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     Foreword 

   In late 2011, I was very lucky to be invited to be a speaker at the International 
Conference on Advances in Biological Sciences (ICABS – 2012), which was 
organized by the Department of Biotechnology and Microbiology and the 
Inter University Centre for Bioscience, Kannur University from March 15 to 
17, 2012. As for the meeting, I can say that it was a very well-organized and 
convivial conference and a highly vibrant scienti fi c gathering. I was extremely 
impressed with both the quality and the very wide diversity of presentations, 
which were given in both oral and poster form. I was also pleasantly surprised 
by the quality of the students who were present in large numbers at the meet-
ing. During the conference, I learned a tremendous amount about the diver-
sity of Indian science in the biological area, but I also learned a lot about how 
Indian scientists themselves regard the Indian biological research arena. 
There were some interesting historical perspectives given at the beginning of 
the conference, such as one entitled the “Development of Structural Biology 
in India: A Personal Perspective” by Professor M. Vijayan from the Indian 
Institute of Science. 

 We live in an age of increasing threats to our fragile environment, and we 
hear a great deal about the future impact of the rapidly increasing populations 
in India, other parts of SE Asia, and Africa. It is therefore gratifying that 
many of the talks addressed the questions of how to increase crop and domes-
tic animal productivity, how to ameliorate the environmental effects of human 
activity, how to provide more food and energy for the future, and how to 
assess the biodiversity of many of India’s important plant and animal species. 
It is also encouraging that native species are being screened for potentially 
useful bioactives and other potentially useful compounds. 

 This book  Prospects in Bioscience: Addressing the Issues  is a compen-
dium of papers presented at the conference, representing a set of 50 papers 
which really illustrate well the diversity of Indian science and how it is going 
about addressing the issues which face us at this critical time in human his-
tory. The topics range widely and include immunology, molecular biology, 
structural biology, agricultural biotechnology, and microbial technology. 
They re fl ect the results of research conducted in highly specialized areas of 
biology. Some of the chapters cover topics such as partitioning of proteins 
from  fi sh ef fl uents using aqueous two-phase systems, Naїve Bayes – a novel 
method for prediction of short genes from noncoding DNA, RFLP of 16S 
RNA for detection of porcine meat, an HMG-CoA reductase inhibitor from a 
plant source, immunoglobulin level studies in vitiligo patients, development 
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of SSR markers in bambara groundnut, novel antimicrobial peptides from 
 Clitoria ternatea , a plate assay for  b -lactamase inhibitors from natural 
sources, isolation of a  Pseudomonas  sp. against sheath blight of rice, immu-
noinformatics prediction of HLA-II binding epitopes of  S. aureus , and role of 
lymphocytes in tumor rejection. The scienti fi c content in the various chapters 
of this book is certainly worth exploring, and this book will serve as a good 
reference source. This book is further designed to give its readers a unique 
exposure to the emerging prospects of modern biology. 

 Group Leader – Potato Genetics and Breeding   Dr. Glenn Bryan 
 The James Hutton Institute 
 Invergowrie, Dundee DD2 5DA 
 Scotland, UK, July 2012   
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   Preface   

 Throughout the past century, researchers have made considerable efforts to 
learn the biological intricacies of nature for making the existence of human-
kind more and more comfortable and sustainable. It started with the traditional 
fermentation of food to the commercial exploitation of all types of biological 
cells and molecules. However, research has quite often neglected opportuni-
ties to develop technologies for the upliftment of the rural poor, representing 
approximately 80% of the world population. A change in biotechnology con-
cepts, which are now commercially driven, to a more human-oriented future, 
combining “old” and “modern” biology for the improvement in the socioeco-
nomic status of our rural population, is very much required these days. 

 Developments in modern biology including environmental and industrial 
biotechnology, food and agricultural biotechnology, medical biotechnology, 
and advances in cell and molecular biology are of high relevance in the current 
global context. The world is striving hard to manage the adverse impacts due 
to the discharge of toxic ef fl uents to the environment as a result of urbaniza-
tion and industrialization. Diseases due to adoption of modern lifestyle and 
environmental stress are emerging along with reemergence of contagious dis-
eases. Equally important are the socioeconomic problems created by reckless 
utilization of food grains for fuel production. To feed the growing population, 
we need to have our warehouses  fi lled with quality food grains, and there is a 
need for advanced postharvest technology also. Advances in cell and molecu-
lar biology armed with the breakthroughs in structural biology are extending 
services to mankind in combating many grave problems it is facing today. 

 In this volume, the editors have organized a series of research-based 
articles which seek to address the hot issues in biosciences the whole world 
is facing due to urbanization and industrialization. The scienti fi c content in 
the book is expected to help the researchers in bioscience across the globe in 
orienting their perspective for developing advancements in the  fi eld which 
will help us in fostering sustainable development of the global society. What 
we are proposing through this book is that the philosophy of science and 
scienti fi c research need to orient toward nature. 

 Dr. Abdulhameed Sabu 
 Dr. Anu Augustine    
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  Abstract 

 Characterization of  fi sh-processing industrial ef fl uent was carried out 
according to Bureau of Indian Standards (BS.2690:1965). The ef fl uent 
contained high strength of chemical oxygen demand, biological oxygen 
demand and proteins. The effect of protein solubility was measured by 
a function of pH ranging from 2 to 12. Partitioning of proteins from  fi sh 
industrial ef fl uent in aqueous two-phase systems (ATPS) was investigated. 
Sodium sulphate was chosen due to its ability of promoting the hydropho-
bic difference between the phases. Phase compositions including polyeth-
ylene glycol (PEG) molecular weight (2000, 4000, 6000 and 8000) and 
sodium sulphate affecting the protein partitioning were studied. Varying 
the polyethylene glycol molecular weight and concentrations with sodium 
sulphate salt affects the partition coef fi cient. The tie lines for above-said 
system were developed at 25°C for different compositions. Further, tie-
line lengths were calculated and effects of this parameter over partition 
coef fi cient were studied. From the experimental results, it was revealed 
that the PEG molecular weight and concentrations, salt concentrations, pH 
(5–8) and temperature (20–50°C) of system had strong impacts on parti-
tion features.  

  Keywords 

 Aqueous two-phase system  •  Partitioning  •  Fish proteins  •  Tie-line length      

      Fish-Processing Industrial Ef fl uent 
Characterization and Partitioning 
of Proteins Using Aqueous 
Two-Phase System       

     H.   Nagaraja   Viswanatha       and    I.   Regupathi      
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   Introduction 

 The ef fl uent generated from  fi sh-processing 
industry contains a high organic load, and it 
should be treated/recovered before discharging 
the ef fl uent into the environment in order to 
prevent a negative impact on the environment. 
On the other hand, this ef fl uent contains a large 
amount of potentially valuable proteins. The 
degree of ef fl uent generation from  fi sh-processing 
industry depends on several parameters, such as 
type of operation involved and type and amount 
of seafood processed. Typically, a plant of 100 
ton  fi sh-processing per hour capacity generates 
10–40 m 3 /h ef fl uent with protein loads of 0.5–
20 g/l  [  1–  3  ] . Fish-processing industry wastes are 
an important environmental contamination source. 
Research has been carried out in order to develop 
methods to convert these wastes into useful 
products. The  fi sh protein hydrolysates have been 
reported to exhibit various bio-functionalities 
like antioxidative, antibacterial, anti-hypersensitive 
and anticancer properties  [  4  ] . The recovered 
molecules also have potential for several pharma-
ceuticals as well as feed formulations apart from 
providing value addition to  fi sh-processing waste. 
Conventional methods were used for recovery 
and puri fi cation of proteins from  fi sh ef fl uents 
including enzymatic hydrolysis, centrifugation 
 [  5  ] ,  fi ltration,  fl occulation, precipitation  [  6  ] , pH 
shifting  [  7  ] , membrane  fi ltration  [  1,   2  ]  and emerging 
technologies such as subcritical water hydrolysis, 
supercritical  fl uid extraction and ohmic heating 
 [  8  ] . Concerning  fi sh protein recovery, there exist 
many conventional techniques which give rise to 
material with poor functionality and nutritive 
value  [  9  ] . Therefore, it is essential to devise reliable 
separation strategies that would improve yield, 
selectivity, economy and feasibility of the process. 

 Aqueous two-phase systems (ATPS) have been 
successfully used for separation and puri fi cation 
of proteins, metal ions, nanoparticles and dyes 
from various sources such as wastewater, fermen-
tation broth and animal and plant cell organelles 
 [  10  ] . ATPS are formed by addition of two water-
soluble polymers or polymer and salt, with critical 
concentrations of aqueous solution occurring in 

two phases   . Among those, polymer/salt systems 
are more preferred over polymer/polymer 
systems because they are easy to separate and 
require lesser time to separate, and there is high 
density difference between phases. The ATPS 
have advantages over other conventional separa-
tion techniques: due to the high water content of 
both phases, which means high biocompatibility 
and low interfacial tension, thus minimizing degra-
dation of biomolecules. ATPS also provide good 
resolution, high yield and a relatively high 
capacity. In addition, this system is easily scaled 
up. ATPS could be a good alternative for a  fi rst 
puri fi cation step since such systems allow 
removal of several contaminants by a simple and 
low-cost process  [  11–  16  ] . 

 The mechanism governing the partition of 
biomolecules in ATPS is still not fully understood 
and largely unknown. Partition is driven by the van 
der Waals, hydrophobic, hydrogen bond and ionic 
interactions between the biomolecules and the sur-
rounding phase. Therefore, the partition may also 
be in fl uenced by the concentrations and molecular 
weight of phase-forming polymer, concentration 
of phase-forming salt, type and concentration of 
added salts, temperature and pH. Several studies 
have focused on the in fl uences of the above-men-
tioned parameters on the separation of various 
biomolecules. Tubio et al.  [  17  ]  studied the effect 
of different factors such as polyethylene glycol 
molecular weight, pH, tie-line length (TLL), tem-
perature and the presence of an inorganic salt on 
the protein partition coef fi cient. Chia-Kai and 
Been  [  18  ]  studied extraction behaviour of lysozyme 
from chicken egg white by PEG/sulphate system. 
Optimized parameters of lysozyme from chicken 
egg white extraction were found at a temperature 
of 25.8°C and pH 10. Shahbaz and Omidinia  [  19  ]  
reported in fl uences of PEG molecular weight and 
its concentrations, pH, (NH 

4
 ) 

2
 SO 

4
  concentrations 

and TLL on recombinant enzyme phenylalanine 
dehydrogenase partitioning. Silva et al.  [  20  ]  stud-
ied the in fl uence of PEG 1500 with various type of 
salts (potassium phosphate, sodium citrate, lithium 
sulphate or sodium sulphate) and temperature 
(278.15–318.15 K) on the caseinomacropeptide 
partition coef fi cient. In addition, thermodynamic 
parameters ( D H o ,  D S o  and  D G o ) as a function of 
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temperature were calculated for the system PEG 
1500–sodium citrate at different PEG concentra-
tions. Nowadays, ATPS have been used to recover 
valuable biomolecules from various processed 
industrial wastewaters. Saravanan et al.  [  21  ]  stud-
ied the recovery of proteins from tannery wastewa-
ter using a PEG 4000/MgSO 

4
 . They analysed 

effects of PEG molecular weight and concentra-
tion, MgSO 

4
  concentration, pH and NaCl concen-

tration on protein partition.    The same research 
group  [  22  ]  reported the recovery of value-added 
globular proteins from tannery wastewaters using 
PEG 6000–sulphate salt ATPS and concluded that 
sodium sulphate system was the best one compared 
to ammonium sulphate. Recently, development 
and evaluation of PEG–lithium citrate salt-based 
ATPS and its application in partitioning of proteins 
from  fi sh industry ef fl uent were reported by our 
research group  [  23  ] . In that study, partitioning 
effect on different PEG molecular weights (4,000, 
6,000 and 8,000) and its varying concentrations 
and lithium citrate salt on  fi sh-processing indus-
trial ef fl uent were studied, and the maximum parti-
tion coef fi cient of 7.82 was obtained at TLL 38%. 
Sulphate was chosen as the phase-forming salt 
because of its ability of promoting the hydropho-
bic difference between the phases  [  18  ] . In a phase 
diagram, sodium sulphate showed a larger bipha-
sic area as compared to potassium phosphate and 
lithium sulphate salt systems  [  24  ] . 

 In the present report, it was proposed to study 
 fi sh-processing industrial ef fl uent characterization 
and partition of proteins from  fi sh-processing indus-
trial wastewater employing a PEG–sodium sulphate 
salt-based ATPS. The effects of polymer molecular 
weights, its concentrations and salt concentrations, 
TLL, pH and temperatures of the system on the par-
titioning behaviour were investigated.  

   Materials and Methods 

    Sodium sulphate (>99% purity) of molecular 
weight obtained from Merck, Mumbai, India. 
Analytical grade polyethylene glycols of average 
molecular weight 1,900, 3,850, 5,800 and 7,750 g/
mol (PEG 2000, PEG 4000, PEG 6000 and PEG 
8000) were purchased from Sigma Chem. Co. 

(USA). All the reagents were of analytical grade. 
Double-distilled water was used for this work. 
Bradford reagent (Sigma-Aldrich Inc., Germany) 
was used to estimate the protein content of the 
equilibrium phases and ef fl uent. The  fi sh ef fl uent 
used in these experiments was obtained from a 
 fi shmeal processing industry located at 
Mangalore, India. 

   Characterization of Fish-Processing 
Industrial Ef fl uent and Protein 
Solubility 

 Characterization of  fi sh-processing industrial 
ef fl uent was carried out according to Bureau of 
Indian Standards (BS.2690:1965). In order to 
 fi nd the effect of different pH on the solubility of 
proteins from  fi sh protein, a solubility curve was 
prepared, as described by Thawornchinsombut 
and Park  [  25  ] . Protein-containing  fi sh-processing 
industry ef fl uent was taken and homogenized 
(IKA T18 @  Basic, Ultra-Turrax, Germany) at a 
setting of 5× for 1 min. The homogenate (5 mL) 
was adjusted from pH 2 to 12.0 in 1 interval, using 
0.2 M and 1 M HCl or NaOH, with pH metre 
(Eutech Instruments, Singapore). The homogenate 
was centrifuged at 10,000 rpm at 4°C for 20 min. 
The protein concentration of the supernatant was 
determined by Bradford method using bovine 
serum albumin (BSA) as the standard protein. The 
protein solubility was expressed as milligram 
per gram of ef fl uent. Four replications were carried 
out for each measurement.  

   Preparation of ATPS 

 The system compositions were taken from the 
literature according to the    binodal diagrams for 
PEG 4000 and 8000 with sodium sulphate  [  26, 
  27  ] . ATPS were prepared in 15-mL centrifuge 
tubes by adding the desired weight fraction of 
PEG, salts and  fi sh-processing industry ef fl uent. 
To study the effect of salts on partitioning of 
protein from  fi sh-processing ef fl uent, varying 
molecular weights of PEG (2,000, 4,000, 6,000 
and    8,000) and its concentrations with sodium 
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sulphate,  fi sh industry ef fl uent (50% w/w) and 
distilled water were used to attain 10 g of the 
aqueous system. The mixtures were dissolved 
completely using vortex mixer. Phase separation 
was achieved by centrifugation for 10 min at 
3,500 rpm. The samples were incubated to attain 
equilibrium in a thermostat maintained with an 
uncertainty of ± 0.05°C (Lab Companion, model 
RW-0525 G, Korea) of constant temperature of 
25°C for 24 h. The top phase was carefully 
separated using a pipette and the interfacial 
volume was discarded. Volumes of the separated 
phases were measured, and aliquots from each 
phase were taken for further studies. The indi-
vidual phases were separated, and concentrations 
of polymer and salts were determined by digital 
refractometer (RX-500, ATAGO Co. Ltd., Japan) 
and  fl ame photometer (model CL-378, Elico Ltd., 
India), respectively.  

   Protein Estimation 

 Protein estimation was carried out by Bradford 
method using Coomassie Brilliant Blue G-250  [  28  ] . 
The samples were read at 595 nm against the 
blanks with the same compositions as the samples, 
but without any proteins, to avoid the interference 
of PEG and salt. Assays were performed in triplicate 
and the averages were used in the calculations. The 
results are expressed in terms of bovine serum 
albumin (BSA) equivalents.  

   Determination of Partition Parameters 

 Partition coef fi cient ( K ) was calculated by Eq.  1.1 .

        (1.1)   

 Partition coef fi cient is de fi ned as ratio of pro-
tein concentration in top phase ( C  

tp
 ) to protein 

concentration in bottom phase ( C  
bp

 ). 
 Phase volume ratio (VR) is de fi ned as the ratio 

of volume in the top phase ( V  
tp
 ) to that in the bottom 

phase ( V  
bp

 ) Eq.  1.2 .

        
(1.2)

   

 Tie-line length (TLL) is proportional to the 
difference between intensive thermodynamic 
properties for the upper and lower phases. The 
tie-line lengths are estimated using the following 
relationship  [  29  ]  Eq.  1.3 .

        (1.3)     

   Results and Discussion 

   Characterization of Fish-Processing 
Industrial Ef fl uent 

 Fish-processing industrial ef fl uent is a critical 
factor in establishing a corresponding effective 
ef fl uent treatment process. Ef fl uent characterization 
was performed according to the Bureau of Indian 
Standards (BS.2690:1965). Salt concentrations 
were analysed by  fl ame photometer. The concen-
trations of Na, Ca and K in the samples were 
measured in suitable dilutions. Table  1.1  illustrates 
the average value of various parameters determined 
for the taken sample of ef fl uent. The BOD to COD 
ratio is 0.298, indicating that organic matter in 
the sample is biodegradable and pH around 7.25. 
All the above parameters are favourable for 

tp

bp

C
K

C
=

tp

bp

VR
V

V
=

2 2 1/2
( ) ( ) ( ) ( )TLL [( ) ( ) ]P T P B S T S BW W W W= - + -

   Table 1.1    Composition of  fi sh-processing industrial 
ef fl uent   

 Sl no.  Parameters  Units 

 1  COD  180,775 ppm 
 2  BOD  54,000 ppm 
 3  Total solids  22,408 ppm 
 4  Total dissolved solids  19,275 ppm 
 5  Density  1,011.7 kg/m 3  
 6  pH  7.25 
 7  Sodium  790 ppm 
 8  Potassium  1,460 ppm 
 9  Calcium  80 ppm 
 10  Phosphate  1,517 ppm 
 11  Total protein  450 ppm 
 12  Oil and grease  964 ppm 
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biological treatment and suitable for extraction 
of valuable compounds from the ef fl uent  [  30  ] .   

   Effect of pH on Protein Solubility 

 Protein solubility in an aqueous solution is depen-
dent on pH. In order to obtain a higher recovery 
of  fi sh proteins by acidic/alkaline processing, 
protein solubility at various pH conditions was 
investigated. Solubility of protein was lowest 
of pH 4 and 7 (Fig.  1.1 ). The solubility increased 
gradually as the pH was shifted away from the 
isoelectric point (pI). The protein solubility pro fi le 
as a function of pH for water-soluble proteins 
in  fi sh-processing industry ef fl uent exhibited a 
characteristic parabolic shape (Fig.  1.1 ) with a 
minimum solubility at (or maximum precipita-
tion) pH 7. Isoelectric point hinders protein–
water interaction and favours protein–protein 
bonds, which leads to low protein solubility and 
their gradual precipitation. Therefore, pH during 
precipitation is important to achieve maximum 
protein recovery. Generally, pI of  fi sh muscle 
proteins ranges between pH 5 and 7; a dramatic 
increase in solubility was observed from pH 4 to 
2 or from pH 8 to 12. Maximum solubility was 
observed at pH 2 and 12. Similar solubility pro fi le 

was seen for various protein molecules such as 
 fi sh sarcoplasmic proteins  [  31  ] ,  fi sh proteins  [  32  ]  
and meat proteins  [  33  ] .   

   Effect of Phase Composition and PEG 
Molecular Weights on Protein Partition 
Coef fi cient 

 PEG of different molecular weight was added in 
order to form degree of polymerization which 
affects partition, separation and puri fi cation 
ef fi ciency of proteins.    ATPS were prepared with 
different molecular weight of PEG (2,000, 4,000, 
6,000 and 8,000) and varying concentrations from 
15 to 25% (w/w), sodium sulphate salt concentra-
tion 12.5% (w/w) and 50% (w/w) of  fi sh-processing 
industrial ef fl uent. Prepared compositions were 
centrifuged at 3,500 rpm for 10 min and kept 
in constant temperature water bath at 25°C for 
attaining equilibrium. Figure  1.2  showed that 
the partitioning of soluble proteins from  fi sh-
processing industrial ef fl uent can be altered by 
varying the molecular weight of PEG. With 
increase in the molecular weight of PEG, the 
partition coef fi cient of protein was decreased and 
also observed that partition coef fi cient of protein 
decreased with increase in the PEG concentration. 
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  Fig. 1.1    Solubility of proteins from  fi sh-processing industrial ef fl uent at various pHs       
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Saravanan et al.  [  21,   22  ]  have observed similar 
effect for tannery waste containing proteins, and 
Regupathi et al.  [  23  ]  reported for  fi sh-processing 
industrial ef fl uent proteins. As per these reports, 
as PEG molecular weight increases, the free 
volume of top phase of system decreases, causing 
the migration of proteins towards the bottom phase. 
On the other hand, the increase in the chain length 
will also cause the reduction of the free volume, 
means less space available for the protein interac-
tion. As TLL increases, the free volume at both 
system phases decreases. A similar behaviour was 
observed by Madhusudhan et al.  [  34  ] , Gholamreza    
et al.  [  35  ]  and Perumalsamy and Batcha  [  36  ]  for 
other ATPS.   

   In fl uence of Phase-Forming Salt 
Concentration on Protein Partitioning 

 Figure  1.3  shows the effect of phase-forming 
salt concentration on the partitioning behaviour 
of  fi sh protein at 25°C. The increase in salt con-
centration from 12.5 to 22.5% resulted in an 
increase in partition coef fi cient from 0.142 to 
1.181, respectively. This    could be due to “salting-
out effect” in bottom phase, as a result of increased 
partition of protein to top phase. With increases 
in salt concentration in bottom phase, the solubility 
of protein in the bottom phase decreases, and the 
protein shows af fi nity towards PEG-rich phase or 

top phase. In addition, an increase in the salt 
concentration leads to increased bottom phase 
volume and decreased volume ratios. However, 
when the top phase volume of proteins is lower, 
proteins may get precipitated in the interface due 
to nonsuf fi cient top phase volume for solubility. 
A similar behaviour was reported by Saravanan 
 [  22  ] , Perumalsamy and Batcha  [  36  ]  and Kohler 
et al.  [  37  ]  for other ATPS.   

   Effect of the System Temperature 
and pH on Protein Partition Coef fi cient 

 The system pH is another important factor, which 
in fl uences partitioning of biomolecules. The pH 
affected the charge of target protein depending 
on its ion composition and surface character of 
contaminating materials and caused variation in 
their partitioning into the top and bottom phases. 
Figure  1.4  reveals that the function of system 
pH ranging from 5 to 8 and temperature ranging 
from 20 to 50°C directed the  fi sh protein to bottom 
phase ( K  < 1), while the protein was concentrated 
in the top phase ( K  > 1) of PEG 2000/sodium 
sulphate salt system. The partition coef fi cient 
decreases with increase in pH of the system as 
shown in Fig.  1.4 . Therefore, to better understand 
the relationship between the partition coef fi cient 
of a biomolecule and the system pH, the nature of 
charged amino acid residues at the biomolecule 
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surface must be considered. The net charge of the 
surface-exposed amino acid residues determines 
the protein surface properties, and it can be 
altered by changing the system pH. Additionally, 
electrostatic interactions between the charged 
biomolecules and the phases, which also carry 
the electrostatic charges, contribute to the parti-
tioning behaviour. The top phase of an aqueous 
biphasic system, composed of PEG and sodium 
sulphate salt, carries a positive charge, while the 
bottom phase has a negative charge. Consequently, 
the positively charged proteins will partition to 
the bottom phase, while negatively charged pro-
teins are directed to the top phase  [  38  ] . Yucekan 
and Onal  [  39  ]  and Perumalsamy and Batcha  [  35  ]  
observed similar behaviour for other systems. 
To select the optimal temperature for  fi sh protein 
partitioning, different temperatures were studied 

and the partition coef fi cients of protein with 
respect to temperature are shown in Fig.  1.4 . With 
increase in temperature, the binodal curve expands 
to biphasic area resulting in increased differences 
in the phase compositions. The highest partition 
coef fi cient of  fi sh protein was found at 20–25°C. 
The temperature has an indirect effect on the 
entropy of the water molecules in their interaction 
with PEG  [  40  ] , which drive partition of the pro-
tein. It was observed that the partition coef fi cient 
of  fi sh protein decreases with an increase in tem-
perature. At low temperatures, the hydrophobic 
side chains were shielded from water as they 
were covered inside the proteins. When tempera-
ture increases, the hydrophobic side chains were 
exposed to the solvent, and the water molecules 
in the solvent formed clusters around these hydro-
phobic residues. This behaviour is due to the 
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variation in the structure of PEG components 
with increase in temperature. As the temperature 
increases, more molecules have enough kinetic 
energy to undergo the reaction. If the temperature 
is raised above the optimum point, the kinetic 
energy of the enzyme or protein and water mole-
cules is so great that the structure of the enzyme 
molecule starts to disrupt. Therefore, a decrease 
in partition was determined. Additionally, with 
further increase in temperature, proteins undergo 
denaturation and lose their activity. Similar behav-
iour was observed by Pandey and Banik  [  41  ] , 
Ketnawaa et al.  [  42  ] , Perumalsamy and Batcha 
 [  35  ]  and Gautam and Simon  [  40  ]  on various other 
types of biomolecules in ATPS.    

   Conclusions 

 In the present study, characterization of  fi sh-
processing industrial ef fl uent has been done which 
con fi rms the presence of proteins favourable for 
biological processes. Partitioning of  fi sh protein 
from  fi sh-processing industrial ef fl uent was carried 
out using PEG–sodium sulphate and water-based 
ATPS. Various factors affecting the partitioning of 
the proteins have been studied. The partitioning 
coef fi cient of  fi sh protein has shown decrease with 
an increase in PEG molecular mass, due to increase 
in hydrophobic nature of PEG with higher mole-
cular weight. It was found that with increase in 
the PEG concentrations and TLL (%), partition 
coef fi cient of  fi sh protein increased. Partition 
coef fi cient of  fi sh protein increased with the 
increase in salt concentration also. The most favour-
able operating conditions for partition of  fi sh 
protein were found at pH 5 and temperature 25°C.      

  Acknowledgement   The authors acknowledge a grant 
(Scheme No. 01(2339)/09/EMR-II) from the Council of 
Scienti fi c and Industrial Research (CSIR), Government of 
India, for this research.  

      References 

    1.    Mateusz K, Daniela S. Application of micro fi ltration 
and ceramic membranes for treatment of salted aque-
ous wastewaters from  fi sh processing. Desalination. 
2009;241:227–35.  

    2.    Maria DA, Rodrigo B. Nano fi ltration of wastewaters 
from the  fi sh meal industry. Desalination. 2002;151:
131–8.  

    3.    Maria DA, Javier F, Rodrigo B. An economic assess-
ment of protein recovery from  fi sh meal wastewaters 
by ultra  fi ltration. Trends Food Sci Technol. 2004;
15:506–12.  

    4.    Kim SK, Mendis E. Bioactive compounds from 
marine processing by-products-a review. Food Res 
Int. 2006;39:383–93.  

    5.    Guerrerof L, Omil F, Mendez R, Lema JM. Protein 
recovery during the overall treatment of waste water 
from  fi sh–meal factories. Bioresour Technol. 
1998;63:221–9.  

    6.    Taskaya L, Jaczynski J. Flocculation-enhanced pro-
tein recovery from  fi sh processing by-products by iso-
electric solubilization/precipitation. Food Sci Technol. 
2009;42:570–5.  

    7.    Helgi N, Ingrid U. The acid and alkaline solubilisa-
tion process for the isolation of muscle proteins: state 
of the art. Food Bioprocess Technol. 2009;2:1–27.  

    8.    Kobsak K, Tipaporn Y, Suvit T, Pisit WN. Protein 
removal from  fi sh mince wash water using ohmic 
heating. Songklanakarin J Sci Technol. 2008;30(3):
413–9.  

    9.    Sanmartın E, Carlos J, Arboleya VM, Moreno FJ. 
Recent Advances in the recovery and improvement of 
functional proteins from  fi sh processing by-products: 
use of protein glycation as an alternative method. 
Compr Rev Food Sci Food Saf. 2009;8:332–44.  

    10.    Selvaraj R, Vytla RM, Varadavenkatesan T, Vinayagam 
R, Vinayagam R. Aqueous two-phase systems for the 
recovery of biomolecules – a review. Sci Technol. 
2011;1(1):7–16.  

    11.    Albertsson PA. Partition of proteins in liquid polymer/
polymer two-phase systems in partition of cell parti-
cles and macromolecules. 3rd ed. New York: Wiley 
Intersciences; 1986. p. 709–71.  

    12.    Raghavarao KSMS, Rastogi GK, Karanth NG. 
Aqueous two-phase extraction for downstream 
processing of enzymes/proteins. Adv Appl Microbiol. 
1995;41:97–171.  

    13.    Raghavarao KSMS, Martin RG, Paul T. Recent develop-
ments in aqueous two-phase extraction in bioprocessing. 
Separ Purif Method. 1998;27(1):1–49.  

    14.    Rajni HK. Aqueous two-phase systems methods and 
protocols. Totowa: Humana Press; 2001. p. 32–46.  

    15.    Rosa Piee AJ, Ferreira IF, Azevedo AM, Aires-Barros 
MR. Aqueous two-phase systems: a viable platform in 
the manufacturing of biopharmaceuticals. J Chromatogr 
A. 2010;1217:2296–305.  

    16.   Rosa PAJ, Azevedo AM, Sommerfeld S, Backer W, 
Aires-Barros MR. Aqueous two-phase extraction as a 
platform in the biomanufacturing industry: economical 
and environmental sustainability. J Biotech Adv. 2011. 
doi:  10.1016/j.biotechadv.2011.03.006    .  

    17.    Tubío G, Nerli PBG. Partitioning features of bovine 
trypsin and  a -chymotrypsin in polyethylene 
glycol-sodium citrate aqueous two-phase systems. 
J Chromatogr B. 2007;852:244–9.  

http://dx.doi.org/10.1016/j.biotechadv.2011.03.006


91 Fish-Processing Industrial Ef fl uent Characterization and Partitioning of Proteins Using Aqueous...

    18.    Chia-Kai S, Been HC. Partitioning and puri fi cation of 
lysozyme from chicken egg white using aqueous two-
phase system. Process Biochem. 2006;41:257–63.  

    19.    Shahbaz MH, Omidinia E. Development and applica-
tion of aqueous two-phase partition for the recovery 
and separation of recombinant phenylalanine dehydro-
genase. Iran J Chem Chem Eng. 2008;27(2):119–27.  

    20.    Silva CAS, Coimbra JSR, Rojas EEG, Minima LA, Silva 
LHM. Partitioning of caseinomacropeptide in aqueous 
two-phase systems. J Chromatogr B. 2007;858:205–10.  

    21.    Saravanan S, Raghava Rao J, Murugesan T, 
Balachandran UN, Ramasamia T. Partition of tannery 
wastewater proteins in aqueous two-phase poly 
(ethylene glycol)-magnesium sulfate systems: effects 
of molecular weights and pH. Chem Eng Sci. 2007;
62:969–78.  

    22.    Saravanan S, Rao JR, Murugesan T, Nair BU, Ramasami 
T. Recovery of value-added globular proteins 
from tannery wastewaters using PEG – salt aqueous 
two-phase systems. J Chem Technol Biotechnol. 
2006;81:1814–9.  

    23.    Regupathi I, Girish B, Prasanna B, Vishwanatha HN. 
Development and evaluation of PEG-lithium citrate 
salt based aqueous two phase system and its applica-
tion in partitioning of proteins from  fi sh industry 
ef fl uent. Separ Sci Technol. 2012;47(4):591–8.  

    24.    Carvalho CP, Coimbra JSR, Costa IAF, Minim LA, 
Silva LHM, Maf fi a MC. Equilibrium data for PEG 
4000 + salt + water systems from (278.15 to 318.15) 
K. J Chem Eng Data. 2007;52:351–6.  

    25.    Thawornchinsombut S, Park JW. Role of pH in solubil-
ity and conformational changes of Paci fi c whiting 
muscle proteins. J Food Biochem. 2004;28(2):135–54.  

    26.    Castro BD, Aznar M. Liquid-liquid equilibrium of 
water + PEG 8000 + magnesium sulfate or sodium 
sulfate aqueous two-phase systems at 35°c: experi-
mental determination and thermodynamic modelling. 
Braz J Chem Eng. 2005;22(3):463–70.  

    27.    Carolina PC, Jane SRC, Isabele AFC, Luıs AM, 
Luıs HM, Silva Maria CM. Equilibrium data for PEG 
4000 + salt + water systems from (278.15 to 318.15) 
K. J Chem Eng Data. 2007;52:351–6.  

    28.    Bradford MA. Rapid and sensitive method for the 
quanti fi cation of microgram quantities of protein 
utilizing the principles of protein-dye binding. Anal 
Biochem. 1976;72:248–54.  

    29.    Murugesan T, Perumalsamy M. Liquid-Liquid equilibria 
of poly (ethylene glycol) 2000 + sodium citrate + water 
at (25, 30, 35, 40, and 45) °C. J Chem Eng Data. 
2005;50:1392–5.  

    30.    Aloui F, Khou fi  S, Louki S, Sayadi S. Performances 
of an activated sludge process for the treatment of 

 fi sh processing saline wastewater. Desalination. 
2009;246:389–96.  

    31.    Thawornchinsombut S, Park JW, Yongsawatdigul 
J. Conformational changes and dynamic rheological 
properties of  fi sh sarcoplasmic proteins treated at 
various pHs. Food Chem. 2010;121:1046–52.  

    32.    Yeung CJ, Jinx-Soo K. Fish protein recovered using 
pH shifting method and its physicochemical properties. 
J Ocean Univ China. 2005;4(3):224–8.  

    33.    Hrynets Y, Omana DA, Xu Y, Betti M. Comparative 
study on the effect of acid- and alkaline-aided extrac-
tions on mechanically separated turkey meat (MSTM): 
chemical characteristics of recovered proteins. Process 
Biochem. 2011;46:335–43.  

    34.   Madhusudhan MC, Raghavarao KSMS, Sanjay N. 
Integrated process for extraction and puri fi cation of 
alcohol dehydrogenase from Baker’s yeast involving 
precipitation and aqueous two phase extraction. 
Biochem Eng J. 2007. doi:  10.1016/j.bej.2007.08.007    .  

    35.    Gholamreza Pi, Vossoughi M, Taghikhani V. Parti-
tioning of penicillin G acylase in aqueous two-phase 
systems of poly (ethylene glycol) 20000 or 35000 and 
potassium dihydrogen phosphate or sodium citrate. 
J Chem Eng Data. 2010;55:243–8.  

    36.    Perumalsamy M, Batcha MI. Synergistic extraction of 
bovine serum albumin using polyethylene glycol 
based aqueous biphasic system. Process Biochem. 
2011;46:494–7.  

    37.    Kohler K, Veide A, Enfors SO. Partitioning of  b -galac-
tosidase fusion proteins in PEG–phosphate aqueous 
two-phase systems. Enzyme Microbiol Technol. 
1991;13:204–9.  

    38.    Patil G, Raghavarao KSMS. Aqueous two phase 
extraction for puri fi cation of C-phycocyanin. Biochem 
Eng J. 2007;34:156–64.  

    39.    Yucekan I, Onal S. Partitioning of invertase from tomato 
in poly (ethylene glycol)/sodium sulphate aqueous two-
phase systems. Process Biochem. 2011;46:226–32.  

    40.    Gautam S, Simon L. Partitioning of  b -glucosidase 
from  Trichoderma reesei  in poly(ethylene glycol) and 
potassium phosphate aqueous two-phase systems: 
In fl uence of pH and temperature. Biochem Eng J. 
2006;30:104–8.  

    41.   Pandey SK, Banik RM. Extractive fermentation for 
enhanced production of alkaline phosphatase from 
Bacillus licheniformis MTCC 1483 using aqueous 
two-phase Systems. Bioresour Technol. 2010. 
doi:  10.1016/j.biortech.2010.12.066    .  

    42.    Ketnawaa S, Rawdkuena S, Chaiwutb P. Two phase 
partitioning and collagen hydrolysis of bromelain 
from pineapple peel Nang Lae cultivar. Biochem Eng 
J. 2010;52:205–11.      

http://dx.doi.org/10.1016/j.bej.2007.08.007
http://dx.doi.org/10.1016/j.biortech.2010.12.066


11A. Sabu and A. Augustine (eds.), Prospects in Bioscience: Addressing the Issues, 
DOI 10.1007/978-81-322-0810-5_2, © Springer India 2013

    M.  P.   Krishna   •     R.   Varghese   (*) •     V.  A.   Babu   •     S.   Jyothy  
     School of Environmental Sciences ,  Mahatma Gandhi 
University ,   Kottayam ,  Kerala ,  India    
e-mail:  renochirackal@gmail.com  

     A.  A.  M.   Hatha  
     Department of Marine Biology, Microbiology 
and Biochemistry ,  Cochin University of Science 
and Technology ,   Cochin ,  Kerala ,  India    

  2

  Abstract 

 The production of heavy metals has increased quickly since the industrial 
revolution. Heavy metals frequently form compounds that can be toxic, car-
cinogenic, or mutagenic, even in very small concentrations. The usual tech-
niques of removing metals from wastewaters are in general expensive and 
have many restrictions. Alternative methods of metal removal and recovery 
based on biological materials have been measured. Among various agents, 
the use of microbes for the removal of metals from industrial and municipal 
wastewater has been proposed as a promising alternative to conventional 
heavy metal management strategies in past decades. Thus, the present study 
aims to isolate and characterize bacteria from soil, sediment, and waters of 
metal-contaminated industrial area to study the zinc resistance patterns and 
the zinc bioaccumulation potential of the selected microorganism. Zinc analysis 
of the samples revealed that concentrations varying from 39.832  m g/L to 
310.24  m g/L in water, 12.81  m g/g to 407.53  m g/g in soil, and 81.06  m g/g to 
829.54  m g/g in sediment are present. Bacterial zinc resistance study showed 
that tolerance to Zn was relatively low (<500  m g/ml). Ten bacterial genera 
were represented in soil and 11 from water, while only 5 bacterial genera 
were recorded from sediment samples.  Bacillus, Pseudomonas , and 
 Enterobacter  were found in soil, sediment, and water samples. Highly zinc-
resistant  Bacillus  sp. was selected for zinc removal experiment. Zinc removal 
studies revealed that at pH 5 about 40% reduction occurs; at pH 7, 25% 
occurs; and at pH 9, 50% occurs. Relatively an increased removal of Zinc 
was observed in the  fi rst day of the experiment by  Bacillus  sp. The metal 
bioaccumulative potential of the selected isolates may have possible appli-
cations in the removal and recovery of zinc from industrial ef fl uents.  

      Bioremediation of Zinc Using 
 Bacillus  sp. Isolated from Metal-
Contaminated Industrial Zone       

        M.  P.   Krishna   ,    Rinoy   Varghese      ,    V.   Arun   Babu   , 
   S.   Jyothy,    and    A.  A.   Mohamed   Hatha      
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   Introduction 

 Heavy metal contamination by industrial process 
and technological development is posing major 
threats to the environment and public health 
because of its toxicity, nonbiodegradability, and 
bioaccumulation  [  1  ] . Zinc and its compounds are 
found in the earth’s crust and are present in most 
rocks, certain minerals, and some carbonate sedi-
ments. As a result of weathering of these materi-
als, soluble compounds of zinc are formed and 
may be released to water  [  2  ] . Zinc is one of the 
metals found in ef fl uents discharged from indus-
tries involved in galvanization, electroplating, 
manufacturing of batteries, and metallurgical 
industries. Zinc in its metallic form has limited 
bioavailability and poses no ecological risk. 
However, zinc can react with other chemicals like 
acids and oxygen to form compounds, which can 
be potentially toxic and can cause serious dam-
age to biological systems  [  3  ] . 

 All through the previous two decades, wide 
consideration has been paid on management 
of environmental pollution and its control due 
to hazardous materials like heavy metals. 
Decontamination of heavy metals in the soil and 
water around industrial plants has been a chal-
lenge for a long time. A lot of physicochemical 
strategies, such as  fi ltration, electrochemical 
treatment, oxidation/reduction, ion exchange, 
membrane technology, and reverse osmosis, have 
been developed for removing heavy metals from 
the polluted water  [  4  ] . But nearly all of them 
showed to be expensive, less ef fi cient, labor-
intensive operation, or lack of selectivity in the 
treating process  [  5  ] . 

 Some reports have shown that indigenous 
microbes and plant–microbe symbionts tolerate 
high heavy metal concentrations in different ways 
and may play a signi fi cant role in the restoration of 
contaminated soil  [  6  ] . It is important to study the 
indigenous microorganisms in heavy metal-pol-
luted sites. It may provide new insight into bacte-
rial diversity under unfavorable conditions, new 

isolates, and probably new genetic information on 
heavy metal resistance, which could be exploited 
in decontamination process in the future  [  7  ] . 

 Bioremediation, which involves the use of 
microbes to detoxify and degrade environmental 
contaminants, has received increasing attention 
in recent times to clean up a polluted environ-
ment  [  8  ] . Bioremediation, being in situ treatment, 
offers several advantages over the conventional 
chemical and physical treatment technologies, 
especially for diluted and widely spread contami-
nants  [  9  ] . The objective of the present study is to 
isolate and characterize bacteria from soil, sedi-
ment, and waters of metal-contaminated industrial 
area to study the zinc resistance patterns and the 
zinc bioremediation potential of the selected 
microorganism.  

   Materials and Methods 

   Study Area 

    Eloor-Edayar industrial area – largest industrial 
belt of Kerala – is a part of Ernakulam District of 
Kerala and lies between 76º 17 ¢  32.9″ and 076º 
18 ¢  31.8″ E longitudes and 10º 04 ¢  51.6″ and 10º 
04 ¢  38″ N latitudes and is a chronic polluted area 
and one of the biggest exporting centers of fertil-
izers and chemicals. Eloor is the house of 
Fertilizers and Chemicals Travancore (FACT), 
Travancore Cochin Chemicals (TCC), Indian 
Rare Earths (IRE), Hindustan Insecticides Limited 
(HIL), and many other small and big industries 
situated in the lower  fl ood plains of the river 
Periyar, and it is an island of 14.21 km 2  formed 
between two distributaries of river Periyar.  

   Collection of Samples 

 Soil, sediment, and water samples were collected 
from abandoned paddy  fi elds, canals, and river of 
the selected industrial area. Totally seven sampling 
sites were identi fi ed, and from each sampling site, 
soil, sediment, and water samples were collected. 
Soil samples were collected at a depth of 15–20 cm 
from the surface after removing the top layer. For 
each of the sampling sites, subsamples of soil 
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were collected from different locations, pooled 
together, and homogenized so as to obtain repre-
sentative sample. Samples were collected using a 
spade that is thoroughly cleaned and disinfected 
between sampling so as to prevent cross contami-
nation. Sediment samples were collected using 
Grab sampler and transferred to sterilized plastic 
bags. Water samples were collected using steril-
ized plastic bottles. Soil, sediment, and water 
samples were transferred to an ice box and trans-
ported to the laboratory.  

   Zinc Analysis 

 Zinc contamination in water was determined 
with anodic stripping voltammetry (797 VA 
Computrace, Metrohm) after acid digestion of 
sample as per the method described in APHA, 
1998. For sediments and soil, samples were air 
dried  fi rst and grounded to  fi ne powder using 
pestle and mortar. Then the samples were sepa-
rated into two different granulometric fractions, 
<200  m m and <63  m m, using stainless steel sieves. 
An aliquot of 0.25 g of powdered sediments of 
<63  m m was digested with Selectipur nitric acid 
using a microwave digester (MARSXpress, 
CEM, USA) as per USEPA 3051a for heavy met-
als  [  10,   11  ] . The digested solution was  fi ltered 
through Whatman no. 1  fi lter paper, and  fi nally 
the volume was made up to 25 ml with ultrapure 
water (ELGA ultrapure water system   , UK). 
Cadmium was then determined by voltammetric 
trace-metal analyzer – 797 VA Computrace, 
Metrohm  [  12,   13  ] .  

   Isolation and Identi fi cation of Bacteria 

 Isolation and enumeration of bacteria were car-
ried out by standard serial dilution plate tech-
nique. Serially diluted samples were plated to 
Nutrient Agar and incubated at 37°C for 24–48 h. 
Bacterial colonies from Nutrient Agar were iso-
lated, puri fi ed, and maintained as a pure culture 
for further study. Bacterial isolates which are 
maintained as pure culture on Nutrient Agar were 
characterized and identi fi ed up to genus level by 
morphological tests as per  Bergey’s Manual of 

Determinative   Bacteriology : 9th edition  [  14  ]  and 
8th edition  [  15  ] . Morphological tests carried out 
for the identi fi cation of the isolates are Gram’s 
staining, cell shape and arrangement, pigment 
production, O/F glucose tests, endospore stain-
ing, motility, catalase, oxidase, etc.  

   Bacterial Zinc Resistance Test 

 Resistance of the bacterial isolates to varying 
concentrations of zinc was determined by agar 
dilution method  [  16  ] . Fresh overnight cultures 
of the isolates grown in peptone water were 
aseptically inoculated into nutrient agar plates, 
which were supplemented with increasing con-
centration of zinc metal ions (500  m g/ml–1.5 mg/
ml). The plates were incubated at room tem-
perature and observed for bacterial growth. The 
lowest concentration of zinc at which no growth 
occurred when compared with the control 
plates was considered as the minimal inhibi-
tory concentration (MIC). Metal salts were added 
to the medium after autoclaving and cooling to 
45–50°C, from  fi lter sterilized stock solutions. 
The metal salt used for this study was zinc 
sulfate (ZnSO 

4
 ).  

   Bioaccumulation Experiment 

 The bacterial strain TCC51 growing in the most 
zinc concentration was selected for the study, and 
it was identi fi ed as  Bacillus  sp. Bioaccumulation 
method at different pH (5, 7, and 9) with living 
bacterial cells was used for the removal of zinc. 
To study heavy metal removal with live cells, 
nutrient broth amended with initial concentration 
of zinc (20 mg/L) was inoculated from overnight 
grown cultures of selected bacterial isolates. 
The inoculated  fl asks were incubated at room 
temperature for 72 h in a shaking condition. 
An aliquot of 5-mL sample was taken daily (24-h 
interval) from each  fl ask. Control  fl asks without 
bacterial biomass were running simultaneously 
with the experiment  fl asks. Samples were centri-
fuged to remove suspended biomass, and con-
centration of heavy metals was determined in 
the supernatant.   
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   Results and Discussion 

 A total of 18 bacterial genera were recorded from 
the selected industrial area. Ten bacterial genera 
were represented in soil and 11 from water, while 
only 5 bacterial genera were recorded from sedi-
ment samples (Table  2.1 ).  Bacillus, Pseudomonas , 
and  Enterobacter  were found in soil, sediment, 
and water samples. Zinc analysis of the samples 
revealed that Zn concentrations varying from 
39.832  m g/L to 310.24  m g/L in water, 12.81  m g/g 
to 407.53  m g/g in soil, and 81.06  m g/g to 
829.54  m g/g in sediment were present. Zinc lev-
els in the soil sediment and water samples of the 
study area are represented in Table  2.2 . Zinc 
resistance studies of the bacterial isolates showed 
that out of 164 isolates collected, most of them 
showed low resistance (<500  m g/ml) and many 
isolates showed high resistance of >1,500  m g/ml.   

 Comparatively highly zinc-resistant  Bacillus  
sp. was selected for zinc removal. Results of zinc 
removal study revealed that with increase in time, 
the biomass of the selected  Pseudomonas  sp. 
increased (Fig.  2.1 ). Correspondingly, with 
increase in biomass, the zinc bioaccumulation 
was also increased. Zinc removal studies revealed 
that at pH 5 about 40% reduction occurs; at 
pH 7, 25% occurs; and at pH 9, 50% occurs. 
Relatively enhanced removal of zinc was observed 
in the  fi rst day of the experiment by  Bacillus  sp. 
(Fig   .  2.2 ,  2.3 ,  2.4 ,  2.5 ).      

 Zinc is commonly found in the earth’s crust, 
and natural release to the environment can be 
signi fi cant. In addition, zinc is one of the most 
widely used metals in the world. The major indus-
trial sources of zinc include electroplating, smelt-
ing and ore processing, and drainage from both 
active and inactive mining operations  [  17  ] . 
Furthermore, zinc is an important component of 

   Table 2.2    Zinc concentration in the soil, water, and sediment samples of selected industrial area   

 Sample name 

 Zinc concentration 

 Soil ( m g/g)  Water ( m g/L)  Sediment ( m g/g) 

 TCC  193.29  86.211  244.48 
 BPM  378.88  279.836  309.28 
 KDM  12.81  252.022  829.54 
 BR  174.76  41.555  280.64 
 WMH  237.16  39.832  165.49 
 RFH  117.31  79.381  81.06 
 WB  407.31  310.246  378.14 

   Table 2.1    Bacterial 
genera found in the soil, 
sediment, and water 
samples of the selected 
industrial area   

 Sl no. 
 Sample 

 Soil  Sediment  Water 

 1   Bacillus    Kurthia    Staphylococcus  
 2   Caryophanon    Pseudomonas    Acinetobacter  
 3   Listeria    Bacillus    Azotobacter  
 4   Kurthia    Enterobacter    Bacillus  
 5   Agromyces    Escherichia    Pseudomonas  
 6   Arthrobacter    Xanthobacter  
 7   Cellulomonas    Enterobacter  
 8   Deinococcus    Escherichia  
 9   Pseudomonas    Klebsiella  
 10   Enterobacter    Aeromonas  
 11   Thiobacillus  
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  Fig. 2.1    Growth kinetics of  Bacillus  sp. at different pH with 20 mg/L initial concentration of zinc       
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  Fig. 2.2    Bioaccumulation 
of zinc using  Bacillus  sp. 
at pH 7       
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  Fig. 2.3    Bioaccumulation 
of zinc using  Bacillus  sp. 
at pH 5       

brass, bronze, die casting metal, other alloys, rub-
ber, and paints. The environmental releases of zinc 
from sources of human origin far exceed the 
releases from natural sources  [  18  ] . The permissible 
concentrations of Zn in water and sediment/soil as 
per international standards are 5.0 mg/L and 300–
600 mg/kg, respectively. In the present study, the 
values of Zn in water samples are below the per-

missible limits. In the case of soil and sediment 
samples, zinc showed enrichment levels exceeding 
the normally expected distribution. High levels of 
zinc are observed in several pockets, very nearer to 
industries which specify that the source of these 
elements could be the industrial ef fl uents. 

 Zinc resistance studies of the bacterial isolates 
showed that out of 164 isolates collected, most of 
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them showed low resistance (<500  m g/ml) and 
many isolates showed high resistance of 
>1,500  m g/ml. The high levels of resistance and 
the widespread tolerance that was found among 
the isolates are probably attributed to zinc contents 
in the soil  [  19  ] . The level of tolerance among the 
164 cultures varied may be due to the difference 
in the concentration of zinc in the environment. 
The site from which the samples was taken has 
been polluted with high levels of heavy metals 
for many years, perhaps giving a diverse range of 
bacteria the chance to adapt to the environment, 
either by convergent evolution of resistance 
mechanisms or by transferring the resistance 
genes via a plasmid. Resistance to heavy metals, 
including cadmium, zinc, copper, chromate, 
cobalt, arsenic, and nickel, is most often carried 
by bacteria on plasmids or transposons, and it has 
been theorized that this allows for lateral transfer 
in the environment  [  20  ] . 

 Results of heavy metal removal studies showed 
that with increase in time, the biomass of the bac-
terial strains increased. Likewise, with increase 
in biomass, zinc bioaccumulation also increased. 
The increase in surface area that can be due to 
increase in biomass improves the adsorptive 
nature or increases the number of active binding 
sites on cell surface  [  21  ] . The selected metal-
resistant strains showed that their growth was 
only slightly affected with different pH. Therefore, 
it is clear that growth of the newly isolated strains 
is not inhibited with different pH, and this fact 
makes them strong candidates for future applica-
tion in metal bioremediation. 

 The active mode of metal accumulation by 
living cells is usually designated as bioaccumu-
lation. This process is dependent on the meta-
bolic activity of the cell referred to its intrinsic 
biochemical and structural properties, physio-
logical and/or genetic adaptation, environmental 
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  Fig. 2.4    Bioaccumulation of zinc using  Bacillus  sp. at pH 9       
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zinc removal using 
 Bacillus  sp.       
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modi fi cation of metal speci fi cation, availability, 
and toxicity  [  22  ] . The capacity of living cells to 
remove metal ions from aqueous solutions is 
also signi fi cantly in fl uenced by environmental 
growth conditions, as temperature, pH, and bio-
mass concentrations  [  23  ] . 

 Many researchers reported the ef fi ciency and 
mechanisms of bacteria to remove different metal 
ions, and many of them are comparable with the 
present study. Richard et al.  [  24  ]  reported that 
Cu +2  and Pb +2  appear to bind to materials on the 
cell surface. Lead is precipitated in an insoluble 
form that is localized to the cell membrane or cell 
surface  [  25,   26  ] . This could be generally explained 
by the fact that the negatively charged groups 
(carboxyl, hydroxyl, and phosphoryl) of bacterial 
cell wall adsorb metal cations through various 
mechanisms such as electrostatic interaction, van 
der Waals forces, covalent bonding, or combina-
tion of such processes  [  27  ] . 

 Since the pH values in metal-containing water 
and wastewater can vary, it is necessary to use solu-
tions of different pH values to examine the effect of 
heavy metal removal. In the present work, initial 
pH was adjusted in the range 5, 7, and 9, before the 
addition of the biosorbent. The medium pH affects 
the solubility of metals and the ionization state of 
the functional groups like carboxylate, phosphate, 
and amino groups of the cell wall. The inconsis-
tency in literature regarding the in fl uence of pH on 
biosorption seems to indicate the way pH would 
alter the adsorption of metal ions to biomass, and 
it varies with the type of adsorbents (biomass) 
and also the type of adsorbates (metal ions). The 
obtained results showed that the selected  Bacillus  
sp. is a good bioaccumulation medium for zinc ions 
and had high adsorption yields for the treatment of 
wastewater containing zinc. Consequently, bacte-
rial bioaccumulation technologies are still being 
developed and much more work is required.      
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  Abstract 

 Insect-resistant proteins have been one of the major successes of applying 
plant genetic engineering technology to agriculture. Relatively little is 
known about insect defense mechanisms in the lower plants. The current 
paradigm is that secondary metabolites and physical barriers are most 
important in conferring insect resistance in plants. We investigated whether 
protein-based resistance exists in representatives of bryophytes. We 
screened a total of 20 bryophytes such as  Porella acutifolia, Fissidens 
asperifolius,   Fissidens crispulus, Hypopterygium tamarisci,   Brachymenium 
nepalense, Brachythecium buchananii,   Campylopus pilifer, Marchantia 
linearis,   Leucobryum bowringii, Plagiochila beddomei,   Isopterygium 
albescens, Taxiphyllum taxirameum,   Octoblepharum albidum, Bryum 
argenteum,   Riccia frostii, Philonotis fontana,   Racopilum cuspidigerum, 
Funaria hygrometrica,   Pallavicinia lyellii,  and  Polytrichum commune  for 
protein-based insecticidal activity against the two common lepidopteran 
pests: corn earworm  (Helicoverpa zea)  and armyworm ( Spodoptera 
litura ). Protein extracts from bryophyte species were compared with those 
from a lepidopteran-susceptible  Glycine max  cultivar (Cobb) in bioassays 
for insect resistance. The  Octoblepharum albidum, Fissidens asperifolius,  
 Bryum argenteum,  and  Marchantia linearis  protein extracts caused the 
greatest decrease in damage in leaf-disk assays and insect larval growth. 
The results from dietary utilization experiments showed a reduction in 
ef fi ciency of conversion of ingested food and digested food and an increase 
in approximate digestibility and metabolic cost. The in vivo effects of 
proteins of bryophytes showed varied response toward the parameters 
such as larval weight, growth rate, and proportion of survivors. These bryo-
phyte species are potential candidates for further evaluation.  

      Evaluation of Bryophyte Protein-
Based Defense Against Selected 
Phytophagous Insects       

        Remya   Krishnan       and    K.   Murugan      
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   Introduction 

 Bryophytes are nonvascular diverse group of 
plants. In spite of its small stature, the bryophyte 
plays a signi fi cant role in diverse terrestrial 
ecosystems, yet relatively little is known about 
their physiology and genetics. In fact, it has been 
estimated that only 5% of all bryophytes have 
been studied with regard to any phytochemical 
characters  [  1  ] . Even less is known about the 
genomics, proteomics, and biochemical pathways 
of mosses. Although these taxa show rich promise 
in unlocking physiological properties such as 
drought tolerance, insect resistance, disease resis-
tance, and tolerance to heavy metals, there is still 
little gene discovery research being performed on 
these plants. This may be because these plants 
are of little economic importance to commercial 
agriculture. However, one notable exception is 
 Physcomitrella patens, Tortula ruralis,  which has 
been the subject of concerted genomic research 
as the model moss  [  2  ] . 

 Although insect species have been estimated 
to use lower plants as a food source  [  3  ] , there is a 
predominant concept that bryophytes are rarely 
fed on by phytophagous insects in nature  [  4  ] . 
Lepidopterans that eat bryophytes are especially 
rare  [  5  ] , yet caterpillars, which possess chewing 
mouthparts, cause extensive damage to crops. Those 
insects that do utilize lower plants as a food source 
often possess piercing-sucking mouthparts that 
enable them to bypass the high concentration of 
secondary metabolites found in lower plant cell 
walls by inserting the mouthparts directly into 
phloem and sucking sap. Auerbach and Hendrix 
 [  6  ]  suggest that the bryophytes being underutilized 
by insects in comparison to angiosperms might 
result from the lack of  fl owers or fruit. Hendrix 
and Marquis  [  7  ]  also found that the vegetative 
portions of bryophyte are fed upon by insects to 
the same extent as angiosperm vegetative tissue. 

 Bryophytes produce a pool of secondary 
metabolites  [  8  ] . It has been the general assumption 
that these secondary compounds are the primary 
mechanism of lower plants’ insect resistance 
(IR). Ferulic acid, hydrolyzable tannins, terpenes, 
tannins, and alkaloids have been isolated from 
lower plants  [  8  ] . These same secondary metabo-
lites have been shown to deter insect pests in 
higher plants and would be expected to demon-
strate the same properties in lower plants  [  9  ] . 
Similarly, the other secondary metabolites such 
as pterosins, phenolic acids, sulfated cinnamic 
acids, and  fl avonoids isolated from various lower 
plants provide effective resistance to feeding 
insects  [  10  ] . 

 Proanthocyanidins are believed to be the most 
effective broad-spectrum defense against preda-
tors  [  11  ] . Ecdysones have also been isolated from 
lower plants and are believed to deter feeding 
by mimicking insect molting hormones  [  12  ] . 
A literature survey yielded some insight of fern 
and moss IR proteins. Apparently, thiaminase 
has been the only fern or moss plant enzyme shown 
to demonstrate IR activity. Thiaminase is a fern 
enzyme associated with and the major causative 
agent of bracken poisoning and B 

1
  de fi ciency in 

cattle and other ruminants  [  13  ] . Hendrix  [  14  ]  
showed that thiaminase deterred feeding by 
the southern armyworm in the fern  Nephrolepis 
exaltata.  

 Our study is an attempt at describing broad 
protein-based IR in bryophytes. Twenty species 
were screened for protein-based IR against two 
common lepidopteran crop pests:  Helicoverpa 
zea  and  Spodoptera litura.  These insects were 
chosen because of their economic importance 
and commercial availability. Protein-based defenses 
against pest insects on higher plants have been 
well documented. It would be expected that lower 
plants might have similar capabilities. Because 
bryophytes are evolutionarily older than higher 
plants, it would also be interesting to deduce 
the evolutionary origins of protein-based insect 
defenses in land plants. Any  fi ndings in this 
 fi eld will increase our knowledge of plant/insect 
coevolution and add to our understanding of lower 
plant insect defenses.  
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   Materials and Methods 

   Plant Material 

 Twenty bryophyte species commonly growing wild 
in Ponmudi hills were used for a functional screen 
(Table  3.1 ). Soybean ( Glycine max  ev. Cobb), 
which is a suitable food source for lepidopteran 
larvae, was used as control. Five grams of newly 
emerged and fully expanded thallus was sampled 
from plants growing naturally in various habitats, 
and the tissue was placed into a sterile, prechilled 
1.5-ml centrifuge tube and placed immediately on 
ice for transport back to the laboratory.   

   Total Protein Extraction 

 The samples were frozen in liquid nitrogen for 
1min and immediately stored at −80°C until 
homogenization. Tissue was crushed into a  fi ne 

powder and was resuspended in 1 ml of cold 
(4°C) HEPES-extraction buffer (20-mM HEPES 
pH 8, 0.5-mM DTT, 1-mM EDTA, 10% glycerol, 
1-mM phenylmethylsulfonyl  fl uoride, and 1-mM 
benzamidine). The homogenate was incubated 
on ice for 1 h with occasional mixing. The sam-
ples were then centrifuged at 3,000 g at 4°C for 
30 min, and supernatant was concentrated by 
ammonium sulfate (55%) precipitation. The salt 
precipitate was centrifuged at 3,000 g for 30 min, 
and the pellet was resuspended in 0.5ml of 
extraction buffer. Extracts for each plant tissue 
was dialyzed using a cellulose membrane with 
an exclusion limit of <1.2 kD (Sigma). The bags 
were placed in 10 volumes of cold 20-mM 
HEPES buffer, kept at 4°C, and gently stirred 
for 24 h. Three buffer changes were carried 
out in 8-h intervals. At the end of 24 h, the con-
tents within the dialysis tubing were removed 
and placed into a Vivaspin 20 concentrator with 
a molecular mass cutoff of 5 kD (Sartorius). 
Samples were then centrifuged at 6,000 g for 

   Table 3.1    Total protein content ( m g) in selected bryophytes and leaf damage ratings for the initial insect bioassays 
after 72 h by fall armyworm (FAW)   

 Name of plant  Total protein ( m g/g)  Avg. damage rating 

  Porella acutifolia   1,487.6 ± 0.5  3 
  Fissidens asperifolius *  3,389.8 ± 1.2  1.75 
  Fissidens crispulus   1,399.8 ± 0.09  2.5 
  Hypopterygium tamarisci   1,378.6 ± 0.2  3 
  Brachymenium nepalense   1,335.5 ± 2  3.5 
  Brachythecium buchananii   1,323 ± 0.34  3 
  Campylopus pilifer   1,299.7 ± 3.3  2.5 
  Marchantia linearis *  6,967.4 ± 0.8  0.5 
  Leucobryum bowringii   1,534.5 ± 0.5  2.75 
  Plagiochila beddomei   1,517.8 ± 3.7  3 
  Isopterygium albescens   1,467.8 ± 1.4  3 
  Taxiphyllum taxirameum   1,434.6 ± 2.4  3 
  Octoblepharum albidum *  4,772.8 ± 0.88  1 
  Bryum argenteum *  3,471 ± 0.73  1.5 
  Riccia frostii   1,445 ± 3.6  3 
  Philonotis Fontana   1,442.4 ± 1.4  3.5 
  Racopilum cuspidigerum   1,587.5 ± 2  3.5 
  Funaria hygrometrica   1,521.3 ± 3.5  2.75 
  Polytrichum commune   1,687.2 ± 3.6  2.75 
  Pallavicinia lyellii   1,423.9 ± 0.03  3 
  Glycine max   2,346.3 ± 1.5  3.5 

   * Four species (asterisks) had statistically signi fi cant decreases in FAW damage ratings when compared with control extracts as 
determined by ANOVA at the signi fi cance level of  P  = 0:05  



22 R. Krishnan and K. Murugan

30 min at 4°C. Extracts were removed from the 
concentrator and immediately stored at −80°C. 
Bradford assays were performed to determine 
protein concentration, and SDS–PAGE analysis 
was performed to assess the general quality of 
each sample.  

   Insect Bioassays: Initial Screen Using
 S. litura  and  H. zea  

 Soybean leaf disks, 1 cm in diameter, were coated 
with either control (soybean extract) or bryophyte 
protein extracts standardized at 100  m M. Five leaf 
disks were tested for every extract. Individual 
extract-coated leaf disks were placed in glass 
petri dishes containing a moist  fi lter paper. Petri 
dishes were then placed under light for 2 h to 
facilitate drying and therefore decrease the chance 
of insect larval death by drowning. Fall armyworm 
(FAW) ( Spodoptera litura)  and  H. zea  eggs were 
hatched and deprived of food for 24 h. At the 
second instar stage of development, 5 larvae were 
placed onto each treated leaf disk and allowed to 
feed for 72 h under continuous light at room 
temperature. The amount of leaf-disk damage by 
herbivory (or leaf damage) was measured. At 72 h, 
the plates were placed at −80 °C for 1 h. Surviving 
FAW head capsules were measured under a 
dissecting microscope at 20× magni fi cation using 
a micrometer etched slide. Plates were checked at 
24, 48, and 72 h to count and remove dead larvae 
from each plate. A relative leaf damage scale (0–4) 
was created as a comparative tool to describe 
herbivory. A rating of 0 would represent <1% 
damage, and a rating of 4 represents damage of 
>50%. Leaf damage was determined at 72 h. The 
 fi lter paper within the petri dish was kept moist 
throughout the duration of the experiment.  

   Midgut Preparation 

 Fourth instar larvae were cold-immobilized, and 
the midgut along with its contents was removed 
in cold 150-mM NaCl and stored frozen (−20°C) 
until needed. Guts from larvae of  S. litura  and 
 H. zea  were subsequently homogenized in 150-mM 
NaCl and centrifuged at 6,000 g for 5 min, and 

the supernatants pooled and kept on ice for enzy-
matic assays.  

   Effects of IR Protein on Endogenous 
Proteolytic Activity 

 The effect of IR protein on the proteolytic activity 
of whole midgut extracts was measured using 
BAPNA (1 mM) as substrate. The assays were 
run at pH 8.0 in 100-mM Tris–HCl. IR protein 
(50–200  m g) was incubated with the midgut 
extracts (50  m g of protein) at 37°C for 15 min 
before adding the substrate. The reaction was 
stopped by adding 30% (v/v) acetic acid. All 
incubations were done in triplicate and appropriate 
controls were included. The resulting absorbance 
was read at 410 nm.  

   Effects of IR Protein 
on the Development of  S. litura  
and  H. zea  Larvae 

 The activity of IR protein and soybean Kunitz 
trypsin inhibitor (SKTI) (as a reference standard) 
were assessed  in vivo  by feeding the different 
instars (1st to 5th) of  S. litura  and  H. zea  on diet 
supplemented with crude IR protein. IR protein 
and SKTI were incorporated into the    larval base 
diet at concentrations of 50, 100, 150, 200, and 
250  m M. A set of controls was maintained where 
the  fi ve different instars were fed on base diet 
only. In all treatments, the larvae were allowed to 
develop into pupae. Ten larvae were used for each 
treatment. For each replicate, survival and larval 
instar were recorded daily throughout the trail, 
and from day 3 onward, the larval weights were 
noted at an interval of 3 days. The ef fi cacy of the 
inhibitor was determined by measuring the body 
weight and the number of larvae reaching pupal 
stage in comparison to the control.  

   Nutritional Parameters 

 A number of nutritional parameters were compared 
among sixth instar larvae exposed to150- m M IR 
protein-treated or a control diet. The larvae, feces, 
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and remaining uneaten diet were separated in the 
microscope, dried, and weighted. Nutritional 
indices of consumption, digestion, and utilization 
of food were calculated, as described by Waldbauer 
and Farrar et al.  [  15,   16  ] . The nutritional indices, 
namely, ef fi ciency of conversion of ingested food 
(ECI), ef fi ciency of conversion of digested food 
(ECD), and approximate digestibility (AD), were 
calculated as follows: ECI ( D  B / I ) × 100; ECD 
[ D  B /( I  −  F )] × 100; and AD [( I  −  F )/ I ] × 100, where 
 I  = weight of food consumed,  D  B  is change in 
body weight, and  F  = weight of feces produced 
during the feeding period. Metabolic cost (CM) 
was calculated as 100 − ECD.   

   Results and Discussion 

   Protein Extraction 

    Protein content varied among the bryophytes 
from 3389.8 ± 1.2 to 6967.4 ± 0.8 (Table  3.1 ).  

   Initial Insect Leaf Damage Assay 

  Octoblepharum albidum, Fissidens asperifolius,  
 Bryum argenteum,  and  Marchantia linearis  are 
the most effective extract treatments that resulted 
in signi fi cantly decreased leaf damage ratings at 
 P =  0.05 level, compared with the control treat-
ment. Control leaf disks had an average damage 
rating of 3.5 after 72 h of FAW feeding. Treated 
leaf disks of  Octoblepharum albidum, Fissidens 
asperifolius,   Bryum argenteum,  and  Marchantia 
linearis  comparatively displayed damage rat-
ings between 0.5 and 1.75, after 72 h (Table  3.1 ). 
The remaining extracts resulted in varied 
damage rates comparable to those of the control 
(Table  3.1 ).  

   Effects of IR Protein on Endogenous 
Proteolytic Activity 

 Figure  3.1a and b  shows the in vitro speci fi city of 
IR protein against enzymes extracted from the 
larvae of insect pests of economic importance. 

The larval digestive enzymes extracted from 
the two insect species were trypsin-like enzymes 
and were clearly inhibited by IR protein. The 
inhibitory activity of IR protein against insect pro-
teases, expressed as  m mol/min/ml extract against 
trypsin, ranged from 0.92 to 0.087 for  S. litura  
and  H. zea .  

 The phytophagous larvae of most lepidopteran 
species analyzed so far have alkaline midgut  fl uids, 
with serine proteases and exopeptidases providing 
most of the midgut proteolytic activity  [  17  ] . IR 
proteins have been considered as natural control 
agents against herbivorous insects because they 
reduce proteolytic enzyme activity in vitro and 
affect larval development in a number of lepi-
dopteran species. However, not all insect species 
are susceptible to IR proteins, even though they 
secrete digestive enzymes that can be inhibited 
in vitro by these proteins  [  18,   19  ] . 

 Bryophyte IR protein was more active against 
 S. litura  compared to  H. zea . The substantial 
inhibition of gut proteases of insect species in the 
in vitro assay suggested that IR protein may affect 
the growth and/or survival of these insect pests 
when incorporated into their diet.  

   Effects of IR Protein in Diet on Larval 
Growth and Survival 

 In vivo effect of IR protein from  Octoblepharum 
albidum, Fissidens asperifolius,   Bryum argenteum,  
and  Marchantia linearis  against  S. litura  and 
 H. zea,  related to the larval growth and development, 
is of the other interest. Hence, insect feeding 
assays were performed to evaluate the antibiosis 
exerted by IR protein toward  S. litura  and  H. zea.  
The in vivo effects of IR protein were analyzed 
toward the parameters such as mass, growth rate, 
and mortality, respectively, at different develop-
mental stages of  S. litura  and  H. zea  by incorpo-
rating different concentrations of the IR proteins 
using leaf coating assays. 

 Larvae fed on control diet showed normal 
development, followed by those consuming 50- m M 
IR proteins. At moderate (150  m M) and high 
(200  m M) concentrations of IR proteins, there 
was a signi fi cant reduction in mass of the early 
instars (1st to 3rd) (Fig.  3.2a, b ). Although initially 
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(0–3 larval development days) there was no change 
in the difference among means of the various 
treatments ( P  < 0.05), the reduction in larval mass 
varied signi fi cantly ( P  < 0.001) between different 
treatment groups during their remaining growth 

period (Fig.  3.2a, b ). The reduction in larval mass 
was particularly severe during 3–6 larval develop-
ment days ( F  value >10), among all the dosage 
treatments. Notably, IR protein was comparable to 
SKTI ( P  < 0.01) in lowering of the larval body 

  Fig. 3.1    ( a ) IR protein inhibitory activity in digestive 
tract trypsin extracts from different instars of  Spodoptera 
litura  larvae. ( b ) IR protein inhibitory activity in digestive 

tract trypsin extracts from different instars of  Helicoverpa 
zea  larvae       
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mass among the early instars. In fact, the decrease 
in body mass at the later instar stages (4th and 5th) 
was stabilized for SKTI, unlike IR proteins, whose 
deleterious effects marginally persisted among the 
ultimate instars (Fig.  3.2a, b ). Similarly, on con-
sumption of high doses of IR protein, there was a 
marked decrease of larval body mass. Parallel to 
the larval body mass, retardation in the growth rate 
with increasing time was also apparent among the 

control and IR protein-fed larvae (Table     3.2 ). 
Notably, growth rates for the control and IR 
protein-exposed larvae were much conspicuous 
through the 3–6 days of larval development 
( P  < 0.001). During this period, growth rate of 
larvae on experimental diet (200  m M) fell over 
signi fi cantly as compared to larva growing under 
control conditions (Fig.  3.3a, b ). The differences 
in the mean larval growth rates among the different 
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treatments thereafter were not signi fi cant in any of 
the following 3-day intervals. Predictably, effect of 
IR protein on larval growth rate pattern was dose 
dependent; least exposed recovered the fastest, 
while those exposed maximum showed a much-
delayed response of overcoming the adverse effects. 
So it seems that impediment of the growth rate 

rather than any other detrimental effects of IR 
protein in fl uences the larval body mass.    

 A trend analogous to the growth rate patterns 
was also noted on the mortality rate of the larvae 
of  S. litura  and  H. zea  exposed to IR protein. 
At minimum dosage (50  m M), IR protein had no 
adverse effect on larval survival rates (Fig.  3.4a, b ). 
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  Fig. 3.3    ( a ) Dose-dependent effect of IR proteins on the growth rate of  Spodoptera litura  larvae. ( b ) Dose-dependent 
effect of IR proteins on the growth rate of  Helicoverpa zea  larvae       
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However, moderate to high doses of IR protein 
induced high to severe mortality rates. In fact, 
larva fed on 250- m M IR protein exhibited high 
mortality by the  fi nal instar stage. Additionally, 
IR protein-containing diet caused moderate 
mortality among the larval instars compared with 
a diet supplemented with SKTI (Fig.  3.4a, b ).  

 Our results on the larval growth and develop-
ment closely follow the studies performed by 
McManus and Burgess and Gatehouse et al. 

 [  20,   21  ]  for SKTI against larval  S. litura  and 
 Lacanobia oleracea , respectively. Overall, it is 
worth mentioning that the deleterious effects 
of IR protein matched that of SKTI signi fi cantly 
( P  < 0.01) as exhibited by the differences in mean 
weight, growth rates, and survival patterns among 
the larval instars fed on diet with both the SKTI + IR 
protein, respectively. This can be explained by 
the fact that lower plants, like bryophytes, 
provide new proteins; predators are yet to adapt 
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to the inhibitory mechanisms. Though few larvae 
survived, they did not undergo normal develop-
ment and transformed either into defective 
larval–pupal intermediates which either failed to 
molt or resulted in smaller pupae, which normally 
develop into short-lived sterile adults.  

   Nutritional Parameters 

 Nutritional analyses revealed that IR protein of 
bryophytes presented a toxic effect when ingested 
by larvae. IR proteins, when incorporated in larval 
leaf coating assays at 150- m M concentration, 
reduced ECI and ECD and increased AD and 
metabolic cost (CM) for  S. litura  and  H. zea  
larvae when compared with the control. The con-
sumption of the basal diet with the incorporation 
of 150  m M of IR protein by  S. litura  and  H. zea  
larvae was not signi fi cantly different compared to 
the consumption of the control diet by larvae. 
Fecal production reduced proportionally with 
concentrations of IR protein for  S. litura  and 
 H. zea  larvae than that of the control group. These 
results suggest that IR protein acts on the insect’s 
intestinal tract or interferes with digestion. Dietary 
utilization experiments show that IR proteins, 
incorporated into basal diet, did not alter the con-
sumption rate, but decreased the fecal production 
of  S. litura  larvae and  H. zea.  An index of dietary 
utilization showed that ECI and ECD decreased 
when 150- m M IR protein diet was employed. 
In the present study, the AD value for larvae of 
 S. litura  and  H. zea  increased throughout the 
feeding period of the experiment; this  fi nding 
suggests that, during this treatment, the food 
remained for a greater time in the insect’s gut 
to allow the detoxi fi cation of the protein. This 
increased the exposure of the food to digestive 
enzymes, probably allowing an increased digest-
ibility of the food in comparison to that seen 
in the control. 

 Similar trend was also observed by Morbue 
and Blackwell  [  22  ] . ECI is an overall measure-
ment of an insect’s ability to utilize the food that 
it ingests for growth. A drop in ECI indicates that 
more food is being metabolized for energy and 
less is being converted to body mass, i.e., growth 

of insect  [  23  ] . ECD also decreases as the propor-
tion of digested food metabolized for energy 
increases  [  24  ] . Decreased ECI and ECD values 
indicate that ingested IR protein also exhibits 
some chronic toxicity.    Con fi rming these results, 
Table  3.3  demonstrates an increase in CM (meta-
bolic cost) in  S. litura  and  H. zea  larvae, as also 
described by Morbue and Blackwell  [  22  ] . We sug-
gest that the reduction in ECD is likely to result 
from a reduction in the ef fi ciency to convert food 
stuffs into growth, perhaps by a diversion of energy 
from production of biomass into detoxi fi cation of 
IR proteins, i.e., an increase in costs. 

 The use of IR proteins to protect plants against 
insect pests is, however, complicated by the 
ability of insects to circumvent plant defenses. 
The data corroborates with insects, such as  fl our 
moth  Anagasta kuehniella , whereas  Spodoptera 
frugiperda  adapts to    soybean protease inhibitor 
by changing the expression of trypsin and 
chymotrypsin activities  [  25  ] . Others selectively 
induce inhibitor-insensitive proteases, as observed 
in Colorado potato beetles,  Spodoptera exigua , 
and other insect species  [  26  ] . Digestive proteolysis 
mediated by direct proteolytic fragmentation is 
another strategy used by insects to minimize the 
adverse effects of plant defense proteins on 
food digestion and nutrient  [  27  ] . Recently, 
Zhu-Salzman et al.  [  27  ]  suggested that the cow-
pea bruchid adapts to the challenge of soybean 
cysteine protease inhibitor, soyacystatin N (scN), 
by qualitatively and quantitatively remodeling its 
digestive protease complement and by activating 
scN-degrading protease activity. Recent studies 
suggest that insects can overcome the deleterious 
effects of protease inhibitors by synthesizing dif-
ferent proteases that are insensitive to particular 
inhibitors  [  28  ] . 

 In conclusion, the action of IR protein on the 
development of  S. litura  and  H. zea  larvae shows 
that IR protein in fl uences larval survival, weight, 
ef fi ciency of conversion food, and approximate 
digestibility of  S. litura  and  H. zea  larvae, indicat-
ing that this protein may have great toxic poten-
tial, particularly since IR protein signi fi cantly 
reduced larval weight and increased mortality. 
Additional studies of IR protein in other insects 
are required to con fi rm the biotechnological 
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potential of this inhibitor as an agent against 
phytophagous insects. 

 Overall, these initial assays served as an effective 
method to screen for lower plant IR extracts 
with insecticidal activity. The protein extracts 
that exhibited insecticidal potentialities in this 
experiment may exist in one of two forms: small 
polypeptide chains (SPC) or gene-encoded IR 
protein (GEP). 

 SPCs have been shown in numerous tests 
to confer insect resistance in angiosperms  [  9  ] . 
SPCs conferring IR are usually the by-products 
of complex molecular pathways. In this experiment, 
no remaining protein, theoretically, should be 
greater than 5 kD (~45 amino acid residues) from 
the result of the methods used to exclude small 
metabolites. As a general rule, SPCs exist in the 
1–20-kD range. Therefore, we cannot rule out the 
possibility that the effects seen on both  S. litura  
and  H. zea  larvae were not caused by the presence 
of SPCs. It is likely, therefore, that observed 
protein toxicity is GEP based. 

 If the results with  S. litura  and  H. zea  are 
indicative, the extracts might have broad-range 
antibiosis effects. Since there are many bryophyte-
speci fi c genes not found in angiosperms, which 
is to be expected in the 400-million-year lineage 
split, lower plants seem to be potentially rich 
sources of IR genes  [  2  ] .       
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   Introduction 

 Research in molecular biology is budging essentially 
toward the study of complex, multicomponent 
systems, or networks, which underlie the living cell. 

These bionetworks are described and modeled 
in terms of their components, interactions, regulatory 
features, pathways, and system dynamics. For better 
realization of cellular level processes, the study 
of the complex networks they de fi ne is vital. 
Majority of cellular mechanisms are mediated 
by physical interactions among proteins, including 
signal transduction, enzyme activity, and post-
translational modi fi cation  [  1  ] . The elucidation of 
large networks of protein-protein interactions has 
contributed to the identi fi cation of biochemical 
and signaling pathways and to functional annota-
tion of genes  [  1  ] . A group of proteins and their 
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  Abstract 

 We propose a novel hub- fi nding algorithm which relies on the use of 
dipeptide composition and amino acid sequence likeness. For extracting 
the most prominent features in hub identi fi cation, two feature selection 
techniques are widely used in data preprocessing for machine learning 
problems: fast correlation-based feature selection (FCBFS) and correla-
tion-based feature selection (CFS) algorithms. The performance of two 
types of classi fi ers such as random forest classi fi er (RFC) and RBF 
network was evaluated with these  fi lter approaches. Our proposed model 
led to successful prediction of hub proteins from primary structure with 
92.52 and 91.28% accuracy for RFC and RBF network, respectively, in 
case of FCBFS and 90.92 and 93.76% accuracy for RFC and RBF 
network, respectively, in case of CFS algorithm.  
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interactions form a protein-protein interaction 
network (PPIN). In a PPIN, a node denotes a 
protein and a connecting edge represents a 
protein-protein interaction. Usually, proteins build 
complex networks that have been shown to have 
a scale-free topology  [  2  ] . Based on this topological 
property, each protein node is characterized by 
a term connectivity, which represents the total 
number of interactions a protein has. Generally, 
most of the nodes in a protein-protein interaction 
network are sparsely connected while a few nodes 
are highly interactive, like any other scale-free 
network, which follows power law  [  2  ] . The inter-
acting proteins with high degree of connectivity 
are termed as “hubs.”    It has been observed that 
most of the network remains fully connected even 
though the sparingly connected nodes are removed. 
Instead, the removal of the most central hub nodes 
may cause the collapse of the system  [  2  ] . In fact, 
it has been established that connectivity and 
essentiality in the yeast protein interaction net-
work are positively correlated  [  2  ] . Thus, hub 
proteins which literally “hold the protein interaction 
networks together” are more likely to be essential 
than sparsely connected proteins  [  3  ] . 

 This work focuses on identi fi cation of highly 
interactive hub proteins which are the central actors 
in protein-protein interaction networks. Hub pro-
tein analysis assumes vital importance, since the 
possibility of their involvement in multiple 
pathways is higher due to their multiple binding 
sites  [  4  ] . Characterization of hub proteins may 
help in better realization of cellular functions as 
well as discovering novel drug targets and pre-
dicting the side effects in drug discovery by under-
standing the pathways, topologies, and dynamics 
of them. Many of the well-known and widely 
examined proteins associated with many diseases 
are hubs. Information about these interactions 
helps in understanding various diseases and also 
helps to develop new therapeutic approaches  [  4–  6  ] . 

 Various attempts have been reported in the 
identi fi cation of highly connected hubs in protein-
protein interaction networks using various data 
including gene ontology  [  7  ] , gene proximity  [  8,   9  ] , 
gene fusion events  [  10,   11  ] , and gene co-expression 
data  [  12,   13  ] . Lack of availability of the above-
mentioned data for the entire protein interaction 

data of any organism is one of the challenging 
factors for using them. Structural information is also 
severely limited as PDB structures are not available 
for many of the proteins  [  5  ] . Hence, in this study, 
we took only amino acid sequences and sequence-
based features for the prediction of hub proteins. 

 We have developed a statistical approach to 
classify hub proteins from amino acid sequence 
information using soft computational algorithms 
such as random forest which is one of the widely 
used ensemble classi fi ers and RBF networks, most 
commonly using supervised neural networks in 
pattern recognition   .  

   Materials and Methods 

 We    selected  H. sapiens  as the model organism for 
this study, which is well annotated and has modest 
protein interaction information. The features that we 
used for hub identi fi cation include dipeptide compo-
sition and sequence similarity. We examined all the 
derived features for their feasibility in predicting 
hubs using fast correlation-based feature selection 
(FCBFS) and correlation-based feature selection 
(CFS) algorithms, two powerful techniques in 
purging uncorrelated and redundant features. With 
the pruned dataset as the backbone, we applied two 
different algorithms for hub classi fi cation: random 
forest classi fi er (RFC) and RBF network. 

   Dataset 

    Protein interaction data of  H. sapiens  was gener-
ated from IntAct  [  14  ]  database released on 
January 15, 2012, and corresponding amino acid 
sequences of varying lengths were compiled from 
UniProt  [  15  ] . Using CD-HIT-2D  [  16  ]  web server, 
we removed all redundant sequences. Protein 
sequences having amino acid sequence length 
less than 60 were also excluded to avoid any 
bias. The curated dataset included 5,318 proteins 
and the total number of protein interactions was 
37,281 with an average degree of interaction of 
9.641.    We constructed training and testing sets in 
such a way that no pair of proteins from either set 
had signi fi cant sequence similarity.  



354 A Novel Algorithm for Prediction of Hub Proteins from Primary Structure…

   Identifying Hub Ad Hoc Threshold 

 De fi ning an ad hoc threshold or degree cutoff 
has been a common practice in the analysis of 
protein interaction networks, where all proteins 
that have a degree higher than this threshold are 
considered as “hub” nodes. The perception of a 
hub protein is a riveting one because by 
de fi nition hub proteins often do have special 
biological properties and bind to a large number 
of proteins  [  17  ] . According to previous researches, 
a steady increase in connectivity with protein 
age was observed, and from this it is clear that 
the degree of interaction or connectivity of any 
protein has a direct correlation with the age of 
that protein  [  18  ] . However, because of the 
“scale-free” nature of protein interaction net-
works, there is no consensus in the literature on 
the degree threshold that de fi nes a hub  [  17  ] . 
Also it is perceived that the connectivity of any 
hub protein is species speci fi c  [  7  ] . So far it is 
not clear whether the biological signi fi cance of 
hubs is relatively insensitive to their precise 
de fi nition  [  17  ] . Examples of varying criteria 
used to de fi ne hubs in previous studies include 
the following: in Han et al.  [  19  ] , nodes with 
degree greater than 5 were labeled as hubs; in 
Ekman et al.  [  17  ] , nodes with degree greater 
than 8 were labeled as hubs; and in Jin et al. 
 [  20  ] , a connectivity cutoff of 20 was used to 
de fi ne hub proteins. In Batada et al.  [  21  ] , the 
top 95 and 50% of the high-degree nodes were 
de fi ned as hubs. 

 In our  H. sapiens  PPI dataset, the degree of 
connectivity of proteins ranged from 1 to 148. 
We had to choose a degree threshold for deter-
mining a protein as hub or non-hub. For that the 
fold-change de fi nition was followed by taking 
the ratio of connectivity and average connectivity 
to determine appropriate cutoff to identify 
hubs in  H. sapiens  PPI network  [  3  ] . A node 
with connectivity fold change greater than or 
equal to 10 was considered as hub (cutoff, 
P-value <0.001, using distribution of standard 
normalized fold-change values in  H. sapiens ). 
Thus, our  fi nal dataset included 342 highly 
connected proteins and 4,976 sparsely connected 
proteins.  

   Deriving Feature Vectors 

 For classi fi cation, many of the machine learning 
techniques require property vectors as input. 
For that each amino acid sequence should be 
replaced by a set of numeric values representing 
its properties. Extracting eloquent biological 
information from the amino acid sequences of 
varying length is one of the important and most 
crucial steps in any classi fi cation problem. In this 
work, dipeptide composition and sequence like-
ness were used as the feature vectors for hub 
classi fi cation.  

   Dipeptide Composition 

 Molecules comprising two amino acids joined by 
a single peptide bond are referred as dipeptides. 
We can derive 400 different dipeptide combina-
tions from 20 different amino acids. What makes 
dipeptide composition important is that it can 
provide information about residue pairing prefer-
ences as well as amino acid distributions  [  22  ] . 
Here we computed the dipeptide composition in 
a sequential way. Consider a sample sequence 
C C C P A C Q C C A C. Dipeptide composition of 
the CC pair, DP 

CC
 , is calculated as 3 (Fig   .  4.1 ).  

 If a protein sequence P is given with  N  amino 
acids, we can map the sequence with the feature 
vector as FP = {F 

1
 , F 

2
 , F 

3
 ,…F 

400
 }. Thus, we obtain 

400 different binary residue combinations from 
20 amino acids.  

   Sequence Likeness 

 In this approach, each protein is described by the 
vector of its similarities with respect to a prede-
termined set of hub proteins. This benchmark 
hub set includes 10 well-known hub proteins in 
 H. sapiens  and is listed in Table  4.1 .  

C C C P A C Q C C A C

  Fig. 4.1    Dipeptide sequential count       
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 We compared the sequence similarity of whole 
proteins in our dataset with the prede fi ned 
protein set using stand-alone BLAST  [  23  ] . Since 
there were 10 hub proteins in the prede fi ned set, we 
got a feature vector of 10 corresponding similarity 
percentages for each protein in our dataset.  

   Feature Screening 

 Most commonly the performance of any classi fi er 
depends on the reliability of the features chosen 
and the size of the training set  [  24  ] . Faster 
classi fi cation models and smallest subset of 
important and prominent features should be 
retained, in order to attain maximal classi fi cation 
performance. Feature selection is one of the 
signi fi cant techniques in data preprocessing for 
machine learning and data mining problems, 
which trashes out irrelevant and redundant fea-
tures and speeds up the data mining algorithm 
and improves classi fi cation accuracy  [  25–  27  ] . 
Our feature vector contains 410 values for each 
protein in the dataset. In order to extract the most 
consistent features, we adopted fast correlation-
based feature selection (FCBFS)  [  28  ]  and corre-
lation-based feature selection (CFS) algorithms 
 [  29  ] , which are two well-known feature selection 
techniques. In this study, 410 features were gen-
erated from the transformation step explained 
above, 400 from dipeptide composition and 10 
features from sequence likeness. After feature 
pruning, a total of 156 features remained. Of these, 
149 features represent dipeptide composition. 

Seven features from sequence likeness were also 
yielded well. We brie fl y describe these feature 
selection algorithms below.  

   Fast Correlation-Based Feature 
Selection (FCBFS) 

 FCBFS is the most commonly used feature selec-
tion algorithm for extraction of high-dimensional 
data. It can ef fi ciently achieve high degree of dimen-
sionality reduction and enhance classi fi cation accu-
racy with predominant features  [  30  ] . If there are 
two features that are found to be redundant to each 
other and one of them needs to be removed, this 
heuristic algorithm will remove the one that is less 
relevant to the class concept. This approach demon-
strates its ef fi ciency and effectiveness in dealing 
with high-dimensional data for classi fi cation  [  31  ] .  

   Correlation-Based Feature Selection 
(CFS) 

 This is one of the powerful techniques in removing 
uncorrelated and redundant features. Using a best 
 fi rst-search heuristic approach, it estimates the 
prominence of subsets of features  [  32  ] . This heu-
ristic algorithm contemplates the importance of 
individual features for predicting the class as well 
as the level of correlation among them. The basic 
logic in CFS is that good feature subsets include 
those features that are highly correlated with the 
target class and uncorrelated with each other.  

   Table 4.1    Prede fi ned hub set for similarity check   

 Sl. No.  Protein name  Function  Sequence length 

 1  p53  Tumor suppressor  387 
 2  p21  Cell cycle regulation  154 
 3  p27  Cell cycle regulation  921 
 4  BRCA1  Transcriptional regulation  1,354 
 5  Kalirin  Nerve growth and axonal development  2,985 
 6  Ubiquitin  Protein recycling and regulation  404 
 7  Calmodulin  Messenger protein  149 
 8  ELAV-like protein 2  Cellular differentiation  359 
 9  Zinc  fi nger protein 282  Speci fi c interactions with DNA  671 
 10  Leptin  Receptor  1,165 
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   Machine Learning Algorithms 
for Classi fi cation 

 Keeping the extracted feature vectors as the 
backbone, we have modeled two classi fi ers, 
RBF network  [  32  ]  and an ensemble classi fi er 
random forest  [  33  ] . Arti fi cial neural network is 
one of the supervised learning algorithms used 
commonly to solve classi fi cation problems. 
Recently there has been a lot of interest in 
ensemble learning methods, which incorporate 
many classi fi ers and aggregate their results 
 [  34  ] . The ef fi ciency of each classi fi er was com-
pared in terms of their classi fi cation accuracy, 
and the time taken by each classi fi er to build 
the model was also noted. For the implementa-
tion we used Weka suite, a machine learning 
workbench developed in Java programming 
language  [  35  ] .  

   Construction of Neural Network 
Classi fi er 

 RBF networks are supervised neural networks 
which are popular substitute to multilayer per-
ceptions which employ reasonably lesser number 
of locally tuned units and are adaptive in nature 
 [  32  ] . They are widely used for classi fi cation and 
pattern recognition problems. In this study, the 
training set consisting of 200 hub and 1,500 non-
hub elements was given to each network in the 
tenfold cross validation scheme.  

   Ensemble Classi fi er 

 Two well-known methods are boosting and bag-
ging. Breiman  [  33  ]  proposed random forests, 
which add an additional layer of randomness to 
bagging. In addition to constructing each tree 
using a different bootstrap sample of the data, 
random forests change how the classi fi cation or 
regression trees are constructed. In standard trees, 
each node is split using the best split among all 
variables. In a random forest, each node is split 
using the best among a subset of predictors 
randomly chosen at that node. This somewhat 

counterintuitive strategy turns out to perform very 
well compared to many other classi fi ers, including 
discriminant analysis, support vector machines, 
and neural networks, and is robust against over-
 fi tting  [  34  ] .   

