropical and sub-tropical regions. The fruit of

Emblica officinalis are widely used in the Ayurveda and are believed to increase

defense against disease. It is useful in memory enhancing, opthalmic disorders and

lowering cholestrol level. It is one of the ingredient of many herbal formulation

containing fruits of Terminalia chebula and Terminalia belerica in equal

proportions .

Key words : Emblica officinalis, medicinal value, Formulation



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/331175022

Generational Differences of Indian Diaspora Writers

Chapter · August 2018

CITATIONS

0
READS

164

1 author:

Some of the authors of this publication are also working on these related projects:

Culture and Communication View project

Diasporic studies View project

Senthamarai Thennavan

Vels University

18 PUBLICATIONS   12 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Senthamarai Thennavan on 18 February 2019.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/331175022_Generational_Differences_of_Indian_Diaspora_Writers?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/331175022_Generational_Differences_of_Indian_Diaspora_Writers?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Culture-and-Communication?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Diasporic-studies?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Senthamarai_Thennavan2?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Senthamarai_Thennavan2?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Vels_University?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Senthamarai_Thennavan2?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Senthamarai_Thennavan2?enrichId=rgreq-4aea087881a8725df86f07b1fa408204-XXX&enrichSource=Y292ZXJQYWdlOzMzMTE3NTAyMjtBUzo3Mjc2NDgxNTQxNjUyNDlAMTU1MDQ5NjI0NzEyNg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


;. ? j I botr\ 2. ).= r..-!2
+ E= EE: H i *€ i 3EE;:E E e; s; ! x-
*;3C Ii: 6q,-€9o!I::'x< H .= =I "€iu:ET e i -u g r€ = 

e' P C 5 -. E;'= 9 -- >-.= il.'i.l'4 .9 il .! = -- u .:
r'8"l;=-.= t, d: Utr5j*Ev B"ki = at E iT

.r!-v)u*.^:i<'U!?t-c= -aS Eco€tj:eY;
e:Es 

= 
Ea i+= 4i ra=-d?='lEfi*;G.E

E t g E ; s\ ; r E 
= 

, :'d 
U E 7 Ez-" c E , -6 

= 
Z

:A dSE5E"q ii eg E*iteiEis.i;if:
=:it = 

q E fE i7 
= 

B

il F 6r t F^= 3;3ts_*E 9i 0-o€.3'E.'*r:c=7i=PdXr;
E +:!gT;E:# j;€r
i ti;tEt; *s: 

=1iiE €! $tgF=E E i I E E

=;=e=9-9EghE.l0 i u t J= i : - .; 2 kI x,,E+ 5.s ! le i f-cgT€ E E ?i+F+c+
v-u_uow*adr-_ UiEi: }= vil€;€Y7*.-r'E-s;Z?yo
;E i;d PE i;ilt
E E u E5 &-a b-o: E.9

=e; 
s:; *s,E I Ai

H : E = E H 
= 
e7 E: f

-P4=eL?'.4L,,

=E:FIE 
E E; I- ai = ia'i 7 U.S; * 5 =; E 5 q qEx'E 

=.(= b
E & s .= T€ " * o c e *
s 8,.E qpa-::i;3 c-:5i= ir: E:ai;
f;." q.;.55J E F U p I;
.E ;',=+ J-:-, * U.: HT 

=E;;: E rg *i*+EE.
tY'ze;".2 Ei='F n 6rc.!tr E';TE'u u': = - c

Ec';.S* iI I3E+ E:;
E E # e i i t *z -z T E :
i 

=: 
# 1 * xE j 5 

= 
E 

= 
J

Rd-.i=!E
:--\c i' & Fr i.- C* $as E?i;s
u= s;=* ;S=E=ii! i
= 

\res €EaEts;; s
E rIeE iio)tf F"P id u P-Es ,ou jic T! S
= -l Y d\d SEEi fEEEHH+; ;s;5.Eac;::;.3e",+ sa Ezf s:i++?,fEEE a

S.5E;&='*ci-.o= E'
a qtssqs{EsEs=t F:$ i=E!gttEE?irs \F
: !5?S?sri=Es<i i?: S $ ZS .= : :'r t.: t.s,. c-'6!