   Results and Discussion 

 Our results show that there is a strong correla-
tion between the extracted amino acid features 
and the protein hubness. With feature selection 
algorithms, FCBFS and the CFS algorithms 
followed by two classi fi cation algorithms, 
random forest and RBF networks, we could 
effectively classify hub proteins using the 
pruned dipeptide composition and sequence 
likeness features. 

   Feature-Vector Inference 

 Dipeptide composition exhibited a remarkable 
skew in the binary combination of similar pep-
tides like AA and CC in hub proteins, whereas in 
non-hubs the dipeptide combination of similar 
and dissimilar residues appeared randomly with-
out showing any speci fi c prominence. Same-
residue repeats were rich in hubs compared to 
non-hubs. By using FCBFS and the CFS algo-
rithms, we could obtain 74 dipeptide composi-
tions from hub train dataset. Of these 53 features 
were same-residue repeats. Similarly, we obtained 
96 dipeptide compositions form non-hub train 
dataset where 21 features were overlapped with 
the hub features. When we combined the screened 
dipeptide compositions of both hubs and non-
hubs, a total of 149 non-redundant features were 
attained, of which 97 were same-residue repeats: 
68 from hub dataset and 29 from non-hub 
dataset. 

 Likewise, sequence likeness between the 
prede fi ned hub dataset and the hub as well as the 
non-hub train dataset showed signi fi cant differ-
ences in similarity percentage. For large proportion 
of hub dataset, we obtained similarity percentages 
greater than 60 with nine prede fi ned hub proteins, 
P53, P21, P27, kalirin, calmodulin, zinc  fi nger 
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protein 282, BRCA1, ubiquitin, and leptin. Using 
FCBFS and the CFS algorithms, we checked the 
feasibility of the above-mentioned similarity scores 
and  fi nally the lopped similarity features excluded 
BRCA1 and ubiquitin. A large proportion of non-
hub data exhibited similarity percentages less than 
40% to the entire prede fi ned set.  

   Performance Evaluation 

 In order to estimate the performance of the 
classi fi cation models, a standard tenfold cross vali-
dation was applied where the whole dataset is ran-
domly partitioned into ten evenly sized subsets. 
Performance is measured for each test set, and the 
mean is reported as overall accuracy. Several mea-
sures were used to evaluate the performance of the 
classi fi ers. These measures include speci fi city = 
TN/(TN + FP)*100, sensitivity = TP/(TP + FN)*
100, accuracy = TP + TN/(TP + TN + FP + TN), and 
time taken to build the models in seconds, where 
TP = true positive, TN = true negative, FP = false 
positive, and FN = false negative. Table  4.2  summa-
rizes the performance of different classi fi ers and the 
jackknife test performance of different classi fi ers. 
In jackknife test, each protein in the training set is 
pulled out to make classi fi cation using the rest of 
the training set. Jackknife is considered as more 
objective and exhaustive than other tests.  

 Self-consistency test and independent data test 
were also performed to evaluate the classi fi cation 
models. The results are shown in Table  4.3 . Self-
consistency test checks the consistency of the 
developed model. If a classi fi cation model pro-
duces good performance in self-consistency test, 
then that classi fi er can be considered as a good one. 
In self-consistency test, observations of training 

datasets are predicted with decision rules acquired 
from the same dataset. Since the prediction system 
parameters obtained by the self-consistency test 
are from the training dataset itself, the success 
rate is high. The accuracy of self-consistency 
determines the  fi tting ability of the rules obtained 
from the features of training sets.  

 In this study, a novel hub prediction algorithm 
which relies only on the use of two features 
extracted from amino acid sequences, dipeptide 
composition and sequence likeness, is proposed. 
FCBFS and the CFS algorithms were used for 
feature trimming followed by two classi fi cation 
algorithms, random forest and RBF networks for 
hub prediction. We could effectively classify hub 
proteins using the extracted dipeptide composi-
tion and sequence likeness features. 

 It is not a novel approach to analyze structural 
and functional phenomena from sequence infor-
mation solely. This approach has been widely 
used with the advent of bioinformatics approaches 
in genomics and proteomics studies. There have 
been many computational biology tools which 
apply this approach to various problems including 
protein subcellular localization  [  36  ]  and protein 
allostery prediction  [  37  ] . The biological importance 
of the chosen amino acid properties in this 

   Table 4.2    Jackknife performance of different hub prediction algorithms   

 Classi fi cation method  Sensitivity (%)  Speci fi city (%)  Accuracy (%) 
 Time taken to 
build the model (s) 

 RBF network + CFS  92.10  94.18  93.14  1.87 
 RFC + CFS  89.56  86.36  87.96  2.69 
 RBF network + FCBFS  91.24  90.04  90.64  1.65 
 RFC + FCBFS  90.16  93.16  91.66  3.05 

   Table 4.3    Accuracy of each classi fi er for self-consistency 
and independent data test   

 Classi fi cation 
method 

 Self-consistency 
(%) 

 Independent 
test (%) 

 RBF 
network + CFS 

 94.21  91.28 

 RFC + CFS  92.73  92.52 
 RBF 
network + FCBFS 

 95.32  93.76 

 RFC + FCBFS  96.81  90.92 
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work is yet to be explained. Investigating the 
signi fi cance of these properties in the formation 
of PPINs would be remarkable.       
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   Introduction 

 Short proteins play critical roles in many biological 
processes including stabilizing factors for larger 
protein complexes  [  1  ] , regulation of amino acid 
metabolism  [  2  ]  and spore development  [  3  ] . Short 
proteins are mediator in other functions such 
as regulation of innate immunity, cell commu-
nication and homeostasis signal transduction. 
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  5

  Abstract 

 Studies focusing on recognition of short genes encoding small proteins 
will provide new essential biological insights. This chapter presents a 
novel method for prediction of short genes based on chaos game represen-
tation (CGR). CGR is a graphical representation of biological sequences 
such as DNAs and proteins. CGR uniquely represents DNA sequences and 
reveals hidden patterns in it. In this study, genomic feature extraction is 
implemented by computing the frequency chaos game representation 
(FCGR) matrix. The order 2, 3 and 4 FCGR matrices are considered here, 
which consist of 16, 64 and 256 elements, respectively. These element 
matrices act as the feature descriptor for classi fi cation. We utilized princi-
pal component analysis (PCA) as a preprocessing step to reduce the fea-
ture vector dimensionality and to improve the classi fi cation performance. 
A novel method for classi fi cation based on the combination of FCGR and 
state-of-the-art pattern recognition algorithm, Naïve Bayes classi fi er   , is 
proposed. The results of the experiment reveal the potential of this repre-
sentation for discrimination of short genes from noncoding DNA.  

  Keywords 

 Frequency chaos game representation  •  Principal component analysis  
•  Naïve Bayes classi fi er  •  Short genes      
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The performance of gene- fi nding tools depends 
on the coding statistics that are adopted to anno-
tate the sequence. Coding statistic describes the 
probability that a DNA sequence is coding for a 
protein. The currently available gene-prediction 
algorithms in prokaryotic genomes often fail to 
identify short protein-coding DNA due to lack of 
prominent coding statistics in short nucleotide 
sequences, resulting in incomplete or wrong 
annotations  [  4  ] . Hence, the study of coding sta-
tistics in short DNA sequences is of major impor-
tance in gene prediction and genome annotation. 
During the past two decades, various gene- fi nding 
algorithms have been developed and several 
review papers have been published  [  5–  8  ] . 

 We de fi ned the short genes as the fragments 
ranging from 60 to 400 bp since prediction of 
signi fi cant fraction of short genes lying in this 
range is beyond the detection ability of many of 
the topmost gene-prediction tools. Any 
classi fi cation problem deals with selection of fea-
ture vectors as its major initial concern. In this 
study, genomic feature extraction is implemented 
by computing the Frequency Chaos Game Rep-
resentation (FCGR) matrix. The order 2, 3 and 4 
FCGR matrices are considered here, which con-
sist of 16, 64 and 256 elements, respectively. 
These element matrices act as the feature descrip-
tor for classi fi cation. The proposed feature vector 
is extracted from six prokaryotic organisms. A 
straightforward Naïve Bayes classi fi er in con-
junction with principal component analysis was 
employed. PCA was used to reduce the feature 
vector dimensionality and to improve the 
classi fi cation performance.  

   Materials and Methods 

   The Dataset 

 In this study, dataset was formed obtaining cod-
ing and noncoding sequences of two unique 
 Escherichia coli  strain,  E. coli  K12-MG1655 and 
 E. coli  UTI89 (UPEC), and 4 Enterobacteriaceae: 
 Buchnera aphidicola  5A, Enterobacter 638, 
 Klebsiella enteric  a 342 and  Yersinia pestis  KIM 
10 from IMG database  [  9  ] . Short coding and 

noncoding sequences falling within the range of 
60–400 bp were extracted. Training dataset com-
prised of 3,270 coding and 2,489 noncoding 
sequences. Testing dataset comprised of 1,637 
coding and 1,247 noncoding sequences.  

   Feature Vector Formation Using FCGR 

 Chaos game representation (CGR) is a scale-
independent and unique graphical representation 
for genomic sequences proposed by H.J. Jeffrey 
 [  10  ] . Later on, it was generalized for sequences 
of arbitrary symbols  [  11  ]  and other biological 
sequences such as amino acid sequence  [  12  ] . A 
CGR for a genomic sequence is plotted in a 
square where the four vertices are assigned to the 
four nucleotides as A = (0, 0), C = (0, 1), G = (1, 1) 
and T = (1, 0). This process begins by plotting the 
 fi rst nucleotide of the genomic sequence midway 
between the centre of the square and the corner of 
the square corresponding to this nucleotide. The 
process continues by selecting the consecutive 
nucleotides in the sequence which is plotted mid-
way between the preceding plotted point and the 
vertex corresponding to this nucleotide. This 
continues until one reaches the last nucleotide in 
the genomic sequence. Mathematically, coordi-
nates of the successive points in the CGR of a 
DNA sequence are de fi ned as  X  

 i 
  = 0.5( X  

 i −  1
  +  g  

 ix 
 ) 

and  Y  
 i 
  = 0.5( Y  

 i  − 1
  +  g  

 iy 
 ). The plot produced then is 

referred to as chaos game representation (CGR) 
of the genomic sequence. This remarkable fractal 
information content in the CGR has been left 
almost unexplored. 

 Most applications of CGR are based on fre-
quency matrix of different oligonucleotides 
obtained from various grid resolutions. In order 
to acquire this frequency matrix, CGR space is 
divided into grids of proper size and counting the 
occurrence in each square. These frequency 
matrices are then termed as FCGR. If A is an  m th 
order FCGR matrix containing 2  m   × 2  m   elements, 
then a 

 i ,  j 
  (1 <  i  < 2  m  ,1 <  j  < 2  m  ) indicate the elements 

in the matrix. 
 In this study, we used frequency matrices 

extracted from CGR obtained by a 2  m   × 2  m   grid 
where  m  = 2 (4 × 4 FCGR),  m  = 3 (8 × 8 FCGR) 
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and  m  = 4 (16 × 16 FCGR) of each DNA sequence. 
The frequency matrices were then reordered by 
concatenating the rows of each matrix in order to 
obtain one-dimensional vector for each sequence. 
   Therefore, three different matrices of sizes 
[4,907 × 16], [4,907 × 64] and [4,907 × 256] were 
obtained for protein-coding sequences, and three 
matrices of sizes [3,736 × 16], [3,736 × 64] and 
[3,736 × 256] were obtained for noncoding 
sequences. These element matrices act as the fea-
ture descriptor for classi fi cation. FCGR of order 
2, 3 and 4 of the short protein-coding and non-
coding DNA are given in Fig.  5.1 .   

   Dimensionality Reduction 

 In scienti fi c databases, it is usual to come across 
large amounts of high-dimensional data. In such 
cases, query processing performance detracts. 
This occurrence is known as the curse of dimen-
sionality  [  13  ]  and, as a result, typical data-mining 
operations, such as clustering or classi fi cation, 
become unproductive  [  14  ] . To address this issue, 
data-mining algorithms are dependent on dimen-
sionality reduction (DR) techniques as a prepro-
cessing step. Dimensionality reduction algorithms 
solve this challenge by projecting data from the 
high-dimensional space  R   x   to a lower-dimen-
sional space R  p   (where  p  «  x ). The intention of the 
dimensionality reduction methods is to preserve 
the distances between points or other statistical 
properties in the lower-dimensional space. 

 In this chapter, well-known PCA-based dimen-
sionality reduction algorithm was employed as a 
preprocessing step for classi fi cation algorithm 
 [  15,   16  ] . Principal component analysis (PCA) is 
also termed as the Karhunen-Loève transform 
(KLT), the singular value decomposition (SVD), 
the empirical orthogonal function (EOF), the 
eigenvector transform, the Hotelling transform 
and the proper orthogonal decomposition (POD) 
method. PCA is an ef fi cient nonparametric linear 
dimensionality reduction method which extracts 
the essential structure of a dataset without the 
need for modeling of the data. It reduces the 
dimension of the data by projecting the original 
features into others called principal components 

and then applies linear combinations of those 
features. It retains the original features with the 
largest variance.  

   Naïve Bayes Classi fi cation 

 In this study, we made use of statistical classi fi er 
called Naïve Bayes classi fi er which is based on 
the Bayes theorem  [  17  ]  which relates the proba-
bility of the occurrence of an event to the occur-
rence or nonoccurrence of an associated event. It 
assumes that the effect of a variable value on a 
given class is independent of the values of other 
variable. This theory is known as class-condi-
tional independence. Naïve Bayes classi fi er 
requires a small amount of training data to esti-
mate the parameters (means and variances of the 
variables) essential for classi fi cation. Because 
independent variables are assumed, only the vari-
ances of the variables for each class required are 
being determined. 

 Algorithm adopts the Bayes rule to express  P  
(class | features) in terms of  P  (class) and  P  (fea-
tures | class):   

        (5.1)   

 It then makes the ‘naïve’ assumption that all 
features are independent of one another. This 
means that

        
(5.2)

   

 The above equation can be written as

        (5.3)   

 Suppose the data sample is represented by 
 n -dimensional feature vector and there are  m  
classes. Given an unknown data sample  Y , the 
classi fi er will predict that  Y  belongs to the class 
with highest posterior probability, conditional on 
 Y . To classify an unknown sample  Y, P (Y|C  

 i 
  ) × P 

(C  
 i 
  )  is calculated for each class C 

 i 
 . Sample  Y  is 
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Di-nucleotide frequency matrix for non-coding region
id | NC_000913|
for E.coli K-12 MG1655

Di-nucleotide frequency matrix for coding region
id | 646314245|
for E.coli K-12 MG1655

Tri-nucleotide frequency matrix for coding region
id | 646314245|
for E.coli K-12 MG1655

Tri-nucleotide frequency matrix for non-coding region
id | NC_000913|
for E.coli K-12 MG1655

Tetra-nucleotide frequency matrix for coding region
id | 646314245|
for E.coli K-12 MG1655

Tetra-nucleotide frequency matrix fornon-coding region
id | NC_000913|
for E.coli K-12 MG1655
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  Fig. 5.1    FCGR of order 2, 3 and 4 of the protein-coding and noncoding DNA       
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assigned to the class C 
 i 
  if  P (Y|C  

 i 
  ) × P (C  

 i 
  ) > P 

(Y|C  
 j 
  ) × P (C  

 j 
  )  for 1 < =  j  < = m , where  j  is different 

from  i .   

   Results and Discussion 

 The CGR images for DNA sequences were plot-
ted using C-GREx software, developed by the 
Department of Computational Biology and 
Bioinformatics, University of Kerala, India. The 
tool is freely available at   https://sites.google.
com/site/cgrexonline    . Conversion of CGR image 
to FCGR was done using Matlab. We performed 
the rest of experiments using PCA and Naïve 
Bayes classi fi er implemented in data-mining 
toolkit Weka version 3.6.6  [  18  ]  on a PC with a 
2.13 GHz Intel CPU and 4 GB RAM, using 
Windows 7. Default setting was used for all 
methods. The capability of the propose model 
was evaluated using basic performance measure-
ments such as accuracy, sensitivity and speci fi city 
(TP, TN, FP and FN representing true positive, 
true negative, false positive and false negative, 
respectively).

        

        

        

        

         

 The results of 5-fold cross validation indicate 
that our proposed model avoids over fi tting. The 
results are shown in Table  5.1 .  

 We also computed  F -measure which is the 
harmonic mean of sensitivity and speci fi city for 
both coding and noncoding regions. The results 
are given in Fig.  5.2 .  

 Several alternative measures were used to 
evaluate the success of proposed ensemble 
method including mean absolute error, root mean 
squared error, relative absolute error and root 

TN
Specificity *100

(TN FP)
=

+

TP
Sensitivity *100

(TP FN)
=

+

TP
Precision *100

(TP FP)
=

+

( )
( )

(TP * TN)(FP * FN)
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(TP FP)* (TP FN)* (TN FP)* (TN FN)
=

+ + + +

TP TN
Accuracy

(TP TN FP TN)

+
=
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   Table 5.1    Performance of Naïve Bayes classi fi er   

 Features  Sn  Sp  Pc  MCC  5-fold CV 

 FCGR obtained by a 2  m   × 2  m   grid where  m  = 2  91.86  93.04  94.70  0.845  92.36 
 FCGR obtained by a 2  m   × 2  m   grid where  m  = 3  94.41  96.65  97.45  0.906  95.37 
 FCGR obtained by a 2  m   × 2  m   grid where  m  = 4  94.01  96.56  97.37  0.901  95.10 
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  Fig. 5.2    F-measures of different classi fi ers for coding and noncoding regions       
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   Table 5.2    Comparison of features based on error rates in prediction using the features   

 Features 
 Mean absolute 
error 

 Root mean 
squared error 

 Relative absolute 
error (%) 

 Root relative 
squared error (%) 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 2 

 0.076  0.276  15.62  55.90 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 3 

 0.046  0.215  9.47  43.52 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 4 

 0.477  0.218  9.76  44.18 
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  Fig. 5.3    The obtained error rates comparison of features       

   Table 5.3    Accuracy of proposed classi fi er for self-
consistency test   

 Features 
 Accuracy 
(%) 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 2 

 93.41 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 3 

 96.09 

 FCGR obtained by a 2  m   × 2  m   grid where 
 m  = 4 

 95.57 

relative squared error. These measures can be 
computed using the following formulas. The 
predicted values are noted by  p  

1
 ,  p  

2
 ,…, p  

 n 
 , and 

the actual values are noted by  a  
1
 ,  a  

2
 ,…, a  

 n 
 . The 

obtained error rates of proposed model are shown 
in Table  5.2  and Fig.  5.3 .  

        

        

        

         

 Self-consistency test (shown in Table  5.3 ) was 
also performed to evaluate the proposed algo-
rithm. Self-consistency test re fl ects the consis-
tency of the developed model. It is an evaluation 
method to estimate the level of  fi tness of data in 
a developed method. In self-consistency test, 
observations of training datasets are predicted 
with decision rules acquired from the same data-
set. The accuracy of self-consistency reveals the 
 fi tting ability of the rules obtained from the fea-
tures of training sets. Since the prediction system 
parameters obtained by the self-consistency test 
are from the training dataset, the success rate is 
high. Low accuracy of self-consistency test indi-
cates low-ef fi ciency classi fi er.  
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 To tackle the recognition problem of short 
genes in microbial genomes, a novel coding sta-
tistics is introduced. We extracted genomic fea-
tures for computing the frequency chaos game 
representation (FCGR) matrix. The order 2, 3 
and 4 FCGR matrices are considered here, which 
consist of 16, 64 and 256 elements, respectively. 
These element matrices act as the feature descrip-
tor for classi fi cation. We utilized principal com-
ponent analysis (PCA) as a preprocessing step 
to reduce the feature vector dimensionality 
and to improve the classi fi cation performance. 
Classi fi cation was done using Naïve Bayes 
classi fi er which has very large in fl uence both on 
theoretical and applied research in classi fi cation 
problems. The results of the experiment reveal 
the potential of this representation for discrimi-
nation of short genes from noncoding DNA. We 
compared the performance measures of our algo-
rithm using order 2, 3 and 4 FCGR matrices. The 
experimental results illustrate the superiority of 
proposed algorithm, when using order 3 FCGR 
matrix as the feature elements. Naïve Bayes 
classi fi er with order 2 FCGR matrix enhances 
3.01 and 0.27 % accuracy compared with order 2 
and 4 FCGR matrices, respectively. It also has the 
smallest value for each error measure. Naïve 
Bayes classi fi er with order 4 FCGR matrix is the 
second best classi fi er. Our work strongly suggests 
that Naïve Bayes classi fi er with above-mentioned 
features of the sequence can be effectively used 
for classi fi cation of short genes.      
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    Abstract    

 The PCR-RFLP using 16S rRNA gene was explored to test its effectiveness in 
identi fi cation of speciation of meat from porcine in raw, cooked as well as 
admixed meat. Critical perusal of the restriction maps of ~591-bp 16S rRNA 
fragment sequences from pig as well as other livestocks identi fi ed  RsaI  speci fi c 
to pig, yielding 343-bp and 251-bp fragments in pig, while in other livestock 
species such as cattle, buffalo, goat and sheep, no restriction enzyme site was 
found. In all the samples of raw pork, the restriction digestion of 594-bp frag-
ment with  RsaI  yielded the 343-bp and 251-bp fragments, while no restriction 
digestion in all other livestock species, i.e. cattle, buffalo, goat and sheep. 
PCR-RFLP with  RsaI (In cursive)  of 594-bp fragment ampli fi ed from three 
different types of cooked meat DNA samples from pig, i.e. cooking at 72°C 
for 30 min, steam cooking at 90°C for 30 min and autoclaving at 
120°C/15 lb/30 min, yielded a similar restriction enzyme digestion pro fi le as 
with raw meat DNA, suggesting no effect of cooking on PCR-RFLP. Similarly, 
PCR-RFLP was able to differentiate the origin of meat in mixed meat samples 
quite consistently up to the level of 25%; however, at the level below 10%, 
results were not consistent.  

  Keywords 
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   Introduction 

 The identi fi cation of species of origin of meat 
presents considerable problems for food analysts. 
Correct species identi fi cation is important for the 
consumer for other reasons also, such as medical 
requirements of individuals who have speci fi c 
food allergies or religious taboos, apart from pos-
sible economic losses. In this regard, pork is a sus-
ceptible target due to religious issues associated 
with adulteration of  halal  food products  [  1  ] . With 
respect to food prescriptions in Islam, Muslims 
have to follow a set of dietary laws intended to 
advance their well-being. These dietary laws or 
prescriptions determine which foods are  halal  
(i.e. permitted) for Muslims. Consumption of pork 
is prohibited according to Islamic rulings  [  2  ] . Hence, 
it is important to develop a reliable technique to 
ensure the adulteration of meat, especially meat 
products with meat of porcine origin which is cru-
cial for  halal  authentication. 

 Identi fi cation of species of origin of fresh 
meat has been achieved using various methods. 
Anatomical, histological, as well as chemical meth-
ods are reliable only in unprocessed raw meat, while 
the serological methods like precipitation techniques 
 [  3  ]  to the more recently developed ELISA  [  4  ]  and 
counter immunoelectrophoresis techniques  [  5  ]  are 
associated with dif fi culty in detecting species origin 
of heat-treated meat samples due to denaturation of 
the proteins, cross reactivity with other proteins and 
loss of epitopes in processed meat. 

 Advent of DNA-based techniques popularly 
known as molecular techniques like polymerase 
chain reaction (PCR), restriction fragment length 
polymorphism (RFLP), random ampli fi ed 
polymorphic DNA (RAPD)  fi ngerprinting, DNA 
hybridization and DNA sequencing have been 
very well exploited. In an animal cell, DNA is 
presentorganoleptic in the nucleus as well as in 
the mitochondria. Both types of DNA were used 
for meat differentiation. While some workers 
targeted nuclear genomic DNA as probes  [  6,   7  ] , 
others exploited the polymorphism existing in 
mitochondrial DNA  [  8–  12  ] . 

 Among the mitochondrial genes, the most 
commonly used genes for PCR-RFLP were 

cytochrome b gene  [  13  ]  and 12S rRNA gene 
 [  10–  12  ] . 16S rRNA is also an important mito-
chondrial gene, exhibiting sizable polymorphism 
between livestock species, but has not been exploited 
much except in few reports such as that from  [  14  ]  
in hairtails, i.e.  Trichiurus lepturus ,  T .  japonicus  
and  Trichiurus  sp. Hence, PCR-RFLP using 16S 
rRNA gene was explored to test its effectiveness 
in identi fi cation of speciation of meat from por-
cine in raw, cooked as well as admixed meat.  

   Material and Methods 

   PCR-RFLP Assay 

   Samples 
  Raw meat : Pig meat samples were collected from 
the local pig slaughterhouse, while sample of 
buffalo meat, goat meat and sheep meat were 
collected from the municipal abattoirs. Cattle 
meat samples were collected from Rampur, Uttar 
Pradesh. 
  Cooked meat : The fresh meat samples were 
procured as above and were cooked. Cooking 
was done in three ways, i.e. cooking at 72°C for 
30 min, steam cooking at 90°C for 30 min and 
autoclaving at 120°C/15 lb/30 min. 
  Admixed meat : The steam-cooked meat from pig 
was mixed with buffalo meat in the ratio of 75:25, 
50:50, 25:75, 10:90 and 1:99 proportions. From 
the mixed meat, 10 mg of meat each from 10 dif-
ferent places was taken. A total of 100 mg meat 
obtained was used for DNA extraction.   

   Isolation of DNA and Ampli fi cation 
of Partial 16S rRNA 

 The DNA was isolated using the protocol 
described by  [  6  ] . The universal primers (forward 
5 ¢ -CGC CTG TTT ACC AAA ACA T-3 ¢  and 
reverse 5 ¢ -CCG GTC TGA ACT CAG ATC ACG 
T-3 ¢ ) designed for ampli fi cation of partial mt 16S 
rRNA were synthesized from MBI Fermentas 
(M/S Genetix) and used. 

 The PCR was set up in 25- m l reaction volume, 
and the reaction mixture was comprised of 2.5  m l of 
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10× assay buffer (100-mM Tris-HC1, pH 9.0, 
15-mM MgC12, 500-mM KC1 and 0.1% gelatin), 
0.20 mM of dNTP mix, 10 pm of forward and 
reverse primers, 1U Taq DNA polymerase, 50-ng 
genomic DNA and autoclaved milliQ water to make 
up the volume. The reactions were performed in a 
Mastercycler Gradient Thermocylcer (Eppendorf, 
Germany), and the cycling conditions were initial 
denaturation at 94°C for 5 min followed by 30 
cycles of 45-s denaturation at 94°C, 45-s annealing 
at 60°C and 1-min elongation at 72°C. Ampli fi ed 
products were resolved on 1.4% agarose gel.  

   Restriction Enzyme Mapping 
of Selective 16S rRNA Fragment 

 The nucleotide sequences of selective 16S rRNA 
fragments of pig (AY337045, AY574046, 
DQ207753, DQ466081 and DQ867012) from 
database were used for restriction enzyme map-
ping using GENETOOL software. Restriction 
enzyme  RsaI  was identi fi ed as pig speci fi c after 
critical perusal of restriction enzyme maps. 
Sequences of selective 16S rRNA fragment from 
cattle (AF547270, AY488491, AY702618 and 
DQ867009), buffalo (AY676871, AB074967, 
AY526085, AY676856 and DQ867010), goat 
(AF533441, M55541, DQ867011 and DQ334809) 
and sheep (AF010406, AY858379, EF490455 
and DQ867013) were used to test the species 
speci fi city of the identi fi ed restriction enzyme.  

   Restriction Digestion of Selective 
16S rRNA Gene 

 PCR-ampli fi ed product of mitochondrial 16S 
rRNA genes ampli fi ed from all the meat samples 
were subjected to digestion with each of the 
restriction enzyme  RsaI  separately. Digested 
product was subjected to electrophoresis in 1.6% 
agarose gel along with DNA size marker.   

   Results and Discussion 

 Critical perusal of the restriction maps developed 
using the partial 16S rRNA sequences from pig 
identi fi ed  RsaI  speci fi c to pig.  RsaI  restriction 
enzyme was expected to yield a 343-bp and 
251-bp fragments after RE digestion in pig, while 
in other livestock species such as cattle, buffalo, 
goat and sheep no restriction enzyme site was 
found. 

 In all the samples of raw pork, the restriction 
digestion of 594-bp fragment with  RsaI  yielded 
the 343-bp and 251-bp fragments, and this pro fi le 
was speci fi c to pig only as it yielded no restric-
tion digestion in all other livestock species, i.e. 
cattle, buffalo, goat and sheep (Fig.  6.1 ). Various 
workers have used PCR-RFLP of different mito-
chondrial genes for differentiation of raw meat 
from livestock species including sheep and goat 
 [  15  ]  could effectively identify the pig, cattle, wild 
boar, buffalo, sheep, goat, horse, chicken and 

  Fig. 6.1     RsaI  restriction enzyme pro fi le of ~591-bp 16S 
rRNA fragment ampli fi ed from genomic DNA extracted 
from pork meat cooked under different temperatures ( C3  
autoclaved at 120°C/15 lb/30 min,  C2  steam cooked at 

90°C for 30 min,  C1  cooked at 72°C for 30 min) and 
from raw meat of different livestock species ( P  pig,  C  
cattle,  B  buffalo,  S  sheep,  G  goat,  M  100-bp–1,500-bp 
DNA ladder (Biobasics))       
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turkey meat using PCR-RFLP of 359-bp frag-
ment of cytochrome b gene with restriction diges-
tion by  lul ,  Rsal ,  TaqI  and  HinfI . A similar study 
 [  11  ]  also reported that PCR-RFLP of 12S rRNA 
gene could differentiate closely related meat spe-
cies, such as cattle-buffalo, sheep-goat, chicken-
quail and turkey-guinea fowl. Fajardo et al. 
(2007)  [  16  ]  reported the unequivocal identi fi cation 
of chamois, pyrenean ibex and mou fl on/sheep 
and their differentiation from meat of domestic 
species such as cattle, goat and swine using the 
PCR-RFLP of 720 base pairs (bp) from the mito-
chondrial 12S rRNA gene with  Mse I and  Apo I 
endonucleases.  

   PCR-RFLP Assay with Cooked Meat 

 The cooked meat samples from pig were prepared 
by cooking the meat in three different way, i.e. 
cooking at 72°C for 30 min, steam cooking at 90°C 
for 30 min and autoclaving at 120°C/15 lb/30 min. 
The resolution of extracted genomic DNA from 
cooked meat showed that cooking of the meat 
has affected the quality of extracted genomic 
DNA and the degree of shearing of DNA has 
increased with the severity of processing; how-
ever, the ampli fi ed products from all the cooked 
meat were of similar intensity as that from the 
raw meat except the intensity of the bands 
ampli fi ed from autoclaved meat (Fig.  6.2 ), which 
was comparatively less. These ampli fi ed 594-bp 
16S rRNA fragments were subjected to restric-
tion enzyme digestion with  RsaI , which yielded 
similar species-speci fi c pro fi les, as that from the 

PCR-RFLP with raw meat (Fig.  6.1 ). Earlier 
workers also found that though the processing of 
meat affect the quality of genomic DNA, in 
general, it does not affect the ampli fi cation of 
mitochondrial genes  [  10,   11,   17  ] .   

   PCR-RFLP Assay for Mixed Meat 
Speciation 

 The ef fi ciency of PCR-RFLP of 16S rRNA gene in 
detecting the admixing of the meat from pig with 
meat from other livestock species was evaluated. 
The admixtures of pig meat with buffalo meat 
were prepared in 50:50, 25:75, 10:90 and 1:99 
ratio separately. Using the genomic DNA extracted 
from admixture meat samples as template, ~590-
bp fragments were ampli fi ed in all the mixed meat 
samples (Fig.  6.2 ). These ~590-bp PCR product 
was digested with the species-speci fi c restriction 
enzymes (i.e.  RsaI , Fig.  6.3 ). For testing the repeat-
ability of results,  fi ve samples were tested in all the 
proportions of admixing. RE pro fi le with species-
speci fi c restriction enzyme was able to differenti-
ate the origin of meat in mixed meat samples quite 
consistently up to the level of 25% as the PCR-
RFLP of the ~590-bp product ampli fi ed from 
mixed meat with  Rsa  yielded 343-bp and 251-bp 
in all the replicates. However, at 90:10 and 99:1 
ratio of admixing of pig meat, PCR-RFLP of the 
590-bp product ampli fi ed from these mixed meat 
with  HpaI  could yield pig-speci fi c RE pro fi le only in 
20% replicates. Girish et al.  [  11  ]  also reported the 
inconsistency in results in mixed meat in various 
combinations, i.e. buffalo meat with chevon/mutton, 

  Fig. 6.2    Ampli fi cation of ~591-bp 16S rRNA fragment 
using genomic DNA as template, extracted different type of 
pork meat.  R  raw meat,  C1  cooked at 72°C for 30 min,  C2  
steam cooked at 90°C for 30 min,  C3  autoclaved at 

120°C/15 lb/30 min,  M1  mixture of pork and beef in 50:50 
ratio,  M2  mixture of pork and beef in 25:75 ratio,  M3  mixture 
of pork and beef in 10:90 ratio,  M4  mixture of pork and beef 
in 1:99 ratio,  M  100-bp–1,500-bp DNA ladder (Biobasics)       
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beef with chevon/mutton, beef with buffalo meat 
and mutton with chevon combinations at the 
inclusion levels of 10% or less than that. This 
could be due to the disparity in the quantity of 
PCR product ampli fi ed and the amounts of target 
DNA present  [  18  ] . However, many workers were 
able to identify the admixing of meat even at the 
level below 10%, even up to 1% or less by using 
PCR-RFLP of different mitochondrial genes 
 [  17,   19,   20  ] .        
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  Abstract 

  Holoptelea integrifolia  is a large deciduous tree included in lekhaneyagana, a 
pharmacological classi fi cation remarked in  Charaka Samhita , which means 
“reduce excess fat”. The present study was to check the effect of methanolic 
fraction of  H .  integrifolia  on serum lipids, faecal lipids and HMG-CoA 
reductase (HMGR), an enzyme which catalyses the committed step in choles-
terol biosynthesis.  H .  integrifolia  extracts were administered orally at doses 
(200 and 400 mg/kg body weight) to diet-induced obese Sprague Dawley 
(SD) strain rats. Mevinolin was used as positive control. After 4 weeks of 
administration, the concentrations of total cholesterol    (T-c), triglycerides (TG) 
and low-density lipoprotein (   LDL-c) in serum were signi fi cantly lower in 
 H .  integrifolia -treated groups compared to high-fat group. Both groups showed 
higher ratio of high-density lipoprotein cholesterol (   HDL-c)/(T-c) compared 
to high-fat diet group. In this study, HMGR activity was enormously reduced, 
and detailed faecal analysis showed a remarkable increase in faecal T-c and 
TG compared to high-fat control. It is presumed that a higher hypolipidemic 
effect of  H .  integrifolia  might be accounted by the combined effect by HMGR 
inhibition which results in suppression of endogenous cholesterol biosynthe-
sis and blocking the intestinal fat absorption. 

 The methanolic fraction of  H .  integrifolia  on LCMS and tandem mass 
spectrometry analysis showed the presence of a compound, 2-[(3,4-dime-
thyl-2-oxo-2H-chromen-7-yl)oxy] propanoate (C1). The compound C1 
was subjected to molecular docking studies with human HMGR (1HW8). 
The results indicate that the compound C1 can bind strongly to free HMGR 
in its active site and support the in vivo results. Based on this observation, 
we propose that the compound C1 is a potent inhibitor of HMGR and 
hence potential anticholesterol agent.  

      A Novel HMG-CoA Reductase 
Inhibitor from Methanolic Extract 
of  Holoptelea integrifolia  (Roxb.) 
Planch       

     K.  S.   Arun    and    Anu   Augustine         
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  Abbreviations  

  HDL-c    High-density lipoprotein cholesterol   
  HMGR    HMG-CoA reductase   
  LCMS    Liquid chromatography mass spectro-

metry   
  LDL-c    Low-density lipoprotein cholesterol   
  MSMS    Tandem mass spectrometry   
  RT    Retention time   
  T-c    Total cholesterol   
  TG    Triglycerides         

   Introduction 

 Overweight and obesity are de fi ned as abnormal 
or excessive fat accumulation that may impair 
health. At least 2.8 million adults die each year as 
a result of being overweight or obese. The medi-
cal expenses and cost of lost productivity due to 
obesity are greater than $100 billion per year and 
is increasing drastically  [  1–  3  ] . The elevated 
plasma cholesterol is a major risk factor for the 
development of obesity, which led to the search 
for drugs that could reduce blood cholesterol. 
One possibility is to reduce cholesterol biosyn-
thesis which is achieved by inhibiting the rate-
limiting enzyme HMG-CoA reductase (HMGR) 
in the cholesterol biosynthetic pathway  [  4,   5  ] . 
HMGR (EC 1.1.1.34) is a transmembrane protein 
anchored in the membrane of the endoplasmic 
reticulum that catalyses a key step in the 
mevalonate pathway, which is involved in the 
synthesis of sterols, isoprenoids and other lipids 
 [  6,   7  ] . 

  Holoptelea integrifolia  is a large deciduous 
tree, commonly known as Indian Elm. Ethno med-
ically, the leaves and stem bark of this plant were 
used by local people for skin diseases, obesity, 
cancer and for wound healing in the form of paste 

 [  8–  10  ] . This plant is included in “lekhaneyagana” 
which means “reduce excess fat”, a pharmacologi-
cal classi fi cation mentioned by Charaka in  Charaka 
Samhita   [  11  ] . The present study aims to check the 
effect of  H .  integrifolia  on HMG-CoA reductase 
activity in diet-induced obese rats. The fraction 
with HMGR-inhibiting activity is further analysed 
using LCMS and MSMS, and the compounds 
obtained are subjected to molecular docking anal-
ysis with human HMGR receptor (1HW8) using 
AutoDock Version 4.0  [  12  ] .  

   Materials and Methods 

   Preparation of the Bark Extract 
of  H .  integrifolia  

 Fresh bark of  H .  integrifolia  was collected from 
the hill area of Kallanode (Calicut district) (coor-
dinates: 11°31 ¢ 49″N 75°52 ¢ 21″E). The plant was 
identi fi ed and authenticated by Centre for 
Medicinal Plants Research (CMPR), Kottakkal, 
India. Voucher specimen was processed and 
deposited (No: CMPR 3949). Methanol extract 
was prepared using soxhlet apparatus for 48 h.  

   In Vivo Study: Establishment of High-
Fat Model and Drug Treatment in Rats 

 Sprague Dawley (SD) strain rats, body weight 
160 ± 10 g, were used for experiments. The exper-
iment was approved by the Institutional Animal 
Ethics Committee (IAEC No-KULS/IAEC 
2011–04). Rats were randomly divided into two 
groups: control group ( n  = 10) and high-fat group 
( n  = 40). Animals in control group were fed with 
a basic diet for 4 weeks. All animals in high-fat 
group were fed with a high-fat diet for 4 weeks. 
After 4 weeks, blood samples were taken for the 

  Keywords 
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analysis of T-c, TG, HDL-c and LDL-c for 
con fi rmation of hyperlipidemia  [  13  ] . 

 The rats in high-fat model group were ran-
domly divided into four groups with ten rats per 
group: high-fat model control group,  H .  integrifolia  
I group (200 mg/kg body weight (BW)), 
 H .  integrifolia  II group (400 mg/kg BW), and 
mevinolin-treated positive control group (3.0-mg/
kg body weight)  [  13,   14  ] . At the end of the experi-
ments, the overnight-fasted rats were sacri fi ced 
and blood samples were taken for the measurement 
of serum T-c, TG, HDL-c  [  15,   16  ] , LDL-c  [  17  ]  
and liver for HMG-CoA reductase assay  [  18  ] . 
Faeces of the last 2 days of the treatment period 
were collected. They were freeze-dried for 48 h. 
The faeces were ground into  fi ne powder and 
extracted with chloroform–methanol (2:1) mix-
ture in accordance with the method described by 
Folch et al.  [  19  ] . Faecal cholesterol was deter-
mined using enzymatic kit.  

   LCMS Analysis of Methanolic Extract 
of  H .  integrifolia  

 Methanolic extract of  H .  integrifolia  was used to 
perform LCMS and MSMS analysis (Waters ESI 
QToF System), and structural elucidation of 
molecules was performed using MassFragment 
(MassLynx Mass Spectrometry Software Waters 
Corporation, Milford, USA). 

 The MS E  mode of acquisition was used to 
acquire the data with low and high collision energy. 
The compound obtained is detailed in Fig.  7.2 .  

   Docking of Compounds with Human 
HMG-CoA Reductase Enzyme 

 The compound obtained in LCMS data and com-
pactin were docked with a crystal structure of 
human HMGR (PDB ID: 1HW8) using AutoDock 
Version 4.0  [  12,   20  ] . Since the active site is bipar-
tite   , A and B chains are selected for docking. 
Flexible docking strategy was applied in which 
all the binding site residues were set  fl exible. 
ASP690, ARG590, SER684 and LYS691 of A 
chain and ASN755 and LYS 735 of B chain were 
selected as  fl exible residues. The grid dimensions 

were 30 × 34 × 44 Å with points separated by 
0.375 Å. The Lamarckian genetic algorithm was 
applied for minimization, using default parame-
ters to  fi nd the lowest energy and its structure 
prediction accuracy  [  21  ] . The complexes of 
ligands with HMGR resulting from molecular 
docking were analysed using Python Molecular 
Viewer (MGL Tools). The pose    generated were 
viewed using PyMOL Molecular Graphics 
System  [  22  ] .   

   Results and Discussions 

   Effect of  H .  integrifolia  on Serum Lipids 
in Diet-Induced Obese Rats 

 Oral administration of  H .  integrifolia , 200 and 
400 mg/kg BW, to high-fat animals resulted in 
signi fi cant decreases in serum T-c, TG and LDL-c 
levels (  p  < 0.05). To note the decrease of serum 
TG level is a promising result. Recent studies 
showed that triglycerides are independently 
related to coronary heart disease and most of the 
antihypercholesterolemic drugs were not able to 
reduce triglyceride levels  [  4,   23  ] . Furthermore, 
LDL-c carries cholesterol to the arteries, in fi ltrates 
their walls and may trigger plaque buildup. The 
treatment shows a signi fi cant increase (  p  < 0.05) 
in plasma HDL-c levels (Table  7.1 ).    The hypolipi-
demic effect of HDL-c is largely attributed to its 
central function in the reverse cholesterol trans-
port, a process where excess cell cholesterol is 
taken up and processed by HDL-c particles for 
further delivery to the liver for metabolism. Thus, 
the decrease in T-c, TG and LDL-c level and 
increase in HDL-c show the ability of  H .  integri-
folia  extract to reduce cardiovascular disease risk.   

   Effect of  H .  integrifolia  on Faecal Lipids 
in Diet-Induced Obese Rats 

 Detailed faecal analysis of  H .  integrifolia  extract-
treated rats shows a remarkable increment in fae-
cal T-c and TG. Therefore, a probable mechanism 
for the greater hypolipidemic effect of  H .  integri-
folia  extract-treated rats can be explained on the 
basis of blocking of intestinal fat absorption.  
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   Table 7.1    Effect of  H. integrifolia  on serum lipids, faecal lipids and HMGR activity in diet-induced obese rats   

 Normal 
control  High-fat model 

  H .  integrifolia          Standard 
mevinolin  200 mg/kg  400 mg/kg 

 Serum lipids (mg/dL) 
 T-c  72.34 ± 7.6  111.8 ± 6.6 a   92.85 ± 4.79 b   86.3 ± 2.76 b   83.7 ± 1.93 
 TG  78.10 ± 4.1  107.1 ± 6.6 a   93.41 ± 5.76 b   84.7 ± 3.32 b   81.81 ± 1.77 
 HDL-c  35.1 ± 3.49  22.4 ± 4.08 a   25.98 ± 1.86 b   29.90 ± 1.90 b   31.6 ± 1.65 
 LDL-c  21.6 ± 8.02  67.9 ± 9.88 a   48.18 ± 5.32 b   39.46 ± 2.17 b   35.75 ± 1.29 
 HMGRc  2.68 ± 0.17  3.23 ± 0.28 a   4.93 ± 0.23 b   5.50 ± 0.32 b   4.05 ± 0.18 
 Faecal lipids (mg/dL) 
 T-c  52.31 ± 1.57  85.98 ± 3.89  95.75 ± 1.72 b   88.38 ± 2.96 b   88.38 ± 2.96 
 TG  12.75 ± 1.20  15.03 ± 1.21  21.0 ± 1.72 b   16.3 ± 1.38 b   16.3 ± 1.38 

   T - c  total cholesterol,  TG  triglycerides,  LDL - c  low-density lipoprotein cholesterol,  HDL - c  high-density lipoprotein 
cholesterol,  HMGR  HMG-CoA reductase; normal control, rat fed with normal diet; high-fat model, rat fed with high-fat 
diet;  H .  integrifolia -200 mg/kg and  H .  integrifolia -400 mg/kg, high-fat diet rats treated with 200-mg/kg and 400-mg/kg 
body weight of  H .  integrifolia  bark methanolic extract, respectively; standard mevinolin, high-fat diet rats treated with 
mevinolin (3.0 mg/kg). The values are mean ± s.d. for ten rats 
  a  p  < 0.05 compared with control group 
  b  p  < 0.05 compared with untreated model group 
  c HMG-CoA reductase activity is expressed in terms of HMG-CoA/mevalonate ratio. The ratio between HMG-CoA and 
mevalonate is inversely proportional to HMG-CoA reductase activity  

   Effect of  H .  integrifolia  on HMGR 
Activity in Diet-Induced Obese Rats 

 Estimation of hepatic HMGR activity showed a 
signi fi cant decrease in extract-treated hyperlipi-
demic rats. In particular, hepatic HMGR 
signi fi cantly went down by 70.27% in the 400-
mg/kg   H .  integrifolia  extract group than untreated 
model group (Fig.  7.1 ) Mevinolin treatment also 
shows signi fi cant reduction on HMGR activity 

(Table  7.1 ). HMGR catalyses the four-electron 
reduction of HMG-CoA to coenzyme A and 
mevalonate. Moreover, HMGR is the rate-limit-
ing enzyme in the cholesterol pathway; HMG-
CoA is water soluble and has an alternative 
metabolic pathway for its breakdown. Thus, no 
potential toxic precursors are formed when 
the pathway is blocked. The above factors 
make HMGR a promising target for treating 
hyperlipidemia.   

  Fig. 7.1    Effect of  H .  integrifolia  on HMGR activity in diet-induced obese rats       
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  Fig. 7.2    ESI-MSMS and mass fragment analysis of mass 261.0755 m/z at RT 9.1 min and the structure with elemental 
composition C 

14
 H 

13
 O 

5
        

   LCMS Analysis of Methanolic Extract 
of  H .  integrifolia  

 LCMS and MSMS analysis done using  H . 
 integrifolia extract  showed the presence of (2R)-2-
[(3,4-dimethyl-2-oxo-2H-chromen-7-yl)oxy] pro-
panoate (C1). The MSMS spectrum, library search 
and structure are detailed in Fig.  7.2 .   

   Docking of Compounds with Human 
 HMG - CoA Reductase  Enzyme 

 AutoDock result entails that the compound C1 
binds favourably at the active site of IHW8 by 6 
hydrogen bonds with the active site residue, 
ARG590, LYS735 (2 bonds), ALA751 and SER661 
(Fig.  7.3 ). The    binding energy −13.68 KCal and 

  Fig. 7.3    The optimized 
complex of 2-[(3,4-dimethyl-
2-oxo-2H-chromen-7-yl)oxy] 
propanoate (CSID 322828) 
with the binding pocket of 
the catalytic portion of 
human HMGR substrate: 
hydrogen bonds are displayed 
as  green dashes . Nonpolar 
hydrogens are omitted for 
clarity. Figure generated 
using PyMOL       

 

 



60 K.S. Arun and A. Augustine

inhibition constant 94.46 pM substantiate that 
ligand forms a favourable interaction with HMGR 
receptor (Table  7.2 ). The HMG-binding pocket 
of HMGR is characterized by a loop (residues 
682–694, referred to as “cis loop”)]. C1 shows a 
hydrogen bond with cis loop residue LYS692. 
Moreover, the compound shares a structural simi-
larity with HMG-CoA, which is substrate of 
HMGR. Structural formulae of HMG-CoA, com-
pound C1 and compactin are shown in Fig.  7.4 . 
Thus, the docking results support the in vivo 
experiment results.      

   Conclusions 

 Oral administration of  H .  integrifolia  extract 
(both 200 and 400 mg/kg BW) was able to reduce 
serum HMGR activity. The treatment was able to 
reduce serum T-c, TG, LDL-c and VLDL-c levels. 

Moreover,  H .  integrifolia  facilitates agreeable 
improvement in cardioprotective lipid HDL-c. 
Docking studies show that C1 can bind to free 
HMGR in its active site and may prevent its activ-
ity. It has the same mode of binding and interac-
tions as that of known direct statins (HMGR 
inhibitors)  [  9,   24 –  27  ] . Their contacts are also 
suf fi cient in number, suggesting strong interactions 
with the target molecule [ 28 – 31 ]. The above results 
af fi rm the in vivo studies in diet-induced obese rats 
and validate the “lekhaneyagana” remarked in 
 Charaka Samhita  (700 BC).      
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   Table 7.2    Results of docking of compounds with the catalytic portion of human HMGR   

 Compound name  Binding energy  Inhibition constant  Interacting residue 

 2-[(3,4-dimethyl-2-oxo-
2H-chromen-7-yl)oxy] 
propanoate 

 −13.68  94.46 pM  SER 661, ARG 590, 
LYS 735 (2), LYS692, 
ALA751 

 Compactin  −12.9  348.66 pM  ARG590, ASN755, 
LYS691, LYS692, ALA751 

  Fig. 7.4    Structural formulas of (a) HMG-CoA, (b) 2[3,4-dimethyl-2-oxo-2H-chromen-7-yl)oxy] propanoate and 
(c) compactin. The similar portions are shown in  square boxes        
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  Abstract 

 The newly isolated bacterial strain SDR-10 showing growth-associated 
protease production was a gram-positive rod-shaped bacterium producing 
endospores. The partial gene sequence of the 16S rRNA gene of the strain 
followed by sequence alignment con fi rmed the genus as  Bacillus .  Bacillus  
SDR-10 showed a maximum protease production in 24 h. The enzyme 
showed its optimum temperature of activity at 45°C and optimum pH at 10 
and stability at this temperature and pH. Production of protease from the 
strain was enhanced by optimising the cultural and nutritional parameters. 
Wheat bran resulted in the highest protease production at a concentration 
of 0.6%. Inorganic nitrogen sources were poor in inducing enzyme pro-
duction from the culture. Among the carbon sources studied, glucose was 
the best for protease production at a level of 1.0%. Factors affecting the 
enzyme production were maximum at growth pH 6.5 and inoculum size of 
5%. Optimisation of the various factors resulted in enhancing the produc-
tion from 56.51 units to 132.48 units (2.35%).  

  Keywords 

 Alkaline protease  •   Bacillus subtilis SDR - 10   •  Optimisation  •  Submerged 
fermentation  •  Characterisation      

      Optimisation of Cultural 
and Nutritional Parameters 
for the Production of Protease 
from Newly Isolated Bacterial 
Strain  Bacillus  SDR 10       

     Dinta   Daniel   ,    B.  S.   Rakhi   ,    S.   Subramaniyan,    
and    G.  S.   Sandhia         

   Introduction    

 Microbial enzymes are part of various industries. 
Among these enzymes, proteases account for 
nearly 60% of the total industrial enzyme market. 

A major proportion of commercially available 
proteases are currently derived from  Bacillus  
strains  [  1  ] . Microbial proteases have major 
application in detergent formulations, food, 
leather, diagnostics, agrochemicals, waste man-
agement, silver recovery and pharmaceutical 
industries  [  2,   3  ] . The industrial use of proteases 
was  fi rst proposed by Röhm (German Patent 
GP283923, 1913), who incorporated pancreatic 
enzymes into a detergent. It was only in the 1960s 
that the  fi rst detergent containing a bacterial 
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protease appeared in the market. Here the enzyme 
used was subtilisin Carlsberg isolated from  Bacillus 
licheniformis   [  4  ] . 

 Alkaline proteases are produced by a wide 
range of microorganisms including bacteria, 
moulds and yeasts. Among bacteria,  Bacillus  
strains are the most important producer of com-
mercial proteases  [  2,   5  ] , and these are the speci fi c 
producers of extracellular proteases  [  6  ] . About 
35% of the total microbial enzymes used in deter-
gent industry are derived from bacterial sources 
and most of them produced by  Bacillus  sp. It is a 
very good source for protease production because 
it is a nonpathogenic, gram-positive bacteria 
and capable of synthesising various types of 
proteases. Pro   tease production is in fl uenced by 
nutrients like carbon and nitrogen sources and 
vitamins and metal ions and environmental fac-
tors such as pH and temperature. 

 Present study is focused on the bacterial strain 
with high proteolytic activity isolated from forest 
soil samples. For enhancing the enzyme produc-
tion from this strain, the cultural and nutritional 
parameters have been optimised, and characterisa-
tion of the crude enzyme has also been attempted.  

   Materials and Methods 

   Microorganism and Culture Condition 

 Forest soil samples were screened on casein agar 
plates for isolating proteolytic microorganisms. 
The culture showing highest proteolytic activity 
was selected for further studies and was main-
tained at 4°C.  

   Identi fi cation of Isolate 

 Bacterial strain was identi fi ed following standard 
microbiological and biochemical procedures. For 
con fi rming the identity of the strain, genomic DNA 
was extracted through CTAB method  [  7  ]  and 16S 
rRNA gene was ampli fi ed under standard PCR 
conditions. Ampli fi ed gene was subjected to partial 
sequencing. BLAST search and multiple sequence 
alignment were done for strain con fi rmation.  

   Pre-inoculum Preparation 

 The pre-inoculum was prepared by transferring a 
loop full of 24-h old culture into 50 ml of inocu-
lums with composition as follows. The inoculated 
medium was incubated in a shaker for 24 h for 
raising the pre-inoculums.  

   Submerged Fermentation 

 The fermentation study was performed in triplicate 
in 250-ml Erlenmeyer  fl asks containing 50 ml of 
the medium with the following composition (g/l): 
peptone 10.0 g, NaCl 1.0 g, CaCl 

2
 .H 

2
 O 0.5 g, 

KH 
2
 PO 

4
  0.2 g and MgSO 

4
 .7H 

2
 O 0.5 g. The medium 

was inoculated with 5% inoculum, and the initial 
pH of the medium was maintained at 7.0 using 
1% Na 

2
 CO 

3
 . The inoculated medium was kept 

in a shaker for a period of 24 h, and samples 
were taken in a regular interval of 24 h for 4 days. 
The cell-free culture supernatant obtained after 
centrifugation at 10,000 rpm at 4°C for 15 min 
served as the enzyme source and was assayed 
for protease activity.   

   Analytical Methods 

   Protease Enzyme Assay 

 The enzyme activity was determined by using the 
procedure of Tsuchida et al.  [  8  ]  with the following 
modi fi cations. 0.5 ml 2.0% casein in phosphate 
buffer (pH 7) was taken as the substrate to which 
properly diluted enzyme samples were added. 
After incubation at 40°C for 10 min, 1-ml TCA 
was added. Blank was prepared in the same pro-
cedure, but TCA was added prior to enzyme addi-
tion. The mixture was centrifuged at 2,000 rpm 
for 3 min. To the supernatant was added 5 ml of 
0.44 M Na 

2
 CO 

3,
  and after 10 min of incubation, 

0.5-ml twofold diluted Folin–Ciocalteau reagent 
was added. After 20 min read the absorbance at 
660 nm in a spectrophotometer. One unit enzyme 
activity is de fi ned as the amount of enzyme that 
releases 1  m g of tyrosine per ml per minute under 
the above assay conditions.  
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   Cell Protein 

 0.5 ml of uniformly mixed sample was made up 
to 5 ml by adding 4.5 ml distilled water and was 
centrifuged. The pellet was separated and added 
with 1 ml 1 N NaOH. Protein in the sample was 
estimated as per Lowry’s method  [  9  ]  using BSA 
as standard.  

   Characterisation of Protease 

   Optimum Temperature of Protease 
Activity 
 Optimum temperature for enzyme activity was 
determined using the standard assay procedure in 
the temperature range of 30–60°C. Thermal sta-
bility was monitored by measuring the residual 
activity after 2 h of incubation at a temperature of 
45°C for a period of 2 h.  

   Optimum pH of Protease Activity 
 Optimum pH for enzyme activity was identi fi ed 
using the standard assay procedure in the pH range 
of 5.0–11. pH stability was monitored by measur-
ing the residual activity after 2-h incubation at a 
pH value of 10.0 for a period of 2 h. After incuba-
tion, the activity was measured at pH 7.0 at 40°C.  

   Optimisation of Protease Production 
 For enhancing the production of protease from 
the culture, cultural and nutritional parameters 
have to be optimised. The optimisation was done 
by sequentially varying one factor at a time, the 
selected optimal level serving as the control 
medium for further studies. Thus, a set of condi-
tions could be achieved which can enhance pro-
tease production from SDR-10.   

   Optimisation of Different Cultural 
Conditions 

   Effect of Inoculum on Protease 
Production 
 Effect of inoculum on protease production was 
studied by inoculating the media with different 
inoculum concentrations such as 1.0, 2.5, 5.0 and 
10.0.  

   Effect of Medium pH on Protease 
Production 
 The effect of pH on protease production and 
growth of organism in fermentation media was 
determined by growing the culture in the control 
medium at different initial values ranging from 
5 to 9. Suitable buffer systems were used for this 
study.   

   Optimisation of Nutritional Parameters 

   Effect of Nitrogen Source on Protease 
Production 
 To test the effect of different nitrogen sources on 
protease production, peptone in the basal medium 
was substituted with 1% of different organic/com-
plex, inorganic and low-cost agrowastes. Selected 
complex/organic substrates include urea, casein 
and gelatine. The different inorganic nitrogen sources 
studied include NH 

4
 Cl, (NH 

4
 ) NO 

3
 , NaNO 

3
  and 

(NH4) 
2
 SO 

4
 . The low-cost substrates selected were 

wheat bran, ground nut meal, rice bran and black 
gram bran. Their effects on enzyme production 
were evaluated against control medium used ini-
tially with peptone as the nitrogen source.  

   Effect of Different Levels of the Selected 
Substrate on Protease Production 
 The selected substrates from the above were 
evaluated at different levels for understanding 
their in fl uence on protease production.  

   Effect of Carbon Sources on Protease 
Production 
 To test the effect of different carbon sources on 
protease production, different carbon sources 
such as starch, sucrose, xylose, glucose and 
glycerol were added to the basal medium at 1.0% 
and assayed the activity. Analytical procedures 
were carried out as described earlier.  

   Effect of Different Concentration 
of Selected Carbon Sources 
 Different concentrations of the selected carbon 
source were used to examine the production of 
proteases. The medium contained different concen-
trations such as 0.1, 0.25, 0.5, 1.0 and 1.5 (%w/v) 
of carbon source and assayed the activity.  
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   Optimised Medium Against Control 
 All the optimised conditions were combined 
together and tested against a control under the 
fermentation conditions already mentioned. This 
was to evaluate the effect of the chosen conditions 
on enzyme production.    

   Results and Discussion 

 The production and characterisation of proteases 
from different microorganisms are ever increasing 
 [  4  ] . However, new organisms producing novel 
protease suitable for industrial uses are always 
rewarding because of the emergence of new 
industries producing unique products like deter-
gent preparation with enzyme additives. In the 
present investigation, a bacterial strain isolated 
from soil was selected for the production of high 
levels of protease activity. Attempts were made 
to identify the bacterium and characterisation of 
the enzymes synthesised. Subsequent studies 
involve the enzyme production using different 
nutritional and cultural parameters. 

   Isolation of Proteolytic Bacteria 

 The bacterium used for the present study was 
isolated from soil samples from Kerala, India, 

using the clear zone formation method. Colonies 
that are showing good clear zones of 1 cm or 
above are selected for further studies. The cultures 
which were positive in the clear zone production 
were subjected to liquid medium growth studies 
resulting in the selection of culture SDR-10 as 
the potent microorganism with protease produc-
tion ef fi ciency (Fig.  8.1 ).  

 Newly isolated bacterium is a gram-positive 
rod producing endospores. Biochemical and 
physiological tests performed according to the 
 Bergey ’ s Manual of Determinative   Bacteriology  
identi fi ed the strain number SDR-10 as  Bacillus  sp. 
On the basis of 16S rRNA gene BLAST studies, the 
isolate was found to be having 100% sequence 
similarity with species of  Bacillus  (Figs.  8.2  
and  8.3 ). The phylogenetic tree (Fig.  8.3 ) con-
structed by the neighbour-joining method 
indicated that the isolate SDR-10 was having 
maximum af fi nity to  B .  subtilis .    

   Fermentation Pro fi le of  Bacillus  SDR-10 

 The present investigation was aimed at optimisa-
tion of medium components which have been 
predicted to play a signi fi cant role in enhancing 
the production of alkaline proteases  [  3  ] . Proper 
combinations of various nutritional parameters 
such as carbon and nitrogen sources, growth pH 

  Fig. 8.1    Morphology of the individual 
colony       
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and inoculum size can be established in order to 
suit the bacterial isolate for high secretion of 
alkaline protease. Protease production was evalu-
ated along with change in medium pH and growth 
for a period of 96 h, and the values were recorded 
at every 24-h interval. 

 It was observed that the highest protease 
production was obtained after 24 h. Protease 
production started in the early logarithmic phase, 
which along with growth reached the maximum 
after 24 h (Fig.  8.4 ).    Similar growth-associated 
enzyme production has been reported in  Bacillus  
sp. SSR1 with a peak after 15 h by Kezia et al.  [  10  ] . 
Haddar et al.  [  1  ]  reported maximum protease 
production after 24 h in  Bacillus mojavensis A21 . 

Growth-associated protease production could be 
correlated with the onset of a high rate of protein 
turnover during sporulation  [  11  ] . Protease pro-
duction was studied at the initial pH value of 7.0 
which gradually shifted towards alkaline side as 
the growth proceeded (Fig.  8.4 ).   

   Characterisation of Crude Protease 

   Effect of Temperature on Enzyme Activity 
 Optimum temperature for protease activity was 
determined at different temperatures ranging 
from 35 to 60°C using casein as the substrate at 
pH 7.0. Protease activity was optimum at the 

  Fig. 8.2    Sequence of the 16S rRNA gene of SDR-10 in ‘FAST A’ format       

  Fig. 8.3    Neighbour-joining tree showing the position of 
isolate  Bacillus  SDR-10 to a selected number of members 
of genus  Bacillus . Branch lengths re fl ecting the actual dis-

tances between the sequences could be estimated using 
the value provided       
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temperature of 45°C. The activity gradually 
declined both at higher and lower temperatures 
(Fig.  8.5 ). The optimum temperature of alkaline 
proteases ranged from 50 to 70°C  [  12  ] . This 
slightly elevated optimum temperature by the 
 Bacillus  SDR-10 is in accordance with reports 
for proteases from other  Bacillus  spp. The opti-
mum temperature of protease activity at 60°C 
has been reported in  Bacillus  sp. SMIA-216  [  13  ]  
and at 70°C in  Bacillus  sp. GUS1  [  14  ] .   

   Effect of Temperature on the Stability 
of the Enzyme 
 The protease enzyme was incubated at the opti-
mum temperature of 45°C for a period of 4 h. The 
result indicated that the enzyme was completely 
stable at 45°C for 120 min; thereafter, there was 
reduction in activity. Chomsri  [  15  ]  reported that 
protease produced by  Bacillus  sp. was stable at 
60°C for 90 min.  Bacillus  sp. SMIA produced 
protease stable at 30°C for 2 h  [  16  ] . The enzyme 
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  Fig. 8.4    Growth and 
protease production from 
 Bacillus  SDR-10. Change 
in the medium pH is also 
monitored       
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retained 84% of its original activity after incubation 
at 50 and 60°C for 2 h  [  17  ] . Stability of protease 
at 55°C for 3 h was reported by Sevinc and 
Demirkan  [  18  ] .  

   Effect of pH on Enzyme Activity 
  Bacillus  species are known to produce proteases 
belonging to three categories: acidic, neutral and 
alkaline based on their pH of activity  [  19  ] . In the 
present study we tried to characterise the pH opti-
mum of the protease produced by  Bacillus  SDR-
10. The optimum pH for protease activity was at 
pH 10.0. In the pH values 11.0 and 9.0, 81.3% 
and 90.8% of activity at pH 10.0 was observed 
(Fig.  8.6 ). Higher protease activity under alkaline 
pH is suggestive that the enzyme under study can 
be accounted under alkaline protease. Opt   imum 
pH of 10.0 was observed in  Bacillus  spp.  [  20  ] : 
 B .  subtilis  CN215  [  21  ]  and  Bacillus subtilis  PE-11 
 [  22  ] . The higher pH optimum is always advanta-
geous for application as detergent additive in 
commercial detergent formulations.   

   pH Stability 
 The alkaline protease from  Bacillus  SDR-10 was 
having optimum pH at 10.0. In order to understand 
the stability of this protease under harsh alkaline 
conditions of detergent washing, the stability was 

studied for 4 h at a temperature of 45°C at pH 
value 10. The enzyme was stable for 90 min, 
thereafter started losing its stability. SDR-10 pro-
tease is important as this is having high activity in 
the alkaline range. The optimum temperature of 
45°C is also promising because low-temperature 
washing are preferred due to environment and 
energy concerns. This is because of the possibili-
ties of saving energy and greater use of synthetic 
 fi bres which cannot be washed at higher tempera-
ture  [  23  ] . In this aspect, SDR-10 protease is of 
potential application.   

   Optimisation of Nutritional Parameters 
for Protease Production 

 A series of experiments were carried out to 
study the effects of various carbon and nitrogen 
sources including both simple and complex ones 
on the protease production by the newly isolated 
 Bacillus  spp. 

   Effect of Nitrogen Sources on Protease 
Production 
 Nitrogen is very essential for the growth of micro-
organisms that could be either as organic or inor-
ganic form in fl uencing the production of various 

  Fig. 8.6    Activity of SDR-10 
protease at different pH 
values       
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biomolecules by the bacteria. It is reported that 
proteases constitute only 15.6% of the biomole-
cules  [  24  ] . The requirement of the type and 
amount of nitrogen source varies from one organ-
ism to the other.  

   Effect of Organic/Complex Nitrogen 
Sources 
 The production of protease was evaluated in three 
different media with organic or complex nitrogen 
sources against the control (peptone medium). 
The growth of bacteria in the control medium for 
a period of 24 h was found to be giving the maxi-
mum protease activity (62. 5 units) in the cell-
free culture supernatant (Fig.  8.7 ). Casein resulted 
in 41% of the maximum activity. However, the 
production pattern showed a difference here; i.e. 
the peak production was shifted to 48 h.  

 Urea as a nitrogen source was poor in induc-
ing protease. Similar to the medium containing 
casein, gelatine also expressed maximum pro-
tease production at 48 h (30.8%). 

 In  Bacillus  sp. PCSIR EA-3  [  25  ] , among the 
various nitrogen sources studied peptone induced 
the highest production of protease as in  Bacillus  
SDR-10. The growth of the strain was good in 
casein as well as control media. Although gelatine 
supported growth, the enzyme production was 
low. Urea was ineffective in inducing enzyme 

production. Similarly growth was least with respect 
to urea. The inhibitory effect of urea on enzyme 
production has been reported in  B .  licheniformis  
ATCC 21415 by Mabrouk et al.  [  26  ] . 

 Irrespective of the initial pH value, the medium 
pH turned towards 8.0 to 8.5 at the end of fermen-
tation. In  Bacillus polymyxa ,  [  27  ]  reported that 
even though the pH initially decreased, it reached 
alkalinity when secondary metabolites were 
released and became constant.  

   Effect of Inorganic Nitrogen Sources 
 The different inorganic nitrogen sources failed to 
induce protease production to a signi fi cant level. 
Out of the four different types studied, ammo-
nium sulphate was the most promising. It could 
induce nearly 35% of the activity compared to 
the peptone medium. However, sodium nitrate 
and ammonium nitrate were found to be very 
poor inducers of proteolytic enzymes in this study 
(Fig.  8.8 ).  

 The growth of the strain was noticed in differ-
ent inorganic nitrogen sources. Here also the 
growth was not promoted in inorganic nitrogen 
sources as compared against control medium. 
Production of protease by many bacteria was 
found to be inhibited by ammonium salts  [  28  ] . 

 The pH pro fi le in the different inorganic sources 
showed the following trend. All the media were 

  Fig. 8.7    Protease production pro fi le of  Bacillus  SDR-10 using different organic/complex nitrogen sources       
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having a starting pH between 6.5 and 7.0. However, 
as growth progressed, control medium pH shifted 
towards alkaline side, while in the inorganic 
media the pH remained more or less near the 
neutral range indicating the non-production of 
enzymes using these substrates.  

   Effect of Low-Cost Agrowastes 
 Different low-cost agrowastes have always 
attracted enzymologists as alternative economi-
cal substrates for enzyme production. In the pres-
ent study, the effect of four different substrates 
such as wheat bran, ground nut meal, rice bran 
and black gram husk was evaluated. All these are 
cheap substrates and are locally available. 

 Wheat bran showed good protease production 
with 67.8 units after 48 h of growth (Fig.  8.9 ), 
while in the control medium, it was 56.5 units 
after 24 h. With wheat bran, the production was 
shifted to 48 h. Here, growth was also maximum 
after 48 h.  Bacillus  spp. generally secreted alka-
line protease in the late exponential and stationary 
phases of growth  [  29  ] . The production of protease 
in this stage is probably to utilise macromolecules 
in the environment in response to the readily avail-
able nutrients in the medium  [  30  ] . In fact, the pro-
duction pattern of enzyme is largely in fl uenced by 
the various cultural and nutrient conditions  [  31  ] .  

 Production in ground nut meal was also 
effective in inducing protease. Nearly 95% of the 

  Fig. 8.8    Comparative production pro fi le of  Bacillus  SDR-10 in different inorganic nitrogen sources       

  Fig. 8.9    Comparative pro fi le of  Bacillus  SDR-10 in different agrowastes       
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activity at control medium could be obtained 
using this as the substrate after 48 h. Growth was 
also promising in this medium. 

 Rice bran, a by-product of rice industry, was 
tried as a substrate in the study. Rice bran as a 
medium component resulted only 60% enzyme 
production of that in the control medium. 
Moreover, the pH of the culture medium dropped 
to acidic side after the growth. However, there are 
reports regarding the use of rice bran as substrate 
in solid state fermentation  [  32  ] . When black gram 
husk was used as the substrate, this failed both in 
inducing proteolytic activity as well as growth. 

 In the present investigation, it is noticed that 
wheat bran is resulting in the highest level of pro-
tease activity when compared to other organic and 
inorganic nitrogen sources. The high level of pro-
tease production in the presence of wheat bran was 
observed at 24 and 48 h of incubation periods. 
Casein and peptone also showed good enzyme 
activity, but it is less than wheat bran. It has been 
previously reported that nitrogen sources have 
considerable in fl uence on production of alkaline 
protease. Many bacterial species have different 
preferences towards the use of either organic or 
inorganic nitrogen for growth and protease produc-
tion. The inducing effect of nitrogen sources like 

peptone and soybean meal on bacterial alkaline pro-
tease production has been well documented  [  27  ] .  

   Effect of Different Levels of Wheat Bran 
 The present investigation showed that wheat bran 
has a signi fi cant role in alkaline protease produc-
tion; 0.6% of wheat bran showed the maximum 
enzyme activity at 24 h (Fig.  8.10 ). At higher 
concentrations of wheat bran, there was reduction 
in protease production. This may be due to cata-
bolic repression or substrate inhibition  [  33  ] .   

   Effect of Different Carbon Sources 
 Various sources of carbon such as glucose, 
sucrose, starch, xylose and glycerol were selected 
to study the production of protease by the 
newly isolated  Bacillus  SDR-10. Results obtained 
showed highest protease production in glucose 
medium (Fig.  8.11 ). Except glycerol, all other 
carbon sources could result in signi fi cant level of 
protease production from the culture. Starch 
caused high level of enzyme expression in 
 Bacillus  species  [  34  ] . Geethanjali and Subash 
 [  35  ]  reported similar results in  Bacillus subtilis . 
Based on the results of the present study, glucose 
has the maximum protease production which was 
selected for further optimisation studies.   

  Fig. 8.10    Comparative production pro fi le of  Bacillus  SDR-10 in different concentrations of wheat bran       
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   Effect of Different Levels of Glucose on 
Protease Production 
 Among the different carbon sources tried, glucose 
resulted in the maximum growth of  Bacillus  
SDR-10. The effect of different concentration of 
glucose on protease production revealed that the 
maximum amount of enzyme production was 
observed in 1% of glucose. The concentration of 

1% glucose signi fi cantly gave the highest yield of 
protease (Fig.  8.12 ).  

 It was equally observed that initially the 
production of protease increased with increase in 
the concentration of glucose but declined at 1.5%. 
The result obtained showed that 1% of glucose 
showed the maximum enzyme activity at 24 h; 
the protease activity was reduced at 48 h of 

  Fig. 8.11    Comparative production pro fi le of  Bacillus  SDR-10 in different carbon sources       

  Fig. 8.12    Comparative production pro fi le of  Bacillus  SDR-10 in different concentrations of glucose       
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incubation. The optimum concentration of glu-
cose for the maximum production of alkaline 
protease by  Bacillus subtilis  is 1%. Francis et al. 
 [  36  ]  reported that the concentration of 5% glu-
cose was chosen for the optimum concentration 
for the protease production by  A .  carbonarius .   

   Optimisation of Cultural Parameters 

   Effect of pH on Protease Production 
 Medium pH is a critical factor in any fermenta-
tion process. In order to  fi nd the optimum pH for 
growth and enzyme production, the pH values 
such as 5, 6, 6.5, 7, 8 and 9 were adjusted in the 
fermentation medium. Maximum enzyme activ-
ity was observed in a medium of pH 6.5 
(Fig.  8.13 ). Growth was optimum in the neutral 
range. Sarkar et al.  [  37  ]  reported maximum 
enzyme activity when pH of the medium was 
maintained at pH 6.0 in  Bacillus  sp. and pH 6.5 
was optimum in  B .  subtilis   [  38  ] . Geethanjali et al. 
 [  35  ]  reported that the maximum protease produc-
tion was observed in the medium pH 9.0.  

 The growth of the bacterium in different pH 
values is shown in Fig.  8.13 . Although fairly 
good growth could be observed in the higher pH 
values, in the pH range of 5.0–7.0, growth was 

rather similar, with optimum growth in the pH 
range of    6.5–7.0. A similar result has been 
reported by Sarkar et al.  [  37  ] . 

 Irrespective of the initial pH value, the 
medium pH shifted towards alkaline side in all 
the media. This trend has been observed in dif-
ferent species of  Bacillus   [  27  ] . Increase in pH 
can be possibly due to proteolysis and release of 
metabolites  [  37  ] .  

   Effect of Inoculum on Protease 
Production 
 The amount of inoculum used to grow the bacte-
ria also affects protease production. Results from 
the present study showed that optimum inocu-
lum size for protease production in the newly 
isolated strain was 5.0% (Fig.  8.14 ). An increase 
in inoculum size from 1 to 5% showed a progres-
sive increase in enzyme activity reaching the 
highest at 5% level, while further increase caused 
overcrowding the spores that decreases the 
enzyme activity. Such results were also reported 
by Kezia et al.  [  10  ] .  

 The increase in protease production using 
small inoculum sizes was suggested to be due to 
the higher surface area to volume ratio resulting 
in increased protease production  [  38  ] . In addi-
tion, improved distribution of dissolved oxygen 

  Fig. 8.13    Protease production in different media pH       
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and more effective uptake of nutrients also 
contributed to higher protease production. If the 
inoculum size is too small (2.0%), insuf fi cient 
number of bacteria would lead to reduced amount 
of secreted protease. One study has suggested 
that higher inoculum sizes resulted in reduced 
dissolved oxygen and increased competition 
towards nutrients  [  38  ] . Kezia et al.  [  10  ]  has 
reported the maximum enzyme production and 
growth at 5.0% inoculum level. Similar result has 
been noted in the present study.  

   Comparative Study of Optimised Medium 
Against Control 
 When optimised medium was compared against 
the control, 2.35-fold increases in activity could 
be obtained (Fig.  8.15 ). The alkaline protease 
from  Bacillus  SDR-10 could produce high 
amount of protease as a result of optimisation, 
and the enzyme possesses many of the required 
characteristics as a detergent additive. The future 
work will be concentrated on the puri fi cation and 
application aspects of this enzyme.         

  Fig. 8.14    Comparative protease pro fi le of  Bacillus  SDR-10 in different levels of inoculum       

  Fig. 8.15    Optimisation against control       
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  Abstract 

 Metabolic syndrome is characterized by the clustering of abnormalities 
such as high blood pressure, low HDL, high LDL, central obesity and 
raised fasting blood glucose. These abnormalities increase the risk of 
developing cardiovascular disease and diabetes. The nuclear receptor, per-
oxisome proliferator activated receptor delta (PPAR d ), also known 
as NR1C2, is known to regulate lipid metabolism. It is modulated by 
ligand binding. In this study, we have used molecular docking technique to 
 fi nd a candidate agonist for PPAR d . Docking study was performed with 
346 compounds (obtained from PubChem) similar to GW501516 and 
the molecular target PPAR d  (crystallographic structure was obtained 
from RSCB database) using AutoDock Vina 4.2 and ADT 1.5.4 program. 
The docked ligands were analyzed on the basis of binding free energy 
and hydrogen bond interactions. The docked ligands showed favourable 
hydrogen bonding with the receptor at a distance of 3.7 Å.    Among the 
compounds analyzed, two ligands were considered, namely, ethyl-2-
[2-methyl-4-[1-[4-methyl-2-[4-(tri fl uoromethyl)phenyl]-1,3-thiazol-5-
yl]-5-phenylpentyl]sulfanylphenoxy] acetate with a binding free energy 

      Identi fi cation of a PPAR Delta 
Agonist: An  In Silico  Approach 
Towards Drug Design for Metabolic 
Syndrome       
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   Introduction 

 The metabolic syndrome represents a combina-
tion of cardiovascular risk determinants such as 
obesity, insulin resistance, hypertension and lipid 
abnormalities. Long-term energy excess and/or 
decrease of physical activity is known to create 
profound disturbance in lipid homeostasis and 
possibly lead to metabolic syndrome. The syn-
drome is associated with a  fi ve fold higher risk of 
developing type II diabetes and two to three fold 
higher risk of cardiovascular disease. Expected 
lifespan is reduced by an average of 15 years. 
The causes for this syndrome are multiple and 
not totally elucidated. Peroxisome proliferator 
activated receptors (PPARs) are membrane asso-
ciated transcription factors belonging to the 
nuclear hormone family and are implicated in the 
lipid metabolism. Hence, they are ideal candi-
dates for therapeutic approaches. These receptors 
are ligand activated and are to date of three 
subtypes, namely, PPAR a  (NR1C1), PPAR b / d  
(NR1C2) and PPAR g  (NR1C3) encoded by dif-
ferent genes. PPAR g  has two isoforms, PPAR g 1 
and PPAR g 2  [  1  ] . Each PPAR subtype shows a 
distinct tissue distribution wherein PPAR d / b  has 
the broadest expression pattern and the levels of 
expression in certain tissues depend on the extent 
of cell proliferation and differentiation. PPAR d / b  
is highly expressed in colon, small intestine, liver 
and keratinocytes  [  2  ] . The role of PPAR d  in 
metabolic syndrome is being investigated lately. 
It is known to be an important regulator of fuel 

handling, namely, lipid metabolism  [  3  ] , accelerate 
the depletion of intracellular lipid stores and have 
a bene fi cial role in hypertriglyceridemia and 
insulin resistance  [  4  ] . It is implicated in the 
expression of genes involved in lipid uptake such 
as fatty acid-binding protein and fatty acid trans-
locase  [  5  ] . These  fi ndings point out the potential 
of using PPAR d  as a promising new target recep-
tor. Down regulation of PPAR d  has also been 
observed in metabolic syndrome  [  6,   7  ] . PPAR d  
agonists like GW501516  [  8  ]  are known to increase 
HDL cholesterol and decrease triglycerides, along 
with VLDL and LDL cholesterol, affect lesion 
progression in a mouse model of artherosclerosis 
and cause weight loss  [  3  ] . These studies suggest 
that PPAR d  agonists might be useful in the treat-
ment of metabolic syndrome. 

 Identi fi cation of an agonist can be carried out 
using the traditional ‘trial-and-error method of 
testing’ or through  in silico  approaches such as 
computer-based drug design. The use of bioinfor-
matics tools requires the combined knowledge 
of structural biology and computational drug 
design and can be done either by using ligand based 
approach (indirect drug design) or receptor 
based approach (direct drug design). The ligand 
based approach uses known active and inactive 
compounds which are used to develop a pharma-
cophore. The receptor based approach requires 
the availability of the three dimensional structure 
of the receptor which is then used to examine 
the interactions of the ligands. The search can 
include natural product derived agonists or synthetic 
ligands. This may include screening libraries of 

of −11.0 kcal/mol and zero hydrogen bonds and    ethyl-2-[2-methyl-4-[[4-
methyl-2-[4-(tri fl uoromethyl)phenyl]-1,3-thiazol-5-yl]-(2,3,4,5,6-
penta fl uorophenyl)methyl]sulfanylphenoxy] acetate with binding free 
energy of −10.4 kcal/mol and two hydrogen bonds with Glu 471 of the B 
chain and Asn 312 of the A chain of the receptor. Further wet lab studies 
need to be carried out to study the functional characteristics of the ligands 
on PPAR d  and its role in the syndrome.  

  Keywords 

 Metabolic syndrome  •  Peroxisome proliferator activated receptor delta  • 
 Molecular docking      
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existing ligands (virtual screening), designing 
suitable ligands using tools like Marvin Sketch or 
developing a library using structural template. 
The  fi nal step includes molecular docking which 
predicts both ligand conformation and orienta-
tion within a targeted binding site. In this study, 
a receptor based approach utilizing structural 
template has been used. The structural template 
used is GW501516 since it is known to have 
selective agonism for PPAR d .  

   Materials and Methods 

 The methodology adopted is summarized in 
Fig.  9.1 .  

   Receptor 

 Brie fl y, the receptor used for the study is PPAR d . 
The structure 2ZNP for PPAR d  receptor was 

File             Read Molecule (Select Receptor)

Color             By Atom Type               All geometries              OK

Ligand               Input               open (select ligand)               OK

Edit             Hydrogens              Add                All              Hydrogen               OK

Select     Select from String (Add Molecule list,Chain list,Residue set,Atom set)     Add           Dismiss

Edit              Delete              Delete Atom set              Continue

Edit                Hydrogens Add Polar only             OK

File              Save as             Write PDB              OK

Ligand Torsion tree              Detect Root

Ligand                Set number of Torsions (enter6)             Dismiss

Ligand Output                Save as PDBQT               Save

Grid               Grid Box (Center on macromolecule)             File                 Close Saving Current

Grid                  Macromolecule             Choose           OK              Save (as PDBQT)

Ligand   Torsion tree   Show Root Expansion

Ligand    Torsion tree   Choose Root Done

  Fig. 9.1    Summary of methodology used during the study       
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re trieved from Research Collaboratory for 
Structural Bioinformatics (RCSB) Protein Data 
Bank (  http://www.rcsb.org/pdb    ). The crystal struc-
ture is a complex of synthetic agonist TIPP204 
and the PPAR d  receptor (Fig.  9.2 ). In this crystal 

structure, the ligand binding domain contains two 
chains A and B. The interface of the A and B mono-
mer of the homodimer was chosen as the target 
for docking studies. The ligand was removed from 
the complex using Swiss-PdbViewer (DeepView).   

   Ligand 

 The ligand GW501516 PubChem id 9803963 
was considered as the parent template (Fig.  9.3 ). 
The 3D conformer of GW501516 was obtained 
from PubChem (  http://pubchem.ncbi.nlm.nih.
gov/    ). Using GW501516 as a parent template, a 
similar compound search was carried out and 346 
similar compounds were obtained.   

   Docking 

 The docking analyses of 346 compounds and 
GW501516 were carried out by means of the 
AutoDock Vina 4.2  [  9  ] . AutoDock 4.0 was 
compiled and run under Windows XP operating 
system. The graphical user interface program 
‘AutoDock tools’, also called ‘MGLTools 1.5.4’, 
was used to prepare the receptor and the ligand. 
The active site of the receptor was considered as a 
 fl exible molecule; Kollmann charges and polar 
hydrogens were added. The grid was centred at 
the interface of the A and B monomers of the 
receptor. The grid box size was set at 40, 40, 40 Ǻ, 
whereas the centre of the grid box was set at 
13.962 (x), −18.372 (y) and 23.759 (z). The spac-
ing between the grid points was 0.375 Ǻ. The 
ligands were treated as being  fl exible, Gasteiger 
charges were assigned as the ligands were not 
peptides, the nonpolar hydrogens were merged, and 
rigid roots of each ligand were de fi ned automati-
cally. The amide bonds were made non-rotatable. 
To run AutoDock Vina, command prompt was 
used, and the name of the protein, ligand in the 
PDBQT format, the values for the centre of grid 
box and the size of the grid box were fed. 

 The docked molecules were viewed in 
PyMOL. To view the docked molecules, the 
receptor is required to be present in the PDB for-
mat and the docked molecule in the PDBQT for-
mat. The interactions were viewed using the 

  Fig. 9.2    PDB structure of PPAR delta with TIPP204       
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  Fig. 9.3    Parent template GW501516       
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   Table 9.1    Top 10 ligands   

 Receptor 
(PDB ID)  Ligand no. 

 Interactions 

 Bond 
length(Å) 

 Number of 
interactions 

 Energy 
(Kcal/mol) 

 Receptor  Ligand 
 Chain  Residue  Atom  Atom 

 2ZNP  134  Nil  0  −11.0 
 127  B  Glu471  O  N  3.68  2  −10.4 

 A  Asn312  O  N  3.7 
 131  B  Glu47  O  N  3.65  2  −10.3 

 A  Asn312  O  N  3.75 
 160  A  Ile472  N  O  3.28  3  −10.0 

 A  Gln471  O  O  3.11 
 B  Gln471  O  O  3.66 

 205  A  Leu311  N  O  2.97  5  −10.0 
 B  Thr297  O  O  3.18 
 B  Thr297  O  O  3.11 
 A  Thr316  O  O  3.6 
 A  Asn312  O  N  3.67 

 245  B  Glu471  O  N  3.66  1  −9.9 
 342  B  Thr316  O  HO1(O)  3.04  8  −9.9 

 B  Asn312  O  O  3.02 
 B  Asn312  O  O  3.1 
 A  Thr316  O  HO1(O)  3.52 
 B  Thr316  O  O  3.04 
 B  Gly399  O  HO1(O)  3.33 
 A  Glu471  O  HO1(O)  3.23 
 A  Asn312  O  N  3.65 

 129  B  Glu471  O  N  3.66  2  −9.8 
 A  Asn312  O  N  3.74 

 128  A  Asn312  O  N  3.74  2  −9.8 
 B  Glu471  O  N  3.71 

 266  A  Asp313  O  O  3.17  10  −9.8 
 A  Thr316  O  O  3.05 
 A  Asn312  O  O  3.05 
 A  Gly399  O  O  3.16 
 A  Gly399  O  O  3.31 
 A  Asp313  O  O  3.48 
 A  Asp313  O  O  3.36 
 A  Asp313  O  O  3.05 
 A  Met401  N  O  3.58 
 A  Glu471  O  N  3.11 

 301  A  Glu471  O  O  2.95  5  −9.8 
 B  Asn312  O  O  2.93 
 A  Glu471  O  HO1(O)  3.29 
 B  Glu471  O  N  3.79 
 B  Thr316  O  N  3.31 

 323  A  Glu471  O  N  3.06  2  −9.8 
 A  Asn312  O  O  3.39 

 326  B  Thr316  O  O  2.71  6  −9.8 
 B  Thr316  O  O  2.8 
 A  Asn312  O  N  3.67 
 A  Asn312  O  O  2.97 
 A  Asn312  O  O  3.77 
 B  Thr316  N  O  3.37 
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command prompt wherein hydrogen was added 
both to the receptor and the ligand, the donor and 
the acceptor were selected and the length of the 
hydrogen bond between the donor and the accep-
tor was speci fi ed.   

   Results and Discussion 

 On performing similar compound search using 
GW501516 as the parent template, 346 com-
pounds were obtained. The docked receptor ligand 
complexes were analyzed on the basis of binding 
free energy and number of interactions, namely, 
hydrogen bonds. Binding free energy gives an idea 
of the af fi nity of the ligand to the receptor and also 
the stability of the docked molecule. Hydrogen 
bonds provide an insight into the overall  fl exibility 
of the molecule. More than  fi ve hydrogen bonds in 
a docked molecule are known to interfere with the 
permeability of the ligand in vivo. It was found 
that the energy of the docked ligands ranged 
between −11.0 kcal/mol and −5.4 kcal/mol, and 
the number of hydrogen bonds varied from 0 to 10. 
Upon analysis, the top 10 ligands were considered 
(Table  9.1 ). On the basis of the energy parameter, 
test ligand 134, namely, ethyl-2-[2-methyl-4-
[1-[4-methyl-2-[4-(tri fl uoromethyl)phenyl]-
1 , 3 - t h i a z o l - 5 - y l ] - 5 - p h e n y l p e n t y l ]
sulfanylphenoxy] acetate (Fig.  9.4 ) was found to 

have the lowest binding free energy of −11.0 kcal/
mol with zero hydrogen bonds.    However, on con-
sidering both energy and number of hydrogen 
bonds, test ligand 127, namely, ethyl-2-[2-methyl-
4-[[4-methyl-2-[4-(tri fl uoromethyl)phenyl]-1,3-
thiazol-5-yl]-(2,3,4,5,6-penta fl uorophenyl)
methyl]sulfanylphenoxy] acetate (Fig.  9.5a, b ), 
was found to have binding free energy of 
−10.4 kcal/mol and 2 hydrogen bonds with Glu 
471 of the B chain and Asn 312 of the A chain of 
the receptor. A comparison of the obtained test 
ligands with the parent template showed that both 
test ligands had lower binding free energy. Also, 
test ligand 127 showed more hydrogen bonds as 
compared to the parent template (Fig.  9.6a, b ). 
Thus, the obtained test ligands do show the poten-
tial to be used as an agonist for the receptor.     

 Since PPAR d  is still an orphan receptor,  in 
silico  approaches provide a means of develop-
ing/designing drug targets pro-PPAR d . As of 
now, very few ef fi cacious synthetic agonists 
have been developed for this receptor. Utilization 
of structural templates to guide the develop-
ment of a possible candidate agonist is a very 
useful approach to accelerate the process of 
drug design. Such approaches have been put to 
use only in the near past  [  10,   11  ] . However, 
these approaches have used the structural tem-
plate to design ligands. In our study, the parent 
template, namely, GW501516, has been used 

  Fig. 9.4    Docked test ligand 
134 + PPAR d .  Magenta 
colour  represents A chain of 
the PPAR d  receptor.  Light 
green colour  represents B 
chain of PPAR d  receptor. 
 Ligand  represented as line 
model       
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  Fig. 9.5    ( a ) Docked test ligand 127 + PPAR d .  Magenta 
colour  represents A chain of the PPAR d  receptor. 
 Light green colour  represents B chain of PPAR d  
receptor.  Ligand  represented as line model. ( b ) Docked 
test ligand 127 + PPAR d  with interactions.  Magenta 

colour  represents A chain of the PPAR d  receptor. 
 Light green colour  represents B chain of PPAR d  
receptor.  Ligand  represented as line model.  Yellow 
dotted lines  represent hydrogen bonds between ligand 
and receptor       
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as a guide to search for structures similar to 
the ligand. The bene fi cial role played by a 
PPAR d  may be due its mimicking of the actions 
of physical exercise  [  12  ] , improving adaptive 
response to endurance exercise  [  13  ]  or limiting 

substrate availability for lipid synthesis and 
accumulation in adipose, as well as other insulin-
sensitive tissues. However, the regulatory role 
of this receptor in lipid homeostasis, insulin 
sensitivity and metabolism as a whole remains 

  Fig. 9.6    ( a ) Parent ligand + PPAR d .  Magenta colour  rep-
resents A chain of the PPAR d  receptor.  Light green colour  
represents B chain of PPAR d  receptor.  Ligand  represented 
as line model. ( b ) Parent ligand + PPAR d  with interactions. 

 Magenta colour  represents A chain of the PPAR d  receptor. 
 Light green colour  represents B chain of PPAR d  receptor. 
 Ligand  represented as line model.  Yellow dotted lines  rep-
resent hydrogen bonds between ligand and receptor       
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yet a mystery. Agonists may act as useful tools 
to elucidate its possible role.  

   Conclusions 

    In conclusion, our results show that ethyl-2-[2-
methyl-4-[1-[4-methyl-2-[4-(tri fl uoromethyl)
phenyl]-1,3-thiazol-5-yl]-5-phenylpentyl]
sulfanylphenoxy] acetate and ethyl-2-[2-
methyl-4-[[4-methyl-2-[4-(tri fl uoromethyl)
p h e n y l ] - 1 , 3 - t h i a z o l - 5 - y l ] - ( 2 , 3 , 4 , 5 , 6 -
penta fl uorophenyl)methyl]sulfanylphenoxy] 
acetate could be used as agonists for the receptor 
PPAR d  and may also be useful tools in under-
standing the cascade.      
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  Abstract 

 The ethanolic extract of  Pittosporum viridulum  stem bark was screened for 
antibacterial activity using disc diffusion method. The phytochemical anal-
ysis of the extract was also carried out to detect total phenolic content and 
total  fl avonoids. The ethanolic extract of  P .  viridulum  showed a good anti-
microbial activity against  Staphylococcus aureus ,  Escherichia coli ,  Proteus 
mirabilis ,  Pseudomonas aeruginosa  and  Klebsiella pneumoniae . Antibiotic 
chloramphenicol is used as positive control. Maximum zone of growth 
inhibition was observed against  Pseudomonas aeruginosa , with an inhibi-
tion zone of 18 mm for ethanol extract. The extract used for screening was 
prepared by dissolving 1 and 2 mg/100  m l DMSO. Phytochemical screen-
ing of  Pittosporum viridulum  showed the presence of carbohydrates, glyco-
sides, amino acids,  fi xed oils and fats,  fl avonoids, saponins and phenol.  