E g 3t!t:T scN=r io' ! E-trc
o: :Ee:3S€i!ESssEsr
i trsSis:s$SSsSs's;s;
;*-iiii iiiiiiii i

(!
o
q
CL

3
o)z

o
)
P(t
o
E
-c6
E')c
uI
c
.9
E
5
a

6{

2:AT;:T TEESEi r;t il! F:=,&aq#: aii,$
=tj=H!r;ei'iinAiI6; -i i E H 

= 
r H! = E zaB.il=E 

= 
ip &i1e =€+; E 

=* 
rz E"sE 2ezE:

=-E=i 
o E': =l;*a q'5 Z o E

3 eEa q **Ei7 I s* i;^a - a I = 
y,.2 - - r * u .= ..=

U F;.; E.g ts at.- !. u - ts ar

i;3EE;:BEEa=iE=
*, 1-=zz=2=;=*9==9
t; f t; Pb 3ii a s E ; H e; r Fl -^.= .='i.o 'e i : -8 *7 =.=- 9 o, a2
g= E ETE E E:; rEEETil
i; iE?E; g*# iE: =ig';t: i 1;&-E I H-i.5 ryEE:E: E 319 =Pe E =;i = 

aE*'iz33r'*4Eig:iZZ
or X Y O.r o bO+ i s A i : i i -:l 3 inE = i€=;: =E!:t llyrEzE? i.,9.a: e H 2T e;.Et q 8-z;; E:iz E.;i1EEE; g;
E =EE 

E E E x+f P<;i E E
3=-,8'E = 

; E 3 e ? a a, *e'=

(5

s
G
E
o

-i
oU

tr(!
!,c
(5

U
4
=
"6
(u

E
G

c
o(,
F

tF
o
rn
OurULcoo.Et-Lo>E>
Eg

o(oCL
trr,o.9
EoLC
9.s
AE

IFI L

i-_



LrA!
!^^.:5b:
VL

US.,tr
dq

u .!l
-UCU

*9(,]E
5U!
Lq
h 0-).bopc
!U

d
9-
0-) -7"i

(Jc)
U!.i!

i-o
U!

1^u(!
L..q
G) H .d)^
P(!=
S!4.d

= E€
L d)e B+OaoCL E:trr99(! H.X'5 .! '-1rt d

e!(o gE-
T' E6
L ! r\

-!

? ffi = : dD = E e E E + "_f il 
= 
t d : E gu!- JP

i o tr'-': r=VE-d-.i'E_ o u.E;.=.i:.z.;.,
I=*;E E ; F s;f t: r:+;I E;q;i:+J; :"=f E !r:t,+EiE $s;g

IL,iruu.JY.;iFr -. q ct - I2; o.2; i-e;i- C Fr,
,',F.9 o,E 5 -5 ?==:=' ^ - -h E ! ?aii-. = Eu-.-ir.=-:-o'JE=aa. =:i,* 3 c = ;,,E l';.! E'E c g 3 a xU= " c: il; s Et;9 E; 

=E€ 
E i dd j !E ?

+ tij Eg lirE;ex ii r=: 
=gE:i igEt; PE.::;;iIs E $E€ E ;i-E ; r 2=i:'* a= = z r G" ;c''' E q' u

'*:++*=*::f ; s;E*"rE E jt= [
=,ij e;5 +€;+ iEr; EE ?€ +er:
E : E = : E E E * 

= 
.: u .*-:.'= .e 3 r" ,j ; ; a

I F-t Ud 9 -E U so Ff Y= H 
='E 

#; Y:9Pu 
= F ct ,:- -.-o O-=i " >-'U:=-! q= X'E 5.=.2 : : s -X *'- E - I_.Y ;E I " = u P f s! i u

=;; i H l"pt r 0= E E 15;€t iE v "EIjI P= 
==e3E 

H Ef H ZE;+.tE
=j I i s E i:::E c=o "": EX E !€gi;.j xr..- u 

= 
F ! P U at .= .: ,. i .; 

= 
v .= J ! p:: w - f -.- ii y'i'= gP,'_ i oJ 

= i -^.2
=.= 2 E i y 4 -=a F, *'Z i#= - =2 i€ !=L ! ) q !+ A-O 

"; 
^ 3 += 

=(! l. 
= 

Y- - L
V A .i r, ! 6u u -x; -d- )E =E 

xEE o E JS := o
,.c C c >X !! 3 - .Y O E c > ! ; _O cJ cr ; 

=F ='4., >\:ii c 
== =;-c'-:- 

!'i = a; ! Lt#+ i E-: a€ SSEgE E g€F:5 E

UnLW*;At a I i I \w

Eo: o.'t X 5
d-e+'-.r

.4 vt, v L !C'- O > cd !E u -. C " !
- U .i At-E; > 5rq -'E >,i6 c

&OU
CJ .i L ., P-, o-o+ u 6 9.e

,p?u::!,=-fr aE U -i
=.=!@:'1e-rr u- xl *
;2.2u>(*E-H , * 3 o

'.i 
^ 

!v * ^, ^ 
U

!'"*a!=
Aq-@!(,
t'4uGf>

.a^-

-C : PL- o or

* 3 E "H !"
.O o () bO' iqutrCq..