  Keywords 

  Pittosporum viridulum   •  Antimicrobial activity  •  Phytochemical analysis      

      Preliminary Phytochemical 
and Antimicrobial Activity 
of Ethanolic Extract of   Pittosporum 
viridulum   Stem Bark       

     C.  T.   Sadashiva      ,    Satheesh   George   ,    Nitha   Balan   , 
   U.   Prakash   Kumar,    and    Indira   Balachandran      

   Introduction 

 The plant family  Pittosporaceae  consists of 9 
genera and 250 mainly subtropical species, 160 
of which occur in the genus  Pittosporum Banka  
ex. Soland and largely distributed in tropical and 
subtropical regions of old world, Africa, Asia, 
Australia, New Zealand and India, where the 

genus is represented by 11 species  [  1  ] . The species 
of  Pittosporum  genus are widely used as medicinal 
plants. The  fl owers, root, bark and leaves of this 
genus have well-documented uses tic, the main 
components being essential oils, oleoresin, trit-
erpenoid saponins and stigmasterol  [  2–  4  ] . In 
India, bark of  Pittosporum  genus is used as anti-
in fl ammatory, antispasmodic and for narcotic 
effects  [  5,   6  ] . The bark is also useful in chronic 
bronchitis and is also administered in leprous 
affections and rheumatic swellings, and the paste 
of root is applied to dropsical and rheumatic 
swellings  [  5  ] . The oil is applied topically in sprains, 
bruises, sciatica, rheumatism, chest affection and 
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in certain skin diseases  [  6  ] . To our knowledge, 
this is the  fi rst report on preliminary phyto-
chemical screening and antimicrobial activity of 
ethanolic extract of stem bark of  P .  viridulum  
(Fig.  10.1 ).   

   Materials and Methods 

   Plant Material and Extraction 

 The plant,  Pittosporum viridulum , was col-
lected from Kakkayam forest. The    collected 
plant material was washed, air-dried under 
shade at room temperature and ground with a 
grinder into powder and used for further extract. 
Hundred grams of the dried bark powder of the 
plant material (100 × 3) was extracted sequen-
tially by re fl uxing with ethanol for 3 h using 
Soxhlet apparatus at a temperature of 400°C. 
The extract was  fi ltered and concentrated under 

reduced pressure using rotary evaporator below 
600°C and stored at 40°C for further use.  

   Phytochemical Screening of Crude 
Extract 

 The phytochemical components in ethanolic extract 
were screened using the standard methods  [  7  ] . 

   Antimicrobial Activity 
 Antimicrobial activity was tested by agar disc 
diffusion method against test microorganisms, 
which included  Staphylococcus aureus , 
 Escherichia coli ,  Proteus mirabilis ,  Pseudomonas 
aeruginosa  and  Klebsiella pneumonia . All cul-
tures were obtained from  IMTECH ,  Chandigarh , 
India. The antibacterial activity was determined 
using the agar disc diffusion method  [  8,   9  ]  with 
slight modi fi cation. Standard antibiotic discs 
chloramphenicol C30 (Himedia, India), each 

  Fig. 10.1    Stem bark of 
 Pittosporum viridulum        
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disc containing 30  m g, were used as positive con-
trol. Each solvent extract for screening was pre-
pared by dissolving 1 mg/100  m l to 5 mg/100  m l 
in DMSO. Sterilized  fi lter paper discs made from 
Whatman No. 1 (3 mm in diameter) were 
immersed in appropriate concentration of each 
plant extract and allowed to be saturated  [  9  ] . 
Bacterial cultures were aseptically inoculated 
onto plates of Nutrient Agar. The discs contain-
ing the plant extract were transferred onto the 
surface of the seeded agar plates. Discs dipped in 
DMSO were used as a negative control. Plates 
with the organisms were incubated for 24 h, and 
growth inhibition was quanti fi ed by measuring 
the diameter for the zone of inhibition to the 
nearest millimetre from the lower surface of the 
petri dishes. 

 The minimum inhibitory concentration 
(MIC) of the plant extract was determined by a 
broth dilution technique  [  10  ]  with slight 
modi fi cation. The plant extract was diluted to 
give 100, 200, 250, 500 and 750  m g/ml  fi nal 
concentration in nutrient broth. Using a stan-
dard micropipette, 0.05 ml of the 18-h old bac-
terial broth (106 cfu/ml) cultures was introduced 
into each of the test tubes. A set of tubes con-
taining growth medium and each of the test 
bacteria were used as control. All the tubes 
were incubated at 35°C for 24 h. The minimum 
inhibitory concentration was taken as the lowest 

concentration of the extract that will prevent 
growth of the bacterial strains. All experiments 
were repeated thrice.    

   Results and Discussion 

 The ethanolic extract of stem bark of  P .  viridu-
lum  was evaluated for antimicrobial activity 
against gram-positive and gram-negative bacte-
rial strains by disc diffusion method. The results 
of antibacterial activity of ethanolic extract of 
stem bark of  P .  viridulum  are represented in 
Table  10.1 . Maximum zone of inhibition was 
observed against gram-negative bacteria, 
 Pseudomonas  sp., which had inhibition zone of 
18 mm for ethanol extract. The minimum inhib-
itory concentration of crude plant extracts 
 varied between 25 and 150  m g/ml, depending 
on the bacterial strains used.  Pseudomonas  
sp., highly sensitive to the extract, has shown 
minimum inhibitory concentration at 100  m g/ml. 
The components analysed for are phenol, 
 fl avonoids, tannins, steroids, glycosides, saponins, 
 fi xed oils and terpenoids represented in 
Table  10.2 . Antibacterial activity observed in the 
present study may be because of the presence of 
compounds like carbohydrates, glycosides, 
 fl avonoids, saponins, phenol and terpenoids. Our 
results  fi rmly support the popular use of bark of 

   Table 10.1    Antibacterial activities in ethanol extract  Pittosporum viridulum  stem bark   

 Microorganisms 
 Ethanol extract  Positive Control 

( chloramphenicol ) 
 MIC 
( m g/ml)  A  B 

  Staphylococcus aureus   8  10  35  500 
  Escherichia coli   9  12  40  500 
  Proteus mirabilis   7  11  35  200 
  Pseudomonas 
aeruginosa  

 12  18  30  100 

  Klebsiella pneumoniae   8  9  35  250 

  Values (mean of the three replicates) are diameter of zone of inhibition (mm) 
 A = 1% solution 
 B = 2% solution 
 Positive control = each antibiotic disc contains 30  m g of  chloramphenicol   
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 P .  viridulum  in folk medicine as antimicrobial 
agent. Therefore, this species could be a poten-
tial source for antimicrobial compounds.        
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   Table 10.2    Preliminary phytochemical screening of  Pittosporum viridulum  stem bark   

 Name of the test  Test for 
 Present (+) 

 Absent (−) 

 (a) Dragendroff’s test  Alkaloids  _ 
 (b) Hager test  _ 
 (c) Wagner’s test  _ 
 (a) Molisch’s test  Carbohydrates  + 
 (b) Fehling’s test  + 
 (a) Legal’s test  Glycosides  + 
 (a) Biuret test  Amino acids  _ 
 (b) Ninhydrin test  _ 
 (a) Spot test  Fixed oils and fats  _ 
 (b) Saponi fi cation test  _ 
 (a) Shinoda test  Flavonoids  + 
 (b) Concentrated sulphuric acid test  + 
 (c) Aqueous sodium hydroxide test  + 
 (a) Foam test  Saponins  + 
 (a) Ferric chloride test  Phenol  + 
 (b) Lead acetate test  + 



93A. Sabu and A. Augustine (eds.), Prospects in Bioscience: Addressing the Issues, 
DOI 10.1007/978-81-322-0810-5_11, © Springer India 2013

    S.   Pradeesh   •     G.  N.   Archana   •     M.  D.   Chinmayee   
•     C.  S.   Sarika   •     I.   Mini   •     T.  S.   Swapna   (*)
     Department of Botany ,  University College ,
  Thiruvananthapuram ,  Kerala ,  India    
e-mail:  swapnats@yahoo.com   

  11

  Abstract 

  Monochoria vaginalis  of Pontederiaceae is an aquatic herb mostly found 
in tropical regions of India in places such as ditches, rice  fi elds and on 
margins of water reservoirs, pool, marshes and swamps. It has a short sub-
erect, spongy root stock and long petiolated leaves. This weedy leafy plant 
commonly known as ‘Karim Koovalam’ possesses numerous medicinal 
properties. The root is used to cure toothache, asthma, stomach and liver 
disorders. The entire plant excluding the root is eaten as vegetable by 
Paniya and Chetti tribes of Wayanad District in Kerala, and the leaves are 
used to treat cough, fever, etc. The paste of the tuber is used externally as 
an antidote to snakebite poisoning among the Kadars in the Anaimalai 
Hills of Tamil Nadu. Phytochemical and nutritional analysis of this plant 
with diverse medicinal properties will be helpful to explore untapped 
potentialities of the plant for effective and sustainable utilization. Extract 
was taken from young, mature leaves and mature petiole using different 
solvents like methanol, acetone, chloroform and petroleum ether for bio-
chemical analysis. Various phytochemicals like reducing sugar, glyco-
sides,  fl avonoids, alkaloids, tannins, steroids, terpenoids, coumarins, 
saponins, anthraquinones, phlobatannins and iridoids were analysed and 
found to be present actively. Nutritional factors like total carbohydrates, 
total proteins, total reducing sugar, different amino acids, free fatty acids, 
crude  fi bre, lipids, total moisture content and vitamins were quanti fi ed 
using standard estimation procedures. Antinutritional factors like phytic 
acid, total phenol, tannic acid and trypsin inhibitor were also estimated. 
Micronutrients and different pigments were quanti fi ed. Result showed that 
maximum amount of total carbohydrates, total protein, reducing sugar and 
amino acids like methionine were present in young leaf. This plant can be 

      Biochemical and Nutritional 
Evaluation of  Monochoria vaginalis  
Presl.       

     S.   Pradeesh   ,    G.   Nair   Archana   ,    M.   Devi   Chinmayee   , 
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   Introduction 

 Vegetables are important sources of bioactive mol-
ecules, which are highly bene fi cial for the mainte-
nance of good health and prevention of diseases 
 [  1  ] . Leafy vegetables which originated from an 
area may or may not be con fi ned to that particular 
region  [  2  ]  and often regarded as weeds. But as 
some leafy vegetables grow in the wild and are 
readily available in the  fi eld, they do not require 
any formal cultivation. Many of them are resilient 
and adaptive and tolerate adverse climatic condi-
tions more than the exotic species  [  3  ] . Although 
they can be raised comparatively at lower manage-
ment cost and on poor marginal soil, they were 
remained underutilized, due to lack of awareness 
of their nutritional values in favour of the exotic 
ones  [  4  ] . Crop production system should aim to 
increase the use of underexploited natural resources 
such as traditional food crops  [  5  ] . 

 Leafy vegetables are rich in carotene, ascorbic 
acid, ribo fl avin, folic acid and minerals like cal-
cium, iron and phosphorous  [  6  ] . George  [  7  ]  stated 
that leafy vegetables represent a veritable natural 
pharmacy of minerals, vitamins and phytochemi-
cals. He concluded that the potassium content of 
leafy vegetables is good in the control of diuretic 
and hypertensive complications, while  fi bre con-
tent of vegetables prevents constipation  [  8  ] , and 
the proteins in vegetables are superior to those 
found in fruits  [  7  ] . Leafy vegetables are popular 
and important in oriental diets  [  9  ] . But malnutri-
tion is a very serious health problem to humans, 
and about 780 million people in the world are 
chronically undernourished  [  10  ] . Green leaves 
contain signi fi cant amount of iron,  b -carotene, 

folic acid and protein, as well as considerable 
amount of pyridoxine, ribo fl avin and copper  [  11  ] . 
The phytochemicals in vegetables protect the 
human body from a large number of ailments and 
are often known as protective foods  [  12  ] . The dif-
ference between the world’s supply of quality 
foods and the growth of the global population 
continues to widen, and the current surge in the 
search for nutritious foods is therefore not sur-
prising. Several plants exist with very high nutri-
tive value and yet remain unexploited for human 
and animal bene fi ts  [  13  ] . Therefore, in the pres-
ent investigation, an attempt has been made to 
understand the phytochemicals, nutritional and 
antinutritional factors of the wild edible plant 
 Monochoria vaginalis , consumed by the Paniyar, 
Chetti and Kattunaayika tribes of Western Ghats 
in India. Studies on nutritional value of wild leafy 
vegetables are of considerable signi fi cance since 
it may help to identify long forgotten resources.  

   Materials and Methods 

  Monochoria vaginalis  was collected from 
Kalpetta, Wayanad district of Kerala, India. After 
shade drying, the mature leaf, young leaf and 
mature petiole were ground well using mechani-
cal blender to  fi ne powder and extracted in 
Soxhlet apparatus using different solvents like 
methanol, acetone, petroleum ether and chloro-
form. The fresh samples of the mature leaf, young 
leaf and mature petiole were also used for the 
analysis. The analysis were performed following 
standard methods for estimation of total protein, 
total carbohydrates, reducing sugar, total phe-
nols, pigments, vitamins, amino acids, etc. Dried 

proposed as alternative nutrient rich leafy vegetable and can be utilized 
in a sustainable way. Phytochemical evaluation along with the sustainable 
utilization and domestication of edible plants from the wild will de fi nitely 
help to achieve food security of the nation.  

  Keywords 

 Phytochemicals  •   Monochoria vaginalis   •  Nutritional factors  • 
 Antinutritional factors      
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powder was used for the analysis of phytic acid, 
free fatty acids, tannic acid and different second-
ary metabolites. All the analyses were carried out 
in triplicate. 

   Analytical Techniques 

 The moisture content was calculated from the 
difference in weight of fresh sample and dried 
sample, after drying the plant for 2 h in 110°C 
temperature by following the method of IUPAC 
 [  14  ] .  

   Phytochemical Analysis 

 Reducing sugars present in samples were 
extracted with distilled water. Total reducing 
sugar was estimated by dinitrosalicylic acid 
method and read the absorbance at 540 nm against 
a blank  [  15  ] . The amount of total carbohydrate 
present in the sample was estimated by Anthrone 
method  [  16  ] , total protein by Lowry’s method 
 [  17  ]  and chlorophyll content by the method of 
Arnon  [  18  ] . For chlorophyll estimation, fresh tis-
sue was homogenized in 80% acetone and read 
the absorbance at 645, 663 and 652 nm, and the 
chlorophyll present was calculated by Arnon’s 
formula. The amount of amino acids present in 
the samples was estimated by Moore and Stein 
 [  19  ]  and free fatty acid by following the method 
of Cox and Pearson  [  20  ] . 

 Crude  fi bre extraction was carried out by 
petroleum ether to remove the fat and was esti-
mated by Wet method  [  21  ] . For lipid estimation, 
powdered sample was extracted with chloroform/
methanol mixture and was estimated by the 
method of Bligh and Dyer  [  22  ] . The amount of 
 b -carotene was determined following the method 
of IUPAC (1987)  [  23  ] , vitamin C by the method 
of Sadasivam and Balasubramanian  [  24  ]  and 
vitamin E by the method of Rosenberg  [  25  ] . 
Folin–Ciocalteu method was used for total phe-
nol estimation  [  26  ] , trypsin inhibitor by Kakade 
et al.  [  27  ] , phytic acid content in the sample by 
Wheeler and Ferrel method  [  28  ] , and tannic acid 
was estimated by Folin–Denis method  [  29  ] .  

   Phytochemical Screening 

 Phytochemical analysis of extract was done as 
described by Harbone  [  30  ] . The phytochemicals 
like reducing sugar (Fehling’s test), glycosides 
(Keller–Killani test),  fl avonoids (Shinoda test), 
alkaloids (Dragendorff’s method), tannins (ferric salt 
test), steroids (chloroform–acetic anhydride test), 
terpenoids (Liebermann–Burchard method), 
coumarins (alcoholic sodium hydroxide–hydro-
chloric acid test), saponins (chloroform and 
H 

2
 SO 

4
  test), anthraquinones, phlobatannins and 

iridoids were tested. Dried samples were 
digested in 4:1 ratio of nitric acid and perchloric 
acid, and micronutrients like iron, manganese, 
magnesium, copper, zinc, aluminium, selenium 
and nickel were analysed by atomic absorption 
spectroscopy.   

   Results and Discussion 

 Present investigation includes quantitative anal-
ysis of total moisture content along with fatty 
acids, crude  fi bre, lipids, vitamin A, vitamin E, 
vitamin C, different pigments and antinutritional 
factors like total phenols, phytic acid, trypsin 
inhibitor and tannic acid. To understand the 
proximate and chemical composition of the 
genus, major primary and secondary metabo-
lites from different parts of plant such as mature 
leaf, young leaf, and mature petiole were 
selected and quanti fi ed. Studies showed that 
moisture forms major part of the fresh weight of 
the plant. The percentage of moisture was high 
in young leaf (12.56%) compared to other parts 
that is shown in Fig.  11.1c . Sugars are the prod-
uct of photosynthesis in plants. In plants having 
high photosynthetic ef fi ciency, the amount of 
sugar produced will be high  [  31  ] . Reducing 
sugar from mature leaf, young leaf and mature 
petiole were extracted in distilled water. The 
analysis showed high sugar content in the young 
leaf (0.046 mg g −l ) of the plant (Fig.  11.1a ) com-
pared to other parts.  

 Carbohydrates are the important components 
of storage and structural materials in the plants. 
They exist as free sugars and polysaccharides. 
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  Fig. 11.1    ( a ) Nutritional factors (reducing sugar, free 
fatty acid, lipids, crude  fi bre) in  Monochoria vaginalis  (in 
mg g −1 ). ( b ) Nutritional factors (vitamins A, E and C) in 
 Monochoria vaginalis  (in mg g −1 ). ( c ) Nutritional factors 

(total protein, total carbohydrate, total moisture) in 
 Monochoria vaginalis  (in mg g −1 ). ( d ) Nutritional factors 
(chlorophyll A, chlorophyll B, carotenoids, total chloro-
phyll) in  Monochoria vaginalis  (in mg g −1 )         
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Maximum amount of total carbohydrates was 
present in young leaf (24.3 mg g −l ) compared to 
the other parts like mature leaf (16.92 mg g −1 ) 
and mature petiole (11.27 mg g −1 ) (Fig.  11.1c ). 
Analysis of total protein in different parts of the 
plant was done and results showed maximum 
amount of protein in young leaf (21.86 mg g −1 ) 
in comparison with mature leaf (12.23 mg g −1 ) 
and mature petiole (12.47 mg g −l ) (Fig.  11.1c ). 
This shows the photosynthetic ef fi ciency of 
young leaves. Lipid content was also higher in 

young leaf (Fig.  11.1a ). The crude  fi bre content 
is commonly used as a measure of the nutritive 
value of poultry and livestock feeds  [  21  ] . 
Analysis shows that maximum amount of crude 
 fi bre was present in young leaf (0.055 mg g −1 ) 
than the other plant parts (Fig.  11.1a ). In 
 Monochoria vaginalis , free fatty acid content 
was higher in young leaf (0.043 mg g −1 ) com-
pared to mature leaf and petiole (Fig.  11.1a ). 
Results also showed that the young leaf has 
higher amount of vitamin A, vitamin E and vita-
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min C (Fig.  11.1c ). Amount of chlorophyll in a 
green plant or any crop plant is an index of pho-
tosynthetic ability, which in turn is an index of 
its productivity level, primarily of primary 
metabolites  [  18  ] . The amount of chlorophyll was 
measured and compared in mature leaf, young 
leaf and mature petiole of  Monochoria vagina-
lis , and it was found that high content of chloro-
phyll A, chlorophyll B, total chlorophyll and 
carotenoids was present in young leaf than 
mature leaf and petiole (Fig.  11.1d ). 

 Total phenol content in different parts of 
 Monochoria vaginalis  was studied, and lower 
concentration of phenols was found in young leaf 

(0.024 mg g −1 ) compared to petiole (0.035 mg g −1 ) 
and mature leaf (0.026 mg g −1 ) (Fig.  11.2 ). Trypsin 
inhibitors, which are antinutritional factors for 
monogastric animals, do not exert adverse effects 
in ruminants because they are degraded in the 
rumen  [  32  ] . Results obtained showed that very 
low amount of trypsin inhibitors was found in the 
plant parts such as mature leaf (0.015 mg g −1 ) 
compared to young leaf (0.019 mg g −1 ) and 
mature petiole (0.025 mg g −1 ) as shown in 
Fig.  11.2 . Phytic acid is a common storage form 
of phosphorus in seeds and is also considered as 
an antinutritional factor. The complexing of 
phytic acid with nutritionally essential elements 
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and the possibility of interference with prote-
olytic digestion have been suggested as reasons 
for antinutritional activity. Phytic acid also inter-
feres with calcium and iron absorption. Hence, 
estimation of phytic acid in food becomes essen-
tial  [  28  ] . The result showed that very low amount 
of phytic acid was found in the plant parts such as 
mature leaf (0.031 mg g −1 ), young leaf 
(0.037 mg g −1 ) and mature petiole (0.043 mg g −1 ) 
as shown in Fig.  11.2 . Higher amount of tannins 
was reported in cereals, and they display impaired 
nutritional quality, lower digestibility and reduc-
tion of food consumption  [  29  ] . Analysis showed 
that only low concentration of tannic acid was 
present in young leaf (0.029 mg g −1 ), mature leaf 
(0.032 mg g −1 ) and mature petiole (0.043 mg g −1 ) 
of  Monochoria vaginalis  (Fig.  11.2 ).  

 Present study showed that amino acids content 
was higher in both young leaf and mature leaf com-
pared to mature petiole (Fig.  11.3a, b ). Among the 
different amino acids, methionine (Fig.  11.3b ) was 
present in higher amounts in young leaf compared to 
some reported leafy vegetables like  Crassocephalum 
crepidioides  (methionine 0.58 mg g −1 ) and  Senecio 
biafrae  (methionine 0.58 mg g −1 )  [  33  ] .  

 Phytochemical screening showed that glycosides, 
alkaloids, steroids and tannins were pre-sent actively, 
but the presence of anthraquinones, phlobatannins, 
iridoids, etc. were not detected (Table  11.1 ).  

 This nutrient rich leafy vegetable shows 
suf fi cient quantities of micronutrients like iron, 
manganese, magnesium, copper, zinc and alu-
minium (Table  11.2 ). Mature leaf possesses 
higher amount of iron, manganese, magnesium, 
copper and zinc compared to other plant parts 
such as young leaf and mature petiole    and other 
reported leafy vegetables  [  33  ] . Selenium and 
nickel were not detected in plant tissues.  

 The above results show that this wild leafy 
vegetable is rich in nutritional factors compared 
to many other wild leafy vegetables reported 
 [  34,   35  ] . Western Ghats of Kerala favours the 
growth of a variety of useful plants. Plants like 
 Monochoria vaginalis  contribute in diverse 
ways to the local people including their daily 
diet and folk system of medicine. Nutritional 
factors like total carbohydrates, total proteins 
and reducing sugars were present in high amount 
in young leaf than mature leaf and mature peti-
ole. Nutritional evaluation of mature leaf, young 
leaf and mature petiole of this wild leafy vegeta-
ble  Monochoria vaginalis  indicates that this 
plant possesses high quantities of proteins, total 
reducing sugar, carbohydrates, vitamins, amino 
acids and crude  fi bre along with very low quan-
tities of total phenols, phytic acid, tannic acid, 
trypsin inhibitor, etc., compared to other reported 
leafy vegetables.  
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  Fig. 11.2    Antinutritional factors in  Monochoria vaginalis  (in mg g −1 )       
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  Fig. 11.3    ( a ) and ( b ) Amino acids in  Monochoria vaginalis  (in mg g −1 )       

   Table 11.1    Preliminary phytochemical evaluation of mature leaf, young leaf and mature petiole of  Monochoria 
vaginalis    

 Phytochemicals 
 Mature leaf  Young leaf  Mature petiole 

 M  A  P.E  C  D.W  M  A  P.E  C  D.W  M  A  P.E  C  D.W 

 Reducing sugar  +  −  +  +  +  +  −  −  +  +  +  +  −  +  + 
 Glycosides  +  +  −  +  +  +  +  −  +  +  +  +  −  +  + 
 Flavonoids  +  −  +  −  −  +  +  +  +  +  +  +  −  +  + 
 Alkaloids  +  +  −  +  +  +  +  −  +  +  +  +  −  +  + 
 Tannins  +  +  −  +  +  +  +  −  +  +  +  +  −  +  − 
 Steroids  +  +  +  +  +  +  +  +  +  +  +  +  +  +  − 
 Terpenoids  +  −  −  −  +  +  −  −  −  +  +  +  −  −  − 
 Coumarins  −  −  +  +  +  +  −  −  −  +  +  −  −  +  + 
 Saponins  +  +  −  +  +  +  +  +  +  +  +  −  −  +  + 
 Anthraquinones  −  −  −  −  −  −  −  −  −  −  −  −  −  −  − 
 Phlobatannins  −  −  −  −  −  −  −  −  −  −  −  −  −  −  − 
 Iridoids  −  −  −  −  −  −  −  −  −  −  −  −  −  −  − 

   M  methanol,  A  acetone,  P . E  petroleum ether,  C  chloroform,  D . W  distilled water  
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   Table 11.2    Micronutrient detection of mature leaf, young leaf and mature petiole of  Monochoria vaginalis    

 Samples  Iron (mg kg −1 ) 
 Manganese 
(mg kg −1 ) 

 Magnesium 
(mg kg −1 ) 

 Copper 
(mg kg −1 ) 

 Zinc 
(mg kg −1 ) 

 Aluminium 
(mg kg −1 ) 

 Mature leaf  0.919  0.325  0.032  0.056  0.367  0.712 
 Young leaf  0.532  0.151  0.016  0.015  0.289  0.754 
 Mature petiole  0.149  0.083  0.051  0.071  0.184  0.154 

   Conclusions 

 Wild edible plants play a major role in meeting 
the nutritional requirement of the tribal popula-
tion in remote parts of the country. Wild edible 
plants not only provide food quantity but also 
make signi fi cant contribution to the population 
nutrition throughout the year. The potential of 
traditional vegetables may help to meet the 
increasing demands of the growing population. 
Increased use of traditional vegetables can con-
tribute to enhance people’s health and standard 
living as well as the economic and social status of 
the food producers themselves. Identifying some 
of these underutilized leafy vegetables like 
 Monochoria vaginalis  from Western Ghats and 
their inculcation in to our diet could potentially 
address some of the challenges like life expec-
tancy and food security. The present study reveals 
that  Monochoria vaginalis  is a nutrient rich plant 
which possesses high quantities of proteins, total 
reducing sugar, carbohydrates, vitamins, amino 
acids and crude  fi bre along with very low quanti-
ties of antinutritional factors can be used against 
nutritional de fi ciency problems across the globe.      
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  Abstract 

 Increasing scarcity of irrigational water is a major threat to sustainable 
production of cotton ( Gossypium hirsutum  L.). Drought stress is a com-
plex phenomenon affecting the physiology of cotton plant, in turn reduc-
ing crop growth, yield and yield components. An experiment was conducted 
using 20  Gossypium hirsutum  genotypes grown in RBD design at 
Agricultural Research Station, University of Agricultural Sciences, 
Dharwad, Karnataka, and evaluated for genotypic variability for growth 
phenomena, biophysical parameters, yield and yield-attributing characters 
under irrigated and water-de fi cit condition. Under both irrigated and rain-
fed conditions, ARBH-813 recorded highest numbers of bolls per plant, 
while GSHV   -97/612 recorded the least. Maximum boll weight was 
recorded by AKH-0205 followed by H-1452/10 and the least by NH-635 
in irrigated condition. Under rainfed conditions, H-1452/10 recorded the 
highest boll weight. Under both irrigated and rainfed conditions, BS-30 
and ARBH-813 recorded the highest water potential, while GJHV-358, 
GISV-218, H-1452/10 and HBB-101 recorded the least, and the genotype 
BS-279 recorded highest photosynthesis rate, while LRA-5166 recorded 
the least SPAD value. The genotypes BS-279, ARBH-813 and Sahana 
proved better as they recorded highest seed cotton yield under both condi-
tions and least to moderate drought susceptibility indices. These are found 
to be desirable genotypes for drought situations.  

  Keywords 

 Cotton  •  Growth  •  Photosynthesis rate  •  Yield  •  Water de fi cit  •  Water 
potential      

      Assessment of Genotypic Variability 
for Growth, Biophysical Parameters, 
Yield and Yield-Attributing 
Characters Under Drought Stress 
in Cotton       
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   Introduction    

 Cotton ( Gossypium hirsutum  L.) is the world’s 
leading natural  fi bre crop, grown in arid and 
semiarid regions of the world. Sustainability and 
improvement of cotton yield are major challenges 
to meet the upcoming threats of increasing vol-
ume of world population, deterioration of arable 
land, depletion of water resources and environ-
mental stresses. However, drought is one of the 
major yield-limiting factors among these stresses 
 [  1  ] . Growth and yield of a crop plant is drasti-
cally affected directly or indirectly by altering 
metabolism, growth and development  [  2  ] . Well-
focused research work to understand drought 
tolerance mechanism was conducted on cereals, 
especially rice  [  3,   4  ] . However, reports on drought 
tolerance of cotton crop are limited. The detri-
mental impact of drought on cotton crop can be 
minimized by developing drought-tolerant culti-
vars. Drought tolerance is a complex mechanism 
that is in fl uenced by a wide range of physiological 
traits which have some relationship with produc-
tivity under water-de fi cit conditions. It is known 
that the quantity and quality of the  fi bre produced 
in cotton plant crops are directly related to water 
availability during the different physiological 
phases of development. Regardless of whether it 
is irrigated or not, cotton is often exposed to 
drought, which adversely affects both yield and 
lint quality  [  5  ] . Genetically equivalent cotton 
plant populations, when submitted to water 
de fi cits, show reductions in yield of up to 50% if 
compared to those that have been irrigated, espe-
cially when the stress factor is imposed during 
the period between  fl owering and fructi fi cation 
 [  6  ] . Cotton has a C3 carbon metabolism; how-
ever, its photosynthetic potential is relatively high 
 [  7,   8  ] . Reduction of photosynthetic rate in cotton 
under water-limited environment is documented 
 [  9  ] . This reduction may be attributed to stomatal 
 [  10  ]  and non-stomatal factors  [  11  ] . A higher 
photosynthetic rate under drought is a decisive 
factor for higher cotton production  [  12  ] , and the 
empirically determined differences in drought 
tolerance of cotton cultivars can be related to some 
physiological parameters such as photosynthetic 

rate and stomatal conductance  [  13  ] . There is a 
considerable diversity of growth parameters, 
namely, plant height, number of leaves, speci fi c 
leaf area, plant dry weight, plant dry weight, leaf 
dry weight and productivity traits, namely, no. of 
bolls per plant, boll diameter, staple length,  fi bre 
strength and ginning out percentage in relation 
to varying moisture-de fi cit periods. And the juve-
nile growth stages were more susceptible to water 
de fi cit  [  14  ] . Hence, in this direction, we studied 
the genotypic variability among the cotton culti-
vars for growth, biophysical parameters, yield 
and yield-attributing characters, and we focused 
to identify a suitable screening index for drought 
tolerance.  

   Materials and Methods 

 An experiment was conducted at Agricultural 
Research Station, University of Agricultural 
Sciences, Dharwad, Karnataka, India. The exper-
imental material consisted of 20 upland cotton 
( G .  hirsutum  L.) cultivars selected on the basis 
of putative differences in yield under drought 
conditions. Seeds of the cultivars were obtained 
from Agricultural Research Station, Dharwad, 
and cotton research stations located at different 
ecological regions of India. 

   Experimental Design 

 Twenty cotton cultivars were evaluated under 
irrigation regime and in rained regime in the  fi eld 
during 2010–2011 at the research area of the 
Agricultural Research Station, University of 
Agricultural Sciences, Dharwad, Karnataka, 
India. Daily rainfall during each growing season 
was recorded. The experimental plot was laid out 
in RBD design. Cotton seed was delinted with 
sulphuric acid and soaked in water for 12 h before 
planting. Sowing was completed during the  fi rst 
week of June. A commercial chemical fertilizer 
was applied at the rate of 100:50:50 kg/ha of 
N:P 

2
 O 

5
 :K 

2
 O at the time of seedbed preparation. 

Plant population was maintained at 4 plants/m 2  
by hand-thinning 25 days after germination. 
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Appropriate control measures were adopted for 
insect pest and weed infestation and applied 
evenly to all the plots.  

   Measurement of Physiological 
Attributes 

 Net assimilation rate was determined with a 
   LICOR-6400 Photosynthesis System. This por-
table, battery-operated system consisted of a 
clamp-on leaf chamber (6 cm 2  area) connected to 
an infrared gas analyzer. Different gas exchange 
components change with environmental condi-
tions and developmental stages of the plant. 
Photosynthetic rate increased to a maximum in 
young leaves (13–20 days after unfolding), 
remained at that level after 12 days and then 
gradually declined  [  15  ] . 

 All physiological measurements were per-
formed between 1,000 and 1,300 h at PARX1700 
mmol/m 2 /s during cloud-free days. The youngest 
fully expanded main stem leaf (16–18 days) 
exposed to direct sunlight was used to determine 
the gas exchange parameters. Leaves were tagged 
on the day they unfold which was designated as 
day one. Measurements were recorded on four 
randomly selected plants per plot 75–78 DAS 
each year when all the cultivars were at least 50% 
 fl owering. A mean of four observations per plot 
was used for the statistical analysis. Seed cotton 
was hand-picked from all the plots 180 DAS and 
was sun-dried for 1 day after removing trash and 
dry carpels before weighing.   

   Results and Discussion 

   Yield Parameters 

   Seed Cotton Yield 
 Seed cotton was hand-picked from all the plots 
180 DAS. In irrigated condition, the variety 
BS-279 has recorded highest yield (1750.1 kg/
ha) followed by BS-30 (1737.2 kg/ha) and 
ARBH-813 (1452.7 kg/ha), whereas    GISV-218 
(691.1 kg/ha) and LRA-5166 (   691.7 kg/ha) 

recorded the least yield. In rainfed situation, 
BS-279 (1526.7 kg/ha) followed by ARBH-813 
(1096.9 kg/ha) recorded the highest yield, while 
GISV-218 (481.1 kg/ha) followed by LRA-5166 
(581.0 kg/ha) recorded the least yield. The per-
centage of yield reduction in rainfed condition 
compared to irrigated condition was highest in 
the genotype H-1353/10 (43.2) followed by 
GJHV-358 (38.6 %) indicating their sensitivity 
to moisture regimes, whereas the least reduction 
was observed in CPD-168 (0.7 %) and F-2228 
(4.9 %) (Table  12.1 ).    The biplot of yield vs. 
DSI shows that the genotypes BS-279, ARBH-
813 and Sahana are having the most desirable 
traits like high yield as well as low drought sus-
ceptibility indices, while GJHV-358 and GISV-
218 recorded the low yield and more DSI 
(Fig.  12.1 ).    

   Number of Bolls Per Plant 
 In irrigated condition, the highest numbers of 
bolls were recorded in ARBH-813 (15.6) fol-
lowed by H-1353/10 (14.53) and the least in 
HBB-101 (7.43) and GSHV-97/612 (7.73), 
respectively.    In rainfed condition, highest num-
ber of bolls were observed in ARBH-813 (14.2) 
followed by H-1353/10 (13.33), while GSHV-
97/612 (6.60) followed by HBB-101 (6.47) 
recorded the least number of bolls per plant 
(Table  12.1 ).  

   Boll weight (g/boll) 
 Maximum boll weight was recorded by AKH-
0205 (5.57 g/boll) followed by H-1452/10 (5.04 g/
boll) and the least by NH-635 (3.19 g/boll) in 
irrigated condition. In rainfed condition, it was 
H-1452/10 which recorded the highest boll 
weight (4.51 g/boll), and HBB-101 recorded the 
least (2.63 g/boll). Maximum percent reduction 
was observed in MR-786 (47.21 %) followed by 
AKH-0205 (43.80 %) and minimum in RCR-102 
(0.20 %) (Table  12.1 ).  

   Phenological Observations 
 There was signi fi cant difference between the 
genotypes for all phenological parameters in both 
irrigated and rainfed condition.  
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   Table 12.1    Seed cotton yield    and yield components in cotton genotypes under irrigation and rainfed condition   

 Sl. no.  Genotypes 
 Yield (kg/ha)  No. of bolls/plant  Boll wt. (g/boll) 

 (Irr)  (Rf)  % Redn.  DSI  (Irr)  (Rf)  % Redn.  (Irr)  (Rf)  % Redn. 

 1  ARBH-2004  1,049.4  944.8  0.4  0.15  13.93  11.33  18.7  4.60  4.10  10.9 
 2  H-1452/10  1,180.8  961.1  18.6  0.74  14.40  12.67  12.0  5.04  4.51  10.5 
 3  CPD-231  1,135.1  937.3  17.4  0.69  11.87  10.47  11.8  4.40  3.51  20.2 
 4  F-2228  860.8  818.9  4.9  0.19  10.27  8.20  20.2  4.17  3.10  25.7 
 5  H-1353/10  1442.8  819.4  43.2  1.72  14.53  13.33  8.3  3.47  3.15  9.2 
 6  GJHV-358  793.8  487.2  38.6  1.54  10.97  7.60  30.7  5.03  3.83  23.9 
 7  CPD-168  843.4  837.4  0.7  0.03  12.33  8.80  28.6  4.31  3.32  23.0 
 8  NH-635  789.4  716.2  9.3  0.37  8.80  6.93  21.3  3.19  3.04  4.7 
 9  GBHV-164  819.7  657.2  19.8  0.79  11.67  9.60  17.7  4.77  2.94  38.4 
 10  GISV-218  691.1  481.1  30.4  1.21  9.43  8.40  21.5  4.07  3.13  23.1 
 11  LRA-5166(NC)  691.7  581  16  0.64  11.60  8.07  30.4  3.18  3.04  4.4 
 12  BS-30  1,737.2  933.8  46.2  1.84  15.40  13.00  15.6  3.96  3.50  11.6 
 13  ARBH-813  1,452.7  1096.9  24.5  0.97  15.60  14.20  9.0  3.81  2.84  25.5 
 14  BS-279  1,750.1  1526.7  12.8  0.51  13.73  10.47  23.7  4.51  3.31  26.6 
 15  MR-786  945.6  848  10.3  0.41  11.40  10.33  9.4  4.63  2.65  47.1 
 16  AKH-0205  989.3  706.7  28.6  1.14  12.40  10.20  17.7  5.57  3.13  43.8 
 17  GSHV-97/612  792.2  558.3  29.5  1.17  7.73  6.60  14.6  4.90  3.10  36.7 
 18  Sahana (CC)  1,452.3  1084.9  25.3  1.01  15.57  11.23  27.9  3.78  2.83  25.1 
 19  RCR-102  1,164.8  549  52.9  2.1  9.93  5.97  17.7  4.42  4.41  0.2 
 20  HBB-101  1,060.6  658  38  1.51  7.43  6.47  12.9  4.59  2.63  42.7 

  Mean    1,082.1    810.20    23.85    0.95    0.95    11.6    9.708    4.32    4.34    3.25  
  SEm ±    109.7    104.3   –  –   1.31    1.21   –   0.473    0.44   – 
  CD @ 5 %    314.0    298.6   –  –   3.76    3.48   –   1.355    1.262   – 
  CV %    19.49    19.53   –  –   19.4    19.6   –   18.91    19.66   – 

  Note:  Irr  irrigation,  Rf  rainfed,  Redn  reduction  

  Fig. 12.1    Biplot of yield and drought susceptibility index (DSI) in cotton genotypes (2010–2011)       
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   Number of Days to 50 % Squaring 
 In irrigated condition, the genotypes differed 
signi fi cantly for phenology (Table  12.2 ). Number 
of days to 50% squaring was early in RCR-102 
(52.00) and NH-635 (52.7), and more number of 
days was taken by GSHV-97/612 (56.33). In rain-
fed condition, H-1353/10 (47.7) followed by 
GBHV-164 (49.3) recorded early squaring, and it 
was late in BS-30 (54.0).   

   Number of Days to 50 % Flowering 
 More number of days to 50%  fl owering was 
taken by LRA-5166 (74.7) and H-1452/10 (74.7) 
and least by H-1353/10 (69.3) in irrigated condi-
tions. Whereas in rainfed condition, LRA-5166 
(74.7) took more number of days for 50% 
 fl owering, but the genotype RCR-102 (67.7) took 
the least number of days for 50%  fl owering 
(Table  12.2 ).  

   Number of Days to 50 % Boll Opening 
 The    genotypes RCR-102 and HBB-101 took 
more number of days for 50% boll opening 
(152.3 days) and H-1353/10 the least in irrigated 
condition (147 days). In rainfed condition, 
GSHV-97/612 (151.7) and GISV-218 (152) took 
highest number of days, and ARBH-2004 (145.0) 
followed by H-1353/10 (143) took least number 
of days for 50 % boll opening (Table  12.2 ).  

   Plant Height 
 The genotypes differed signi fi cantly for plant 
height at harvest both in irrigated and rainfed 
condition (Table  12.3 ).    At harvest, H-1353/10 
(146.3) recorded more plant height and NH-635 
(98.1) recorded the least in irrigated condition. In 
rainfed condition, H-1353/10 (134.7) and NH-635 
(93.1) recorded highest and lowest plant height, 
respectively. The mean percent reduction in plant 

   Table 12.2    No. of days to squaring,  fl owering and boll opening in cotton genotypes under irrigation and rainfed condition   

 Sl. no.  Genotypes 
 50 % Flowering  50 % Squaring  50 % Boll opening 

 (Irr)  (Rf)  Diff  (Irr)  (Rf)  Diff  (Irr)  (Rf)  Diff 

 1  ARBH-2004  74.0  71.7  2.3  55.00  50.33  4.7  148.00  145.00  3.0 
 2  H-1452/10  74.7  69.7  5.0  55.00  51.33  3.7  149.33  147.00  2.3 
 3  CPD-231  74.3  71.3  3.0  55.00  53.33  1.7  150.00  148.00  2.0 
 4  F-2228  72.7  71.3  1.4  54.67  49.67  5.0  149.00  147.00  2.0 
 5  H-1353/10  70.0  69.3  0.7  55.67  47.67  8.0  147.00  143.00  4.0 
 6  GJHV-358  73.0  69.7  3.3  54.00  48.33  5.7  149.67  148.67  1.0 
 7  CPD-168  74.0  72.3  1.7  54.33  51.00  3.3  151.33  150.67  0.7 
 8  NH-635  73.3  70.7  2.6  52.67  50.00  2.7  150.67  147.33  3.3 
 9  GBHV-164  72.7  71.3  1.4  53.67  49.33  4.3  151.00  150.67  0.3 
 10  GISV-218  72.7  70.3  2.4  54.67  53.33  1.3  152.00  151.00  1.0 
 11  LRA-5166(NC)  74.7  69.0  5.7  54.33  53.00  1.3  151.67  149.33  2.3 
 12  BS-30  72.0  69.0  3.0  54.33  54.00  0.3  150.00  149.00  1.0 
 13  ARBH-813  72.3  68.3  4.0  54.67  51.33  3.3  150.33  149.00  1.3 
 14  BS-279  73.7  71.7  2.0  54.00  52.33  1.7  150.00  149.00  1.0 
 15  MR-786  73.3  70.7  2.6  54.33  52.33  2.0  151.00  149.67  1.3 
 16  AKH-0205  74.3  71.3  3.0  53.33  52.00  1.3  151.33  150.00  1.3 
 17     GSHV-97/612  72.3  69.7  2.6  56.33  52.67  3.7  152.00  151.67  0.3 
 18  Sahana (CC)  71.7  69.7  2.0  55.00  52.00  3.0  149.33  149.00  0.3 
 19  RCR-102  71.3  67.7  3.6  52.00  52.00  0.0  152.33  150.00  2.3 
 20  HBB-101  71.7  69.3  2.4  54.00  51.00  3.0  152.33  150.33  2.0 

  Mean    72.93    70.20    3.75    54.35    51.350    5.49    150.42    148.77    1.10  
  SEm ±    0.54    0.53   –   0.74    0.73   –   2.302    0.520   – 
  CD @ 5 %    1.53    1.51   –   NS    2.10   –   6.592    1.488   – 
  CV %    0.26    1.25   –   2.36    2.47   –   2.67    0.60   – 
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height was highest in F-2228 (14.12 %) followed 
by H-1452/10 (10.91 %), while the least reduction 
was observed in LRA-5166 (2.87 %) followed by 
CPD-168 (1.63 %).   

   Total Dry Matter (g/Plant) 
 The total dry matter at harvest showed signi fi cant 
differences for genotypes in both irrigated and 
rainfed condition (Table  12.3 ). The mean TDM 
in irrigated condition was 95.43 g/plants, and in 
rainfed condition it was 68.8 g/plants. Thus, 
there was a mild stress experienced by the crop 
under rainfed condition than it would have been. 
Among the genotypes, CPD-231 (7.40 %) fol-
lowed by Sahana (6.84 %) recorded the least 
reduction in TDM in rainfed condition compared 
to irrigated. But the percent reduction was maxi-
mum in GJHV-358 (65.38 %) and GBHV-164 
(60.20 %).  

   Biophysical Parameters 
 The observation on biophysical parameters, 
namely, water potential and rate of photosyn-
thesis and chlorophyll, was recorded at regular 
intervals.  

   Water Potential 
 The mean water potential measured at 120 DAS 
showed signi fi cant differences among the geno-
types and moisture regimes (irrigated and rainfed 
condition). In irrigated condition, the mean water 
potential was −16.4 bars, while in rainfed condi-
tion it was −24.1 bars indicating that the cumula-
tive effect of water stress exists which shows a 
difference of more than −7.71 bars of difference 
between irrigated and rainfed conditions. In irri-
gated condition, BS-30 (−15.2 bars) followed 
by ARBH-813 (−15.8 bars) recorded the highest 
water potential, while GJHV-358 (−18.2) and 

   Table 12.3    Plant height and number of monopodia and sympodia plant in cotton genotypes at 120 DAS   

 Sl. no.  Genotypes 
 Plant height  TDM 

 (Irr)  (Rf)  % Redn.  (Irr)  (Rf)  % Redn. 

 1  ARBH-2004  140.3  127.6  9.03  100.7  74.2  35.64 
 2  H-1452/10  141.2  125.8  10.91  75.7  127.0  40.39 
 3  CPD-231  126.8  122.6  3.31  77.1  71.4  5.71 
 4  F-2228  113.8  97.7  14.12  68.0  95.8  28.99 
 5  H-1353/10  146.3  144.7  1.09  78.9  80.9  2.39 
 6  GJHV-358  122.1  113.4  7.15  44.2  127.7  65.38 
 7  CPD-168  132.9  130.7  1.63  78.1  71.7  8.85 
 8  NH-635  98.3  98.1  0.14  102.8  46.8  119.58 
 9  GBHV-164  107.6  105.5  1.98  59.7  150.0  60.18 
 10  GISV-218  136.0  133.2  2.06  64.8  93.5  30.73 
 11  LRA-5166(NC)  123.2  122.1  0.87  75.1  77.7  3.36 
 12  BS-30  125.1  123.8  1.01  62.3  96.9  35.68 
 13  ARBH-813  124.2  122.1  1.72  89.0  99.9  10.87 
 14  BS-279  129.3  125.5  2.94  100.7  70.0  43.84 
 15  MR-786  137.9  131.9  4.40  82.6  97.2  15.04 
 16  AKH-0205  132.1  127.5  3.48  64.0  49.1  30.37 
 17  GSHV-97/612  143.1  139.3  2.66  49.7  57.5  13.59 
 18  Sahana (CC)  138.2  134.2  2.89  87.9  94.3  6.84 
 19  RCR-102  122.9  120.4  2.06  74.5  84.1  11.44 
 20  HBB-101  119.7  111.2  7.08  102.8  86.9  18.35 

  Mean    128.05    122.86    4.05    76.9    87.6    35.48  
  SEm ±   2.24  5.61  –   1.4    1.48   – 
  CD @ 5 %   6.41  6.10  –   4.0    4.24   – 
  CV %   3.06  7.84  –   19.8    14.77   – 
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GISV-218 (−17.4 bars) and LRA-5166 (−17.63) 
recorded the least water potential in irrigated 
condition. In rainfed condition, BS-279 (−20.9 
bars) followed by BS-30 (−21.3 %) recorded high 
water potential, while H-1452/10 (−26.8 bars) 
followed by GJHV-358 (−16.4 %) and HBB-101 
(−27.2 %) recorded by least water potential.    The 
difference in water potential (the reduction in 
water potential) in rainfed condition compared to 
irrigated was least in BS-279 (5.6) and CPD-168 
(5.5), while the maximum difference recorded 
was in H-1452/10 (11.9) and HBB-101 (10.5) 
(Table  12.4 ).   

   Photosynthesis Rate 
 The mean rate of photosynthesis was 13.8  m  mol/
m 2 /s in irrigated condition, while it was 12.19 in 
rainfed condition. The highest photosynthesis 
rate was recorded in BS-279 (16.1) followed by 

GSHV-97/612 (15.1), while the least rate was 
recorded by MR-786 (11.8) and RCR-102 (12.8). 
In rainfed condition, the highest photosynthetic 
rate was recorded by BS-279 (14.6) followed by 
AKH-0205 (14.5), while the least rate was 
recorded by H-1452/10 (9.1), ARBH-2004 (10.3) 
and RCR-102 (11.9). The percentage of reduc-
tion in photosynthesis rate in rainfed condition 
over irrigated condition was least in MR-786 
(0.21), while it was more in H-1452/10 (30.5) 
(Table  12.4 ).  

   Total Chlorophyll Content 
 The chlorophyll content as measured by SPAD 
readings at 110 DAS. The mean SPAD reading 
(chlorophyll content) was decreased from 42.7 in 
irrigated to 39.8 in rainfed condition. Among the 
genotypes, H-1452/10 (45.7) followed by F-2228 
(45.2) recorded the highest SPAD reading, while 

   Table 12.4    Photosynthetic rate, leaf area and SPAD readings (chlorophyll content) in irrigated and rainfed condition   

 Sl. no.  Genotypes 

 Photosynthetic rate
 ( m  mol co 

2
  m 2 /s)    

 SPAD reading 
(for chlorophyll content) 

 Water potential at 90 
DAS (−bars) 

 IR  RF  % Reduction  IR  RF  % Reduction  IR  RF  Diff 

 1  ARBH-2004  13.3  10.3  22.56  40.6  43.9  8.13  16.4  23.4  7.0 
 2  H-1452/10  13.1  9.1  30.53  45.7  39.7  13.13  17.3  26.8  11.9 
 3  CPD-231  13.0  13.0  0.0  42.4  41.4  2.36  17.1  22.8  5.7 
 4  F-2228  12.9  11.6  10.08  45.2  43.6  3.54  16.5  23.5  7.0 
 5  H-1353/10  13.3  13.7  3.01  40.6  36.3  10.59  17.5  26.1  8.6 
 6  GJHV-358  15.0  13.1  17.56  44.9  43.8  2.1  18.2  26.4  8.2 
 7  CPD-168  13.0  11.6  10.77  37.3  37.3  27.35  17.2  23.1  5.5 
 8  NH-635  14.6  13.4  8.96  43.9  40.5  8.4  15.9  24.8  8.9 
 9  GBHV-164  13.1  11.2  14.5  45.0  40.7  9.56  16.4  24.2  7.8 
 10  GISV-218  14.5  13.0  19.23  44.1  38.2  15.45  17.4  24.6  7.2 
 11  LRA-5166(NC)  13.4  13.2  0.75  34.3  34.9  8.02  17.3  23.8  6.5 
 12  BS-30  13.3  11.3  15.04  42.3  39.0  1.53  15.2  21.3  6.1 
 13  ARBH-813  13.9  11.5  17.27  40.8  40.0  0.25  15.8  21.8  6.0 
 14  BS-279  16.1  14.5  11.03  44.0  42.8  9.74  16.3  20.9  5.6 
 15  MR-786  11.8  11.8  0.0  44.3  41.7  6.24  16.4  23.4  7.0 
 16  AKH-0205  14.5  13.3  9.02  41.5  39.3  5.6  16.1  24.1  8.0 
 17  GSHV-97/612  15.1  12.1  19.87  41.0  37.9  8.18  16.5  25.5  9.0 
 18  Sahana (CC)  13.8  13.2  4.35  39.2  37.2  5.38  16.4  23.9  8.5 
 19  RCR-102  12.8  11.0  14.06  42.5  37.8  12.43  16.2  24.4  9.2 
 20  HBB-101  13.1  11.8  5.34  40.7  40.0  0.98  16.7  27.2  10.5 

 Mean   13.8    12.19    11.69    42.69    39.8    7.94    16.39    24.1    7.71  
 SEm ±   0.509    1.618   –   2.448    2.769   –  – 
 CD @ 5 %   1.456    4.632   –   7.009    7.926   –  – 
 CV %   6.59    19.4   –   10.16    11.88   –  – 
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LRA-5166 (34.3) followed by CPD-168 (37.3) 
recorded least chlorophyll content. In rainfed 
condition, more or less same trend was observed 
(Table  12.4 ).    

   Conclusions 

 The genotypes BS-279, ARBH-813 and Sahana 
proved better as they recorded highest seed 
cotton yield both in irrigated as well as rainfed 
condition and least to moderate drought suscepti-
bility indices. This may be because the genotypes 
BS-279 and ARBH-813 maintained good water 
potential and photosynthesis rate. Sahana showed 
least reduction in TDM in rainfed condition. 
ARBH-813 recorded highest numbers of bolls in 
both irrigated as well as in rainfed condition. 
These are desirable characters for drought situa-
tions. But GISV-218, GJHV-358 and GSHV-
97/612 recorded least yield and highest drought 
susceptibility indices. These are non-desirable 
characters for moisture stress condition. These 
conclusions are supported by yield components 
and physiological characters. These lines can be 
used in breeding programs for moisture stress 
tolerance as well as yield stability.      
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  Abstract 

 Vitiligo is an acquired, speci fi c, common, often heritable, depigmenting 
skin disorder characterized by progressive, well-circumscribed milky 
cutaneous macules devoid of identi fi able melanocytes. It is multifactorial 
and polygenic. The precise pathology remains elusive; however, several 
theories have been proposed to explain the loss of epidermal melanocytes 
in this disorder. None of these theories can completely explain all the clini-
cal and experimental observations made in this disorder. The present study 
was aimed to  fi nd out the role of humoral immunity in the pathogenesis of 
vitiligo. The serum immunoglobulin pro fi les of vitiligo patients were com-
pared with that of normal healthy controls. Two hundred vitiligo patients 
and 75 controls were recruited randomly from the Department of 
Dermatology and Venereology, Sir Sunderlal Hospital, and Banaras Hindu 
University Hospital, Varanasi, UP, India, for this study. Complements C3 
and C4 and immunoglobulins IgG, IgA, and IgM were estimated by 
turbidometric method using immunoglobulin kit. 

 Serum C3 levels in 76% controls and 60.5% vitiligo patients were 
between 80 and 160 mg/dl, and 39.5% vitiligo patients had below 160 mg/dl 
and signi fi cantly decreased in vitiligo patients (86.99 ± 24.97 mg/dl) as 
compared to controls (95.09 ± 23.96 mg/dl). Serum C4 level is also 
decreased in vitiligo patients as compared to controls, but the decrease is 
nonsigni fi cant. Signi fi cant increase in serum IgM was noted in vitiligo 
patients (148.36 ± 54.05 mg/dl) as compared to controls (125.06 ± 42.48 mg/dl). 
On the contrary, serum IgG and IgA were signi fi cantly decreased in 
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   Introduction    

 Vitiligo is an acquired, speci fi c, common, often 
heritable, depigmenting skin disorder character-
ized by progressive, well-circumscribed milky 
cutaneous macules devoid of identi fi able melano-
cytes. The worldwide incidence is 1%  [  1  ] . It is 
multifactorial and polygenic. The human immune 
system is extremely complex and interacts bidirec-
tionally with environmental, metabolic, and endo-
crine factors as well as with infectious agents. It is 
well arranged and controlled by genetics. In a pre-
vious study, it was demonstrated that pathological 
skin synthesized immunoglobulins in different 
patterns as compared to normal skin  [  2  ] . Despite 
much research, the precise pathology and etiology 
of vitiligo remains elusive. Several theories have 
been proposed to explain the loss of epidermal 
melanocytes in this disorder, and the autoimmu-
nity is the most popular hypothesis  [  3  ] . The asso-
ciation of vitiligo with autoimmune disorders is 
well established  [  4,   5  ] . There are numerous publi-
cations that describe the involvement of both cel-
lular and humoral immunity in the pathogenesis of 
vitiligo  [  6  ] . Antibodies against melanocyte antigens 
are found in the sera of vitiligo patients mainly 
belonging to IgG class  [  7,   8  ] . Histopathological 
investigations have shown that in fl ammatory cells 
are prominent in perilesional areas of vitiligo 
patients which increase the expression of activa-
tion molecules such as interleukin-2 receptor (IL-2R) 
HLA-DR and major histocompatibility complex 
(MHC) II  [  9,   10  ] . The present study was aimed to 
 fi nd out the role of humoral immunity in the patho-
genesis of vitiligo.  

   Materials and Methods 

 A total of 200 vitiligo patients and 75 controls 
were recruited randomly from the Department of 
Dermatology and Venereology, Sir Sunderlal 
Hospital, and Banaras Hindu University Hospital, 
Varanasi, UP, India, for this study. Complements 
C3 and C4 and immunoglobulins IgG, IgA, and 
IgM were estimated by turbidometric method 
using Quantia kit and the turbidometer of Tulip 
Diagnostics, Goa, India. 

  Statistical analysis : The statistical analysis of 
the data was done using student’s  t -test for differ-
ence of mean on SPSS for windows (version 
16.0) statistical package (SPSS Inc., Chicago, IL) 
computer statistics program.  P  value less than 
0.05 was taken as signi fi cant.  

   Result and Discussion 

 The mean ages of vitiligo patients and controls 
were 33.23 ± 16.67 and 31.45 ± 11.02 year old, 
respectively. Age in vitiligo varied from 12 to 
48 years. The 200 patients included 82 (41.0) 
men with age range 13–48 years and 118 (59.0) 
women with age range 13–42 years. 

 Serum C3 in 39.5% patients was below 80 mg/dl, 
while in controls only 24% patients had low C3 
level. Most of the controls (76%) and cases (60.5%) 
had C3 level between 80 and 160 mg/dl. None of the 
either vitiligo cases or control group had C3 level 
above 160 mg/dl. The mean value of C3 is decreased 
in vitiligo cases as compared to controls, and this 
decrease was statistically signi fi cant (Table  13.1 ).  

vitiligo patients (1399.63 ± 241.33 and 183.80 ± 60.80 mg/dl) as com-
pared to controls (1,460 ± 89.93 and 212.46 ± 67.33 mg/dl), respectively. 
These  fi ndings tend to suggest that aberrations in cell-mediated immunity 
and humoral immunity may be operative in the pathogenesis of vitiligo. 
Whether the change in immunoglobulin concentrations is a cause or an 
effect needs further research in large-scale prospective studies.  

  Keywords 

 Vitiligo  •  Complement  •  Immunoglobulins  •  Humoral immunity      
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 Out of 200 cases, 30.5% cases were below the 
normal range, 64.5% within the normal range, 
and rest 5% had elevated serum C4 value, while 
in controls, 73.3% were within the normal range, 
22.7% had low C4 value, and only 4% showed 
increased C4 value. The mean value of C4 is also 
decreased in vitiligo patients as compared to con-
trols, but this decrease is not statistically 
signi fi cant (Table  13.2 ).  

 About 70% patients had serum IgG within this 
range while 28.5% had IgG level below this 
range, and rest 1.5% patients had elevated IgG 
value. None of the controls had decreased IgG 
level. The mean value of serum IgG is found to be 
decreased in vitiligo patients as compared to con-
trols, and this decrease is statistically signi fi cant 
(Table  13.3 ).  

 Out of 200 cases, 82.5% cases were within the 
normal range, 3% had decreased, and rest 14.5% 
had increased serum IgM levels. In controls, 92% 
were between 60 and 290 mg/dl, i.e., within nor-
mal range. Only 6.7% showed increased and 
1.3% showed decreased IgM value. The mean 
value of IgM is increased in vitiligo patients as 
compared to controls, but this increase was statis-
tically nonsigni fi cant (Table  13.4 ).  

 Serum IgA in control group was between 
101.11 and 362.20 mg/dl. About 91% patients 
had IgA level within this range. In 7.5% patients’ 
serum, IgA level was below this range, while 
1.5% patients had serum IgA level above this 
range. The mean value of IgA was decreased in 
vitiligo patients as compared to control which 
was statistically signi fi cant (Table  13.5 ).  

   Table 13.1    Serum C3 level in patients with vitiligo and control group   

 Groups 
 Range 
(mg/dl) 

 <80 mg/dl  80–160 mg/dl  >160 mg/dl 
 Mean ± SD mg/dl   P  value  No. (%)  No. (%)  No. (%) 

 Vitiligo (200)  27.50–158  79 (39.5)  121 (60.5)  0 (0.0)  86.99 ± 24.97  0.016* 
 Control (75)  56.20–155.40  18 (24.0)  57 (76.0)  0 (0.0)  95.09 ± 23.96 

  *Statistically signi fi cant ( P  < 0.05)  

   Table 13.2    Serum C4 level in patients with vitiligo and control group   

 Groups  Range (mg/dl) 
 <20 mg/dl  20–40 mg/dl  >40 mg/dl 

 Mean ± SD mg/dl   P  value  No. (%)  No. (%)  No. (%) 

 Vitiligo (200)  11–44.40  61 (30.5)  129 (64.5)  10 (5.0)  23.71 ± 7.39  0.056    
 Control (75)  11.71–38.40  17 (22.7)  55 (73.3)  3 (4.0)  25.62 ± 7.28 

   Table 13.3    Serum IgG level in patients with vitiligo and control group   

 Groups  Range (mg/dl) 

 <1279.72 
mg/dl 

 1279.72–1674.19 
mg/dl 

 >1674.19 
mg/dl  Mean ± SD 

mg/dl   P  value  No. (%)  No. (%)  No. (%) 

 Vitiligo (200)  542–1,788  57 (28.5)  140 (70.0)  3 (1.5)  1399.63 ± 241.33  0.036* 
 Control (75)  1279.72–1678.21  0 (0.0)  72 (96.0)  3 (4.0)  1,460 ± 89.93 

  *Statistically signi fi cant ( P  < 0.05)  

   Table 13.4    Serum IgM level in patients with vitiligo and control group   

 Groups  Range (mg/dl) 
 <61.79 mg/dl  61.79–285.67 mg/dl  >285.67 mg/dl 

 Mean ± SD mg/dl   P  value  No. (%)  No. (%)  No. (%) 

 Vitiligo (200)  18–305  6 (3.0)  165 (82.5)  29 (14.5)  138.36 ± 54.05  0.065* 
 Control (75)  60–290  5 (6.7)  69 (92.0)  1 (1.3)  125.06 ± 42.48 

  *Statistically signi fi cant ( P  < 0.05)  
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 In a study by some workers, abnormal serum 
immunoglobulins level had been reported in viti-
ligo patients  [  11  ] . Studies have found that patients 
with vitiligo and simultaneous atopy presented 
lower IgE and higher IgA values as compared to 
patients with atopy alone  [  12  ] . Some investiga-
tors had reported an increase of IgE count in 20% 
vitiligo patients  [  13  ] . According to our study, the 
mean value of serum IgG and IgA decreased 
signi fi cantly as compared to controls, while 
serum IgM level was found to be increased, but 
the increase is statistically nonsigni fi cant. The 
mean serum C3 and C4 decreased signi fi cantly in 
vitiligo patients as compared to controls. This 
was in accordance with the study held on 30 
Bangladeshi vitiligo patients. The workers had 
found that concentration of IgG and IgA in viti-
ligo patients decreased signi fi cantly as compared 
to normal healthy controls, but the change of IgM 
was not signi fi cant  [  14  ] . They also found that 
there was signi fi cant correlation between immu-
noglobulin (IgG and IgA only). Furthermore, a 
statistically signi fi cant decrease in helper cells 
and helper/suppressor ratios in comparison with 
control subjects had been previously reported 
 [  15  ]  which supports the above  fi ndings and sug-
gested that aberration in cell-mediated immunity 
may be operative in the pathogenesis of vitiligo. 
This may also indicate that IgG anti-melanocyte 
antibodies could have an important role in this 
disorder, as they can induce melanocyte damage 
in vitro by a complement-mediated mechanism 
and antibody-dependent cellular cytotoxicity. 
In a case study, decrease in serum IgA level had 
been reported, while the other immunoglobulins 
(IgG, IgM) and C3 and C4 were in normal range 
 [  16  ] . In vitiligo patients, an increased frequency 
of heterozygous C4B gene encoding the fourth 
component of complement and C2 de fi ciency has 
been reported, further supporting the concept that 

vitiligo is associated with abnormalities in the 
complement system  [  17  ] . In another study in Iran 
on 55 vitiligo patients, the workers determined 
C3 and C4 values with single radial immunodif-
fusion (SRID) and reported statistically signi fi cant 
decreased C3 and C4 values in 25.5% patients 
 [  18  ] . Thus, the change in immunoglobulin con-
centration may be a cause or an effect in patho-
genesis of vitiligo.      
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   Introduction 

 Nature has been a source of medicinal agents for 
thousands of years, and an impressive number of 
modern drugs have been isolated from natural 
sources. Long before mankind discovered the 
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  Abstract 

  Amaranthus spinosus  L. growing luxuriantly as an invasive weed on road 
sides and abandoned land was screened for antimicrobial activity. The 
bioparts, namely, root, stem, leaves and  fl ower, extracted in distilled water, 
hexane and methanol were assayed against  fi ve bacterial strains such as 
 Staphylococcus  sp.,  Escherichia coli ,  Pseudomonas  sp.,  Klebsiella  sp., 
 Paracoccus  sp. and three fungal strains, namely,  Fusarium  sp.,  Aspergillus  
sp. and  Alternaria  sp. Preliminary qualitative analysis was also done. Stem 
and  fl ower of  Amaranthus spinosus  displayed more antibacterial activity 
among the bioparts. Maximum zones of inhibition in  E .  coli  (14 mm) and 
 Pseudomonas  (13 mm) were noticed in stem extract in distilled water 
(4.7 mg/disc) and methanol (3.8 mg/disc), respectively. Distilled water 
fraction of  fl ower inhibited all strains under investigation. Maximum zones 
of inhibition in respect of  Staphylococcus  (10 mm),  Paracoccus  (9 mm) 
and  Klebsiella  (15 mm) were evident in  fl ower extracted in various solvents. 
The methanol fraction of the bioparts exhibited total inhibition of fungal 
growth. Root, stem and leaves of  A .  spinosus  extracted in hexane imparted 
partial inhibition on all fungal strains. In general, the bioparts of the weed 
 A .  spinosus  displayed antimicrobial activity which can be employed as a 
natural antimicrobial agent leading to its sustainable utilization.  

  Keywords 
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existence of microbes, the idea that certain plants 
had healing potential as they contained antimi-
crobial principles was well accepted. This plant-
based, traditional medicine system continues to 
play an essential role in health care, with about 
80% of the world’s inhabitants relying mainly on 
traditional medicines for their primary health 
care  [  1  ] . According to the WHO, the plants would 
be the best source to obtain a variety of drugs, 
and such plants should be investigated to better 
understand their properties, safety and ef fi cacy 
 [  2  ] . The investigation of certain indigenous plants 
for their antimicrobial properties may yield 
useful results. Many studies indicated that in 
some plants, there are many substances such as 
peptides, unsaturated long-chain aldehydes, alka-
loid constituents, some essential oils, phenols 
and water, ethanol, chloroform, methanol and 
butanol-soluble compounds. These plant products 
then emerged as compounds with potentially 
signi fi cant therapeutic application against human 
pathogens, including bacteria, fungi or virus. 

 There are many reports on the antimicrobial 
activity of plants belonging to Amaranthaceae 
family such as  Blutaparon portulacoides   [  3  ] , 
 Alternanthera maritima   [  4  ] ,  Achyranthus aspera  
 [  5  ] ,  Alternanthera brasiliana   [  6  ] ,  Alternanthera 
tenella   [  7  ] ,  Alternanthera sessilis  and  Guilleminea 
densa   [  8  ] , Amaranthus  tricolor   [  9  ] ,  Amaranthus 
spinosus   [  10  ]  and  Amaranthus viridis   [  11  ]  against 
strains of gram-positive and gram-negative 
bacteria, along with the yeasts and dermatophytes. 
 Amaranthus spinosus  L. is an invasive weed 
commonly found on the wastelands, road sides 
and abandoned lands.  Amaranthus  is from the 
Greek “amarantos” which means “unfading”, 
commonly known as spiny amaranth, prickly 
amaranth and spiny pigweed. Plant is nitrop-
hilous and prefers soils with high organic matter 
content, but is also able to grow on sandy soils. 
Plant, especially the young leaves, can be used 
as vegetable and has medicinal properties like 
refrigerant, antidote, diaphoretic, febrifuge, astrin-
gent, emmenagogue, sudori fi c, lactagogue, diuretic 
and emollient. Eradication of weeds from our 
environment is rather dif fi cult as it consumes 
much money, labour and time. Hence, combating the 
problem of weeds by exploiting their bene fi cial 

potentials is receiving increasing attention among 
the scienti fi c community around the globe. 
Antimicrobial studies on  Amaranthus spinosus  
remain few and fragmentary that prompted the 
present investigation.  

   Materials and Methods 

 Whole plant was collected from its natural 
habitat washed thoroughly to remove adhering 
particles. Root, stem, leaves and  fl ower were 
separated, dried under shade followed by oven 
drying. The dried samples were powdered and 
were extracted in solvents, namely, distilled water, 
hexane and methanol in a Soxhlet apparatus for 
8 h continuously. The extracts were concentrated, 
weighed and made up to a known volume and 
was used for the detection of phytochemicals and 
antimicrobial assay. 

   Phytochemical Screening 

 The extracts were subjected to phytochemical 
screening to detect the presence of phytocon-
stituents such as saponins, alkaloids, tannins, 
coumarins, iridoids,  fl avonoids, steroids, terpenoids, 
phlobatannin, reducing sugar, anthraquinone and 
glycosides.  

   Antibacterial Assay 

 The extracts were tested to detect antibacte-
rial properties against  fi ve strains of bacteria 
( Staphylococcus  sp.,  Escherichia coli ,  Pseudomonas  
sp.,  Klebsiella  sp. and  Paracoccus  sp.) by using 
disc diffusion method  [  12  ] . The bacterial strains 
were subcultured by inoculating spores of the 
bacteria from the isolated colonies in a test tube 
containing peptone water (13.6 g/L). Nutrient 
agar medium was prepared (37.5 g/L). Discs 
of 6 mm diameter were cut out of Whatman 
No.1  fi lter paper. The prepared paper disc was 
impregnated with known amounts of various 
extracts from the bioparts of  A .  spinosus . Control 
and standards were also prepared accordingly. 
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Pure cultures of each bacterial strain were spread 
evenly on the agar plate. Prepared disc with the 
extracts was placed over each bacterial colony; 
the inoculated petri dishes were labelled and 
incubated at 37°C for 24 h. The plates were 
observed for zone of inhibition surrounding 
the discs, which were measured to detect and 
quantify the antibacterial activity. The experiments 
performed in duplicate.  

   Antifungal Assay 

 Antifungal activity against three fungal strains 
( Fusarium  sp.,  Aspergillus  sp. and  Alternaria  sp.) 
by incorporating various extracts in the media 
used for fungal cultures  [  13  ] . The test was con-
ducted by incorporating crude extract in the 
Sabouraud dextrose agar medium. SDA slants 
were prepared by dissolving SDA (65 g/L) and 
agar (10 g/L) in distilled water by heating and 
autoclaved at 121°C for 20 min. The media 
(4–5 mL) were poured in test tubes, mixed well 
with known volume of the crude extracts and 
allowed to set in to slants. Pure cultures of fungal 
strains were inoculated in to the slants using 
inoculation loop under aseptic condition. The 
tubes were labelled and kept at room temperature 
and the observations recorded after 3 days on 

incubation. The control was also run in the same 
manner. The experiments performed in duplicate 
to con fi rm the results.   

   Results and Discussion 

   Phytochemical Screening 

 Phytochemicals are secondary products of metab-
olism, occur in small quantities and represent a 
centrepiece of ecological biochemistry  [  14  ] . 
Many of these compounds act to defend the host 
from the harmful effects of toxins, carcinogens or 
mutagens found in the plant or plant environment 
or from the attack of external predators. The pre-
liminary phytochemical screening of the extracts 
in different solvents of various bioparts of 
 A .  spinosus  (Table  14.1 ) revealed the presence of 
important secondary metabolites in the plant 
body. Maximum numbers of secondary metabo-
lites were eluted by methanol in the present study. 
The results were more or less similar in various 
bioparts. Saponins and coumarins were eluted 
irrespective of the bioparts and solvents. Among 
the bioparts, the  fl ower contained most of the 
phytochemicals under investigation.  

 Numerous plants are reported to possess phy-
tochemicals, and most of the currently identi fi ed 

   Table 14.1    Phytochemical screening of  A .  spinosus  L.   

 Bioparts  R  S  L  F 

 Extracts  DW  H  M  DW  H  M  DW  H  M  DW  H  M 
 Reducing sugar  +  –  +  +  –  +  +  +  +  +  +  + 
 Glycosides  –  –  –  –  –  –  –  –  –  –  –  – 
 Flavonoids  –  –  –  –  +  +  –  –  –  –  +  + 
 Tannins  +  –  +  +  –  +  +  +  +  +  +  + 
 Alkaloids  +  +  –  +  +  –  +  +  –  +  +  – 
 Terpenoids  +  –  –  +  –  –  +  –  +  –  –  + 
 Steroids  –  +  –  –  +  –  –  +  –  +  +  – 
 Saponins  +  +  +  +  +  +  +  +  +  +  +  + 
 Phlobatannins  –  –  –  –  –  –  –  –  –  –  –  – 
 Coumarins  +  +  +  +  +  +  +  +  +  +  +  + 
 Iridoids  –  +  +  –  +  +  –  +  +  –  +  + 
 Anthraquinones  –  –  –  –  –  –  –  –  –  –  –  – 

   R  root,  S  stem,  L  leaf,  F   fl ower,  DW  distilled water,  H  hexane,  M  methanol, + present, − absent  
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compounds are products of the shikimic acid and 
acetate pathway. The common ones include 
phenolics like cinnamic and benzoic acids, cou-
marins, tannins, terpenoid and a few alkaloids, 
steroids and quinines  [  15  ] . Phytochemicals are 
very important with regard to their potential 
pharmacological effects  [  16  ] . Many alkaloids are 
toxic to other organisms. They often have phar-
macological effects and are used as medications 
and as drugs  [  17  ] . Saponins are a class of chemical 
compounds which may serve as antifeedants 
and to protect the plant against microbes and 
fungi. The antifungal and antibacterial properties 
of saponins are important in cosmetic applica-
tions in addition to their emollient effects  [  18  ] . 
They help to prevent cancer and increase the 
ef fi ciency of vaccines. Terpenoids have a large 
and diverse role in antibacterial activity. They 
defend many species of plants, animals and 
microorganisms against predators, pathogens and 
competitors  [  19  ] . 

 Tannins are polyphenolic compounds and are 
widely distributed in many species of plants, 
where they play a role in protection from preda-
tion, and perhaps also as pesticides, and in plant 
growth regulation  [  20  ] . Anthraquinone is an 
organic compound which acts as an effective 
repellent. The activity reported for coumarins 
includes anti-HIV, antitumour, anti-hypertension, 

anti-in fl ammatory, antiseptic, analgesic and is 
also used in the treatment of asthma  [  21  ] . 
Flavonoids extent antimicrobial activity in the 
healing of wounds and in the treatment of skin 
diseases  [  22  ] . They also play signi fi cant role as 
hypoglycaemic, antioxidant, anti-in fl ammatory 
and anticarcinogenic activity  [  23  ] .  

   Antibacterial Assay 

 The bioparts of  A .  spinosus  exhibited antibacte-
rial activity (Table  14.2 ) and varied with bacterial 
strains, bioparts and solvents. Flower of  A .  spino-
sus  extracted in distilled water inhibited all bacte-
rial strains under study. The inhibition zone of 
 E .  coli  varied from 6 to 14 mm in stem extracted 
in hexane and methanol, respectively. The growth 
of  E .  coli  was inhibited more effectively in root 
extracted in distilled water (10 mm) and stem 
extracted in methanol (14 mm). Most  E .  coli  
strains are harmless, but some serotypes can 
cause serious food poisoning in humans.  

 Root and  fl ower of  A .  spinosus  extracted in all 
solvents inhibited the growth of  Pseudomonas , 
while the activity was restricted to methanolic 
extract of stem and leaf. Highest inhibition zone 
was noticed in methanolic extract of stem 
(13 mm) followed by root (12 mm). Flower 

   Table 14.2    Antibacterial analysis of  A .  spinosus  L.   

 Biopart  Extract 
 Concentration 
mg/disc 

 Zone of inhibition (mm diameter) 

  E .  coli    Pseudomonas    Staphylococcus    Paracoccus    Klebsiella  

 Root  Methanol  2.4  7  12  –  6  – 
 Hexane  1.7  –  6  –  7  9 
 Dis. water  3.2  10  6  6  7  8 

 Stem  Methanol  2.5  8  13  –  6  7 
 Hexane  3.6  6  –  –  6  8 
 Dis. water  4.7  14  8  –  7  11 

 Leaves  Methanol  3.4  9  8  –  –  7 
 Hexane  1.5  –  –  –  –  – 
 Dis. water  2.3  9  –  7  7  7 

 Flower  Methanol  3.8  –  7  10  –  7 
 Hexane  4.2  –  8  7  6  15 
 Dis. water  3.7  9  7  6  9  7 

 Control  Methanol  –  –  –  –  –  – 
 Hexane  –  –  –  –  –  – 
 Dis. water  –  –  –  –  –  – 
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extract of  A .  spinosus  irrespective of the solvent 
inhibited  Staphylococcus  with highest inhibition 
zone of 10 mm in methanol. Distilled water 
extract of root and leaf exhibited an inhibition 
zone of 6 and 7 mm, respectively.  Staphylococcus  
can cause a wide variety of diseases through 
either toxin production or penetration. A number 
of strains have developed antibiotic resistance, 
which means that the infection may not always 
respond to treatment. 

 Root and stem extracted in all solvents dis-
played inhibitory activity against the soil bac-
teria  Paracoccus . The activity was restricted to 
leaves and  fl ower extracted in distilled water. 
The denitri fi cation properties of  Paracoccus  sp. are 
an important cause for the loss of nitrogen fertilizers 
in agricultural soil due to the chemical process 
called denitri fi cation.  Klebsiella  sp. can cause the 
disease  Klebsiella pneumonia , and they are often 
resistant to multiple antibiotics. The growth of 
 Klebsiella  was inhibited with stem and  fl ower 
extracted in all solvents. Distilled water extract of 
all bioparts inhibited  Klebsiella . The inhibition zone 
of  Klebsiella   fl uctuated from 7 to 15 mm. Highest 
activity was noticed in  fl ower extracted in hexane 
(15 mm) and stem in distilled water (11 mm).  

   Antifungal Assay 

 Antifungal assay of the extracts of  A .  spinosus  
(Table  14.3 ) in various solvents exhibited varied 
activity against the fungal strains under investi-
gation. Fungi are a group of achlorophyllous 
plants which include many thousand members, 
and most of them are poisonous. The methanol 
extracts showed complete antifungal activity 
compared with the extracts of hexane and dis-
tilled water. Methanol extracts of the root 
(24 mg/g), stem (25 mg/g), leaf (34 mg/g) and 
 fl ower (38 mg/g) exhibited inhibitory ef fi cacy 
against  Aspergillus  sp.,  Alternaria  sp. and 
 Fusarium  sp. The extracts showed varying 
degrees of antifungal activity which may be due 
to the active principles that can be extracted 
differently depending on the ability of the extract-
ing solvent  [  22 ,  24  ] .  

 The results of the present study on the ef fi cacy 
of the weed  Amaranthus spinosus  against strains 
of bacteria and fungi corroborated with various 
reports of plants belonging to Amaranthaceae. 
The antibacterial activity of chloroform, n-hexane 
and ethyl acetate extracts of  Amaranthus spinosus  
were evaluated  [  10  ]  against gram-positive and 

   Table 14.3    Antifungal assay of  A .  spinosus  L.   

 Biopart  Extract 
 Concentration 
mg/mL 

 Inhibitory ef fi cacy 

  Alternaria  sp.   Aspergillus  sp.   Fusarium  sp. 

 R  M  24  +  +  + 
 H  17  −/+  −/+  −/+ 
 DW  32  –  –  – 

 S  M  25  +  +  + 
 H  36  −/+  −/+  −/+ 
 DW  47  –  –  – 

 L  M  34  +  +  + 
 H  15  −/+  −/+  −/+ 
 DW  23  –  –  – 

 F  M  38  +  +  + 
 H  42  –  –  −/+ 
 DW  37  –  –  – 

 C  M  –  +  +  + 
 H  –  +  –  – 
 DW  –  –  –  – 

   R  root,  S  stem,  L  leaf,  F   fl ower,  C  control,  M  methanol,  H  hexane,  DW  distilled water, + total inhibition, −/+ partial 
inhibition, − no inhibition  
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gram-negative human pathogenic bacteria, and 
 all  extracts showed good activity against all bac-
teria with an average zone of inhibition 8–15 mm 
that strongly supported the present study. The 
antibacterial activity of the isolated compounds 
in  Blutaparon portulacoides  was assessed  [  3  ]  
against 15 strains of gram-positive and gram-
negative bacteria, along with certain fungus. The 
ethanolic extracts (aerial parts and roots) and callus 
generated in vitro of  Alternanthera maritima  
exhibited activity against 30 strains including 
gram-positive and gram-negative bacteria and 
yeast with inhibition halo between 6 and 20 mm 
 [  4  ]  and inferred that all the organic crude extracts 
and plant cell callus culture extracts obtained 
from two culture conditions were bioactive and 
the minimum inhibitory concentrations (MIC) 
values for isolated constituents varied from 25 
to 500  m g/mL. 

 There are reports  [  5  ]  on the antibacterial analy-
sis of  Achyranthus aspera  against  Staphylococcus 
aureus ,  S .  haemolyticus  and  Bacillus typhosus . 
The aqueous ethanol (70%) crude extract of 
 Alternanthera brasiliana  leaves and dichlo-
romethane, ethyl acetate and butanolic fractions 
of the crude extract were tested against a panel 
of microorganisms and demonstrated that the 
crude extract and some fractions showed mod-
erate activities against  Staphylococcus aureus , 
 Pseudomonas aeruginosa ,  Saccharomyces 
cerevisiae  and  Prototheca zop fi i   [  6  ] . The 
ef fi cacy of  Amaranthus viridis  was analysed 
 [  11  ]  through the screening of the chloroform 
and aqueous leaf extract of this plant against the 
bacterial species, namely,  Xanthomonas axonopodis , 
 Pseudomonas syringae  (gram-negative bacteria), 
 Corynebacterium minutissimum ,  Clostridium 
dif fi cile  (gram-positive bacteria) and major 
seed-borne fungi  Aspergillus niger ,  Alternaria 
alternata ,  Drechslera biseptata  and  Fusarium 
solani . 

 Another study was conducted  [  7  ]  on crude 
extracts of a callus (two culture media) and adult 
plants of  Alternanthera tenella  and evaluated 
their antibacterial and antifungal activity, in vivo 
and in vitro against 30 strains of microorganisms 
including gram-positive and gram-negative bacteria, 

yeasts and dermatophytes with inhibition halos 
between 6 and 20 mm and inferred that ethanolic 
and hexane extracts of adult plants inhibited the 
growth of bacteria, yeasts and dermatophytes. 
The antimicrobial activity of  Achyranthes aspera , 
 Alternanthera sessilis  and  Guilleminea densa  of 
Amaranthaceae family was tested for bactericidal 
and fungicidal effect  [  8  ] . 

 A study to evaluate the antimicrobial properties 
of ethanolic extracts of the leaves of  Amaranthus 
tricolor  against 15 strains of different gram-
positive and gram-negative pathogenic bacteria, 
including  Bacillus cereus ,  Listeria monocyto-
genes ,  Staphylococcus aureus ,  Vibrio para  
and  Escherichia coli , was conducted  [  9  ]  and 
inferred that the plant exhibited speci fi c inhibi-
tion of one of the tested bacteria  Bacillus cereus . 
Resinous exudates and diterpenoids were known 
to inhibit bacterial growth with inhibition zone 
exceeding 10 mm  [  25  ] . Secondary metabolites 
such as alkaloids and  fl avonoids possess antimi-
crobial potential  [  26  ] . The results in the present 
study also corroborated with the reports that  fl ower-
ing plants contain antimicrobial substances  [  27  ] .   

   Conclusions 

 The present study help assess the characterization 
of the weed to elucidate data on the preliminary 
phytochemical screening for secondary metabo-
lites as well as antibacterial and antifungal activity. 
 Amaranthus spinosus  is a widespread weed, and 
its control is rather dif fi cult due to its perennial 
nature. The identi fi cation of antimicrobial activity 
of the weed opens up new vistas in the sustain-
able management of these “out of place plants”. 
In general, the invasive weed  Amaranthus spinosus  
was rich in secondary metabolites which exhib-
ited antibacterial and antifungal activity and can 
be effectively exploited for controlling the strains 
under investigation and as a biocontrol agent 
against pathogenic microbes. The present study 
warrants further detailed investigation on to the 
isolation, puri fi cation, characterization as well as 
biosynthetic pathways of the phytochemicals and 
its dynamics in medical  fi eld.      
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   Introduction 

 Speciation and domestication were the stages 
of extensive evolution in immunity-related genes 
such as major histocompatibility complex (MHC). 
The importance of MHC lies in its role in deter-
mining the life and death in response to many 
infectious pathogens, both simple and compli-
cated ones  [  1  ] . The simple and compact structure 
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  Abstract 

 The major histocompatibility complex (MHC) molecules play crucial role in 
the regulation of the immune response by communicating among different 
cellular components of the immune system (Lamont, Poult Sci 77:1111–1118, 
1998). Chicken ( Gallus gallus ) has been developed into an important experi-
mental animal model for implicating MHC genes in resistance to infectious 
diseases and economic traits (Schat et al., Poult Sci 73:502–508, 1994). As the 
process of evolution in this region takes place over long periods of time that 
cannot be observed directly, phylogenetic analysis with present-day species 
and breeds could help. The evolutionary links between various domesticated 
birds were analysed using tree construction distance methods such as 
neighbour-joining (N-J) and UPGMA (unweighted pair group method with 
arithmetic mean) and character-based methods like maximum likelihood and 
maximum parsimony by MEGA version 5.05. The genetic distance was 
analysed using the same software. The phylogenetic analyses using various 
methods produced near identical topologies. The genetic distance analysis 
was in accordance with the tree studies providing a clear overview upon the 
evolutionary changes of the MHC gene under analysis, i.e. MHC B-L Beta 2.  
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of chicken MHC as described by ‘minimal essential 
MHC model of the chicken’ made it a potent 
experimental model for MHC studies  [  2  ] . These 
key receptor molecules recognize and bind foreign 
peptides for presentation to specialist immune 
cells and subsequent initiation of an immune 
response     [  3  ] . A highly polymorphic multigene 
family encodes these versatile molecules. They 
represent the most polymorphic genetic system 
known in vertebrates to date. In chicken ( Gallus 
gallus ), MHC genes are located on chromosome 
16  [  4  ] . Chicken B or B-F/B-L region has been 
fully sequenced and found to contain 19 genes 
within 92 kb of genomic sequence, including two 
class I (B-F) genes and two class II (B-L) genes  [  5  ] . 
The chicken MHC is associated with resistance 
to bacterial, parasitic, and viral diseases and other 
important economic traits in chickens  [  1  ] . There 
are signi fi cant numbers of studies which undoubt-
edly prove the association of MHC genes with 
diseases such as Marek’s disease, Rous sarcoma, 
Newcastle disease and salmonellosis  [  6  ] . 

 Among immune genes, several major histo-
compatibility complex (MHC) genes are suggested 
to be under strong pathogen-driven selective 
forces  [  7  ] . As generations undergo various kinds 
of ecologic adaptations, evolutionary novelties 
arise following genetic and genomic duplications. 
This results in vast rearrangements and pronounced 
variation in gene number and genomic organiza-
tion among organisms  [  8  ] . Studies in the MHC 
gene organization, diversity, polymorphisms and 
expression suggest that various avian species 
have a more complex MHC structure than that 
described in chickens. Due to the fact that evolu-
tion takes place over long periods of time that 
cannot be observed directly, we must reconstruct 
phylogenies by inferring the evolutionary rela-
tionships among present-day organisms. Though 
studies have been reached far ahead on the evolu-
tionary aspect of this multigene family at species 
level, scope of in-depth analysis up to breed level 
persists. The geographical isolation, pathogen 
encounters and other environmental factors 
account for large diversity and rapid evolutionary 
changes of these loci. Such variations may be 
responsible for the drastic difference in the 
immune response of various breeds of birds. 

 It is commonly observed that modern day 
breeds are highly susceptible to infectious dis-
ease outbreaks such as avian in fl uenza and 
Newcastle disease compared to indigenous and 
wild counterparts. The present study aimed at 
revealing evolutionary background of the gene 
MHC BLB2 (MHC B-L Beta 2) which is a poten-
tial region for modifying a variety of pathogens.  

   Materials and Methods 

 Sequences of MHC BLB2 gene of Indian red 
jungle fowl (progenitor of domestic chicken) 
and domesticated birds like turkey ( Meleagris 
gallopavo ), guinea fowl ( Numida meleagris ), 
Japanese quail (    Coturnix japonica ) and Muscovy 
duck ( Cairina moschata ) were compared with that 
of important breeds like white leghorn (an egg-
type breed), Cornish (a well-known meat breed) 
and Kadaknath (a prominent native chicken of 
India). The sequences were extracted from DNA 
databases such as NCBI (National Center for 
Biotechnology Information), DDBJ (DNA 
Database of Japan) and EMBL (European 
Molecular Biology Laboratory) nucleotide 
sequence database. The accession numbers of the 
sequences analysed were given in Table  15.1 . 
Sequences in FASTA format were aligned by pro-
gressive method of multiple sequence alignment 
using Molecular Evolutionary Genetic Analysis 
(MEGA Version 5.05) software  [  9  ] . Molecular 
phylogenies based on sequence alignments are 
only as accurate as the alignment data from which 
they are produced; consequently, it is important 
that the alignment data quality is preserved. 
Sequence contributions to the multiple sequence 
alignment are weighted according to their 
relationships on the predicted evolutionary 
tree. Weights are based on the distance of each 
sequence from the root in case of distance method. 
Several statistical methods exist that can be 
used for reconstruction of the phylogenetic 
trees. Using tree construction distance methods, 
N-J (neighbour-joining) and UPGMA (unweighted 
pair group method with arithmetic mean), the 
evolutionary connections between organisms 
were analysed. Then the same sequences were 
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subjected to tree construction by character-based 
methods such as maximum likelihood and max-
imum parsimony. Support of the clusters was 
evaluated by bootstrap (Kimura 2-parameter), as 
percentage recurrence of clusters based on 100 
bootstrapped replications. The overall mean 
genetic distance and pairwise distances among 
the sequences were estimated with Kimura 
2-parameter distances by uniform rates among 
sites using MEGA software.   

   Results and Discussion 

 Upon UPGMA (Fig.  15.1 ) method, MHC BLB2 
gene of Muscovy duck diverged into a separate 
branch from the remaining members. The next 
member to diverge was Japanese quail. Turkey 
and guinea fowl moved apart one after the other 

in accordance with the expected species tree. 
Various breeds of chicken evolved into a different 
clade where Kadaknath and white leghorn moved 
together, while Indian red jungle fowl and white 
Cornish formed a distinct clade. The positioning 
of white Cornish is not as well supported by 
neighbour-joining (Fig.  15.2 ) as it is using 
UPGMA, which places it basal to the turkey 
( Meleagris gallopavo ). Upon N-J analysis, turkey 
is forming a common clade with Japanese quail 
( Coturnix japonica ).   

 Upon maximum likelihood analysis with 
MEGA, Kadaknath and white leghorn, and Indian 
red jungle fowl were found to have a common 
ancestor where Cornish formed a separate branch 
distal to other chicken breeds (Fig.  15.3 ). The over-
all mean genetic distance (Kimura 2-parameter) 
estimated using the bootstrap (100 replicates) 
was obtained to be 0.3855 ± 0.035. Between 

   Table 15.1    Details of the nucleotide sequences of MHC BLB2 sequences from different poultry species used in 
present study   

 Sl no.  Category  Accession no.  Length 

 1  Indian red jungle fowl ( Gallus gallus )  DQ885564  277 bp 
 2  Kadaknath ( Gallus gallus domesticus )  EF579807  277 bp 
 3  White Cornish ( Gallus gallus domesticus )  HQ218317  773 bp 
 4  White leghorn ( Gallus gallus domesticus )  DQ885562  276 bp 
 5  Turkey ( Meleagris gallopavo )  AM233486  277 bp 
 6  Guinea fowl ( Numida meleagris )  EU826064  754 bp 
 7  Muscovy duck ( Cairina moschata )  HQ909102  1188 bp 
 8  Japanese quail ( Coturnix japonica )  AB110482  830 bp 
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  Fig. 15.1    Phylogeny of MHC BLB2 gene by UPGMA method       
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species genetic distances ranged from 0.026 
between white leghorn and Kadaknath to 1.128 
between turkey and Muscovy duck. Indian red 
jungle fowl showed lower genetic distances with 
Cornish, Kadaknath and white leghorn (0.068–
0.076), while with other poultry species, it 
showed higher genetic distances (0.179–1.02). 
The maximum likelihood analysis (Fig.  15.3 ) 
presented the Japanese quail and guinea fowl 
forming a common clade, whereas the maxi-
mum parsimony analysis (Fig.  15.4 ) placed 
them in separate adjacent branches. Both analy-
ses proved their relative resemblance of genetic 
make-up.    

 Evolutionary studies have shown that the 
formation of avian MHC genes has been driven 

by ancient gene duplication events after the 
bird-mammal split. The Indian red jungle fowl is 
considered to be the ancestor of domestic chicken 
of Indian continent. But almost all the analyses 
produced a varied result where the present-day 
Indian red jungle fowl and the other chicken 
breeds having a common ancestor. All types of 
analyses proved the far earlier divergence of 
Muscovy duck from all other members under 
analysis. The genetic distance analysis also 
proved the same showing maximum distances 
(0.951–1.128) with all other species. Upon all 
types of analyses, Kadaknath and white leghorn 
showed high similarity with respect to this locus 
where between species genetic distance was 
found to be minimum (0.026). The within species 
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or between-breed genetic distance was found to 
be considerably low compared to between-species 
distance as expected. Among the poultry species 
under analysis, MHC BLB2 nucleotide sequence 
of Cornish is highly complex. It showed mini-
mum genetic distance with Indian red jungle fowl 
(0.68) at the same time minimum distance with 
Muscovy duck (0.951). The UPGMA and N-J 
analyses con fi rm these results where Fig.  15.1  
showed close proximity of Cornish and Indian 
red jungle fowl and Fig.  15.2  showed its relative 
closeness with Muscovy duck. 

 The MHC gene family is a typical example of 
trans-species polymorphism  [  10  ] . The present 
analysis also revealed a mixture of alleles among 
the various species under study proving this 
effect. More data from other exons, UTRs, other 
MHC genes and ultimately genomic structure are 
awaited to get deeper insights into the long-term 
evolutionary history of the avian MHC.      

  Acknowledgement   The authors of nucleotide sequence 
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   Introduction 

 Cadmium is an important    widespread trace pol-
lutant with high toxicity to plants, animals, and 
humans. It is a nonessential heavy metal having 
long biological persistence  [  1  ] . Cadmium (Cd) is 
released into the environment by power stations, 
heating systems, metal working industries, nickel-
cadmium batteries, and phosphate fertilizers  [  1,   2  ]  
as well as from geochemical weathering of rocks. 
Cadmium causes various phytotoxic symptoms 
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  Abstract 

  Pteris  spp., a member of  Pteridaceae  family, was investigated for its ef fi cacy 
in remediation of cadmium through foliar absorption. Fern species were 
selected for phytoremediation particularly for their limited role in food 
chain of herbivores and humans. The fern fronds of uniform size and mass 
were cultured in Knop’s medium containing different concentrations of 
cadmium salt (50, 100, 150, and 200 mM) under controlled conditions. 
Parameters such as biomass, hydration, chlorophyll content, protein con-
tent, and proline content were monitored at regular intervals of 24 h for a 
period of 1 week. The samples were tested for cadmium accumulation at 
the end of 1 week using atomic absorption spectroscopy. Results have 
shown that the total  protein content has increased signi fi cantly up to 72 h. 
Increased proline  concentration was observed at 150 mM of Cd salt treat-
ment up to 48 h  irrespective of the position of the frond. Maximum foliar 
absorption of 70 mg kg −1  dry weight was found just after 24 h of Cd salt 
treatment in the tip region of the frond. Our studies indicate that local 
 Pteris  sp. is a potential candidate plant for phytoremediation.  
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including chlorosis, growth inhibition, water 
imbalance, phosphorus and nitrogen de fi ciency 
reduced manganese transport, and accelerated 
senescence  [  2,   3  ] . Cadmium causes oxidative 
stress either by inducing oxygen free radical pro-
duction or by decreasing enzymatic and nonenzy-
matic antioxidants due to its high af fi nity toward 
sulfur-containing peptides and proteins  [  3–  5  ] . 

 Despite the toxicity of cadmium, high  tolerance 
levels have evolved in a number of plant species, 
mainly through mechanisms of exclusion. Some 
plant species, belonging to the class of hyperac-
cumulators, can accumulate exceptional concen-
trations of Cd (above 0.01%) in their shoot dry 
weight without toxicity symptoms. Cadmium 
hyperaccumulation is present only in some popu-
lations of  T .  caerulescens ,  T .  praecox , and 
 Arabidopsis halleri , all belonging to  Brassicaceae  
family and  Sedum alfredii  ( Crassulaceae ). The 
primary target of Cd toxicity is unknown. An 
important source of Cd toxicity is its chemical 
similarity with essential elements, in particular Zn, 
but also Ca and Fe, deregulating the homeostasis 
of latter elements or causing their displacement 
from proteins. Toxicity of cadmium is primarily 
due to high sulfhydryl reactivity. Cd causes oxida-
tive stress and can deplete reduced glutathione, an 
important cellular antioxidant, through the forma-
tion of Cd-glutathione complexes or Cd (II)-GS 

2
  

or Cd-induced phytochelatin (PC) synthesis  [  6  ] . 
The mitochondrial electron transfer chain of plant 
cells is thought to be one of the major targets of Cd 
toxicity and is the site of the most rapid Cd-induced 
ROS production  [  7  ] . Increased ROS production 
induces lipid peroxidation. Cd also inhibits water 
transport, causing proline accumulation as a con-
sequence of water stress  [  8  ] . 

 In nature, certain plants have been identi fi ed 
which have the potential to uptake heavy metals. 
At least 45 families have been identi fi ed to hyper-
accumulate heavy metal; some of the families are 
 Brassicaceae ,  Fabaceae ,  Euphorbiaceae ,  Aster-
aceae ,  Lamiaceae , and  Scrophulariaceae . Indian 
mustard ( B .  juncea ) is a high biomass, rapidly 
growing plant that has an ability to accumulate 
Ni and Cd in its shoots. It is a promising plant for 

phytoremediation  [  9  ] . Aquatic plants such as the 
 fl oating  Eichhornia crassipes  (water hyacinth), 
 Lemna minor  (duckweed), and Pistia have been 
investigated for use in rhizo fi ltration  [  10  ] . 
Recently, a fern  Pteris vittata  (Chinese brake 
fern) has been shown to accumulate as much as 
14,500 mg kg −1  arsenic in fronds without show-
ing symptoms of toxicity  [  11  ] . Corn, sun fl ower, 
and sorghum  [  12  ]  were found to be effective due 
to their fast growth rate and large amount of 
 biomass  [  13–  15  ] . Gardea-Torresdey et al.  [  16  ]  
have shown that alfalfa is a potential source of 
biomaterials for the removal and recovery of 
heavy metal ions. Pollution of the biosphere with 
the toxic metal has accelerated dramatically since 
the beginning of the industrial revolution  [  17  ] . 
The high cost of existing cleanup technologies 
led to the search for new cleanup strategies that 
have the potential to be low cost, low impact, 
visually benign, and environmentally sound. 
Phytoremediation is a new cleanup concept that 
involves the use of plants to clean or stabilize 
contaminated environments. This natural and 
environmental friendly technology is an effec-
tive, aesthetically pleasant, soil organism friendly, 
diversity enhancer  [  18–  20  ] , and more impor-
tantly, it is able to retain the fertility status of the 
soil even after the removal of heavy metals  [  21  ] . 
Cd accumulation in soil and water now poses a 
major environmental and human health problem 
which is in need of an effective and affordable 
solution. In our present study, we have evaluated 
 Pteris  sp., a member of  Pteridaceae  family, for 
hyperaccumulation. Fern species were selected 
for phytoremediation particularly for their lim-
ited role in food chain of herbivores and humans. 
   The objectives of our study were to screen local 
ferns for the purpose of phytoremediation; to 
study the time taken by the plants to ef fi ciently 
uptake the toxic heavy metal cadmium and the 
effects of cadmium on the plant physiology by 
assessing fresh weight, dry weight, percentage 
hydration, chlorophyll, and protein content; and 
to determine the levels of heavy metal tolerance 
and distribution in the plants tested using foliar 
absorption.  
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   Materials and Methods 

  Pteris  spp. were collected from the campus of 
St. Aloysius College, Mangalore, India, and 
washed under tap water to remove surface dirt 
and dead tissue. Fronds of approximate weight 
(80 g) were chosen for the experiment. Knop’s 
liquid media (KNO 

3
  – 200 mg l −1 ; MgSO 

4
 .7H 

2
 O 

– 200 mg l −1 ; KH 
2
 PO 

4
  – 200 mg l −1 ; Ca (NO 

3
 ). 

4H 
2
 O – 800 mg l −1 ) with pH 5.6 were prepared; 

50 ml of the medium was dispensed to each of 
the culture bottles and autoclaved. Test concen-
trations of cadmium chloride (CdCl 

2
 ), i.e., 50, 

100, 150, and 200 mM, were added to the auto-
claved media. The fronds were grown under 
controlled conditions on the media for a period 
of 7 days. Controls were maintained on Knop’s 
liquid media without the cadmium salt. 
Duplicates were maintained for each treatment. 
Two centimeter of the sample tissue was taken 
in time intervals of 24 h from the basal and tip 
portion of the treated and control fronds to study 
the physiological parameters affected as well as 
spatial distribution of cadmium salts in the 
fronds. 

   Determination of Fresh Weight 

 Fresh sample of uniform length of 2 cm from the 
treated and control fronds of  Pteris  sp. was 
weighed before and after the cadmium salt treat-
ment at regular time intervals. This was consid-
ered as the fresh weight of the sample.  

   Determination of Dry Weight and 
Estimation of Percentage Hydration 

 Weighed samples from the treated as well as con-
trol fronds were dried in an oven at 50°C. The 
weight was determined after complete drying for 
48 h. 

 Percentage hydration was calculated from the 
following formula   :

     ( )
(fresh weight dry weight)

% Hydration 100
fresh weight

-
= ´

     

   Estimation of Chlorophyll 

 Total chlorophyll content of the control- and 
stress-induced fern fronds was determined by 
 Arnon ’ s  method  [  22  ] . Two centimeter of fresh 
leaf sample was crushed in a microfuge tube with 
1 ml of 80% acetone. The sample was centrifuged 
at 10,000 rpm for 10 min and the supernatant was 
separated. The pellet was resuspended in acetone, 
crushed, and centrifuged and the  supernatants 
were pooled. The procedure was repeated till the 
residue was colorless. The volume was made up 
to 2 ml and the absorbance was taken at 663 nm 
and 645 nm for chlorophyll a and b respectively. 
Chlorophyll content was calculated from the for-
mulae given below:

     

663 645

645 663

645 663

mg chl a / g tissue 1 2.7 (A ) 2.69 (A )

( /1 ,000 )

mg chl b / g tissue  22.9 (A ) 4.68 (A )

( /1 ,000 )

Total chlorophyll  20.2 (A ) 8.02 (A )

( /1 ,000 )

V w

V w

V w

= -

´
= -

´
= +

´    
where  V  = total volume of the sample and 
 w  = weight of the sample  

   Extraction and Estimation 
of Protein Content 

 Fresh leaf samples were homogenized in 1.5 ml 
of buffer I (50 mM Tris–HCl (pH 7.5), 1 mM 
Na 

2
 EDTA (pH 8), 8 mM MgCl 

2
 , and 2% W/V 

2-mercaptoethanol) and centrifuged at a speed of 
12,000 rpm for 10 min at 4°C. The supernatant 
was collected and the precipitate was re-extracted 
with the same buffer and centrifuged at similar 
conditions. The supernatants were pooled 
together, and this formed the soluble protein 
extract. The precipitate was washed with 1 ml of 
buffer II (   50 mM Tris–HCl (pH 6.8)). Then, 0.5 ml 
of buffer III (50 mM Tris HCl buffer (pH 6.8), 
8 M urea, and 3.2% (w/v) SDS) was added to the 
pellet and incubated at 40 °C for 1 h. The sample 
was centrifuged at 12,000 rpm for 10 min at 4 °C 
and the supernatant was collected. This formed 
the insoluble protein extract. Absorbance for the 
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extracted proteins was taken at 700 nm using 
colorimeter. The concentration of the protein was 
estimated using Folin-Lowry’s method  [  23  ] .  

   Estimation of Proline 

 Hundred milligram of fresh tissue from each 
treatment was subjected to proline estimation as 
per Bates et al.  [  24  ] . Sample was extracted by 
homogenizing in 2 ml of 3% aqueous sulfosali-
cylic acid and  fi ltered through Whatman No. 2 
 fi lter paper. One milliliter each of glacial acetic 
acid and acid-ninhydrin was added to 1 ml of the 
 fi ltrate and was kept in the boiling water bath for 
1 h. The reaction was terminated by placing the 
tube in ice bath. Two milliliter of toluene was 
added to the reaction mixture and stirred well for 
20–30 s. The toluene layer was separated and 
brought to room temperature and the red color 
intensity was read at 520 nm. The amount of pro-
line in the control and treated samples was esti-
mated from the standard curve plotted using pure 
proline.  

   Sample Preparation for Heavy Metal 
Detection Using AAS 

 Two centimeter of leaf samples from the control 
and treated fronds was kept in an oven at 50 °C 
for drying till constant dry weight was obtained. 
The dried leaves were crushed with (1:1, v/v) 
HCl and HNO 

3
 . Crushed sample was kept in 

Borosil glass tubes for 2–3 days for acid diges-
tion. Digested sample was  fi ltered using Whatman 
 fi lter paper and the metal was estimated using 
atomic absorption spectroscopy (GBC 6000).  

   Statistical Analysis 

 The experiment was done as randomized block 
design. The data of all the experiments were sub-
jected to the analysis of variance (ANOVA) and 
subsequent least signi fi cant difference (LSD) to 
determine the signi fi cant difference between the 
treatments, position of the frond, and time 
 durations and their interactions. A correlation 
analysis ( P   £  0.05) or 95% con fi dence level was 
performed to study all the parameters.   

   Results and Discussion 

   Frond Growth Parameters 

 The fronds of  Pteris  sp. treated with different 
concentrations of cadmium did not show a con-
sistent pattern of increase in its fresh weight. The 
frond showed a slight increase in the fresh weight 
in 50-mM concentration and then gradually 
decreased and once again showed slight variation 
at 150-mM concentration (Table  16.1 ). The 
R-square value for the fresh weight is 0.568. The 
response of the tip region of the frond is higher 
compared to the basal portion in gaining fresh 
weight. Maximum increase in the fresh weight 
was observed after 24 h of the treatment 
(Table  16.2 ). As the time duration increased, 
there was a signi fi cant decrease in the fresh 
weight. There is a signi fi cant increase (R-squared = 
0.775) in the dry weight up to 150 mM of the Cd 
concentration, then slowly the dry weight has 
decreased (Table  16.2 ). The tip region has an 
increased dry weight than the basal region 
(Fig.  16.1 ); overall it has maintained a constant 
dry weight up to 7th day of the experiment. There 

   Table 16.1    In fl uence of the different concentrations of cadmium on the fern frond’s growth   

 Treatment  Fresh weight a   Dry weight a   % Hydration a, b  

 Control  10.800 ± 1.000  2.500 ± .238  62.570 ± 2.446 
 50 mM  8.750 ± 1.000  2.600 ± .238  58.389 ± 2.446 
 100 mM  10.400 ± 1.000  3.750 ± .238  50.707 ± 2.446 
 150 mM  6.200 ± 1.000  1.550 ± .238  58.542 ± 2.446 
 200 mM  9.750 ± 1.000  2.750 ± .238  55.686 ± 2.446 

   a Data shown is the mean of two replicates ± standard error (SE) 
  b Values have been adjusted as per arcsine transformation  
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is a signi fi cant effect of treatment and position on 
the percentage hydration of the fronds ( P  = 0.021 
and  P  = 0.000, respectively), whereas there is no 
substantial change with respect to the time dura-
tion. The tip region (55%) of the frond has less 
hydration than the basal region (65%).     

   Physiological Parameters 

   Chlorophyll Content 
 Among the photosynthetic pigments, different 
concentrations of Cd have signi fi cant effect on 
chlorophyll a, while there was no signi fi cant 
effect with respect to position of the frond and 
time duration. Chlorophyll b content has increased 
at 50 mM, then decreased, and gradually increased 
to maximum value (9.413 ± 0.679) at 150 mM. 
There was no differential response of chlorophyll b 

content in the basal and tip region of the frond. 
Maximum response of chlorophyll b content 
was after 72 h of the treatment (6.978 ± 0.679). 
Different concentration of Cd salt has signi fi cant 
effect on the total chlorophyll content. Total 
chlorophyll content is higher at a concentration 
of 150 mM on the 3rd day of the treatment 
(Fig.  16.2 ). The chlorophyll content was observed 
to decrease resulting in the wilting and fading of 
the fronds.    

   Protein Content 

 The study showed that soluble protein concen-
tration increased progressively at all the concen-
trations of Cd salt up to 7th day of the treatment 
both in the basal and tip regions of the frond. 
Insoluble protein was higher in the tip region and 

   Table 16.2    In fl uence of the time duration on the fresh weight, dry weight, and hydration of the fern fronds   

 Time duration  Fresh weight a   Dry weight a   % Hydration a, b  

 1st day  11.800 ± 1.000  3.100 ± .238  58.832 ± 2.446 
 2nd day  7.700 ± 1.000  2.000 ± .238  58.342 ± 2.446 
 3rd day  8.450 ± 1.000  3.150 ± .238  52.111 ± 2.446 
 5th day  8.350 ± 1.000  2.000 ± .238  61.234 ± 2.446 
 7th day  9.600 ± 1.000  2.900 ± .238  55.375 ± 2.446 

   a Data shown is the mean of two replicates ± standard error (SE) 
  b Values have been adjusted as per ar   csine transformation  
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  Fig. 16.1    Effect of treatment and position on dry weight       
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there was no uniform pattern with respect to the 
treatment of CdCl 

2
 . But the concentration of 

insoluble protein increased with time with a max-
imum value after 72 h of treatment. Total protein 
content increased signi fi cantly up to 72 h, and 
basal region of the frond has higher protein con-
tent at 150 mM (Fig.  16.3 ). Both the treatment 
and the time duration have a signi fi cant effect on 
the total protein content of the fern fronds 
(Fig.  16.4 ).    

   Proline Content 

 Increased proline concentration was observed at 
150 mM of Cd salt treatment up to 48 h irrespec-
tive of the position of the frond (Fig.  16.5 ). After 
72 h proline content decreased. On the 7th day, it 
showed a higher proline content indicating the 
tolerance level of the fronds to cadmium.   

   Cadmium Accumulation 

 Cadmium accumulation by the  Pteris  sp. frond 
was found to be concentration, position, and 
duration dependent. Maximum absorption was 
found just after 24 h of Cd salt treatment in the tip 
region of the frond at 200 mM.  Pteris  sp. can 
accumulate cadmium up to 90 mg kg −1  of the dry 
weight (dw) in the initial 24 h of the treatment. 
The tip region of the frond showed a higher accu-
mulation of 70 mg kg −1  dry weight of Cd than the 
basal region (Fig.  16.6 ). As the time progresses, 
there is a substantial decrease in the foliar 
 absorption of Cd.  

 Huang et al.  [  19  ]  justi fi ed that for an economi-
cal phyto-extraction process, plants should be 
able to accumulate at least 1% of the total heavy 
metal content present in the soil into their dry 
shoot biomass. Much progress has been made in 
the recent years in the mechanism, distribution, 
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and detoxi fi cation of heavy toxic metals from the 
hyper accumulators  [  6  ] . This forms an excep-
tional research material for further study of the 
genes involved in the phytoremediation process. 
Tissue-speci fi c gene expression, differential dis-
tribution of the heavy metal within the system, 
and regulation of protein levels and activities 
need to be studied extensively for ef fi cient appli-
cation of these hyperaccumulators on  fi eld trials. 

 It is evident from our study that  Pteris  sp. is 
responding to the abiotic stress given in the 
form of cadmium. There is no signi fi cant 
increase in the total chlorophyll content com-
pared to the control. Signi fi cant reductions were 
observed at higher concentrations of Cd and 
also at longer durations. This may be attributed 
to strong oxidation of the photochemical appa-
ratus in the plant  [  25  ] . 

 The increased levels of soluble proteins up 
to 7th day at all concentrations of Cd re fl ect 
that the fern fronds are in continuous metabolic 
state. Similar kind of results is observed in 
 Eleusine coracana  under water stress  [  26  ] . 
Total protein content was higher at low doses of 
Cd (Fig.  16.3 ). This initial increase in protein 
level could be attributed to the enzymatic anti-
oxidants that help the fern to recover from the 
oxidative stress. Stress proteins constitute various 
antioxidant enzymes and other enzymes involved 
in  glutathione (GSH) and phytochelatin (PC) 
biosynthesis including some heat shock pro-
teins  [  27  ] . But the high doses of Cd were found 
to decrease the total protein content after 72 h, 
and this may be due to Cd-induced oxidation of 
proteins, mediated by H 

2
 O 

2,
  and due to prote-

olytic activity  [  27  ] . Protein degradation and 
proteolytic activity have been proposed as an 
index of oxidative stress  [  28  ] . It is clear from 
our study (Fig.  16.5 ) that proline levels are high 
at a concentration of 150 mM of Cd even up to 
48 h, indicating that the ferns’ fronds can with-
stand up to 150 mM of Cd salt. This tolerance 
level could be higher when the whole fern is 
subjected to Cd stress. The accumulation and 
protective effect of proline have been observed 
in many higher plants and bacteria as well as 
protozoa, algae, and marine invertebrates  [  29  ] . 
The total amount of Cd accumulated is very 

high, i.e., 90 mg kg −1  dw at 24 h, and the tip 
region of the frond has stored maximum Cd (n). 
This could be due to the actively growing cells. 
From our study we have found that  Pteris  sp. is 
showing all the physiological adaptations of a 
plant under stress. Foliar absorption of around 
90 mg kg −1  dry weight of cadmium is a positive 
indication that  Pteris  sp. could be utilized for 
phytoremediation of cadmium. Chelating agents 
like EDTA will further enhance the accumula-
tion of Cd by these ferns.   

   Conclusions 

 In the present study, foliar absorption of cadmium 
by  Pteris  spp., was established. As the fronds toler-
ated 150 mM of Cadmium up to 3rd day ef fi ciently, 
our future research will be focused on the response 
of the entire fern system in  hydroponics and also 
on the enzymatic and nonenzymatic defense 
mechanism under cadmium stress. Further, the 
effect of chelating agents in enhancing the hyper-
accumulating property will be studied.  
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  Abstract 

 Arbuscular mycorrhizal (AM) fungi are recognised as an essential 
component of sustainable agricultural ecosystem. Keeping in view the 
importance of AM fungi, the present study was undertaken for assessing 
the AM fungal spore population dynamics in the rhizosphere soil and its 
colonisation as a function of seasonal variation in relation to soil physico-
chemical factors associated with eight crop plants collected from Nanded 
district, Maharashtra state, India. The major crop plants grown in these 
region includes  Glycine max ,  Saccharum of fi cinarum ,  Zea mays ,  Cajanus 
cajan ,  Gossypium sativum ,  Triticum aestivum ,  Sorghum vulgare  and 
 Cicer arietinum . Therefore, these crop plants were selected for the present 
study. The rhizospheric soil physico-chemical parameters included in this 
study are temperature, pH, electrical conductivity, alkalinity, % moisture, 
water holding capacity, organic matter, C, N, P, K, Na, Ca, Mg, Fe, Zn 
and Cu. The pH of soil samples was found to be alkaline. The electrical 
conductivity and alkalinity was observed to be high in summer and rainy 
season, respectively. The high amount of organic matter, organic C, N, P 
and Ca was recorded in rainy season. In all the three seasons, the percent-
age of root colonised by arbuscular mycorrhizal AM fungal propagules 
was found to be more in  Zea mays  as compared to other crop plants. The 
Pearson correlation coef fi cient data showed that the AM fungal spore 
density and percentage of root colonisation by native AM fungi varied 
signi fi cantly in crop plants and in fl uenced by soil edaphic factors. 
Signi fi cant negative correlation of mean spore density with temperature, 
electrical conductivity and K was recorded during winter and rainy sea-
son, and it was positive with Cu in winter season. The high degree of 
positive correlation of % root colonisation with pH, Zn and Cu was 
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   Introduction 

 Mycorrhizal fungi are ubiquitous, associated with 
almost all plants in nature and are important in agri-
culture and forestry for bidirectional nutrient trans-
fer  [  1,   2  ] . The external mycelium of arbuscular 
mycorrhizal (AM) fungi acts as an extension of host 
plant roots and serves as a direct link between roots 
and soil nutrient reserves  [  3  ] .    AM fungi play a major 
role in soil fertility and nutrient acquisition  [  4  ] , 
especially the uptake of phosphorus from the soil, 
and thereby enhance plant growth  [  5  ]  and yield, 
provide greater resistance to plant diseases  [  6  ]  and 
increased tolerance to drought  [  7  ] . The rhizosphere 
is a site of complex interactions between plants and 
microorganisms, where environmental factors such 
as soil physico-chemical parameters as well as ferti-
lisers or cultivation practices may have large effect 
on microbial communities. 

 It is now widely accepted that climatic and 
edaphic factors can substantially in fl uence AM 
fungi and their populations  [  8  ] . Rapid changes in 
soil nutrients may affect AM association and spore 
numbers  [  9  ] . Several edaphic factors, namely, tex-
tural class, soil pH, organic matter, soil moisture 
and nutrient levels, have been shown to affect spore 
germination, root colonisation and ef fi ciency of 
AM fungi  [  10,   11  ] . 

 AM colonisation varies with change of season. 
Seasonal effects also in fl uence the establishment of 
plants under  fi eld conditions, depending on the 
ef fi ciency of indigenous fungi. Therefore, it is 
essential to understand the nature of natural pro-
cesses that help to increase the crop yield and qual-
ity with more ef fi cient use of nutrient inputs and 

reduced need for pesticides. Despite the importance 
of mycorrhiza in agriculture and forestry, little 
work has been done regarding their seasonal varia-
tion with respect to soil edapho-climatic factors 
associated with the crop plants in Nanded district, 
Maharashtra, India. 

 Keeping these facts in mind, the present study 
was undertaken to elucidate the seasonal variation 
in AM root colonisation and spore population in 
relation to soil edaphic factors associated with eight 
crop plants in Nanded district.  

   Materials and Methods 

   Study Site 

 The present study sites are situated in Nanded dis-
trict, Maharashtra, India. All the sampling sites are 
agricultural lands of conventional farming types. 
Geographically, Nanded district is lying between 
18,015 ¢  to 19,055 ¢  North latitudes and 7,707 ¢  to 
78,010 ¢  East longitudes. The total geographical area 
of Nanded district is 10,760 km 2  that is 3.41% of the 
total area of the state. The district has 16 talukas. The 
average rainfall in the district is about 897.8 mm 
(35.34 in.). Physiography of the study region is 
uneven. Physiographically, Nanded district is 
divided into three broad divisions, namely, hilly 
region, plateau region and plain region. This region 
has black, lateritic and alluvial soils. Godavari is the 
main river of the study region which  fl ows west to 
east in the central part of the district. The climate in 
the district is hot and dry except the monsoon sea-
son. In the  fi eld survey, visit to the nearest agricul-
tural  fi elds in Nanded district includes villages such 

observed during winter and rainy season. However, it was negative with 
N and Ca content of soil. The regression analysis showed a signi fi cant 
positive correlation ( R  2  = 0.57,  y  = 7.69 x  + 6.47) between spore density 
and % root colonisation during rainy season. Therefore, this study sug-
gests that status of AM fungi in agricultural crop plants may be in fl uenced 
by season and soil edaphic factors.  

  Keywords 

 Crop plants  •  AM fungi  •  Soil parameters  •  Seasonal variation      
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as Wadepuri, Nageli, Shemboli, Barad, Pandharwadi 
and Wakad. The major crop plants grown in these 
region include  Glycine max ,  Saccharum of fi cinarum , 
 Zea mays ,  Cajanus cajan ,  Gossypium sativum , 
 Triticum aestivum ,  Sorghum vulgare  and  Cicer ari-
etinum . Therefore, these crop plants were selected 
for the present study.  

   Sample Collection 

 The rhizospheric soil samples and fresh roots were 
collected from agricultural crop plants ( Glycine max , 
 Saccharum of fi cinarum ,  Zea mays ,  Cajanus cajan , 
 Gossypium sativum ,  Triticum aestivum ,  Sorghum vul-
gare  and  Cicer arietinum ) during three seasons from 
various  fi elds. The soil samples were collected from 
10 to 30 cm depth. The temperature was recorded at 
the site of collection. All the samples were transported 
to the laboratory in polythene bags  [  12  ] .  

   Soil Analysis 

 The rhizospheric soil samples were analysed for 
pH, EC (electrical conductivity), moisture (%), 
alkalinity and water holding capacity  [  13  ] . 
Available phosphorus (mg/100 g) in soil was deter-
mined by the method of Ball-Coelho et al. (1993). 
Total carbon and organic matter was determined 
 [  14  ] . The level of mineralisable N was determined 
by Kjeldahl method  [  15  ] . Aqua regia (HNO 

3
 : 

HCl = 1:3) was used for the extraction of macronu-
trients (K, Ca and Mg) and micronutrients (Na, Fe, 
Zn and Cu). Amount of K and Na were measured 
by  fl ame photometer and Ca, Mg, Fe, Zn and Cu 
were measured by atomic absorption spectropho-
tometer from the soil extracts.  

   Estimation of VAM Infection 

 The collected root samples were properly washed 
in running tap water and cleared in a near-boiling 
10% aqueous solution of KOH for 48 h. Roots were 
stained in lactophenol cotton blue following sev-
eral washings in distilled water to drain out the 
KOH  [  16  ] . The stained roots were cut into 1-cm 

segments, and 80–100 such segments were picked 
up and examined under the microscope. AM 
 colonisation was determined by Nicolson’s for-
mula  [  17  ] : percent root colonisation = no. of root 
 segments colonised/total no. of root segments 
examined × 100.  

   Extraction and Enumeration of AM 
Fungal Spores 

 Extraction of AM fungal spores from soil was 
done by following the method outlined by 
Gerdmann and Nicolson  [  18  ] . Fifty gram of soil 
was dispersed in 500 ml water and decanted 
through a series of 710- to 38- m m sieves. Residues 
were  fi ltered through gridded  fi lter papers and all 
intact spores (noncollapsed spores with cytoplas-
mic contents free from parasitic attack) were 
counted using a dissection microscope at ×40 
magni fi cation. Sporocarps and spore clusters were 
considered as one unit.  

   Statistical Analysis 

 All the values were given as mean ± standard 
deviation (SD) of three replicates. Pearson’s cor-
relation coef fi cients were employed to determine 
the relationships of soil edaphic factors with AM 
colonisation and spore density. Furthermore, 
regression analyses were done to  fi nd out the 
variation of soil endomycorrhizal spore popula-
tions and AM root colonisation during three sea-
sons. These tests were performed using Microsoft 
Of fi ce Excel 2010 software.   

   Results 

   Soil Edaphic Factors 

 The mean values of soil physico-chemical charac-
teristics are presented in Table  17.1 , which vary 
signi fi cantly in all three seasons. The soil analyses 
revealed edaphic factors such as pH (8.18 ± 0.29), 
alkalinity (2.45 ± 1.23 meq/100 g), organic matter 
(1.59 ± 0.51%), water holding capacity (72 ± 3.93%), 
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C (0.925 ± 0.297%), N (35.67 ± 1.85 kg/ha), 
P (20.14 ± 1.8%) and Ca (2061.8 ± 78.86 mg/kg) 
were found to be elevated during monsoon season 
as compared to other seasons. However, during 
winter season, soil parameters, namely, moisture 
(27.59 ± 7.37%), Na (616.6 ± 21.54 mg/kg), Zn 
(166.6 ± 5.59 mg/kg) and Cu (112.5 ± 1.24 mg/kg), 
were higher. In summer season, higher values 
were obtained for temperature (33.13 ± 4.39°C), 
EC (502.17 ± 56.25  m s), K (2257.3 ± 37.94 mg/kg) 
and Fe (54,833 ± 117.7 mg/kg).   

   Seasonal Variations of Percentage 
of Root Colonisation and AMF Spore 
Density 

 AM root colonisation levels varied according to 
the crop plants and season (Fig.  17.1 ). The colo-
nisation rates were more in all crop plants dur-
ing monsoon season except  Gossypium sativum  
(74% in winter season). During monsoon 
season, highest root colonisation was observed 
in  Zea mays  (97.03%), followed by  Sorghum 

   Table 17.1    Seasonal variations in physico-chemical parameters of agricultural rhizospheric soil      

 Sr. no.  Soil parameters 
 Seasons 

 Winter  Monsoon  Summer 

 1.  Temperature (°C)  23.86 ± 2.69  23.38 ± 5.53   33 . 13  ±  4 . 39  
 2.  pH  8.09 ± 0.19   8 . 18  ±  0 . 29   7.77 ± 1.35 
 3.  EC ( m s)  35.69 ± 12.14  31.78 ± 16.91   502 . 17  ±  56 . 25  

 4.  Alkalinity (meq/100 g)  1.6 ± 0.31   2 . 45  ±  1 . 23   0.87 ± 0.112 
 5.  Organic matter (%)  1.25 ± 0.64   1 . 59  ±  0 . 51   1.37 ± 0.39 
 6.  Water holding capacity (%)  61.73 ± 10.67   72  ±  3 . 93   65.21 ± 4.4 
 7.  Moisture (%)   27 . 59  ±  7 . 37   20.46 ± 8.98  10.3 ± 4.18 
 8.  C (%)  0.72 ± 0.37   0 . 925  ±  0 . 297   0.8 ± 0.21 
 9.  N (kg/ha)  27.83 ± 1.413   35 . 67  ±  1 . 85   27.44 ± 1.294 

 10.  Available P (%)  4.4 ± 1.2   20 . 14  ±  1 . 8   4 ± 0.52 
 11.  K (mg/kg)  1876.9 ± 15.68  1952.31 ± 12.72   2257 . 3  ±  37 . 94  
 12.  Na (mg/kg)   616 . 6  ±  21 . 54   173.34 ± 10.32  83.245 ± 8.833 
 13.  Ca (mg/kg)  1874.2 ± 63.51   2061 . 8  ±  78 . 86   1078.8 ± 7.046 
 14.  Mg (mg/kg)  ND  ND  ND 
 15.  Fe (mg/kg)  17916.8 ± 49.6  5666.5 ± 12.46   54 , 833  ± 117.7 
 16.  Zn (mg/kg)   166 . 6  ±  5 . 59   133.31 ± 7.2  141.64 ± 5.241 
 17.  Cu (mg/kg)   112 . 5  ±  1 . 24   87.49 ± 1.0213  79.16 ± 1.849 

  Values are given as mean ± SD    ND -not detected. Highest values are emboldened among three seasons for each parameter.  
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  Fig. 17.1    Seasonal variation 
in percentage of AM root 
colonisation in eight crop 
plants       
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vulgare  (90%),  Cajanus cajan  (81.82%),  Glycine 
max  (75%),  Saccharum of fi cinarum  (70.12%), 
 Gossypium sativum  (65.4%),  Triticum aestivum  
(60%) and  Cicer arietinum  (45.69%). AM root 
colonisation in the form of arbuscule, vesicle, 
hyphae and occasionally intraradical spores was 
observed (Fig.  17.2 ). The density of AM fungal 

spores was estimated during all the three sea-
sons in rhizospheric soil samples of crop plants 
(Fig.  17.3 ). It was observed from the data that 
more number of spores (50 g −1  soil) recovered 
from all soil samples during winter season 
except  Saccharum of fi cinarum  (330 during sum-
mer season) and  Cicer arietinum  (643 during 

  Fig. 17.2    Root colonisation (40×) of various crop plants 
by AM fungi: ( a ) vesicular colonisation in  Zea mays ; ( b ) 
arbuscular and vesicular colonisation in  Gossypium sati-

vum ; ( c ) vesicular colonisation in  Saccharum of fi cinarum ; 
( d ) internal hyphal colonisation in  Sorghum vulgare ; ( e ) 
AM fungal spore attached to hyphae in  Cajanus cajan        
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monsoon season). The high spore density of AM 
fungi was observed in  Zea mays  (1,377), fol-
lowed by  Gossypium sativum  (1,359),  Glycine 
max  (1,250),  Cajanus cajan  (887),  Sorghum vul-
gare  (472) and  Triticum aestivum  (305) during 
winter season.      

   Relation Between AM Root Colonisation, 
AM Fungal Spore Density and Soil 
Parameters 

 Table  17.2  reveals seasonal variation in relation-
ship between AM root colonisation, spore density 
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  Fig. 17.3    Seasonal 
variation of AM fungal 
spore density per 50 g of 
rhizospheric soils of eight 
crop plants       

   Table 17.2    The correlation coef fi cient between soil parameters, percentage of root colonisation and AM fungal spore 
density   

 Sr no.  Soil parameters 

  r  Values 

 AM root colonisation   AM fungal spore density 
 Winter  Monsoon  Summer  Winter  Monsoon  Summer 

 1.  Temperature  0.297  0.051  0.076  0.6166  − 0 . 761 **  −0.1117 
 2.  pH  0.582   0 . 86 ***  −0.298  0.1277  0.1727  0.0843 
 3.  EC   −0.142  −0.121  −0.182  − 0 . 667 *  −0.6053  −0.3415 
 4.  Alkalinity  −0.068  −0.115  0.272  −0.3541  0.43014  −0.1757 
 5.  Organic matter  −0.22  −0.156  0.103  −0.1967  0.31722  0.0063 
 6.  Water holding 

capacity 
 −0.046  −0.205  −0.256  −0.1663  0.01883  0.31677 

 7.  Moisture  0.135  −0.045  −0.431  0.5275  0.1302  −0.2785 
 8.  C  −0.192  −0.157  −0.286  −0.1963  0.3146  0.16 
 9.  N  0.05868  0.34559  − 0 . 68 *  0.4644  0.24345  −0.489 

 10.  P  −0.046  −0.205  −0.256  −0.2563  0.7193  0.3676 
 11.  K  −0.5643  −0.3218  −0.4171  − 0 . 669 *  − 0 . 866 ***  0.0514 
 12.  Na  0.6244  0.4528  0.3704  0.0821  0.5553  0.6554 
 13.  Ca  −0.4438  − 0 . 825 ***  −0.1033  −0.5903  −0.5393  −0.1619 
 14.  Mg  ND  ND  ND  –  –  – 
 15.  Fe  0.2036  −0.1887  0.2742  0.2031  −0.0197  0.2472 
 16.  Zn   0 . 814 ***  −0.3545  −0.0723  0.2968  −0.6148  −0.3221 
 17.  Cu   0 . 772 **  0.0342  −0.0642   0 . 787 **  0.4632  −0.3199 

   ND  not detected. Emboldened values indicates strong correlation. 
 Statistical signi fi cance:  *  p  < 0.05;  **  p  < 0.02 and  ***  p  < 0.01  
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and different edapho-climatic factors. It is evi-
dent from the results that AM root colonisation 
was affected by Zn ( r  = 0.814,  p  < 0.01) and Cu 
contents of soil ( r  = 0.772,  p  < 0.02) during winter 
season. However, it was affected by soil pH 
( r  = 0.86,  p  < 0.01) and Ca levels ( r  = −0.825, 
 p  < 0.01) during monsoon season. The N content 
of soil was negatively correlated with AM root 
colonisation during summer season ( r  = −0.68, 
 p  < 0.05). Statistically nonsigni fi cant negative 
correlation was observed between available P and 
AM root colonisation in all three seasons.  

 During winter season, AM fungal spore density 
was negatively correlated with EC ( r  = −0.667, 
 p  < 0.05) and K ( r  = −0.669,  p  < 0.05) and positively 
correlated with Cu ( r  = 0.787,  p  < 0.02). Similarly, 
during monsoon season, it was negatively corre-
lated with soil temperature ( r  = −0.761,  p  < 0.02) 
and K ( r  = −0.866,  p  < 0.01) levels. During sum-
mer season, statistically nonsigni fi cant correla-
tions were observed between soil edaphic factors 
and spore density.  

   Relation Between AM Root Colonisation 
and AM Fungal Spore Density 

 The regression analysis showed that a strong positive 
correlation exhibited between AM colonisation and 
spore density during monsoon season ( R  2  = 0.5711, 
 y  = 7.6886 x  − 6.4702) as compared to that of winter 
( R  2  = 0.4409,  y  = 14.581 x  − 51.528) and summer 
season ( R  2  = 0.1549,  y  = 8.2116 x  − 181.16) (Fig.  17.4 ).
Discussion- 
 AM fungi have been described as ‘keystone mutual-
ists’ in ecosystems due to their unique position at the 
root-soil interface. In order to more fully understand 
the basic ecology of AM fungi and their role in natu-
ral ecosystems, it is necessary to document seasonal 
changes of various aspects of these fungi. Despite 
the importance of these soil fungi in various ecosys-
tems, few studies exist that examine the seasonality 
of different variables of AM fungi which are directly 
related to ecosystem functions. The present study 
was undertaken in order to examine the seasonal 
dynamics of several soil parameters with speci fi c 

  Fig. 17.4    Regression analyses of soil endomycorrhizal spore populations and AM root colonisation during winter ( a ), 
monsoon ( b ) and summer ( c ) seasons       
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interest to determine AM root colonisation and AM 
fungal spore density in the rhizosphere of  Glycine 
max ,  Saccharum of fi cinarum ,  Zea mays ,  Cajanus 
cajan ,  Gossypium sativum ,  Triticum aestivum , 
 Sorghum vulgare  and  Cicer arietinum . 

 It is evident from the data that there is a wide 
range of seasonal variation in soil edaphic factors 
in the crop plants studied. During monsoon season, 
soil parameters such as pH, alkalinity, organic mat-
ter, water holding capacity, C, N, P and Ca were 
found to be elevated.    It may be due to the fact that 
plant receives enough water and moisture and 
experiences good rainfall and average temperatures 
during monsoon season  [  19  ] . The AM root coloni-
sation rates were more in all crop plants during 
monsoon season. Similar results were obtained in 
previous study  [  20  ] . The maximum root colonisa-
tion in  Withania somnifera  was observed during 
late rainy season. The high density of AM fungal 
spores was estimated during winter season in rhizo-
spheric soil samples of crop plants. It is af fi rmed 
from the results that AM sporulation and root colo-
nisation have seasonal dynamics, which is directly 
or indirectly in fl uenced by different intervals of 
year. The seasonal changes and different range of 
spore density and root colonisation are due to a 
wide range of hosts. Sporulation and root colonisation 
of AM fungi have been found to be host dependent 
and this is probably one of the reasons that the 
plants under study have shown different results 
when compared. de Oliveira and de Oliveira  [  21  ]  
have reported that maximum sporulation and colo-
nisation of AM fungi were registered in rainy sea-
son in case of  Theobroma grandi fl orum  Schum and 
 Paullinia cupana  Mart. Similar  fi ndings were 
observed in present study where maximum coloni-
sation and sporulation were reported in  Zea mays  
during monsoon and winter seasons, respectively. 
The maximum sporulation in this season could be 
correlated with the fact that during this period, most 
photosynthate is allocated to roots and rhizomes, 
which help fungal symbionts to produce more 
spores  [  22  ] . The higher root colonisation may be 
attributed to the capacity of AM fungi to obtain 
higher pro fi ts and growth at abundant rainfall. 

 The data of Pearson correlation coef fi cients 
showed that signi fi cant correlation between soil 
edapho-climatic factors and AM root colonisation 

sporulation. AM root colonisation was found to be 
negatively in fl uenced by temperature, EC, Ca, N, 
K and P content of soil. It is in agreement with the 
earlier  fi ndings  [  23,   24  ] , which reported the distri-
bution and ecology of AM fungi in  Citrus  nurseries 
and spatio-temporal variations of AM fungi in 
papaya plantations. Wu et al.  [  25  ]  reported 
signi fi cant negative correlation between per cent 
root colonisation and soil available soil P content 
indicating that lower available P could accelerate 
the colonisation on  Citrus  roots.    In the present 
study, AM spore population was found to have 
seasonal variation with low-moderate levels of 
phosphorus similar to the results of several 
workers. The overall growth rate of AM fungi in 
the present soils correlated with P-de fi cient soils. 
When plants have high nutrient availability, a 
negative response and low AMF spore population 
should be expected  [  26  ] . 

 Regression analysis revealed that AMF colo-
nisation and spore density were found to be posi-
tively correlated, which is consistent with the 
 fi nding of Nadarajah and Nawawi  [  27  ]  and 
Muthukumar et al.  [  28  ] . Spore production of AM 
fungi is known to vary greatly in different eco-
systems, and it is thus in fl uenced by an array of 
factors such as environment, host and fungus and 
spore density, which tends to decrease during 
root growth but increases during root inactivity or 
senescence  [  29  ] . Zhao et al.  [  30  ]  suggested that 
the uneven spatial distribution of AM fungal 
spores and the complex structure of the under-
ground root component could be major factors 
affecting spore density of AMF.   

   Conclusions 

 The present study reveals the status of AM fungi 
associated with eight crop plants which are com-
monly cultivated in Nanded district. It is evident 
from the data that variations in AM fungal spore 
density and colonisation may be related with seasonal 
changes, type of host plant and dynamics of soil 
edaphic factors. More detailed research is required 
for a better understanding of seasonal variations in 
AM fungal species composition and diversity asso-
ciated with crop plants.      
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  Abstract 

 Tuberculosis (TB) is the biggest killer among infectious diseases 
 worldwide, with nearly two million deaths every year. The excessive use 
of antibacterial drugs has resulted in the emergence of multiple drug-resis-
tant varieties of Mycobacterium. Resistance to the most widely used drugs, 
isoniazid and rifampicin, and other second-line drugs has become a major 
challenge for the treatment and control of TB globally. Resistance to drugs 
is partly due to single-nucleotide polymorphisms in speci fi c genes of 
 Mycobacterium tuberculosis . Mainly, nine genes are known to be associ-
ated with resistance to  fi rst-line drugs: rpoB for RIF resistance; pncA for 
pyrazinamide (PZA); katG, inhA, aphC, and kasA for INH; rpsL and rrs 
for streptomycin (STR); and embB for ethambutol (EMB) resistance. In 
many cases, mutations in these genes cause structural modi fi cations in the 
target proteins which in turn modify target–drug interactions. The present 
study is aimed at investigating the relationship between single-nucleotide 
polymorphisms (SNPs) which are prevalent in India and consequent struc-
tural changes in tuberculosis targets. As the  fi rst part, structural basis of 
resistance to one of the most widely used front-line drugs isoniazid (INH) 
was studied. The primary target of INH inhibition is the cell wall mycolic 
acid synthesis pathway in which INH inhibits enoyl-ACP reductase 

      Computational Studies on Structural 
Basis of Isoniazid Resistance 
in Tuberculosis       
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   Introduction 

 According to the WHO, one-third of the world’s 
population is currently infected with tuberculosis 
bacteria (nine million in 2010). Persons infected 
with human immunode fi ciency virus (HIV) are 
more likely to have tuberculosis than HIV-
negative individuals. The WHO has reported 26 
deaths among 185 incidents per 100,000 popula-
tions of HIV negatives in India in the year 2010. 

 Drug resistance is a major threat in the treat-
ment of tuberculosis. Coinfection with 
 Mycobacterium tuberculosis  and HIV (TB/HIV), 
and multidrug-resistant (MDR) and extensively 
drug-resistant (XDR) tuberculosis, increases the 
severity of infection. The failure to ensure regular 
treatment with high-quality existing drugs and the 
fact that only a few drugs to treat TB are available 
make the drug resistance dreadful. The last new 
treatments for TB were developed before 28 years. 
In the treatment of TB, second-line drugs are 
more expensive and are administrated intrave-
nously. Chances of side effects and long duration 
of treatment are the shortcomings in such cases. 

 Mainly, nine genes are known to be associ-
ated with resistance to  fi rst-line drugs: rpoB for 

RIF resistance; pncA for pyrazinamide (PZA); 
katG, inhA, aphC, and kasA for INH; rpsL and 
rrs for streptomycin (STR); and embB for 
ethambutol (EMB) resistance. INH was  fi rst 
reported to be an effective anti-tuberculosis 
drug in 1952. Increases in INH-resistant and 
multidrug- resistant  tuberculosis jeopardize drug 
effectiveness  [  1,   2  ] , and development of INH 
resistance is often a  fi rst step in multidrug resis-
tance  [  3,   4  ] . 

 The present study is focusing on resistance 
due to single-nucleotide polymorphisms in 
speci fi c genes of  Mycobacterium tuberculosis . 
These mutations can confer selective advantages 
on the bacterial populations, especially in case 
of survival in the presence of antibiotics. Lots 
of neutral mutations are seen to be present in 
 Mycobacterium tuberculosis  strains, but muta-
tions are signi fi cant only if they are expressed. 
Severity of tuberculosis varies in different 
patients.  Mycobacterium tuberculosis  encounter-
ing the human hosts with individual immune sys-
tems needs to modulate their virulence associated 
biological factors accordingly to survive within 
the host. Drug resistance itself makes the organ-
ism in a better position to survive within the 
hostile intracellular environment. 

enzyme (InhA). Single-nucleotide polymorphisms in InhA at multiple 
positions confer resistance to INH. To investigate the structural basis of 
resistance to INH, common mutations in InhA found in India were com-
putationally modeled into the target structure (PDB ID: 2NV6). After  in 
silico  mutagenesis, the conformations were  optimized and were subjected 
to energy minimization in steepest descent. Analysis of the mutated 
 structures and their binding sites revealed interesting variations in the 
 conformations especially in critical residues involved in ligand binding. 
Isoniazid was then computationally docked with the mutated target struc-
tures to investigate modi fi cations in target–ligand interactions. The changes 
in binding modes and interactions compared to the native structure were 
documented. This information will be instrumental in future design of 
more potent INH derivatives/novel inhibitors with better binding activity 
on mutant strains.  

  Keywords 

 Drug resistance  •  Single-nucleotide polymorphisms  •  Computational 
docking      
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 In many cases, mutations in speci fi c genes 
cause structural modi fi cations in the target pro-
teins which in turn modify target–drug interactions. 
The combination of genomics and bioinformatics 
has the potential to generate the information and 
knowledge that will enable the conception and 
development of new therapies and interventions 
needed to treat this airborne disease. 

 MDR-TB has resulted in fatal outbreaks in 
many countries  [  5  ] . The condition is more deadly 
for both HIV-negative and HIV-positive  individuals 
 [  6  ] . The primary target of INH inhibition is the 
cell wall mycolic acid synthesis pathway in which 
INH inhibits enoyl-ACP reductase enzyme 
(InhA). Single-nucleotide polymorphisms in InhA 
at multiple positions confer resistance to INH. 

 Understanding of the molecular aspects of 
SNP–drug resistance relationships, structural 
modi fi cations and protein–drug interactions that 
are occurring in InhA will be pivotal in develop-
ing new resistance-resistant new anti-tubercle 
drug targets.  

   Materials and Methods 

 Isoniazid is the  fi rst drug that had been effective 
against TB. InhA (PDB Id: 2NV6), one of the 
most important targets of INH, is the protein of 
present study. To understand the structural basis 
of isoniazid resistance, SNPs which are prevalent 
in India were computationally induced to the 
native structure. Stable conformers of the mutated 
structure were subjected to interact with the 
ligand. Analysis of these interactions revealed 
instrumental details. 

   In Vitro Mutagenesis 

 Mutations at target protein were induced compu-
tationally on the resident protein structure. 
Mainly four mutations (S94A, H121V, M147T 
and M161V) were found to be prevalent in India. 
All the chosen mutations were SNPs. Swiss PDB 
Viewer was the tool used to alter the amino acid 
residues. Energy minimization of the mutated 
structures was carried out using GROMACS.  

   Drug–Target Interactions 

 To understand the target–ligand interactions hap-
pening in drug-resistant strains, docking analysis 
of each mutated structures with known ligand 
was performed in GOLD. Original ligand 
(CID_449263) was docked against the active site 
of each mutated protein.   

   Results and Discussion 

   Mutation at S94A 

 Figures  18.1 – 18.4  show the best pose of ligand 
bound to S94A, H121V, M147T and M161V. 
Analysis of interaction between ligand and S94A 
clearly revealed the differences in hydrogen 
bonds and short contacts from that of the native 
protein. 2NV6 interacts with ligand via three 
H-bonds – GLY 192, PHE 41 and ILE 194. 
Mutated structure S94A had shown same number 
of H-bonds with the ligand but with different 
residues [(2)ILE 95 and GLY 96]. The change 
was noticeable even in the case of short contacts. 
Seven short contacts were present in 2NV6. 
The number was higher in the mutated struc-
ture. Out of 11 short contacts in the mutated 
 residue, GLY14 (length 2.16) was present in 
common. GOLD score of this mutation (−1843.58) 
was lower than that with the native protein 
(Table  18.1 ).       

   Mutation at H121V 

 Interaction of this mutated structure with ligand 
had shown an RMSD of −1839.28, which was 
lower than the native protein. Compared to the 
3H-bonds in the native protein–ligand interac-
tion, this mutation could generate only 2H-bonds 
(GLY 96 and PHE 41). H-bond at PHE41 was 
common in both but with little difference in length 
– 2.962 in native protein and 3.07 in mutated one. 
Number of short contacts was 9 in mutated struc-
ture. Some of the short contacts were the same as 
that of the un-mutated structure (MET 199, GLY 
14 and GLY 40).  
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  Fig. 18.1    Best pose of ligand bound to S94A       

  Fig. 18.2    Best pose of ligand bound to H121V       
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  Fig. 18.4    Best pose of ligand bound to M161V       

  Fig. 18.3    Best pose of ligand bound to M147T       
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   Table 18.1    Hydrogen bonds and short contacts in the best poses of each mutation   

 Site of 
mutation 

 Name of 
residue 

 Number of 
hydrogen bonds 

 Length of 
H-bonds  Residue 

 Number of 
short contacts  Length of short contacts 

 M147T  ASP 148  1  2.145 
 PHE 95  1  2.957  THR 147  2  2.242, 2.395 
 GLY 96  1  2.545  ILE 95  5  2.542, 2.041, 1.822, 

2.150, 2.217 
 ILE 95  1  3.043  GLY 14  1  1.972 

 S94A  ALA 94  1  2.217 
 ILE 21  3  2.085, 2.150, 2.516 
 GLY 192  2  2.150, 2.584 
 PHE 194  1  1.908 

 ILE 95  2  2.729, 2.642  GLY 212  1  2.447 
 GLY 96  1  2.782  SER 94  3  2.717, 2.555, 2.476 

 GLY 14  1  2.16 
 ILE 95  1  2.426 
 PHE 41  2  2.177, 2.700 

 H121V  ILE 21  2  2.682. 1.823 
 MET 199  1  1.768 

 GLY 96  1  2.81  GLY 96  1  2.528 
 PHE 41  1  3.07  GLY 14  4  2.031, 2.389, 2.244, 2.336 

 GLY 40  1  2.141 
 M161V  PRO 193  1  2.21 

 ILE 21  1  2.672  ILE 21  1  1.85 
 THR196  1  2.982  ALA 94  2  1.880, 2.480 

 ILE 16  2  2.380, 2.209 
 2NV6 (native 
protein) 

 GLY 40  1  2.203 
 GLY192  1  3.057  GLY 14  2  2.163, 2.636 
 PHE 41  1  2.962  ILE 16  1  2.381 
 ILE 194  1  2.356  THR 196  1  2.012 

 MET 199  1  1.751 
 ILE 194  1  2.269 

   Mutation at M147T 

 Analysis of interaction of ligand with this mutated 
structure also revealed a reliable GOLD score 
(−1831.94). Even though the number of H-bonds 
was same as compared to the native structure, 
none of the residues were the same in the forma-
tion of H-bonds. Thirteen short contacts were 
present between the ligand and the mutated tar-
get. H-bond from GLY 14 was seen in both.  

   Mutation at M161V 

 Among the four mutations made, only this one had 
a greater GOLD score than the native structure 

(−1857.36). The number of H-bonds with the 
protein and ligand was 2. Short contacts were 6 
in number. Only ILE 16 was seen as common in 
mutated and un-mutated structures.   

   Conclusions 

 Study on structural basis of isoniazid resistance 
had provided a number of instrumental details. 
Comparison of ligand–target interactions has 
provided essential data regarding the basis of 
resistance of isoniazid. Some of the bonds were 
unique in certain mutations but some were com-
mon in both mutated and un-mutated structures. 
There are changes in binding modes of residues 
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in ligand–target interactions, when compared 
with the native structure. This information will be 
instrumental in future design of more potent INH 
derivatives/novel inhibitors with better binding 
activity on mutant strains. This study may pave 
way for treating INH-resistant strains and thereby 
the complete eradication of TB in future.      

      References 

   1.    Fang Z, Doig C, Rayner A, Kenna DT, Watt B, Forbes 
KJ. Molecular evidence for heterogeneity of the multi-
ple-drug-resistant  Mycobacterium tuberculosis  popu-
lation in Scotland (1990 to 1997). J Clin Microbiol. 
1999;37:998–1003.  

   2.    Weis SE, Pogoda JM, Yang Z, Cave MD, Wallace C, 
Kelley M, Barnes PF. Transmission dynamics of tuber-
culosis in Tarrant County, Texas. Am J Respir Crit 
Care Med. 2002;166:36–42.  

   3.    Alland D, Kalkut GE, Moss AR, McAdam RA, Hahn 
JA, Bosworth W, Drucker E, Bloom BR. Transmission 

of tuberculosis in New York City. An analysis by DNA 
 fi ngerprinting and conventional epidemiologic methods. 
N Engl J Med. 1994;330:1710–6.  

   4.    Filliol I, Motiwala AS, Cavatore M, Qi W, Hazbón 
MH, Bobadilla del Valle M, Fyfe J, Garcia-Garcia L, 
Rastogi N, Sola C, Zozio T, Guerrero MI, León CI, 
Crabtree J, Angiuoli S, Eisenach KD, Durmaz R, 
Joloba ML, Rendón A, Sifuentes-Osornio J, de Ponce 
Leon A, Cave MD, Fleischmann R, Whittam TS, 
Alland D. Global phylogeny of Mycobacterium tuber-
culosis based on single nucleotide polymorphism 
(SNP) analysis: insights into tuberculosis evolution, 
phylogenetic accuracy of other DNA  fi ngerprinting 
systems, and recommendations for a minimal standard 
SNP set. J Bacteriol. 2006;188:759–72.  

   5.    Snider DE, Roper WL. The new tuberculosis. Engl J 
Med. 1992;326:703.  

   6.    Frieden TR, Sterling T, Pablos-Mendez A, Kilburn JO, 
Cauthen GM, Dooley SW. The emergence of drug-
resistant tuberculosis in New York City. N Engl J Med. 
1993;328:521–6.  

   7.    Cummings MP, Segal MR. Few amino acid positions 
in rpoB are associated with most of the rifampicin 
resistance in Mycobacterium tuberculosis. BMC 
Bioinformatics. 2004;5:137.      



159A. Sabu and A. Augustine (eds.), Prospects in Bioscience: Addressing the Issues, 
DOI 10.1007/978-81-322-0810-5_19, © Springer India 2013

    S.   Shiburaj   (*)
     Cell and Molecular Biology Lab, Department 
of Biology ,  Dalhousie University ,   1355 Oxford Street , 
 Halifax ,  N.S   B3H 4R2 ,  Canada  

   Jawaharlal Nehru Tropical Botanic Garden 
and Research Institute ,   Palode, Thiruvananthapuram , 
 Kerala ,  695 562 ,  India    
e-mail:  drshiburaj@gmail.com  

     S.   Preethi  
     Department of Fisheries (Government of Kerala) ,
  Vikas Bhavan ,  Thiruvananthapuram , 
 Kerala ,  695 033 ,  India  
  e-mail: preethi fi sheries@gmail.com    

  19

  Abstract 

 The application of molecular techniques to the study of microbial diversity 
has changed the face of microbial ecology and opened a new era of micro-
bial molecular ecology. Actinomycetes are gram-positive bacteria fre-
quently  fi lamentous and sporulating with rich G + C content varying from 
57 to 75%. These soil microorganisms are well known for their ability to 
produce a wide variety of secondary metabolites, many of which have 
potent biological activities. Actinomycetes, particularly  Streptomyces  
spp., account for approximately half of the known biologically active 
microbial products, including many commercially important antibiotics, 
immunosuppressive compounds, animal health products and agrochemi-
cals. We have isolated and screened several actinomycete strains from the 
forest soils of Neyyar Wildlife Sanctuary of Kerala state, India for their 
antimicrobial potential. The strains with promising antibacterial/antifun-
gal properties were characterised following a polyphasic approach, 
employing molecular and conventional taxonomic tools. The phylogeny 
and extracellular antimicrobial properties of few potential actinomycete 
isolates, namely,  Streptomyces atroolivaceus  TBG-28S1A46 (MTCC 
4148), S.  clavifer  TBG-MNR13 (MTCC 4150),  S .  setonii  TBG-19NRA1 

      Phylogenetic Analysis of Few 
Actinobacteria with Potential 
Antimicrobial Properties, Isolated 
from the Forest Soils of Western 
Ghats of Kerala       

     Sugathan   Shiburaj       and    Sreenivasan   Preethi      
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   Introduction 

 Actinomycetes are gram-positive bacteria forming 
branching  fi laments with spore-bearing structures 
and having high G + C (>55%) content in their 
DNA. They are most popularly considered as 
boundary or transition microorganisms having 
morphological and developmental similarities 
with certain higher fungi but have more charac-
ters of bacteria in cell wall chemistry, susceptibility 
to bacterial phage and antibacterial compounds, 
with phylogenetic relationships to gram-positive 
bacteria  [  1  ] . Actinomycete members form a large 
and important segment of the micro fl ora of most 
natural environments and have a remarkable 
place in modern science as the largest producer 
of bioactive metabolites. 

 The discovery of actinomycin in 1940 and that 
of streptomycin in 1943 has been pivotal to the 
exploration of soil microorganisms as a source of 
new lead molecules. The microbial products, 
especially those from actinomycetes, have been a 
phenomenal success for the past seven decades. 
During the Golden Age of antibiotic discovery, in 
the 1950s and 1960s, such well-known antibacte-
rial drugs as tetracycline, erythromycin and kana-
mycin, antifungal agents like candicidin and 
nystatin and anticancer drugs such as adriamycin 
were discovered through the efforts of academic 
and industrial researchers. After 1970, the rate of 
discovery of useful compounds declined progres-
sively, although several important agents never-
theless came to light, including the antihelmintic 
avermectin, the immunosuppressants rapamycin 
and tacrolimus (FK506) and the natural herbicide 
bialaphos. Thus, actinomycetes have proved to be 
a sustained mine of novel antibiotics, which selec-
tively destroys the pathogens without affecting 
the host tissues. The versatility and immense 
economic value of anti-infective compounds are 
extremely noteworthy, as it has a turnover of over 

US$79 billion in 2009, includes about 166 antibi-
otics and derivatives, most of which are produced 
by actinomycetes  [  2  ] . Actinomycetes continue to 
play a highly signi fi cant role in drug discovery 
and approximately 22,500 biologically active 
compounds that have obtained from microbes, 45% 
are produced by actinomycetes, 38% by fungi and 
17% by unicellular bacteria  [  3  ] . Within the actino-
mycetes, members of the genus  Streptomyces  
account for 70–80% of secondary metabolites, 
with smaller contributions from genera such as 
 Actinoplanes ,  Amycolatopsis ,  Micromonospora  
and  Saccharopolyspora   [  4  ] . 

 Although thousands of antibiotics have been 
isolated from  Streptomyces  and related organ-
isms, these represent only a small fraction of the 
repertoire of bioactive compounds produced  [  5  ] . 
Therefore, isolation and screening of actinomy-
cetes from natural resources and characterization 
of their secondary metabolites is a valuable 
endeavour. Western Ghats in south Kerala is one 
of the 12 mega diversity centres in the world and 
considered as ‘hot spots’ of biodiversity  [  6  ] . 
Neyyar Wildlife Sanctuary is located in the western 
slope of the Southern Western Ghats of Kerala, 
with a vegetation of tropical evergreen and moist 
deciduous forests. This report describes the isola-
tion and characterization of actinomycete strains 
producing antibacterial and antifungal secondary 
metabolites from soil samples collected from 
different spots of Neyyar WLS.  

   Materials and Methods 

   Isolation of Actinomycetes 

 The soil samples were collected aseptically from 
the study area at a depth of 6–12 in. The soil 
samples were air-dried in a hot air oven at 45°C 
for 1 h to reduce the proportion of bacteria other 

(MTCC 3756) and  Streptosporangium nondiastaticum  TBG-75A20 
(MTCC 4149), are discussed in this communication.  

  Keywords 

 Antimicrobial  •  Streptomyces  •  Streptosporangium  •  16s rDNA sequence      
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than actinomycetes  [  7  ] . Actinomycete strains 
were isolated and obtained as pure culture by 
using standard dilution plate technique using 
   glucose-aspargine-agar plates supplemented with 
cycloheximide at a concentration of 100  m g/ml 
 [  8  ] . After an incubation of 7–9 days at 27 ± 1°C, 
the actinomycete colonies were carefully counted 
by visual observation, and colony-forming units 
per gram (cfu/g) of soil were determined. Single 
spore cultures of actinomycetes were preserved 
on yeast-extract-glucose-agar slants at 4 °C for 
2 months and at −20 °C in the presence of glycerol 
(15%v/v) for longer periods.  

   Screening for Antibiotic Activity 

 The isolates were screened for antibacterial and 
antifungal properties. Preliminary screening for 
antibiotic activity of the isolates was done by 
using streak-plating technique on yeast-extract-
glucose-agar medium. Each pure isolates were 
streaked individually on different agar plates in a 
single line. The plates were then incubated at 
32°C for 5 days to allow the isolates to secrete 
antibiotics into the medium. After the incubation 
period, the properly diluted test organisms were 
cross-streaked along the line of fully grown 
isolates. Each streaking was started near the edge 
of the plates and streaked towards the actinobac-
teria growth line. The plates were then incubated 
for 18 h at 37°C, and the zone of inhibition was 
measured. 

 The isolates showing activity in the preliminary 
screening were further checked to determine the 
ef fi ciency of producing antibiotic substances. 
Five-day-old inoculums were prepared in 20 ml 
tryptone-yeast extract broth in 100-ml Erlenmeyer 
 fl asks and inoculated to 100 ml antibiotic sensi-
tivity broth and in 250-ml Erlenmeyer  fl asks  [  9  ] . 
The  fl asks were incubated at room temperature 
(28 ± 1°C) on a rotary shaker at 120 rpm for 
5 days. The culture  fi ltrates were collected after 
incubation and were analysed separately for anti-
microbial activity following Oxford agar cup-plate 
method using yeast-extract-glucose-agar plates. 
The diameters of inhibition zone were measured 
after an incubation period of 24 h for bacterial 

strains and 3 days for fungal strains at a tempera-
ture of 28 ± 1°C. The experiments were done in 
triplicates and the antimicrobial activity of the 
isolates were scored in terms of average diameter 
(mm) of inhibition zones and categorised accord-
ing to average inhibition zone as strong (>25 mm), 
moderate (15–25 mm) and weak (<15 mm).  

   Test Organisms 

 Six test organisms were used to test the antibiotic 
activity of the isolates, including standard bacteria 
(gram positive and negative) and non fi lamentous 
fungi. The bacterial strains,  Staphylococcus aureus  
subsp.  aureus  MTCC 740,  Bacillus subtilis  MTCC 
441,  Pseudomonas  fl uorescens  MTCC 103, 
 Escherichia coli  MTCC 443 and the fungal strains 
 Candida albicans  MTCC 221,  Saccharomyces 
cerevisiae  MTCC 36 were obtained from Microbial 
Type Culture Collection and Gene Bank (MTCC), 
Institute of Microbial Technology (IMTECH), 
Chandigarh. The bacterial strains were maintained 
as live pure cultures on nutrient agar slants and 
nutrient broth at suitable incubation conditions by 
periodical subculturing. The fungal strains are pre-
served in    Sabouraud’s agar slants and Sabouraud’s 
broth under suitable incubation conditions.  

   Identi fi cation of Potential Isolates 

 Various cultural, physiological and biochemical 
characteristics of the isolates showing potential 
antimicrobial activities were studied according 
to the methods described in International 
 Streptomyces  Project  [  10  ]  and Bergey’s manual 
 [  11  ] . Micromorphology was determined by phase 
contrast microscopy and scanning electron micro-
scope (SEM) following cover slip culture method 
on ISP-2 agar medium  [  12  ] . 

 For 16s rDNA homology studies, the producer 
strain was grown on ISP-2 agar. Total genomic 
DNA preparation was carried out using the pro-
cedure described earlier  [  13  ] . The 16s ribosomal 
DNA was ampli fi ed using the primers 8-27 F, 
5 ¢ -AGAGTTTGATCCTGGCTCAG-3 ¢  and 1495R 
5  ¢  - C TAC G G C TAC C T T G T TAC G A - 3  ¢  . 
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Ampli fi cation was performed in automated 
thermocycler (MJ Research) using 30 ng of 
genomic DNA as template with 10 pmol of each 
primers, 1U of Taq DNA polymerase and the rec-
ommended buffer system, in a 25  m l reaction vol-
ume. The PCR programs were carried out at 
95 °C for 3 min, followed by 35 cycles of 95 °C 
for 1 min, 56 °C for 50 s, 72 °C for 1 min and 
72 °C for 10 min for elongation. The PCR prod-
ucts were resolved by electrophoresis on 1% aga-
rose gels. The fragments of interest were excised 
and then puri fi ed by QIAEX II Gel Extraction Kit 
(Qiagen, USA) and sequenced in an automated 
sequencer (ABI Prism) with 8-27 F primer. A 
BLAST (NCBI) homology search was performed 
with the resultant sequence. The 16S rDNA 
sequences of the strains were aligned manually 
using the Clustal W program  [  14  ]  against corre-
sponding nucleotide sequences of similar strains 
retrieved from GenBank. Evolutionary distance 
matrices were generated as described by Jukes 
and Cantor  [  15  ] , and a phylogenetic tree was 
inferred by the neighbour-joining method  [  16  ] . 
Tree topologies were evaluated by bootstrap 
analysis  [  17  ]  based on 1,000 resamplings of the 
neighbour-joining dataset, and a phylogenetic 
tree was constructed using TREECON® software 
package  [  18  ] .   

   Results and Discussion 

   Isolation, Screening and Grouping of 
Antagonistic Actinomycetes 

 The  fi nding of new bioactive compounds is a 
never-ending process to meet the everlasting 
demand for novel biomolecules with antimicro-
bial properties in order to contest human and 
plant pathogens. This study was performed with 
an aim of isolating actinomycete strains with 
antimicrobial activities using the selective isola-
tion media from virgin forest soils. Seventy-four 
different actinomycete strains were isolated 
from nine soil samples collected from different 
locations of Neyyar Wildlife Sanctuary. All of 
these strains were isolated by using glucose-
asparginate-agar (GAA) media supplemented 

with cycloheximide (100  m g/ml) to inhibit fungal 
growth. The GAA media is very speci fi c for the 
isolation of actinomycetes and most of the 
 Streptomyces  and related organisms grow well 
on this medium. 

 The colony-forming units (cfu/g) were deter-
mined by counting the colonies on the dilution 
plates. Maximum average number of colonies 
(24.57 × 10 6  cfu/g soil) was obtained in the soil 
collected from the evergreen forest habitat. While 
that in deciduous forest soils is 17.864 × 10 6  and 
15.986 × 10 6  in grass land samples. The forests of 
Neyyar Wildlife Sanctuary of Kerala state are 
rich in biodiversity  [  6  ] . The habitat wise correla-
tions of the region show that the evergreen forest 
soil is rich in actinomycetes  fl ora, evidenced from 
the number of organisms per gram of soil and the 
maximum number of isolates as compared to 
other habitats. 

 All the isolated actinomycete strains were 
made into pure cultures and screened for their 
antibacterial activity on yeast-extract-glucose-
agar medium using streak-plating technique. A 
broad spectrum of antimicrobial activity was 
observed in 52.7% (39 out of 74) of the total pure 
isolates. This indicates that actinomycetes are the 
potential candidates for broad range antimicro-
bial metabolites, which may be the results from 
natural selection of the microorganisms in order 
to survive in a competing environment. Recent 
exploration studies conducted in various parts of 
the world considered that virgin forest soils are 
still continuing as excellent sources for the isola-
tion of actinomycetes particularly  Streptomyces  
with diverse potential  [  19–  21  ] . Remarkably, 
majority of the isolates obtained from this study 
were morphologically similar to  Streptomyces  
species. Many works of the actinomycetes ecol-
ogy also showed the widespread occurrence of 
 Streptomyces  in soil in any region  [  22,   23  ] . 

 The isolates showing antimicrobial activity in 
the preliminary screening were grown in antibiotic 
sensitivity broth for 5 days at room temperature 
on a rotary shaker (120 rpm). The culture  fi ltrates 
(100  m l) were analysed separately for antimicro-
bial activity following Oxford agar-cup-plate 
against the test organisms. Among the 39 isolates 
analysed, 4 isolates designated as TBG-28SA46, 
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TBG-MNR13, TBG-19NRA1 and TBG-75A20 
exhibited strong antimicrobial activity with an 
average inhibition zone >25 mm against gram-
positive, gram-negative bacteria and fungi 
(Fig.  19.1 ). Thirteen isolates were shown to be 
moderately active (average inhibition zone of 
15–25 mm) and 22 were weak (average inhibi-
tion zone of <15 mm) in activity.   

   Morpho-Physiological Characteristics 
of the Selected Strains 

 Culture characteristics of strains were derived on 
the basis of observations made after 7 and 14 days 
of incubation on different ISP media. The colony 
morphology, aerial mass colour, reverse colony 
colour and pigmentation were noticed after 7–14 
days of growth at 28 °C following International 
 Streptomyces  Project (ISP) method. The mor-
phology of mycelia and spore bearing structures 
were observed under a phase contrast microscope 
(Nikon Optiphot-II). Based on morphological 
and microscopical characters, the isolates were 
grouped into different genera. The morpho- 
physiological characters of the strains are sum-
marised in Table  19.1 . According to the cultural 
observations, the isolates TBG-28SA46, TBG-
MNR13 and TBG-19NRA1 grew well on ISP-2, 
ISP-5 and ISP-6 media forming leathery greyish 
to white, elevated colonies. The microscopic 

observation shows that these three isolates are 
forming separate aerial and vegetative mycelium 
with long spore chains (conidial chains) on aerial 
mycelia.  

 The spore chain morphology is considered as 
one of the important characteristics in the 
identi fi cation of  Streptomyces , and it greatly 
varies among the species. On cell wall analysis, 
LL-diaminopimelic acid (LL-DAP) was 
observed as major cell wall peptidoglycan in 
these isolates. Based on these characters, the 
three isolates were identi fi ed as  Streptomyces  
spp. The isolate TBG-75A20 showed leathery, 
elevated, orange-red colonies in all the media. 
The strain showed the presence of small globose 
sporangia on aerial mycelia. The cell wall is 
having meso-diaminopimelic acid (meso-DAP). 
Based on these characters, the isolate TBG-
75A20 is identi fi ed as  Streptosporangium  sp.  

   Comparative 16S rDNA Analysis 

 The comparison of 16s rRNA sequences is a 
powerful tool for deducing phylogenetic and 
evolutionary relationships among bacteria and 
actinomycetes. The advantages of 16S rRNA 
sequences for phylogenetic studies have been 
discussed extensively     [  24,   25  ] . PCR-ampli fi ed 
16S rDNA of TBG-28SA46, TBG-MNR13, 
TBG-19NRA1 and TBG-75A20 were sequenced 
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  Fig. 19.1    Antimicrobial activity of mycelia free culture 
 fi ltrate of isolates with strong activity (*average inhibi-
tion zone >25 mm diameter) *100 m l of cell free culture 
 fi ltrates were assayed against test organisms using 

Oxford agar-cup method. The activity was scored in 
terms of diameter inhibition zones against each test 
organisms and average value calculated for each of the 
actinobacteria       

 



164 S. Shiburaj and S. Preethi

and analysed for the similarities using BLAST 
(NCBI). Almost complete (around 1,500 bp) 
16S rRNA gene sequences determined in this 
study and retrieved from the GenBank databases 
were aligned using the CLUSTAL X software. 
The TREECON® software package for con-
struction and drawing of evolutionary trees was 
used to construct a phylogenetic tree. Distances 
were  calculated and an evolutionary distance 
matrix was constructed according to the Jukes 
and Cantor method with insertions and deletions 
taken into account, and tree topology was inferred 
by neighbour-joining method. The NCBI-BLAST 
search program showed that the sequence data 
of TBG-28SA46 had high identity (98%) to those 
of  Streptomyces atroolivaceus . Strains TBG-
MNR13 and TBG-19NRA1 displayed high 

similarity towards  Streptomyces clavifer  and 
 Streptomyces setonii , respectively, while TBG-
75A20 showed 98% similarity to  Streptos-
porangium nondiastaticum . The evolutionary 
trees were drawn using the neighbour-joining 
method (Fig.  19.2 ).  

 Based on the 16s rDNA sequence similarity 
analysis and morphological characters, the isolate 
TBG-28SA46 is identi fi ed as  Streptomyces atrooli-
vaceus  (MTCC 4148), TBG-MNR13 as  S .  clavifer  
(MTCC 4150), TBG-19NRA1 as  S .  setonii  (MTCC 
3756) and TBG-75A20 as  Streptosporangium 
nondiastaticum  (MTCC 4149). The reference cul-
tures of these isolates were deposited to Microbial 
Type Culture Collection and Gene Bank (MTCC), 
Institute of Microbial Technology (IMTECH), 
Chandigarh, India.   

   Table 19.1    Morphological and physiological characters of selected actinomycete isolates with potential antimicrobial 
activity   

 TBG-28SA46  TBG-MNR13  TBG-19NRA1  TBG-75A20 

 Aerial mycelia 
colour 

 White to light 
grey 

 Grey  White to light 
grey 

 Pinkish 
brown 

 Vegetative 
Mycelia colour 

 Yellow brown  Yellow brown  Yellow brown  Red orange 
to brown 

 Soluble 
pigments 

 Absent  Absent  Absent  Absent 

 Spore chain 
type 

  Rectus 
 fl exibilis  

  Rectus 
 fl exibilis  

  Rectus 
 fl exibilis  

 Absent 

 No. of spores/
chain 

 >20  >20  >20  Nil 

 Sporangia  Absent  Absent  Absent  Present, 
globose 

 Cell wall 
peptidoglycan 

 LL-DAP  LL-DAP  LL-DAP  Meso-DAP 

 Melanin 
production 

 Positive  Negative  Negative  Negative 

 Growth 
temperature (°C) 

 10–36  10–36  10–36  10–42 

 Carbon sources 
utilised 

 L-arabinose  L-arabinose  Dextran  L-arabinose 
 D-glucose  D-fructose  D-fructose  D-fructose 
 L-rhamnose  D-glucose  D-galactose  D-galactose 

 Inositol  D-lactose  D-glucose 
 D-mannose  D-mannitol  D-mannose 
 L-rhamnose  D-mannose  D-mannitol 
 Sucrose  L-rhamnose  D-raf fi nose 
 D-xylose  Trehalose  D-xylose 
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   Conclusions 

 It can be concluded that the forest soils of 
Neyyar Wildlife Sanctuary are rich in actinomy-
cetes  fl ora and are of the richest sources of 

potential antimicrobial metabolites.    More than 
50% of the actinomycetes were isolated with 
antimicrobial activities against pathogenic 
bacteria and non fi lamentous fungi. Among 
the different actinomycete cultures obtained 
from this sanctuary, the isolates  Streptomyces 

  Fig. 19.2    ( a – d ) Neighbour-joining trees constructed 
using TREECON software, based on 16s rDNA sequences, 
showing the relationship with selected isolates, retrieved 
from GenBank databases. The numbers at the nodes indi-
cate the levels of bootstrap support based on 1,000 resa-

mpled datasets; only values over 80% are given. 
Evolutionary distances were calculated to the Jukes and 
Cantor method with insertions and deletions taken into 
account.  Bar  denotes 0.2-nt substitutions per nucleotide 
position         

 



166 S. Shiburaj and S. Preethi

Fig. 19.2 (continued)

atroolivaceus  TBG-28S1A46,  Streptomyces 
clavifer  TBG-MNR13,  Streptomyces setonii  
TBG-19NRA1 and  Strep to sporangium nondia-
staticum  TBG-75A20 showing potential antimi-
crobial activity in vitro against gram-positive 
and gram-negative bacteria and non fi lamentous 
fungi. In view of the decline in the discovery of 
new lead compounds in recent years, further 

investigations on these isolates would lead to 
some useful products.      
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  Abstract 

 Lectins are carbohydrate-binding and cell-agglutinating proteins of  nonimmune 
origin. Lectins are used to isolate glycoproteins and follow alterations in glyco-
part of glycoconjugates in pathological conditions such as cancer. In this study 
we isolated and characterized proteins from bovine and goat serum that sugar-
speci fi cally bound to jackfruit seed agglutinin (Jacalin). Jacalin is an  a -galactose-
speci fi c lectin from the seeds of jackfruit ( Artocarpus heterophyllus ). Jacalin 
coupled to Sepharose (Jacalin-Sepharose) was packed to a volume of 0.5 ml in 
a Pasteur pipette. Serum (3 ml) was loaded on to the column and washed with 
phosphate buffered saline (PBS), pH 6.5 containing 0.15 M NaCl, (PBS 6.5) 
and bound proteins eluted with 0.15 M D-galactose in PBS 6.5. Isolated pro-
teins were separated by SDS-PAGE and bands cut out and proteins identi fi ed 
by mass spectrometry. Six protein bands were visualized when the proteins 
isolated from bovine serum were subjected to SDS-PAGE. Out of these, four 
major bands were identi fi ed by mass spectrometry, and they were found to be 
inter-alpha-trypsin inhibitor heavy chain H4 precursor (104.7 kDa), factor XIIa 
inhibitor precursor (79.43 kDa), alpha-2-HS-glycoprotein precursor (Fetuin-A) 
(66.07 kDa) and apolipoprotein A-I precursor (Apo   -AI) (28 kDa). From goat 
serum by af fi nity chromatography on Jacalin-Sepharose column, we obtained 
seven protein bands (125.89, 117.49, 104.71, 97.72, 83.18, 66.07 and 27 kDa). 
Some of these bands (117.49, 104.71, 66.07 and 27 kDa) are having the similar 
molecular weight counterparts in bovine serum. It is intriguing that one of the 
proteins identi fi ed (Apo-A1) is a non-glycosylated protein. Apo-A1 is a protein 
component of high-density lipoprotein (HDL). Since direct recognition of 
Apo-A1 by Jacalin has been ruled out, it is possible that glycoconjugates asso-
ciated with Apo-A1 may mediate its binding to the lectin. Such glycoconjugates 
reported in the literature include lipopolysaccharides and transferrin. Further 
investigations on this phenomenon are ongoing.  

      Binding of Apolipoprotein A-1 
to Jacalin-Sepharose 
in a Sugar-Dependent Manner          

     P.   Priya    and    V.  M.   Kannan         
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   Introduction    

 Lectins are sugar-binding proteins of nonimmune 
origin that agglutinates cells or precipitates glyco-
conjugates  [  1  ] . Jackfruit seed agglutinin (Jacalin) 
is a  a - D-galactoside-speci fi c lectin isolated from 
jackfruit seed ( Artocarpus heterophyllus )  [  2  ] . 
Jacalin is a tetrameric two-chain lectin (molecular 
mass 65 kDa) combining a heavy  a  chain of 133 
amino acid residues with a light  b -chain of 20–21 
amino acid residues. It is highly speci fi c for the 
 a -O-glycoside of the disaccharide Thomsen-
Friedenreich antigen (Gal  b 1-3 Gal NAc), even in 
its sialylated form. Jacalin has been used as a 
valuable tool for speci fi c capturing of 
O-glycoproteins such as mucins and IgA1  [  3  ] . 
Jacalin showed high af fi nity for T-antigen (Core-
1) and Tn-antigen (alpha N-acetylgalactosamine)-
attached peptides. It has wide application in 
immunological research and used as a tool in can-
cer research and in purifying  a -D-galactoside-
containing glycoconjugates. 

 Generally, glycoproteins bind to lectin col-
umn, but some non-glycosylated proteins also 
bind to lectin columns. Apolipoprotein A-1 (Apo-
A1) is a non-glycosylated protein. Apo-A1 is the 
major protein component of HDL lipoprotein and 
represents ~1% of the total protein content of 
plasma. It is a single polypeptide chain with a 
molecular weight of 28 kDa  [  4  ] . Apo-A1 is syn-
thesized in liver and small intestine. Intestinal 
enterocyte secretes chylomicrons which also 
contains Apo-A1 but is quickly transferred to 
HDL in blood stream  [  5  ] . Apolipoprotein A1 has 
speci fi c role in lipid metabolism, where it partici-
pates in reverse transport of cholesterol from tis-
sues to the liver for excretion by promoting 
cholesterol ef fl ux from tissues and by acting as a 
cofactor for lecithin cholesterol acyltransferase 
(LCAT) which forms cholesteryl esters in HDL. 
Apo-A1 Milano is a naturally occurring mutant 
of Apo-A1, found in a family descended 
from a single couple of the eighteenth century. 

Paradoxically, carriers of this mutation have very 
low HDL cholesterol levels, but no increase in 
the risk of heart disease. Defects in Apo-A1 cause 
coronary artery disease (CAD), Tangier disease, 
amyloidosis, etc.  [  6  ] .  

   Materials and Methods 

 Bovine and Goat blood were collected from local 
slaughter houses. Blood was allowed to clot. 
Serum was collected by centrifugation at 
2,000 rpm for 10 min in a clinical centrifuge. The 
collected serum was stored at −20°C until use. 
Jacalin-Sepharose was a generous gift from the 
Department of Biochemistry,    Sree Chitra Tirunal 
Institute for Medical Sciences and Technology, 
Thiruvananthapuram. D-galactose was obtained 
from Sigma Chemicals, St. Louis, USA. All other 
reagents used were of analytical grade. 

   Isolation of Jacalin-Binding Proteins 
from Serum 

 Isolation of Jacalin-binding proteins from serum 
was done by af fi nity chromatography on Jacalin-
Sepharose. Jacalin-Sepharose was packed in a 
Pasteur pipette to a volume of 0.5 ml. The column 
was washed (5 column volumes) with phosphate 
buffered saline, pH 6.5 containing 150 mM NaCl 
(PBS 6.5). Three-millilitre serum was loaded onto 
the column slowly, and then washed the column 
with PBS 6.5 until the  fl ow through becomes pro-
tein free. The bound proteins were eluted with 
PBS 6.5 containing 0.15 M D-galactose. Two hun-
dred and  fi fty microlitre fractions were collected 
and checked for the presence of protein using 
Bradford’s reagent. Protein-containing fractions 
were pooled or individual fractions were used for 
electrophoresis. The column was regenerated by 
washing with 5 column volumes of 2 M NaCl fol-
lowed by 10 column volumes of PBS 6.5.  

  Keywords 

 Apolipoprotein-A1  •  Jacalin  •  Bovine serum  •  Goat serum      
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   Separation of Jacalin-Binding Proteins 

 Protein-containing fractions were pooled and 
bound proteins separated by 10% sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE)  [  7  ] .  

   Determination of Molecular Weight 
of Jacalin-Binding Proteins 

 Molecular weights of the Jacalin-binding protein 
bands were determined from SDS-PAGE. For    this 
log, molecular weight versus relative mobility of 
the molecular weight standards were plotted, and 
from the mobility of Jacalin-binding proteins, their 
molecular weight was calculated.  

   Identi fi cation of Proteins 

 After SDS-PAGE, gels were stained with  colloidal 
Coomassie dye without  fi xing, and protein bands 
were sliced out and identi fi ed by mass spectrom-
etry at University of Munster, Germany.   

   Results and Discussion 

   Identi fi cation of Jackfruit Seed 
Agglutinin-Binding Proteins 
from Bovine Serum 

 Af fi nity chromatography of bovine serum on 
Jacalin-Sepharose column yielded six polypep-
tides on SDS-PAGE with molecular weights 
117.49, 104.71, 79.43, 66.07, 35.48 and 28 kDa 
(Table  20.1 , Fig.  20.1a, b ). On mass spectrometric 
identi fi cation, they were found to be  inter-alpha-

trypsin inhibitor heavy chain H4  precursor 
(104.7 kDa), factor XIIa inhibitor  precursor 
(79.43 kDa), alpha-2-HS-glycoprotein precursor 
(Fetuin-A) (66.07 kDa) and apolipoprotein A-I 
precursor (Apo-AI) (28 kDa). Of these, Fetuin-A 
was the most abundant protein band.   

 Interestingly, one of the proteins (Apo-A1) 
bound to Jacalin-Sepharose is a non-glycosylated 
protein. Apo-A1 is a protein component present 
in high-density lipoprotein (HDL). Since direct 
recognition of Apo-A1 by Jacalin has been ruled 
out (2011)  [  8  ] , it is possible that glycoconjugates 
associated with Apo-A1 may mediate its binding 
to the lectin. Such glycoconjugates reported in 
the literature include lipopolysaccharides and 
transferring  [  9  ] . Further investigations on this 
phenomenon are ongoing.  

   Jacalin-Binding Proteins from Goat 
Serum 

 Seven protein bands were observed on SDS-PAGE 
of Jacalin-Sepharose-binding proteins from goat 
serum (125.89, 117.49, 104.71, 97.72, 83.18 and 
66.07 kDa and 27 kDa). Of these, four are similar 
in molecular weight to that of proteins from 
bovine serum (117.49, 104.71, 66.07 and 28 kDa), 
and these may represent conserved proteins in 
two related organisms.   

   Conclusions 

 Though Apo-A1 is a non-glycosylated protein, it 
is possible that glycoconjugates associated with 
Apo-A1 may mediate its binding to the lectin. 
Four of the proteins from bovine and goat serum 
are similar in molecular weight which may 

   Table 20.1    Four major Jacalin-Sepharose-binding proteins from bovine serum identi fi ed by mass spectrometry   

 Protein 
 Molecular weight calculated 
from SDS-PAGE (kDa) 

 Molecular weight reported from 
mass spectrometry data (kDa) 

 (1) Inter-alpha-trypsin inhibitor heavy 
chain H4 precursor 

 104.71  102.08 

 (2) Factor XIIA inhibitor precursor  79.43  51.69 
 (3) Alpha-2-HS-glycoprotein precursor  66.07  38.39 
 (4) Apolipoprotein A-1 precursor  28  30.26 
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 represent similar proteins conserved in two 
related organisms. This protocol making use of 
lectin af fi nity chromatography in combination 
with mass spectrometry will be helpful in identi-
fying proteins indirectly binding to af fi nity col-
umns. Also, this protocol is useful in identifying 
altered proteins in pathological conditions like 
cancer and thereby helping in designing better 
diagnostic/prognostic or treatment strategies.      
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  Abstract 

 The coffee quality, either of arabica ( C .  arabica  L. var. arabica) or robusta 
( C .  canephora  Frohener. var. robusta) is an outcome of genetic behaviours 
performed under various environmental conditions and post-harvest pro-
cessing techniques. The combination of these factors in an appropriate 
proportion produces the coffee quality to the degree of merit. Therefore, to 
study the genotypic in fl uence on beverage quality and its relationship with 
morphological traits, 15 F 

1 
 arabica hybrids were experimented at Coffee 

Research Sub Station, Chettalli, Kodagu District, Karnataka, India. The 
morphological parameters were recorded and correlated with the coffee 
quality parameters assessed by the Coffee Board, Quality Control Division, 
Bangalore. Results indicated the superiority in cup quality of an interspeci fi c 
hybrid progeny of an arabica variety ‘Cauvery’ (Catimor) × (CxR) a 
robusta cultivar among all the hybrids and graded as ‘specialty coffee’ by 
the tasters. Sln.5B × Sln.9 scored the second place in quality rating param-
eters. Though, the other crosses such as Sln.6 × Cauvery, Tafarikela × S.4179 
(Catimor progeny) and Sln.5B × S.795 had good liquor aroma, body acidity 

      Morphological Basis for 
Identi fi cation of Cup Quality 
Characteristics in F 

1 
 Hybrids Derived 

from  Coffea arabica  L. 
Crosses       

     Anil   Kumar      ,    S.   Ganesh   ,    K.   Basavraj   ,    M.  K.   Mishra,    
and      Jayarama      
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   Introduction 

  Coffea arabica  and  Coffea canephora  var. robusta 
are two commercially cultivated species in the 
several coffee growing countries, and arabica is 
well known for its superior beverage quality over 
robusta, while robusta has gained more popularity 
due to its tolerance to major diseases and insect 
pest like coffee leaf rust, CBD, white stem 
borer, and nematodes. This behaviour of robusta 
prompted the coffee scientists to integrate these 
robusta genes into arabica cultivars through 
interspeci fi c hybridization  [  1  ] . Undoubtedly, 
considerable quantum of success was achieved 
and several resistant arabica cultivars, namely, 
‘Sln.6’, ‘Sln.5’ (in India), ‘Icatu’ (in Brazil) and 
‘Columbia’ (in Columbia), and some others were 
evolved  [  2,   3  ] . Simultaneously, deterioration in 
beverage quality was also realized in arabica-
robusta hybrids  [  4  ] . The liquor prepared out of 
arabica beans possesses all the characteristics of 
a high-quality coffee that is globally acceptable, 
while the other species like  canephora ,  congen-
sis ,  liberica  and the species of low economic 

importance could not overtake arabica in its quality 
performance. Various species contain various 
levels of chemical constituents in the coffee 
beans. Among these, caffeine content in the beans 
plays a crucial role in quality determination  [  5  ] . 
Apart from this, bean density equally in fl uences 
the cup quality of the particular variety  [  6  ] . Since 
cup quality is dependent on genetic and environ-
mental factors and the interaction of both  [  7,   8  ] , 
the environmental factors such as climate, soil 
type, altitude, agronomic practices, post-harvest 
processing and roasting temperature are undoubt-
edly responsible for production of quality coffee 
 [  9,   10  ] . A desirable genotype with inherent quality 
characteristics and favourable environment  [  11  ]  
and role of certain precursors responsible for 
formation of aroma compounds upon roasting 
at ambient temperatures  [  10  ]  collectively upgrade 
the quality standards. Several works carried out 
on quality aspects indicate that the desirable taste 
of a coffee variety is its inherent trait that forms 
the quality after passing through the various cir-
cumstances commonly known as environmental 
conditions. 

and other components but indicated low  fl avour intensity. The progeny of 
Sln.9 × Sln.11 recorded the lowest rank among the F

 1
  progenies probably 

due to introgression of diploid genes from liberica coffee being one of the 
parents in evolution of Sln.11. An interesting  fi nding revealed that the 
plants with thick stem produced low  fl avour, and the thick primary induced 
low acidity in the cup. Besides this, internodal length, leaf length and 
breadth and size of fruit cluster exhibited positive correlation with other 
quality parameters like mouthfeel, aftertaste,  fl avour and overall as well as 
with 100 bean weight. The F 

1
  hybrids derived from the parents with 

robusta genetic background expressed lower acidity in the liquor. The 
 fi ndings of the present study revealed that the coffee plant with its inherent 
quality characteristics could easily be identi fi ed based on its phenotypic 
parameters such as stem girth, thickness of the primary branches, inter-
nodal length, leaf size and tightness of the fruit cluster. Further, the study 
also widened the scope to use these traits as quality markers to produce 
coffee to the consumers’ choice through genetically blended arabica and 
robusta varieties rather than physical blends of beans of both the 
varieties.  