--at.iUu
.rL!*l*

JP',. 9 I 3 " ^(iH.l=.*crr\
P:>-'.<.-t^

U L !^-
:-i.: 0) - ; ll!

-llii

E 9P6.e j H SqFUA]

iEyVe.eep -'-i ):-q I o
^ ^ 

., d E
F9*-^F,!p

q,A^U!/!-i'

--1 ,0J .i -tr 9? U
P2q?

:OVJ

Y B XFi 8.9

U

cd

->!

Cn
d!

o(-)cq,;

oo
?-o

(! O.
O(!

cd-
!

ocdt,.- (-)

.dF
aol
a!
ood
!ud-dtr

ta
a

G

Is
G
tr
q)
I
j
d
L
o
T'
o

!

4
='6
G
E
G

Pc
o

F

Or lO

C ,iJ

^'-6
^l9X-

:HP,9

9_q!99
an * f
IJ;

Li.- -

!U

qd

^U
JAo6+66

;q\

uUp@(g?
",-.q|!I

L!*#O orE;
CL:dcn
tnru S* e

A U A V
lJ 

^ 
Y'i.,1

? o-uo X:=ti l--.1 i qr
u(!?^J= o-H ?,Vla''X

o ;JPeP.nrd!!Lr|1!:!o H3*
tg S **'

ir^a\V   tse -f;bHv:U

-C --C. = 
a'

FFrud

T ,5 i't s I 4z,its,aA!Ui- E.9 I 6..9 9 I 6
u:tri2tAoj
W!6AqLL^Ai.= u -,L-.] o o 5 X

^ 9 u X A P J o-;-
?':GETn!.9 or.Sf I'H.= {I E+5
--u X - : >' t - ,,
e F 6*F E: s'=

it B cu X-. ur! uoE
s ei gi:rE 

=
H t EE?E3EJ iB 9 E 3:Z; E EE ?i5 E 8 LE 3 j IUX
E : fE E+; lti +]n ?= t: = ^ L g,) (!o ,;9 Et g_9 0; E

E ss;;iilE:l
i ^E.E:E EiEdS
E x=tE s-i€';:=il r : E 3 = I + *!o J\6 i; E u g;a
P E EA! T: T€. E

E ET:E T;! g E

E f gE sf € Ef T

'Eg e.i i 9.=
r)>'-

i'1au!r'u
ts ii6 w ? I.r67.!u

'.ryds=T-3E'E 0 =. ,;
!ocA=;i,

= 
- 

= 
a co -.=:.iY;---L

t-ut.A'ar".-, -- j 
- ! (dq.YOJJ9!L

=E'gs yl p
U - ^ --..a --,-Y. E " I k

^--.<J+ a f : 
=^L /r !

==o:t"=c!'"P;o^N(s ^ (!; ct o-O
Lo,i;"=^:s'Et ap il:*, f(E 

=i a:.9Etr;nOa>q)E od !-ca, @
.9u^9E7co-u
=.. 1=top-
=P - 9 

= 
h'E.9 I.r!-Luxu.=rru

O=EP:'qrcq
l'--lo -7?i 0-6u

E +-a i C E s^ IO '+ r 9 .9!,A.* u
^!Jj-)L{J-apF_LaJa s, L.r=: u€,E .Z z a: j* co iX: 

= 
!.=.:u!veE E. F E E 

==tr :.9 UtE -i.lE 9'tr c u [i ^,'Ua =s !b€ E 
=€

!qqqt(d@U

iE i = 
3 re Etr

OSJU(rqk.'i 
= 

d 3 g u.gE+
f;A :Li-e;
-,.-GP-.-Y!HLv

- l -- = ..j q.tr ;'- oD'=
i'u=--rJ^Yq;

L p 
- 

U Ci d, .< ,

€ ; !"E E g€'b i=
! q.,'il-g= Q ?! ' - E

-- T,F 
= 

t x E 6".0 {'u;l=Z;'iZ'.Q
-E-o)rrI:.9uc;

6 i L -?='=.--(:!r-E!o-g 5.f - rE ? u - uQ2>.=_C-l=oo.C
6lJ-V^=-u U U I) V LVn6'+

=: E 9.= B g i3p;
rX+E E-qE i; g
vYt-uv 'q(g

-d E 0 b A s E'i 5:'= a o- d J 9 L# t sif TE $;: k 
' 

e e; I E =o-.si ! b F E =:-a-t.tt...y-
H X E peiT='E 6
",1^6.=qa=q.! +g':= ft3:EE Y

=*: B -E eE E'e
e22iu_89=Y:,r'E? XT,'.-'-.! a

+:= g?E 
=g+ *g!3'r:j ! o ii E= 

=9{ 9 E H E 8 H.=

o
o
CLo

3oz
(l,

J
P(!
L
o
.E
J

,9
cDc
EI
tr
.9
1T

;
o
IN

F-



? Eis.XEe1 ;fEE5E Esi as;+i IrFFst:e5:e ;ii ?; r I :3 ugli :: i! ;E ,i: Fil* E; ;*:g'E €s8uo+s ;E+iEE u;; r€FtE i{:EEItE:tr
+ ;iiE lii Eiirii IiEiiiE iE irre;j LilEiZ zF;+f ;l;i; E*E t+ErEij;+ ti;i+ *;3+ pF 35 E F'$tuI{ r; E?j 3i6E;1i,=iAE+i;58 *s= +;- ;; fj g,*=t s frt*5; s rEr r ;s E ; :r EjEE;i!+g
= ; Ei; 

=tj A$+iEf E [; il; {iEi : [€ tg *tiE;jiE .E H"; s E*j di;=;=E*EEfg".sT :T i::1IE*Ei=!E EE:J=:E:=EE:;qi;:EIOi
E*f + EE Ei*u i; =i*t €gEj $EEif iE $+f Et E;EEzi,ie ;€; ;E iiilee EnEE 

=: 
EZZi;+ iE+.7zzi++=ii$gi+i i:;t rigr ilf Eiiii rrT EE ,-+ * EEE F E;;

[t;ig€lE EiiEi:ii;= ilf1iz i af tai
- E;ri;: +F,E== H E;f i$j Xr= E+if ijll ;rij?* ;:iiEE: g * EE 

=EE+ 
ilE u ;8t i*ui;g r;!= E=, F.s+r $"E s

h
t
t!

3
G

o
I

-i
oU

tr
o
!,c
G

n

(E

(t
E
G

L
o

F

* ;E H iEjj E EE t g.
I6-'i n9=;.3 Ft- .:9P
9^{ i'= * " g': uD-a B Z';> 1E s":+ U.EE l+V:E::EEf 9H ;t-6ij 9=€T s:6 o- Hir a: ! -' a E Y = ;.!E;1*PS* rf E 8,:
E E ji:=€ 5 EI P t i
=.9ccg-oq,.qj==!G,:s EE:l* sv^:i.= {y-uJ O< =---i >-6-A C C-E l:L1 u I O " _: = r(E (n O _ EIl=u+'=A-=a-iuO:1.-g " Elc 9il I F-a€ c.U t
= i;H n-- H; f r =E s >q d-Y - y.!€,,.'=s.i 'tE-Ui if F*z H c 3 , j > E y 1E c t-E.-:LF^-,;=vu.-

9 c boE E trqi.tr qE;^ cg Zalsrg0iE€;E= itr 9 tr = (J >Y 6 q;: c (v:= c P

^E € 1.E€ E 9;E; F q j E tg H g: s it_E ! H_;€E il 5rL J..- r -_O X r: -J -.-o ?r =F 
j3o.1 ?.-rEU-E

= 5*;UQd= 5.=3=i beu
TE 'E " I c U )--c'; = --- o il'E C

E :F H^E t,r:iiil a24;. 16

F +!;E-Ejg.tBgil:.Eb ?.=3!,Y.s b!=TTE;u
5 

=';! 
YEi i 5 E i ErE;(, >.;>€ E-E; dze; a€

2 g r- .L g : -1, -t i s,-oEE,;:=Aol j jToi

:"8; g.E lii:fE:=+6=-D+;9VU
'= Q.o.: o- PE(t q U-P':-!L';= z *l{d5 3; ,; E = !j 5- Yo ., I
H r E E f eirE E r
r iE I;:>-u a gt
.ltr,';E E l'E-? 5 d
LAv\d!-a E '" c 5' - c -b-a a -6