  Keywords 

 Coffee quality  •  Morphological traits  •  Hybrid progenies  •  Correlation      
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 Roche  [  8  ]  observed that bean size was not the 
indication of a good cup quality and found no 
strong relationship between bean size and cup 
quality. His  fi nding is against the belief that larger 
the bean size and superior the quality of a cup. 
Present study was undertaken to evaluate the F 

1
  

progenies of various arabica crosses for beans and 
cup characteristics and its relationship with mor-
phological characters. The in fl uence of seasonal 
variation and involvement of different parent cultivars 
in the crosses on cup uniqueness was also studied.  

   Materials and Methods 

 The study was carried out during 2008–2009 and 
2009–2010 on 15 F 

1
  progenies derived from 

Dwarf × Tall, Tall × Dwarf and Tall × Tall crosses 
established during 1997–1998 at Coffee Research 
Sub Station, Chettalli, Kodagu District, Karnataka, 
India, with an objective to relate the morphologi-
cal traits with bean density and cup quality param-
eters. This research station is located at an 
elevation of about 3,000 ft receiving an average 
annual rainfall of 60 in., temperature range of 
10–30°C and 40–90% relative humidity (RH). 

 Data on morphological characters such as bush 
spread, stem girth, primary thickness, internodal 
length, leaf length and breadth and number of 
fruits per cluster were recorded in four replica-
tions using seven numbers of plants per replica-
tion. Similarly, fruit length and breadth were also 
observed. Three samples were drawn from a lot 
of each progeny to determine 100 bean weight of 
‘A’ grade size. Experiment was conducted follow-
ing RBD and analysed statistically. The coffee 
samples representing all 15 F 

1
  populations were 

prepared through wet processing method, and 
cup quality was evaluated by the Quality Control 

Division, Coffee Board, Bangalore. The marks 
awarded for each quality parameters, namely, 
aroma/fragrance, body, acidity, mouthfeel, after-
taste,  fl avour and overall, were subjected to corre-
lation analysis. All the F 

1
  crosses were grouped into 

three classes, namely, Dwarf × Tall, Tall × Dwarf 
and Tall × Tall, and each class possesses  fi ve cross 
combinations. The results obtained are presented 
in tabular form separately for each group of  fi ve 
crosses. Similarly, the results on cup quality and 
its relation with morphological characters were 
exhibited graphically.  

   Results and Discussion 

 Among the  fi ve crosses of Dwarf × Tall cultivars, 
Cauvery × (CxR) exhibited the highest score of 
7 points for aroma/fragrance and 6.5 for other 
parameters such as body, mouthfeel, aftertaste, 
 fl avour and overall. While acidity was high-
est in Cauvery × Tafarikela cross, this has got 
a score of 6.5 points followed by 6.0 points in 
Cauvery × Devamachy progeny. Cauvery × (CxR) 
progeny scored 5.5 points for acidity that was on par 
with the points awarded to Cauvery × S.881 (Rume 
Sudan arabica) and Cauvery × Sln.9 (Table     21.1 ). 
Cup quality assessment for two seasons indicated 
high consistency only in liquor aroma/fragrance 
in Cauvery × Devamachy, but not in other charac-
ters. Besides this, Cauvery × (CxR) progenies also 
showed consistency in aroma, body, mouthfeel, 
aftertaste and overall, but acidy and  fl avour were 
not found consistent. Though, Cauvery × Tafarikela 
cross expressed steadiness in aroma, but other 
characters varied with the seasonal variations. The 
expressions of stability in body, acidity, mouthfeel, 
aftertaste and overall were noticed in F 

1
  genera-

tion of Cauvery × S.881cross combination. Similar 

   Table 21.1    Cup quality ratings in F
1
 hybrids of Dwarf × Tall crosses (mean of 2 years   )   

 Sl. no.  Dwarf × Tall crosses  Aroma/fragrance  Body  Acidity  Mouthfeel  Aftertaste  Flavour  Overall 

 1  Cauvery × Sln.9  5.8  5.8  5.5  5.3  5.3  5.3  5.3 
 2  Cauvery × S.881  6.3  6.0  5.5  5.0  5.0  5.3  5.0 
 3  Cauvery × Devamachy  6.5  5.8  6.0  5.3  5.3  5.3  5.3 
 4  Cauvery × Tafarikela  6.5  6.0  6.5  5.5  5.5  5.3  5.5 
 5  Cauvery × (CxR)  7.0  6.5  5.5  6.5  6.5  6.0  6.5 
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trend was found in Cauvery × Sln.9 progeny also. 
Although both the crosses scored 5.5 (above aver-
age) points for acidity, they had consistency. This 
trend of regularity in cup characteristics indicated 
the genotypic in fl uence, while variability in score 
pointed out environmental in fl uence on coffee beans.  

 In the second group of crosses between 
Tall × Dwarf, Tafarikela × S.4179 and Sln.5B × 
Cauvery expressed highest score of 6.5 for 
aroma, while liquor body was same in all 
the crosses. Sln.5B × Cauvery recorded the 
higher level of acidity with the score of 6.3 
points, whereas mouthfeel and aftertaste was 
on par with Tafarikela × S.4179 progeny which 
achieved 6.0 (good) points. Subsequently, 
superiority of Sln.5B × Cauvery was noticed 
over other crosses for  fl avour. The overall rat-
ing was highest in Tafarikela × S.4179 cross 
combination (Table  21.2 ). As a whole, the 
performance on cup quality and consistency 
was superior in Tafarikela × S.4179 over other 
crosses in this group. However, S.881 × Cauvery, 
Sln.9 × Cauvery and Sln.5B × Cauvery progenies 
exhibited balanced cup without much seasonal 
variations in the cup characteristics except 
Sln.6 × Cauvery (Table  21.2 ). Although,  fl avour 
component was weak (5.5) but above average 
in Tafarikela × S.4179 hybrid as compared to the 

other components of this hybrid, yet it showed 
higher degree of seasonal stability with higher 
level of aroma as compared to the remaining 
crosses of the same group. This behaviour of 
Tafarikela × S.4179 indicated the intrinsic char-
acter of the genotype (Table  21.2 ). Among all 
the crosses of Tall × Dwarf, Sln.6 × Cauvery was 
observed to be highly in fl uenced by the environ-
mental variations.  

 Tall × Tall cross combinations projected the 
higher aroma of the liquor in Sln.5B × S.795 and 
Sln.6 × S.795 along with higher liquor body, 
 acidity, aftertaste and overall scores in 
Sln.5B × Sln.9 progeny (Table  21.3 ). Out of 15 
genotypes, 8 showed consistency for aroma, while 
11 genotypes expressed consistency for body. 
Similarly, regularity in liquor acidity was observed 
in seven progenies. Mouthfeel and aftertaste exhib-
ited the stability in four progenies. Steadiness in 
 fl avour and overall components was noticed in 
six and  fi ve crosses, respectively. This tendency 
of evenness in cup quality parameters in more 
than 50% of the genotypes might be mainly due 
to the inherent characters of progenies that pos-
sess resistance to the environmental changes. In 
the other cases, where cup components showed 
stability in few genotypes would be because of 
their environmental susceptibility. Walyaro  [  12  ]  

   Table 21.2    Cup quality ratings in F
1
 hybrids of Tall × Dwarf crosses (mean of 2 years)   

 Sl. no.  Tall × Dwarf crosses 
 Aroma/
fragrance  Body  Acidity  Mouthfeel  Aftertaste  Flavour  Overall 

 1  Sln.9 × Cauvery  6.0  6.0  6.0  5.5  5.5  5.0  5.5 
 2  S.881 × Cauvery  6.3  6.0  5.8  5.3  5.3  5.0  5.3 
 3  Sln.6 × Cauvery  6.3  6.0  6.0  5.8  5.8  5.5  5.8 
 4  Sln.5B × Cauvery  6.5  6.0  6.3  6.0  6.0  5.8  5.8 
 5  Tafarikela × S.4179  6.5  6.0  6.0  6.0  6.0  5.5  6.0 

   Table 21.3    Cup quality ratings in F
1
 hybrids of Tall × Tall crosses (mean of 2 years)   

 Sl. no.  Tall × Tall crosses 
 Aroma/
fragrance  Body  Acidity  Mouthfeel  Aftertaste  Flavour  Overall 

 1  Sln.9 × Sln.11  6.3  5.5  5.8  5.0  5.0  5.0  5.0 
 2  Sln.5B × Sln.9  6.4  6.3  6.0  5.8  6.0  5.8  6.5 
 3  Sln5B × S.795  6.5  6.0  6.0  5.9  5.8  5.5  5.9 
 4  Sln.6 × S.795  6.5  6.0  5.8  5.9  5.8  5.5  5.9 
 5  Sln.6 × Sln.9  6.3  6.0  6.0  5.8  5.5  5.3  5.5 
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also observed considerable (additive) genetic 
variation in most of the quality components that 
were in fl uenced by environmental factors also.  

 It was interesting to note that during the 
process of cup evaluation, the F 

1
  progeny of 

Cauvery × (CxR) drew the special attention of the 
cup taster due to its consistent striking typical 
aroma/fragrance in both the seasons and recorded 
highest score of 7.0 (very good) among all the 15 
progenies rated for cup quality. It showed good 
body (6.5) and slightly lower acidity (5.5) than 
the other samples of the same group of crosses; 
however, the acidity level was above average and 
on par with the acidity level observed in the 
crosses like Cauvery × Sln.9 and Cauvery × S.881 
(Table  21.1 ). Low acidity in Cauvery × (CxR) 
was thought to be due to introgression of robusta 
genes as this variety possesses inherent charac-
teristics of low acidity in the liquor. Moreno et al. 
 [  2  ]  reported lowest acidity, body and  fl avour in  C . 
 canephora  species as compared to the arabica 
varieties and their progenies. Similar level of 
acidity was reported by Clifford  [  13  ]  also.  

   Correlation Between Cup 
Characteristics and Morphological 
Traits 

 Correlation between the plant components plays 
a major role in determining the presence or 
absence of the characters and their behaviours 
that are related to each other. Some of these are 

directly related and some indirectly and accord-
ingly one in fl uences the behaviour of other. 
Hence, an attempt was made to track those qual-
ity characters in coffee cultivars that are governed 
by the morphological components. The present 
study was aimed at identi fi cation of quantitative 
traits directly related to inherent quality charac-
ters. The present study revealed that the pheno-
typic components such as stem girth, primary 
thickness, internodal length, leaf length and 
breadth are highly correlated to cup quality 
characteristics and in fl uence the beverage perfor-
mance. Simultaneously, yield components like 
number of fruits/cluster, fruit length and breadth, 
100 fruit weight and 100 bean weight are also an 
indicator of plants with superior quality. 

 Correlation between the characters differs 
from genotype to genotype because of their phe-
notypic variations. Leaf length and breadth 
showed positive and strong correlation with 100 
bean weight and cup characteristics such as 
mouthfeel, aftertaste,  fl avour and overall in 
Dwarf × Tall crosses. Internodal length of primary 
shoots also expressed same trend. A signi fi cant 
negative correlation of primary thickness with 
liquor acidity was noticed. Stem girth also indi-
cated similar tendency of negative correlation 
with cup quality parameters and bean density, but 
it was not signi fi cant (Table  21.4 ). This kind of 
relationship with stem girth and primary thick-
ness indicated that the plants with higher primary 
thickness and stem girth possessed inherent char-
acteristic of low acidity as this phenomenon has 

   Table 21.4    Correlation    of morphological traits with cup characteristics in Dwarf × Tall crosses   

 Characters 

 Stem 
girth 
(cm) 

 Primary’s 
thickness 
(cm) 

 Internodal 
length on 
primary 
(cm) 

 Leaf 
length 
(cm) 

 Leaf 
breadth 
(cm) 

 No. of 
fruit/
cluster 

 Fruit 
breadth 
(cm) 

 100 fruit 
wt. (gm) 

 100 
bean 
wt. 
(gm) 

 Aroma/
fragrance 

 −0.104  −0.152  0.734  0.598  0.568  0.393  0.429  0.727  0.631 

 Body  −0.234  0.430  0.721  0.71  0.487  0.74  0.172  0.751  0.767 
 Acidity  −0.394  − 0.920**   0.374  0.297  0.472  −0.220   0.822*   0.45  0.342 
 Mouthfeel  −0.549  0.184   0.838*    0.925**    0.817*    0.943**   0.216  0.534  0.759 
 Aftertaste  −0.549  0.184   0.838*    0.925**    0.817*    0.943**   0.216  0.534  0.759 
 Flavour  −0.248  0.394   0.818*    0.834*   0.723   0.999**   −0.065  0.398  0.614 
 Overall  −0.549  0.184   0.838*    0.925**    0.817*    0.943**   0.216  0.534  0.758 
 100 bean 
wt. (gm) 

 −0.783  −0.037   0.839*    0.884*   0.707  0.630  0.695   0.953**   – 
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been reported in robusta varieties, because robusta 
is characterized by its robust stem growth and 
wider bush spread  [  13  ] . This  fi nding is in accor-
dance with the results reported by Moreno et al. 
 [  2  ] , where the variety Caturra characterized by its 
thin primary branches had higher acidity, body 
and  fl avour as compared to the tall varieties like 
Typica. Besides this, the Caturra × H-de-T prog-
enies achieved lower score points than pure 
Caturra. Perhaps, because of improvement in the 
stem thickness in the progeny caused by the 
involvement of H-de-T as one of the parents, 
acidity in the liquor was declined.  

 One hundred fruit and bean weight were 
observed to have positive but insigni fi cant 
in fl uence on all the quality parameters. Whereas, 
correlation between bean weight and fruit 
weight was positive and signi fi cant. This phe-
nomenon indicated that bean weight was highly 
in fl uenced by the fruit weight in Dwarf × Tall 
crosses (Table  21.4 ). Number of fruits/cluster 
showed positive and strong relationship with 
mouthfeel, aftertaste,  fl avour and overall param-
eters besides negative but weak relation with 
acidity. This kind of negative correlation of 
number of fruits with acidity was in accordance 
with robusta behaviour which possesses more 
number of fruits/cluster and low acidity in the 
liquor. There was an indication of positive cor-
relation between 100 bean weight and quality 
components in Dwarf × Tall crosses (Table  21.4 ), 
but it was not signi fi cant. 

 It showed positive but weak correlation of 
stem thickness with acidity while negative and 
strong correlation with  fl avour besides weak and 
negative linkage with aroma, body, mouthfeel, 
aftertaste and overall and 100 bean weight. 
Primary thickness indicated strong negative link-
age with 100 bean weight. Though internodal 
length of primary shoot exhibited negative and 
nonsigni fi cant in fl uence on 100 bean weight and 
acidity, but it had positive and strong effect on 
aroma and  fl avour. As the long internodes and 
thick primaries are the common features of 
robusta varieties that produce low acidity and 
thick liquor body  [  13  ] , a similar trend was appar-
ent in the present study with arabica crosses too. 
This behaviour of the hybrid progenies indicated 
the introgression of robusta genes transmitted 
through the parent cultivars because some of the 
inbred lines such as Sln.5B, Sln.6, Devamachy 
and CxR used in hybridization are closely related 
to  C .  canephora  species, while Cauvery and Sln.9 
are associated distantly with 

 H-de-T (a natural hybrid of arabica and 
robusta) as one of the progenitors. In Tall × Dwarf 
crosses, the plants with higher leaf length showed 
higher level of acidity and more bean weight 
because of their positive and signi fi cant associa-
tion (Table  21.5 ). Simultaneously, with the 
increase in the leaf length, a reduction in the 
 fl avour was also noticed, though the reduction 
was not signi fi cant. Likewise, leaf breadth had 
weak and positive correlation with liquor body. 

   Table 21.5    Correlation of morphological traits with cup characteristics in Tall × Dwarf crosses   

 Characters 

 Stem 
girth 
(cm) 

 Primary’s 
thickness 
(cm) 

 Internodal 
length on 
Primary 
(cm) 

 Leaf 
length 
(cm) 

 Leaf 
breadth 
(cm) 

 Fruit 
length 
(cm) 

 Fruit 
breadth 
(cm) 

 100 
fruit 
wt. 
(gm) 

 100 
bean wt. 
(gm) 

 Aroma/
fragrance 

 −0.754  0.671   0.960**   −0.328  −0.256  0.582  0.755  0.562  −0.386 

 Body  −0.755  −0.166  0.484  −0.171  0.721  0.023  0.167  0.677  −0.345 
 Acidity  0.605  − 0.915**   −0.668   0.866*   0.449  −0.663  −0.712  −0.651  0.775 
 Mouthfeel  −0.723  0.085  0.723  0.120  0.249  −0.123  0.101  0.335  −0.199 
 Aftertaste  −0.723  0.085  0.723  0.120  0.249  −0.123  0.101  0.335  −0.199 
 Flavour  − 0.961**   0.620   0.836*   −0.636  −0.003  0.116  0.295  0.710   −0.872*  
 Overall  −0.324  −0.208  0.335  0.508  0.203  −0.600  −0.412  −0.164  0.101 
 100 bean 
wt. (gm) 

 0.779  −0.663  −0.565   0.893*   0.059  −0.183  −0.264  −0.724  – 
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The weak correlations between the characters 
might be due to the presence of low dosage of 
genes pertaining to the characters that caused 
dilution in the morphological traits and in turn, 
it affected the related quality characters. Besides 
this, genetic variation in hybrid population 
might also be one of the factors to weaken the 
strength of relationship between morphological 
and quality characters.  

 The fruit parameters like fruit length and 
breadth were positively related to aroma and 
inversely to acidity and overall ratings. Flavour 
was inversely and strongly related to bean mass 
(Table  21.5 ). Tall × Tall progenies exhibited 
strong and positive bond of liquor body with stem 
girth, whereas primary thickness exhibited nega-
tive though insigni fi cant relationship with 
aroma and positive with body and acidity. A 
nonsigni fi cant correlation of internodal length 
was observed with aroma and overall scores. Leaf 
length and breadth, both were observed to have 
direct positive in fl uence on acidity, but leaf 
breadth had signi fi cant in fl uence. Number of 
fruits/cluster had relatively insigni fi cant reverse 
effect on acidity. Aroma and overall beverage 
components showed positive and signi fi cant cor-
relation with fruit breadth, while liquor body with 
fruit weight (Table  21.6 ). Variation in the inten-
sity of the correlations in the crosses might be 
due to variability in the population caused due 
to frequency of gene association. Correlation 

between the morphological traits and quality 
components was observed to have variation from 
cross to cross. In some of the crosses, characters 
were closely related and in some distantly. The 
present  fi ndings revealed that the genes for mor-
phological and quality traits of arabica are closer 
to both the species, namely,  C .  canephora and C . 
 eugenioides  as it is con fi rmed by the  fi ndings of 
Lashermes et al.  [  14  ] . As it was reported that 
arabica exhibited low genetic divergence, but its 
meiotic behaviour was similar to the diploid spe-
cies  [  15–  17  ] .   

   Conclusions 

 Mean of two seasons of cup quality scores 
indicated that among the F 

1
  progenies derived by 

crossing Dwarf × Tall cultivars, Cauvery × (CxR) 
produced superior cup quality among all the F 

1
  

hybrids. Cauvery × Tafarikela scored the second 
position in this group showing somewhat low 
values for all the cup characteristics and slightly 
higher acidity than the Cauvery × (CxR) hybrids. 
Among the Tall × Dwarf crosses, Sln.5B × Cauvery 
progeny exhibited superior performance for all 
the quality parameters. The performance of 
Tafarikela × S.4179 was very similar to the for-
mer progeny with slightly low acidity and  fl avour. 
Out of  fi ve crosses of Tall × Tall cultivars, four 
expressed almost equal performance for quality 

   Table 21.6    Correlation of morphological traits with cup characteristics in Tall × Tall crosses   

 Characters 
 Stem 
girth 

 Primary’s 
thickness 

 Leaf 
length 
(cm) 

 Leaf 
breadth 
(cm) 

 No. of 
fruit/
cluster 

 Fruit 
breadth 
(cm) 

 100 fruit 
wt. (gm) 

 100 
bean 
wt. 
(gm)  Fruit yield 

 Aroma/
fragrance 

 0.132  −0.322  −0.287  −0.309  −0.007   0.851*   0.583  0.612  −0.300 

 Body   0.821*    0.533   −0.021  0.434  −0.012  0.231   0.985**   0.472   −0.80*  
 Acidity  0.524  0.475  0.772  0.825*  −0.722  0.096  0.729  0.014  −0.912** 
 Mouthfeel  0.463  0.248  −0.277  −0.008  0.445  0.049  0.738  0.074  −0.581 
 Aftertaste  0.315  −0.079  −0.319  −0.199  0.218  0.561  0.736  0.423  −0.473 
 Flavour  0.456  0.036  −0.524  −0.205  0.334  0.544  0.702  0.658  −0.330 
 Overall  0.373  −0.076  −0.140  −0.019  −0.189   0.816*    0.729*   0.738  −0.450 
 100 bean 
wt. (gm) 

 0.449  0.077  −0.454  −0.056  −0.003  0.622  0.376  –  0.030 

  *Signi fi cant at 5% level; ** Signi fi cant at 1% level  
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behaviours with minimal differences in the 
numerical scores. The progeny of Sln.9 × Sln.11 
had shown comparatively weaker points for the 
cup characters. 

 In Tall × Tall crosses, the number of fruits/clus-
ter showed negative correlation with acidity, while 
stem girth and 100 fruit weight indicated positive 
correlation with liquor body. Leaf length and 
breadth and 100 fruit weight showed positive link-
age with acidity. Apart from this, there are several 
other genes responsible for inheritance of other 
quantitative traits appeared to be independent 
genes, and their assortment is self-regulatory. 
The present study indicated signi fi cant genetic 
 correlation of morphological traits with the cup 
quality characteristics that formed the basis for 
identi fi cation of plants of better quality characters 
and its exploitation on commercial scale.      

  Acknowledgement   Authors are thankful to Dr. Y. 
Raghuramulu, Coffee Board, Bangalore, and Sri N. 
Ramamurthy, CRSS, Chettalli, for their valuable sugges-
tions and encouragement. Thanks are also due to Smt. 
V.S. Amaravenmathy and Dr. T.N. Gopinandan of CRSS, 
Chettalli, for the help rendered in carrying out the 
experiments.  

   References 

    1.   Illy E. How science can help to improve coffee quality. 
In: ASIC, 17th Colloque, Nairobi; 1997. pp. 29–33.  

    2.   Moreno G, Moreno E, Cadena G. Bean characteristics 
and cup quality of the Colombia variety ( Coffea ara-
bica ) as judged by International Tasting Panels. In: 
ASIC, 16th Colloque, Kyoto, Japan; 1995. pp. 574–83.  

    3.   Srinivasan CS, Prakash NS, Padma Jyothi D, 
Sureshkumar VB, Subbalakshmi V. Genetic improve-
ment of coffee in India. In: Proceedings of the 3rd 
International Seminar on Biotechnology in the Coffee 
Agro-industry, Londrina, Brazil; 1999.  

    4.    Van Der Vossen HAM. Agronomy I: coffee breeding 
practices. In: Clarke RJ, Vitzthum OG, editors. Coffee 
recent developments. London: Blackwell Science Ltd; 
2001. p. 184–201.  

    5.   Sondahl MR, Petracco M, Zambolim L. Breeding for 
qualitative traits in arabica coffee. In: ASIC, 17th 
Colloque, Nairobi; 1997. pp. 447–56.  

    6.   Petracco M. Organoleptic properties of Espresso cof-
fee as in fl uenced by coffee botanical varieties. Coffee 
Biotechnology and Quality. In: Proceedings of International 
Conference on Coffee Science; 2000. pp. 347–553.  

    7.   Mawardi S, Hulupi R. Genotype-by-environment 
interaction of bean characteristics in arabica coffee. 
In: Proceedings of the 15th ASIC Colloquium. Paris: 
ASIC; 1995. pp. 637–44.  

    8.   Roche D. Coffee genetics and quality. In: ASIC, 16th 
Colloque, Kyoto, Japan; 1995. pp. 584–8.  

    9.    Wintgens JN. Coffee: growing, processing, sustain-
able production – a guidebook for growers, process-
ers, traders and researchers. Weinheim: WILEY-VCH 
Verlag GmbH & Co. KGaA; 2004. p. 3–975.  

    10.      Guilmineau F, Adisson L, Silanes-kenny J, Fernandes 
J. Study of the thermal generation of aroma com-
pounds in coffee using an in-bean model system. In: 
22nd Proceedings of International Scienti fi c 
Conference on Coffee Science; 2008.  

    11.   Cortez JG, Menezez HC. Recent development in 
Brazilian coffee quality: new processing system, bev-
erage characteristics and consumers preferences. 
Coffee Biotechnology and Quality. In: Proceedings of 
International Conference on Coffee Science; 2000. 
pp. 339–46.  

    12.   Walyaro DJ. Breeding for disease and pest resistance 
and improved quality in coffee. In Proceedings of 
17th ASIC Colloquium, Nairobi; 1997. pp. 397–405.  

    13.    Clifford MN. Agronomy I: coffee breeding practices. 
In: Clifford MN, Wilson KC, editors. Coffee botany, 
biochemistry and production of beans and beverage. 
Westport (EE.UU.): The AVI Publishing Company, 
Inc; 1985. p. 184–201.  

    14.    Lashermes P, Combes MC, Robert J, Trouslot P, 
D’hont A, Anthony F. Molecular characterization and 
origin of the  Coffea arabica  L. genome. Mol Gen 
Genet. 1999;261:259–66.  

    15.    Krug CA, Mendes AJT. Cytological observations in 
 Coffea  – IV. J Genet. 1940;39:189–203.  

    16.    Lashermes P, Paczek V, Trouslot P, Combes MC, 
Couturon E, Charrier A. Single-locus inheritance in 
the allotetraploid  Coffea arabica  L. and interspeci fi c 
hybrid  C .  arabica  x  C .  canephora . J Hered. 
2000;91:81–5.  

    17.    Lashermes P, Andrzejewski S, Bertrand B, Combes 
MC, Dussert S, Graziosi G. Molecular analysis of 
introgressive breeding in coffee ( Coffea arabica  L.). 
Theor Appl Genet. 2000;100:139–46.      



181A. Sabu and A. Augustine (eds.), Prospects in Bioscience: Addressing the Issues, 
DOI 10.1007/978-81-322-0810-5_22, © Springer India 2013

    A.  H.   Jobanputra   (*) •     B.  A.   Karode  
     Department of Microbiology ,  PSGVPM’s S. I. Patil Arts, 
G.B. Patel Science & S. T. S. K. V. S. Commerce 
College ,   Shahada ,  425409 ,  Maharashtra State ,  India    
e-mail:  arpana_j12@rediffmail.com   

  22

  Abstract 

  Chryseobacterium  species was used for biotransformation of rifamycin B 
to rifamycin S by the enzyme rifamycin oxidase (RO), an enzyme known 
to be involved in this type of biotransformation in fungi. Factors in fl uencing 
the activity of rifamycin oxidase (RO) enzyme of a bacterial strain 
( Chryseobacterium  sp.) were studied. Temperature optima was found to 
be 50°C, and the enzyme exhibited thermostability as it retained 78% and 
43% relative activity at temperatures of 55 and 60°C, respectively. The pH 
optima of the enzyme was found to be 6.5, and it was stable over the pH 
range 6.5–7.5. The enzyme obeyed Michaelis-Menten kinetics towards the 
substrate rifamycin B with apparent K m  of 0.71 mmol and V max  
22.4  m mol/min/mg. 100% transformation was found when 0.3 g/L rifamy-
cin B substrate was provided. Drastic change in enzyme activity was 
observed under optimized conditions where medium containing malt extract 
and CaCl 

2
  was used. The activity was found to be 68 IU/mL vis-a-vis 

control which was 31 IU/mL. In fl uence of different oils on organism 
was also investigated which exhibited maximum growth, and 120 and 
112% relative activity was retained in the presence of soya oil and mus-
tard oil.  

  Keywords 

 Biotransformation  •   Chryseobacterium  species  •  Rifamycin oxidase      

      Microbial Transformation 
of Rifamycin by a Bacterial Strain 
 Chryseobacterium  Species       

     A.  H.   Jobanputra       and    B.  A.   Karode      
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   Introduction 

 Rifamycin was developed as one of the antituber-
culosis drugs in 1966 and has been used since sev-
eral years  [  1  ] . Rifamycin B is the microbial product 
of  Nocardia mediterranei   [  2  ] . Rifamycin B 
obtained can be converted to rifamycin S by exist-
ing chemical process using strong oxidizing agents 
like MnO 

2
 , tetrahydrofuran and H 

2
 SO 

4
 . The use of 

such stringent chemicals results in unsatisfactory 
yields. Consequently, the process generates large 
amounts of hazardous acidic products. However, 
biotransformation is an alternative process over 
the chemical process because it is one or few step 
reaction that requires a short duration, is safe, less-
energy requiring, eco-friendly and economic. 
Therefore, it emerges as a more advantageous pro-
cess over the conventional chemical process. 

 Rifamycin S obtained from rifamycin B is of 
considerable economic value because it is the 
precursor for majority of semi-synthetic rifamy-
cins and is highly active against Gram-positive 
bacteria like  Mycobacteria ,  Staphylococci , 
 Streptococci  and some Gram-negative bacteria, 
namely,  Brucella ,  Chlamydia ,  Haemophilus , 
 Legionella  and  Neisseria  species. Inhibition of 
DNA-dependent RNA synthesis by rifamycins 
has been reported  [  3  ] . Inhibitory activity against 
HIV-1 reverse transcriptase has been reported in 
open ansa chain rifamycin S derivative  [  4  ] . This in 
turn was used to manufacture rifampicin which 
acts as antituberculotic and antileprotic drug  [  5,   6  ] . 

 Biotransformation of rifamycin B to S has 
also been reported with intracellular rifamycin 
oxidase from  Humicola  species ATCC 20260 and 
 Monocillium  species  ATCC  20621  [  7  ] . Rifamycin 
oxidase from a bacterial strain  Chryseobacterium  
species which brings about the transformation of 
rifamycin B to rifamycin S has also been reported 
 [  8  ] . In fl uence of nitrogen sources and heavy 
metals on the production of rifamycin oxidase by 
 Chryseobacterium  species has also been reported 
 [  8  ] . This chapter deals with the factors in fl uencing 
the biotransformation of rifamycin B to S with the 
help of RO of the organism and in fl uence of 
temperature and pH on the activity of the enzyme 
obtained from  Chryseobacterium  species.  

   Materials and Methods 

 All the chemicals used were of analytical 
grade (AR) and guaranteed grade (GR). Casein 
enzyme hydrolysate was procured from HiMedia   , 
Mumbai. Standard samples of rifamycin B and 
S were obtained through the courtesy of Mr. 
Patgaonkar (Lupin Chemicals Ltd, Tarapur, 
Mumbai). A local bacterial isolate identi fi ed 
by Belgian Co-ordinated Collections of Micro-
organims (BCCM)    as  Chryseobacterium  species 
was used for biotransformation. This organism was 
grown on modi fi ed casamino acid medium (CAA 
medium) containing casein enzyme hydrolysate, 
5.0; K 

2
 HPO 

4
 .3H 

2
 O, 1.18 and MgSO 

4
  7H 

2
 O, 

0.25 g/l. Rifamycin oxidase enzyme was obtained 
from  Chryseobacterium  species. Stock culture 
was maintained at 4°C on nutrient agar slant. 

   Enzyme Activity Measurement 

 Enzyme activity was measured using the method 
of Seong et al.  [  9  ] . Enzyme (0.025 ml) in the 
form of whole cells of  Chryseobacterium  species 
was added to 2 mM substrate (0.5 mL) – rifamycin B 
prepared in phosphate buffer (0.1 M, pH 6.5). 
The mixture was incubated at 50°C for 60 min, 
followed by the addition of 4.5 mL of 1:1 (v/v) 
solution of methanol: phosphate buffer (0.1 M, 
pH 7.8). Reaction mixture was boiled for 3 min 
in water bath and centrifuged at 4,000 rpm 
for 5 min. The absorbance of rifamycin S in 
supernatant was measured at 525 nm with a 
double-beam spectrophotometer (Shimadzu model, 
UV-1601). One unit of enzyme activity is de fi ned 
as an equivalent of 1  m M rifamycin S produced 
in an hour under the speci fi ed assay conditions. 
Rifamycin B concentration was measured using 
the method of Pasqualucci et al.  [  10  ] . Two 1 mL 
portions of the broth in two 50-mL volumetric 
 fl asks were made up to the volume, one with 
solution A (acetate buffer 0.01 M, pH 4.63) and 
another with solution B (solution A containing 
0.1% NaNO 

2
 ). The absorbance of the solution 

diluted with the solution A was measured at 
425 nm in a 1-cm cell against the solution diluted 
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with solution B. The rifamycin B concentration 
in the transformed broth was calculated using 
the following formula:

        

where A
425

 is the absorbance at 425 nm and 21.5 
is the absorptivity of rifamycin B. The method 
described by Chung  [  11  ]  was used for the estima-
tion of rifamycin S. Two millilitre of the sample 
was diluted with 4 mL methanol and 4 mL 0.1 M 
phosphate buffer (pH 6.5), and the solution was 
hydrolyzed from rifamycin O to rifamycin S by 
boiling for 3 min. Absorbance was read out at 
525 nm with appropriate buffer blank.  

   Effect of Temperature on Activity 
and Stability of Enzyme 

 Biotransformation of rifamycin B to S was studied 
with the action of rifamycin oxidase. Overnight 
grown colony of the organism was inoculated in 
to modi fi ed CAA medium. In order to ascertain 
the effect of temperature on the activity of RO, 
enzyme in the form of whole cells (0.025 ml) 
was incubated with 2 mM rifamycin B for an 
hour at different temperatures ranging from 20 to 
60°C. Enzyme activity was measured according 
to the method of Seong et al.  [  9  ] . The temperature 
value corresponding to highest enzyme activity 
was taken as temperature optima. The effect of 
temperature on enzyme stability was determined 
by incubating enzyme at different temperatures, 
ranging from 20 to 60°C for 30 min.  

   Effect of pH on Activity and Stability 
of Enzyme 

 As biotransformation is enzyme-mediated process 
it is sensitive to the pH of the medium which 
affects the activity of rifamycin oxidase enzyme 
 [  12,   13  ] . To ascertain the pH optima for the 
maximum enzyme activity, enzyme in the form 
of whole cells (0.025 mL) was incubated with 
2 mM rifamycin B for an hour with the use of the 

0.1 M buffers having different pH. Phosphate 
buffer having pH range 6–8 was used. The pH 
value corresponding to highest enzyme activity 
was taken as pH optima. The experiment on effect 
of pH on enzyme stability was carried out by pre-
incubating enzyme at different pH, ranging from 6 
to 8 for 30 min, followed by determination of 
enzyme activity.  

   In fl uence of Carbon Sources (Sugars) 

 Studies on the effect of glucose were carried out 
with a view to know the effect of metabolites 
involved in the fermentation for rifamycin 
oxidase synthesis and thereby explore and under-
stand the control mechanisms (catabolite 
repression) involved in rifamycin production. 
Experiments on the effect of glucose on RO 
production were designed according to the 
methods followed by Kim et al. and Banerjee 
and Srivastava  [  12,   13  ] . Hundred millilitre CAA 
medium was separately supplemented with each 
of glucose, fructose, sucrose and maltose in a 
concentration of 1 g%. It was inoculated with 
1% inoculum and incubated on rotary incubator 
shaker (Orbital incubator shaker, Remi India 
Ltd.) at 200 rpm at 30°C. After 12-, 24-, 36- and 
48-h intervals, cell mass was harvested from each 
of the  fl asks, washed and used for the measurement 
of enzyme activity. Change of pH in presence of 
different sugars was critically studied.  

   In fl uence of Substrate Concentration 
with Respect to Biotransformation 

 As biotransformation is an enzyme-mediated 
process, it is necessary to check the substrate 
loading capacity. For this, starvation medium 
containing different concentrations of rifamycin 
B was provided in the range of 0.1–1 g/L. The 
amount of residual rifamycin B was determined 
according to method of Pasqualucci et al.  [  10  ] , 
and transformed rifamycin S was estimated by 
the method of Chung     [  11  ] . Organism was initially 
subjected to trace levels of substrate rifamycin B 
before subjecting to the range of concentrations.  

425A 50,000
RifanycinB ( g / ml)

21.5

´
m =
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   Determination of K 
M

  and V 
max

  

 The enzyme was incubated with various concen-
trations of rifamycin B substrate ranging from 1 
to 5 mM prepared in phosphate buffer (0.1 M, pH 
6.5), and the enzyme activity was determined 
under standard assay conditions. K 

M
  and V 

max
  of 

the enzyme for rifamycin were calculated by 
using Lineweaver-Burk plot  [  14  ] .  

   In fl uence of Cell Mass 

 To determine the optimum concentration of cell 
mass for transformation process, the organism 
was grown on CAA medium; cells were harvested 
at late logarithmic phase by centrifuging the broth 
at 10,000 rpm for 15 min. Biomass obtained was 
washed twice with sterile distilled water and then 
used for biotransformation process. Biomass was 
used in the range of 1–10%. The inoculated  fl asks 
containing rifamycin B substrate were incubated 
at 30°C at 150 rpm, and further estimations were 
carried out as described earlier.  

   Effect of Oils on Growth and Enzyme 
Production 

 Effect of various oils on growth and RO activity 
was studied. Oil such as sesame oil, soy oil, ground-
nut oil and mustard oil were used as carbon source. 
They were provided in concentration of 1% in 
CAA medium individually, where an overnight 
grown colony was inoculated. The medium was 
incubated for 24 h at room temperature. Growth of 
the organism and rifamycin activity was checked.  

   Growth and RO Activity Under 
Optimized Conditions 

 In order to increase the growth and RO production/
activity, separate set of experiments were run 
with CAA medium containing extra source, i.e. 
1% malt extract as nitrogen source and 2 mM 
CaCl 

2
  as metal source  [  8  ] . pH was adjusted at 6.5, 

and these sources were used to compute the enzyme 
activity when provided together.   

   Results and Discussion 

   Effect of Temperature on RO Activity 
and Stability 

 As biotransformation is an enzyme-mediated 
biological process, the effect of temperature 
against RO enzyme was studied for the 
 Chryseobacterium  species. Measurement of RO 
activity at different temperatures showed that 
the enzyme activity increased up to 50°C and 
then declined progressively. The    temperature 
optima of the enzyme was found to be 50°C as 
enzyme was most active at this temperature. It 
has been found that the organism tolerates tem-
perature up to 60°C, while at 55 and 60°C, it 
retained 78 and 43% of its activity, respectively 
(Fig.  22.1 ). On the other hand, RO from 
 Monocillium  species showed temperature 
optima of 40°C. The temperature optima of this 
enzyme was greater than that of reported 
 Humicola  species  [  15  ] . Temperature optima for 
 Humicola  species was 45°C  [  9  ] . The enzyme 
was found to be stable up to 60°C temperature 
(Fig.  22.2 ).    

   Effect of pH on Enzyme Activity 
and Stability 

 From Fig.  22.3 , it is clear that enzyme activity 
changes as the pH changes. However, pH has a 
critical role to play in biotransformation of rifa-
mycin B to S.    pH optima of the enzyme was 
found to be 6.5 at which maximum enzyme activity 
was found. At pH 6 and 7, relative activity 71 and 
92% was found. The pH optima of  Humicola  spe-
cies was reported as 7.8  [  9  ] , while that for 
 Monocillium  species pH optima was reported 
as 7.5–8.5  [  7  ] , which was quite above the pH 
optima of RO enzyme of  Chryseobacterium  
species. In case of  C .  lunata , pH optima was 
reported as 6.5  [  12  ] . Stability of RO was studied 
where it has been found that at pH over 6.5 and 7, 
it showed more than 90% of its relative activity, 
while at pH 8 it was found to be 57% which indi-
cated that the RO enzyme was stable at 6.5–7 pH 
range (Fig.  22.4 ).    
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   In fl uence of Carbon Sources 

 Effect of various sugars on growth and RO 
activity at different time intervals is represented 
in Fig.  22.5a–d . Growth and RO activity in the 

absence of any of the sugars, i.e. control, is 
represented in Fig.  22.5e . Graphical representa-
tion of this clearly indicated that growth of 
 Chryseobacterium  seemed to be suppressed in 
the presence of glucose, sucrose and maltose. 

  Fig. 22.1    Temperature activity pro fi le of rifamycin oxidase from  Chryseobacterium  species       

  Fig. 22.2    Temperature stability of rifamycin oxidase from  Chryseobacterium  species       

  Fig. 22.3    pH activity of rifamycin oxidase from  Chryseobacterium  species at 50°C       
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In contrary to this, a minor stimulation of growth 
was observed in the presence of fructose. The 
change in pH in the presence of all the sugars 
showed a nearly similar pattern as compared 
to the control indicating that pH control was 
essential during biotransformation as observed 
in the case of  C .  lunata  and  Humicola  species 
 [  12,   13  ] .  

 The enzyme activity was found to reach at its 
maximum (29 IUml-1) in 12 h, and thereafter a 
sharp decline was observed in the control. A 
drastic fall in RO activity was found in the pres-
ence of sucrose and maltose indicating a strong 
catabolite repression. Reports on the in fl uence of 
glucose on RO activity for  C .  lunata  in YPD 
medium supplemented with 40 g/L of glucose 
showed maximum enzyme activity of 10.82 IU/
ml. The depletion of glucose was accompanied 
with reduction of enzyme activity, rise of culture 
pH and biosynthesis of a black intracellular pig-
ment  [  12  ] . Similar characteristics were observed 
in  Chryseobacterium  species, but there was no 
deposition of black pigment. For  Humicola  spe-
cies enzyme, production was not repressed by the 
high glucose concentration up to 60 g/L-1 of the 
culture broth  [  13  ] . However, for  Chryseobacterium  
species, only 51.7 and 62% RO activity was 
retained in the presence of glucose and fructose, 
respectively, indicating that there was no rise in 
enzyme activity in the presence of these catabo-
lites. Conclusively, there was repression of RO 
activity in the presence of all the used sugars 
under the given experimental conditions.  

   Effect of Substrate Concentration 

 Rifamycin B transformation rate was checked 
with increase in the substrate concentration. It 
was found that 100% conversion was achieved 
when substrate concentration was 0.3 gm/l 
(Fig.  22.6 ). As the concentration increases the 
conversion rate decreased, as 75% conversion 
was achieved at a substrate concentration of 
1 gm/l. The activity of RO from  Chryseobacterium  
species measured at various concentrations by 
providing the substrate rifamycin B (1–5 mM) 
exhibited the rectangular hyperbola which obeyed 
Michaelis-Menten kinetics. The apparent K 

M
  and 

V 
max

  values obtained from Lineweaver-Burk plot 
were 0.71 mM and 22.4  m moel/min/mg, respec-
tively. K 

M
  and V 

max
  of rifamycin oxidase enzyme 

from  Monocillium  species were reported as 
0.5 mM and 6.5–7.1  m M/h/mL (Han et al. 1983), 
whereas in  C .  lunata , K 

M
  and V 

max
  were 0.67 mM 

and 11  m M/h/mL  [  12  ] . No inhibition of enzyme 
was found up to 10 mM rifamycin B (Figs.  22.7  
and  22.8 ).     

   Effect of Cell Mass 

 Effect of cell mass on rifamycin biotransforma-
tion was studied, and Fig.  22.9  clearly shows that 
5% cell mass concentration was effective in 
biotransformation of about 82%. Beyond this cell 
mass concentration, there is not much increase in 
the transformation rate.   

  Fig. 22.4    pH stability 
pro fi le of rifamycin 
oxidase from 
 Chryseobacterium  species       
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  Fig. 22.5    ( a – d ): In fl uence of various sugars on growth 
and RO activity, ( a ) in fl uence of glucose, ( b ) in fl uence of 
fructose, ( c ) in fl uence of maltose sugar, ( d ) in fl uence of 

sucrose sugar and ( e ) growth and RO activity in absence 
of sugar (control)       

 



  Fig. 22.6    In fl uence of substrate concentration on biotransformation       

  Fig. 22.7    Lineweaver-Burk plot for RO enzyme from  Chryseobacterium  species       

  Fig. 22.8    Michaelis-Menten curve for RO enzyme from  Chryseobacterium  species       
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  Fig. 22.9    In fl uence of cell mass on biotransformation       

  Fig. 22.10    Growth of  Chryseobacterium  sp. and RO activity in presence of respective oils       

  Fig. 22.11    Growth and RO activity of  Chryseobacterium  sp. in CAA and optimized media       
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   Effect of Oils on Growth and Enzyme 
Production 

 Effect of different oils on growth of organism and 
enzyme activity was studied. From Fig.  22.10 , it 
was found that organism exhibited enhanced 
growth in presence of mustard oil and soya oil 
and relative activity was found to be 112 and 
120%, respectively. An inhibitory effect was 
found against groundnut oil and sesame oil. It 
showed that use of soy oil favoured the growth 
of  Chryseobacterium , and it boosted up the RO 
enzyme activity.   

   Growth and Enzyme Activity 
in Optimized Condition 

 Under optimized condition, it was found that 
enzyme activity was increased (Fig.  22.11 ), as 
enzyme activity in unoptimized media was found 
to be 31 U/mL, while 68 IU/mL was found for 
the optimized media with increase in growth. 
From this result, it is clear that malt extract and 
CaCl 

2
  can boost up the enzyme activity.        
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  Abstract 

 The genetic diversity and distribution of cry genes in  Bacillus thuringiensis  
strains vary based on geographical location. Each habitat may contain 
novel  B .  thuringiensis  isolates that have more toxic effects on target spectra 
of insects. To obtain novel  B .  thuringiensis  strains for the production of 
Cry proteins, isolation of numerous new  B .  thuringiensis  strains is becoming 
a routine activity in many industries. The  B .  thuringiensis      Cry 3A gene is 
regulated by a different mechanism from that of most of the other cry 
genes. 1.935-kb DNA fragment of  Cry 3A gene was PCR ampli fi ed using 
gene-speci fi c primers, cloned in expression vector pQE-80 L and then 
used for transformation of  E .  coli  M15 cells. The optimum expression was 
obtained with 1 mM IPTG at 37°C for 3 h. Nucleotide sequencing of the 
 Cry 3A gene revealed an open reading frame of 1,935 bp, encoding a protein 
of 645 amino acid residues in length, with a predicted molecular mass of 
77.4 kDa. These full-length gene sequences were deposited at NCBI 
GenBank with accession number JQ038134 and JQ038135. Present work 
is now being directed toward the isolation and expression of the new 
 Cry 3A gene to access its effect against Asian grey weevil  Myllocerus 

      Isolation, Molecular Characterization 
and Expression of a New  Cry 3a 
Gene from Native Isolates 
of  Bacillus thuringiensis  and Its 
Toxicity Against Asian Grey Weevil 
 Myllocerus undecimpustulatus 
undatus  Marshall (Coleoptera: 
Curculionidae)       

        H.  M.   Mahadeva   Swamy      ,    R.   Asokan   ,    Geetha  
 G.   Thimmegowda   ,    Riaz   Mahmood,    and    Dilip   K.   Arora      
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undecimpustulatus  undatus (Coleoptera: Curculionidae). The availability 
of the recombinant protein will also allow the isolation and identi fi cation 
of its receptor in the insect midgut. Additionally, novel activities/
speci fi cities based on the sequence of the new  Cry 3A gene can be explored 
by the use of techniques such as DNA shuf fl ing or point mutations. This 
system offers an additional method for potentially improving the ef fi cacy 
of  Bt  insecticidal proteins ef fi ciently, stably, and safely particularly against 
anti-lepidopteran insect pests. In other words,  Bt  technology will be a key 
to future growth of agriculture.  

  Keywords 

 Cry3A   •  Bacillus thuringiensis  •  Asian Grey Weevil  •  Coleoptera  •  Midgut  
•  Insecticidal protein        

   Introduction    

 Insect pests, diseases, and weeds in fl ict enormous 
losses to the potential agricultural production. 
Anecdotal evidences also indicate rise in the losses, 
despite increasing use of chemical pesticides. 
At the same time, there is a rising public concern 
about the potential adverse effects of chemical 
pesticides on the human health, environment, and 
biodiversity. These negative externalities, though, 
cannot be eliminated altogether; their intensity 
can be minimized through development, dissemi-
nation, and promotion of alternative technologies 
such as biopesticides and bioagents as well as 
good agronomic practices rather relying solely 
on chemical pesticides. India has a vast  fl ora and 
fauna that have the potential for developing into 
commercial technologies  [  1  ] .  Bacillus thuringi-
ensis  ( Bt ) is a crystalliferous spore-forming bac-
terium, which typically contains both a spore and 
a crystal toxin within its cell wall.  Bt  has a long 
and safe history of use as a microbial insecticide, 
and this has prompted research into the nature 
of the toxin moiety that is central to mortality of 
target organisms. Recognition that  Bt  has a 
diverse genetic structure within the range of toxin 
genes, referred to as  cry  genes, has led to research 
into the interactions between crystal toxins and 
potential hosts. Although  Bt  was already the 
dominant microbial insecticide globally, the ability 
to identify and incorporate toxin genes into plants 
has accelerated interest in the agent and has 
expanded both research and uptake in integrated 

pest management (IPM). The unique feature of 
these  cry  genes, the  cry3Aa  and  cry3Bb  genes, 
is that it is sporulation independent and it may 
be induced or depressed during stationary 
phase, probably by transition phase regulators. 
These sporulation-independent promoters may 
be useful in improving the production of spo-
rulation-dependent Cry proteins. Heterologous 
recombination may be used, not only to integrate 
 cry  genes into a resident plasmid, or into the 
chromosome, but also to disrupt genes of interest 
 [  2  ] . The  Bt Cry3A  gene is regulated by a different 
mechanism from that of most of the other  cry  
genes. Its expression begins during late exponen-
tial growth and not during sporulation as for the 
other classes of  cry  genes  [  3  ]  because of its 
non-sporulation-dependent  Cry3A  promoter. Many 
studies were conducted and indicated that the 
 Cry3A  promoter was able to enhance the expres-
sion of other  cry  genes and signi fi cantly increase 
the production of those Cry proteins  [  3–  6  ] . 

 Climate change will have direct and indirect 
impacts on pests and their natural enemies. Farm 
management responses to these changes are also 
starting to affect pest complexes. Transboundary 
plant pests, animal diseases, and invasive alien 
aquatic species are a constraint to food security 
due to their impacts on food availability, food 
access, food safety, and food stability. The dis-
covery rate of new  Bt  toxin is more because of its 
genome diversity. Therefore, it is reasonable to 
search for new  Bt  toxins which are more effective 
against insect pests. Previous studies on screening 
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of indigenous  Bt  strains for toxicity and molecular 
characterization of new  Bt  strains revealed differ-
ence in nature and composition of  Bt  toxins, 
between native and standard  Bt  strains. Hence, 
cloning of toxin genes from new  Bt  strains and 
their characterization are essential to expand the 
use of  Bt  and for the management of resistance 
development in insects. Searching for novel 
sources of cry genes encoding new Cry toxins 
active against coleopteran insect pests is impor-
tant; a  Cry 3A-type gene was isolated from the 
Andaman and Nicobar Islands and Jammu and 
Kashmir  Bt  strains. Herein, we report the cloning 
and characterization of the  Cry 3A gene, its expres-
sion in  E .  coli  cells, and also its insecticidal 
speci fi cities and activities toward coleopteran 
insect pests.  

   Materials and Methods 

   Isolation of a  Cry 3A Gene 
from the  B .  thuringiensis  Strain 

  B .  thuringiensis  strains were grown in 30 mL 
Luria-Bertani (LB) broth for 12 h at 200 rpm and 
30°C; cells were centrifuged and the pellets were 
kept at –20°C for DNA extraction. DNA extrac-
tion was done using bacterial genomic DNA kit 
(HiMedia) following the manufacturer’s instruc-
tions. In order to identify  Cry 3A-type genes 
among the  cry3 -type genes detected in  B .  thur-
ingiensis  total DNA, primers to amplify complete 
 Cry 3A-type genes (i.e., from the start codon till 
the stop codon) were designed on the basis of 
multiple alignment of all previously described 
 Cry 3A and the consensus sequences of their 
N- and C-terminal coding regions. PCRs were 
performed using two sets of primers designed to 
amplify complete  Cry 3A genes (forward primer: 
5 ¢ -ATGAATCCGAACAATCGAAGTGAACA
TGAT-3 ¢ , reverse primer: 5 ¢ -TTAATTCACTGGAAT
AAATTCAATTTTGTC-3 ¢ ), and (forward primer: 
5  ¢  -  GGATCC ATGAATCCGAACA AT C G
AAGTGAA-3 ¢ , reverse primer 5 ¢ -  AAGCTT TTA
ATTCACTGGAATAAATTCAAT-3 ¢ ), 30 cycles 
of ampli fi cation at 62°C annealing temperature 
and high- fi delity LA Taq DNA polymerase 
(Sigma). The resulting PCR fragment was excised 

from the gel and puri fi ed using the    NucleoSpin® 
Extract II Kit (MN), following the manufacturer’s 
instruction.  

   Cloning, Sequencing and Sequence 
Analysis of the  Cry 3A Gene 
from the  Bt  Strain 

 The puri fi ed PCR fragment putatively corre-
sponding to a  Bt     strain S811  Cry 3A gene was 
cloned into the pTZ57T/R (Fermentas, USA) 
and used to transform  E .  coli DH5 a   cells. The 
clone was sequenced using an automated 
sequence analyzer (MWG). Computer analyses 
of the cloned DNA sequence were done using 
the BioEdit software package. Databank com-
parisons of the cloned DNA sequence with other 
published cry sequences were made using the 
BLASTx software from the NCBI databank 
(  http://www.ncbi.nlm.nih.gov    ). The Conserved 
Domain Database search (CDD search) from the 
NCBI site was used to compare motif identity 
and similarity with the clone DNA sequence and 
known conserved domains. Sequence alignments 
and dendrograms were obtained by using 
CLUSTALW software and were edited with the 
BioEdit software. Dendrograms were edited 
using the TreeView software (  http://darwin.zool-
ogy.gla.ac.uk/~rpage/treeviewx    ). The molecular 
mass and predicted pI of the clone deduced 
protein sequences were determined by the Protein 
Machine software available at the EXPASY site 
(  http://us.expasy.org/tools/    ).  

   Construction of  E .  coli  Expression 
Vector pQE-80 L   Cry 3A  

  E .  coli  M15 cells containing the  Cry 3A gene 
cloned into the pQE80-L expression vector 
were grown in LB medium in the presence of 
100  m g/mL ampicillin, 25  m g/mL kanamycin for 
14–16 h at 37°C, and the plasmid DNA was iso-
lated using GeneJET Plasmid Miniprep Kit 
(Fermentas) following the manufacturer’s 
instruction. PCR    was performed using the iso-
lated plasmid as template (forward primer: 
5  ¢  -  G G AT C C  AT G A AT C C G A AC A AT C G

http://www.ncbi.nlm.nih.gov
http://darwin.zoology.gla.ac.uk/~rpage/treeviewx
http://darwin.zoology.gla.ac.uk/~rpage/treeviewx
http://us.expasy.org/tools/
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AAGTGAA-3 ¢ , reverse primer: 5 ¢ - AAGCTT TTA
ATTCACTGGAATAAATTCAAT-3 ¢ ) 30 cycles 
of ampli fi cation at 50°C annealing temperature 
and high- fi delity LA Taq DNA polymerase 
(Sigma). The resulting PCR fragment was 
excised from the gel and puri fi ed using the 
NucleoSpin® Extract II Kit (MN), following 
the manufacturer’s instruction. The puri fi ed 
PCR fragment was sub-cloned into the expres-
sion vector pQE80-L (Qiagen), following the 
manufacturer’s instructions. The resulting con-
struction, encoding the recombinant  Cry 3A gene 
to be expressed fused to a C-terminal His tag, 
was named pQE806- Cry 3A.  

   Recombinant  Cry 3A Toxin Expression 
and Puri fi cation 

  E .  coli  M15 cells transformed with pQE-
80 L- Cry 3A were grown at 37°C at 200-rpm 
agitation, in the presence of 250  m g/mL ampicil-
lin and 75  m g/mL kanamycin until O.D.600 = 0.6. 
 Cry 3A expression was induced by addition of 
1-mM isopropyl-beta-D-thiogalactopyranoside 
(IPTG) when an O.D.600 = 0.6 was reached. Four 
hours after induction, the cells were harvested by 
centrifugation at 4,000 rpm for 20 min. The pellet 
containing the cells expressing the  Cry 3A His-
tagged protein was then resuspended in lysis buf-
fer (50 mM sodium phosphate buffer, 300 mM 
NaCl, 1% glycerol and 0.5% Triton X-100, pH 
7.0). Thaw the cell pellet from an  E .  coli  expres-
sion culture on ice (if frozen). Resuspend 1 g of 
pelleted, wet cells in 2–5 mL lysis-equilibration-
wash (LEW) buffer (50 mM NaH 2 PO 4 , 300 mM 
NaCl, pH 8.0). Add lysozyme to a  fi nal concen-
tration of 1 mg/mL. Stir the solution on ice for 
30 min. Sonicate the suspension on ice according 
to the instructions provided by the manufacturer 
(e.g., use 10 × 15 s bursts with a 15-s cooling 
period between each burst). Centrifuge the crude 
lysate at 10,000× g for 30 min at 4°C to remove 
cellular debris. Carefully transfer the supernatant 
to a clean tube without disturbing the pellet. Store 
supernatant on ice.    Purify under native conditions 
using Protino® Ni-TED (MN) packed columns 
as per the manufacturer’s guidelines. Finally, 

use protein assay and/or SDS-PAGE analysis to 
determine which fraction(s) contain(s) the major-
ity of the polyhistidine-tagged protein.   

   Bioinformatics Analysis 

    Nucleotide and deduced amino acid sequences 
were analyzed with the BLAST (  www.ncbi.nlm.
nih.gov/BLAST    ). Signal peptide sequence was 
analyzed using SignalP 3.0 (  http://www.cbs.dtu.
dk/services/SignalP    ). Related sequences obtained 
from databases using the software GENSCAN 
online tool (  www.genes.mit.edu/GENSCAN.html    ) 
were used for identi fi cation of gene features such 
as exon and splice sites in genomic DNA. 
BioEdit (version 7.0.4.1) was used for sequence 
editing and analysis. Conserved Domains and 
Protein Classi fi cation (  http://www.ncbi.nlm.nih.
gov/Structure/cdd/cdd.shtml    , version CDDv2.32-
40526 PSSMs) and the predicted structure were 
validated using protein structure validation soft-
ware suite (PSVS) tool. Determination of protein 
functional analysis obtained from databases using 
InterProScan (  http://www.ebi.ac.uk/Tools/pfa/
iprscan/    ) and ProFunc (  http://www.ebi.ac.uk/
thornton-srv/databases/profunc/index.html    ). 
COBALT is a multiple sequence alignment tool 
that  fi nds a collection of pair wise constraints 
derived from Conserved Domain Database, pro-
tein motif database, and sequence similarity, 
using RPS-BLAST, BLASTP, and PHI-BLAST. 

   Bioassays of the Recombinant  Cry 3A 
Toxicity Against Insect Larvae 

 The activity of the Cry3A-type protein obtained 
from the recombinant  E .  coli  strain was tested 
against coleopteran insect pest  Myllocerus undec-
impustulatus undatus  Marshall (Coleoptera: 
Curculionidae). A preliminary test was performed 
to determine the speci fi city of this protein at a 
relatively high protein concentration (1,200  m g/ml). 
Bioassays with  Myllocerus undecimpustulatus 
undatus  Marshall (Coleoptera: Curculi onidae) 
were carried out by dipping leaf disks prepared 
from mango into the protein solution using sec-

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
http://www.cbs.dtu.dk/services/SignalP
http://www.cbs.dtu.dk/services/SignalP
http://www.genes.mit.edu/GENSCAN.html
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://www.ebi.ac.uk/thornton-srv/databases/profunc/index.html
http://www.ebi.ac.uk/thornton-srv/databases/profunc/index.html
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ond instar larvae (grubs) and adults. Negative 
controls for all the insects tested were included 
using the same conditions but without any toxin. 
Bioassays were repeated at least three times. 
Bioassays were conducted at 25°C, 60–70% rela-
tive humidity (RH), and a 16:8 (light/dark [h]) 
photoperiod. For all insects bioassayed, mortality 
was evaluated after 5 days.  

   Statistical Methods 

 For all investigated parameters, the analysis of 
variance (ANOVA) was performed using the 
GraphPad Prism5 statistical software. The mea-
surements of treatments were compared and 
grouped using Duncan’s multiple range tests at 
the 0.01 signi fi cance level.   

   Results and Discussion 

    Cry 3A Gene 

 The  Cry 3A gene was ampli fi ed, cloned, and 
sequenced. Total DNA isolated from all native  Bt  
isolates from Andaman and Nicobar Islands  [  6  ]  
and Jammu and Kashmir (unpublished data) was 
ampli fi ed (Fig.  23.1a, b ) using gene-speci fi c 
primers. The optimum conditions for ampli fi cation 
of  Cry 3A gene were 250 ng of DNA, 200 lM of 
dNTPs, 1.5 mM of MgCl 2

,
  and 50 pmoles of 

primers and annealing temperature of 62°C. Gene 
cloning was con fi rmed by colony PCR and restric-
tion digestion with  BamHI  and  HindIII  of recom-
binant plasmid DNA containing  Cry 3A gene 
(Fig.  23.2 ). The total length of  Cry 3A gene was 
1,935 nucleotides which encode protein of 
molecular weight 77.4 kDa, approximately. All 
the sequences of full-length  Cry 3A gene of  Bt  
isolates were submitted to GenBank database 
with accession numbers JQ038134 and JQ038135. 
The 1.935 kb  Cry 3A gene sequence from SITAB 
and SLK  Bt  isolates showed 91% homology with 
 Bacillus thuringiensis  serovar  tenebrionis   Cry 3A 
gene when aligned with already known sequences 
using BLAST (basic local alignment search tool). 
The deduced amino acid sequence of toxic region 

of  Cry 3A proteins of two  Bt  isolates was aligned 
with Cry3A-like protein of public database. A total 
of 117 variations were found in toxic domains.    

   Composition of  Cry 3A of  Bt  Isolates 
and Phylogenetic Analysis 

 The deduced amino acid sequence similarity 
varies from 31 to 82% of  cry 3-like sequences. 
The amino acid residues ranged between 36.49% 
(Ala), 28.17% (Thr), 18.19% (Gly), and 17.16% 
(Cys). A total of 645 amino acids were found in 
 Cry 3A proteins in which the negatively charged 
amino acids ranged between 32 and 34 (66), 
whereas positively charged amino acid ranged 
between 10 and 37 (70). The phylogenetic rela-
tionship of  Cry 3A gene with other  Cry 3A genes 
reported earlier on from the present study and 
other laboratories is shown in Fig.  23.2 .  Cry 3A 
reported from the present study are distinctly 
different from the ones reported elsewhere. The 
cluster of  Cry 3A genes reported from the present 
study seems to have evolved differently from the 
other reported  Cry 3A genes [ 7 ,  8 ].  

   Recombinant  Cry 3A: Expression in  E .  coli , 
Puri fi cation and Evaluation of Toxicity 

 The  E .  coli  M15 strain harboring the pQE-
80 L- Cry 3A constructs was induced with 1-mM 
IPTG to express the recombinant His-tagged 
 Cry 3A protein. SDS-PAGE analysis of  E .  coli  
extracts after IPTG induction showed a differen-
tial protein band corresponding to the expected 
77.4-kDa recombinant His-tagged  Cry 3A pro-
tein. No additional bands were identi fi ed within 
extracts of non-induced cells with empty pQE-
80 L vector (Fig.  23.1c ). In these conditions, a 
large amount of the recombinant His-tagged 
 Cry 3A protein was produced and, subsequently, 
puri fi ed using Ni-TED af fi nity chromatography 
from sonicated  E .  coli  crude extract (Fig.  23.1d ). 
The toxicity of puri fi ed recombinant His-tagged 
 Cry 3A was tested in leaf dip bioassays against 
Asian grey weevil  Myllocerus undecimpustulatus 
undatus  Marshall (Coleoptera: Curculionidae). 
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The bioassays revealed that the insect pest adults 
were susceptible to the puri fi ed recombinant His-
tagged  Cry 3A (Fig.  23.1e ). The puri fi ed recombi-
nant His-tagged  Cry 3A was toxic to Asian grey 
weevil  Myllocerus undecimpustulatus undatus  
Marshall (Coleoptera: Curculionidae), being 
1,200 and 920  m g/mL the highest concentrations 
tested to achieve the maximum toxicities.   

   Conclusions 

 In conclusion, this study led to the identi fi cation 
of a novel  Cry 3A gene, which is known to be 
effective against coleopterans. These new genes 
served as candidate gene against different 
coleopteran insect pests and also new encounters 
due to climate change. Present study data is 
strengthened by an ef fi cient expression, selec-
tion, or screening system; hopefully this allows 
us to reach into the full potential of these environ-
mentally friendly pesticides.      
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  Abstract 

 In recent years, use of microbial biomass for decolorization of textile 
ef fl uent is becoming a promising alternative for costlier treatment pro-
cesses. In the present study, a newly isolated bacterial strain expressing 
azoreductase activity was utilized to remove the color of textile dyes (Red 
RR and Black GDN) which come under the group of reactive dyes. The 
effects of substrate concentrations, medium compositions, and operation 
parameters (e.g., pH and temperature) on decolorization of the dyes by 
the strain were systematically investigated to reveal the key factors that 
govern the performance of dye decolorization. The metabolites resulting 
from bacterial decolorization were analyzed by high-performance liquid 
chromatography (HPLC). Azoreductase activity in the crude cell extract 
was assayed by the method of Zimmermann et al. The results showed 
that maximum decolorization occurred at 37°C at pH 7–8. The optimum 
concentration of dye was found to be 20ppm. It was observed that there 
was an increase in the percentage of decolorization upon supplementation 
with yeast extract. Batch incubation studies revealed that maximum decol-
orization occurred within 72 h and it was found to be 98.25 and 78.47% 
for Red RR and Black GDN, respectively. Azoreductase activity in the 
crude extract was found to be 44% for Black GDN. We found in the present 
study that the isolated strain is very ef fi cient in removing color of textile 
dyes and the key enzyme involved in the process is azoreductase.  

  Keywords 

 Azoreductase  •  Dye decolorization  •  Textile dyes      

      Characteristics of a Newly Isolated 
Bacterium for Decolorization 
of Textile Dyes       

     Joshni   T.   Chacko   ,    S.   Kalidass      , and    Lubna   Lukman      
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   Introduction 

 Environmental pollution and its consequences 
have become the hot topic of international society 
and drawn the attention of the universe. It became 
worse in the past decade mainly because of the 
population explosion, increased industrial activity, 
and increased production of synthetic organic 
colorants. India is one of the chief producer and 
consumer of synthetic organic chemicals including 
synthetic dyes. These dyes are extensively used 
in textile dyeing, paper printing and color pho-
tography, and also as additives in petroleum 
industry. Two-thirds of the dye industry is domi-
nated by textile industry and discharges large 
volume of synthetic dyes into the environment 
 [  1  ] . The majority of these dyes are recalcitrant 
so that they can confer color on various raw 
materials; moreover, certain dyes and dye precur-
sors and some aromatic amines produced through 
biotransformation of dye compounds have been 
shown to be carcinogenic  [  2  ] . These toxic ef fl uents 
discharge into the water bodies are undesirable 
not only because of their impact on the photosyn-
thesis on the aquatic  fl ora but also due to the 
carcinogenic and mutagenic nature  [  3,   4  ]  of many 
of these dyes and its breakdown products  [  5  ] . 

 Removal of dyes, particularly from textile 
wastewaters, has been a big challenge over the 
last decades, and up to now there is no single 
and economically attractive treatment method 
that can effectively decolorize dyes  [  6  ] . Several 
methods were adapted in the treatment of textile 
ef fl uents to achieve decolorization. These include 
physiochemical methods  [  7  ]  such as  fi ltration, 
speci fi c coagulation, use of activated carbon, 
and chemical  fl occulation  [  8,   9  ] . Such methods 
are often very costly, and although the dyes are 
removed, accumulation of concentrated sludge 
creates a disposal problem. Therefore, there is a 
need to  fi nd alternative treatment methods that 
facilitate a more natural and complete cleanup of 
the pollutants in a more economical way. 

 Biotreatment offers a cheaper and environ-
mentally friendlier alternative for color removal 
in textile ef fl uents. Recently biodegradation by 
bacteria has been investigated as a good method 

to transform or mineralize the dyes, since it is 
less time consuming than fungal systems  [  10,   11  ] . 
Many research reports are available, which explain 
successful decolorization of dyes by using 
puri fi ed microbial cultures. But these  fi ndings do 
not  fi nd much application in practical treatment 
system due to complexity and heterogeneity of 
chemical compounds present in textile waste-
water. The present work investigated the use of 
potent microbial populations, which are native 
part of the textile mill soil samples and can 
endure the hostile conditions. Moreover, it 
included decolorization of two commonly used 
reactive dyes, that is, Red RR and Black GDN in 
the presence of additional carbon and nitrogen 
nutrients to study their effect on decolorization. 
In this study, we also investigated the effect of 
operation parameters (e.g., medium composition, 
substrate concentration, temperature, and pH) 
and the role of azoreductases on dye decolor-
ization. The information obtained from this study 
is expected to form a solid foundation for the 
advancement of existing treatment processes.  

   Materials and Methods 

 All chemicals used in the study were of analytical 
reagent grade. Dyes (Red RR and Black GDN) 
were obtained from Muthukumaran Dyeing Units, 
Tirupur District, Tamil Nadu, India, and used 
without further puri fi cation. The media used 
for decolorization study was minimal salt 
media (MSM) which contains (g/l) K 

2
 HPO 

4
  1, 

MgSO 
4
 .7H 

2
 O 0.2, CaCl 

2
 .2H 

2
 O 0.02, KNO 

3
  0.5, and 

ferric chloride 0.05, along with supplementation 
of 0.1% of yeast extract, tryptone, xylose, and 
ammonium nitrate. Cultivation of bacterial cells 
for decolorization study was carried out in nutrient 
broth medium (Himedia, Mumbai, India). The 
experimental strain was isolated from soil samples 
of textile industry by enrichment technique. 

   Inoculum Preparation 

 Log phase culture of the experimental strain 
was raised in nutrient broth medium for 48h and 
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harvested by centrifugation at 7,000rpm for 
10min at 4°C to pellet form. The pellet was 
washed with sterile saline thrice and suspended 
in speci fi c volume of saline for decolorization 
studies. Inoculum concentration was 2% (v/v) 
for all the studies.  

   Optimization of Decolorization 
Conditions 

 After aerobic cultivation on growth medium, log 
phase cultures of the experimental strain were 
transferred into “decolorization medium” (typi-
cally 1g/l yeast extract + MSM) for the removal 
of dye color. Decolorization experiments were 
performed under the “static-incubation” condi-
tion (i.e., neither aeration nor agitation was 
employed). For optimization, decolorization con-
ditions like dye concentration (0–50ppm), pH (3, 
5, 7, 8, 9, and 11), temperature (25, 37, 45, 55, 
and 65), and incubation periods were experi-
mented. All the experiments were run by varying 
a factor at a time and keeping others constant 
 [  12  ] . Decolorization assay was done as men-
tioned below.  

   Decolorization Under Different 
Medium Conditions 

 To  fi nd out the effect of carbon and nitrogen 
sources on dye decolorization, the decolorization 
assay of Red RR was carried by changing media 
composition. The media examined were 0.1% of 
yeast extract, tryptone, xylose, ammonium 
nitrate, and combinations of these components 
along with MSM. The experiments were oper-
ated at 37°C, pH 7.0, and with an initial dye con-
centration of 20ppm.  

   Decolorization Assay Via UV–Vis 
Spectroscopy 

 Samples withdrawn at different time intervals 
(namely, 24, 48, 72, and 96h) from experimental 

vials were centrifuged and run through visible 
spectrophotometer (Systronics Visiscan-167) to 
check absorbance at   l   

max
  of selected dyes (522nm 

for Red RR and 596nm for Black GDN). The uni-
noculated dye-free medium was used as blank. 
All assays of dye decolorization were performed 
in triplicate, while the decolorization ef fi ciency 
was expressed as

        

where  I  = absorbance of media prior to incubation 
and  F  = absorbance of decolorized media 

 Amount of dyes present in liquid culture 
media before and after biodecolorization by 
the tested strain was determined from the respec-
tive concentration versus absorbance calibration 
curves obtained for respective dyes. Standard 
error and deviation were calculated for obtained 
data.  

   Determination of Azoreductase Activity 
for Crude Cell Extract 

 Bacterial cells prepared from designated culture 
conditions were harvested by centrifugation 
(8,000rpm, 10min) and resuspended in 0.1M 
sodium phosphate buffer (pH 7.0). The cell solu-
tion (approximately 10–15mg cell/ml) was soni-
cated (60–75W; 5min) with an ultrasonicator 
(Sigma). The crude cell extract was collected 
after removal of cell debris from the disrupted 
cell solution by centrifugation at 12,000× g at 
4°C for 20min. Azoreductase activity was deter-
mined based on the procedures described by 
Zimmermann etal.  [  13  ] . In general, 1ml of crude 
extract was added to 0.1M sodium phosphate 
buffer (pH 7.0) containing 20ppm of Black GDN 
and 0.35mM of NADH (Sigma); the total volume 
of the reaction mixture was 12ml. Dye decolor-
ization was followed by monitoring the decrease 
in color intensity at 596nm at room temperature. 
One unit (U) of azoreductase activity was de fi ned 
as the amount of enzyme required to reduce 1 m M 
of dye/min/ml under the assay conditions.  

Decolorization efficiency % 100
I F

F

-
= ´
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   HPLC Analysis 

 HPLC analysis of Red RR and its intermediate 
products on biodegradation were analyzed using 
Shimadzu HPLC chromatograph consisting of 
RP-18 (5 m M) column, two pumps (model LC-20 
AT), manual sample injector (Rheodyne 7725i), 
and diode array detector (model SPD-M 

2
 O 

A)
 , 

with wavelength in the range (190–800) nm. The 
mobile phase used for the study was acetonitrile: 
water (60: 40v/v) and was degassed using a soni-
cator to remove air molecules that might hamper 
the analysis. Samples were  fi ltered with 0.2mm 
membrane  fi lter prior to injection into HPLC. 
Twenty microliters of each sample was injected 
manually at a  fl ow rate of 0.5ml/min, and the 
detection was performed at 522 and 254nm for 
Red RR and the degradation products, respec-
tively. Due to the operation conditions mentioned 
above, the retention time of residual yeast extract 
tended to overlap with those of the decolorization 
intermediates. Thus, the bacterial decolorization 
intermediates prepared for the HPLC analysis 
were obtained from yeast-extract-free cultures. 
The degradation products were identi fi ed by 
comparison of the retention time in the test sam-
ple with that of standard solution under the same 
conditions (mobile phase,  fl ow rate, temperature, 
and wavelength).   

   Results and Discussion 

   Effect of Initial Dye Concentration 
on Decolorization 

 Figures  24.1  and  24.2  show the effect of initial 
concentration (0–50ppm) of Red RR and Black 
GDN at 37°C and pH 7. It is clear from the 
 fi gure that percentage removal of dyes increased 
with an increase in time irrespective of initial 
dye concentration. Further, percentage removal 
of dye decreased with an increase in dye 
concentration. The optimum concentration for 
both dyes with 2% inoculum was found to be 
20ppm at which maximum decolorization was 
observed. Time period for maximum decolor-
ization was found to be 72h, and it was recorded 
as 98.25 for Red RR and 78.47 for Black GDN. 
There was no observable color difference from 
72 to 96h. Our study also revealed that increase 
in inoculum concentration can degrade dyes at 
higher concentration (data not shown).    

   Effect of pH on Dye Decolorization 

 Effect of pH (3–11) on decolorization at 20ppm 
initial concentration of Red RR and Black 
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  Fig. 24.1    Effect of initial concentration of Red RR on decolorization with time       
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GDN at 37°C is shown in Fig. 24.3 . Maximum 
color removal of 97 and 75% for Red RR and 
Black GDN was observed at pH 7 after 72h of 
incubation period. At pH 8, color removal was 
moderate for both the dyes. Further increase in 
pH beyond 8 and decrease in pH below 7 resulted 
in decreased color removal of dyes. The optimum 

pH was found to be between 7 and 8 for maximum 
removal of color. The pH has an important 
role on the effectiveness of dye decolorization, 
because pH tolerance of decolorizing bacteria 
is quite important in treatment methods  [  14  ] . 
The decrease in percentage of color removal may 
be due to the loss of cell viability or denaturation 
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  Fig. 24.2    Effect of initial concentration of Black GDN on decolorization with time       
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of the key enzyme azoreductase under acidic and 
highly alkaline conditions  [  15  ] .   

   Effect of Temperature on 
Dye Decolorization 

 Figure 24.4  shows decolorization of dyes at dif-
ferent temperatures (25, 37, 45, 55, and 65°C) 
after 72h at pH 7.0 and initial dye concentration 

of 20ppm. It was observed that the percentage 
of color removal for both dyes increased with 
an increase in temperature from 25 to 37°C. The 
percentage removal of dye decreased with further 
increase in temperature up to 45°C. Decolorizing 
activity was signi fi cantly decreased by raising the 
temperature from 45 to 65°C. It is reported that at 
higher temperature, bacterial cell death will be 
high. The decrease of color removal is normally 
due to the loss of cell viability  [  10  ] .   
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   Effect of Media Composition 
on Dye Decolorization 

 Figure  24.5  indicates the color removal of Red 
RR under different media, namely, yeast extract, 
tryptone, xylose, ammonium nitrate, and combina-
tions of these media at 37°C and pH 7.0. Results 
summarize that in presence of 0.1% yeast extract, 
bacterial cells exhibited a maximum decolorization 
of 98% within 72h. Presence of same concentration 
of tryptone also enhanced decolorization to 
90% in the same time interval. This may be due 
to the reductive cleavage of reactive dyes, which 

is catalyzed by the action of redox mediators 
that transfer redox equivalents (electron donors), 
for example, NADH, NADPH, or FADH, to 
the chromophore group of the dye  [  10  ] . But the 
presence of xylose and ammonium nitrate led 
to considerable decrease in percentage decol-
orization. The negative effect of xylose on 
decolo-rization may be related to a metabolic 
regulation mechanism, generally recognized as 
catabolite repression  [  16  ] , which commonly 
occurs in bacterial systems. In the present study, 
yeast extract was selected as the media component 
since it is cheaper than tryptone.   
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   Azoreductase Activity for Crude 
Cell Extract 

 Decolorization study using crude cell extract 
suggests that the major enzyme involved in the 
process is azoreductase, since it was initiated 
by the addition of NADH. NADH is reported 
as the electron donor for the reduction process by 
azoreductase  [  17,   18  ] . Forty-four percent of the 
dye was decolorized within 6h, and enzyme activ-
ity was found to be 22.4U/ml. This study reveals 
that oxygen insensitive azoreductases have con-
siderable potential for the purely aerobic treat-
ment of wastewaters, which are polluted by 
highly recalcitrant dyes. Puri fi cation and char-
acterization of azoreductases from the strain con-
tribute to understand the mechanism of degradation 
of dyes and making it possible for treatment 
processes. 

 HPLC analysis for the sample taken at the 
beginning of static incubation showed a major peak 
(peak A) appears at a retention time of 3.26min 
(Fig. 24.6a ), which represents the retention time 
of pure reactive Red RR, since decolorization did 
not occur at the early stage of static incubation. 
As the decolorization proceeded, the intensity of 
peak A decreased, along with an increase in 
intensities of peak B (retention time = 3.873min), 
peak C (retention time = 5.322min), and peak D 
(retention time = 7.008min). As the operation 
lasted for 72h, the intensity of peak A dropped 
about 80%, and the intensities of peaks B, C, and 
D were found to be increased. At this point, it is 
assumed that the bacteria caused the cleavage of 
reactive Red RR which decomposed to form three 
intermediates represented by peaks B, C, and D 
(Fig. 24.6b ). Elucidation of intermediate com-
pounds has to be done.    

   Conclusions 

 The newly isolated bacterial strain has excellent 
potential for degradation and decolorization 
of reactive dyes, Red RR and Black GDN. 
Decolorization ef fi ciency is strongly affected by 
the medium compositions, in which yeast extract 
and tryptone are vital to the decolorization 

triggered by enzymatic reduction of dyes. The 
strain exhibited good decolorization ability at pH 
from 7 to 8 and temperature 37°C. Based on the 
HPLC data, decolorization of reactive red RR by 
the strain seems to involve breakdown of reactive 
bonds to form three intermediary compounds. 
Studies with cell-free extract suggest that azore-
ductase is the key enzyme for decolorization of 
dyes. More studies are in progress in our labora-
tory in order to cram the heterologous expression 
of this enzyme and to understand its mechanism 
of action on the selected dyes.      
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  Abstract 

  Alcaligenes  sp.  d   2  , an aerobic bacterium, was proved earlier to be a 
promising strain for the biodegradation of phenol. The rate-limiting step 
in the aerobic degradation of phenol by  Alcaligenes  sp.  d   2   is the formation 
of catechol from phenol by the action of the enzyme phenol hydroxylase. 
The presence of phenol hydroxylase in the culture supernatant strongly 
supports the fact that  Alcaligenes  sp.  d   2   starts the degradation of phenol by 
converting it to catechol. The optimum condition for the production of 
phenol hydroxylase by the organism was done by statistical modeling with 
Design-Expert software 7.1.4 – Plackett-Burman. The optimum conditions 
for the production of the enzyme were found to be temperature, 40°C; pH, 
9.8; incubation period, 16 h; phenol, 200  m l (5%); catechol, 1 mg ml −1 ; 
MgSO 

4 
, 5 mg ml −1 ; and KH 

2
 PO 

4 
, 100 mg ml −1 . The organism degrades 

phenol completely to Krebs cycle intermediates through the meta pathway 
of degradation. This fact is supported by the data obtained from the FT-IR 
analysis of the samples taken at different time intervals. FT-IR bands 
obtained from samples taken at 16 h (1,725 cm −1 ), 24 h (2,960 cm −1 , 
1,705 cm −1 ), 32 h (1,703 cm −1 ), and 40 h (1,729 cm −1 ) add on to the fact 
that  Alcaligenes  sp.  d   2   follows the meta pathway o f biodegradation.  

  Keywords 

 Phenol biodegradation  •   Alcaligenes  sp.  d   2    •  Phenol hydroxylase  •  Meta 
pathway      

      Analysis of the Pathway 
of Phenol Biodegradation 
by  Alcaligenes  sp.  d   2         
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   Introduction 

 Phenol and its derivatives are the basic structural 
unit in a wide variety of synthetic organic com-
pounds  [  1  ] . Phenol is more commonly produced 
arti fi cially from industrial activities. Currently, 
the largest use of phenol is as an intermediate in 
the production of phenolic resins, which are used 
in the plywood, adhesive, construction, automo-
tive, and appliance industries. Phenol is also used 
in the production of synthetic  fi bers such as nylon 
and for epoxy resin precursors such as bisphenol 
A. Phenol is water soluble and highly mobile  [  2  ] , 
and, hence, waste waters generated from industrial 
activities contain high concentrations of phenolic 
compounds  [  3  ] . This may eventually reach down 
to streams, rivers, lakes, and soil representing a 
serious ecological problem  [  4  ] . Phenol is a listed 
priority pollutant by the US Environmental 
Protection Agency  [  5  ]  and is considered to be a 
toxic compound by the Agency for Toxic 
Substances and Disease Registry  [  6  ] . 

 Pollution due to phenolic compounds has been 
drawing attention of the research community for 
the past few years. Many technologies have been 
investigated for removing phenolic compounds 
from environment. They include adsorption  [  7  ] , 
biodegradation  [  8,   9  ] , UV/Fe +3   [  10  ] , extraction 
by liquid membrane  [  11  ] , chemical oxidation 
 [  12–  15  ] , etc. Powdered animal charcoal treatment 
is one such strategy to eliminate phenol from 
industrial ef fl uents. But these methods are incom-
petent as far as the complete removal of the pol-
lutant from environment is concerned. They also 
have serious drawbacks such as high cost and 
formation of hazardous by-products. 

 Because of the widespread occurrence of phe-
nol in the environment, many microorganisms 
have started utilizing phenol as the sole carbon 
and energy source. Biodegradation of phenol fol-
lows both aerobic and anaerobic pathways. 
Aerobic biodegradation of phenol has been stud-
ied in the early nineteenth century. The common 
 fi rst step in the aerobic degradation of phenols is 
its hydroxylation to catechol. Phenol hydroxylase 
(PH) enzyme catalyze the hydroxylation of phe-
nol to catechol. This reaction is considered to be 

the  fi rst and rate-limiting step in the aerobic 
phenol-degrading pathway  [  16  ] . 

 In aerobic degradation of phenol, the enzyme 
phenol hydroxylase adds a hydroxyl group to 
phenol utilizing molecular oxygen and a molecule 
of NADH 

2
  to form catechol (1,2-dihydroxyben-

zene). Catechol is then degraded via two alterna-
tive pathways: ortho pathway or  b -ketoadipate 
pathway and meta pathway. It is further metab-
olized to Krebs cycle intermediates. In meta 
pathway, enzyme catechol 2,3-dioxygenase trans-
forms catechol to 2-hydroxymuconic semialde-
hyde. This compound is metabolized further to 
intermediates of Krebs cycle. 

 We have been doing research in phenol bio-
degradation for the last few years. The organism 
we used was  Alcaligenes  sp.  d  

 2 
 , isolated from 

soil through soil enrichment culture technique. 
  Alcaligenes  sp.  d  

 2 
  is an ef fi cient phenol-

degrading microorganism and is capable of with-
standing high concentrations of phenol. Its 
phenol-degrading property and the conditions 
required for degradation were reported in soil 
science  [  17  ] . We could use this organism for the 
better treatment of phenolic paper factory 
ef fl uent  [  9  ] . Later we could also establish the 
fact that the organism while removing phenol 
was capable of progressively accumulating PHB, 
the mostly recommended biopolymer  [  18  ] . The 
present work mainly focuses on establishment of 
the role of phenol hydroxylase and elucidation 
of the pathway of phenol biodegradation by 
 Alcaligenes  sp.  d  

 2 
 .  

   Experimental 

   Strain and Source 

 The bacterium  Alcaligenes  sp.  d  
 2 
  was used in the 

present study. The strain was collected from the 
culture collection of School of Biosciences, 
Mahatma Gandhi University Campus, Kottayam.  

   Estimation of Phenol 

 Phenol was estimated as per the protocol by  [  19  ] .  
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   Biodegradation 

 Hundred milliliter of mineral salt phenol medium 
with pH 6.5 and 200  m l of 5% phenol substrate 
were prepared in different  fl asks and inoculated 
with 3% inocula of the strain. The culture was 
then incubated for different time intervals in a 
150 rpm shaker at room temperature. After every 
8-h time interval, the media was centrifuged at 
10,000 rpm for 15 min, supernatants was col-
lected and assayed for the presence of phenol.  

   Enzymatic Assay of Phenol Hydroxylase 

 Phenol hydroxylase was estimated as per the 
protocol by Gurujeyalakshmi et al.  [  20  ] . One 
unit of phenol hydroxylase activity was de fi ned 
as 1  m mol of phenol conversion per minute under 
the assay conditions.  

   Optimization of the Conditions for 
Phenol Hydroxylase Production 

 Hundred milliliter of mineral salt phenol medium 
at pH 6.5 and 200  m l of 5% phenol as substrate 
was inoculated with 3% inoculum. The broth was 
incubated for 24 h at room temperature in a 
shaker at 150 rpm for enzyme production. After 
incubation, the broth was centrifuged at 
10,000 rpm for 15 min. Supernatant was col-
lected and assayed for the presence of phenol 
hydroxylase enzyme. The conditions favoring the 
maximum secretion of the enzyme was found to 
be the optimum condition. Optimization of the 
process conditions for the production of phenol 
hydroxylase was done with Design-Expert soft-
ware 7.1.4 – Plackett-Burman, downloaded from 
the website   www.statease.com    . Eleven parame-
ters with 2 options were given to the software 
which gave 12 trials to be performed.  

   Analysis of Degradation Products 
by GC-MS and FT-IR 

 The supernatants collected after biodegrada-
tion at 8-h time interval were extracted with 

diethyl ether in a separating funnel. Separating 
funnel was  fi lled with equal volumes of super-
natant and diethyl ether. The mixture was 
shaken well and kept undisturbed for half an 
hour. The ether portion was collected in a 
beaker and kept in water bath at 50 °C for 
removing ether by evaporation. A control (min-
eral salt phenol medium without inoculum) 
was also extracted with diethyl ether. The 
extracts were collected and subjected to 
GC-MS and FT-IR analysis. Both control and 
samples were extracted at different time inter-
vals of 8 h and were subjected to GC-MS and 
FT-IR analysis. Spectroscopic analysis was 
done at National Institute of Interdisciplinary 
Science and Technology (NIIST), Trivandrum.   

   Results and Discussion 

 The present research work was carried out to 
evaluate the pathway of phenol degradation fol-
lowed by  Alcaligenes  sp.  d  

 2 
 . The medium used 

was mineral salt phenol medium (MSPM), and 
the process was carried out under optimized labo-
ratory conditions  [  17  ] . 

 Biodegradation of phenol follows both aero-
bic and anaerobic pathways.  Alcaligenes  sp.  d  

 2 
  is 

an aerobic organism. The aerobic biodegradation 
of phenol occur either through ortho pathway or 
by meta pathway. In both cases, the  fi rst step is 
the conversion of phenol to catechol by the 
enzyme phenol hydroxylase. 

 Phenol hydroxylase is a  fl avoprotein enzyme, 
and its action (conversion of phenol to catechol) 
is considered to be the rate-limiting step in the 
whole process of phenol biodegradation by aero-
bic pathway. The most important function of 
phenol hydroxylase is the hydroxylation of 
phenol, i.e., addition of one more –OH group to 
phenol   .

  This step is very important as it gives room 
for the subsequent enzymes to act either in ortho 

OH OH OH

Phenol hydroxylase

Phenol Catechol

http://www.statease.com
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pathway or in meta pathway to cleave the benzene 
ring. Our  fi rst objective was to establish the 
presence of phenol hydroxylase in the culture 
supernatant. Phenol hydroxylase activity was 
evaluated in the culture supernatants at various 
time intervals and was plotted with activity 
against time (Fig.  25.1 ).  

 The strain produced phenol hydroxylase 
enzyme during the initial stages of phenol degra-
dation, and its rate was found to decrease gradu-
ally. Production of enzyme was found at the 
maximum during 18 h of incubation. The presence 
of phenol hydroxylase in the culture supernatant 
indicated that the biodegradation of phenol by 
 Alcaligenes  sp.  d  

 2 
  is aerobic in nature. 

 Phenol hydroxylase is an inducible enzyme and 
hence may be in fl uenced by the presence of phenol 
in the medium. In addition to this, several other fac-
tors such as temperature, pH, incubation time, salt 
concentration, buffers, and nitrogen sources can 
also in fl uence the production of phenol hydroxy-
lase. A high level of phenol hydroxylase produc-
tion can enhance the rate of phenol degradation, 
and, hence, it is appropriate to look into the opti-
mum production of phenol hydroxylase enzyme. 

 Optimization of the production conditions of 
enzyme can be done by the conventional one at 
a time approach. This is a time-consuming 
experiment and requires intensive lab work. 
More than that, the  fi nal optimized conditions 
may not be contributing to the expected results. 
This is because in many of the conventional 
optimization strategies, the individual trials 

are found to have better yield than the  fi nally 
optimized conditions.    It follows that it is not the 
individual parameter which is very important, 
what matters is how the variables interact with 
each other in combination. A suitable combination 
of the various factors may be contributing better 
yield than other conditions. 

 It is with this objective that scientists all over 
the world are shifting their experimental strate-
gies of media optimization to statistical modeling. 
A number of software are currently available for 
the media optimization. In the present project, we 
have made an attempt to optimize the conditions 
of phenol hydroxylase production using one such 
software. The software used was Design-Expert 
software 7.1.4 – Plackett-Burman, downloaded 
from the website   www.statease.com    . 

 We have analyzed the optimum production 
strategies using the  fi rst-level application of 
Design-Expert system. The  fi rst-level analysis 
helped us to  fi nd out the most important impact 
making parameters from the selected variables. 
The Plackett-Burman statistical model of the 
Design-Expert software proposes the conduct of 
“ n ” trials for  n  − 1 variables. The  fi rst task before 
initiating the analysis is to  fi x up the number and 
nature of the variables. In this experiment, we 
have opted 11 variables comprising of temperature, 
pH, incubation period, phenol concentration, 
NaCl, KH 

2
 PO 

4
 , MgSO 

4
 , (NH 

4
 ) 

2
 SO 

4
 , CaCl 

2,
  and 

catechol. Temperature, pH, and incubation period 
have been incorporated as a measure to optimize 
the external conditions affecting the enzyme 
production. Phenol has been incorporated to 
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  Fig. 25.1    Production of 
phenol hydroxylase 
enzyme at different 
incubation period       
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evaluate how far it can act as an inducer for the 
production of phenol hydroxylase enzyme. 