^JJ9L.L!-='a,='C,2OyO2Ooqre=il-Ep*'i
== bqi so!-o: R fr.e.9EbE.=58;=i
E E ei->>* - j ii lt
'-E a I = 9 s., =-c -E : ; E i i= :i e y F.SqEU=--5sE--i:
u E o q I Y - g, -- 

=itr 3

+E:+ i E E ='TP: EqtOri-a---L

= y'= iPa ; a E i ' &.== -: F-q u O-i-.C y x

f a T E : iE E : E: ;f ! P,; E 
=EF 

I.iE
tr G'n-9o;iii_*o?36/
3 E &j EAri sG E f t2 EEE'E'*;r'E 9X.:Fil , r" u il : d.E q E F : :i
i5 F E I F"3 E = 

y,3++ 3

!9tsqr
;9dn

td-q
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ABSTRACT 

Blood is a liquid tissue, in which abundant chemical factors and millions of different cells are 

dissolved. It is one of the most demanding sources in clinical and medical aspects. The issues 

and cost of human blood collection and storage directed this procedure toward the use of 

alternative blood. Thus, came an invention of artificial blood and blood substitutes. These 

alternative blood or blood substitute is a substance which is made to play as a substitute of 

erythrocytes. Thus, the main objective is to replace the normal human blood with artificial 

blood substitutes in the place of blood transfusion during surgeries and organ transfusion. Two 

major and focused blood substitutes in pharmaceutical aspects are perfluorocarbons and 

hemoglobin-based oxygen carriers (HBOC’s). Among these HBOCs vaguely resemble normal 

human blood. These blood substitutes are to allow flow through the blood stream to carry the 

oxygen and supply it to heart and other parts of the blood. They are used to fill the lost fluid 

volume. They are also called as plastic blood with iron atom as the base. They are found to 

serve as a good oxygen carrier. The results showed by these products are discussed, and they 

proved that they can act as a blood substitute and also they can reach the human tissue easier 

than erythrocytes and can control oxygen directly. However, these artificial blood products are 

being processed in research laboratories for good outcome. Their important functions are 

oxygen carrying capacity and to replace the lost blood volume in the human body. Their special 

features are survivability over a wider range of temperatures, eliminating cross matching, cost 

efficient, pathogen free, long shelf life, minimal side effects. Thus, artificial blood products are 

really a good alternative source which we need for replacing normal human blood. 

 

 

Keywords: Artificial blood, Blood transfusion, Plastic blood, Perfluorocarbons, 

Hemoglobin-based oxygen carriers, Cross matching, Shelf life 
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BEHAVIORS OF CNT/POLYMER
NANOCOMPOSITES

Mohan Raja
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Modigunta Jeevan Kumar Reddy,Kwang Ho Won,
Jae Ik Kim, Sang Hun Cha,Han Na Bae,Dae Hyeon Song,
Sung Hun Ryuand Andikkadu Masilamani Shanmugharaj
Department of Chemical Engineering, Kyung Hee University, Yongin, Kyunggi-Do,
South Korea

6.1 INTRODUCTION

Since the birth of polymer science in the 1830s, these materials have dominated the
market in terms of their versatility for product applications. These materials have
unique properties such as low density, reasonable strength, flexibility, and easy pro-
cessability. However, the mechanical properties of these materials are inadequate for
many engineering applications. Various kinds of fillers such as carbon black, sil-
ica, metal particles, glass, and boron fibers are used to enhance the strength and
stiffness of these polymer materials [1–3]. However, significantly high filler load-
ing is required to achieve the desired mechanical property of the polymer that in turn
affects the processability characteristics and the cost of manufacture. So as to achieve
high mechanical properties at lower filler loading, nanofillers that have nanometer
size (∼100 nm) at least in one dimension are often used. This nanofiller-reinforced
polymer matrix is termed as polymer nanocomposite that has received significant

Rheology and Processing of Polymer Nanocomposites, First Edition.
Edited by Sabu Thomas, Rene Muller, and Jiji Abraham.
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attention in recent years. The global consumption of nanocomposites is estimated to
rise from 119million kilogram in 2010 to about 330million kilogram in 2016. Indeed,
these materials have a big potential for applications in the automotive and aerospace
industry as well as in construction, electrical applications, and food packing.