 In each of these parameters, two values were 
taken, one lower and the other higher (Table  25.1 ). 
Totally 12 trials have been conducted as per the 
data given by the software (Table  25.2 ). Finally 
on analyzing the impact factor contributed by the 
software analysis, it became evident that the most 
striking impact making parameters were phenol 
(1.14) and (NH 

4
 ) 

2
 SO 

4
  (1.03) along with KH 

2
 PO 

4
  

(1.31) (Table  25.3 ).    
 The results truly agreed with the theoretical 

expectation that phenol hydroxylase was an 
inducible enzyme and get induced at a high con-
centration of phenol (200  m l of 5% phenol). 
Among the 12 trials conducted, the second trial 
gave the highest response of 17.70, and the sec-
ond highest response obtained was 3.18, which is 
only 18% to the highest response (Table  25.2 ). 
Hence, it follows that the parameters  fi xed for the 
second trial yielding the highest performance was 
ideally suited for maximal production of the 
enzyme. The parameters selected were tempera-
ture, 40°C; pH, 9.8; incubation time, 16 h; phe-
nol, 200  m l (5% phenol); NaCl, 5 mg ml −1 ; 
KH 

2
 PO 

4
 , 100 mg ml −1 ; MgSO 

4
 , 5 mg ml −1 ; and 

catechol, 1 mg ml −1 . (NH 
4
 ) 

2
 SO 

4
  and CaCl 

2
  were 

completely absent in the medium. 
 The presence of phenol hydroxylase enzyme 

in the initial stages of phenol biodegradation 
established the fact that phenol biodegradation 
by  Alcaligenes  sp.  d  

 2 
  was aerobic and that it 

followed either ortho pathway or meta pathway. 
Hence, the second objective was to  fi nd whether 
the organism follows ortho pathway or meta 
pathway. Ortho pathway has characteristic inter-
mediates like catechol,    cis,cis-muconic acid, 
mycolactone,  b -oxoadipate, acetyl CoA, and 
succinyl CoA, whereas in meta pathway the 
intermediates are catechol, 2-hydroxymuconic 
semialdehyde, 2-oxopent-4-enoate, oxaloacetate, 
acetaldehyde, and pyruvate. 

 The identi fi cation of the nature of degradative 
pathway followed by  Alcaligenes  sp.  d  

 2 
  was done 

by establishing the presence of any one class of 
the intermediates during the degradation of phe-
nol. The experimental strategy we took for the 
above objective was GC-MS and FT-IR analysis. 

 GC analysis was unique in representing the 
number of structurally different components in 
the sample. MS was indicative of the mass frac-
tionation of the component peaks obtained from 
the GC spectrum. GC analysis of the control 
(non-biodegraded phenol) gave a major peak at 
7.008 min, and the MS analysis con fi rmed that 
the peak represented phenol with molecular 
weight 94 (Figs.  25.2  and  25.3 ).   

 GC analysis of the samples at varied incuba-
tion period gave ample evidence showing the 
degradation of phenol and generation of new 
intermediates. The peak of phenol indicated at 
7.008 RT in the control gets progressively reduced 
resulting in the formation of many other peaks in 
the subsequent samples (Fig.  25.4 ).  

   Table 25.1    Selected parameters and their value applied in the Plackett-Burman model for process optimization   

 Sl. no.  Parameter 
 Values 

 Highest  Lowest 

 1  Temperature  40 °C  30 °C 
 2  pH  9.8  6.8 
 3  Incubation time  48 h  16 h 
 4  5% Phenol  200  m l  0 

 5  NaCl  5 mg/100 ml  1 mg/100 ml 
 6  KH 

2
 PO 

4
   100 mg/100 ml  10 mg/100 ml 

 7  MgSO 
4
   50 mg/100 ml  5 mg/100 ml 

 8  (NH 
4
 ) 

2
 SO 

4
   100 mg/100 ml  0 

 9  CaCl 
2
   1 mg/100 ml  0 

 10  Catechol  1 mg/100 ml  0 
 11  Distilled water 

(dummy variable) 
 B1  B2 
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 We could analyze the sample extracts at dif-
ferent time intervals using FT-IR. The FT-IR of 
the control (Fig.  25.5 ) gave a de fi nite indication 
of the presence of phenol in the non-biodegraded 
sample. The characteristic bands were observed 

at a wave number of 3,731, 1,647, 1,455, and at 
1,155 cm −1 . There were no bands in the range of 
1,700–1,750 cm −1 .  

 The FT-IR analysis of the samples taken at 
8 h (Fig.  25.6 ), 16 h (Fig.  25.7 ), 24 h (Fig.  25.8 ), 

  Fig. 25.2    Gas chromatogram of control: S1 (non-biodegraded phenol)       

50.0

44 66

94

131 219

%

0

50

100

75.0 100.0 125.0 150.0 175.0 200.0

  Fig. 25.3    Mass spectrogram of the peaks obtained at 7.008 in the gas chromatogram of the control (non-biodegraded 
phenol). RT = 7.008       

  Fig. 25.4    Gas chromatogram of biodegraded phenol after 40 h of incubation: S6       

  Fig. 25.5    FT-IR of control: S1 (non-biodegraded phenol)       
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  Fig. 25.6    FT-IR of biodegraded phenol after 8 h of incubation       

  Fig. 25.7    FT-IR of biodegraded phenol after 16 h of incubation       
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  Fig. 25.10    FT-IR of biodegraded phenol after 40 h of 
incubation       

  Fig. 25.9    FT-IR of biodegraded phenol after 32 h of 
incubation       

  Fig. 25.8    FT-IR of biodegraded phenol after 24 h of 
incubation       

32 h (Fig.  25.9 ), and 40 h (Fig.  25.10 ) gave 
strong characteristic indication of aerobic break-
down of the aromatic ring with new bands 
appearing in the range 1,750–1,000 cm −1 . Many 
of the bands appeared in this range were charac-
teristic of meta pathway.      

 The FT-IR analysis of the sample after 8 h 
(Fig.  25.6 ) brought new bands at 2,929 and 
2,862 cm −1 , which were characteristic of acid: 
hydrogen bond (O-H) stretching. Together with 
this, there was a characteristic band at 1,724 cm −1  
which gives the strong indication of the presence 
of C═O group. 

 FT-IR analysis of the sample after 16 h 
(Fig.  25.7 ) gave strong representation of band at 
1,725 cm −1 , characteristic of the aldehyde, 
2-hydroxymuconic semialdehyde.
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OH

COOH
CHO

2-hydroxymuconic semialdehyde

 

 The presence of aldehyde can be accepted as a 
strong indication toward meta pathway, as the 
ortho pathway does not contain any aldehyde 
intermediates in the beginning. 

 In the FT-IR spectrum of sample at 24 h 
(Fig.  25.8 ), there was a band at 2,960 cm −1 , indi-
cating the presence of aliphatic group, which 
again con fi rmed the cleavage of aromatic ring 
inducing aliphatic ring generation. The shifting of 
the band toward 1,705 cm −1  also indicated the oxi-
dation of aldehyde to ketone, which took place in 
meta pathway during the conversion of 2-hydroxy-
muconic semialdehyde to 2-oxopent-4-enoate   .

        The presence of 1,703 cm −1  band in the FT-IR 
of the sample after 32 h (Fig.  25.9 ) clearly indi-
cated the presence of two carboxylic acids, which 
took part in the formation of oxaloacetate.

    Oxaloacetate         

C O

COOH

COOH

CH2

Oxaloacetate

 Finally, in the FT-IR spectrum of sample 
taken after 40 h (Fig.  25.10 ), there was strong 
indication of CH 

3
 ―C―CH 

3
  and aldehyde. CH 

3
  

was represented by the reappearance of the band 
at 2,960 cm −1 . There was a strong band at 
1,729 cm −1  indicating the presence of aldehyde. 
Finally, the spectrum represented the presence of 
alkyl aldehyde in the sample. This was mostly 
indicative of acetaldehyde (CH 

3
 ―CHO) formed 

in the last stage of meta pathway. From the above 

data, we could state that  Alcaligenes  sp.  d  
 2 
  

followed meta pathway for the biodegradation 
of phenol. 

 The present study has proved that  Alcaligenes  
sp.  d  

 2 
  is a promising strain for the biodegradation of 

phenol. It could degrade phenol even at high con-
centrations. The industrial ef fl uents before being 
released into the environment can be treated with a 
suspension of this strain to remove phenol, which 
reduces its hazardous effect on environment. The 
strain can also be recombinantly modi fi ed to 
increase its potency in degradation. The intermedi-
ary metabolites PHB and catechol, produced by 
 Alcaligenes  sp.  d  

 2 
 , are important intermediates in 

the synthesis of biopolymers, pharmaceuticals, 
agrochemicals,  fl avors, antioxidants, etc. If utilized 
effectively, the strain will be a boon to mankind in 
the  fi elds of food industry, pollution control, phar-
maceuticals, biopolymer production, etc.      
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  Abstract 

 Rapid urbanisation, encroachment of fertile area and booming population 
are leading to generation of massive amount of waste. Vermicompost has 
been proved as potential technology for converting different organic solid 
waste including municipal waste and agricultural waste into valuable 
wealth through a type of biological alchemy of earthworm. The egested 
cast can be used to improve the fertility and physical characteristics of soil. 
So de fi nitely the material that ingested by the  epigeic  earthworm could be 
one of the source of variation of quality of the ultimate product. The enrich-
ment can also be achieved by inoculating microorganisms at initial stage of 
decomposition. With these two aims, the present work was carried out to 
study the effect of different organic wastes, namely water hyacinth, cow 
dung, green gram, vegetable waste and poultry litter, with microbial inocu-
lants on chemical and biochemical properties of vermicompost. Signi fi cant 
variation with respect to microbial count both at initial stage and  fi nal prod-
uct was observed with exception like total bacterial count at initial stage 
and total fungal count and  Pseudomonas  count in  fi nal product. Inoculation 
of microorganisms increased the P content in vermicompost. During the 
incubation period, the inoculated bacterial strains proliferated rapidly, solu-
bilised added and native phosphate. It was also observed that the percent-
age increase in microbial population was found maximum in water hyacinth 
[327.78%]. It is evident from results that the signi fi cant increase of total 
phosphorus and total potassium and signi fi cant decrease in TOC, EC and 
pH in  fi nal vermicompost of different animal/agro and kitchen wastes by 
the use of earthworm  Eisenia foetida  are due to the vermic activity.  

  Keywords 

 Vermicompost  •  Microbial inoculants  •  Biochemical properties.        

      Improvement of Vermicompost: 
In fl uence of Feeding Materials and 
Inoculation of Nitrogen-Fixing and 
Phosphate-Solubilising Bacteria       

     Md.   Nasim   Ali      ,    S.   Chakraborty   ,    Prosanta   Saha,    
and    Niladri   Lodh      
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   Introduction 

 Vermicomposting has been identi fi ed as one of 
the potential option in managing biodegradable 
solid waste  [  1–  4  ]  in a cost-effective manner 
 [  5,   6  ] . Different organic waste has been con-
verted into vermicompost by different sp. of 
earthworm including cattle dung  [  7  ] , poultry 
droppings  [  8  ] , water hyacinth  [  9  ]  and animal 
waste  [  10–  12  ] . The role of  Eisenia foetida  has 
also been studied by several workers  [  13,   14  ] . 
Reinecke et al.  [  15  ]  included  Eisenia foetida  as 
the most eurythermal species of epigeic earth-
worms. Thermo composting or pre-composting 
(prior to vermicomposting) of the organic 
waste for several days is very effective in 
reduction of mass of the solid waste and patho-
gen reduction  [  3  ] . Because of earthworm activ-
ity on pre-composted organic waste, much 
more fragmented, porous and microbially 
active manures than parent materials were pro-
duced  [  16  ]  and that could be effectively used 
as nutrient source of crop plants  [  17,   18  ]  and 
also as soil conditioner  [  4  ] . Vermicompost has 
more available nutrient than organic substance 
from which it is produced  [  19  ] . But there are 
only few studies on the in fl uence of organic 
waste on physicochemical qualities of the ver-
micompost and its improvement with respect 
to plant nutrient content. Nitrogen- fi xing bac-
teria and phosphate-solubilising bacteria could 
be inoculated for the enrichment of the product 
 [  20  ]  because microbial activity has the capac-
ity to increase the availability of nutrient  [  21  ] . 
Nitrogen- fi xing bacteria are helpful in  fi xing 
N 

2
  as well in solubilising phosphorus due to 

production of organic acids and enzymes  [  22  ] . 
Keeping all this in mind, the present study was 
conducted to assess the potential of  Eisenia 
foetida  in composting of different types of 
organic materials and quality of vermicompost 
thus produced. Attempt was also made to bring 
changes in N and P components of vermicom-
post by inoculating of N- fi xing and P- solubilis-
ing bacteria.  

   Materials and Methods 

   Collection of Organic Wastes 

 Four plant-based (water hyacinth, green gram, 
paddy straw and vegetable waste from kitchen) 
and two types of animal waste (cow dung and 
poultry droppings) were selected for the study. 
Paddy straw, cow dung and poultry droppings 
from dairy unit, green gram from agricultural 
farm, vegetable waste from kitchen of hostels and 
water hyacinth from different ponds were col-
lected. All the locations were within the premises 
of Ramakrishna Mission Ashrama, Narendrapur, 
Kolkata, India.  

   Collection of Earthworms 

 Earthworm species  Eisenia foetida  were obtained 
from vermicompost unit maintained by dairy unit 
of Ramakrishna Mission Ashrama, Narendrapur, 
Kolkata, India.  

   Experimental Setup 

 The work was carried out following the method 
proposed by Garg et al.  [  4  ]  with some modi fi cations. 
Earthen pots of 45 cm diameter × 23 cm height 
having capacity of containing 8 kg of partially 
decomposed waste, with a hole at the bottom, were 
taken for the present experiment. The composting 
mixture consisting of different kinds of substrates 
was mixed with starter material (cow dung, water 
and soil at a volume of 30, 10 and 1%, respec-
tively) in 5:2 ratio. Total 5 kg of composting mix-
ture was taken in each experimental pot to provide 
initial favourable environmental conditions for the 
worms. In the treatment pots, 50 numbers of 
healthy earthworms of approximately the same 
size (7–8 cm) and weight (2.5–3 g) were intro-
duced after 15 days of partial decomposition of 
organic wastes. This was done to avoid exposure 
of worms to high temperature during the initial 
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thermophilic stage of  composting. Water was 
sprinkled daily on pots using an iron sprayer to 
maintain the moisture level of 55–60%. The exper-
imental pots were kept under shade and covered 
with the gunny bags to avoid direct sunlight. There 
were three replicates for each feed mixture.  

   Chemical Analysis 

 Chemical analysis was done at two different 
 sample, i.e. initial product (day of inoculating 
earthworms) and  fi nal product (after getting 
the mature product). The earthworms were 
removed manually at the end of the experiment. 
Determination of pH was done by a digital pH 
metre (Systronics-335) and electrical conductiv-
ity by a conductivity metre (Systronics-306). 
Total organic carbon was estimated by Walkley 
and Black  [  23  ]  and available phosphorus by 
Olsen et al.  [  24  ]  and total potassium by  fl ame 
emission technique were estimated. All the deter-
minations were carried out in triplicate.  

   Microbial Analysis 

 Microbial count was conducted in three replica-
tions;  fi ve plates were taken for each replication. 

  (a) Testing of Initial   and Final Product : Each 
experimental treatment was analysed at two dif-
ferent samples, i.e. initial product (day of inocu-
lating earthworms) and  fi nal product (after getting 
the mature product). After collecting 1 g of sam-
ple vermicompost, standard serial dilution tech-
nique was followed. Total numbers of 
colony-forming units [CFUs] were counted by 
pouring 1 ml aliquots (10 −5  dilution for fungal 
count and 10 −7  dilution for bacterial count) asep-
tically in laminar air  fl ow chamber (pour plate 
technique) in different selective media, i.e. total 
bacterial count in nutrient agar media, total fun-
gal count in potato dextrose agar media, phos-
phate-solubilising bacteria in Pikovskaya media, 
 Rhizobium  in yeast extract mannitol agar media, 
 Azotobacter  in Jensen’s media, and  Azospirillum  
in nitrogen-free malate media. It was gently 
rotated for proper mixing and incubated at 

24 ± 2°C and 32 ± 2°C, respectively, for fungal 
and bacterial colony for 48–72 h in BOD incuba-
tor. Then colony-forming units for all the 
microbes were counted using colony counter 
(Chemiline-CL920). 

  (b) Enrichment with Microbial   Inoculants : In a 
separate set of experiment, 500 g of partially 
decomposed three organic materials, i.e. water 
hyacinth, green gram and paddy straw, was 
taken in a plastic jar with perforated lid. Five 
earthworms were inoculated in each jar. In treat-
ment jar nitrogen- fi xing bacteria  Rhizobium  and 
 Azotobacter ,  phosphate-solubilising bacteria  were 
mixed with organic waste at 25 ml broth of all 
three bacterial cultures. In control jars, no external 
microbial inoculants were mixed. Both treatment 
and control were conducted in  triplicate jar.  

   Statistical Analysis 

 All the reported data are the arithmetic means of 
three replicates.    One-way analysis of variance 
(ANOVA) was done to determine any signi fi cant 
difference among the treatments analysed during 
vermicomposting at 0.05% level of signi fi cance 
 [  25  ] .   

   Result and Discussion 

 The days required for the vermicomposting 
ranged from 38 days (cow dung) to 92 days 
(paddy straw) as shown in Table  26.1 . Thermo 
composting or pre-composting time required 
for different feeding stock was also different. 
Differential composition of organic and inor-
ganic components is responsible for duration of 
vermicomposting process. Besides, the favour-
able condition required for earthworms’ 
ef fi ciency in decomposition is also varying with 
chemical nature of organic waste  [  17  ] . Because 
of the presence of different decomposing com-
munity like bacteria, fungi, protozoa, nematode 
and actinomycetes in higher quantity in cow 
dung, mineralization of cattle dung is done by 
earthworm more easily than other organic 
wastes  [  26  ] .  
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 The chemical parameters were estimated at 
two different stages (Table  26.2 ), initial estima-
tion was done prior to earthworm inoculation, i.e. 
after thermo composting process, and  fi nal esti-
mation was made at the end of completion of ver-
micomposting process. In all types of feeding 
stock, it was observed that the pH and organic car-
bon level decreased with comparison to its initial 
level. The range of pH was 6.8–8.3 where cow 
dung was having an initial pH of 7.2 and poultry 
litter having initial pH 8.4. The range of organic 
carbon was observed 7.2% (for poultry litter) to 
18.5% for paddy straw in  fi nal product. On the 
contrary, EC, available P and available K were 
increased in all treatment. EC ranged between 3.2 
(paddy straw) and 4.7 (water hyacinth) at  fi nal 
stage. Available P content was maximum in paddy 
straw (0.61 ± 0.001%) and that was found mini-
mum in water hyacinth (0.19 ± 0.004%). In water 
hyacinth available K content was also found in 
least quantity (1.1 ± 0.01%), whereas this nutrient 
in available form was obtained in highest quantity 
in poultry droppings (4.2 ± 0.13%) (Table  26.2 ). 
Reduction of pH after decomposition might be 

reasoned for the production of CO 
2
 , ammonia, 

NO  
3
  −   and organic acid by microbial decomposi-

tion  [  27  ] . Rise in EC of vermicomposted materi-
als of all the feeding materials might be due to 
freely available ions and minerals that are gener-
ated during ingestion and excretion by the earth-
worm  [  4  ] . The losses of C in the form of CO 

2
  as 

well the conversion of some part of organic frac-
tion into worm biomass are the reason of carbon 
loss from the substrate  [  27  ] . P mineralization 
depends on quality of bulking materials. When an 
organic material passes through the gut of earth-
worm, some amounts of phosphorus are being 
converted with more availability to plants due to 
worm’s gut phosphatases. The increase of P con-
tent could be attributed to the P-solubilising 
microorganisms present in worm cast  [  27  ] . 
Potassium content increased due to vermicom-
posted product  [  28  ] . The difference in P and K 
mineralization among different waste materials 
was found because of variation in chemical struc-
ture of the raw feeding materials  [  29  ] .  

 Table  26.3  clearly indicates that the number of 
microbes was decreased in most of the treatments 

   Table 26.1    Days required for production of vermicompost   

 Parameter 
 Water hyacinth 
(days) 

 Cow 
dung 
(days) 

 Green gram 
(days) 

 Vegetable waste 
(days) 

 Poultry litter 
(days) 

 Paddy straw 
(days) 

 Partial decomposition  12  26  32  24  35  35 
 Final product  34  12  50  48  39  57 

   Table 26.2    Chemical analysis of different feeding stock at initial (before earthworm inoculation) and  fi nal product 
(mean ± SD,  n  = 3)   

 Material  Type  pH  EC (mmhos)  Organic C [%]  Available P%  Available K% 

 Water hyacinth  Initial  7.8 ± 0.02  3.5 ± 0.01  16.5 ± 0.11  0.08 ± 0.003  0.8 ± 0.03 
 Final  7.3 ± 0.02  4.7 ± 0.01  12.25 ± 0.23  0.19 ± 0.004  1.1 ± 0.10 

 Cow dung  Initial  7.2 ± 0.01  2.9 ± 0.01  19.5 ± 0.13  0.16 ± 0.001  1.2 ± 0.01 
 Final  6.8 ± 0.02  3.6 ± 0.02  18.2 ± 0.13  0.20 ± 0.007  1.5 ± 0.05 

 Green gram  Initial  8.1 ± 0.03  3.2 ± 0.03  18.75 ± 0.20  0.20 ± 0.006  1.5 ± 0.03 
 Final  7.8 ± 0.01  4.3 ± 0.03  11.5 ± 0.20  0.46 ± 0.001  1.8 ± 0.08 

 Vegetable waste  Initial  8.0 ± 0.004  3.7 ± 0.02  22.50 ± 0.4  0.24 ± 0.00  2.1 ± 0.02 
 Final  7.5 ± 0.03  4.1 ± 0.02  15.2 ± 0.09  0.28 ± 0.008  2.28 ± 0.10 

 Poultry litter  Initial  8.4 ± 0.03  4.0 ± 0.01  9.7 ± 0.20  0.40 ± 0.013  3.5 ± 0.06 
 Final  8.3 ± 0.02  4.5 ± 0.03  7.2 ± 0.03  0.40 ± 0.001  4.2 ± 0.13 

 Paddy straw  Initial  7.7 ± 0.01  3.0 ± 0.03  18.7 ± 0.15  0.42 ± 0.002  0.9 ± 0.04 
 Final  7.6 ± 0.01  3.2 ± 0.01  18.5 ± 0.13  0.61 ± 0.001  1.1 ± 0.04 
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for all the speci fi c microbes and total fungal and 
bacterial count. But the total count for all the 
microbes was much higher in all feeding stock. In 
case of vermicompost produced using water hya-
cinth, it showed maximum number of bacterial 
(total) count, 56.4 × 10 9 ;  Azospirillum  sp., 21.7 × 10 9 ; 
PSB, 21.2 × 10 9 ; and  Pseudomonas  sp., 18.8 × 10 9  in 
1 ml of sample, whereas total fungal colony 
(19.2 × 10 9 /g of vermicompost) was minimum in 
this feeding stock. Total fungal colony was found 
maximum (34 × 10 9 /g of vermicompost) in the prod-
uct obtained from kitchen waste. Though total bac-
terial count (27.4 × 10 9 /g of vermicompost) and 
 azotobacter  count (12.57 × 10 9 /g of vermicompost) 
were lowest in kitchen waste, individually  Rhizobium  
colony-forming units, cfus (30.7 × 10 9 /g of vermi-
compost), was highest in that. Maximum 
 Azotobacter  sp. cfus (42.4 × 10 9 /g of vermicompost) 
and minimum  Pseudomonas  sp. cfus (8.9 × 10 9 /g 
of vermicompost) were observed in Paddy straw. 
In poultry droppings, colony of  Rhizobium  
sp. (4 × 10 9 /g of vermicompost) was found lowest. 
Both  Azospirillum  sp. (10.5 × 10 9 /g of vermicom-
post) and PSB (4.4 × 10 9 /g of vermicompost) were 
lowest in vermicompost of green gram waste.  

 In another set of experiment when microbial 
inoculants ( Rhizobium  sp.,  Azotobacter  sp. and 
PSB) were added with partially decomposed 
materials of paddy straw, water hyacinth and 
green gram treatment, the shift of all physico-
chemical characters, i.e. pH, EC, organic carbon, 
available phosphorous and available potassium 
for all treatment, were found in same direction 
but in greater extent in comparison to treatment 
without inoculation of external microbial culture 
(Table  26.4 ). In  fi nal vermicompost produced 
using paddy straw, organic carbon (16.2%) and 
available phosphorous (1.41%) was found maxi-
mum, but available potassium was highest in 
green gram. The shift of organic carbon was 
higher in green gram-based vermicompost (1.21-
folds). Available phosphorous and potassium 
increased 2.3-fold and 1.6-fold in paddy straw in 
comparison to control. Similar observation 
was obtained by many other workers  [  30,   31  ] . 
The initial nitrogen present in the feed materials 
 [  32  ]  and also relics on to the extent of nitrogen 
 fi xed by free living nitrogen- fi xing bacteria  [  33  ]  

could be the possible reasons of getting 
higher nutrient in the product when feeding mate-
rials were treated with external microbial 
inoculants.       
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  Abstract 

 Bambara groundnut ( Vigna subterranea  L. Verdc) is a widely grown crop 
in marginal lands mainly in sub-Saharan Africa. Improvement of this 
crop has tremendous potential for its extension to other places including 
India. Though bambara groundnut is a drought-tolerant crop, from the 
agronomic point of view, drought tolerance should be linked with superior 
growth rates and productivity under water-limited conditions. Before 
attempting to improve these traits, it would be necessary to assess the 
genetic variability in the response of these traits to water-limited condi-
tions. We assessed the genetic variability in WUE and the physiological 
traits associated with these traits. It was observed that on the average, there 
was a signi fi cant increase in WUE when the plants experienced water 
stress. This increase in WUE was primarily due to a signi fi cant reduction 
in total transpiration. This reduction in total transpiration (CWT) coupled 
with a reduction in total leaf area leads to a signi fi cant reduction in 
total biomass among these accessions under stress.    There was signi fi cant 
reduction in oxygen evolution, potential photosynthesis and the chloro-
phyll content, all of which decreased signi fi cantly under stress. A strong 
correlation was noticed between oxygen evolution and potential photosyn-
thesis, indicating that the chloroplast mechanism is severely affected by 
stress among bambara accessions. Marker-assisted breeding is expected to 
enhance the speed and accuracy of achieving such improvements. However, 
lack of locus-speci fi c codominant marker systems in this crop is the 

      Development of SSR Markers 
and Genetic Variability 
in Physiological Traits in 
Bambara Groundnut ( Vigna 
subterranea  L. Verdc)       
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major constraint for molecular breeding. Therefore, development of SSRs 
(simple sequence repeats) markers in bambara groundnut that can be sub-
sequently employed in identi fi cation of QTL (quantitative trait locus) for 
speci fi c physiological traits relevant for drought tolerance is the need 
of hour. A pre-cloning enrichment (selective hybridisation) strategy was 
adopted to  fi sh out the SSRs from bambara groundnut genome to develop 
a microsatellite-enriched library. This strategy involves the hybridisation 
of digested genomic DNA with repeat oligomers, leading to selective 
enrichment. Based on this technique, we obtained 2,239 microsatellite-
enriched clones, of which 734 clones were sequenced and analysed for the 
presence of microsatellite repeat regions. Among these, clones revealed 
microsatellite regions with more than 15 bp. Initially, primers were 
designed and synthesised for 143 SSR regions. These primers have been 
validated for their ampli fi cation using the genomic DNA of different 
land races. Of these, locus-speci fi c ampli fi cation was observed in 99 
primer pairs. These validated SSR markers are being used for molecular 
characterisation of different bambara groundnut landraces.  

  Keywords 

 Bambara groundnut  •  SSR markers  •  Drought  

  Abbreviations  

  A    Assimilation rate   
  Ci    Intercellular CO 

2
  concentration   

  CWT    Cumulative water transpired   
  DMSO    Dimethyl sulfoxide   
  DNA    Deoxyribonucleic acid   
  FC    Field capacity   
  FYM    Farm yard manure   
  Gs    Stomatal conductance   
  HI    Harvest index   
  LAD    Leaf area duration   
  MSI    Membrane stability index   
  MTR    Mean transpiration rate   
  NAR    Net assimilation rate   
  PP    Potential photosynthetic ability   
  QTL    Quantitative trait locus   
  ROS    Rainout shelter   
  RWC    Relative water content   
  SCMR    SPAD chlorophyll metre reading   
  SLA    Speci fi c leaf area   
  SSR    Simple sequence repeat   
  T    Transpiration rate   

  TDM    Total dry matter   
  TLA    Total leaf area   
  WUE    Water use ef fi ciency         

   Introduction 

 While the exact effects of climate change combined 
with population growth are not known, it seems 
highly likely that agriculture in large regions 
of the world may need to undergo signi fi cant 
adjustment over the next four decades for us to have 
any chance of meeting needs  [  1  ] . Water availabil-
ity is perhaps the most important constraint 
that would affect productivity of most crop spe-
cies. Besides improving yield under drought 
conditions, enhancing the traits that contribute 
to productivity appears to be the most relevant 
strategy in achieving food security. International 
consensus that has emerged clearly emphasises 
that further crop improvement in any species 
is possible only through pyramiding relevant 
traits onto a single genetic background. Research 
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over the past couple of decades has enumerated 
a number of physio-morphological traits such as 
rapid phenological development, paraheliotropic 
movements, rapid stomatal response, development 
of pubescence, deposition of waxes on cuticles, 
etc.    However, though most of these traits are 
highly relevant in avoiding stress injury, these 
traits are often counterproductive. 

 Global efforts have been initiated to evolve 
water saving strategies in agriculture through 
breeding for more drought-tolerant crop cultivars. 
The other noteworthy strategy has also been to 
identify underutilised crop species to either 
complement or even to replace several conven-
tionally cultivated crops. Bambara groundnut (    Vigna 
subterranea ) [2 n  = 22]  [  2–  5  ]  is an underutilised 
African legume grown primarily in sub-Saharan 
Africa with a centre of origin in the region 
around Cameroon. Prospects in this area have 
identi fi ed the most likely ancestor as  V. subter-
ranea  var.  spontanea , and this relationship has 
been con fi rmed through isozyme and other 
molecular analysis  [  6–  11  ] . The cultivated crop 
exists as landraces and is grown extensively in 
sub-Saharan Africa. 

 This crop holds great potential as a food crop 
in the arid and semiarid regions of the world 
due to good drought tolerance and a remarkable 
ability to maintain cell turgor even under pro-
longed drought conditions  [  12  ] . It is also able to 
produce a yield of pods in dry environments 
when peanut ( Arachis hypogaea ), the widely 
introduced and morphological similar South 
American species, fails. It is an attractive crop 
because of the high edible protein content (16–25%) 
rich in lysine and methionine. Therefore, it has a 
bene fi cial complementary effect when consumed 
with cereals that are low in lysine. Furthermore, 
due to a very low to negligible levels of lipids, 
bambara has the potential to substitute conven-
tional legumes like peanut  [  13  ] . 

 Any trait is relevant only when it is associated 
with superior crop growth rate. Water harvesting 
from deeper pro fi les of soil associated with the 
root system, ef fi ciency of water use for biomass 
production, water use ef fi ciency (WUE) and 
water conservation strategies have been demon-
strated to have greatest signi fi cance in trait-based 

crop improvement. Furthermore, to have a holistic 
improvement in crop performance under water-
limited condition, it is equally important that a 
genotype possesses adequate intrinsic tolerance 
to stress at cellular level. 

 Thus, breeding for improved drought tolerance 
in crop plants is clearly a formidable challenge. 
A major factor that reduces bambara groundnut 
yields in farmers’  fi eld is its inherent low yield 
due to the lack of improved varieties. Breeders 
must have access to diverse landraces with a broad 
range of agronomic traits that can be matched 
with improved agronomic practices, e.g. optimal 
date of sowing. The ability to use molecular 
technology to exploit information at the gene 
level, based on genome mapping, marker-trait 
analysis and marker-assisted breeding, offers 
the opportunity to apply these approaches to fur-
ther our understanding of bambara groundnut 
genetics and spearhead improvement efforts. 

 With the recent progress achieved in advanced 
molecular biological tools, DNA marker-assisted 
QTL introgression has emerged as the most appro-
priate strategy for pyramiding complex physio-
logical traits onto a single genetic background. 
However, identi fi cation of DNA markers and QTLs 
almost entirely depends on the abilities for accurate 
phenotyping of these traits in large sets of germ-
plasm accessions and/or mapping populations. 
Before attempting to improve these traits, it 
would be necessary to assess the genetic variability 
of these traits under water-limited conditions.  

   Materials and Methods 

 Five bambara accessions SB42, DIPC, S193, 
S165A and Uniswa Red were raised in carbonised 
rubber containers  fi lled with 15 kg of sandy loam 
soil mixed with FYM in 3:1 proportion ( w / w ). Two 
water regimes were maintained by gravimetric 
approaches. While one set of plants was main-
tained at 100% FC, the other set was maintained at 
60% FC. Two plants were raised in each of these 
containers, and a set of ten pots was maintained for 
each genotype. All cultural practices such as fer-
tilisation were followed as recommended, and 
appropriate prophylactic measures were taken to 
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raise healthy plants in each container. WUE and 
other physiological traits were determined gravi-
metrically. WUE was also determined at single leaf 
level by adopting gas exchange approaches. 

   Methodology 

 There were seven replications per genotype in 
each of the water regime treatment. Water stress 
treatment was imposed and maintained by gravi-
metric approach. The following is the description 
for the determination of physiological traits by 
gravimetric technique. 

 This approach relies on the accurate determina-
tion of water content in the soil by weighing the 
containers at regular intervals, at least once every 
day. Since transpiration is being monitored, it is 
extremely essential to ensure that there is no 
addition of water to the containers by any external 
source such as rain. Thus, it is preferable that the 
experiment is laid out under a mobile rainout shelter 
(ROS). This structure can be moved over the area 
where containers are placed during night periods 
and/or during any rain episodes  [  14  ] . The protocol 
is diagrammatically described in Fig.  27.1 . The 
novelty of the gravimetric approach is that, besides 
determining water use ef fi ciency, a few important 
physiological traits such as net assimilation rate 
(NAR), mean transpiration rate (MTR) and leaf 
area duration (LAD) can also be computed.  

 Initially, it is necessary to assess the weight of 
empty container ( W  

E
 ) and then its weight after 

 fi lling dry soil (or a speci fi c rooting mixture) ( W  
ES

 ). 
That is, the amount of dry soil in each container 

would be  W  
S
  =  W  

ES
  −  W  

E
 . A hanging load cell bal-

ance mounted on a mobile gantry with a provision 
for movement on rails on either side of the ROS 
is used to access each container for weighing. 

 At the “start” of the experiment, the soil should 
be brought to 100 %  fi eld capacity by adding 
the “appropriate” volume of water, which can be 
determined by considering the bulk density of the 
soil and its water-holding capacity. At this stage, 
the drainage holes of the containers are closed 
so that water added does not drain out of contain-
ers. The soil surface should be covered with 
 plastic pieces or any other suitable mulching 
material to minimise water loss due to surface 
evaporation. These arrangements ensure that 
almost all the water added is available for transpi-
ration only. However, a set of containers without 
plants (bare containers) should be maintained 
with soil, water and mulching exactly as is in 
the case of containers with plants. Weighing 
these bare containers will provide an accurate mea-
sure of surface evaporation. 

 The weight of individual containers with soil 
at 100% FC, plastic pieces and the plant is recorded 
at least once daily to measure evapotranspiration. 
A set of four to  fi ve containers without plants 
(“bare” containers) needs to be maintained to 
assess direct water loss despite all care taken to 
minimise this water loss. The difference in 
pot weight on the subsequent weighing was 
corrected by adding water, to bring back to 100% 
FC  [  14  ] . While 80 % of water transpired was 
replenished for the “control” treatment, only 50% 
of the daily water loss was replenished for the 
“stress” treatment. 

dnEStartSowing Harvesting

LAend

DMend

LAstart

DMstart

Daily measurement of water loss by weighing

CWT

  Fig. 27.1    Flow chart indicating the sequence of events for the determination of WUE and other associated parameters 
by gravimetric approach       
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 The daily water added over the entire experi-
mental period is summed to arrive at the cumulative 
water added (CWA 

P
 ) to the pots with plants. 

Despite having taken suf fi cient care, there would 
still be some amount of direct evaporational 
losses, and thus, the CWAp would represent 
evapotranspiration. Total transpiration can be deter-
mined by subtracting cumulative water added to 
the “bare” containers (CWA 

b
 ) from CWA 

P
 , i.e.

         

 At the “start” of the experiment, total biomass 
and leaf area are determined in a set of three 
containers. The soil is washed with a jet of water 
carefully to remove the roots, and the plant parts 
(leaves, stem and roots) are separately oven dried 
at 70 °C for 3 days. Biomass and leaf area are 
once again recorded in plants from the remain-
ing containers of all the genotypes at the “end” 
of the experiment. Assuming a linear growth 
during the experimental period, WUE and 
other physiological parameters are computed 
as follows:

        

where BM 
end

  and BM 
start

  are the total dry 
matter (g·pot −1 ) measured at the “end” and “start” 
of the experiment, respectively, 

 Leaf area duration (LAD) (cm 2  days) =  
[(LA 

end
  + LA 

start
 )/2] * 35 

 where LA 
end

  and LA 
start

  are the leaf area 
(in cm 2 ·plant −1 ) measured at the “end” and “start” 
of the experiment, respectively. 

 The net assimilation rate (NAR) and the 
mean transpiration rate (MTR) are time-averaged 
measures of photosynthetic rate and transpiration 
rate and are computed as follows:

        

          

   Gas Exchange Measurements 

    A portable photosynthesis system (Li6400, 
LICOR Inc., Nebraska, USA) was used for the 
determination of gas exchange parameters 
such as assimilation rate (A), stomatal conduc-
tance (gs), intercellular CO 

2
  concentration 

(Ci), and transpiration rate (E and T) were 
recorded on the top fully expanded leaves of 
each of the genotypes of bambara accessions 
under full sunlight. The automated leaf cham-
ber was used to maintain the light intensity at 
1,700  m mol·m −2  s −1  and the chamber temperature 
at 28 °C. All measurements were made between 
9 a.m. and 12 noon (local time).  

   Oxygen Evolution by Oxygen Electrode 

 Oxygen electrode is a basic system for studies 
of photosynthesis and respiration by oxygen 
evolution and uptake in samples held in gas 
phase. Samples are typically leaf discs, which 
are sealed into the leaf chamber of the LD1/2 
unit. Changes of oxygen partial pressure are 
determined by the integral oxygen electrode 
mounted in the base of the unit and give the 
result in terms of rate of oxygen evolution mea-
sured as  m moles m −2  min −1 .  

   Potential Photosynthesising Ability 

 Relative differences in between the control and 
stressed plants in potential photosynthesis ability 
of the leaves are measured by studying  14 CO 

2
  

 fi xation at high ambient concentrations of CO 
2
 . 

Leaf punch of known weight is placed on the leaf 
chamber, and to maintain the required humidity, 
 fi lter paper soaked in water is placed below the 
leaf chamber. Then, a bottle containing 5 ml of 
100-Mm sodium bicarbonate solution mixed with 
50  m l of 0.1  m Ci  14 C sodium bicarbonate is kept 
inside the chamber of the potential photosynthe-
sis equipment, and then, the chamber is closed air 
tight. A source of red light of light intensity of 
400 m Einstein m −2  min −1  for 30 min at 30 °C is 
provided inside the equipment. To liberate CO 

2
  

inside the leaf chamber, a set up is made where 

( ) p b

Cumulative water transpired 

CWT (CWA ) (CWA )= -å å

1

end start

WUE(g· Kg )

(BM BM )

CWT

-

-
=

2 1

end start

NAR(g·cm day )

BM BM

LAD

- -

-
=

2 1 CWT
MTR (ml·cm day )

LAD
- - =
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5 N HCl is made to fall drop by drop into the 
bottle containing 100-Mm sodium bicarbonate + 
radioactive 14C sodium bicarbonate which would 
release radio-labelled CO 

2
  which is taken up 

by leaf punches for photosynthesis. After 30 min, 
the leaf samples were removed and ground in 
pestle and mortar with 1 ml of distilled water, and 
it is transferred into centrifuge tubes; these are 
centrifuged at 6,000 rpm for about 5 min, and 
then, 1  m l of the supernatant is added to scintillation 
bottles containing 1 ml of scintillation cocktail. 
The pellets were also taken separately in scintil-
lation bottles containing 1 ml of scintillation 
cocktail. The radioactivity is measured in terms 
of count per minute (cpm) using liquid scintillation 
counter (Model: WALLAC 1409).  

   Relative Water Content (RWC) 

 Samples from control and stressed leaves were 
used for RWC determination. The youngest fully 
expanded leaf punches were cut into a clean, dry, 
preweighed and numbered glass vial and capped 
airtight. The leaf samples were brought to the 
laboratory, and the fresh weight (FW) of the leaf 
was recorded along with the capped vial using an 
electronic analytical balance having a readability 
of 0.0001 g. The leaf punches were allowed to 
rehydrate for 4 h by adding 2 ml of distilled 
water along the sides of the vial using pipette. 
The rehydrated leaf punches were taken out of 
the vial using clean forceps, gently blotted to 
remove external moisture using Kimwipe paper 
and weighed for turgid weight (TW). Since the 
detached leaf punches lose water rapidly, care 
was taken to avoid delay in measuring TW. The 
water in the vial was poured off, and the leaf 
punches were transferred to the vial and left 
uncapped. The leaf punches were then oven dried 
at 80 °C for 24 h along with the uncapped vial. 
After oven drying, the vial was allowed to stand 
for 10 min at room temperature, and the dry 
leaf weight (DW) was recorded. Leaf RWC was 
calculated as

        

where FW, TW and DW are fresh, turgid and 
oven dry weights of the leaf sample, respectively, 
and are expressed in percentage  [  15  ]  .  

   SPAD Chlorophyll Metre Reading 
(SCMR) 

 Chlorophyll content of leaf was measured using 
SPAD metre. A chlorophyll metre (SPAD 502), 
designed by the soil plant analysis development 
(SPAD) section, Minolta Camera Co., Ltd., USA, 
was used to record SPAD readings. SPAD 502 is 
a dual wavelength metre for non-destructive 
measurements. The measuring head of the SPAD 
502 includes a red light-emitting diode (LED) 
and infrared LED, which emits light in a sequence 
through the leaf. 

 The SPAD 502 is self-calibrated for variability 
in the output of LEDs and has built-in error codes 
that help to prevent irregular measurement. 
Leaf chlorophyll absorbance is measured at a 
wavelength of 650 nm, and non-chlorophyll 
absorbance is measured at a wavelength of above 
700 nm. A microprocessor calculates the SPAD 
value, which is proportional to the relative optical 
density, based on the ratio between the two wave-
lengths  [  16,   17  ] . Measurements were taken from 
topmost fully expanded leaf. Five readings were 
taken from each plant  [  18  ] .  

   Membrane Stability Index 

 Samples collected from both control and stress 
subjected plants were washed three times in 
deionised water to remove electrolytes adhered 
on the surface. The samples were kept in a capped 
vial (20 ml) containing 10 ml of deionised water 
and incubated in the dark for 24 h at room tem-
perature. The conductance was measured with a 
conductivity metre. After the  fi rst measurement, 
the vials were autoclaved for 15 min to kill the 
leaf tissue and release the electrolytes. After 
cooling, the second conductivity reading was 
taken. These two measurements were carried out 
individually for both control and stress treatment 
plants. 

(FW DW)
RWC 100

(TW DW)

-
= ´

-
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 MSI (%) = [1−( T  
1
 / T  

2
 )/(1− C  

1
 / C  

2
 )] × 100 where 

T and C refer to the stress and control samples, 
respectively. The subscripts 1 and 2 refer to 
the initial and  fi nal conductance readings, respec-
tively  [  19  ] .  

   Chlorophyll Content 

 The content of chlorophyll was estimated by 
dimethyl sulfoxide (DMSO) method. A known 
weight of leaf was taken and incubated in test 
tube containing a mixture of 10 ml of DMSO 
and 80 % acetone (1:1) overnight at room 
temperature in dark. After the tissues were com-
pletely bleached, absorbance was recorded at 645 
and 663 nm using UV-visible spectrophotometer 
(UV-2450, Shimadzu, Japan). Chlorophylls a and 
b and total chlorophyll were calculated by using 
the following equations:

        

        

        

where A 
663

  and A 
645

  are the absorbance at 663 
and 645 nm, respectively.  

   Isolation of Microsatellites/Simple 
Sequence Repeat (SSR) Markers: 
Pre-cloning Enrichment Strategy 

 A genomic DNA library with the microsatellite-
enriched DNA fragments was followed to develop 
microsatellite markers from bambara groundnut 
genome. A pre-cloning enrichment (selective 
hybridisation) strategy was adopted for this 
purpose. Genomic DNA was extracted from 
fresh leaves of bambara accession and digested 

using suitable restriction enzymes. M13 adapters 
were ligated to the DNA fragments and were 
hybridised with repeat oligomers. This strategy 
leads to selective enrichment. 

 Enrichment by Selective Hybridisation: 
The selective hybridisation protocol primarily 
implies hybridisation of size-fractionated adaptor-
ligated genomic DNA with complementary repeat 
oligomers followed by elution of the captured 
DNA fragments and subsequent ampli fi cation 
using adaptor primers and cloning in a competent 
vector.   

   Results and Discussion 

 Presently, groundnut ( Arachis hypogaea ) is 
essentially cultivated globally for oil as well as 
for table purposes. Yields of groundnut are threat-
ened by the looming water crisis, especially in 
the tropical regions of the world. Thus, in order 
to achieve food and nutritional security, scientists 
have constantly been searching for attractive 
alternate crops. Bambara groundnut ( Vigna 
 subterranea ) is one such crop that has the poten-
tial to be exploited. It is an indigenous African 
legume cultivated mainly by subsistence farmers 
in Africa under traditional low-input agricultural 
systems. 

 Bambara groundnut yields are low because 
the production environments are characterised by 
various abiotic and biotic stresses. However, 
under optimal condition also, yields are variable 
and unpredictable, and this is partly due to vari-
ability in growth and development of individual 
plants within landraces  [  20  ] . Bambara groundnut 
is known to be drought-hardy crop, and recent 
studies have documented some relevant traits 
such as maintenance of leaf turgor as possible 
reasons for drought tolerance  [  12  ] . However, 
systematic investigations addressing the reasons 
for the high drought tolerance have not been 
initiated. 

 From the agricultural point of view, drought 
tolerance should be linked with improved growth 
rates  [  21  ] . Thus, assessing the traits that are asso-
ciated with growth rates under water-limited con-
ditions is essential before attempting to improve 

663 645Chl a (12.7A 2.69A )

(V /1,000)(1 / wt)

= -

645 663Chl b (22.9A 4.68A )

(V /1,000)(1 / wt)

= -

663 645Total Chl (8.02A 20.20A )

(V /1,000)(1 / wt)

= +
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drought tolerance in crop plants. Among several 
such traits, total amount of water transpired, the 
ef fi ciency of water use for biomass production 
(WUE) and the partitioning of biomass to har-
vestable plant parts (HI) are known to be most 
important components of yield  [  22  ] . 

 Signi fi cant genetic variability in WUE and 
associated physiological parameters were noticed 
among the bambara accessions (Table  27.1 ). It was 
observed that on an average, there was a signi fi cant 
increase in WUE when the plants experienced 
water stress. However, there was a signi fi cant 
genetic variability for this response. Uniswa 
Red recorded the highest increase in WUE when 
stressed while SB42 showed a marginal reduction 
in WUE under stress. This increase in WUE was 
primarily due to a signi fi cant reduction in total 
transpiration (Table  27.1 ). This reduction in total 
transpiration (CWT) coupled with a reduction in 
total leaf area leads to a signi fi cant reduction 
in total biomass among these accessions under 
stress. A strong positive relationship between 
CWT and total biomass (TDM) accumulated over 
a speci fi c growth period was noticed among the 
bambara accessions. Such relationship between 
TDM and CWT has been reported for many 
crop species as well as perennial tree species. 
Higher transpiration is possible when roots 
supply suf fi cient amount of water demand from 
the canopy. Further, the number and extent of 
opening of stomata are the predominant factor 

that determines transpiration. Stomata besides 
controlling transpiration also determine the entry 
of CO 

2
  for photosynthesis. Hence, a positive 

relationship between biomass production and 
total transpiration is quite discernible. Under 
conditions of water limitations, increasing water 
loss though is associated with growth is not a 
useful approach. However, deeper root system 
could be very useful to harness water from deeper 
soil pro fi les. A simultaneous improvement in 
WUE would be a plausible approach to achieve 
improved growth rates.  

 Total biomass production has been known to 
be a function of light intercepted by the leaf area 
cover and the total transpiration. Accordingly, 
total biomass was signi fi cantly positively correlated 
with both leaf area duration (Fig.  27.2 ) and total 
transpiration (Fig.  27.3 ).   

 Because of this strong relationship between 
total transpiration and biomass production, any 
increase in WUE is often associated with a 
reduced biomass production. In such types, sto-
mata seem to control the differences in WUE. 
Understanding this physiological control is 
extremely essential before attempting to improve 
productivity through selection for WUE.    A 
signi fi cant inverse relationship between mean 
transpiration rate and WUE were observed 
(Fig.  27.4 ). This indicates that the increase in WUE 
is  associated with reduction in transpiration rate. 
Because of the association of transpiration with 

   Table 27.1    Genetic variability in WUE and associated parameters among bambara accessions under control (80 % 
FC) and stress (50 % FC)   

 Genotype  Treatment  SLA (cm 2 ·g −1 ) 
 TLA 
(cm 2 ) 

 LAD (m 2  
days) 

 dTDM 
(g·pl −1)   CWT (l) 

 WUE 
(g Kg −1 ) 

 MTR 
(ml·m −2 day −1 ) 

 NAR 
(g·m −2 day −1 ) 

 DIPC  Control  182.82  0.09  2.14  9.17  6.81  1.35  3.18  4.29 
 Stress  124.45  0.06  1.52  6.90  2.77  2.49  1.82  4.54 

 SB42  Control  162.61  0.12  2.85  13.22  8.15  1.62  2.86  4.64 
 Stress  130.46  0.07  2.12  10.60  7.71  1.37  3.64  5.00 

 S193  Control  153.25  0.07  1.85  10.30  5.55  1.86  3.00  5.57 
 Stress  125.00  0.04  1.29  6.81  4.68  1.46  3.64  5.30 

 UR  Control  171.57  0.07  2.07  7.51  4.85  1.55  2.35  3.64 
 Stress  129.67  0.04  1.45  4.70  0.66  7.12  0.46  3.24 

 S165  Control  175.41  0.10  2.45  10.97  5.43  2.02  2.22  4.48 
 Stress  179.14  0.08  1.91  6.90  1.74  3.97  0.91  3.61 

 CD(0.05)  23.6  0.02  0.56  2.24  1.72  1.2  1.69  1.34 
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  Fig. 27.2    Relationship between total transpiration and biomass among bambara accessions       
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  Fig. 27.3    Relationship 
between leaf area duration 
and biomass among bambara 
accessions       
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  Fig. 27.4    Relationship between WUE and mean transpiration rate among bambara accessions       
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   Table 27.2    Genetic variability in gas exchange parameters among bambara accessions under control and water-
stressed conditions   

 Genotype  Treatment  A ( m mol·m −2  s −1 )  Gs (mol·m −2  s −1 )  Ci (ppm)  T (mol·m −2  s −1 )  A/gs  A/T 

 DIPC  Control  29.93  0.58  269.27  7.34  51.48  4.08 
 Stress  5.96  0.10  482.36  2.67  62.17  2.23 

 SB42  Control  22.81  0.43  271.40  5.46  53.56  4.18 
 Stress  4.77  0.10  169.00  0.72  47.74  6.63 

 S193  Control  29.29  0.36  201.84  5.80  81.68  5.05 
 Stress  26.90  0.30  213.00  5.55  89.67  4.85 

 UR  Control  23.84  0.29  208.37  4.70  82.98  5.07 
 Stress  22.30  0.19  181.00  3.38  116.75  6.60 

 S165  Control  22.80  0.22  192.00  3.94  103.64  5.79 
 Stress  19.83  0.19  186.16  3.55  105.25  5.58 

 DODR  Control  21.60  0.25  197.06  3.58  85.29  6.03 
 Stress  12.98  0.14  325.10  3.15  94.88  4.13 

 CD(0.05)  2.76  0.04  24.06  1.32  15.28  0.578 

y = 9.2819x + 56.468
R2 = 0.4606
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  Fig. 27.5    Relationship between the WUE values measured by gravimetry and gas exchange approaches       

biomass accumulation, selection for WUE may 
not be useful. Water use ef fi ciency was also 
measured at the single leaf level using a porta-
ble photosynthesis system. The results revealed 
a signi fi cant reduction in gas exchange param-
eters in the stressed plants (Table  27.2 ).   

 However, accessions like Uniswa Red showed 
signi fi cant tolerance to water stress. This acces-
sion showed a mere 6.5 % reduction in photosyn-
thetic rate. The highest reduction of 80% was 
noticed in DIPC and SB42. The gas exchange 
measurements also revealed an increase in WUE 
under stress. A positive correlation between A/gs 

and WUE, although weak, was a demonstration 
of the fact that gas exchange can also be used as 
a rapid measure of WUE at the single leaf level 
(Fig.  27.5 ).  

 To further understand the physiological 
mechanisms of stress induced changes in photo-
synthesis, we determined the oxygen evolution 
using a gas-phase oxygen electrode (Hansatech). 
There was signi fi cant reduction in oxygen evo-
lution, potential photosynthesis and the chloro-
phyll content; all these parameters decreased 
signi fi cantly under stress, except for Uniswa 
Red (Table  27.3 ). A strong correlation was 
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noticed between oxygen evolution and potential 
photosynthesis (Fig.  27.6 ), indicating that the 
chloroplast mechanism is severely affected by 
stress among bambara accessions. Uniswa Red that 
maintained a superior chloroplast mechanism 
recorded the highest increase in WUE measured 
by gravimetric methods (see Table  27.1 ). This 
suggests that though bambara is a conductance 
type, accessions like Uniswa Red have the poten-
tial to serve as trait donor parents for further 
improvement or can also be developed into a 
good cultivars after looking into the agronomic 
requirements for this landrace.   

 The reduction in gas exchange and photosyn-
thetic characteristics matched well with the changes 
in membrane permeability index as well as relative 
water content of the leaf tissue (Table  27.3 ). 

   Development of SSR Markers 

 Development of microsatellite markers from 
the pre-cloning enrichment strategy around 
2,239 colonies was screened by colony PCR 
using the universal M13 primers. A representa-
tive gel of the colony PCR analysis is depicted 
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  Fig. 27.6    Relationship between oxygen evolution and potential photosynthesis among bambara accessions       

   Table 27.3    Genetic variability in a few traits associated with photosynthesis and membrane characteristics among 
control and stressed bambara accessions   

 Genotype  Treatment 
 Oxygen evolution 
( m moles m −2 min −1 ) 

 Chl a 
(mg g −1 ) 

 Chl b 
(mg g −1 ) 

 Total chl 
(mg g −1 )  SCMR  PP a   MSI (%)  RWC (%) 

 DIPC  Control  1.446  1.25  0.27  1.52  40.33  12483.52  91.77  72.98 
 Stress  0.469  1.11  0.27  1.37  39.73  3456.86  59.18 

 SB42  Control  1.091  1.37  0.34  1.71  40.00  8464.63  96.35  73.90 
 Stress  0.725  0.83  0.17  1.00  38.00  7034.75  54.26 

 S193  Control  1.906  1.30  0.29  1.59  43.13  15145.40  90.82  80.07 
 Stress  1.000  1.05  0.20  1.25  40.83  4583.16  51.12 

 UR  Control  0.858  1.40  0.33  1.73  44.70  6540.21  90.49  81.29 
 Stress  1.154  1.11  0.24  1.35  39.13  6494.12  79.63 

 S165  Control  1.336  1.51  0.37  1.88  42.00  10491.29  77.56  80.67 
 Stress  1.020  0.86  0.17  1.03  36.10  12273.00  78.56 

 DODR  Control  1.012  1.35  0.32  1.67  40.87  3543.00  77.95  83.87 
 Stress  0.339  0.80  0.17  0.97  37.20  2513.74  80.79 

 CD  0.634  0.67  0.06  0.27  3.91  1580.8  8.0  11.06 

   a  PP  potential photosynthetic ability (cpm per gram leaf weight)  
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in Fig.  27.7 . So far, around 638 clones have 
been sequenced and annotated for the presence 
of microsatellite regions using the tandem 
repeat  fi nder software. Of these 638 clones, 
only 241 clones had microsatellite repeats of 
>15 bp, and 143 SSR primers were designed 
and synthesised for the microsatellite regions 
present in the recombinant clones.   

   Validation of SSR Primers 

 The SSR primer pairs designed for the microsatel-
lite regions were initially standardised with the 
genomic DNA of bambara to arrive at the optimum 
annealing temperature conditions. A few represen-
tative gels showing the standardisation of annealing 
temperature, yielding the expected product size, 

are given in Fig.  27.8 . Out of 143 primers, 99 
primers showed locus-speci fi c ampli fi cation. 
Figure  27.9  depicts the locus-speci fi c ampli fi cation 
of a few standardised SSR primers.   

 The fact that the markers are robust, codomi-
nant and transferable between labs enables data-
sets to be generated which can be added to, if the 
same SSR markers are used in the subsequent 
analysis. This is critical for linking loci between 
different genetic maps, generating substantial 
diversity datasets and devising protocols which 
can be transferred to research and breeding sta-
tions alike. The development of microsatellite 
markers in this programme underpins the devel-
opment of molecular resources for breeding and 
genetic analysis in bambara groundnut. With these 
markers, precise selection becomes feasible, 
together with critical quality control measures for 

  Fig. 27.8    Representative gel showing the standardisation 
of annealing temperature for primers. Lanes 1–4 (BG7), 
lanes 5–8 (BG4), lanes 9–12 (BAM37), lanes 13–16 

(BAM14), lanes 17–20 (BAM66), lanes 21–24 (BAM66), 
lanes 25–28 (BAM6), lanes 29–32 (BAM14), lane M – 
100-base-pair ladder       

  Fig. 27.7    PCR ampli fi cation of recombinant  E. coli  colonies using M13 primers ligated to the SSR-enriched DNA 
fragments. Lanes 1–16, M13 primer ampli fi ed  E. coli  colonies, lane M – 100-base-pair ladder       
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breeding programmes and research. For bambara 
groundnut, there is the added complication of 
genetic structure within landraces. Microsatellite 
markers allow this to be addressed in a coherent 
fashion. All of these measures are important to be 
able to make genetic improvement and to gain a 
genetic understanding for bambara groundnut 
which will underpin the physiological, nutritional 
and end-user analysis. This  fi rm foundation is 
important to be able to fully use bambara ground-
nut for food security in the future.       
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  Abstract 

 Induction of plant defence against pathogen attack is regulated by a complex 
network of different signals. The oxidative burst or rapid and transient pro-
duction of large amount of reactive oxygen species (ROS) belongs to the 
fastest and earliest active defence responses to microbial infection known in 
plants. The aim of this study was to investigate the intensity and timing of 
the ROS formation, lipid peroxidation and expression of antioxidant enzymes 
as initial response of sesame ( Sesamum indicum  L.) against the invading 
pathogen  Alternaria sesami . The concentration of hydrogen peroxide 
(H 

2
 O 

2
 ) was 384 times higher at 72 h postinoculation, and lipid peroxidation 

was 5.5 times higher at 72 h postinoculation in the extracts of inoculated 
leaves than in the control. An increase in total phenolic content was also 
detected in inoculated leaves. The activities of the antioxidative enzymes, 
viz. superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), 
guaiacol peroxidase (GPX, EC 1.11.1.7) and ascorbate peroxidase (APX, 
EC 1.11.1.11), increased in response to pathogen inoculation. SOD activity 
at 72 h postinoculation in leaves was 92 times than the control. CAT activity 
also showed a decrease after 24 h postinoculation, and the increase in activi-
ties of GPX and APX was insigni fi cant after 24 h post inoculation in the 
inoculated leaves. The oxidative burst generated in the interaction between 
sesame and  Alternaria sesami  may be an early  fi rst line of defence mounted 
against the invading pathogen. However, seemingly less ef fi cient antioxida-
tive system (particularly the decrease of CAT activity after 24 h postinocula-
tion) leading to sustained accumulation of ROS and the observed higher rate 
of lipid peroxidation indicate that the biochemical events are largely in 
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of Oxidative Burst During 
Interaction Between Sesame 
( Sesamum indicum  L.) in Response 
to  Alternaria sesami        

     A.  S.   Lubaina    and    K.   Murugan         



244 A.S. Lubaina and K. Murugan

   Introduction 

 Resistance in many plant–pathogen interactions 
is associated with multifaceted defence system. 
The individual components of such systems 
include ion  fl uxes across plant membranes, the 
generation of reactive oxygen species (ROS), 
phosphorylation of speci fi c proteins, activation of 
cell wall strengthening enzymes, structural barriers 
like lignin, hydroxyl proline-rich cell wall proteins, 
transcriptional activation of several defence-related 
genes, induction of phytoalexins, localized cell 
death at infection sites – hypersensitive response 
(HR) – and induction of systemic acquired resis-
tance in distal plant organs  [  1  ] . Proper recognition 
and judicious regulation of defence responses 
are essential for host plants, as these responses 
often have measurable deleterious effects on 
plant growth and metabolism  [  2  ] . Fungal 
pathogens deploy different strategies to escape 
host surveillance and establish themselves 
within the host depending on their nutritional 
requirements. 

 The transient production of ROS, in an oxida-
tive burst, is frequently an early plant response to 
pathogen attack  [  3  ] . ROS have been suggested to 
be involved in plant defence responses in several 
ways. H 

 2 
 O 

 2 
  is the major ROS of the oxidative 

burst in plants, since it is the most long lived and 
is able to cross plant cell membranes and thereby 
acts as a diffusible and relatively lasting signal. 
ROS production including H 

 2 
 O 

 2 
  has been espe-

cially well established in several plant tissue  [  4  ]  
and suspension-cultured cell systems associated 
with the expression of an HR and SAR. In con-
trast, very little is known about oxidative metab-

olism in plant resistance reactions to pathogens 
that do not induce HR, such as the necrotrophic 
fungi that invade the plant vascular system. 
Sesame ( Sesamum indicum  L.), a member of 
Pedaliaceae, is perhaps the oldest oilseed known 
and used by human beings. It is an important 
annual crop in the tropics and warm subtropics, 
known as the “queen of oilseeds” because of its 
nutrient qualities  [  5  ] . Sesame seed oil has long 
shelf life and has remarkable antioxidant func-
tion. India is among the largest vegetable oil 
economies in the world  [  6  ] . India ranks  fi rst in 
area and production among the sesame-growing 
countries. In this work, the aim is to investigate 
biochemical responses in leaves of sesamum cul-
tivar (Tilarani) after  Alternaria sesami  inocula-
tion in order to  fi nd reliable biochemical 
parameters that could be correlated with patho-
gen resistance mechanisms.  

   Materials and Methods 

  Sesamum indium  cultivar was raised from seeds 
in healthy conditions in a glasshouse. For  in vitro  
fungal inoculation studies, mature plants were 
inoculated with 20  m l of  Alternaria sesami  conidial 
suspension (1 × 10 3  conidia ml −1 ) or 20  m l of water 
(mock inoculation). The inoculated plants, along 
with their respective healthy controls, were then 
maintained at 30°C in a temperature-controlled 
glasshouse under a photoperiod of 12/12 h (light/
dark) and 60% RH. After the development of 
symptoms in infected plants, the experiment was 
terminated, and the leaves harvested regularly 
from 24 to 120 h for analysis. 

favour of the pathogen, thus making this host–pathogen interaction a com-
patible combination. It is discussed that the oxidative burst served as a 
weapon for the pathogen because the antioxidative system was not signi fi cant 
enough to impede the pathogen ingress in the host.  

  Keywords 

 Antioxidative enzymes  •  Postinoculation  •  Lipid peroxidation  •   Sesamum 
indicum   •  Oxidative burst  •  Reactive oxygen species      
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   Estimation of O  
2
  .−   and H 

2
 O 

2
  

 H 
2
 O 

2
  concentration was quanti fi ed using the 

protocol of Bellincampi et al.  [  7  ] . Superoxide 
anion was quanti fi ed following the method of 
Doke  [  8  ] .  

   Quanti fi cation of Lipid Peroxidation 
(LPX) 

 The level of lipid peroxidation in the cells was 
measured as malondialdehyde (MDA) content by 
the thiobarbituric acid (TBA) reaction  [  9  ] .  

   Superoxide Dismutase (SOD) 

 The SOD enzymatic samples were prepared from 
biological tissues and assayed as per the method 
of Elstner et al.  [  10  ] .  

   Ascorbate Peroxidase (APX) 

 APX was isolated from the experimental samples, 
and the activity determination was carried out 
according to the modi fi ed method of Yanagida 
et al.  [  11  ] .  

   Catalase (CAT) 

 In CAT assay, the reaction mixture consisted of 
50 mM K-phosphate buffer (pH 7.0) containing 
10 mM H 

2
 O 

2
  (0.95 ml) and 0.05 ml enzyme 

extract. Immediately after adding the enzyme to 
the buffer, the initial rate of absorbance at 240 nm 
was determined. The molar absorption coef fi cient 
of H 

2
 O 

2
  (0.04 mM cm −1 ) was used to calculate the 

enzyme activity  [  12  ] .  

   Peroxidase 

 Peroxidase was isolated following the method of 
Goliber  [  13  ] . POX activity was assayed using the 
method of Ingham et al.  [  14  ] .  

   Phenylalanine Ammonia-Lyase (PAL) 

 Isolation of PAL was made following the 
method of Morrison et al.  [  15  ] , and the activity 
was estimated by the method of Whetten and 
Sederoff  [  16  ] .  

   Quanti fi cation of Total Phenol 

 Total phenol was isolated and quanti fi ed by the 
method of Mayr et al.  [  17  ] .  

   Reverse-Phase High-Performance 
Liquid Chromatography (RP-HPLC) 
of Phenols 

 Quantitative fractionation of various phenolic 
acids in the samples was studied by RP-HPLC 
analysis. Phenolic acids extracted from fresh 
tissues in aqueous methanol were used for the 
study  [  18  ] .   

   Results and Discussion 

   Changes in Hydrogen Peroxide (H 
2
 O 

2
 ) 

and Superoxide Anion (O  
2
  .−  ) 

 The production of reactive oxygen species (ROS) 
is one of the earliest cellular responses following 
successful pathogen recognition  [  19  ] . As shown 
in Fig.  28.1 , infection by  A  . sesami  signi fi cantly 
increased the levels of H 

2
 O 

2
  and O  

2
  .−   production in 

sesamum leaves, and its levels increased with 
increasing the time of infection (H 

2
 O 

2
  and O  

2
  .−   lev-

els increased by 384 and 86-fold, respectively, 
after 72 h from infection). ROS was considered as 
the  fi rst defence line against pathogen and may act 
as direct antimicrobial agent against phytopatho-
gen attack  [  20  ] . Therefore, high production of 
H 

2
 O 

2
  and O  

2
  .−   in sesamum leaves is an important 

element of disease resistance mechanism which 
are involved directly or indirectly in restricting 
pathogen growth and giving the time for plants to 
mobilize further defence reactions. Accumulation 
of H 

2
 O 

2
  levels may lead to the accelerated senes-
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cence and decreased photosynthesis in infected 
tomato leaves as observed by El-Khallal  [  21  ] . 
Induction or suppression of ROS generation in 
leaves of these treatments could be related to the 
activity of antioxidant enzymes which decrease or 
increase the levels of H 

2
 O 

2
  (either by direct decom-

position or oxidation or by its dismutation). ROS 
was proposed to act synergistically in a signal 
ampli fi cation loop with shikimic acid-dependent 
pathways to drive the HR and the establishment of 
systemic defence. Similarly, jasmonic acid induced 
H 

2
 O 

2
  production in tomato plants  [  22  ]  and pepper 

 [  23  ]  which triggers expression of plant resistance 
and HR – related genes also support our  fi ndings. 
Thus, present results suggest that the high produc-
tion of ROS (H 

2
 O 

2
  and O  

2
  .−  ) and the capacity of 

plants to control its concentrations might contrib-
ute to increased resistance against  A .  sesami  attack 
and giving the time for plants to mobilize further 
defence reactions. ROS have been involved in 
plant defence responses in multifold ways: (a) 

reinforcing plant cell wall through cross-linking 
reactions of lignin and proteins, (b) acting as toxic 
agents either against the host plant cells, with 
development of HR and SAR, or against the 
pathogen through killing them or stopping their 
growth and (c) participating as second messen-
gers in signalling routes leading to the activation 
of plant defence-related genes  [  24  ] .   

   Changes in Lipid Peroxidation 

 ROS (H 
2
 O 

2
  and O  

2
  .−  ) activity frequently causes 

membrane damage through peroxidation of fatty 
acids, which may be coincided with the activity 
of lipoxygenase in plants as a consequence of 
infection (Fig.  28.2 ). Levels of MDA gradually 
increased in leaves of infected sesamum plants 
with increasing the time of infection. When plants 
are subjected to pathogen attack, the equilibrium 
between production and scavenging of ROS is 

  Fig. 28.1    Reactive oxygen 
species such as superoxide 
anion (O  

2
  .−  ) and hydrogen 

peroxide (H 
2
 O 

2
 ) content in 

control and infected sesamum 
leaves from 24to 120 h. 
Values are means of three 
individual experiments with 
duplicates       

  Fig. 28.2    Changes in lipid 
peroxidation in control 
and infected sesamum leaves 
from 24 to 120 h. Values 
are means of three individual 
experiments with duplicates       
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broken, resulting in oxidative damage of proteins, 
DNA and lipids. MDA is the marker for lipid 
peroxidation released from cellular membranes 
of tissues and are formed by the reaction of ROS 
(H 

2
 O 

2
  or/and O  

2
  .−  ) with lipid molecules  [  24  ] . 

Thus, lipid peroxidation in sesamum plants 
has been proved to be induced by pathogens, and 
the subsequent products have been shown to 
 posses antimicrobial properties and signalling 
function  [  25  ] .   

   Changes in the Activity of Antioxidant 
Enzymes 

 Organisms protect themselves against oxidative 
stress by the synthesis of various antioxidant 
enzymes. Results in Table  28.1  showed that infec-
tion by  A .  sesami  signi fi cantly increased SOD, 
APX and CAT activities in leaves of sesamum 
plants at different stages of infection as com-
pared with noninfected control. In banana plants, 
Subramaniam et al.  [  26  ]  reported that levels of 
H 

2
 O 

2
  and other enzyme activities were increased 

to the levels of tolerance or susceptibility to 
Fusarium wilt disease. On the other hand, accu-
mulation of H 

2
 O 

2
  (Fig.  28.1 ) in plants of infected 

compared to control plants could be related to the 
increase in SOD activity and not coordinated with 
the same increase in H 

2
 O 

2−
 scavenging enzyme 

(CAT and APX). Accordingly that increase in CAT 
and APX activity in pathogen-infected plants did 
not seem to be high and/or enough to avoid the 
development of disease symptoms. Durner and 
Klessing  [  27  ]  have presented evidence suggesting 
that salicylic acid-mediated inhibition of CAT 
and APX probably results from peroxidative 
reactions. It appears that shikimic acid-dependent 

pathways require H 
2
 O 

2
  to potentate lipid peroxi-

dation as translocation signal that invokes PR 
genes and establishes SAR  [  28  ] . Finally, results 
in Figs.  28.1  and  28.2  suggested that increase in 
levels of ROS, built up by either enhanced pro-
duction and decreased scavenging potential, may 
contribute to the resistance reaction in sesamum 
against  Alternaria  infection. Finally, imbalance 
between H 

2
 O 

2
  generation and scavenging 

enzymes in leaves may re fl ect a defence mecha-
nism in sesamum or a pathogenicity strategy of 
the fungus.   

   Changes in Phenolic Compounds 
and Its Related Enzymes 

 Many plant phenolic compounds are known to be 
antimicrobial, function as precursors to structural 
polymers such as lignin or serve as signal mole-
cules  [  29  ] . Results in Fig.  28.3  showed that total 
phenolic compounds markedly increased in leaves 
of all treated sesamum plants at 72 h from patho-
gen inoculation.    Similarly,  Hypericum perforatum  
showed a six fold increase in phenolic compounds 
in cell suspension after jasmonic acid elicitation. 
 [  30  ] . However, levels of certain phenolic acids 
greatly changed in leaves of sesamum plants in 
response to pathogen inoculation as compared 
with control (Fig.  28.4a, b ). Sinapic, coumaric, 
vanillic, chlorogenic,    ferulic and hydroxyl 
 benzoate contents markedly increased in all treat-
ments under pathogen infection. However, con-
tents of gallic acids in sesamum plants decreased 
marginally as compared with noninfected con-
trol. Accordingly, the induction of total phenol 
and changes in the contents of various phenolic 
acids in leaves of treatments play an important 

   Table 28.1    Activities of antioxidant enzymes in control and infected sesamum leaves. Results are means of three 
individual experiments with duplicates   

 Control  24  48  72  96  120 

 SOD (U/mg protein)  6.48 ± 0.2  17.7 ± 0.3  354 ± 0.2  597.6 ± 0.1  713.4 ± 0.5  788.5 ± 0.8 
 APX (U/mg protein)  22.4 ± 0.5  52.6 ± 0.5  214 ± 0.3  319.4 ± 0.3  343.6 ± 0.5  369.8 ± 0.5 
 CAT (U/mg protein)  22.8 ± 0.1  18.4 ± 0.6  39.6 ± 0.2  42.3 ± 0.8  43.4 ± 0.1  42.8 ± 0.3 
 POX (U/mg protein)  4.5 ± 0.3  11.9 ± 0.5  84.5 ± 0.1  112.7 ± 0.7  126.6 ± 0.2  128.4 ± 0.3 
 PAL (U/mg protein)  2.4 ± 0.4  5.4 ± 0.1  42.3 ± 0.1  89.8 ± 0.6  96.5 ± 0.7  99.4 ± 0.5 
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  Fig. 28.3    Changes in total 
phenol content in control 
and infected sesamum leaves 
from 24 to 120 h. Values 
are means of three individual 
experiments with duplicates       

  Fig. 28.4    RP-HPLC chromatogram showing the peaks of phenolic acids in control ( a ) and infected ( b ) sesamum leaves       
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   Table 28.2    Amount of phenolic acid by RP-HPLC from control and  A .  sesami  infected sesamum leaves ( m g/g tissue)   

  Sinapic 
acid  

 Coumaric 
acid 

 Cinnamic 
acid 

 Vanilate  Gallate  Chloro-
genate 

    Ferulate  Phlorog-
lucinol 

 Catechol  HBA 

 Control  1,765.01  2302.6  –  240.4  222.3  –  –  –  85.5  43.9 
 Infected  2,039.89  2661.2  –  245.07  220.7  235.6  737.6  67.08  91.04  164.7 

role in plant resistance and defence against 
 A .  sesami  infection, which are intimately con-
nected with ROS (Fig.  28.1 ). These results agree 
with the general speculation that when plant cells 
are recruited into infection, switch from normal 
primary metabolism to a multitude of secondary 
metabolism defence pathway and activation of 
novel defence enzymes and genes take place  [  31  ] . 
   Also, rapid esteri fi cation of phenolic compounds 
such as cinnamic and ferulic acids into plant cell 
walls is a common and early response to fungal 
attack, resulting in cell wall strengthening and 
then enhancing resistance to pathogen penetra-
tion  [  32  ] . High accumulation of coumaric acid 
(Table  28.2 ) might be related to the activation of 
phenylpropanoid pathway through increased PAL 
activity (Table  28.1 ) which re fl ects a component 
of a defence response of the plant against  A .  ses-
ami  penetration.    However, induction in ferulic 
and chlorogenic acids in infected leaves indicated 
that both acids are highly antifungal  [  33  ]  and 
supported its role in reducing disease through 
the formation of defence barriers and activation 
of defence respo nses. Although hydroxyben-
zoic acid was more effective and greatly phyto-
toxic against soilborne root-infecting fungi, its 
content increased in leaves of infection treat-
ments of sesamum plants, and this might be 
because HBA converted to both bound salicylic 
acid and gentisic acid  [  34  ] .    Parallely, in addition 
to the induction of various phenolic acids in sesa-
mum, leaves also showed signi fi cant activities 
of POX and PAL in response to  A. sesami  
(Table  28.1 ).    

 Further investigations are needed to determine 
whether our results support the induced suscep-
tibility theory of host–biotrophic pathogen inter-
actions. In sum, results from this present work 
showed the induction of the antioxidant enzyme 
system and other oxidative stress markers during 
 A .  sesami  in sesamum, suggesting that changes 

in oxidative metabolism may be a quite general 
plant defence response not only restricted to foliar 
pathogens causing resistant reaction through HR 
and necrotic processes. Our results also suggest 
that increased levels of ROS, built up by either 
enhanced production and decreased scavenging 
potential, may contribute to the resistance reac-
tion. Studies now in progress about direct ROS 
estimation and induction of ROS-forming 
enzymes, non-enzyme antioxidants and compart-
mentation of antioxidant responses at the apo-
plast level will probably provide more conclusive 
insights about the production of an oxidative 
burst and related responses and their role in the 
pathogenesis of  A .  sesami  on sesamum.       
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  Abstract 

 Increasing microbial resistance to common antibiotics has become a serious 
threat in maintaining public health. Due to their distinctive features, 
antimicrobial peptides have become attractive molecules as novel antibiotics. 
Plants are constantly exposed to attack from a large range of pathogens, 
and under such conditions, they synthesize antimicrobial peptides as part 
of their innate defense mechanism. In an effort to identify potential 
antimicrobial peptides, we have isolated and characterized a novel eight-
residue linear peptide from  Clitoria ternatea , a perennial plant which 
belongs to Fabaceae family. Liquid chromatography-   electrospray ioniza-
tion mass spectrometry (LC-ESI-MS) shows a UV-absorbing fraction 
at 230 nm with a measured molecular mass of 787.4 Da. The sequence of 
the peptide, QAANSVAK, was derived through  de novo  approach using 
tandem mass spectrometric (MS/MS) data obtained after collision-induced 
dissociation (CID). The sequence was further con fi rmed through chemical 
derivatization and proteolysis followed by data-dependent MS/MS 
analysis. Antimicrobial studies of the nearly homogenous peptide fraction 
after solid-phase extraction (SPE) show activity against  Bacillus subtilis . 
The peptide bears no sequence similarity with any of the linear peptides 
isolated thus far from other organisms.  

  Keywords 

 Mass spectrometry  •  Antimicrobial peptide  •   De novo  sequencing  •   Clitoria 
ternatea       
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   Introduction 

 Antimicrobial peptides (AMPs) have gotten 
remarkable attention as alternative to classical 
antibiotics to combat drug-resistant bacteria  [  1  ] . 
Most of the pathogenic bacteria become multidrug 
resistant, and as a solution to this crisis, AMPs 
have been isolated from different sources such 
as plants, animals, and microorganisms  [  2,   3  ] . 
Unlike animals, plants lack typical immune system, 
and they use AMPs as part of their immune defense 
mechanism. Here we report mass spectrometry-
based  de novo  sequencing of a linear antimicrobial 
peptide isolated from  Clitoria ternatea , a herba-
ceous perennial plant belonging to the Fabaceae 
family.  C. ternatea  is widely distributed in the 
southern part of India. The medicinal properties 
of this plant are highly impressive and have 
been extensively used for the treatment of 
various ailments in folklore medicine  [  4  ] . Many 
bioactive compounds including cyclic peptides 
were isolated from  C. ternatea  that show potent 
antimicrobial and anti-insecticidal properties  [  5  ] . 
However, characterization of a linear peptide with 
speci fi c antimicrobial property is not yet reported 
from  C. ternatea .  

   Materials and Methods 

   Peptide Extraction and Puri fi cation 

 Leaves of  Clitoria ternatea  were collected from 
the surrounding areas of Amritapuri, Kollam, 
Kerala. Two hundred and  fi fty gram wet weight 
of leaves were ground and extracted with methanol: 
dichloromethane in 1:1 ratio (v/v) and stirred 
overnight at room temperature. The extract 
was partitioned with dichloromethane and water 
followed by the separation of the aqueous fraction. 
The aqueous fraction was further concentrated 
on a rotary evaporator and subjected to solid-
phase extraction (SPE) using C18 disk cartridges 
(Empore, Supelco). 1 ml of crude sample was 
loaded on to the SPE cartridge pre-equilibrated 
with methanol and water. After washing with 
water, the sample was fractionated by increasing 
the concentration of eluent (acetonitrile). The eluted 

fractions after vacuum concentration were subjected 
to functional assays and mass spectrometric 
characterization.  

   Acetylation I 

 The peptide fraction after SPE puri fi cation was 
dried and resuspended in 1:1 ratio of 100 mM 
ammonium bicarbonate buffer, pH 8.0, and acetic 
anhydride and incubated at room temperature for 
15 min. The resultant solution was vacuum dried 
and reconstituted in 9:1 (v/v) water and acetonitrile 
containing 0.1 % formic acid and analyzed using 
LC-ESI-MS.  

   Acetylation II 

 In the second acetylation protocol, the vacuum-
dried peptide sample was redissolved in 1:1 (v/v) 
acetic anhydride and pyridine and incubated for 
5 min at room temperature. The resultant mixture 
after vacuum drying was resuspended in 9:1 (v/v) 
water and acetonitrile containing 0.1% formic acid 
and analyzed using LC-ESI-MS.  

   Trypsin Digestion 

 The SPE-puri fi ed peptide fraction was digested 
with proteomics grade trypsin (Sigma) at a 
ratio of 50:1 (w/w) and incubated at 37°C, 
overnight. The  fi nal solution was analyzed by 
LC-ESI-MS.  

   Mass Spectrometry 

 Electrospray ionization mass spectra (ESI-MS) 
were acquired on an Agilent ion trap mass 
spectrometer (6340 Series) coupled to an Agilent 
1200 series HPLC. The samples were infused to 
the mass spectrometer through a reversed-phase 
column (Zorbax SB-C18, 2.1 × 35 cm) with solvent 
A (0.1% formic acid in water) and solvent 
B (0.1% formic acid in acetonitrile). The  fl ow 
rate was maintained at 0.2 ml min −1 . Collision-
induced dissociation (CID) data were collected 



25329 Mass Spectrometric Characterization of a Novel Antimicrobial Peptide Isolated from  Clitoria ternatea 

in a data-dependent manner with helium as the 
collision gas. The MS data were acquired over 
a range of 200–1,500 m/z, and the MS/MS data 
were collected over the m/z range 100–1,000. 
All data were acquired in positive ionization 
mode and were further analyzed using Bruker 
Data Analysis software.  

   Antimicrobial Activity 

 The antimicrobial activity of the SPE-puri fi ed 
fractions was checked through standard well 
diffusion method  [  6  ] . Appropriate positive (strep-
tomycin) and negative (distilled water) controls 
were included for comparison.   

   Results and Discussion 

 The crude leaf extract was fractionated and 
puri fi ed to near homogeneity using solid-phase 
extraction. Each peptide fraction thus obtained 
was analyzed by mass spectrometry and screened 
for its antimicrobial properties. LC-ESI-MS of 
the peptide fraction showed a prominent singly 

protonated species, [M + H] +1 , at 788.43 m/z 
(Fig.  29.1 , inset), suggesting neutral monoiso-
topic molecular mass as 787.42 Da. To derive 
primary amino acid sequence of this peptide, tan-
dem mass spectrometric data was collected 
through data-dependent MS/MS; the product ions 
thus obtained were predominantly b-ion in nature. 
However, MS/MS of the doubly charged 
(394.73 m/z) species of the peptide show more 
representative data with equally distributed b- 
and y-ions (Fig.  29.2 ). By following Biemann’s 
nomenclature  [  7  ] , a tentative sequence Q/K-A-A-
N-S-V-A-Q/K was derived through manual 
 de novo  sequencing approach. Since the data was 
collected from ion trap mass spectrometers, it 
was not easy to differentiate the isobaric amino 
acids, Q and K (the nominal mass is 128 Da), and 
this ambiguity was attended by acetylating the 
molecule using acetic anhydride under different 
alkaline conditions (acetylation of peptides 
modi fi es its free N-terminus and lysine residues 
and increases the masses of peptides by multiples 
of 42 Da). Acetylation of the  C. ternatea  peptide 
with acetic anhydride in ammonium bicarbonate 
buffer generated a prominent doubly charged 
molecular species at 415.7 m/z, yielding neutral 
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  Fig. 29.1    ESI-MS/MS spectrum from the singly 
protonated  Clitoria ternatea  peptide. Monoisotopic m/z 
values of b- and y-ion series as proposed by Biemann  [  7  ]  

are marked. The  inset  shows electrospray spectrum of the 
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mass of the modi fi ed peptide as 829.4 Da 
( D m = +42 Da) indicative of the presence of one 
primary amine. The primary amine can be either 
the peptide’s free N-terminus or  e -amino group 
of lysine. Subsequent MS/MS data indicates that 
the amino acid residue at the C-terminus side of 
the peptide got acetylated (Fig.  29.3 ) and con fi rms 
the presence of a lysine residue. However, acety-
lation in the presence of pyridine, where pyridine 
functions as a catalyst facilitating acetylation 
reaction, yielded a doubly charged species at 
457.73 m/z which in turn corresponds to a neutral 
molecular mass of 913.46 Da. The increase in 
molecular mass of 126 Da ( D m = 3 × 42) revealed 
the presence of three acetylation sites. Figure  29.4  
shows MS/MS of the triply acetylated peptide 
which on analysis disclosed presence of one 
acetylation site at the N-terminus and two acety-
lation sites at the C-terminal lysine residue 
(multiple acetylations at lysine residues are not 
uncommon and have been reported in many 

biological events  [  8  ] ). With the above-mentioned 
acetylation reactions, the following conclusions 
could be made: (1) the C-terminal residue of 
the  C. ternatea  peptide is a lysine, (2) the peptide 
has free N-terminus, and (3) the amino acid 
residue at the N-terminus side is a glutamine. 
Consequently, the peptide sequence was assigned 
as Q-A-A-N-S-V-A-K.     

 To con fi rm the presence of an N-terminal 
glutamine residue, the  C. ternatea  peptide was 
digested with trypsin followed by data-dependent 
MS/MS. The resultant spectra did not show a pep-
tide mass corresponding to amino acid sequence, 
A-A-N-S-V-A-K, which would have generated if 
the N-terminal amino acid was a lysine. Hence, 
the  fi nal sequence of the peptide was validated as 
Q-A-A-N-S-V-A-K. 

 Preliminary investigations on the antimicro-
bial activity of the SPE-puri fi ed  C. ternatea  
peptide fraction were tested by standard agar well 
diffusion method. Among several gram-positive 
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and gram-negative bacteria screened,  Bacillus 
subtilis , a gram-positive bacterium, showed 
signi fi cant zone of inhibition (Fig.  29.5 ). Consi-
derable antimicrobial activity was observed with 
0.9  m g of peptide.   

   Conclusions 

 In this study, we describe the identi fi cation and 
mass spectrometry-based characterization of a 
novel linear peptide from the leaf extract of 
 Clitoria ternatea . The primary amino acid 
sequence of the peptide was determined through 
mass spectral data-based manual  de novo  sequen-
cing. The sequence of the peptide was con fi rmed 
through chemical derivatization as well as prote-
olytic digestion protocols. The peptide shows 
signi fi cant antimicrobial activity against  Bacillus 
subtilis , a gram-positive bacterium. Further inves-
tigations to unravel the mechanistic aspects of 
the antimicrobial speci fi city of the peptide are 
in progress.      
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  Abstract 

  b -Lactam class of antibiotics like amoxicillin, ticarcillin, and piperacillin 
is still used widely especially in developing countries against gram-positive 
as well as gram-negative organisms. It is used mainly for the treatment of 
respiratory infections and urinary infections. Resistance to  b -lactam 
antibiotics is often attained by synthesizing  b -lactamase enzymes, which 
act by attacking the  b -lactam ring. To overcome this resistance,  b -lactam 
classes of antibiotics are generally prescribed in combination with 
 b -lactamase inhibitors like tazobactam, clavulanic acid, or sulbactam. 
There are reports of new strains with  b -lactamase enzymes resistant to 
these inhibitors. One of the major sources of novel therapeutic agents is 
from the natural sources like plants, algae and other microorganisms. 
The existing methods of  b -lactamase assays are based on calorimetric 
method and may not be always suitable for coloured organic solvent 
extracts of plants. Also, the varying pH of many of the extracts often 
becomes a problem in conducting these assays. Here, we report a novel 
agar plate assay method by which it is possible for screening antimicrobial 
agents as well as  b -lactamase inhibitors simultaneously with a single 
assay. The method is based on Kirby-Bauer disc diffusion assay using 
Mueller-Hinton agar. The  b -lactamase-producing organism is swabbed on 
two plates, one with a  b -lactam antibiotic and the other without the antibiotic. 
Paper discs are impregnated with the extract in investigation and applied 
on the two plates. If it is showing zone of inhibition in both the plates, 
it can be due to a possible antimicrobial agent, but if it is showing zone of 
inhibition in only the plate with  b -lactam antibiotic, then this may be due 

      A Novel Plate Assay System for 
Screening of Antimicrobial Agents 
and  b -Lactamase Inhibitors from 
Natural Sources       
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to the presence of a possible  b -lactam inhibitor. This system was tested good 
using  fi ve different MRSA strains, three different  b -lactamase inhibitors and 
diethyl ether extract of  Holoptelea integrifolia .  

  Keywords 

  b -Lactamase inhibitor assay  •  Antibiotic resistance  •  MRSA      

   Introduction 

    Globally the antibiotic sales fetch about US$ 42 
billion in 2009  [  1  ] , and  b -lactam antibiotics sale 
contributing to half of it is generating a revenue 
of about US$ 20 million. The major  b -lactam 
antibiotics sold are penicillins, monobactams, 
cephalosporins, penems and carbapenems. Anti-
biotics like amoxicillin, ticarcillin and piperacillin 
are still used widely especially in developing 
countries against both gram-positive and gram-
negative organisms, mainly for the treatment of 
respiratory infections and urinary infections. Due 
to the heavy and uncontrolled use of antibiotics, 
the number of strains developing resistance is 
increasing day by day. The  b -lactamase enzymes 
are responsible for developing resistance to  b -lactam 
class of antibiotics. Penicillin class of antibiotics 
has a long history of use and so the rise of resistant 
strains to penicillin. Abraham and Chain in 1940 
 [  2  ]  reported the  fi rst  b -lactamase which was 
a penicillinase from gram-negative  E. coli.  The 
success of penicillin with the rise of resistant 
strains encouraged for the development of new 
penicillin derivatives which gave rise to the  b -lactam 
antibiotics in clinical use today (penicillins, narrow- 
and extended-spectrum carbapenems, monobac-
tams and cephalosporins). The core part of these 
antibiotics is the  b -lactam ring which is a four-
member cyclic amide  [  2  ] . Bacteria develop 
resistance to  b -lactam antibiotics by two strategies; 
one way is by producing  b -lactamase enzymes 
which are able to cleave the  b -lactam ring and 
deactivate the antibiotic. The second way is by point 
mutations at the active site of penicillin-binding 
proteins, the target of  b -lactam antibiotics  [  3  ] . 

  b -Lactamases are generally classi fi ed based 
on amino acid sequence homology, but they are 

also classi fi ed based on substrate and inhibitor 
speci fi city  [  4,   5  ] . Based on substrate speci fi city, 
b-lactamases are classi fi ed into four Classes, from 
A to D. Classes A, C and D are serine b-lactama-
ses and Class B is metallo-b-lactamase and has a 
single Zn 2+  ion or a pair of Zn 2+  aligned to his-
tidine, cystine and aspartate residues in the 
active site. A successful strategy for overcom-
ing  b -lactamase-mediated resistance is the use of 
compounds which are usually structurally similar 
lactams which can bind to the active site of the 
enzyme. This method can be employed either by 
using substrate analogs which can bind to the 
active site of the enzyme with enhanced af fi nity 
but form unfavourable steric interactions.    Another 
method is by the use of “suicide inhibitors”; 
here a molecule must bind initially at the enzyme-
active site, but it is converted into an inactivator 
through catalytic action of the enzyme itself  [  6  ] . 
Examples of the former are extended-spectrum 
cephalosporins, monobactams or carbapenems 
which form acyl enzymes and adopt catalytically 
incompetent conformations that are poorly hydro-
lyzed. Other class of compounds includes clavu-
lanic acid which was the  fi rst suicide inactivator 
of  b -lactamases to be described  [  7  ] , tazobactam 
and sulbactam. The real problem with currently 
marketed  b -lactam antibiotics is that they are not 
active against all the  b -lactamases, for example, 
clavulanic acid does not inhibit class B metallo-
 b -lactamases, class C cephalosporinases and some 
of class A serine  b -lactamase  [  5  ]  

 In this scenario, there is a need for developing 
novel  b -lactamase inhibitors having a wide 
activity range.    Natural sources had always been 
a source of novel therapeutic agents, and man 
has exploited this ever since science has existed. 
Around 70% of today’s drugs are from natural 
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sources  [  8  ] . Many  b -lactamase assays are employed 
for the screening of  b -lactamase, but they all are 
based on calorimetric assay  [  9–  11  ] . In iodometric 
assay, the starch-iodine complex is broken by the 
penicillanic acid produced by  b -lactamase, and 
based on the extent of acid produced, the decolor-
ization of starch-iodine complex occurs and is 
read by a spectrophotometer.    The main disadvan-
tage of these assays is that they are based on 
change of colour due to acid production. These 
assays are often useless in screening crude organic 
extracts of natural origin, like medicinal plant 
extracts, because the pH of the crude extracts is 
often varying, and also these extracts are coloured 
and can mask the violet or blue colour of the starch-
iodine complex. Here, we report a novel agar 
plate assay method by which it is possible for 
screening antimicrobial agents as well as  b -lacta-
mase inhibitors simultaneously in a single assay.  

   Materials and Methods 

   Microbial Strains 

 Bacteria used for this study were pure cultures 
obtained from Microbial Type Culture Collection 
(MTCC) of Institute of Microbial Technology, 
Chandigarh, India. Following organisms were 
procured:  Escherichia coli  MTCC No. 1687 
and  Klebsiella pneumoniae  MTCC No. 109. 
Three methicillin-resistant  Staphylococcus aureus  

strains (MRSA) were obtained from Government 
Hospital, Thalassery, Kerala, India.  

   Media 

 For culturing the strains, nutrient agar was used 
with a composition of peptone, 5 g/L; beef extract, 
1 g/L; yeast extract, 2 g/L; NaCl, 5 g/L and agar, 
15 g/L, pH, 7.0 ± 0.2.  

   Antibiotics 

 Ampicillin (HiMedia, India), potassium clavulanate, 
tazobactam sodium and sulbactam (Sigma-Aldrich, 
USA) were used.  

   Plant Extract 

 Dried leaves of  Holoptelea integrifolia  samples 
were successively extracted with hexane, diethyl 
ether, acetone and water using a Soxhlet apparatus. 
The solvents were evaporated to dryness and used 
for the  b -lactamase activity  [  12  ] . 

 Dried  Tamarindus indica  leaves were succes-
sively extracted with chloroform followed by meth-
anol, and the solvents were removed using a vacuum 
 fl ash evaporator  [  13  ] , and the methanolic extract 
was used for antimicrobial activity.   

  Fig. 30.1    Discs with methanol extract of  Tamarindus indica ,  plate A  without ampicillin and  plate B  with ampicillin       
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   Preparation of Plate 

 A swab culture with test strains was made on 
90 mm × 15 mm sterile Petri dishes with the 
culture media. To every set of the experiment, a 
replica plate containing nutrient agar and the 
replica having same media composition but with 
ampicillin (300 ppm) were also made.  

   Screening Test Method 

 For each  b -lactam inhibitor or plant extract 
which has to be screened, the  b -lactamase-pro-
ducing organism was swabbed on two plates, 
one with a  b -lactam antibiotic (ampicillin, 
300 ppm) and the other without the antibiotic. 
Paper discs were impregnated with the plant 
extract, or other organic solvent extract which 
has to be screened for  b -lactamase inhibitors was 
applied on the two plates. The plates are then 
incubated for 12 h at 37 °C. The experiments 
were carried out in duplicate. Inhibition was 
recorded by measuring the zone of inhibition.   

   Results and Discussion 

 Four sets of experiment were done; in each pair 
one plate was with nutrient agar media and the 
other with the same media but with 300 ppm 

ampicillin added to it. In the  fi rst set, which was 
taken as a control, plate containing amoxicillin, 
impregnated with discs having  b -lactam inhibitors 
(tazobactam, clavulanic acid and sulbactam), 
gave clear zone, while the other plate in the 
pair, which does not have the antibiotic, does 
not show inhibition. This clearly implies that in 
the plate having amoxicillin, due to inhibition of 
 b -lactamase enzyme by the  b -lactamase inhibitors, 
bacteria could not grow (Fig.  30.3) . 

 The second set of experiment was done to test 
whether plant extracts with  b -lactamase activity 
could be screened with this assay. Diethyl ether 
extract of  Holoptelea integrifolia   [  12  ]  was used to 
impregnate the disc and then applied to both the 
plates (Fig.  30.2 ). After incubation, plate with anti-
biotic showed zone of inhibition, while the plain 
nutrient agar plate showed none. This infers that, 
as reported  [  12  ] ,  Holoptelea integrifolia  extract 
has  b -lactamase inhibitory activity, and this 
method can be used for screening such organic 
solvent extracts from natural sources.   

 The third set was designed to test the antimicro-
bial activity screening with the same assay method. 
Each plate was impregnated with disc containing 
methanolic extract of  Tamarindus indica . Here, 
both the plates showed zone of inhibition implying 
that the extract has antimicrobial activity but no 
 b -lactamase inhibitory action. The plate with 
ampicillin showed higher zone diameter due to the 
antibiotic pressure (Fig.  30.1.  )

  Fig. 30.2    Discs with ether extract of  Holoptelea integrifolia ,  plate A  without ampicillin and  plate B  with ampicillin       
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 Results obtained from this study clearly shows 
that the assay system can be used for screening 
 b -lactamase inhibitors as well as antimicrobial 
compounds in a single experiment. As seen from the 
data, it is clear that neither the colour nor the pH of 
different plant extracts is a problem, and hence, this 
method can be successfully employed in screening 
of different organic extracts from natural sources.      
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  Abstract 

 A comprehensive, 24-h sampling with an interval of 3 h has been conducted 
at Cochin shore waters in order to investigate the variation in marine phy-
toplankton density and its relation with    phototactic movements, either posi-
tive (diel vertical migration) or negative (reverse diel vertical migrations) 
displacement towards light gradient. Chlorophyll  a  showed an exponential 
increase during day cycle, ranging from 6.54 to 26.17 mg m −3 , compared 
to night cycle (1.76–2.92 mg m −3 ). The total phytoplankton counts in night 
hours were lowered by one third that of day hours. Phytoplankton com-
munity was observed to be dominated by dino fl agellate species, especially 
 Ceratium furca  which showed a mean count of 1,180 cells/l during night 
hours and 3,248 cells/l during day hours. The positive phototactic dis-
placement among phytoplankton can be observed during day hours. N/P 
ratio and Si/P ratio were found to be positively correlated with phyto-
plankton distribution. The mean N/P ratio during night hours was low 
(5.42  m mol L −1 ) compared to day hours (9.40  m mol L −1 ), and Si/P ratio 
showed similar trend (<5  m mol L −1 ) during night hours. Study suggests 
that optimisation of nutrients coupled with light uptake in the vertical 
gradient contributes migrating behaviour of phytoplankton, especially 
dino fl agellates.  

  Keywords 
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         Diurnal Phototactic Migration 
of Phytoplankton in    Cochin Waters 
and Its Correlation with Limiting 
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   Introduction 

 Phytoplankton plays vital importance in the 
functioning of food web. It forms the basis of 
food chain and contributes largely to the function-
ing of marine ecosystem. Being photosynthetic 
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organisms, phytoplanktons are forced to move to 
and to stay in the top layer of water column illu-
minated by solar radiation, the “photic zone”  [  1  ] . 
Phototaxis refers to the positive or negative dis-
placement of an object towards light gradient. 
Many marine phytoplanktons perform both diel 
vertical migration (DVM) and reverse diel verti-
cal migrations induced prominently by phototaxis 
and driving forces behind it. In response to the gra-
dients of essential resources such as light and 
nutrients, phytoplankton groups are predicted to 
show differential vertical distributions as they 
optimise growth conditions according to their 
speci fi c physiologies and motilities  [  2  ] . A 24-h 
water sampling study was conducted on May 
2011 (pre-monsoon season) at Cochin estuary 
(barmouth) in order to investigate the variation of 

phytoplankton density and the factors inducing 
the phototactic movements responsible for  fl uct-
uation in plankton density.  

   Materials and Methods 

 The sampling station of Cochin barmouth lies 
between 09º58 ¢ 16″N latitude and 76º14 ¢ 43″E 
longitude (Fig.  31.1 ). The sampling station recorded 
a depth ranging from 11.60 to 14 m. Eight sets of 
surface water samples were taken from intertidal 
zone of Cochin estuary at an interval of 3 h 
namely, 06:00, 09:00, 12:00, 15:00 and 18:00 h 
(day cycle) and 21:00, 00:00 and 03:00 h (night 
cycle). Standard mercuric calibrated thermome-
ter was used for measuring both atmospheric and 
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  Fig. 31.1    Map showing sampling position (Cochin barmouth)       
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water temperatures. The salinity, pH and conduc-
tivity were measured using thermo-scienti fi c 
Eutech probe (Waterproof CyberScan PCD 650). 
DO values were determined by Winkler’s method 
 [  3  ] . Standard chemical analysis was carried out 
for nutrients such as phosphorous, silicate, nitrite, 
nitrate, total nitrogen and total phosphorous. 
Spectrophotometric method (UV-visible, model 
Shimadzu UV-1800, Japan) was applied for obtain-
ing nutrient values  [  4  ] . Pearson correlations were 
done with the help of SYSTAT 8.0 software pack-
ages. For phytoplankton analysis, 100 L of water 
sample was  fi ltered through 53- m  plankton sieve. 
The sample thus collected was resuspended in 
known volume of  fi ltered sea water, and 4% 
neutralised formaldehyde was added for preser-
vation. Species level analysis of phytoplankton 
samples was carried out by spreading 1 ml of 
sample on Sedgwick rafter counting chamber 
using binocular phase contrast microscope. 
Chlorophyll values were estimated by  fi ltering 
the water sample free of zooplankton through 
GF/C glass  fi lter paper, and the pigments, chloro-
phyll a, b and c, were extracted from phytoplank-
ton by using 90% acetone. The solution was 
centrifuged for about 20 min under 5,000 rpm, 
and the supernatant solution was considered for 
determination of optical density with the aid of 
a spectrophotometer  [  5  ] . Standard publications 
were used for taxonomic identi fi cation of phyto-
plankton. The data obtained was treated with 
simple correlation to study the variation of phyto-
plankton density in relation with limiting nutri-
ents and light intensity triggering phototactic 
movements, (Fig.  31.2 ).    

   Results and Discussion 

   Hydrochemical Parameters 

 Atmospheric temperature throughout the study 
ranged between 30 and 33.50°C (mean value, 
31.03C), and the mean water temperature was 
found to be slightly lower than atmospheric 
temperature (30.31C). pH value of respective 
hours indicated the alkaline nature of surface 
water samples (mean value is 7.69) (Table  31.2 ). 
Forenoon hours (6:00, 9:00 and 12:00) registered 

a comparatively low salinity (corresponding 
values of 7.49, 7.65 and 7.59 psu) than evening 
and night hours. Signi fi cant  fl uctuation in salinity 
values could be observed after 12:00 h (7.90 and 
8.00 psu during 15:00 and 18:00 h), and a mean 
value of 7.65 psu was noted during night hours. 
Even at a single place in the estuary, salinity 
would  fl uctuate with movement of tides, mixing 
of nutrients and water by wind. Seasonally, the 
salinity values were low. Freshwater discharge 
from various rivers located along the west coast 
of India and rainfall over the Western Ghats form 
a layer of saline waters over eastern Arabian Sea, 
having short life cycle  [  6  ] . DO values were ranged 
between 5.14 mg L −1  (18:00 h) and 5.60 mg L −1  
(15:00 h). Oxygen has limited solubility in water, 
ranging from 5 to 14 mg L −1  [  7  ] . DO values 
indicated comparatively low range as eutrophic 
condition prevails in Cochin estuary  [  8  ] . Total 
nitrogen value was found to be highest at 9:00 h 
(28.03  m mol L −1 ) and lowest at morning 03:00 h 
(10.35  m mol L −1 ). Silicate values showed some-
what similar trend with highest value at morning 
6:00 h (18.76  m mol L −1 ) and lowest value at morn-
ing 3:00 h (8.22  m mol L −1 ). Nitrogen/phospho-
rous ratio and silicate/ phosphorous ratio indicated 
a clear distinction between day cycle (6:00, 9:00, 
12:00, 15:00, 18:00 h) and night cycle (21:00, 
00:000, 03:00 h) (Fig.  31.2 ). During 15:00 h, 
both N/P ratio ( 12.40  m mol L −1 ) and SiO 

4
 /P ratio 

(8.26  m mol L −1 ) reported maximum value, and at 
morning 00:00 hours, the lowest values of both 
N/P ratio (6.02  m mol L −1 ) and SiO 

4
 /P ratio

(3.65  m mol L −1 ) were observed (Fig.  31.3 ). 
Pearson correlation values are shown in Fig.  31.2 . 
N/P ratio and SiO 

4
 /P ratio show positive correla-

tion with dominating dino fl agellate species 
(0.804 and 0.916 in case of  Ceratium furca ).     

   Chlorophyll Values 

 Variation in chlorophyll concentration at Cochin 
barmouth was used to indicate the plankton 
community structure and biological productivity. 
Signi fi cantly, higher values of chlorophyll a 
were observed during day cycle (highest value, 
26.17 mg m −3  at 15:00 h), while night hours exhib-
ited very low values ranging from 1.76 (00:00 h) 
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   Table 31.1    Total phytoplankton distribution of Cochin barmouth station   

 Species (cells·L −1 )  6:00  9:00  12:00  15:00  18:00  21:00  0:00  3:00 

  Amphora lineolata   0  0  0  240  0  20  40  20 
  Asterionella japonica   200  80  160  100  40  60  50 
  Aulacodiscus  sp.  0  0  80  40  0  0  40  120 
  Bacillaria paradoxa   0  40  0  0  0  0  0  0 
  Biddulphia reticulate   320  240  260  160  80  80  360  0 
  Biddulphia sinensis   150  300  80  400  260  300  120  60 
  Ceratium furca   1,060  1,680  480  160  980  1,100  950  1,490 
  Ceratium fusus   0  40  0  0  0  80  140  240 
  Ceratium macroceros   80  120  40  40  120  0  0  200 
  Ceratium pentagonium   0  0  0  160  0  60  0  100 
  Chaetoceros indicus   300  80  80  60  120  210  100  40 
  Corethron hystrix   80  0  0  0  0  0  0  0 
  Cosinodiscus excentricus   0  0  240  0  0  0  0  0 
  Cosinodiscus gigas   140  200  300  120  120  160  380  100 
  Cosinodiscus radiatus   150  140  60  40  60  80  40  40 
  Cyclotella  sp.  200  40  320  400  280  0  0  160 
  Dinophysis caudata   60  80  240  320  320  120  160  480 
  Diploneis  sp.  0  0  0  120  0  0  40  40 
  Ditylum brightwellii   0  0  80  300  100  40  80 
  Fragilaria oceanica   40  0  450  360  120  80  240  200 
  Gyrosigma  sp.  80  0  0  0  0  0  140 
  Nitzschia longissima   120  200  40  40  320  60  0 
  Peridinium  sp.  3,700  4,200  2,740  3,120  3,100  1,280  800  1,460 
  Peridinium steinii   80  140  120  0  0  0  150  70 
  Phaeocystis  sp.  0  100  40  0  0  0  0  0 
  Pinnularia alpina   0  0  0  160  0  0  0 
  Planktoniella sol   300  80  80  120  80  0  60  120 
  Pleurosigma  sp.  160  160  120  80  400  80  0  0 
  Prorocentrum  sp.  40  100  100  160  120  40  120  80 
  Protoperidinium depressum   0  40  0  0  0  240  80  0 
  Pyrophacus steinii   1,240  1,600  2,000  1,120  700  700  460  1,200 
  Rhabdosphaera  sp.  0  0  120  0  0  40  0  0 
  Rhizosolenia curvata   60  0  0  80  0  0  60  0 
  Rhizosolenia stolterfothii   80  0  160  0  0  0  0  0 
  Skeletonema costatum   840  580  700  480  1,260  320  200  140 
  Triceratium favus   0  0  0  40  0  0  40  0 

to 2.92 mg m −3  (3:00 h). Similar trend was 
observed with chlorophyll b and c and phaeophytin 
(Fig.  31.4 ). The mean chlorophyll, a value during 
day cycle, was found to be 15.06 mg m −3  (which 
strictly pronounces eutrophic nature), and during 
night cycle it was 2.25 mg m −3 .   

   Qualitative Distribution 

 Phytoplankton density depicted a picture of 
domination of dino fl agellates. Plankton density 
was observed to be controlled by certain species 
of dino fl agellates namely,  Ceratium furca  and 
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  Fig. 31.2    Pearson correlation values       
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 Peridinium  sp. A total of    thirty nine species were 
identi fi ed, namely,  Amphora lineolata, Asterio-
nella japonica,   Aulacodiscus  sp. , Bacillaria 
paradoxa, Biddulphia   reticulate, Biddulphia sin-
ensis, Ceratium   furca, Ceratium fusus, Ceratium  
 macroceros, Ceratium pentagonium, Chaetoceros  
 indicus, Corethron hystrix, Cosinodiscus   eccen-
tricus, Cosinodiscus gigas, Cosinodiscus   radiatus, 
Cyclotella  sp. , Dinophysis caudata, Dinophysis  
 punctata, Diploneis  sp. , Ditylum brightwellii, 
Fragilaria   oceanica, Gyrosigma  sp. , Nitzschia 
longissima, Nitzschia   closterium, Peridinium  sp. , 
Peridinium steinii, Phaeocystis  sp. , Pinnularia 
alpina, Planktoniella   sol, Pleurosigma  sp. , 
Prorocentrum  sp. , Protoperidinium depressum, 
Pyrophacus   steinii, Rhabdosphaera  sp. , Rhizo-
solenia curvata, Rhizosolenia   stolterfothii, 
Skeletonema costatum, Triceratium   favus and 
Triceratium reticulata.  Among dino fl agellates 
(Fig.  31.5 ),  Ceratium furca  dominated throughout 
day cycle and night cycle (Table  31.3 ). The high-
est count was observed at 15:00 h (4,140 cells L −1 ) 
during day cycle and at 3:00 hours (1,490 cells 
L −1 ) during night cycle, though it was too low as 
compared to day cycle.  Ceratium furca  showed a 
mean count of 1,180 cells L −1  during night hours 
and 3,248 cells L −1  during day hours. The qualita-
tive distributions of phytoplankton were shown in 
Table  31.1 .   

 The data elucidates timescale variation 
between hydrochemical parameters and phyto-
plankton community. A strict positive correlation 
could be observed among chlorophyll values, 
hydrochemical parameters and phytoplankton 
cell density. The chlorophyll concentration indi-
cates the sampling station Cochin as biologically 
productive in terms of plankton community struc-
ture. The chlorophyll  a  values ranged from 1.76 
to 2.92 mg m −3  during night hours, and an expo-
nential increase was noted during day hours with 
a value ranged from 6.54 to 26.17 mg m −3 . The 
major nutrients required by phytoplankton for 
growth and reproduction are nitrogen and phos-
phorous  [  9  ] . In addition to these nutrients, other 
inorganic nutrients in small amounts act as lim-
iting factor for phytoplankton productivity. 
Graphical data along with correlation results 
accentuate the decisive importance of major 
nutrients in phytoplankton cell growth. N/P ratio 
and SiO 

4
 /P ratio could be numerically correlated 

with plankton density, especially dino fl agellates. 
Each phytoplankton species has a different set of 
favourable conditions that promote growth and 
reproduction  [  10  ] . The total phytoplankton counts 
in night hours were lowered by one third than that 
of day hours. A signi fi cant variation in N/P and 
SiO 

4
  ratio could be seen during night cycle. 

Phytoplankton community was observed to be 
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  Fig. 31.4    Graph showing variation of chlorophyll pigments       
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  Fig. 31.5    Graph showing variation in cell density of dominating dino fl agellates       

   Table 31.3    Distribution of dino fl agellates (cells L −1 ) in Cochin barmouth station   

 Day cycle  Night cycle 

 6:00  9:00  12:00  15:00  18:00  Mean  21:00  0:00  3:00  Mean 

  Ceratium furca   2,060  3,680  3,480  4,140  2,980  3,268  1,100  950  1,490  1,180 
  Ceratium fusus   460  40  400  720  300  384  80  140  240  153 
  Ceratium 
macroceros  

 480  120  40  40  120  160  0  0  200  66 

  Ceratium 
pentagonium  

 40  0  0  160  0  40  60  0  100  53 

  Dinophysis 
caudata  

 860  580  1,240  1,320  920  984  120  160  480  253 

  Prorocentrum  sp.  40  100  100  160  120  104  40  120  80  80 
  Protoperidinium  sp.  200  40  0  0  0  48  240  80  0  107 
  Pyrophacus steinii   1,240  1,600  2,000  1,120  1,300  1,452  700  460  1,200  787 
  Peridinium  sp.  1,700  3,500  2,740  3,120  3,100  2,832  1,280  800  1,460  1,180 
  Peridinium steinii   80  140  120  0  60  80  0  150  70  73 

controlled by certain dino fl agellate species such 
as  Ceratium furca and Peridinium  sp. which are 
signi fi cantly contributing to total density. 
Plankton biomass is generally highest in areas 
where physical process supplies adequate nutri-

ents  [  11  ] . More than 16 major and several minor 
industries situated on the banks of Periyar river 
discharge partially treated or untreated wastes in 
to estuary during day time. In addition to it, 
 drastic increase in dino fl agellate density was 
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attributed to the light intensity of particular area. 
Diel cycling of light, as well as its modulation 
over the course of day, leads to a synchronisation 
of growth and division of phytoplankton popula-
tion  [  12  ] . Positive phototactic behaviour of phy-
toplankton in general and dino fl agellates in 
particular was noted throughout the study, and 
the variation key factors like nutrient ratios (N/P, 
SiO 

4
 /P) corresponding to the variation in phyto-

plankton cell density were correctly established. 
The distribution of  Ceratium  sp. is mostly 
explained as partly being the result of phototac-
tic movements. Experiments with  Ceratium  sp. 
have demonstrated that this species is positively 
phototactic  [  13  ] . Ability of dino fl agellate to 
migrate up and down through the water column 
means they can take the advantage of increased 
nutrient levels at greater depth during night and 
return closer to surface in order to photosynthe-
sise during day  [  14  ] . They may also be better 
adapted to take the advantage of nutrients at 
frontal system due to their mobility. The most 
extensive migration takes place at dawn, and 
dusk and concurrent changes in light intensity 
have long been considered an important casual 
factor  [  15  ] . It is established that at least for 
dino fl agellates this strategy could be energe-
tically advantageous and is often proved to 
be primary adaptive reason for phototactic 
 vertical migration. Optimisation of nutrients 
coupled with light uptake in the vertical gradient 
also contributed to the migrating behaviour of 
algae  [  16  ] .       
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  Abstract 

 Hot pepper is one of the important vegetable crops of Asia, and India is 
fast developing as hub for its seed production. In hot pepper, seed produc-
tion is mainly done using cytoplasmic male sterile lines, where sterile 
female plants were grown in  fi elds of seed growers. The male line is 
grown in a centralised facility, and only male  fl ower buds were distrib-
uted to growers for pollen extraction and crossing of female buds. 
Sometimes it is dif fi cult to supply male  fl ower buds to growers because 
of distance and possibility of crop failure. Further, hot pepper seed pro-
duction can be done in 9–10 months in a year in various sowing windows 
and in different areas. An effort to preserve pollen from these male buds 
was made under refrigeration and cryo-preservation which can be used 
to supply pollen directly instead of buds and to longer distances. The 
pollen from these male lines was harvested and stored at normal room 
temperature (control), in deep refrigeration (−20 °C) and in liquid nitro-
gen (−196 °C). The pollen extracted was preserved in capped vials for 
refrigeration, and semen straws were used for storing in liquid nitrogen. 
The semen straws containing pollen are kept in IBP cryo-containers 
which are normally used for arti fi cial insemination.    The pollen had lost 
viability and failed to produce seeds in female buds within 3 days when 
stored under room temperature. The pollen stored in deep refrigeration 
produced seeds up to 6 days. In case of cryo-preservation, the pollen can 
be stored up to 47 days and produced seeds when used for pollination up 
to 48 days. The pollen viability was tested using 2% acetocarmine stain-
ing, and pollen germination by hanging drop technique which showed 
85–2% pollen was viable in this period. The molecular genetic purity 
test using protein banding pattern (to know the genetic purity) of these 
hot pepper hybrid seeds shows no variations for the characters of F1 as 

      Cryo-preservation of Pollen 
for Hybrid Seed Production 
in Hot Pepper       
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   Introduction 

 India has the unique distinction of being a major 
seed production hub among the Asian countries 
due to its diversi fi ed agroclimatic regions. Hence, 
most of tropical vegetable seeds are produced in 
India with the exception of some  Brassica  seeds 
which need temperate conditions. Among the 
important vegetables the Asian type hot pepper 
is one of the important vegetables in which the 
commercial hybrid seed production is going on 
large scale. The seed production is carried out by 
farmers, which gives them high returns per unit 
area. With a land area as low as half acre, one 
can earn pro fi ts more than the commercial crops. 
The seed production of hot pepper is a skilled 
activity which involves emasculation and polli-
nation. The seed production is carried out using 
cytoplasmic male sterile lines. The usual prac-
tice is to grow male sterile lines and fertile male 
plants separately, and pollen from fertile male 
plants is used to pollinate the male sterile lines. 
To grow fertile lines to supply pollen is a costly 
affair, and crop failure may jeopardise the entire 
seed production programme. In an experiment 
conducted in UAS, Raichur, an effort was made 
to store pollen of hot pepper in liquid nitrogen 
which can be used for pollination at various sow-
ing windows without growing fertile lines sepa-
rately, which is economically viable. Earlier 
studies reported that hot pepper pollen can be 
stored in liquid nitrogen  [  1,   2  ] . Another study 
reported that pollen of capsicum can be stored 
for more than 42 months without any effect on 
the pollen viability and fertility  [  3  ] .  

   Materials and Methods 

   Collection of Flower Buds, Pollen 
Extraction and Storage 

 To conduct the study, the  fl ower buds from fertile 
plants were collected from the crop grown in the 
previous season. The  fl ower buds were plucked 
from the plants and stored in wet cotton cloth. 
Flower buds were then exposed to sunlight to 
induce anther dehiscence. The pollen was 
 collected in a container made of china clay and 
then transferred to various containers based on 
the type of storage. The pollen is stored in capped 
vials for normal storage (under cool conditions) 
and for deep refrigeration. The semen straws are 
used for storing pollen under liquid nitrogen. 
These straws were normally used for arti fi cial 
insemination in Department of Animal Husbandry. 
The IBP  cryo-cans were used for cryo-preservation. 
The commercial grade liquid nitrogen was 
obtained from Karnataka Milk Federation. The 
cryo-cans were monitored regularly as per the 
earlier methods  [  4  ]  and  fi lled with fresh liquid 
nitrogen after every fortnight.  

   Study of Pollen Viability and 
Germination 

 For pollen viability study, 2% acetocarmine was 
prepared by dissolving 2 g carmine powder in 
55 ml of distilled water and 45 ml of acetic acid. 
This mixture was boiled gently for 5 min and 
 fi ltered with No. 75 Whatman  fi lter paper after 

described by the breeder. Also there is no effect on storability and viability 
of seeds in modi fi ed atmospheric storage. The use of cryo-preservation 
for storing pollen can be effectively used for hybrid seed production 
which helps in reducing cost of production, genetic integrity and germ 
plasm security.  

  Keywords 

 Pollen cryo-preservation  •  Male sterility  •  Pollen germination      
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cooling. For studying pollen viability, the pollens 
were placed on a cavity slide containing 2 drops 
of 2% acetocarmine. These were mixed using a 
clean needle and examined under microscope for 
staining pattern. The staining patterns were 
classi fi ed as dark, light and unstained. The pollen 
grains which were stained dark and light were 
taken as viable. Pollen grains were observed ran-
domly from average of  fi ve microscopic  fi elds, 
and numbers of viable and nonviable pollens 
were recorded. The pollen germination was stud-
ied using hanging drop technique  [  5  ] .  

   Study of Fruit and Seed Quality 
Parameters 

 The pollen after storage in various parameters was 
used to pollinate the  fl ower buds of male sterile 
plants. Each day, ten previously tagged  fl ower 
buds were pollinated. For ease in identi fi cation, 
various colour tags were used. The seed quality 
parameters such as fruit set (%), average seed set 
per fruit (No.) and seed germination (%) were 
recorded.  

   Collection of Data and Analysis 

 The data was collected every day for the  fi rst 7 days, 
later once in 5 days up to 47th day. The data 
recorded for three replicates and the experimental 
results were analysed statistically with randomised 
block design with factorial concept adopting analy-
sis of variance technique, and critical differences 
were calculated whenever ‘F’ test was signi fi cant. 
Wherever necessary, the percentage data was trans-
formed into arcsin root transformation  [  6  ] .   

   Results and Discussion 

 The results of the experiment were summarised 
in Table  32.1 . The results indicate that the pollen 
germination was better when pollen was stored 
for 3 days under ambient room temperature, for 

6 days when stored under deep refrigeration and 
for 47 days when stored in liquid nitrogen. 
Though the pollen germination was observed in 
all storage methods, a decreasing trend was 
noticed.    The pollen germination proves the ear-
lier  fi ndings of pollen that can tolerate extreme 
ultra low temperature and effect normal fertilisa-
tion due to very low biological activity at these 
temperatures  [  7  ] .  

 The fruit set % was better when pollen is 
stored for 3 days (99, 88 and 56%) under ambient 
room temperature. In case of deep refrigeration, 
fruit set can be obtained up to 7 days (99–24%) 
and better fruit set % was obtained up to 47 days, 
when pollen is used which was stored in liquid 
nitrogen (99–4%) with decreasing trend. This 
 fi nding proves earlier  fi nding of higher fruit and 
seed set % by using fresh pollen  [  8  ] . This also 
proves the fact that the normal fertilisation and 
fruit set is possible when pollen survival in liquid 
nitrogen is at least 20%  [  9  ] . 

 The results also showed that higher seed set-
ting per fruit was obtained when pollen is used 
which was stored in liquid nitrogen up to 47 days 
(   5–168 days). Very low seed setting was observed 
for 3–6 days when pollen is stored under ambient 
room temperature and deep refrigeration. The 
seed germination showed no signi fi cant reduction 
with respect to storage methods. The seed germi-
nation ranged between 64 and 84%. This  fi nding 
showed us the fact that there will not be any effect 
of storage method on germination which will help 
in storability studies as future line of work.  

   Conclusions 

 The current study on pollen cryo-preservation 
showed that pollen can be stored for very long 
period of time in liquid nitrogen and can be used 
for hybrid seed production.    Also the pollen can 
tolerate extreme ultra low temperatures and can 
affect normal fertilisation. The pollen expresses 
some kind of dormant behaviour under these 
low temperatures and biological activity. This 
method can be used for short-term pollen storage 
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(less than 3 months) and can be used for hybrid 
seed production which also helps in reducing cost 
of production, to ensure genetic integrity and 
germ plasm security. The cryo-preservation also 
has application in breeding programmes, distrib-
uting and exchanging germ plasm among loca-
tions as well as for studies in physiology, 
biotechnology and  in vitro  fertilisation  [  10  ] .      
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   Table 32.1    In fl uence of cryo-preservation on pollen and seed quality parameters   

 Storage days (T) 
 Pollen germination %  Fruit set %  Average seed set no.  Seed germination % 

 C1  C2  C3  Mean  C1  C2  C3  Mean  C1  C2  C3  Mean  C1  C2  C3  Mean 

 T1–1 DAS  85  85  85  85  99  99  98  99  161  166  168  165  84  84  83  84 
 T2–2 DAS  63  78  86  76  88  92  94  91  132  146  155  144  83  84  83  83 
 T3–3 DAS  17  77  75  56  56  86  91  78  32  125  153  103  76  82  82  80 
 T4–4 DAS  0  51  72  41  20  76  90  62  0  117  145  87  76  81  82  80 
 T5–5 DAS  0  28  68  32  3  66  89  53  0  73  139  71  74  77  82  78 
 T6–6 DAS  0  11  63  25  0  54  88  47  0  23  133  52  0  77  82  53 
 T7–7 DAS  0  1  62  21  0  24  86  37  0  0  128  43  0  76  80  52 
 T8–12 DAS  0  0  53  18  0  0  68  23  0  0  107  36  0  0  75  25 
 T9–17 DAS  0  0  51  17  0  0  62  21  0  0  92  31  0  0  73  24 
 T10–22 DAS  0  0  46  15  0  0  53  18  0  0  72  24  0  0  69  23 
 T11–27 DAS  0  0  38  13  0  0  48  16  0  0  62  21  0  0  69  23 
 T12–32 DAS  0  0  34  11  0  0  42  14  0  0  47  16  0  0  66  22 
 T13–37 DAS  0  0  31  10  0  0  43  14  0  0  21  7  0  0  68  23 
 T14–42 DAS  0  0  23  8  0  0  33  11  0  0  10  3  0  0  65  22 
 T15–47 DAS  0  0  7  2  0  0  13  4  0  0  5  2  0  0  63  21 
 Mean  11  22  53  29  18  33  67  39  22  43  96  54  26  37  75  46 

 S.Em ±  CD at 5%  S.Em ±  CD at 5%  S.Em ±  CD at 5%  S.Em ±  CD at 5% 
 T  0.74  1.81  0.56  1.81  0.65  1.81  0.33  1.81 
 C  1.65  3.10  1.25  3.10  1.46  3.10  0.73  3.10 
 T × C  2.86  1.60  2.17  1.60  2.53  1.60  1.27  1.60 

  Legends 
 C1 Pollen stored in ambient room temperature 
 C2 Pollen stored in deep freezer (−20° C) 
 C3 Pollen stored in liquid nitrogen (−196° C) 
  DAS  Days after storage  
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   Introduction 

 Rice ( Oryza sativa  L.) is an important crop 
worldwide, and over half of the world popula-
tion is dependent on it for food  [  1  ] . However, 
the net production of rice is greatly reduced 
due to losses caused by a number of diseases, 
and sheath blight caused by fungal pathogen 
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    Abstract    

 The study of root-associated bacteria and their antagonistic potential is impor-
tant not only for understanding their ecological role in the    rhizosphere and the 
interaction with plants but also for the suppression of soilborne plant patho-
gens. In this context, a total of 206  fl uorescent pseudomonads (FPs) were 
isolated from rice rhizosphere from southern part of Tamil Nadu. Initially 113 
isolates were found which were active against  Rhizoctonia solani , of which 89 
were strongly active against  R. solani  with zone of inhibition range from 10 to 
32 mm. Production of lytic enzymes such as chitinase, cellulase, protease, 
amylase and pectinase was reported along with other characteristics including 
phosphate solubilisation and siderophore formation in 89 antagonistic 
 fl uorescent pseudomonads. Antagonistic  fl uorescent pseudomonads were also 
tested towards other fungal pathogens such as  Macrophomina phaseolina, 
Fusarium oxysporum,   Fusarium udum  and  Alternaria alternata . Among 89 
the strain VSMKU-4046 has high antagonistic potential against  R. solani . 
Strain VSMKU-4046 signi fi cantly controls sheath blight of rice compared to 
control using sclerotia of  R. solani  through detached leaf assay. The lesion 
length around the sclerotium was measured, and ShB severity was rated by the 
relative lesion height (RLH) method with the following formula:% RLH = 
100 x Total height of lesions / Total leaf height.         

  Keywords 
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 Rhizoctonia solani  is a devastating disease 
accounting for 24–50% economic losses across 
the rice cultivation zones of the world  [  2,   3  ] . 
Due to public concerns on pesticide use in 
crops, exploration of alternative control meth-
ods has been a global effort for food security. 
Indeed, a number of rhizobacteria, in particular 
 fl uorescent pseudomonads, have already been 
reported to inhibit the growth of fungal patho-
gens  [  4,   5  ] . Fluorescent pseudomonads are 
ubiquitous soil microorganisms and common 
inhabitants in the rhizosphere of crop plants. It 
protects the plants from infection caused by 
fungal and bacterial plant pathogens  [  6  ] . Plant 
growth stimulating ef fi ciency of bacterial inoc-
ulants is also affected by certain soil nutritional 
condition. Bacterial inoculation yields much 
better results in nutrient-de fi cient soil than in 
the nutrient-rich soil  [  7  ] . Plant plays an important 
role in selecting and enriching the type of bacteria 
by their root  exudates. Bacteria which is present 
in the  rhizosphere develop depending on nature 
and concentrations of organic constituents of 
exudates; certain bacteria have the capability 
to utilise these as a source  [  8  ] . Rhizospheric 
bacteria can be used as source for plant growth-
 promoting agent in agriculture  [  9  ] . Plant growth-
promoting bacteria isolated from rhizosphere 
soils stimulate growth directly by nitrogen 
 fi xation  [  10  ] . Fluorescent pseudomonads (FPs) 
are a group of PGPR that can promote growth 
and suppress plant pathogens. Their applicabil-
ity as biocontrol agents has drawn wide atten-
tion because of the production of secondary 
metabolites such as siderophore, antibiotics, 
volatile compounds, HCN, lytic enzymes and 
phytohormones  [  11  ] . Till now no genetic resis-
tance has been reported for sheath disease, and 
all the rice cultivars and most of the crops are 
susceptible to the pathogen  R. solani . The use 
of biological control agents as an alternative to 
fungicides is increasing rapidly in the 
 present day agriculture. Plant growth-promot-
ing rhizobacteria (PGPR) are a group of bacte-
ria that are used for enhancing crop growth 
and suppressing plant diseases.    Therefore, 
the present study was aimed at isolation, charac-
terisation and  in vitro  screening of several rhizo-

sphere isolates of  fl uorescent pseudomonads 
from rice rhizosphere against  R. solani.  Also 
studies were conducted to determine the control 
of sheath blight disease through detached leaf 
assay using  Pseudomonas  sp.    VSMKU-4046, 
culture  fi ltrate of VSMKU-4046 and commercial 
fungicide carbendazim in order to devise strate-
gies for rice sheath blight disease management.  

   Materials and Methods 

   Isolation of  Fluorescent Pseudomonads  
from Rice Rhizosphere 

 About 10 g of soil collected from each rhizosphere 
was taken in a conical  fl ask. To which 90 ML of 
sterile distilled water was added, and the  fl asks were 
placed on a rotary shaker at 120 rpm for 30 min. 
The resulted suspension was serially diluted and 
spread plated on to King’s B agar (KBA)  [  12  ] . The 
plates were incubated at room temperature (28 ± 2°C) 
for 48 h and observed under UV light. Distinct 
 single colonies of  fl uorescent bacteria were picked, 
subcultured to purity and maintained in KBA slants 
and also in 30% glycerol vials.  

   Screening of  Fluorescent Pseudomonads  

 All the 206 isolated  fl uorescent pseudomonads 
(FPs) were subjected to primary screening against 
 Rhizoctonia solani  on PDA by dual culture assay 
 [  13  ] . The mycelial disc 9 mm was cut out from 
3-day old culture of  R. solani  on PDA and inocu-
lated at the centre of a fresh PDA Petri plate. Four/
two FPs were streaked in the periphery of each 
Petri plate and incubated at room temperature. The 
growth of  R. solani  and FPs was observed periodi-
cally and the inhibition zone was measured. Among 
the 206 FPs, a strain designated as VSMKU-4046 
isolate from the rice rhizosphere was selected for 
further studies as it effectively inhibited  R. solani  
than other isolates.    113 antagonistic strains were 
subjected to secondary screening against other fun-
gal pathogens such as  Macrophomina phaseo-
lina, Fusarium udum,   Alternaria alternata and 
Fusarium   oxysporum  by the abovementioned 
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method. Among 113 strains, VSMKU-4046 had 
shown prominent antagonistic activity compared 
to other FPs and control.  

   Identi fi cation of Selected Strain 

 The protocol of King’s B agar  [  12  ]  was used for 
 fl uorescence production. Bacteria were streaked 
on King’s B agar and incubated at 28 ± 2°C for 
48 h. At the end of the incubation, the plates were 
observed under UV light for production of 
 fl uorescence.    Physiological and biochemical tests 
were carried out according to Bergey’s Manual of 
Determinative Bacteriology  [  14  ] .  

   Lytic Enzyme Production 

 Fluorescent pseudomonads were streaked on the 
respective substrate (0.5%) amended agar medium, 
and then the plates were incubated at room 
 temperature. After 24 h, chitinase and cellulase 
production was observed by  fl ooding 1% Congo 
red over the colloidal chitin and cellulose agar 
plates. Similarly Gram’s iodine was  fl ooded over 
the starch agar plate and tested for amylase  activity. 
Mercuric chloride was  fl ooded over the gelatin and 
casein agar plates to check the zone of clearance 
for protease.         

   Screening of Phosphate Solubilisation 

 To detect the phosphate, solubilising FPs were 
streaked onto Pikovskaya’s agar medium, which 
contains (per litre) 0.5 g yeast extract, 10 g dextrose, 
5 g Ca3(PO4)2, 0.5 g (NH4)2SO4, 0.2 g KCl, 0.1 g 
MgSO4·7H2O, 0.0001 g MnSO4H2O, 0.0001 g 
FeSO4·7H2O and 15 g agar. After 3 days of incuba-
tion at 28°C, strains that induced clear zone around 
the colonies were considered as positive  [  15  ] .  

   HCN Production 

 Production of hydrocyanic acid (HCN) was deter-
mined by method of Lorck, 1948  [  16  ] . Bacterial 

strains (24-h-old) were separately streaked on 
nutrient sucrose agar with 4.4 g glycine with 
simultaneous addition of a  fi lter paper soaked in 
0.5% picric acid in 1% Na 

2
 CO 

3
  in the upper lid of 

Petri plate. The plates were sealed with para fi lm. 
The control plates did not receive inoculum. After 
incubation at 28 ± 1°C, changes in colour from 
yellow to reddish brown were examined.  

   Siderophore Production 

 Siderophore production by different strains FPs 
 was  tested by    chrome azurol S (CAS) assay  [  17  ] . 
The strains were streaked on    cetrimide agar and 
incubated for 48 h at 30°C. After incubation, a 
thin layer of CAS reagent in 0.7% agar was 
spread on the bacterial growth, and plates were 
again incubated for 24 h at 30°C; formation of 
yellow orange zone around the colonies indicates 
siderophore production.  

   IAA Production 

 It was done as per the protocols of Patten and 
Glick (1996)  [  18  ] . FPs were grown in Luria broth 
supplemented with L-tryptophan (1  m g ml −1 ) for 
72 h. At the end of the incubation, cultures were 
centrifuged at 10,000  g  for 10 min and the super-
natants were collected. One ml of this culture 
 fi ltrate was allowed to react with 2 ml of Salkowsky 
reagent (1 ml of 0.5 M FeCl 

3
  in 50 ml of 35% 

HCIO4) at 28 ± 2°C for 30 min. At the end of the 
incubation, pink colour is developed which indi-
cates the presence of IAA. Quanti fi cation of IAA 
was done by measuring the absorbance in a spec-
trophotometer at 530 nm.  

   Detached Leaf Assay 

    Healthy rice leaves were cut into 10-cm length 
segments, surface sterilised with 2% sodium 
hypochlorite for 3 min and washed with sterile 
distilled water. Rice leaves were dipped in  culture, 
culture  fi ltrate of  Pseudomonas  sp. VSMKU-4046, 
carbendazim and water for 3 min and then 
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allowed for air-dried. After air dry, the uniform 
size of sclerotium was placed on the above treated 
rice leaves. Then leaves were placed in the moist 
chamber for 7 days. After 7 days sheath blight 
lesion development in rice leaf segments was 
observed. The lesion length around the sclero-
tium was measured, and ShB severity was rated 
by relative lesion height (RLH) method with the 
following formula:

     

% RLH 100 total height of lesions /

total leaf height.

= ´

      

   Results and Discussion 

   Isolation and Screening of Antagonistic 
Fluorescent Pseudomonads 

 A total of 206  fl uorescent pseudomonads (FPs) 
were isolated from rice rhizosphere soils and 
screened for antifungal activity against  R. solani.  
Among them, 113  fl uorescent pseudomonads 
were showed inhibitory activity against  R. solani . 
The zone of inhibition of mycelia growth of the 
above fungal pathogens ranged from 1.0 to 
3.2 cm.    Further secondary screening of 113 iso-
lates towards other fungal pathogens such as 
 Macrophomina phaseolina, Fusarium oxyspo-
rum,   Fusarium udum and Alternaria   alternata 
were performed.  The zone of inhibition of myce-
lia growth of the above fungal pathogens ranged 
from 1.0 to 2.5 cm, 0.7 to 2.7 cm, 0.5 to 2.1 cm 
and 0.4 to 1.1 cm (Table  33.1 ).   

   Identi fi cation of VSMKU-4046 

 The selected strain VSMKU-4046 was identi fi ed as 
 Pseudomonas  sp. based on the physiological tests.  

   Production of Lytic Enzymes, Phosphate 
Solubilisation, HCN, Siderophore and 
IAA 

 Among 89  fl uorescent pseudomonads, more 
protease and chitinase enzyme production was 
observed than the other lytic enzymes such as 
amylase, cellulase and pectinase (Table  33.2 ). 
Signi fi cant production of phosphate solubilisa-
tion, hydrogen cyanide, siderophore and IAA 
was found among 89 FPs.   

   Detached Leaf Assay 

 Detached leaf assay was con fi rmed that treatment 
with culture and culture  fi ltrate of  Pseudomonas  
sp. VSMKU-4046 remarkably inhibited the scle-
rotial viability. Moreover, the sclerotia failed to 
establish sheath blight symptoms on detached 
leaves, whereas other treatments showed different 
levels of lesion development (Table  33.3 ).  

 The aim of current investigation was the 
screening and selection of signi fi cant  fl uorescent 
pseudomonads from rice rhizospheric soil with 
antagonistic activities against phytopathogenic 
fungi and prospective plant growth stimulating 
characteristics with purpose   for further  fi eld 

   Table 33.1    Antagonistic activity of rice rhizosphere FPs 
against fungal pathogen   

 

Fungal pathogens 

 No. of 
antagonistic 
FPs 

 Zone of 
inhibition 
cm 

  Rhizoctonia solani   113  1.0–3.2 cm 
  Macrophomina 
phaseolina  

 101  1.0–2.5 cm 

  Fusarium oxysporum   105  0.7–2.7 cm 
  Fusarium udum   93  0.5–2.5 cm 
  Alternaria alternata   89  0.4–1.1 cm 

   Table 33.2    Lytic enzymes, secondary metabolites and 
IAA production by rice rhizosphere FPs   

 Lytic enzymes, secondary 
metabolites and IAA 

 
No. of strains (positive) 

 Amylase  4 
 Cellulase  1 
 Pectinase  4 
 Chitinase  8 
 Protease  61 
 Phosphate solubilisation  50 
 HCN  38 
 Siderophore  52 
 IAA  52 
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 application. Isolation of bacteria from innate of 
rhizosphere of the target crop is essential for suc-
cessful identi fi cation of potential biocontrol and 
biofertilising agents  [  19,   20  ] . The present result 
demonstrates that a total of 206  fl uorescent 
pseudomonads were isolated from rice rhizo-
sphere. Of which 89  fl uorescent pseudomonads 
were found to be effectively against  R. solani.  
Among 89 antagonistics, a strain designated as 
VSMKU-4046 was selected because of its broad 
spectrum antagonistic activity against various 
phytopathogens  [  5,   21  ] . 

 The selected strain VSMKU-4046 was 
identi fi ed as  Pseudomonas  sp. based on the phys-
iological tests.    Further, 16SrRNA sequencing 
analysis is in progress to identify the species. 
Production of lytic enzymes such as chitinase, 
cellulase, protease, amylase, pectinase, phosphate 
solubilisation, hydrogen cyanide, siderophore 
and IAA was recorded with 89 antagonistic 
 fl uorescent pseudomonads. Antagonistic FPs 
were also tested towards other fungal pathogens 
such as  Macrophomina phaseolina, Fusarium 
oxysporum,   Fusarium udum  and  Alternaria alter-
nata  with zone of inhibition ranging from 1.0 to 
2.5 cm, 0.7 to 2.7 cm, 0.5 to 2.1 cm and 0.4 to 
1.1 cm. 

 The strain VSMKU-4046 has signi fi cantly 
reduced the ShB severity when compared to the 
control. The disease severity in this signi fi cant 
strain VSMKU-4046 ranged from 15 to 85%. 
Among the four different tests, maximum inhibi-
tion of lesion development was obtained with 
 Pseudomonas  sp.VSMKU-4046 with 15% of 
disease severity (Table  33.3 ). The next best reduc-
tion of ShB was noticed with culture  fi ltrate of 
VSMKU-4046 and carbendazim with 28 and 20% 
compared to water shocked sclerotium control. 

This effective strain VSMKU-4046 is now being 
screened for their effects on development of 
sheath blight disease in the greenhouse. The 
detached leaf inoculation technique was earlier 
attempted for determining the morphological and 
pathological variability in rice isolates of  R. solani  
 [  22  ] . The assay was found to be useful in the 
host-speci fi c toxin production by  R. solani  in rice 
 [  23  ] . The detached leaf assay for control of sheath 
blight is less time-consuming compared to rice 
plant assays under greenhouse conditions.       
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  Abstract 

 Marine invertebrates, especially jelly fi sh (Cnidarians), are of particular 
concern in the production of natural toxins. In Cnidarians, the toxin is 
present in specialised structures called the nematocysts, which inject the 
venom after mechanical or chemical stimulation and so protect themselves 
from the attack of prey. The present study deals with the antimicrobial and 
immunomodulatory activity of fractionated venom of the jelly fi sh 
 Chrysaora quinquecirrha.  In this study, the fractionated extracts were 
tested for antibacterial and antifungal activity. It showed moderate anti-
bacterial activity against 10 pathogens, and  Salmonella paratyphi  was the 
most sensitive against n-butanol extracts (8.0 ± 0.81 mm). The fungi 
 Aspergillus niger  was the most sensitive against n-butanol extracts 
(9.0 ± 1.63 mm). Immunomodulatory activity of the fractionated extract 
has been showed as signi fi cant activity at higher concentrations. The 
extracts of  C. quinquecirrha  exerted an immunostimulating effect of 
40–25% magnitudes at lower concentrations and a suppressive effect of 
33% at higher concentration. The fractionated extract exhibited immunos-
timulation ranging from 25 to 40% at concentration up to 1,000  m g but 
showed immunosuppressive effects at 20  m g. From this study, we conclude 
that the venom of  C .  quinquecirrha  has potent antimicrobial and immuno-
modulatory activity.    Molecular weight of  C .  quinquecirrha  extract frac-
tion  ranging  from 15 to 105 kDa revealed the presence of medium-sized 
proteins and categorised as (1) medium-sized cytolytic actinoporins 
(~20 kDa), (2) cardiostimulatory proteins (~28 kDa) and (3) cytolysin 
with or without phospholipase (~40 kDa) in both crude and fractionated 
proteins. The FTIR spectra of jelly fi sh sample experimentally observed 
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   Introduction    

 Marine toxins have drawn worldwide attention 
because of their involvement in human intoxica-
tion and the socioeconomic impacts brought by 
some incidents  [  1–  3  ] . Marine toxins are notori-
ously more potent substances as useful drugs. 
Coelenterates or Cnidarians are simple metazo-
ans having primary radial, biradial or radio- 
bilateral symmetry. There are 9,000 species of 
Coelenterates, of which approximately 100 spe-
cies are toxic to humans. The presence of tenta-
cles equipped with nematocyst is a unique 
character of this group. The toxin is present in the 
nematocysts, which inject the venom after 
mechanical or chemical stimulation and so them-
selves from the attack of prey. Among various 
constituents of the Coelenterates (Cnidarians), 
the cytolytic properties have been demonstrated 
 [  4  ] . The sea nettle ( Chrysaora quinquecirrha ) is 
a species of jelly fi sh occurring all over the world. 
Toxins derived from some of the jelly fi shes as 
models for the development of new drug also 
have promising applications in cardiovascular 
medicine and target medicine of nerve molecular 
biology. The present study was undertaken to 
investigate the biological properties of crude and 
fractionated extracts of  C .  quinquecirrha  venom.  

   Materials and Methods 

   Sample Collection and Extraction 
of Venom 

 The jelly fi sh  C .  quinquecirrha  was collected from 
the Vellar estuary, during post-monsoon season. 
The crude venom was extracted following the 

methodology of Yanagihara  [  5  ] . The live animals 
were kept in distilled water during stress condition, 
and the nematocysts were extracted from the ten-
tacles, and the procedure was repeated thrice. The 
nematocysts containing toxins were collected with 
0.5 mm mesh sieve and  fi ltered by Whatman No. 1 
 fi lter paper. The supernatant was kept for lyophili-
sation which was later transformed into crystalline 
powder and stored at 4 °C for further use.  

   Partial Puri fi cation Using Column 
Chromatography 

 The crude extract was partially puri fi ed using 
DEAE cellulose  [  1,   7  ] . The crude toxin was dis-
solved in phosphate buffer (pH, 7.4) at 5 mg/ml 
and eluted through a DEAE-cellulose column 
(height of 30 cm and diameter of 2 cm). One 
unabsorbed fraction of crude toxin was eluted 
with phosphate buffer (pH, 7.4), and then 10 
absorbed fractions were eluted with a linear gra-
dient of 15 ml stored at −20° C.  

   Dialysis Dehydration 

 Dialysis dehydration was followed by the method 
of Li et al.  [  8  ]  with slight modi fi cation. In brief, 
the collected fraction samples were dialysed 
 separately by using Sigma (USA) dialysis 
 membrane 500 (average  fl at width, 24.26 mm; 
average diameter, 14.3 mm; approximate capac-
ity, 1.61 ml/cm) against D-glucose to remove 
excess water. The dialysed sample was washed 
with the phosphate buffer (pH 7.4, 10 mmol/l) 
and lyophilised (FreeZone® Freeze Dry Systems, 
Labconco, USA).  

that frequencies of crude and fractionated venoms displayed in the O–H 
stretching frequency appeared at 3,567 cm −1  and the N–H stretch in secondary 
amide (polypeptides) appeared at 3,348 cm −1 . The overall frequencies showed 
an increase in amide I, amide II and amide III regions.  

  Keywords 

 Cnidarians  •  Toxin  •  Nematocysts  •  Immunomodulatory      
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   Antimicrobial Activity 

   Antibacterial Activity 
 Antibacterial activity was determined against 
 E .  coli ,  V .  cholera ,  S .  paratyphi ,  K .  pneumo-
nia ,  P .  aeruginosa ,  P .  mirabilis ,  L .  vulgaris  
and  K .  oxytoca  by using the standard disc dif-
fusion method  [  9  ] .  

   Antifungal Activity 
 Antifungal activity was determined against  A . 
 alternaria ,  A .   fl avus ,  A .  niger ,  C .  albicans ,  E . 
  fl occosum ,  Mucor  sp.,  Penicillium  sp.  Rhizopus  
sp.,     T .  mentagarophytes  and  T .  rubrum  using the 
standard disc diffusion method  [  10  ] .   

   Immunomodulatory Activity 

   Preparation of Test sample 
 Samples for  in vitro  studies were prepared by dis-
solving 5 mg/ml of crude and fractionated extracts 
in 5 ml of distilled water to obtain concentration 
ranging from 10, 20, 50, 100 to 1,000  m g/ml.  

   Neutrophil Locomotion and Chemotaxis 
Test 
 Neutrophil cell suspension was prepared in 
phosphate buffer saline solution (PBS) at about 
10 6  cells/ml. The lower compartment of chemot-
axis chamber was adjusted to a pH of 7.2, e.g. 
chamber 1-PBS solution (control), chamber 
2- casein 1 mg/l (standard), and chamber 3, 4, 
5, 6, 7 with different concentrations (10, 25, 50, 
100 and 1,000  m g/ml) of test sample. The upper 
compartment (1-ml syringe) was placed with 
suspended neutrophil, and wet  fi lter (Millipore) 
3-mm pore size was  fi xed at the bottom of the 
upper compartment. The same was incubated at 
37 °C for 3 h. 

 The upper compartment was removed and 
inverted to empty the  fl uid. The lower surface of 
the  fi lter was  fi xed with 70% ethanol for 2 min 
and then stained with haematoxylin dye for 5 min. 
The  fi xed  fi lters were observed under microscope 
using 100x lenses, and the number of neutrophil 
cells reached to the lower surface was counted.  

   Phagocytosis of Killed  Candida albicans  
 Preparation of  Candida albicans  suspension 
was followed by the method of Ponkshe  [  11  ] . 
The  Candida albicans  culture was incubated in 
Sabouraud broth overnight and centrifuged, and 
supernatant was discarded. The cell button was 
washed with sterile Hank’s balanced salt solu-
tion (HBSS) and centrifuged again. This was 
done 3–4 times. The  fi nal cell button was mixed 
with a mixture of sterile HBSS and human 
serum in proportion of 4:1. The  fi nal cell sus-
pension of concentration 1 × 10 8  was used for 
the experiment.  

   Phagocytosis Evaluation 
 The mean number of Candida cells phagocytosed 
by PMNs on the slide was determined micro-
scopically for 100 granulocytes using morpho-
logical criteria. This number was taken as 
phagocytic index (PI) and was compared with 
basal PI of control. This procedure was repeated 
for different concentrations (10, 25, 50, 100 and 
1,000  m g/ml) of test sample. The percentage of 
immunostimulation was calculated by using the 
following equation:

     

( ) ( ) ( )
( )

Stimulation % PI test PI control

100 / PI control .

= -

´       

   Characterisation of  C .  Quinquecirrha  
Venom 

   Molecular Weight Determination 
in SDS-PAGE 
 The proteinaceous venom  of C .  quinquecirrha  
was subjected to electrophoresis following the 
method of Laemmli  [  12  ]  and con fi rmed by run-
ning the crude sample in 12% SDS-PAGE. SDS 
was being used to make uniform charge all over 
the protein sample, and  b -mercaptoethanol was 
used to break the disulphide linkage, which 
made all protein in the same shape, so migra-
tion of protein in the gel was only according to 
their molecular weight with the molecular 
marker  [  13  ] .   
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   FTIR: Sample Preparation 

 The powdered sample and KBr were again 
 lyophilised to remove moisture which may 
interfere with the measurement of the amide 
I band. Approximately 5 mg of sample was 
mixed with 1,000 mg of dried KBr and was 
 subjected to a pressure of 5 × 10 6     Pa and made 
into clear pellet of 3 mm diameter and 1 mm 
thickness. Absorbance spectra were recorded 
using Nicolet Avatar-360 FTIR spectrometer 
equipped with a KBr beam splitter and an air-
cooled DTGS detector. The absorption of light 
intensity of the peak was calculated using the 
base line method. The frequencies for all sharp 
bands were accurate to 0.01 cm −1 .   

   Results and Discussion 

   Antibacterial Activity 

 The crude, methanol, acetone, chloroform and 
n-butanol showed moderate antibacterial activity 
(Fig.  34.1 ). Among the test bacteria,  S .  paratyphi  
was the most sensitive against n-butanol extracts 
(8.0 ± 0.81 mm).   

   Antifungal Activity 

 The extracts showed moderate antifungal activi-
ties against 10 pathogens assayed (Fig.  34.2 ). 
Among them n-butanol extracts were the most 
sensitive fractions (9.0 ± 1.63 mm).   

   Immunomodulatory Activity 

 Crude and fractionated extracts showed signi fi cant 
activity at higher concentrations. The neutrophil 
locomotion and chemotaxis showed signi fi cant 
activity in all concentrations; fractionated extract 
showed signi fi cant activity at 20  m g/ml concen-
tration (Fig.  34.3 ). In case of phagocytosis of 
killed  Candida albicans , the extract showed 
signi fi cant activity even at low concentration of 
10  m g/ml. The extract showed predominantly 
very good activity at a concentration of 20  m g/ml 
(Fig.  34.4 ).    

   Phagocytosis 

 The extracts of  Chrysaora quinquecirrha  exerted 
an immunostimulating effect of 40–25% 

  Fig. 34.1    Antibacterial activities of  C .  quinquecirrha  against bacterial pathogens       
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  Fig. 34.2    Antifungal activities of  C .  quinquecirrha  against fungal pathogens       
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 magnitudes at lower concentrations and a sup-
pressive effect of 33% at higher concentration 
(Fig.  34.5 ). The fractionated extract exhibited 

immunostimulation ranging from 25 to 40% at 
concentrations up to 1,000  m g but showed immu-
nosuppressive effects at    20  m g (Fig.  34.6 ).    

  Fig. 34.5    Phagocytosis of  Candida albicans  by PMN when treated with  C .  quinquecirrha  extract at different concen-
trations: ( a ) 10  m g/ml, ( b ) 20  m g/ml, ( c ) −50  m g/ml, ( d ) 100  m g/ml, ( e ) 1,000  m g/ml and ( f ) control       

  Fig. 34.6    Immunomodulation 
produced by C.  quinquecirrha  
extracts       
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   SDS Gel Electrophoresis 

 Separation of native  C .  quinquecirrha  venom 
protein was achieved by ion-exchange chroma-
tography across the molecular mass separation 
range, 14–105 kDa. Reducing SDS-PAGE analy-
sis of the crude venom and puri fi ed fractions 
revealed that all the three major fractions were 
signi fi cantly apparent and the molecular weights 
were almost the same. The four distinct clear 
bands showed molecular weights of 17, 35, 50 
and 70 kDa in the crude and 105, 65 and 9 kDa in 
fractionated samples (Fig.  34.7 ).   

   FTIR 

 The FTIR spectra of  C .  quinquecirrha  fraction-
ated venom samples were shown in Fig.  34.8 . 
The O–H stretching frequency appeared at 
3,567 cm −1  and the N–H stretch in secondary 
amide (polypeptides) appeared at 3,348 cm −1  in 
C–H stretching. C–CH 

3
  group appeared at 

2,918 cm −1  and C–H stretching frequency in 
O–CH 

3
  group appeared at 2,851 cm −1 . Substituted 

benzene ring stretches appeared at 2,057 cm −1  

and the C–O stretch on tertiary amide (amide I) 
appeared at 1,634 cm −1 . The N–H deformation 
frequency of secondary amide (II) appeared at 
165 cm −1  and the amide (III) group C–N stretch at 
419 cm −1 .  

 The CH 
3
  group anti-symmetry frequency 

appeared at 1,465 cm −1  and CH 
3
  symmetry defor-

mation at 1,216 cm −1 . The C–O–C stretching fre-
quency appeared at 216 cm −1  and the alcohol 
C–OH stretching frequency at 1,123 cm −1 . The 
cyclic compound carbon ring frequency appeared 
at 1,042 cm −1  and the phenol O–H out-of-plane 
deformation at 7,178 cm −1 . While using fraction-
ated extract (F3) venom, almost the same results 
were found. Hence, both the results showed the 
presence of polypeptide chains. 

 The antimicrobial activity was performed to 
detect the defensive action from  C .  quinquecirrha  
extract. Of the pathogens tested,  S .  paratyphi  
showed moderate antibacterial activity in n-butanol 
(8.0 ± 0.81 mm) and  A .  niger  was the most sensi-
tive against n-butanol extracts (9.0 ± 1.63 mm). 
The present study supported by the earlier studies 
from the sea anemone  Actinia equina  showed con-
siderable inhibitory activity against Gram-negative 
bacteria  [  14  ] . The present results on antimicrobial 

  Fig. 34.7    SDS-PAGE analysis 
of the crude and fractionated 
proteins of  C .  quinquecirrha  
venom       
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activity of  C .  quinquecirrha  extracts indirectly 
correspond to earlier  fi ndings of Thakur et al.  [  15  ] . 
The use of immune stimulants for prevention of 
diseases in  fi sh considered an alternative and 
promising area  [  16  ] . The present study demon-
strates the immunostimulant potential of the 
jelly fi sh venom extract for the  fi rst time. 
Immunomodulation was found to decrease with 
the increasing concentration of the crude and 
fractionated extracts. 

 Immunomodulation of marine toxin is poorly 
studied  [  17  ] . The wound healing activity exhib-
ited by the epidermal secretion of the Gulf cat fi sh 
was associated with immunomodulation as well 
as prostaglandin pathway  [  18  ] . The results of the 
 in vitro  PMN function test showed a signi fi cant 
increase in the percentage of phagocytosis and 
phagocytic index for jelly fi sh venom. It indicates 
that these extracts enhanced the phagocytic 
ef fi cacy of the PMN cells by causing more 
 engulfment of the Candida cells control, thereby 
 stimulating a nonspeci fi c immune response. As 

the  C .  quinquecirrha  extracts showed promising 
immunostimulant activity in the  in vitro  test, the 
fractions eluted from the extract seemed to be the 
most active. On the contrary, the fractions eluted 
from the crude folklore preparation resulted as 
more active. The extract of  C .  quinquecirrha  was 
reported to have a signi fi cant immunostimulant 
activity  [  19  ] . This resistance may be due to the 
increased activity of phagocytic cells  [  20  ]  with 
subsequent increase in lysozyme activity. These 
outcomes are encouraging enough to pursue 
structure elucidation of the active components. 

 The molecular weight of jelly fi sh venom was 
evaluated  [  21,   22  ] . Separation of native  C .  quin-
quecirrha  venom protein was achieved by ion-
exchange chromatography across the molecular 
mass separation range between 15 and 100 kDa. 
Reducing SDS-PAGE analysis of the crude 
venom and puri fi ed fractions revealed that all the 
three major fractions are signi fi cantly puri fi ed, 
but apparent molecular weight remains the same. 
Subsequent results were found from the Cnidarian 

  Fig. 34.8    FTIR analysis of the crude    and proteins    of  C .  quinquecirrha  venom       
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 L .  danae  with molecular weight of 58 and 
62.5 kDa  [  23  ] . Jelly fi sh venoms from different 
species vary in activity and composition. It was 
reported that a major component in  C .  quin-
quecirrha  venom had 19-kDa molecular weight, 
whereas major protein component in  Chrysaora 
achlyos  venom was 55 kDa  [  24  ] . Thus, it could 
be concluded from the present study that toxic 
proteins obtained from the jelly fi sh  C .  quin-
quecirrha  could be categorised as (1) medium-
sized cytolytic actinoporins (~20 kDa), (2) 
cardiostimulatory proteins (~28 kDa) and (3) 
cytolysin with or without phospholipase in both 
crude and fractionated proteins (~40 kDa). 

 The FTIR spectra of  C .  quinquecirrha  venom 
showed increase in amide I, amide II and amide III 
regions. Similarly, Wang et al.  [  25  ]  have used pres-
sure tuning FTIR spectra to  fi nd the structural dif-
ferences between the connective epithelial and 
malignant epithelial cervical tissues. Wang et al. 
 [  26  ]  have investigated normal and malignant tis-
sues by pressure turning of the FTIR spectra in 
terms of structural changes at the molecular level. 
From the present study, it can be concluded that the 
venom  C .  quinquecirrha  may have many biologi-
cally active principles, which need further study in 
future. Thus, the importance of biologically active 
compounds present in the venom of jelly fi sh has 
become evident and can be useful tools for probing 
biological or pharmacological activity.       
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  Abstract 

  Diplazium esculentum  (Reytz.) belongs to the family Dryopteridaceae and is 
an edible fern commonly used by Paniya and Chetti tribes of Western Ghats. 
Young fronds are stir-fried as a vegetable or used in salads. Wild leafy veg-
etables remain underutilized due to lack of awareness and promotion of 
appropriate technologies for their effective utilization. Evaluation of nutri-
tional and anti-nutritional factors of this plant along with multiplication will 
help to identify a potential source to solve nutrition de fi ciency problem and 
also help to maintain biodiversity. Different biochemical parameters like 
crude  fi bre, reducing sugar, total carbohydrate, free fatty acids, and proteins 
were quantitatively estimated using standard estimation methods. Various 
micronutrients and anti-nutritional factors like phytic acid, trypsins and tan-
nins were also tested. Results showed that this wild leafy vegetable has 
important nutritional factors. It is rich in micronutrients, beta-carotene, folic 
acid and minerals such as Ca, Fe and P. Anti-nutritional factors like phytic 
acids, trypsin and tannins were present but in quite safe quantities. So 
 Diplazium esculentum  with rich nutrient factors opens the possibility of the 
potential utilization of this plant in food or in nutritional/food supplement 
programmes.

Keywords

Diplazium esculentum • Nutritional factors • Antinutritional factors • 
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       Diplazium esculentum:  A Wild 
Nutrient-Rich Leafy Vegetable 
from Western Ghats       

     G.   Nair   Archana   ,    S.   Pradeesh   ,    M.   Devi Chinmayee   , 
   I.   Mini   , and    T.  S.   Swapna         

   Introduction    

 Leafy vegetables are also referred to as green 
vegetables. They are plant leaves consumed as 
vegetables and sometimes accompanied by the 
tender petioles and shoots  [  1  ] . There is consider-
able information in the literature on the nutritive 
and anti-nutritive composition of most cultivated 
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leaves  [  2–  4  ] ; however, little information is 
available on the proximate composition of wild 
leafy vegetables. The few documented information 
revealed that these vegetables contain appreciable 
amounts of bioactive compounds and thus may 
serve as important sources of vitamins, minerals 
and certain hormone precursors in addition to 
protein and energy  [  5  ] . In times of scarcity when 
the staple food is in short of supply, tribal people 
collect many types of wild edible ferns for their 
meagre food available at home  [  6  ] . 

  Diplazium esculentum  is found in the rural 
areas and is amongst the leafy vegetables con-
sumed by Paniya and Chetti tribes of Western 
Ghats. The plant is a fern that grows wild on the 
bank of streams and rivers. The edible parts are 
the young fronds and crosiers that are used as 
ingredients for preparations of soup and salads. 
Various parts of the leaves of  Diplazium esculentum  
are consumed by various people throughout the 
world  [  7  ] . Despite the great nutritive value and 
physiological importance of  Diplazium esculentum  
leaves, very little information has been documented. 
Therefore, in the present investigation, an attempt 
has been made to understand the chemical com-
position and anti-nutritional factors of this wild 
edible plant.  

   Materials and Methods 

   Collection and Preparation of Samples 

 Fresh leaves of  Diplazium esculentum  were 
collected from Western Ghats. The leaves were 
shade-dried and were ground well using mechan-
ical blender into  fi ne powder and transferred 
into airtight container for future studies. The  fi ne 
powder is then subjected to extraction in a Soxhlet 
apparatus using different solvents like methanol, 
acetone, petroleum ether and chloroform. Standard 
methods were used for the estimation of total 
protein, total carbohydrates, reducing sugar, total 
phenols, pigments, vitamins, amino acids etc., 
using fresh leaves. Dried powder was used for 
the analysis of phytic acid, free fatty acids, tannic 
acid and different secondary metabolites. A Pye 
Unicam atomic absorption spectrophotometer 
with acetylene  fl ame was used to analyse  calcium, 

iron, magnesium, manganese, copper, zinc and 
aluminium  [  8  ] . 

 Nutritional analysis was carried out in young 
fronds, mature fronds, young petiole and mature 
petiole and experiments were done in triplicate. 
Total moisture, free fatty acid, crude  fi bre, lipids, 
reducing sugar, total carbohydrate and proteins 
were determined by standard procedure  [  9  ] . 
Moisture content was estimated following the 
method of IUPAC in which fresh plant sample was 
weighed and placed in a preweighed Petri dish, 
closed with a lid and kept in an oven at 110°C for 
about 3 h, cooled and then weighed. Moisture 
content was calculated from the difference in 
weight and expressed in percentage. For the esti-
mation of reducing sugar, fresh samples were 
extracted with distilled water. Total reducing sugar 
present in the sample was estimated by dinitrosali-
cylic acid method by Miller  [  10  ]  and the absor-
bency was read at 540 nm against a blank. The 
amount of total carbohydrate present in the sample 
was estimated by Anthrone method  [  11  ] . Total 
protein was estimated by Lowry’s method  [  12  ] . 

 For chlorophyll estimation, fresh tissue was 
homogenized in 80% acetone and read the absor-
bance at 645, 663, 652 nm and the chlorophyll 
present was calculated by Arnon’s formula. The 
amount of amino acids present in the samples 
was estimated as per the method of Moore and 
Stein  [  13  ] . Folin-Ciocalteu method was used for 
total phenol estimation  [  14  ] ; trypsin inhibitor was 
determined as per Kakade et al.  [  15  ] . Phytic acid 
was extracted using 37% trichloroacetic acid and 
the absorbance was read at 480 nm for estimation 
of phytic acid  [  16  ] . Tannic acid was estimated as 
per the procedure of Schanderl  [  17  ] . 

 Phytochemical analysis of extract was done as 
described by Harbone  [  18  ] . The phytochemicals 
like reducing sugar, glycosides,  fl avonoids, alka-
loids, tannins, steroids, terpenoids, coumarins, 
saponins, anthraquinones, phlobatannins and 
iridoids were tested.   

   Results and Discussion 

 This study was carried out to justify the poten-
tials of the leaves of  Diplazium esculentum  for 
its nutritional and probable medicinal relevance. 
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The moisture content of food is used as a measure 
of stability and susceptibility to microbial con-
tamination  [  19  ] . The percentage of moisture was 
high in young frond (0.45%) compared to other 
parts as shown in (Fig.  35.1a ). The result showed 
high free fatty acid and lipid content in the 
mature frond of the plant compared to other parts. 
In  Diplazium esculentum,  free fatty acid content 
was higher in mature frond (0.23 mg g −l ) 
(Fig.  35.1a ). The crude  fi bre content is commonly 
used as a measure of the nutritive value of poultry 

and livestock feeds and also in the analysis of vari-
ous foods and food products to detect adulteration, 
quality and quantity  [  20  ] .    Analysis showed that 
higher amount of crude  fi ber was present in 
mature frond (0.03%) compared to other plant 
parts (Fig.  35.1a ).  

 Reducing sugar from mature leaf, young leaf, 
stem and root were extracted in distilled water. 
Results showed high sugar content (12.24 mg g −l ) 
in the mature frond of the plant (Fig.  35.1b ) 
compared to other parts. Carbohydrates are the 

  Fig. 35.1    ( a ) Nutritional factors in  Diplazium esculentum  
(in mg g −l ). ( b ) Nutritional factors in  Diplazium esculentum  
(in mg g −l ). ( c ) Nutritional factors in  Diplazium esculen-

tum  (in mg g −l ). ( d ) Nutritional factors in  Diplazium 
esculentum  (in mg g −l )         
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important components of storage and structural 
materials in plants. They exist as free sugars and 
polysaccharides. Total carbohydrates present in 
young petiole were less compared to the other 
parts (Fig.  35.1b ). Protein is essential in daily 
diet and daily protein requirement for children 
and adults are 23–36 g and 44–56 g, respectively 
 [  21  ] . The analysis of plant parts in  Diplazium  
showed least amount of protein in mature frond 

(3.4 mg g −1 ) compared to young frond (1.54 mg g −1 ), 
young petiole (0.9 mg g −l ) and mature petiole 
(1.56 mg g −l ) (Fig.  35.1b ). This shows the photo-
synthetic ef fi ciency of young leaves. 

 Amount of chlorophyll in a green plant or any 
crop plant is an index of photosynthetic ability, 
which in turn is an index of its productivity level, 
primarily of primary metabolites  [  22  ] .    The amount 
of chlorophyll was measured and compared in 
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mature frond, young frond, mature petiole and 
young petiole of  Diplazium esculentum , and it 
was found that contents of chlorophyll a, chloro-
phyll b, total chlorophyll and carotenoids present 
in mature frond were higher than those in young 
frond (Fig.  35.1c ). 

 Vitamin A is an essential nutrient required for 
maintaining immune function, playing an impor-
tant role in the regulation of cell-mediated immu-
nity and in humoral antibody responses  [  23  ] . 
In  Diplazium esculentum ,  b -carotene content was 
higher in young petiole (3.8 mg g −l ) (Fig.  35.1d ). 
Ascorbic acid is an important dietary antioxidant; 
it signi fi cantly decreases the adverse effect of 
reactive species such as reactive oxygen and 
nitrogen species that can cause oxidative damage 
to macromolecules such as lipids, DNA and 
proteins which are implicated in chronic diseases 
including cardiovascular disease, stroke and 
cancer  [  24  ] . Mature frond (3.4 mg g −l ) and young 
petiole (3.3 mg g −l ) of  Diplazium esculentum  
contain higher amount of ascorbic acid than 
young frond (1.2 mg g −l ) and mature petiole 
(2.1 mg g −l ).    Analysis showed that high amount 
of tocopherol was present in mature frond (4.2 
mg g−l) compared to other plant parts (Fig.  35.1d ). 

Thiamine, ribo fl avin and niacin were present in 
suf fi cient amount in plant parts (Fig.  35.1d ). 

 Phenolic compounds are secondary metabolites 
which possess biological properties such as anti-
oxidant, anti-apoptosis, anti-ageing, anticarcinogen, 
anti-in fl ammation, anti-atherosclerosis and car-
diovascular protection activity. Most of these 
biological actions have been attributed to their 
intrinsic reducing capabilities  [  25  ] . Analysis of 
 Diplazium esculentum  showed high phenol content 
in the mature frond (0.32 mg g −l ) of the plant 
(Fig.  35.2 ) compared to other parts. Trypsin and 
tannin are in higher concentrations in mature 
frond than in other parts (Fig.  35.2 ). The knowl-
edge of phytate levels in food is necessary because 
high concentration can cause adverse effect on 
digestibility  [  26  ] . Phytic acid also in fl uence oxi-
dative stress by altering cell signalling pathways 
or in fl uencing the activity and expression of 
antioxidant enzymes and also may be bene fi cial 
in preventing many types of cancers  [  27  ] . Petioles 
(0.12 mg g −l ) contain more phytic acid compared 
to fronds (0.03 mg g −l ) (Fig.  35.2 ). Trypsin, 
phytate and tannin in foods are anti-nutritional 
factors which affect the complete absorption of 
many minerals in the body  [  3  ] . Amino acids like 
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ascorbic acid, tyrosine and methionine are present 
in higher quantities in mature frond compared to 
other parts (Fig.  35.3a and b ).   

 The qualitative phytochemical analysis of 
young frond, mature frond, young petiole and 
mature petiole of  Diplazium esculentum  showed 
the presence of saponins, alkaloids, anthraqui-
nones,  fl avonoids, tannins, phenols and glyco-
sides at varied degrees (Table  35.1 ).    Amount of 
 fl avanoids, glycosides and steroids present in 

different parts of the plant were higher than 
other phytochemicals. Results of mineral com-
position (Table  35.2 ) clearly indicate that 
 Diplazium esculentum  leaves constitute a rich 
source of mineral elements although the bio-
availability of these elements has to be estab-
lished. The elemental composition showed 
increased levels in iron and magnesium while 
zinc, manganese, copper and aluminium were 
relatively low.    
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   Table 35.2    Mineral element composition of young frond, mature frond, young petiole and mature petiole of  Diplazium 
esculentum    

 
Samples 

 
Iron (mg g −l ) 

 Manganese 
(mg g −l ) 

 Magnesium 
(mg g −l ) 

 
Copper (mg g −l ) 

 
Zinc (mg g −l ) 

 
Aluminium (mg g −l ) 

 Young frond  23.455  0.11  12.11  1.284  1.33  0.716 
 Mature frond  20.520  0.157  10.006  1.041  0.189  0.734 
 Young petiole  20.169  0.043  10.010  1.031  0.178  – 
 Mature petiole  21.321  0.384  10.016  1.221  0.365  0.1 

   Conclusions 

  Diplazium esculentum  leaves contain high levels 
of protein, carbohydrate and reducing sugar; 
however, other proximate composition parameters 
such as crude  fi bre, lipids and fats were low. Phytic 
acid and trypsin content were very low although 
the total phenol and tannins were moderately 
high but not considered to be lethal to man. 
Phytochemical screening showed the presence of 
saponins, alkaloids, anthraquinones,  fl avonoids, 
tannins, phenols and glycosides at varied degrees. 
So studies on  Diplazium esculentum  which is rich 
in bioactive compounds and its nutritional value 
are of considerable signi fi cance since it may help 
to identify long-forgotten food resources.      
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  Abstract 

 Somatic embryogenesis and plant regeneration systems developed in  Hevea 
brasiliensis  are being used in  Hevea  crop improvement through transgenic 
approaches. In the present study, the effect of silver nitrate in improving the 
ef fi ciency of the somatic embryogenesis pathway from leaf explants as 
well as  Agrobacterium -mediated genetic transformation was studied. 
Experiments were done to  fi nd the effect of silver nitrate in callus prolifera-
tion and embryogenic callus initiation. Silver nitrate (0–30.0 mg/l) was 
added in the medium used for second and third subcultures for callus pro-
liferation and in the embryo induction medium. Experiments were also car-
ried out to  fi nd the effect of silver nitrate in controlling bacterial overgrowth 
and improve callus texture when freshly proliferated callus induced from 
leaf explants in the above medium was used as target tissue for  Agrobacterium  
infection.  Agrobacterium tumefaciens  strain EHA 101 carrying a gene-
encoding isopentenyltransferase ( ipt ) from the Ti plasmid of  Agrobacterium 
tumefaciens  was used for the study. Silver nitrate (0–30 mg/l) was added to 
the  Agrobacterium  infection as well as the cocultivation and selection 
medium. Addition of 20.0 mg/l silver nitrate in the callus proliferation 
medium used for the second and third subcultures and 10 mg/l in the 
embryo induction medium helped in the texture improvement of the callus 
which in turn increased the ef fi ciency of the system by aiding embryogenic 
callus initiation. It was also observed that inclusion of 10.0 mg/l silver 
nitrate in the infection and cocultivation medium and 20 mg/l in the selec-
tion medium signi fi cantly controlled bacterial overgrowth, reduced tissue 
damage and improved the texture of callus in newly emerged putatively 
transgenic cell lines. Proliferation of the transgenic callus and somatic 
embryogenesis were also achieved. From the results, it has become evident 

       Agrobacterium- Mediated Genetic 
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  Abbreviations  

  BA    6-benzyl aminopurine   
  2,4-D    2,4-dihydrophenoxyacetic acid   
  GA 

3 
    gibberellic acid   

  Kin    kinetin   
  MS    Murashige Skoog   
  NAA    naphthalene acetic acid         

   Introduction    

  Hevea brasiliensis,  a cross-pollinated perennial 
tree species belonging to the family Euphorbiaceae, 
is the only commercially cultivated species as a 
source of natural rubber. In  H. brasiliensis,  plant 
regeneration through somatic embryogenesis has 
been obtained from immature anther, inner integu-
ment and immature in fl orescence  [  1–  5  ] . All the 
protocols developed earlier for somatic embryo-
genesis in  H. brasiliensis  were from  fl oral-/fruit-
derived explants. Since  fl owering in  H. brasiliensis  
is seasonal and adverse environments during the 
season may hinder normal  fl owering, explant 
availability and viability is unpredictable. Recently, 
a system for somatic embryogenesis and plant 
regeneration was also developed from leaf explants, 
an easily available explant  [  6,   7  ] . Somatic embryo-
genesis is affected by numerous factors, notably 
ethylene. Ethylene is known to reduce somatic 
embryogenic competence in many plants. Silver 
nitrate (AgNO 

3
 ) has been reported to have in fl uence 

in inducing embryogenic potential to fresh callus 
in several crops  [  8  ] . The use of silver nitrate, an 
ethylene action inhibitor, has been shown to 

increase in vitro embryogenesis and regeneration 
rates  [  9  ] . Presence of silver nitrate in culture 
medium has shown to have important effects in 
tissue culture of cassava, such as improving 
somatic embryogenesis and plant regeneration 
 [  10  ] . However, the in fl uence of ethylene on 
embryogenic response is genotype speci fi c  [  11  ] . 

 The success in generation of transgenic plants 
depends on two major factors, transgene inte-
gration and regeneration capacity of explants. 
Due to the simplicity of the transformation 
 system and precise integration of transgenes, 
 Agrobacterium  Ti plasmid-based vectors con-
tinue to offer the best system for plant transfor-
mation  [  12  ] . The major requirements for the 
development of transgenic plants include the 
availability of reliable and reproducible  in vitro 
 regeneration systems and ef fi cient transforma-
tion protocols  [  13  ] . The main challenge with 
genetic transformation of tree species is achieve-
ment of high transformation ef fi ciency and 
ef fi cient plant regeneration for desired clones or 
cultivars  [  14  ] . It can be hypothesised that suc-
cessful transgenesis occurs when regeneration 
capacity of a cell coincides with its ability to 
accept a transgene.  H. brasiliensis  being a tree 
crop, conventional agriculture relying on selec-
tion and traditional breeding programmes needs 
more time to deploy new varieties with modi fi ed 
traits into the  fi eld. 

 All the plant regeneration systems developed 
in Hevea were used for crop improvement 
through  Agrobacterium -mediated genetic trans-
formation.   Transgenic plants incorporated with 
MnSOD gene were regenerated from anther 

that silver nitrate could improve somatic embryogenesis as well as 
 Agrobacterium -mediated genetic transformation when included in the 
respective media used in the plant regeneration system developed from leaf 
explants.  

  Keywords 

  Agrobacterium   •  Genetic transformation  •   Hevea brasiliensis   •  Somatic 
embryogenesis  
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calli of  H. brasiliensis   [  15,   16  ]  through trans-
formation technology. Leaf-derived embryo-
genic  callus has also given good response as 
a suitable target tissue for  Agrobacterium -
mediated infection  [  17  ] . Silver nitrate has been 
found to suppress overgrowth of  Agrobacterium  
facilitating plant cell recovery that resulted in 
increased transformation ef fi ciency  [  18  ] . In 
apple, it has been reported that during 
 Agrobacterium -mediated transformation, ethyl-
ene production was increased which resulted in 
reduced ef fi ciency of gene transfer mechanism 
 [  19  ] . Ozden et al.  [  20  ]  have reported that 
involvement of ethylene production leads to 
 tissue browning which can be reduced in the 
presence of silver nitrate. Opabode  [  21  ]  reported 
that silver nitrate is an anti-necrotic compound 
which can reduce oxidative burst during 
the interaction between plant tissue and 
 Agrobacterium . The objective of this study 
was to evaluate the effects of AgNO 

3
  on 

somatic embryogenesis from leaf explants and 
 Agrobacterium -mediated genetic transforma-
tion of  H. brasiliensis.   

   Materials and Methods 

   Somatic Embryogenesis from Leaf 
Explants 

 A system for somatic embryogenesis and plant 
regeneration has been developed from leaf 
explants collected from glass house-grown bud-
grafted plants of  H. brasiliensis  (clone RRII 105) 
 [  6,   7  ] . The optimised medium for callus induc-
tion, embryo induction, embryo maturation and 
plant regeneration was used for the experiments 
(Table  36.1 ). Leaf explants collected from 
6-month-old glass house-grown bud-grafted 
plants of  H. brasiliensis  were cultured for callus 
induction. Callus was proliferated by repeated 
subculture in medium where cytokinin/auxin 
ratio and sucrose concentration were increased 
(Table  36.1 ). The cultures were incubated at 
25 ± 2 °C and kept in dark.   

   Effect of Silver Nitrate on Callus Friability 
and Embryogenic Callus Initiation 

 The effect of silver nitrate in improving callus fri-
ability and making the calli more embryogenic 
was examined. Silver nitrate stock solution 
(1.0 mg/ml) was prepared in water and the 
required quantity was  fi lter sterilised and added 
to the autoclaved medium and was stored in the 
dark. Three different concentrations of silver 
nitrate (10, 20 and 30 mg/l) were added to the 
optimised proliferation medium during the sec-
ond subculture. Embryogenic callus formation 
was tried in medium optimised earlier. In experi-
ments on callus proliferation, silver nitrate has 
been found to have in fl uence in changing the cal-
lus texture. Hence, different concentrations of 
silver nitrate (5, 10, 20 mg/l) were  fi lter sterilised 
and added to the autoclaved medium, optimised 
for embryogenic callus formation.  

    Agrobacterium -Mediated Genetic 
Transformation 

   Bacterial Strain 
  Agrobacterium tumefaciens  strain EHA 101 har-
bouring a binary plasmid vector carrying a gene-
encoding isopentenyltransferase ( ipt ) from the Ti 
plasmid of  A. tumefaciens  was used. The binary 
vector also contains  b -glucuronidase (GUS) gene 
as the reporter gene and  npt II gene for kanamycin 
resistance as    plant selection gene.   

    Agrobacterium  Infection and Cocultiva-
tion: In fl uence of Silver Nitrate 

 50  m l of  Agrobacterium  suspension from glyc-
erol stock was spread over semisolid AELB 
(Luria-Bertani) medium containing 50 mg/l 
kanamycin and 20 mg/l gen   tamicin and incu-
bated at 28 °C for 2 days.  Agrobacterium  single 
colony was selected with sterile loop and sus-
pended in 10 ml sterile liquid AELB medium 
containing the antibiotics 50 mg/l kanamycin 
and 20 mg/l gentamicin. The cultures were 
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incubated at 28 °C in a shaker with 200 rpm for 
24 h to reach an optical density of 0.5 at 
420 nm. Volume of bacterial suspension 
required for 10 ml infection medium was cal-
culated, and bacteria were pelleted by centrifu-
gation at 5,000 rpm for 10 min. The bacterial 
pellet was resuspended in the infection medium 
so as to get a bacterial density of 5 × 10 8  cells/
ml. Murashige and Skoog (MS)  [  22  ]  medium 
containing 100- m m acetosyringone and 1.0 mM 
each of proline and betaine hydrochloride 
(Table  36.2 ) was used as the infection medium. 
pH of the medium was adjusted to 5.2 with 1 N 
KOH and  fi lter sterilised. Infection of the bac-
terial culture with the target tissue was done 
after 4 h incubation in an incubator shaker at 
28 °C.  

 100 mg of proliferated friable  H. brasilien-
sis  calli was transferred to a small sterile petri 
dish and air-dried for 10 min in the laminar 
 fl ow hood. Bacterial solution (5 ml) was 
poured over the callus, and infection was done 
for 15 min. The callus in the bacterial solution 
was injured with a sterile scalpel blade to 
facilitate entry of the bacteria. After infection, 
the bacterial solution was drained out and the 
infected tissues were blotted dry by transfer-
ring them to sterile  fi lter papers. For cocultiva-
tion, the infected tissues were spread over 
 fi lter paper kept on the surface of a semisolid 
cocultivation medium. The infected tissues 
were incubated for 72 h in dark at 28 °C  [  15–
  17  ] . The tissues were transferred to the prese-
lection medium containing the antibiotic 
carbenicillin to control bacterial overgrowth. 
After 2 weeks, the tissues were subcultured to 
selection medium containing both selection 
antibiotics carbenicillin (400 mg/l) and kana-
mycin (300 mg/l) (Table  36.2 ). Transformation 
ef fi ciency was scored based on the number of 
callus lines that emerged from the infected tis-
sues. After the second subculture, carbenicil-
lin was avoided from the selection medium 
used for subculture of infected tissues devoid 
of bacterial overgrowth. After 1 month, the 
newly emerged lines were proliferated in 
selection medium containing only kanamycin 

(200 mg/l). About 30 callus clumps were cul-
tured in petri plates (90 × 15 mm) containing 
the selection medium. 

 Experiments were carried out to control over-
growth of bacteria by modifying the infection, coc-
ultivation and selection media. The effect of silver 
nitrate in controlling bacterial overgrowth and 
improving transformation ef fi ciency were studied. 
Different concentrations of silver nitrate were tried 
and the effects on percentage of proliferating lines 
with transient GUS expression were evaluated. 
Silver nitrate (10 mg/l) was supplemented in the 
infection and cocultivation medium. Selection 
medium was also supplemented with different con-
centrations of silver nitrate (0–30 mg/l) to  fi nd its 
effect on controlling bacterial growth and improve-
ment in callus texture. pH of the infection medium 
was adjusted to 5.2 with 1 N KOH and the whole 
solution was  fi lter sterilised before tissue infection. 
The pH of the cocultivation and selection media 
was adjusted to 5.7 with 1 N KOH before autoclav-
ing at 121 °C for 10 min. Silver nitrate was added 
 fi lter sterilised along with phytohormones and anti-
biotics to the autoclaved cocultivation and selec-
tion media. Each experiment was repeated thrice 
with  fi ve replications.  

   Somatic Embryogenesis of Transgenic 
Callus 

 The newly emerged lines were screened his-
tochemically for GUS expression. Somatic 
embryogenesis was tried with all GUS positive 
lines. The proliferated transgenic calli were sub-
cultured on embryo induction medium contain-
ing kanamycin (200 mg/l) for embryogenic callus 
initiation and subsequent embryogenesis. 
Embryogenic callus initiation and embryo induc-
tion were tried from proliferated callus in medium 
standardised earlier  [  7  ]  which was modi fi ed MS 
basal medium (Ca(NO 

3
 ) 

2
 ·4H 

2
 O – 500 mg/l and 

KH 
2
 PO 

4
  – 270 mg/l) containing Gamborg’s B 

5
  

vitamins  [  23  ] , amino acids, organic supplements 
such as coconut water (5%), malt extract 
(50 mg/l), casein hydrolysate (300 mg/l), sucrose 
60 g/l and phytohormones.  
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   GUS Histochemical Assay 

 GUS staining was performed following the method 
reported by Jefferson  [  24  ] . Newly emerged lines 
from the infected tissues were immersed in X-Gluc 
solution (2 mM X-Gluc, 100 mM NaH2PO 

4
 , 

0.5 mM potassium ferricyanide and 50 mM ferro-
cyanide). The tissues were incubated at room tem-
perature. GUS expression frequency was examined 
and scored as blue spots.  

   PCR Ampli fi cation 

 DNA was isolated from transgenic as well as 
control calli of the  Hevea  clone RRII 105 follow-
ing CTAB procedure  [  25  ] . PCR ampli fi cation 
was carried out using 20 ng of genomic DNA 
with isopentenyltransferase gene-speci fi c prim-
ers. Gene primers were designed from the coding 
region sequence of isopentenyltransferase gene 
of  Agrobacterium tumefaciens.  The forward 
primer 5 ¢ -CTTGCACAGGAAAGACGTCG-3 ¢  
and reverse primer 5 ¢ -CGTAAGCGGCTGCG-3 ¢  
were used for PCR ampli fi cation. 

 Ampli fi cations were carried out in 20  m l reac-
tions, which contained 1.0  m l template DNA 
(50 ng), 2.0  m l reaction buffer (Tris-HCl, pH 9–10, 
KCl 50 mM, MgCl 

2
  15 mM), 2.0  m l dNTP 

mix(100  m M), 1.0  m l of each forward and reverse 
primer (250 nm each) and 0.5 U  Taq  DNA poly-
merase. Volume of the reaction mix was made up 
to 20  m l with sterile distilled water. The reaction 
mix was overlaid with a drop of mineral oil and 
ampli fi cation was carried out in MJ Research PTC 
200 Peltier Thermal Cycler. The PCR conditions 
were 2-min initial denaturation at 94 °C followed 
by 36 cycles of denaturation (1 min, 94 °C), anneal-
ing (1 min, 55 °C) and extension (2 min, 724 °C). 
Final elongation was 10 min at 72 °C. The PCR 
products were analysed in 1.5% agarose gels.  

   Statistical Analysis 

 Data were subjected to square root transforma-
tion and analysed using one way ANOVA. All 
analyses were performed at 5% level.   

   Results and Discussion 

   Effect of Silver Nitrate on Callus 
Friability 

 Callus induction could be obtained within 40 
days in the earlier standardised medium 
(Fig.  36.1a ). Callus proliferation was obtained in 
the callus induction medium with reduced cal-
cium nitrate (800 mg/l) and 2,4-D (1.8  m M) along 
with 40 g/l sucrose (Table  36.1 ). Proliferation of 
the callus was noticed after 3 weeks in this 
medium (Fig.  36.1b ). The proliferated callus had 
a loose and friable texture. With 2–3 subcultures 
in proliferation medium, the texture of the callus 
could be improved further. When three different 
levels of silver nitrate (10, 20 and 30 mg/l) were 
tried in the proliferation medium during the sec-
ond subculture, a concentration of 20 mg/l helped 
in improving the texture of the callus. Addition of 
20 mg/l silver nitrate to the proliferation medium 
during the second and third subcultures made the 
calli yellow, more friable and nearly embryogenic 
compared with the control calli in which no silver 
nitrate was added (Fig.  36.1c ).   