Since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 [1, 4], consid-
erable effort has been focused on using this special kind of filler in polymer-based
composites [5, 6]. CNTs are one-dimensional carbon nanostructures with high aspect
ratios (L/D) of 1000 or more although their diameter is close to molecular dimen-
sions. They are classified as single-walled carbon nanotubes (SWCNTs) (Fig. 6.1a)

(a) (b)

5 nm
5 nm

(d)(c)

Figure 6.1 Schematic representations of (a) single-wall carbon nanotubes (SWCNTs); (b)
multi-wall carbon nanotubes (MWCNTs); transmission electron micrographs of (c) SWCNTs
and (d) MWCNTs. Reproduced from Eatemadi et al. [7] with permission of Open Access.
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Abstract - Cracks and Holes that occur in an oil pipeline were 
detected with the help of X-ray machines that lead to many 
problems in reducing the inspection time to an absolute 
minimum. Inspected pipelines were not legible to notify a 
crack or a hole. To rectify this problem manual inspection was 
decided to replace with a computerized detection with the help 
of digital cameras. These cameras had problems with fiber 
optic cables that is connected with them.To overcome this 
problem a bug sized Robotic was planned to replace the 
existing digitized inspection mode. This paper presents the 
structural and logical operations for image processing 
applications. Edge detection operations are performed to detect 
the edges or corners and the results are observed through 
computed tomography software. The digital camera that is 
implemented in the Robot is designed to fetch pictures for the 
calculation of pixel position, to determine the defects in the 
image. The result should show that the proposed mobile robot 
for image processing will be able to analyze pixel routing of 
the images. This research paper is a novice technique to 
replace the existing digital camera with a mobile robot. 
 
Keywords: MobileRobots, Computed Tomography 
Software,Pixels 
 

I. INTRODUCTION 
 

Pipelines are a safe and efficient means of transporting large 
quantities of crude oil and natural gas over land. Each and 
every day, oil companies transport enough crude oil and 
petroleum products to fill 15,000 tanker truck loads and 4,200 
rail cars. pipeline network transports three million barrels of oil 
every day[courtesy: offshore pipelines, boyunguo, PHD, 
shanhong song, ph.d., ali ghalambor, PHD and tian ran lin, 
phd].Everything from water to crude oil even solid capsule is 
being transported through millions of miles of pipelines are 
vulnerable to losing their functionality by internal and external 
corrosion, cracking, third party damage and manufacturing 
flaws. If a small water pipeline bursts a leak, it can be a 
problem but it usually doesn’t harm the environment. 

However, if a petroleum or chemical pipeline leaks, it can be 
an environmental and ecological disaster [reference from US 
pipeline accidental reports at the national transportation safety 
board]. Thus, for keeping pipelines operating safely, periodic 
inspections are per formed to find cracks and damage before 
they become cause for serious concern. When a pipeline is 
built, many inspection methods can be used to evaluate its 
quality such as visual, x-ray, magnetic particle, and ultrasonic. 
These inspections are performed as the pipeline is being 
constructed, so gaining access to the inspection area is not a 
problem. Most pipelines are buried except some pipelines, that 
are underwater [courtesy the Alaskan oil pipeline].once the 
pipeline is buried, it is undesirable to dig it up for any reason. 

Therefore, much remote visual inspection equipment to assess 
the condition of the buried pipe has been developed. For 
inspection and recovery action of damaged pipeline, robotic 
crawlers of all shapes and sizes have been developed to 
navigate the pipeline. The video signal is typically fed to a 
truck where an operator reviews the images and controls the 
robot. 
 
Mobile Robot 
A mobile robot is an automatic machine that is capable of  
moving around. Mobile robots have the capability to move 
around in their environment and are not fixed to one physical 
location. [def:wikepedia] 
 

 
 

Figure 1 Mobile Robots(Picture courtesy DrRobot.com) 
 

Indication 
The idea of replacing a digital camera to robot budded with the 
hazards that rose during the intervention of the camera in the 
oil pipeline path and the cable connected to it got sticky and 
oily, thus resulting in the replacement of the cable every time it 
is inserted inside the path for inspection. Pixel analysis was 
made difficult and the outer covering of the camera had to be 
replaced every six months, leading heavy expenditures. The 
pixel images were disturbed by the surface ruptures and the 
pixel flow was not smooth. This resulted in the uneven 
distribution of pixels in the images sent by the camera. To 
resolve this problem, a mobile robot was planned to replace the 
existing digital camera. A Mobile robot requires a multiple 
sensored CCD Camera, ultrasonic and infrared sensors to 
locate its position to avoid snags and to find a proper path 
leading to the destination to detect the cracks. The Robot 
connects all the information acquired from these sensors and 
makes decision to control its direction and speed.The objective 
of this paper is to discuss the basic concepts required to 
identify the images sent from a mobile Robot for hole or crack 
detection. The main prominence is based on mobile robot 
propulsion, image capture and mapping. 
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II. BACKGROUND WORK 
 

Proposed Mobile Robot  
The proposed mobile robot is designed to virtually detect the 
holes and cracks using a computed tomography software that 
helps to analyze the image captured inside the pipeline. An 
embedded, real-time, and low power obstacle avoidance 
system is a critical component towards fully autonomous 
robots that can be used in safety missions, space exploration, 
and transportation systems among others. In this paper a 
complete prototyping platform for the evaluation of obstacle 
avoidance systems and autonomous robots is realized on 
reconfigurable hardware. The system receives image data from 
a vmodvam module and a decision making algorithm based on 
edge detection algorithm is applied on a specific region of 
interest (RoI) as inspected by the camera fitted in the robot. 
These results are further mapped to identify through the pixel 
image using the algorithms to detect the defects. The algorithm 
is also designed to remove the obstacle that comes across and 
make a clear path for the robot to move free around the 
prescribed distance for detection. 
 

III. SCOPE OF RESEARCH 
 
This research focuses on solving the issues in image detection 
communities that can help the system operator to maker-
processing, classification, labeling of data and to mitigate the 
outcome of image data. The system administrator finds it 
difficult to pre-process the data. Even though it has been done 
successfully, the overwhelming output of the images makes 
the task a failure and even sometimes images go unidentified. 
To overcome this situation, frequent updation of data is 
needed. In order to reduce the workload of the administrator 
four major image analysis and processing technique involving 
pattern recognition task has been introduced. In this research, 
for classification of network data, several existing algorithms 
like Kohonen-cluster algortihm, Canny’s edge detection 

algorithm and Mathematical morphological operator algorithm 
for the simulation of images are implemented. 

 
Fig 2.Pipeline Showing Crack with Measurement (Picture 

Courtesy-SADARA, KSA) A diagram showing the 
implementation of an edge detection algorithm. 

Edge detection has to be carried out, to know the actual area or 
length of a pipe line under analysis. After series of evaluation 
and careful study, mathematical morphology is applied to 
detect the crack defects in the images taken from an oil pipe 
line. At certain situations it developed to show shadow 
images. Though it is avoidable, it is necessary to develop an 
algorithm to rectify this problem, if not this will be a big 
ladder down strike in developing this research paper. Image 
shading mainly occurs at the point wherever the pipe line is 
smooth and deep, because of the oil transportation. This 
occurs due to the yearlong use of the pipe line, for carrying the 
oil.  

IV. METHODOLOGY 
 

This paper paves way to replace the existing digitized camera 
with the robot.Robot is mounted on a small sensitive 
membrane for testing,if this comes across any leaks the robot 
will be directed to travel towards the leak.once the crack or 
hole in the pipe line is identified it is sent as images to the 
system that is connected with the robot.the work of robot 
continues until it travels to the entire distance.Now the images 
sent to the system are converted to Raster images to convert 
the images to pixel point readers.With these pixel points and 
by applying the algorithm for edge detection,k-cluster for 
thickely covered pixel points the area defected in the pipeline 
is identified,later it is recovered by the mechanical 
department. 
 
First the image to be dilated is collected from the images sent 
by the Robot (a signal sensor is connected) .These sensors 
carry communication signals using pulses of light. The second 
step is to collect the samples from the image, it is a set of 
coordinate points, usually small known as a structuring 
element. It is this structuring element that determines the 
precise effect of the dilation on the input image. Thus the data 
is gathered by the images that are sent by the camera (for one 
second minimum 500 images). 1’s represent the Foreground 
pixels and 0's represent the background pixels. An example of 
a structuring element with a 3 x 3 squares and origin in the 
center is shown in Table 1 and then these images are scanned 
for pixels: 
 
        Table 1: Showing the Values for Evalution of 3 x 3 pixels 
 

1 1 1 

1 1 1 

1 1 1 

 
V. IMPLEMENTATION 

 
As a step of implementation this model will be submitted to 
the SADARA group KSA for further review and development. 
Implementation for this research work starts with the pixel 
reading, the data in the database is read, and each and every 
pixel is verified using the unsupervised algorithm. During 
pixel examination, even a small error or blurred image, whose 
pixels are stored as mismatched data, are identified and they 
are further studied to find the defected part in the pipeline. If 
there is a hole or a crack in the pipeline, the pixel image is not 
a clear one, the image is not visible properly and the data 
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stored as pixel bits, will show the level of the defect with the 
help of the density of the bit-map or raster image.  

 
VI. DISCUSSION 

 
The main contribution of this research for the replacement and 
improvement of manual evaluation are as follows: 
1. Discovered a mechanism for the replacement of digital 

pipeline intervention technique. This mechanism is 
applicable for any type of pipeline transportation. 

2. The position and size of the pixels are defined. The 
required number of bits are evaluated and stored in the 
buffer area. 

3. Image without defects were evaluated using the algorithms 
developed. The algorithms are independent of each other. 
The speed of processing is more. Hence the evaluation of 
the images was achieved without any hurdles. 

4. Computed data points between the old and new bits of 
each pixel groups that were generated in clusters are 
identified. 

5. Finally the proposed computer based monitoring system 
was tested with different set of images. The results show 
that the proposed image analysis and processing model 
using computed tomography software implemented 
through mathematical morphological operator is better 
than the existing digital systems. 

 
VII. SIMULATION RESULTS 

 
To know the pixel position, the image is evaluated by 
applying the set of algorithms; totally so far 5000 images as 
samples   were used to evaluate the proposed approach. The 
cluster algorithm evaluates and identifies the pixel position. 
Since the data is voluminous it takes little time to do the 
process, this can be overcome by reading the data sets 
according to the length of the pipeline. Data stored as bits is 
fed accordingly and this rectifies the error. We considered the 
simulation time as a pixel lifetime and pixel lifetime is a time 
when no point is available to analyze the cluster. Simulation 
time is calculated through the CPUTIME function of 
MATLAB. The results show that the total cluster analysis 
energy performs better than the maximum number of pixels 
with defects in terms of cluster lifetime. A time and distance 
graph will be able to show the pixel evaluation with travelling 
distance of the mobile robot inside the oil pipeline. If the 
distance is less time taken to evaluate the cluster region 
reduces and vice versa. 
 

VIII. CONCLUSIONS 
 

The drawbacks of the existing model and the amount of 
human error caused while analyzing a pipeline manually 
motivated to implement this research work. The existing 
model performs the same operation but not time consuming, 
men and material wastage is more. In the existing model, the 
restriction also lies in the usage of more number of devices to 
perform the task of finding the defects. This Mobile robot uses 
only minimized physical devices and it is cost effective. The 
algorithms developed give a clear image analysis and 
processing to achieve the goal of defect free image of a pipe 
line. This can be extensively implemented for any kind of 
pipeline that carries liquids or gases. The memory area used to 

store the bit values is also temporary, so after mathematical 
evaluation, the buffer area can be removed, according to the 
user need. There is no question of bit bouncing, because of 
this nature of handling the memory area. The proposed Mobile 
Robot model is faster and time consuming than the existing 
digitized camera model. 
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Preliminary prediction in reducing the risk of developlng Type 2 

Diabetes among middle aged woman using physlologlcal markers 
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Abstract 

Type 2 Diabetes is a metabolic disorder characterized by dearth of insulin and its 

resistance along with hyperglycemia needs to be controlled with routine check in blood 

sugar levels. Rate of type 2 dhabetes increased markedly in 2014 affecting over 382 million. 

Inflammation is hypothesized to play a role in development of type 2 diabetes mellitus and 

data pertaining to this issue is limited. The physiological markers L-6 &C-Reactive protein 

are associated with hyperglycemia and insulin resistance. The elevated level of Interleukin 

6 and C-Reactive protein among middle aged women relates closely with a risk of 

developing type-lI Diabetes Mellitus. The C-Reactive protein, a positive acute phase protein 

is primarily derived from IL-6 dependent hepatic biosynthesis. Studies pointing towards 

the experimental data specify the level of inflammatory markers CRP and IL-6 in increased 

level is associated with a higher risk of developing diabetes among middle aged woman. 

These sustainable data paves way to carry out a molecular level investigation of these 

physiological markers IL-6 and C-Reactive Protein to identify the gene expression levels of 

these acute phase proteins for primary identification of type-2 Diabetes Mellitus among 

middle aged women. Such kind of screening these acute phase proteins indicates at an 

initial stage could be a precaution to control diabetes in future. 
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