   Effect of Silver Nitrate on Embryogenic 
Callus Initiation 

 Embryogenic calli originated from more than one 
region of each primary callus clump as a small 
yellow lump which further proliferated within a 
month to form a mass of friable golden yellow callus 
(Fig.  36.1d ). The frequency of embryogenic callus 
formation was 38% in the control. Embryogenic calli 
could be obtained from the primary callus clump 
when subcultured in fresh medium. It was 
observed that in the medium containing 10 mg/l 
silver nitrate, proliferating callus became more 
friable. At 5.0 and 10.0 mg/l concentrations of sil-
ver nitrate, signi fi cant improvement in the fre-
quency of embryogenic callus formation was 
noted. Embryogenic callus formation could be 
obtained with improved frequency (43%) from 
the proliferated leaf callus in medium when 
10 mg/l silver nitrate was added (Table  36.3 ). 
No signi fi cant difference was observed in the 
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 frequency of embryogenic callus formation at 
higher levels of silver nitrate. Somatic embryo-
genesis could be obtained from the proliferated 
embryogenic callus in medium standardised ear-
lier (Table  36.1 ) (Fig.  36.1e and f ).  

 Culture medium compounds such as silver 
nitrate  [  26  ]  have also been reported to modify 
callus texture in  Zea mays . Addition of silver 
nitrate to the culture medium greatly improved 

the regeneration of both dicot and monocot plants 
in tissue culture. Silver ions in the form of nitrate, 
such as AgNO 

3
 , play a major role in in fl uencing 

somatic embryogenesis, shoot formation and 
ef fi cient root formation which are the prerequi-
sites for successful genetic transformation  [  27  ] . 
In the present work, good callus proliferation with 
improved texture was obtained in medium contain-
ing 20 mg/l silver nitrate. In  Coffea canephora  

  Fig. 36.1    ( a–f ) Different stages of somatic embryogenesis. 
( a ) Callus induction from leaf explants. ( b ) Callus prolif-
eration in medium without AgNO 

3
  ( c ) Callus proliferation 

in medium supplemented with AgNO 
3
 . ( d ) Embryogenic 

callus initiation. ( e ) Proliferated embryogenic callus.
( f ) Somatic embryo induction       
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Pierre genotypes, it has been reported that 
AgNO 

3
  concentrations between 30 and 60  m M 

improved embryo yield during somatic embryo-
genesis  [  11  ] . In  Hevea  also, addition of 10 mg/l 
silver nitrate to the embryogenic callus induction 
medium favoured embryogenesis. In recent years, 
AgNO 

3
  has been employed in tissue culture stud-

ies for inhibiting ethylene action because of its 
water solubility and lack of phytotoxicity at 
effective concentrations. In carrot, AgNO 

3
  at con-

centrations of 10–20  m M caused a twofold 
increase in the number of somatic embryos with-
out causing adverse effects on cell survival  [  28  ] .  

   In fl uence of Silver Nitrate on Genetic 
Transformation 

 When transformation experiments were carried 
out using proliferated fresh leaf callus as the target 
tissue for  Agrobacterium  infection, following the 
earlier developed protocol  [  17  ] , a transformation 
frequency of 9% was obtained with  Agrobacterium  
strain EHA 101. Earlier bacterial overgrowth in 
the infected tissue was common causing hin-
drance to transgenic tissue regeneration after 
 Agrobacterium  infection. In the present study, 
when silver nitrate was supplemented in the 
infection, cocultivation and selection media, it 
was found that overgrowth of bacteria could be 
reduced without compromising the transforma-
tion frequency (Fig.  36.2a ).  

 Infection medium containing silver nitrate 
(10 mg/l) was used for tissue infection. The 
infected tissues were transferred to cocultivation 
medium which was also supplemented with silver 

nitrate (10 mg/l). After 72 h of cocultivation, the 
tissues were again subcultured in selection 
medium containing the antibiotic carbenicillin 
(400 mg/l) for controlling bacterial overgrowth. 
When different concentrations of silver nitrate 
(0–30 mg/l) was supplemented in the selection 
medium, it was observed that with increasing 
concentration of silver nitrate up to 20 mg/l the bac-
terial overgrowth could be reduced signi fi cantly 
(Table  36.4 ).    In the control medium, when no sil-
ver nitrate was provided, overgrowth of bacteria 
was persistent and sometimes 50% or more of the 
cultures had to be discarded. Bacterial overgrowth 
was reduced signi fi cantly at silver nitrate concen-
trations starting from 5.0 mg/l onwards. At con-
centrations above this, signi fi cant difference was 
noted in control of overgrowth. Addition of silver 
nitrate (10 mg/l) in the infection, cocultivation 
and selection media controlled bacterial over-
growth by 80% (Table  36.4 ). Maximum control 
was obtained at a silver nitrate concentration of 
20 mg/l. Increasing the silver nitrate concentra-
tion above this did not give signi fi cant difference. 
The optimum concentration of silver nitrate to 
be used in the different steps of transformation 
was identi fi ed as 10.0 mg/l in infection and 
 cocultivation media and 20 mg/l in the selection 
medium. By supplementing silver nitrate in 
the selection medium, the texture of the puta-
tively transgenic callus lines was also found to 
be improved, with most of them friable, yellow 
and showing good proliferation (Fig.  36.2b ). 
The tissue recovered free of bacterial over-
growth was subcultured every 3 weeks to fresh 
medium.  

 In apple, it has been reported that during 
 Agrobacterium- mediated transformation, ethylene 
production was increased which resulted in 
reduced ef fi ciency of gene transfer mechanism 
 [  18  ] . Ozden et al.  [  20  ]  have reported that involve-
ment of ethylene production leads to tissue brown-
ing which can be reduced in the presence of silver 
nitrate. Inclusion of silver nitrate in coculture 
medium has been proven for its anti-ethylene 
activity which is common with in vitro plant cul-
tures. Opabode  [  21  ]  reported that silver nitrate is 
an anti-necrotic compound which can reduce oxi-
dative burst during the interaction between plant 

   Table 36.3    Effect of silver nitrate on embryogenic callus 
formation   

 Silver nitrate (mg/l) 
 *Embryogenic 
callus (mean %) 

   0  38.33 
  5  40.00 
 10  43.33 
 20  43.33 
 CD    1.41  

  *   Each value is the mean % of 20 replicate samples 
repeated thrice  
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tissue and  Agrobacterium . Addition of silver 
nitrate in the coculture medium has shown to 
enhance stable gene transfer in maize  [  26, 32  ] , 
carrot  [  28  ]  and Fuji apple  [  29  ] . The suppressed 
 Agrobacterium  growth on target explants could 
facilitate plant cell recovery that resulted in 
increased ef fi ciency of transformation .  Orlikowska 
reported that addition of silver nitrate stimulated 

direct shoot regeneration in leaves taken from 
in vitro cultures and infected with  Agrobacterium  
 [  30  ]  .  It also inhibited bacterial growth after coc-
ultivation with the explants. In the present study, 
presence of silver nitrate in the selection medium 
(20 mg/l) prevented overgrowth of bacteria for 
about 3 weeks. Similar observation was also made 
by Orlikowska  [  30  ]  where presence of silver 

  Fig. 36.2    ( a–f ) Different stages of  Agrobacterium  
infection and somatic embryogenesis. ( a ) Infected cal-
lus in presence of AgNO 

3
  without bacterial overgrowth. 

( b ) Infected tissues showing transgenic callus emer-
gence in AgNO 

3
 -containing medium. ( c ) Somatic 

embryogenesis from transgenic callus. ( d ) Transgenic 
somatic embryos. ( e ) GUS expression (control and 
transgenic calli and embryos). ( f ) PCR ampli fi cation 
(Lane,  M  Marker,  C  Control,  T1  Transgenic callus,  T2  
Transgenic embryos)       
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nitrate (100 mg/l) in the rose regeneration medium 
completely retarded bacterial overgrowth for 
about 1 month. Thus, by the addition of silver 
nitrate, they were able to replace or reduce the 
concentration of antibiotics such as cefotaxime or 
carbenicillin used for controlling bacterial growth, 
which are often phytotoxic to tissues. Tissue dam-
age by A.  tumefaciens  infection has been reported 
earlier also and seems to be one of the major 
obstacles for  Agrobacterium- mediated transfor-
mation. In control experiments, the texture of the 
callus in the putatively transgenic lines that 
emerged from the infected tissues also varied, 
with most of the calli being hard and showing no 
proliferation. In the present study when silver 
nitrate was supplemented in the medium, the tex-
ture of the putatively transgenic callus lines that 
emerged from the infected tissue was found to be 
improved, with most of them friable, yellow and 
showing good proliferation. The use of silver 
nitrate has shown to have other important effects 
in plant tissue culture of cassava, such as improv-
ing somatic embryogenesis. It is also reported to 
have signi fi cant in fl uence on micropropagation in 
many other species  [  10  ] .  

   GUS Histochemical Assay 

 Approximately 2-mg callus from each emerg-
ing line was used for GUS histochemical stain-
ing.  b -Glucuronidase catalyses the hydrolysis 
of the substrate liberating indoxyl and indolyl 
groups which gets dimerised to form insoluble 

indigo causing blue colouration.    Newly emerged 
putatively transgenic calli were antibiotic resis-
tant and showed proliferation in selection 
medium and were found to be GUS positive 
(Fig.  36.2e ).  

   Somatic Embryogenesis 
from Transgenic Callus 

 Proliferation of the putatively transgenic callus, 
embryogenic callus initiation and further embryo 
induction were obtained in medium standardised 
earlier for leaf explants  [  7  ] . Kanamycin (200 mg/l) 
was also added to all the media used for the sub-
culture of transgenic callus. Callus proliferation 
could be obtained in modi fi ed MS medium with 
the addition of calcium nitrate (800 mg/l) and 
containing Gamborg’s B 

5
  vitamins, sucrose 

(40 g/l) and growth regulators 2,4-D (1.8  m M), 
BA (4.4  m M) and NAA (1.08  m M). Embryogenic 
callus initiation and embryo induction were 
obtained from proliferated callus in modi fi ed MS 
basal medium solidi fi ed with 0.5% phytagel. Rate 
of embryo induction from the transformed callus 
was low (40%) compared to untransformed con-
trols (60%). Embryos obtained had a different 
appearance, with most of them having a shooty 
nature (Fig.  36.2c and d ). Maturation of the 
embryos could be obtained in medium stan-
dardised earlier containing basal salts of Woody 
Plant Medium  [  31  ] . Plant regeneration from these 
embryos is being attempted.  

   PCR Ampli fi cation of  ipt  Gene 

 The genomic DNA isolated from the control 
and transgenic calli was used for PCR 
ampli fi cation using  ipt  gene-speci fi c primers. 
When PCR ampli fi cation was carried out with 
gene-speci fi c primers for isopentenyltrans-
ferase gene, an ampli fi ed band of approxi-
mately 700 bp was obtained. Ampli fi cation of 
the gene was obtained in the transgenic callus 
showing gene integration. No ampli fi cation 
could be obtained in the primer controls and in 
untransformed callus (Fig.  36.2f ).   

   Table 36.4    Effect of silver nitrate in controlling bacterial 
overgrowth   

 Silver nitrate (mg/l) 
(selection medium)  Overgrowth (mean %) 

   0  50.0 (3.87) 
  5  30.0 (2.59) 
 10  22.0 (1.72) 
 15  22.5 (1.72) 
 20  20.2 (1.57) 
 30  20.4 (1.57) 
  CD    0.3 

  Data from 30 replicate samples, experiment repeated thrice 
 Values in parenthesis indicate transformed values  
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   Summary and Conclusion 

 Ef fi cient plant regeneration and transformation 
systems using easily available explants are indis-
pensible for genetic modi fi cation of important 
crop plants. The present study reports the effect 
of silver nitrate in improving ef fi ciency of the 
somatic embryogenesis system from leaf explants. 
Supplementing silver nitrate in the medium dur-
ing the second and third subcultures made the 
calli more friable. Presence of silver nitrate in the 
embryo induction medium helped in embryo-
genic callus initiation, thereby increasing the 
ef fi ciency of the system. The in fl uence of silver 
nitrate on transformation ef fi ciency by improving 
callus texture in the newly emerging transgenic 
cell lines and control of bacterial overgrowth in 
infected tissues were also studied. It was observed 
that addition of silver nitrate in the infection 
(10.0 mg/l), cocultivation (10.0 mg/l) and selec-
tion (20.0 mg/l) medium signi fi cantly suppressed 
bacterial overgrowth and improved the texture of 
callus in newly emerged lines. The transgenic 
callus obtained could be proliferated and somatic 
embryo induction obtained. Hence, silver nitrate 
was found to be a suitable medium supplement in 
improving somatic embryogenesis from leaf 
explants and in A grobacterium- mediated genetic 
transformation using proliferated leaf callus in 
 Hevea brasiliensis.       
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  Abstract 

 Most of the attempts to develop a vaccine to prevent  Staphylococcus aureus  
infections to date have not translated into clinical success. To date, all vaccine 
attempts have been based upon the development of opsonic antibodies. 
Research information suggests that cell-mediated immunity (CMI) may be 
critical for protection against  Staphylococcus aureus . Iron surface determinant 
B (IsdB) protein is identi fi ed as a potent immunogen against  Staphylococcus 
aureus . This protein, which scavenges iron from hemoglobin and myoglobin, 
is highly conserved among  Staphylococcus aureus  isolates from diverse clini-
cal and taxonomical backgrounds including MRSA and VRSA and is 
expressed on the surface of all isolates tested so far. Adoptive transfer of CD4 +  
cells protected SCID (severe combined immunode fi ciency) mice challenged 
with a lethal dose of  S. aureus  via tail vein while neither CD8 +  T cells nor 
plasmacytes were protective. Immunization with IsdB was shown to be criti-
cal for activating the transferred cells as T cells from nonimmunized mice 
were not protective. To dissect the immune response further, it was shown that 
Th17 cells were necessary for IsdB-generated protective immunity. Th17 cells 
are a class of T helper cells that are activated upon encounter of an antigenic 
peptide coupled to a HLA (human leukocyte antigen) class II molecule. The 
HLA class II molecules are highly polymorphic. Immunoinformatics tools 
enable the prediction of T cell epitopes which can bind to the HLA-DR, 
HLA-DQ, and HLA-DP alleles using arti fi cial neural networks. Here we 
describe a combined immunoinformatics and structure-based modeling 
approach for the prediction of T cell epitopes in the IsdB protein that can bind 
to 26 different alleles. The IsdB protein from  S. aureus  was analyzed compu-
tationally for the presence of HLA-II binding peptides. All possible overlap-

      Immunoinformatics Prediction 
and Structure-Based Modeling 
of HLA-II Binding Epitopes of Iron 
Surface Determinant B (IsdB) 
Protein of  Staphylococcus aureus        

        Francis   Dileep    and    Surekha   Kuyyalil         
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   Introduction 

  Staphylococcus aureus  is a gram-positive human 
pathogen of serious concern due to the wide range 
of diseases caused and the emergence of multiple 
antibiotic resistance  [  1,   2  ] . The organism is capa-
ble of in fl icting diseases ranging from minor skin 
infections to life-threatening infections such as 
bacteremia, endocarditis, and toxic shock syn-
drome and has evolved with time to produce anti-
biotic-resistant strains that are virtually resistant 
to almost all antibiotics available  [  3–  5  ] . This 
necessitates the development of a vaccine against 
staphylococcal infections  [  6  ] . Earlier attempts to 
develop a vaccine against  Staphylococcus aureus  
focused on humoral immunity mediated by B 
cells  [  7–  9  ] . Unfortunately none of these strategies 
translated into a clinically viable vaccine. It is 
now postulated that a T-cell-mediated approach, 
particularly targeting CD4 +  T cells, may be an 
alternative strategy to the prevention of staphylo-
coccal infection, as T helper cells were found to 
be involved in the natural immune response elic-
ited against a staphylococcal infection  [  10–  12  ] . 
Speci fi cally, IsdB protein originally administered 
to boost a B-cell-mediated immunity was found to 
trigger Th17 activation, and this had a strong 
correlation with protective ef fi cacy  [  10,   13,   14  ] . 
   Based on the understanding that Th17 cells are acti-
vated via an HLA-class-II-mediated pathway – 
where an exogenous protein is taken up by an 
antigen presenting cell, cleaved into peptides, and 
transported to the cell surface coupled with receptive 

HLA-II molecule to be recognized by T cell 
receptors   [  15,   16  ]  (Fig.  37.1 ) – the present study 
was designed to predict and validate peptides 
from IsdB that can bind HLA class II alleles. 
A bioinformatics-based strategy was employed 
for prediction and analysis. A set of potential pep-
tides that can be used as peptide epitopes vaccines 
were obtained.   

   Material and Methods 

   Prediction of HLA Class II Binding 
Peptides 

 The amino acid sequence of IsdB protein was 
obtained from the TIGR database (BQF78003.1). 
   All possible overlapping 15-mer peptides were gen-
erated and analyzed for the potential to bind to 24 
different HLA-II alleles using the NetMHCII pre-
diction server (  http://www.cbs.dtu.dk/services/
NetMHCII    )  [  17,   18  ] . This algorithm identi fi es 
15-mer peptides that contain allele-speci fi c motifs 
for HLA class II alleles. The binding is measured in 
terms of IC50 expressed in nM.  

   Identi fi cation of Self Peptides 

 The peptides with sequence homology to human 
proteins annotated so far were removed from the 
analysis pool using the BLAST algorithm (70%  
homology cutoff).  

ping 15-mer peptide sequences were generated  in silico  and analyzed for 
their ability to bind to 14 HLA-DR alleles covering 9 HLA super types, 6 
HLA-DP alleles, and 6 HLA-DQ alleles. Approximately Twenty four, eight 
and six percents of the generated peptides binds to HLA-DR, HLA-DQ and 
HLA-DP  alleles respectively with an IC-50 value less then 50 nM. The struc-
tural basis for recognition of these high-af fi nity peptides was studied using 
structural modeling of HLA class II peptide complexes, and there exists a 
good correlation between structural analysis and binding prediction.  

  Keywords 

  Staphylococcus aureus   •  Iron surface determinant protein B  •  T cell 
epitopes  •  HLA class II binding  •  Vaccine      

http://www.cbs.dtu.dk/services/NetMHCII
http://www.cbs.dtu.dk/services/NetMHCII
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   Molecular Modeling of Peptide: HLA 
Complexes 

 The binding af fi nities predicted were veri fi ed using 
a molecular modeling approach. The structural fea-
sibility of replacement of the resident peptide with 
predicted peptides was analyzed employing the 3D 
crystallographic structures of the HLA–peptide 
complex as templates. Crystal structures of peptide-
bound alleles HLA-DRB1*0101 (1AQD), HLA-
DPA1*0103-DPB1*0201 (3LQZ), and HLA DQA 
1*0301-DQB1*0302 (1JK8) were obtained from 

the PDB. The peptides predicted to bind with high, 
moderate, and low energies were modeled onto their 
respective templates replacing the resident peptide. 
The raw amino acid sequences were fed to the Swiss 
PDB Viewer to generate peptide conformations that 
were docked with the binding site of the HLA alleles. 
The receptor grid box was set at 50 A* (x, y, and z 
axes) with the resident peptide as the centroid of the 
grid box. Moreover, peptides with maximum allele 
coverage were identi fi ed form the pool of predicted 
peptides and were modeled onto representative 
alleles from each locus. Such promiscuous peptides 
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  Fig. 37.1    MHC class II  a - and  b -chains assemble in the 
endoplasmic reticulum (ER) and form a complex with the 
invariant chain (Ii). The Ii–MHC class II heterotrimer is 
transported through the Golgi to the MHC class II com-
partment (MIIC), either directly and/or via the plasma 
membrane. Endocytosed proteins and Ii are degraded by 
resident proteases in the MIIC. The class II-associated Ii 

peptide (CLIP) fragment of Ii remains in the peptide-binding 
groove of the MHC class II dimer and is exchanged for an 
antigenic peptide with the help of the dedicated chaperone 
HLA-DM (known as H2-M in mice). MHC class II mol-
ecules are then transported to the plasma membrane to 
present antigenic peptides to CD4 +  T cells ( APC  antigen-
presenting cell,  TCR  T cell receptor)       
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may enable identi fi cation of vaccine candidate 
epitopes that covers a larger population. All struc-
tural modeling studies were performed using Glide 
SP dock module of Maestro 9.0, Schrodinger.   

   Results and Discussion 

   Prediction of HLA Class II Binding Peptides 

 A total of 631 15-mer peptides were generated 
from the IsdB protein sequence. Each of these 
peptides was analyzed for binding to 26 alleles 
including 14 HLA-DR, 6 HLA-DQ, and 6 
HLA-DP alleles. About 29% of the generated 
peptides bind to one or more HLA alleles with 
an IC50 value less than 50 nM. Twenty four, 
eight and six percentages of the generated pep-
tides bind to atleast one of the HLA-DR, 
HLA-DQ and HLA-DP alleles respectively. 
About 54, 17, and 3%  of the predicted strong 
binders bind to multiple alleles of DR, DQ, and 
DP loci, respectively. Most of the alleles were 
found to be monoallele speci fi c. However, some 
of them exhibited multiple allele speci fi cities. 
The highest number of alleles a peptide could 
bind was 8 in the case of HLA-DR and 2 each in 
cases of DP and DQ. This gives a clear idea of 
the speci fi city and promiscuity exhibited by indi-
vidual peptides. 

 In Figs.  37.2  and  37.3 , variation was observed 
in the binding of predicted peptides to 24 different 
HLA class II alleles studied. The  fi gures represent 
the proportion of binding peptides to individual 
alleles. Alleles from the DR locus are shown to 
bind to large numbers of peptides as compared to 
DP and DQ loci. HLA-DRB 10101 shows the 
highest number of peptides binding with high 
af fi nity, around 60 peptides. Few alleles like 
    HLA-DQA1*0102-DQB1*0602, HLA-DQA1*0401-
DQB1*0402   , and  HLA-DQA1*0501-DQB1*0301  
do not bind any peptides.    

   Molecular Modeling of Peptide: HLA 
Complexes 

 The feasibility of the binding of peptides to their 
respective targets was investigated using molecu-
lar modeling and structural analysis. All of the 
strong binding peptides docked against their 
respective crystallographic templates revealed 
binding energies similar to that of the resident pep-
tides (Fig.  37.4 ). Moreover, strong, weak, and non-
binding peptides docked with high, medium, and 
low Glide scores, respectively, thus validating the 
prediction results. The modeled structures with 
high-af fi nity peptides show more interaction in 
terms of hydrogen bonds when compared to pep-
tides with low af fi nity (Fig.  37.5 ). A comparison 
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  Fig. 37.2    Observed variation in the binding of predicted peptides to 14 different HLA-DR alleles studied       
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  Fig. 37.3    Observed variation in the binding of predicted peptides to HLA-DP and DQ alleles studied       

  Fig. 37.4    Binding of the 
peptide core LLLMSNGEA 
to its receptor, HLA-
DRB10101, as modeled by 
Glide SP docking module of 
Maestro 9.0, visualized in 
PyMOL. This peptide 
predicted to be a strong 
binder docked with a Glide 
score −14.4802644 compared 
to a less negative −13.382989 
with the resident crystallo-
graphic peptide       

  Fig. 37.5    The  fi gure depicts the hydrogen bond interac-
tions established by the strong binding peptide 
NGEAQAAAE, with the side chains of the residues in 

the binding pocket of  HLA- DQA 10301-HLA DQB  
 10302 .The hydrogen bonds are shown as  yellow dotted 
lines  with distances       
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   Table 37.1    Comparison of prediction scores and intermolecular interaction energies of different peptides binding 
three different classes of HLA alleles   

 Sl. No  Allele 
 Type of predicted 
binding  Peptide core sequence  IC50 in nM  Glide score 

 1.  HLADRB1*0101  Strong  LLLMSNGEA  4.5  −14.4802644 
 Weak  TLERQVYEL  480   −9.397090 

 2.     HLADPA1*
0103-DPB1*0201 

 Strong  YAYIRFSVS  9.5   −8.260415 
 Weak  DYWKDFMVE  479.1  −10.826826 

 3.  HLADQA1*
0301-DQB1*0302 

 Strong  NGEAQAAAE  29.8  −11.479850 
 Weak  DYTLMEFAQ  495.3   −9.012936 

   Table 37.2    Peptides with maximum allele coverage   

 Sl No.  Peptide core 
 No of alleles to which 
strong binding is predicted 

 1.  QFYHYASSV  9(8 DR + 1 DP) 
 2.  LMEFAQPIY  4(2 DR +1 DP +1 DQ) 
 3.  MALLALSSI  4(2 DR +1 DP +1 DQ) 

of intermolecular energies and IC50 values shows 
that the peptides with high af fi nity, as judged by 
the IC50 values, also show high (more negative) 
interaction energies for most of the peptides 
(Table  37.1 ).    

 Humans carry only a limited number of 
codominant HLA alleles in their genome out of 
hundreds of polymorphic alleles present in the 
population  [  19  ] . It is important that the candidate 
vaccine must incorporate peptides that bind to a 
wide range of HLA alleles to provide a good pop-
ulation coverage  [  20  ] . This problem was addressed 
in the current study. The highest number of mul-
tiple allele binders was predicted for HLA-DR 
alleles suggesting that the DR loci may serve as 
the best target for an epitope vaccine design 
(Table  37.2 ).  

 The fact that most of the peptides are monoal-
lele binders stresses the need of incorporation of 
peptides from multiple proteins that can cover 
maximum number of allelic variants. Studying 
each antigen experimentally for its potential as a 
vaccine candidate is an expensive and tedious 
process. Therefore, an initial bioinformatics 
 fi ltering of probable candidate antigens is cost 
and time effective and is supported by the corre-
lation between prediction results and structural 
modeling results. To conclude, a set of peptides 
were identi fi ed that may elicit T cell immunity if 
administered as part of a vaccine cocktail.       
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   Introduction    

 Eriophyid mites represent    an exclusively phy-
tophagous group with vermiform body  [  1,   2  ]  and 
high host speci fi city  [  1,   3,   4  ] , inducing diverse 
forms of abnormalities like galls , blisters, erinea, 
big buds, leaf rolling, stem and foliar defor-
mation, silvering and bronzing of leaves on their 
respective host plants  [  5  ] . Galls are highly 
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  Abstract 

  Pongamia pinnata  is well known for its use in traditional system of medi-
cine, for the treatment of varied human diseases like bronchitis, whopping 
cough, rheumatism, diarrhoea, dyspepsia,  fl atulence, gonorrhoea, leprosy 
and even tumours.  Aceria pongamiae  is a highly host speci fi c eriophyid 
mite, producing varying numbers of  fi ngerlike leaf galls on  P. pinnata.  The 
number of galls on infested leaf varies, quite often individual galls fused 
to form complex, irregularly shaped, massive structures, covering entire 
laminar area including the midrib, vein and vein lets. Each gall carries 
hundreds of mites in different stages of development, namely, the egg, 1st 
nymph, 1st quiescent stage, 2nd nymph, 2nd quiescent stage and adult 
male and female. The galls induced by the mite adversely affect the qual-
ity of the leaves of  P. pinnata , in turn reducing its economic utility in 
preparation of Ayurvedic medicines. Loss/reduction of leaf lamina would 
also drastically affect the photosynthetic machinery of the plant, thereby 
leading to biomass loss. The present study describes the morphological 
and anatomical changes induced by the feeding activity of various devel-
opmental stages of the mite  A. pongamiae  on the leaves of  P. pinnata . 

  Keywords 

  Pongamia pinnata   •   Aceria pongamiae   •  Leaf structure damage  
•  Polyphenol       

      Damage Assessment of the Gall Mite 
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 regulated growth manifestations developed by 
feeding stimuli of herbivores like insects, mites 
and nematodes on the host plant phenotype. A 
single female is able to cause a gall suitable for 
itself and its progeny. 

 Gross malformations of plant organs induced 
by eriophyid mites have been well described ear-
lier  [  2,   4,   6–  9  ] . Despite the morphological data 
on plant malformations induced by eriophyid 
mites  [  10,   11  ] , information on the anatomical, i.e. 
cytological and/or histological, changes in plants 
infested by these mites is rather scanty  [  8,   12, 
  13  ] . Apart from damaging the epidermis, some 
eriophyid mites are known to damage the meso-
phyll tissue of the host plant as well  [  14  ] . 

  P. pinnata  is a medium-sized glabrous tree, 
mainly distributed in tidal forests of India  [  15  ] . 
Historically,  Pongamia  has been used as folk 
medicinal plant, particularly in Ayurvedic and 
Siddha systems of Indian medicine  [  16  ]  for the 
treatment of varied human diseases like bronchi-
tis, whooping cough, rheumatism, diarrhoea, 
dyspepsia, gonorrhoea, leprosy and even tumours. 
Recent recognition of the importance of the seeds 
of this plant as a source for biofuel production 
 [  17  ]  extends the economic utility of the plant to 
industrial purposes as well. Considering the mul-
tiple economic utility of the plant, the present 
study was undertaken to analyse the cellular dam-
ages induced by  A. pongamiae  on the above 
plant.  

   Materials and Methods 

   Histological Studies 

 Studies on the anatomical features of the leaf tis-
sue of normal, healthy vs. galled leaves of  P. pin-
nata  were made by making leaf sections and 
making comparative assessment of the cellular 
characteristics of both. This was achieved by 
making a collection of normal and galled leaves 
in different stages of development from plants of 
age groups 3–5, growing in and around the 
Calicut University Campus. The galled and 
healthy leaves were cut with the help of scissors, 
put in polythene bags and transported to the labo-

ratory. In the laboratory, the control and experi-
mental leaf samples were washed in water and 
cut into pieces of 5-mm size and  fi xed in FAA 
(formaldehide-acetic acid-ethyl alcohol) for sub-
sequent dehydration and wax embedding. Cross-
sectioning of paraf fi n-mounted tissues (5–7  m m 
thickness) was made with a microtome, and stain-
ing was done separately in toluidine    blue/safra-
nin/haematoxylin for getting better differentiation. 
Stained sections of normal and galled leaf tissues 
were examined under LEICA optical microscope 
for making comparative assessment of the ana-
tomical changes induced by the mite. 
Microphotography of the stained sections was 
made with LEICA digital camera (DFC 295) 
attached to a LEICA  fl uorescent research micro-
scope. Morphological details of the mite were 
studied by taking scanning electron micrograph 
(HITACHI SU6600-FESEM).  

   Estimation of Polyphenol 

 Comparative assessment of damage induced by 
 A. pongamiae  was also made quantitatively by 
estimating the polyphenol contents present in 
crude extracts of normal and galled leaf samples. 
For taking crude extracts, 10 leaves each repre-
senting the normal and galled leaves were taken 
and weighed out separately, for getting wet 
weight. The samples were then kept in an oven at 
60°C for 5 days, and subsequently dry weight of 
the samples was determined. The dried samples 
were then crushed and used for the preparation of 
extracts using water as the solvent. Solvent 
extraction of the leaf samples was done in a 
Soxhlet apparatus. The weighed leaf samples 
were taken in a thimble made of thick  fi lter paper 
and loaded in the main chamber of the Soxhlet 
extractor. The Soxhlet extractor was then placed 
in to a  fl ask containing 250 ml solvent (water) 
and boiled using electric power supply. The sol-
vent vapour travelled up through the distillation 
arm was  fl ooded into the chamber housing the 
thimble of dried plant material. The solvent 
vapour was cooled by the condenser and dripped 
back down into the chamber housing the dried 
powder. When all the components in the plant 
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materials were dissolved in the warm solvent and 
when the Soxhlet chamber was almost full, the 
chamber was automatically emptied by a siphon 
side arm, with the solvent running back down to 
the distillation  fl ask. The cycle was repeated 40 
times. Then the  fi ltrate was taken out and weighed. 
The crude extract thus prepared in water was 
used for polyphenol estimation.    Different con-
centrations of the crude extract samples like 50, 
100, 250 and 500 µl were taken and made up to 
5 ml with distilled water, with 0.1 ml Folin-
Ciocalteu reagent and 1 ml of carbonate-tartrate 
solution added. Samples were incubated for 
20 min. at room temperature, and the absorbance 
was read at 700 nm, using a UV spectrometer. 

 The polyphenol contents present in the experi-
mental and control samples were estimated sepa-
rately using the following equation: 

 Microgram polyphenol/milligram sample

           

   Results and Discussion 

 Mite-infested leaves of  P. pinnata  appeared 
highly distorted, bearing  fi ngerlike galls devel-
oped both on the abaxial and adaxial surfaces 
(Plate 1, Fig.  38.1 ). However, the abaxial surface 
revealed more number of galls. The number of 
galls often ranged from 4 to 25 or even more, and 
no regularity could be observed in the arrange-
ment of galls on individual leaf. The galls were 
found mainly con fi ned to tender leaves. The inte-
rior of the galls on observation in the laboratory 
showed the presence of the eriophyid mite  Aceria 
pongamiae  in varied stages of development, 
namely, the egg, I nymph, I quiescent phase, II 
nymph, II quiescent phase and the adult males 
and females, along with profuse growth of glan-
dular hairs, the so-called erinea (Plate 1, Figs.  38.2  
and  38.3 ).    

 Results of comparative studies on the stained 
sections of normal and galled leaves showed 
drastic anatomical differences. Normal leaves 
consisted of single layers of compactly arranged 
upper and lower epidermal cells. Lower epidermis 

was found interrupted by the presence of stomata 
at certain regions. The ground tissue of the leaf 
lying between the upper and lower epidermis, 
generally known as the mesophyll, was found 
comprised of parenchymatous cells containing 
chloroplast. The mesophyll tissue was found to 
comprise 2–3 layered palisade and loosely 
arranged spongy tissues, with conspicuous inter-
spaces. The vascular bundles, which were visible 

OD of  sample
Concentration of  sample

OD of  standard
concentration of  the standard

=

´   Fig. 38.1    Plate I Elongate  fi ngerlike galls induced by 
 Aceria pongamiae  on the leaf of  Pongamia pinnata        

  Fig. 38.2    Plate I Section of gall showing inner growth of 
erinea (   Erinea)       
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externally as veins of the leaves, were observed 
in the mesophyll tissue and comprised of xylem 
and phloem – the conductive elements of the leaf 
(Plate 1, Fig.  38.4 ).  

 The leaf galls, developed on the adaxial surface, 
disclosed anatomical similarity with that of the 
normal, healthy leaf, in the initial stage of devel-
opment. With the advancement of gall develop-
ment, destruction of the mesophyll tissue was 
found initiated (Plate 1, Fig.  38.5 ). However, the 
xylem vessels remained similar to those of the 
normal leaves. The upper epidermis lining the 
interior of the gall cavity was found devoid of any 
glandular hairs/papillae in the initial stage of 
development. Ostiolar protrusion was found just 
initiated on the abaxial surface of leaf, and no tan-
nin deposition could be observed in early galls.  

 An increase in the width and height of gall 
tissue was observed in medium-sized galls. High 
concentration of phenolic compounds could be 
located in the gall tissue. Mitotic divisions were 
evident, resulting in the modi fi cation of the 
mesophyll tissue into closely packed and hyper-
trophied meristematic cells, bearing granular 
cytoplasm and prominent nuclei (Plate 1, Fig.  38.6 ). 
Simultaneously, a large number of uniseriate, 
multicellular, elongated glandular hairs, the so-
called erinea/papillae, were found protruded into 
the gall, from the lower epidermis. Tannin depo-
sition could be located in the phloem vessels 
(Plate 1, Fig.  38.7 ). The epidermis of the adaxial 
surface of the galled leaf showed the presence of 
well-developed ostiolar protrusion also (Plate 1, 
Fig.  38.8 ).    

  Fig. 38.3    Plate I Scanning 
electron micrograph of 
adults of  Aceria ponga-
miae  within the gall       

  Fig. 38.4    Plate I Section 
of normal leaf of  P. 
pinnata  ( UE  upper 
epidermis,  LE  lower 
epidermis,  PT  palisade 
tissue,  ST  spongy tissue, 
 VB  vascular bundles)       

 

 



  Fig. 38.5    Plate I Section 
of gall in the initial stage 
of development.  Arrow  
indicates initiation of 
mesophyll tissue destruc-
tion, ( OS ) ostiolar 
protrusion       

  Fig. 38.6    Plate I Medium-
sized gall showing 
accumulation of phenolic 
contents ( PC ) and 
hypertrophied meristematic 
cells ( MC ) with granular 
cytoplasm ( C ) and 
prominent nuclei ( N )       

  Fig. 38.7    Plate I Medium-
sized gall showing tannin 
deposition ( T ) on phloem 
vessels       

 

 

 



330 P.N.M. Nasareen et al.

 The fully developed galls showed anatomi-
cal similarity to that of the medium-sized gall. 
However, the gall cavity appeared more enlarged 
with elongated papillae lining the gall cavity. 
This resulted in the invagination of the leaf into 
a cavity-like structure,  fi lled with erineal hairs/
papillae (Plate 1, Fig.  38.9 ). The gall cavity 
also got elongated with the progressive size of 
the gall.  

 Results of quantitative studies on of polypheno-
lic contents of the normal and galled leaves enabled 

to record an increase in concentration of poly-
phenols in mature gall tissue (Plate 2, Fig   .  38.10 ).  

  A. pongamiae  represents a highly host-speci fi c 
eriophyid mite inducing varying numbers of 
 fi ngerlike galls on the leaves of  P. pinnata . The 
number of galls on a single leaf often ranged 
from 4 to 25, with a general preference to the 
abaxial surface, though adaxial galls also could 
be observed. The present study was focussed to 
assess the damage potential of  A. pongamiae  by 
comparing the anatomical features of the normal, 
healthy leaves vs. galled leaves, through micro-
scopic observation of the stained sections and by 
estimating the polyphenolic contents. 

 Results of the study enabled to locate drastic 
anatomical alterations in the galled tissue, when 
compared to the normal tissue, owing to the feed-
ing activity of  A. pongamiae.  Probably, the salivary 
phytotoxins secreted by the eriophyid species, 
while sucking the leaf sap, would be the root 
cause for making the anatomical and morpho-
logical deviations, leading to the production of 
galls  [  18  ] . The phenotype of the gall, however, is 
found determined by the complex interaction 
between the host plant, genotype of the mite and 
environment  [  3  ] . In the present study,  A. ponga-
miae  was found inducing elongated  fi ngerlike 
galls, mostly on the abaxial surface, subtended by 
long, narrow opening with numerous hairs, lining 
the interior of gall cavity. 

  Fig. 38.8    Plate I Medium-
sized gall showing ostiolar 
protrusion ( arrow )       

  Fig. 38.9    Plate I Cross section of fully developed gall 
showing elongate erineal hairs/papillae ( E ) and enlarged 
gall cavity ( GC )       
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 Results of comparative anatomical studies 
made on the stained sections of normal and 
galled leaves enabled to locate marked variations 
in cell structure and form. Extensive injuries 
could be observed in the structure of mesophyll 
in the galled tissue, which was found modi fi ed 
into undifferentiated meristematic zone .This 
could be accounted due to the injection of sali-
vary toxins  [  18  ]  by the deutogyne of  A. ponga-
miae , for digesting the cuticle and cellulose of 
the cell wall, as reported earlier     [  19–  22  ] . 
Subsequently, the deutogyne would pierce the 
leaf tissue by inserting its cheliceral stylets, 
resulting in the formation of feeding punctures 
to suck out cell sap. 

 The undifferentiated meristematic tissue was 
found comprised of closely packed, hypertro-
phied cells, with elongate nuclei and dense 
cytoplasm. Hyperplasia and hypertrophy have 
been designated as the unique features of galls, 
irrespective of variations in the cecidogenic 
organisms  [  22  ] . Closely packed cells at the 
meristematic zone observed in the galled tissue 
of  P. pinnata  would be the result of mitotic activ-
ity, which would lead to the formation of multi-
ple layers of nutritive tissue, to meet the nutritive 
requirements of the mite  [  23,   24  ] . In  P. pinnata , 
the nutritive tissue was recognized to have 8–12 
layers thickness. Further, it was also observed 
that, when the population density of the mite 
decreased with the advent of unfavourable sea-
son in the  fi eld, the nutritive tissue also got dried 
up. This would suggest that prolonged cheliceral 

puncturing is necessary for the maintenance of 
nutritive tissue  [  22  ] . 

 In the galled tissue, a large number of uniseri-
ate, multicellular and hairlike structures, the so-
called erinea, were found developed, lining the 
interior of the gall cavity. Erineal formation is a 
characteristic feature of eriophyid galls, and the 
occurrence of such ligni fi ed hairs/papillae and 
proliferation of labiate tissue surrounding the 
ostiole was reported earlier  [  25,   26  ] . In mature 
gall tissue of  P. pinnata,  besides hyperplasia and 
hypertrophy, the meristematic cells showed 
prominent nuclei and granular cytoplasm, with 
tannin deposition along the wall of phloem ele-
ments as evidenced through toluidine blue stain-
ing. An increase in tannin deposition with the 
progressive development of gall was already 
reported in several eriophyid galls  [  26  ] . 
Tannins are produced by plants as defensive 
compounds against herbivory  [  27  ] , and inges-
tion of even small amounts of tannin has been 
shown to make signi fi cant reduction in the 
growth rates of life stages of herbivores  [  28  ]  as 
they bind with protein and serve as digestive 
inhibitors. This would be the reason for the 
absence of tannin in initial stages of develop-
ment, as observed in the current study. Tannin 
deposition became evident in the galls of the 
medium stage of development  [  8,   22,   26  ] . 

 Results of comparative studies pertaining to 
the estimation of polyphenol contents of normal 
and healthy leaves revealed an increase in con-
centration of polyphenols in galled tissues. An 

  Fig. 38.10    Concentration 
of polyphenols in the 
healthy and galled leaf 
samples of  Pongamia 
pinnata        
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increase in concentration of phenols, especially 
o-dihydroxy phenols, is shown to be accompanied 
by an increase in indoleacetic acid within galled 
leaves of  P. glabra  and  Zizyphus jujuba  induced 
by  Eriophyes cheriani  and  E.cernuus   [  29,   30  ]   . In 
both cases, the formation of galls is reported to be 
the result of altered hormonal balance, as sup-
ported by the plant growth and development by 
regulating the rate of enzymatic oxidation of IAA 
and IAA polar transport [ 31,   32  ] . Condensed tan-
nins and other polyphenolic compounds accumu-
lated within the galled leaves infested by the mite 
might protect auxin from oxidation  [  22  ] . 

 I   n conclusion, the result of the present study 
enabled us to establish the anatomical alterations 
and enhancement of phenolic compounds, 
induced by the mite  A. pongamiae  on its host,  
P. pinnata , by recording undifferentiated paren-
chymatous cells, with multilayered nutritive zone 
containing hypertrophied nuclei, granular cyto-
plasm, hyperplasia and hypertrophy and increased 
levels of tannin and polyphenol contents. Such 
morphological and anatomical deformations 
could be detrimental to the plant, adversely 
affecting the quality of leaves and thereby reduc-
ing the economic utility of the plant in the prepa-
ration of Ayurvedic medicines. Loss/reduction in 
the leaf area would also drastically affect the pho-
tosynthetic machinery of the plant, thereby lead-
ing to biomass loss.      
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  Abstract 

 Presently actinomycetes from rice rhizosphere are screened for novel 
bioactive secondary metabolites and for biocontrol potential against 
fungal plant pathogens. A total of 102 actinomycetes were isolated from 
rice rhizosphere soils collected from Tamil Nadu, India. All the isolates 
were screened against sheath blight pathogen  Rhizoctonia solani  by dual 
culture method with inhibition zone range from 0.6 to 3.0 cm. Among 102, 
56 have shown the antagonistic activity against  R. solani . Due to superior 
biocontrol activity against fungal pathogens over the other actinomycetes, 
an ef fi cient strain VSMGT1014 was selected and identi fi ed as  Streptomyces  
sp. based on the biochemical and atomic force microscope observation. 
The culture  fi ltrate of  Streptomyces  sp. VSMGT1014 remarkably inhibited 
the mycelial growth and conidial and sclerotial germination of many fun-
gal pathogens such as  Macrophomina phaseolina ,  Fusarium oxysporum , 
 Fusarium udum,  and  Alternaria alternata .    The strain  Streptomyces  sp.
VSMGT1014 produced  fi ve different compounds with Rf value ranges: 
0.46, 0.51, 0.61, 0.85, and 0.89. Ethyl acetate extract of crude metabolite 
from VSMGT1014 signi fi cantly inhibited the mycelia growth of most of 
the fungal pathogens as well as sclerotial germination of  R. solani .  

  Keywords 

  Streptomyces   •  Antifungal  •  Metabolites  •  Biocontrol      
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   Introduction 

 Actinomycetes represent a large portion of the 
rhizospheric microbial community and are pro-
ductive producers of different bioactive secondary 
metabolites. Several strains of actinomycetes have 
been found to protect plants against plant diseases. 
A number of rhizobacteria that were shown to act 
as effective biocontrol agents by suppressing a 
variety of economically important phytopathogens 
often promote overall plant vigor and yield, either 
when applied to crop seed or incorporated into 
the soil  [  1–  7  ] . The worldwide efforts in the search 
of natural products for the crop protection market 
have progressed signi fi cantly. The actinomycetes, 
especially those belonging to the genus  Strepto-
myces,  appear to be good candidates to  fi nd new 
approaches to control plant diseases  [  8  ] . 

 Actinomycetes belong to the order 
 Actinomycetales;  a division of the Gram-positive 
bacteria characterized by a high genomic G + C 
content (means 74 mol %)  [  9–  12  ] . Actinomycete 
species are well-known saprophytic bacteria that 
decompose organic matter, especially biopolymers 
such as lignocellulose, starch, and chitin in soil 
 [  13  ] . Several actinomycetes have characteristic 
biological features such as a mycelial growth that 
culminates in sporulation. They also possess the 
ability to biosynthesize a wide variety of antibiot-
ics as secondary metabolites  [  14,   15  ] . The aerial 
spores of most actinomycete genera were found to 
resist desiccation and show a slightly higher resis-
tance to wet or dry heat than the corresponding 
vegetative hyphae.  Streptomyces  and other actino-
mycetes are major contributors to biological buff-
ering of soils and have roles in organic matter 
decomposition conducive to crop production. 

 Biological control is slow  but can be long lasting, 
inexpensive, and harmless to living organisms 
and the ecosystem; it eliminates neither the 
pathogen nor the disease but brings them into 
natural balance. Intensive research on plant 
growth-promoting bacteria (PGPB) is underway 
worldwide for developing biofertilizers and bio-
control agents (BCAs) as better alternatives to 
agrochemicals, as the latter harm the environment 
and human health besides demanding high costs.  

   Materials and Methods 

   Rice Rhizosphere Soil Samples 

 A total of 18 rice rhizosphere soil samples were 
collected from paddy  fi elds in southern parts of 
Tamil Nadu. Rice plants were uprooted gently, 
placed in sterile polythene bags, and brought to 
the laboratory. The soils adhered the root surface 
and were dislodged under aseptic condition and 
collected in sterile polypropylene bags.  

   Isolation of Actinomycetes 

 10 g of rice rhizosphere soil samples was dissolved 
in 90-ml sterile distilled water, and the  fl asks 
were placed on rotary shaker at 150 rpm for 
30 min. Then the soil suspension were serially 
diluted up to 10 −9  and plated (0.1 ml) on yeast-
malt extract agar medium (ISP-2)  [  16  ]  supple-
mented with cycloheximide and nystatin (50  m g/
ml each) in order to minimize bacterial and fun-
gal contamination. The plates were incubated for 
3–14 days at 37 °C. Colonies of actinomycetes 
on the agar plates were picked on the basis of 
their morphological characteristics such as color-
ation of aerial mycelium (on the surface of agar), 
substrate mycelium (underside of agar), and dif-
fusible pigments. The strain was puri fi ed on 
ISP-2 medium and maintained on the same 
medium by subculturing at monthly intervals.  

   Screening of Actinomycetes 

 All the 102 actinomycetes were subjected to 
screening against fungal pathogens such as 
 Rhizoctonia solani, Alternaria alternata,   Fusarium 
oxysporum, Fusarium udum,   and Macrophomina 
phaseolina  by dual culture method  [  17  ]  on PDA 
and inoculated at the center of a fresh PDA Petri 
plate. Four actinomycetes were streaked in the 
periphery of each Petri plate and incubated at room 
temperature. Among the 102 actinomycetes, a 
strain designated as VSMGT1014 isolated from 
Madurai district was selected for further studies as 
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it effectively inhibited most of the fungal pathogens 
than the other isolates.  

   Antifungal Activity of  Streptomyces sp . 
VSMGT1014 Against Phytopathogens 

  Streptomyces sp . VSMGT1014 was grown in 
ISP-2 broth at 150 rpm in a rotary shaker at room 
temperature. After 6 days, the culture was har-
vested and centrifuged at 10,000 rpm for 15 min. 
After centrifugation the culture  fi ltrate of 
VSMGT1014 was bioassayed against all the 
above fungi by agar well diffusion method at 
the concentrations of 25, 50, 75, and 100  m l, and 
the mycelial growth inhibition was recorded.  

   Biochemical Characterization of 
Streptomyces  sp . VSMGT1014 

 The potent actinomycetes were characterized by 
morphological and biochemical methods. 
Morphological methods consist of macroscopic 
and microscopic observations. The microscopic 
characterization was done by cover slip culture 
method  [  18  ] . The mycelium structure, color, and 
arrangements of conidiospores and arthrospores 
on the mycelium were observed through atomic 
force microscope. Different physiological tests 
suggested in Bergey’s Manual of Determinative 
Bacteriology  [  19  ]  were carried out to identify the 
isolate. Various biochemical tests performed for 
the identi fi cation of potent isolate are as follows: 
indole test, methyl red test, Voges-Proskauer test, 
starch hydrolysis, and gelatin liquefaction. Lytic 
enzyme production tests were also performed for 
protease, amylase, and cellulase. Optimization of 
temperature, pH, and growth incubation time for 
the isolated strain was carried out.  

   Light Microscopic Study of VSMGT1014 
and  R. solani  Interaction 

 The interaction of VSMGT1014 and  R. solani  
was studied using light microscopy. Both the 
pathogen and antagonist were co-inoculated on 
PDA and PDB up to 2 and 5 days, respectively. 

Samples were taken from the pathogen and 
antagonist interaction zone and mycelia from 
PDB observed under the light microscope after 
staining with lactophenol cotton blue.  

   Extraction of Antifungal Metabolites 

 Crude metabolites were extracted from 
 Streptomyces  sp. VSMGT1014 by normal sol-
vent extraction method  [  20  ] . The crude metabo-
lites were tested against plant pathogens by well 
diffusion assay and sclerotial germination assay.  

   Thin-Layer Chromatography 

 Thin-layer chromatography of the crude com-
pounds was performed using precoated TLC 
silica plates to detect the compounds produced 
by  Streptomyces  sp. VSMGT1014. The crude 
was eluted with different solvent system and 
visualized under UV and iodine and the Rf value 
of each spot was calculated.  

   Effect of Culture Filtrate and Crude 
Compound on Sclerotial Germination 

 Uniform-sized sclerotia collected from 7-day-old 
culture of  R. solani  plates were soaked with  fi lter-
sterilized 3-day-old culture  fi ltrate, crude metabo-
lite of VSMGT1014, positive control carbendazim, 
and universal control sterile distilled water for 
different time intervals: 4, 8, 12, 16, 20, and 24 h. 
Then sclerotia were washed in sterile distilled 
water, blot dried using sterile blotting papers in 
aseptic conditions, and inoculated on PDA plates. 
Plates were incubated at 28 °C; after incubation 
the plates were observed 1–3 days.   

   Results and Discussion 

   Isolation and Screening of 
Actinomycetes 

 A total of 102 actinomycetes were isolated 
from rice rhizosphere soils and screened for 
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antifungal activity against  R. solani  
(Table  39.1 ). Among 102, 56 isolates exhibited 
antagonistic activity and produced inhibition 
zones ranging from 0.6 to 3.0 cm. Among 56, 
the isolate-designated VSMGT1014 showed 
highest antifungal activity, a broad spectrum 
of phytopathogens such as  A. alternata, F. 
oxysporum,   F. udum, and M.   phaseolina  
(Table  39.2 , Fig  39.1 ).     

   Identi fi cation of  Streptomyces  sp. 
VSMGT1014 

 The highly potential antagonistic strain 
VSMGT1014 was identi fi ed as  Streptomyces  sp. 
based on the physiological, morphological, bio-
chemical characteristic tests and atomic force 
microscopic studies (Table  39.3 ).   

   Effect of Culture Filtrate of  
Streptomyces  sp. VSMGT1014 Against 
Fungal Pathogens 

 The culture  fi ltrate of  Streptomyces  sp. 
VSMGT1014 effectively inhibited the conidial 
and sclerotial germination of fungal pathogens. 
The results indicated that VSMGT1014 grown 

on PDA plates released extracellular diffusible 
metabolites that inhibited the hyphal growth of  R. 
solani . The antagonistic potential of actinomy-
cetes pathogenic fungi involved the production of 
extracellular hydrolytic enzymes and moreover 
secondary metabolites or antifungal compounds. 
The decrease in the degree of fungal growth inhi-
bition corresponds to the decrease in concentra-
tion of the culture  fi ltrate (Table  39.4 ).   

   Effect of Crude Metabolite Against 
Sclerotial Germination of R . solani  

 The presence of  fi ve compounds with Rf value 
range such as 0.46, 0.51, 0.61, 0.85, and 0.89 was 
detected by thin-layer chromatography (TLC). This 
crude metabolite with  fi ve compounds remarkably 
inhibited the sclerotial germination of  R. solani . 

 In recent years, the use of secondary metabolites 
of microbial origin is gaining great momentum in 
crop protection, and these metabolites may be a 
supplement or an alternative to chemical control 
 [  14,   21  ] . Thus, worldwide interest in them has 
been renewed, and presently about 40 different 
plant diseases are being managed with microbial 
metabolites  [  22  ] . Indian soils are rich in micro-
bial diversity, especially actinomycetes  [  23  ] , and 
the wealth of indigenous micro fl ora of India has 
not been fully explored. In the present investiga-
tion, a total of 102 actinomycetes were isolated 
from the rice rhizosphere, of which 56 strains 
exhibited antifungal activity against plant patho-
gens. Among the 52 antagonists, a strain designated 
as VSMGT1014 was selected based on its broad-
spectrum activity against various phytopatho-
gens. The selected strain VSMGT1014 was 
identi fi ed as  Streptomyces  sp. based on the 
morphological, biochemical, and atomic force 
microscope observation. Out of 52, VSMGT1014 
shown to be highly effective against  R. solani  as 
it remarkably inhibited their growth. Further, it 
has been observed that the culture  fi ltrate of 
 Streptomyces  sp. VSMGT1014 completely inhib-
ited the conidial and sclerotial germination of  R. 
solani . The presence of  fi ve major compounds 
with the R 

f
  value range such as 0.46, 0.51, 0.61, 

0.85, and 0.89 was detected by analytical TLC. 

   Table 39.1    Antagonistic isolates from rice sample 
identi fi cation of VSMGT1014   

 District  Soil samples  Isolates 

 Madurai  10  70 
 Dindigal  1  4 
 Kanyakumari  3  14 
 Sivagangai  4  14 
 Total  18  102 

   Table 39.2     In vitro  antagonism of actinobacterial isolates 
against plant pathogens   

 Plant pathogens 
 No. of antagonistic 
isolates 

 Zone of 
inhibition(cm) 

  Rhizoctonia solani   56  0.6–3.0 
  Alternaria alternate   57  0.4–2.4 
  Fusarium oxysporum   32  0.2–2.5 
  Fusarium udum   39  0.2–1.2 
  Macrophomina 
phaseolina  

 41  0.4–2.5 
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These partially puri fi ed compounds signi fi cantly 
inhibited the conidial and sclerotial germination 
of  R. solani . 

 In spite of the use of many modern chemical 
fungicides, the management of these diseases in 
the farmers’  fi elds is still a dif fi cult task. Further, 
many of those fungicides although effective had 
narrow spectrum of activity, e.g., tricyclazole, a 
systemic fungicide, is effective for blast disease 

but is ineffective against sheath blight. Similar 
narrow-spectrum activity was reported with some 
 Streptomyces  metabolites such as blasticidin S 
and kasugamycin, which are effective only against 
blast of rice  [  24  ] , and validamycin A is effective 
only against sheath blight of rice  [  25  ] . The present 
investigation demonstrates the role of rice rhizo-
sphere actinomycetes in biocontrol of various 
fungal pathogens by  in vitro  antagonistic action 

  Fig. 39.1    Screening of actinobacteria against fungal pathogens       
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due to the production of secondary metabolites. 
Hence, the biological treatment not only reduces 
the diseases but   also increases the plant growth, 
especially within the framework of integrated dis-
ease management system. Also the results strongly 
suggest that Streptomyces sp. VSMGT1014 can 
be employed not only as a biocontrol agent for the 
management of plant diseases but also promotes 
the plant growth.       
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   Table 39.3    Physiological and biochemical characteristics 
of VSMGT1014   

 Biochemical test  Characteristics 

 Gram staining  + 
 Motility  Nonmotile 
 Aerial mycelium  White 
 Production of diffusible 
pigment 

 ± 

 Optimum temperature for 
growth 

 37 °C 

 Range of pH for growth  6–8 
 Optimum pH for growth  7.5 
 Indole test  − 
 Methyl red test  + 
 Voges-Proskauer test  + 
 Starch hydrolysis  + 
 Gelatin liquefaction  − 

 Lytic enzyme production  Characteristics 

 Amylase  + 
 Protease  + 
 Cellulase  + 

  + positive response, − negative response, ± feeble response  

   Table 39.4    Antifungal activity of culture  fi ltrate on plant 
pathogens   

 Plant pathogens 

 Zone of inhibition in cm 

 25  m l  50  m l  75  m l  100  m l 

  R. solani   2.2  2.3  2.4  2.5 
  A. alternata   2.3  2.4  2.5  2.6 
  F. oxysporum   2.3  2.5  2.6  2.7 
  F. udum   2.3  2.6  2.6  2.7 
  M. phaseolina   2.2  2.3  2.4  2.5 
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  Abstract 

 Micromorphology of vegetative and reproductive plant organs is the object 
of research to resolve the taxonomic problems of critical species and genera. 
Trichomes are distributed at the surface of aerial plant parts, having various 
functions and are extremely variable in their presence across plant, location 
on plant organs, density, form, etc., and, therefore, their morphology and 
structure can be used as taxonomic markers in the infrageneric classi fi cation 
of the genus. The purpose of this investigation was to analyse the degree 
of differentiation in micromorphological characters between the six spe-
cies and to assess the expression of these characters in individuals with 
intermediate macromorphology. Of the several traits on leaf surface, the 
stomata are perhaps the most signi fi cant from the point of view of system-
atics and phylogeny. Stomata that are highly characteristic of the epidermis 
occur in widely divergent parts of the plants including common foliage 
leaves. Stomatal size is an ecologically important attribute. The size, 
 distribution and frequency of stomata have been recognized as species 
speci fi c and these characters were used as signi fi cant parameters in the 
angiosperm taxonomy as well as phylogeny; qualitative and quantitative 
micro morphological characters, distribution and systematic relevance of 
both glandular and eglandular foliar trichomes using  scanning electron 
microscope (SEM) in species of genus Solanum (Solanaceae) including  S. 
melongena  var.  incanum ,  S. aculeatissimum ,  S. erianthum ,  S. macrocar-
pon ,  S. mammosum  and  S .  virginianum  were characterized. Both the abaxial 
and adaxial surfaces were characterized by anisocytic stomata which were 
more prevalent on the abaxial surface than the adaxial surface. Glandular 
trichomes were capitate while nonglandular trichomes were stellate with 
many arms or linear  fi ngerlike. Glandular trichomes play important roles 
in protecting plants from biotic attack by producing  defensive compounds. 

      Taxonomic Signi fi cance 
of Foliar Micromorphology 
and Their Systematic Relevance 
in the Genus Solanum (Solanaceae)       

     V.  S.   Anil Kumar    and    K.   Murugan         
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The trichomes in the family Solanaceae vary from unicellular to multicel-
lular, conical to elongated and smooth to ridges, with or without  fl attened 
disk at the base. Glandular capitate trichomes were the most unique on leaf 
surfaces of the examined taxa. In summary, the variation in morphology 
and distribution of foliar trichomes emerged as an important supportive 
taxonomic tool in delimiting species of genus Solanum.  

  Keywords 

 Leaf epidermal anatomy  •  Trichomes  •  Capitate glands  •  Solanum      

   Introduction    

 Epidermal micromorphology of the leaves is used 
in emphasizing the interrelationships, and segre-
gation into major clades  [  1,   2  ]  has supported the 
earlier grouping for various taxa from different 
families of plant systematics. Epidermal micro-
characters are quite important to delineate the 
different taxa in terms of phylogenetic and taxo-
nomic considerations. Angiosperms leaves are the 
most suited and studied for these purpose  [  3  ] . 
Several authors recognized the importance of 
these epidermal features in recognizing the differ-
ent taxa belonging to different families  [  4–  6  ] . 
More importantly this study useful to locate the 
markers present within the circumcision of the 
micromorphology  [  7  ]  utilized epidermal characters 
for understanding the interrelationship of the vari-
ous taxa. Indeed the foliar epidermal characters of 
the angiosperms depict the suf fi cient diversity of 
details due to its genetic and environmental make-
up. Since the micromorphological characteristics 
of foliar trichomes have played an important role 
in plant taxonomy, especially of particular groups 
at generic and speci fi c levels, more and more 
studies in this  fi eld have attracted the attention of 
plant morphologists and systematists to resolve 
the taxonomic con fl icts. Similarly, of the several 
traits on leaf surface, the stomata are perhaps the 
most signi fi cant from the point of view of system-
atics and phylogeny. Stomata that are highly char-
acteristic of the epidermis occur in widely divergent 
parts of the plants including common foliage leaves 
 [  8  ] . Stomatal size is an ecological important 
attributes. The size, distribution and frequency of 
stomata have been recognized to be speci fi c to the 

taxa below the family, and these characters were 
used as signi fi cant parameters in the angiosperm 
taxonomy as well as phylogeny .The importance 
of epidermal cell characters is now well established 
in taxonomic considerations of angiosperms [  5  ] . 
Therefore, in this chapter, the micromorphological 
characteristic of foliar trichomes in  Solanum  was 
studied by means of scanning electron microscopy 
(SEM). The speci fi c objective of this chapter was 
to compare the micromorphological characteristics 
of foliar nature in different species of this genus.  

   Materials and Methods 

 Leaf materials used in this study were obtained 
from freshly collected plants during the expeditions 
to various parts of Kerala. The plants were identi fi ed 
at the Department of Botany, University of Calicut, 
and a voucher specimen was prepared and depos-
ited in the herbarium of the Department of Botany, 
University College, Thiruvananthapuram. 

 Scanning electron microscopy: Fresh leaf 
pieces (10 × 10 mm 2 ) from all the species such 
as  S. melongena  var . incanum, S. aculeatissimum,  
 S. erianthum, S. macrocarpon,   S. mammosum  
and  S. virginianum were  immersed in a  fi xative 
solution of 3% glutaraldehyde in 0.1-M phos-
phate buffer for 24 h. Samples were washed for 
15–30 min with the buffer and dehydrated in 
graded ethanol series. Samples were then critical 
point dried using CO 

2
 , sputter coated with gold 

under vacuum and viewed with Hitachi (S-450) 
scanning electron microscope operating at 15 kV. 
Images were captured digitally with an Image 
Slave computer program for Windows.  
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   Results and Discussion 

   SEM Study of the Leaf Reveals the 
Following Features 

   Surface of Leaf 
  S. aculeatissimum  adaxial leaf surface shows 
irregular ridges and furrows appearing like chains 
of hillocks. Each ridge is shallowly undulated 
and striated. Flakes of wax particles are randomly 
distributed throughout the surface (Fig.  40.1a ). 
In the case of  S. erianthum,  both surfaces were 
densely pubescent with short-stalked multiradiate 
stellate nonglandular hairs (Fig.  40.1b and c ). 
In  S. melongena var. incanum,  both the surfaces 
were sparsely pubescent with sessile multiradiate 
stellate nonglandular hairs. Short-stalked multi-
cellular glandular hairs were dense in the upper 
surface (Fig.  40.1d and e ).  S. macrocarpon  leaf 
was ridged with short-stalked multicellular glan-
dular hairs on both surfaces, whereas unicellular 
nonglandular pointed hairs are restricted along 
the margin of the leaf (Fig.  40.1f and g ). Both the 
leaf surfaces of  S. mammosum  were studded with 
long-stalked multicellular glandular hairs inter-
mingled with long multicellular nonglandular 
hairs (Fig.  40.1h  and i). Interestingly, the lower leaf 
surface showed the presence of short-stalked 
multicellular glandular hairs along the veins. 
 S. virginianum  upper leaf surface showed the pres-
ence of long multicellular nonglandular hairs 
with bulbous tip, short-stalked multicellular glan-
dular hairs and multicellular nonglandular stalked 
hairs with pointed tip (Fig. 40.1j). Lower leaf 
surface showed few stellate hairs, long multicel-
lular nonglandular hairs with bulbous tip and 
multicellular nonglandular stalked hairs with 
pointed tip (Fig. 40.1k).  

 Generally the abaxial surface is uneven due to 
differential cuticularization. The cuticular striations 
are riblike with variable curvatures and apparent 
interlocking or articulations.  S. aculeatissimum  
showed glandular trichomes all along the surface 
with sparse distribution of long multicellular 
nonglandular hairs with pointed tip (Fig.  40.2a ).  

 The ribs are in somewhat parallel orientation 
xent directions from stomatal rim. Each rib is 
differentially thickened and curved and has 
undulated surface. The leaf is amphistomatic with 
anomocytic stomata.  

   Stomata 
 Each stoma is lodged in a shallow depression. 
It is oval in shape, the aperture being elliptic with 
an outline of waxy deposition. The guard cells 
are slightly protuberant and the lateral walls of 
the guard cells are with uneven waxy coating 
(Fig. 40.3a to d). 

 The epidermal cells have sinuous anticlinal 
walls on the adaxial surface and waved on the 
abaxial surface. In cross section, the epidermis is 
one-layered with rounded cells, and the stomata 
are located on the same level as the other epider-
mal cells. The analysis of epidermal prints has 
shown that the epidermal tissue consisted of cells 
with rugose anticlinal walls, especially abaxially. 
Indumentum, made of nonglandular and glandular 
hairs, was sparse on both epidermal sides. Hairs 
were more numerous along veins and on the 
abaxial lamina side. 

 There were two types of glandular hairs. 
The hairs of one type consisted of a short, multi-
cellular stalk and a multicellular secretory head, 
round to oval in shape (Fig.  40.1f ). The hairs of 
the second type had a longer stalk, made of two, 
three or four cells, and a unicellular secretory 
head at the top (Fig.  40.1h ). The stalk cell under 
the head was narrow. It has been noticed that this 
cell dried faster than the other stalk cells. Stalk 
cells closer to the hair base were widened. 

 Glandular trichomes are characterized by 
having ‘heads’ (glands) that release, on contact, 
sticky and/or toxic exudates that may entrap, 
irritate or potentially kill some pests  [  9  ] . These 
glands contain important secondary metabolites 
including terpenes, essential oils,  fl avonoids and 
lipophilic components  [  10,   11  ]  .  In most species, 
the source of these secondary metabolites has 
been attributed to the trichomes  [  12  ]  .  The posses-
sion of glandular trichomes is characteristic of 
the genus  Solanum  and of many other members 
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  Fig. 40.1    Fig. 1a – h. 1a. Upper leaf surface of     Solanum 
aculeatissimum  showing ridges and furrows. Fig. 1b and c 
Upper and lower leaf surfaces of  Solanum erianthum  
showing multiradiate nonglandular stellate hairs. Fig. 1d 
Upper leaf surface of  Solanum melongena var. incanum  
showing multiradiate nonglandular stellate hairs and 
short-stalked glandular hairs. Fig. 1e Lower leaf surface 
of  Solanum melongena var. incanum  showing multiradiate 

stellate nonglandular hairs. Fig. 1f. Leaf surface  of 
Solanum macrocarpon  showing short-stalked multicellular 
glandular hairs. Fig.1g. Leaf margin of  Solanum macro-
carpon  showing unicellular nonglandular pointed hairs 
along with glandular hairs. Fig. 1h Upper leaf surface of 
 Solanum mammosum  showing long-stalked multicellular 
glandular hairs along with long multicellular nonglandular 
hairs         
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of Solanaceae, with the exception of  Nicotiana 
glauca  and  Solandra nitida   [  13  ] . The two types 
of glandular trichomes identi fi ed on the leaves of 
 Solanum  might be responsible for the production, 
accumulation and release of volatile and second-
ary metabolites such as the saponins and steroid 
alkaloids reported by Drewes and Van Staden 
 [  14  ] . Although micromorphological studies alone 
do not provide the information required to estab-
lish sites of synthesis in cells  [  10  ] , it is plausible 
to assume that the therapeutic compounds in 
 Solanum  are produced by the glandular trichomes. 

The leaf epidermis surfaces were investigated to 
evaluate their taxonomic signi fi cance to be used 
for separation and delimitation of the species of 
the section. Micro morphological characters of 
the leaves such as density, distribution and type 
of stellate trichomes, the anticlinal walls of epi-
dermal cells and also the type and distribution of 
stomata proved to be the most useful and distinc-
tive characters for the separation and delimitation 
of the species and also may contribute as an addi-
tional support to the interspeci fi c taxonomy and 
systematics of  Solanum .        

Fig. 40.1 (continued)
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  Fig. 40.2    1i. Lower leaf surface of  Solanum mammo-
sum  showing long-stalked multicellular glandular hairs, 
long multicellular nonglandular hairs and short-stalked 
multicellular glandular hairs along the veins. Fig. 1j 
Upper leaf surface of  Solanum virginianum  showing 
multicellular nonglandular hairs with bulbous tip, 
short-stalked multicellular glandular hairs and multi-
cellular nonglandular hairs with pointed tip. Fig. 1k 
Lower leaf surface of  Solanum virginianum  showing 

stellate hair, long multicellular nonglandular hairs with 
bulbous tip and multicellular nonglandular hairs with 
pointed tip. Fig. 2a. Leaf surface of  Solanum aculeatis-
simum  showing glandular hairs with sparse distribution 
of multicellular nonglandular hairs with pointed tip. 
Fig. 3a Stoma of  Solanum aculeatissimum.  Fig. 3b 
Stoma of  Solanum macrocarpon.  Fig. 3c Stoma of 
 Solanum melongena var. incanum.  Fig. 3d Stoma of 
 Solanum virginianum        
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  Abstract 

 Soil microbial diversity is of utmost importance for functioning of any 
ecosystem. Samples from coastal region of Gujarat, that is, from Alang, 
Daman, Mandvi, Okha, Porbandar and Veraval, and from desert areas of 
Bhuj, Dhordo and Khavda were collected. The purpose of our study was 
enumeration and functional diversity analysis of 14 functional microbial 
groups of microorganisms present in both ecosystems and correlation of 
microbial data with abiotic parameters as well as with important soil 
enzyme activities. Functional diversity was analysed using CLPP. Finally, 
correlation between abiotic parameters and microbial data was done using 
SPSS, and various diversity indices values were calculated. We concluded 
that in comparison to coastal soil, desert soil exhibited high diversity, total 
activity and richness. PCA analysis displayed that coastal samples were 
clustered together, while the desert samples were separated from each 
other and from the coastal samples group. The coastal sites of Okha, 
Porbandar and Veraval seemed to be deteriorating with low microbial 
diversity.  

  Keywords 

 Functional microbial diversity  •  CLPP  •  PCA      

      Investigation of Functional 
Microbial Diversity and Related 
Abiotic Factors in Coastal 
and Desert Ecosystem of Gujarat       
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   Introduction 

 Soil microorganisms play a major role in soil 
fertility as a result of their involvement in nutri-
ent cycles like carbon, nitrogen and others which 
are required for plant growth. Microbial diversity 
is a general term used to include genetic diver-
sity, that is, the amount and distribution of genetic 
information, within microbial species; diversity 
of bacterial and fungal species in microbial 
communities; and ecological diversity, that is, 
variation in community structure, complexity of 
interactions, number of trophic levels and number 
of guilds  [  1  ] . 

 The microorganisms play a vital role in the 
soil ecosystem; some of the microbes reduce 
organic matter and utilise it for their growth and 
thus also eradicate organic pollutants from soil. 
Hence, microbial diversity is of utmost impor-
tance for functioning of any ecosystem. The 
diversity index is a measure of the relationship 
between the number of species collected and the 
evenness of their distribution. Diversity indices 
may be useful to further understand the status of 
soil microbial communities. Diversity is a func-
tion of two components: (1) the total numbers of 
species present, species richness, and (2) the dis-
tribution of individuals among those species, 
evenness  [  2  ] . Various diversity indices include 
diversity index given by Shannon and Weaver 

 [  3  ] , richness (total number of species) given by 
Margalef (1958) and Menhinick (1964) and even-
ness (distribution of individual within the spe-
cies) given by Pielou (1977)  [  2–  5  ] . 

 In any ecosystem, functional groups of micro-
organisms are important in contributing to the 
sustained functions of ecosystem. Hence, studying 
different functional groups of microorganisms 
may be signi fi cant representation of the total 
microbial communities contributing to functioning 
of that ecosystem. The major groups of microor-
ganisms belong to bacteria, including actinomy-
cetes, and fungi, including yeast. Table  41.1  
displays different microbial groups along with 
their functional roles.  

 There are various methods to study microbial 
diversity which are as follows: (a) plate count 
method  [  16  ] ; (b) molecular methods like DGGE 
or TGGE  [  17  ]  and microarray  [  18  ] ; (c) phospho-
lipid fatty acid analysis (PLFA)  [  19  ]  and (d) com-
munity-level physiological pro fi ling (CLPP)  [  20  ] . 
Microbial diversity needs to be studied due to the 
following reasons: (a) to expand the frontiers of 
knowledge about the strategies and limits of life, 
especially those thriving at extreme conditions; 
(b) microorganisms are of critical importance to 
the sustainability of life on our planet; (c) the 
untapped diversity of microorganisms is a key 
resource for new genes and organisms of value to 
biotechnology; (d) diversity patterns of microor-
ganisms can be used for monitoring and predicting 

   Table 41.1    Different categories of soil microorganisms and their roles   

 Main 
division  Subdivision  Functional role  References 

 Bacteria  Prototrophic  Metabolise single carbon source like malate or acetate   [  6  ]  
 Nitrogen  fi xers  Nitrogen  fi xation, nitri fi cation and denitri fi cation   [  7,   8  ]  
 Nitri fi ers 
 Denitri fi ers 
 Ammonia oxidisers  Conversion of ammonium to nitrite   [  8,   9  ]  
 Element transformers  Ferric reducers   [  7,   9  ]  

 Sulphate reducers 
 Phosphate solubilisers 

 Gram-positive decomposers  Actinomycetes (mesophilic and thermotolerant)   [  8–  10  ]  
 Involved in decomposition, mineralisation cycle and 
produce extracellular enzymes and antibiotics 

 Fungi  Important degraders   [  11–  14  ]  
 Yeast – breakdown of complex molecules 

 Protozoa  Predation of bacteria   [  15  ]  
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environmental change and (e) microbes play a 
role in conservation and restoration biology of 
higher organisms and degraded landscapes. The 
present work was undertaken to study the micro-
bial diversity by different approaches in coastal 
and desert area and correlate them with the phys-
ico-chemical parameters. 

 The basis for selection of such area for the 
study was salinity as the common factor. 
Functional microbial diversity approaches adopted 
were ‘enumeration of different functional groups 
of microorganisms’, ‘enzyme assay for whole soil 
microbial community’ and ‘   functional diversity 
determination by CLPP analysis’. 

 Enzymes are among the most remarkable 
biomolecules because they show extraordinary 
speci fi city in catalysing biological reactions. In 
soil, the enzyme may be present as an extracel-
lular soluble molecule, temporarily associated in 
enzyme-substrate complexes, adsorbed to clay 

minerals or associated with humic colloids. 
Enzyme measurements answer qualitative questions 
about speci fi c metabolic process and, in combi-
nation with other approaches, may increase our 
understanding of the effect of agrochemicals, cul-
tivation practices and environmental and climatic 
factors on the microbiological activity of soil  [  21  ] .  

   Materials and Methods 

   Sample Collection 

 Soil samples were collected from coastal (Daman, 
Alang, Veraval, Porbandar, Okha and Mandvi) and 
desert regions (Bhuj, Khavda, Dhordo) of Gujarat   , 
and virgin soil of Ahmedabad (Nirma University) 
was taken as control (Fig.  41.1 ). Sediment samples 
from coastal areas were also collected. From all 
locations, composite soil samples till depth of 6 cm 

  Fig. 41.1    Location of sites selected for study (desert and coastal areas are shown in  different colours )       
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were collected twice, during winter (December 
2010) and at the end of winter (February 2011)  [  22  ] . 
Sea water samples were also collected for compari-
son of physico-chemical parameters of water.  

 From desert two types of soils were collected, 
one virgin and one under some plantation (desert 
bush). The samples were brought back to the lab-
oratory within 6–8 h of collection and were pre-
served in the refrigerator (4 °C).  

   Determination of Abiotic Parameters 

 The physico-chemical parameters, namely, pH, 
temperature, moisture, TDS in soil and sediment 
suspension, salinity, conductivity, organic carbon 
and total nitrogen, were determined from soil and 
sediment samples, whereas from the sea water sam-
ples, pH, temperature, TDS, salinity, conductivity, 
chloride content, sulphate content, organic carbon 
and total nitrogen were estimated. The temperature 
was recorded at the surface and at the depth of 6 cm; 
moisture content, TDS, hardness, chloride content 
and sulphate content were determined by the stan-
dard procedures  [  23  ] . Salinity and conductivity 
were measured by PCSTestr   ™ 2122 (Eutech 
instruments) in the suspended solution. Total organic 
carbon and Kjeldahl nitrogen were analysed by 
M. K. Soil Testing Laboratory, Ahmedabad, 
Gujarat, India, using the standard procedure  [  23  ] .  

   Microbial Characterisation 

 The microbial characterisation using 14 groups 
of microorganisms under the study can be func-
tionally broadly categorised as follows: (1) gen-
eral bacterial population (total viable count, 
gram-negative bacteria and prototrophic bacte-
ria), (2) nitrogen  fi xers and nitri fi ers ( Rhizobium , 
 Azotobacter, Azospirillum  and ammonium oxi-
disers), (3) functional groups of bacteria of other 
elemental cycles (ferric reducers, sulphate reduc-
ers and phosphate solubilisers), (4)  fi lamentous 
bacteria (mesophilic actinomycetes and thermo-
tolerant actinomycetes) and (5) fungi (fungi and 
yeast). They were enumerated using one of the 
three basic    methods: spread plate, pour plate  [  24  ]  
and most probable number method  [  25  ] . 

 Prototrophic bacteria, ferric-reducing bacteria, 
sulphate-reducing bacteria and the nitri fi ers were 
enumerated using MPN methods;  Azospirillum  
was enumerated by pour plate method, while rest 
of the populations were determined by spread 
plate count methods. The ready-made media used 
were procured from Himedia, India. The media, 
incubation time, incubation temperature and 
detection method for all these microbial groups 
are listed in Table  41.2 . The data obtained were 
used for statistical analysis by one of the multi-
variate analysis method of PCA (principal com-
ponent analysis). The CLPP data were used for 
calculations of various diversity indices  [  3  ] .  

 Correlation coef fi cient values were calculated 
for microbial population parameters and physico-
chemical parameters by SPSS (Ver. 7.5).  

   Soil Enzyme Assay 

 The enzymes with important ecosystem functions 
were selected for the diversity study. The selected 
enzymes and the method used for analysis were 
protease, which catalyses the hydrolysis of proteins 
to polypeptides and oligopeptides to amino acids 
 [  26  ] ; urease, which catalyses the hydrolysis of urea 
to CO 

2
  and NH 

3
   [  27  ] ; L-asparaginase, which has an 

important role in nitrogen mineralisation in soils 
and catalyses the hydrolysis of L-asparagine, produc-
ing L-aspartic acid and ammonia  [  28  ] ; L-glutami-
nase, which supplies available nitrogen to plants by 
hydrolysis of L-glutamine yielding L-glutamic acid 
and NH  

3
  +    [  29  ] ; phosphomonoesterase, which is 

playing an important role in plant P nutrition  [  30  ] ; 
and  b -glucosidase, by which microbes degrade 
cellulose to glucose and is an important component 
for carbon cycling  [  31  ] . Correlation between 
enzyme activities and physico-chemical parameters 
of soil was statistically analysed.  

   Functional Diversity Determination 

 For functional diversity estimation, Biolog-based 
method is frequently used. But due to unavail-
ability of Biolog, the method was simulated in 
tubes. The C sources selected belonged to GN/
GP/EcoPlates of Biolog®. 
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 Substrate utilisation assay was done using 38 
different carbon sources to check carbon source 
utilisation by soil microbial community upon 
incubation. For this assay, basic mineral medium 
was used with tetrazolium red dye, which is a 
redox indicator dye. In a set of 38 tubes, dilutions 
of soil or sediment suspension were inoculated. 
A tube without any C source was used as control, 
and upon incubation the OD 

600
  response in this 

tube was subtracted from the responses of all 
other tubes. 

 After incubation period, this colourless media 
turned to red due to respiration of microbial 
communities present in the inoculum which 
indicated the utilisation of carbon sources. 
Potential substrates included sugars, amino 
acids, organic acids, sugar alcohols, polymers, 
etc. (Table  41.3 ).  

 The data obtained were used for calculation of 
various diversity indices  [  2–  5  ]  as well as for mul-
tivariate analysis by PCA to see the difference in 
microbial communities in various coastal and 
desert samples.   

   Results and Discussion 

   Abiotic Factors 

 During sampling, the pH of both desert and coastal 
soils was found to be lying in the range from 5.13 
to 7.70, that is, acidic to neutral in nature. Moisture 
content was higher in coastal soil than in desert 
soils because of the xeric conditions. Temperature 
was recorded higher in the deserts (~30 °C) in 
comparison to coasts (~25 °C). 

 Total dissolved solids (TDS) were found to be 
negligible in the deserts. Salinity (g%) generally 
was found to range between 1 and 3% in desert 
soils, whereas the values were 3–5% in coastal 
soils and were highest in Daman polluted coast 
(9.36%) and lowest in deserts (0.31% in Khavda 
soil under plantation). Conductivity ( m S) was found 
to be highest in coasts (1,887  m S in Daman polluted 
coast) and lowest in deserts (50.8  m S in Khavda 
S.P.). Organic carbon (%) and total nitrogen (%) 
were found to be highest in coasts in comparison to 
deserts. In desert soils, less than 1% organic carbon 
content was observed, whereas in the coastal soils, 
the values ranged between 1 and 2%.  

   Biotic Factors 

 Among the 14 groups of organisms, there were 
less signi fi cant differences in the CFU count of 
some of the groups of organisms. This includes 
total viable count, prototrophic bacteria, 
 Azotobacter  and sulphate reducers, but  Rhizobium,  
phosphate solubilisers, thermotolerant actinomy-
cetes and fungi showed more signi fi cant differ-
ences in the CFU counts. 

  Rhizobia  are acid producers and alkali producers. 
Apart from  fi xing N 

2
  symbiotically, they can also 

solubilise sulphur and phosphorus because they pro-
duce exo-acid  [  8  ] . As seen in Fig.  41.2 , the  Rhizobium  
population was found to be higher in desert soils in 
comparison to coastal soils; as in all the desert soils, 
namely, Dhordo, Dhordo soil under plantation, 
Khavda, Khavda soil under plantation and Bhuj, 
count of almost 10 5  cfu g −1  soil was obtained.  

   Table 41.3    Different carbon sources used for CLPP assay   

 Tween 80  D-Xylose 
 Sodium pyruvate  Citric acid monohydrate 
 Ketoglutaric acid  D- and L-lactic acid 

 Adenosine 5 ¢ -monophos-
phoric acid Na salt 

 Dextrin 

 D-Glucose-6-phosphate 
disodium salt dihydrate 

 Sucrose 

 L-Arginine  DL-Malic acid 
 i-Erythritol  L-Alanine 
 L-Glutamic acid  Inositol 
 Dextrose  D-Fructose 
 Dulcitol  Acetic acid 
 D-Galactose  D-Mannitol 
 Maltose monohydrate Bacto  Formic acid 
 D-Sorbitol  L-Arabinose 
 D-Trehalose dihydrate  Tween 20 
 L-Asparagine monohydrate  Lactose 
 N-acetyl D-glucosamine  D-Melezitose 
 L-Proline  D-Melibiose 
 Xylitol  D-Ribose 
 L-Rhamnose monohydrate 
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 The two bars on each sample show values 
obtained during the two sampling times. Many 
 Rhizobium  species are known to be resistant to 
adverse environmental conditions, such as high 
temperature and desiccation  [  32,   33  ] . 

 Phosphorus is not available in free form in soil 
because it is restricted by its tendency to precipi-
tate in the presence of bivalent metals (calcium, 
magnesium, etc.). Thus, solubilisation of phos-
phorus by  phosphate solubilisers  makes it bio-
available to organism in soil by diverse groups of 
microorganisms  [  10  ] . Similarly, the population 
of phosphate solubilisers was found to be higher 
(~10 5  cfu g −1  soil) in desert soils in comparison to 
coastal soils (Fig.  41.3 ).  

 Actinomycetes able to grow at temperatures 
of 50 °C and above, classi fi ed as  thermotolerant 
actinomycetes,  have been reported to be major 
degrading organisms during composting. They pro-
duce exoenzyme and can degrade many polymor-
phic substances such as starch, cellulose, lignin, 
etc.  [  10  ] . They produce cellulolytic and hydro-
lytic enzymes, for example,  Actinosporangium, 
Kitasatoa,  etc.  [  12  ] . 

 Their population was prominent and exclu-
sively higher in all the desert soils although some 
low count was found in coastal soils of Alang, 
Mandvi and Daman (Fig.  41.4 ). This may be 
because of the higher temperature in the desert 
and the fact that only those organisms that can 
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  Fig. 41.2    Population of  Rhizobium  in coastal and desert samples       
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  Fig. 41.3    Phosphate-solubiliser populations in coastal and desert samples       
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adapt to this higher temperature can survive. 
According to another report, average cfu count of 
thermophilic actinomycetes in coastal sediment 
was found to be ranging from 10 3  to 10 5  cfu g −1  
dry weight of soil, and with increase in tempera-
ture, they are found to take place  [  32  ] .  

 Fungi, although, were not exclusively found 
in desert soils, but in comparison to coastal soils, 
in all the desert soils, fungal count was found to 

be higher (Fig.  41.5 ). Soil fungi are less numerous 
and are as diverse as bacteria, but may contribute 
up to 70% of the microbial biomass  [  33  ] . Higher 
fungal population in desert soil may be due to 
the fact that fungi are found free in soil, in asso-
ciation with plant roots or as saprophytes on 
detrital material  [  16  ] , whereas coastal soils are 
 fl ushed by sea water leaving little organic 
material.   
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  Fig. 41.5    Population of fungi in coastal and desert soil samples       
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   Enzyme Assay 

 Highest activity of protease was found in coastal 
soil of Daman coast (1.33  m g tyrosine g −1 dwt 
2 h −1 ) in comparison to highest value in desert soil 
of Khavda (0.84  m g tyrosine g −1 dwt 2 h −1 ). Highest 
activity of urease was found high in coastal soil of 
Daman (13.2% total nitrogen) in comparison to 
desert soil (5.71% total nitrogen). The urease 
activity in soil is very stable and rarely in fl uenced 
by air-drying, irradiation or storage at tempera-
tures between −22 and 60 °C  [  34  ] . Highest activity 
of L-asparaginase was found in Alang sediment 
(0.005% total nitrogen) in comparison to desert 
soil (0.0008% total nitrogen). Temperature sensi-
tivity of the enzyme also affects the enzyme activ-
ity; when temperature goes beyond optimum 
temperature, the activity ceases  [  35  ] . 

 Surprisingly, highest activity of L-glutaminase 
was found in desert soil of Dhordo desert, Dhordo 
soil under plantation and Bhuj. A   ll were having 
the value of 0.0006% total nitrogen, while no 
enzyme activity was found in the coastal soils. 

 Phosphomonoesterase activity includes activ-
ity of acid phosphatase and alkaline phosphatase. 
H   ighest activity of acid phosphatase was found in 
the coastal soil of Daman coast (69.47 mg g −1  dwt 
2 h −1 ) in comparison to desert soil of Khavda soil 
under plantation (51.25 mg g −1  dwt 2 h −1 ), while 
highest activity of alkaline phosphatase was 
found in Daman polluted sediment (99.7 mg g −1  
dwt 2 h −1 ) in comparison to maximum value 
among desert soils which was in Bhuj 
(65.42 mg g −1  dwt 2 h −1 ). This enzyme activity is 
negatively dependent on salinity and positively 
depends on organic carbon present  [  36  ] , which 
may be the reason for low level detected in coastal 
samples. 

 Highest activity of  b -glucosidase was found in 
coastal soil of Daman polluted sediment 
(90.82  m g g −1  dwt h −1 ) in comparison to highest 
among desert soil found in Dhordo (88.56  m g g −1  
dwt h −1 ). Coastal soil gets continuous input of 
autochthonous and allochthonous community, 
which are degraded by the microorganisms pres-
ent in the soil, and utilise it as carbon source. Thus, 
the activity of enzymes depends on the amount of 

organic matter which enters into the system, while 
in case of desert ecosystem, the organism utilises 
the available source and respectively enzyme 
activity is observed  [  37  ] . More or less, the enzyme 
activities were found to be dependent on soil total 
organic carbon.  

   Functional Diversity Scenario 

 Functional diversity based on CLPP was analy-
sed  fi rst by comparing AWCD (average well 
colour development) patterns of C substrate utili-
sation displayed by all samples along the incuba-
tion till 170 h. Average well colour development 
is represented in Fig.  41.6  for all coastal and 
desert samples.  

 Desert soil of Bhuj showed maximum utilisa-
tion of substrate (total activity,  n  = 6.893), while 
least has been shown by the coastal soil of Okha 
(0.57) at 97 h of incubation, when the highest 
total activities were compared in all the samples. 
Another important observation was that the 
desert soils displayed higher utilisation in terms 
of AWCD as compared to coastal samples. 

 The graph of AWCD for all samples displayed 
that analysis of data of 97 h would be useful for 
examining the differences among the samples 
and sites. Hence, the data of 97 h of incubation 
was analysed by principal component analysis, 
and results are presented in Fig.  41.7 .  

 Principal component analysis of the 97 h 
CLPP data showed the difference between coastal 
soil and desert soil. Here, all coastal soils were 
clustered together, while the desert soils were 
placed distantly. CLPP in 97 h incubation time 
resulted in extraction of total 6 PCs. Here,  fi rst 2 
PCs extracted total 61.95% of variance present in 
the data. 

 Here, the soil of Porbandar, Okha, Alang and 
Mandvi is nearly similar to each other; Veraval 
coastal soil and Daman coastal soil are nearly 
similar in terms of functional microbial commu-
nity. In case of desert soils, they were not found 
to be similar to each other and so were placed 
apart. Even Nirma soil showed quite different 
pro fi le of C source utilisation and thus was shown 
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to be different from all other samples. CLPP data 
of 97 h was used for calculation of diversity indi-
ces as well, and the results are presented in 
Table  41.4 .  

 In general, desert soils exhibited high func-
tional diversity (Shannon diversity H’) as com-
pared to coastal samples as highest value of H’ 
was obtained in Bhuj (3.23) and lowest in Daman 
and Okha (2.44 in each). Microbial communities 
of the desert soils were found to be utilising 
maximum number of substrates, that is. 32 in 

Khavda soil under plantation. This signi fi es the 
presence of many different types of species 
present in the community of desert soil. But the 
total activity was found to be low in Khavda. In 
terms of evenness, all the microbial communities 
were found to be evenly distributed with high 
E 

pielou
 , except for Daman coast. 

 On the other hand, Okha and Porbandar 
showed low richness and overall activity indicating 
highly disturbed conditions prevailing leading 
to low diversity, whereas Daman, Mandvi and 
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Veraval showed moderate levels of richness and 
diversity values. 

 On the basis of diversity indices and salinity 
values in desert and coastal samples, it can be 
said that the desert displayed high diversity when 
the salinity values were lower comparatively and 
vice versa. It proves that salinity values are nega-
tively correlated with diversity, substrate richness 
and total activity. Moreover, diversity (H’) cor-
related with substrate richness signi fi cantly 
( r  = 0.9,  p  < 0.01) as well as with total activity 
( r  = 0.783,  p  < 0.01). Hence, response obtained 
for sole carbon source utilisation proves to be an 
important analytical tool for assessment of micro-
bial diversity in any ecological niche.   

   Conclusions 

 It was concluded that in comparison to coastal 
soil, desert soil exhibited high diversity, total 
activity and richness. O   ne of the main reasons 
one can hypothesise is that the continuous sea 
water’s  fl ushing impact on coastal soil has lead to 
the loss of organic matter and nutrients from it, 
while in the desert, even with low soil organic 
matter, nutrients remain intact because of the 
absence of such effect. Also the high clay and silt 
content of the desert soil was helpful in making a 
meshwork which provided the suitable environ-
ment for the  fl ourishing microbial diversity. Since 
microbial population depends more on organic 
matter and nutrients for their growth, they were 

found to be high in deserts in comparison to 
coastal soil. PCA analysis displayed that coastal 
sediments were clustered together, while the 
desert samples were separated from each other 
and from the coastal samples. The coastal soils 
of Okha, Porbandar and Veraval seemed to be 
deteriorating accompanied by low microbial 
diversity.      
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  Abstract 

  Pythium myriotylum  is an oomycetous necrotrophic fungus that causes 
diseases in a wide variety of plants. Paromomycin, an aminoglycoside 
antibiotic, has been previously demonstrated to be effective against oomy-
cetes. We undertook detailed studies to investigate the mode of inhibition 
of paromomycin against  P .  myriotylum  since its mode of action against 
eukaryotes is not well de fi ned. Mycelial radial growth and biomass yield 
were inhibited with increasing paromomycin concentration. The EC

50
 

value for biomass production was found to be 8.07  m g/ml. Microscopic 
examination of paromomycin-treated  P .  myriotylum  zoospores (1 × 10 7  
spores/ml) also showed signi fi cant decrease in zoospores compared to 
control. Further evaluation of hyphae after treatment with inhibitory con-
centrations of paromomycin for 2 h revealed loss of membrane integrity 
and coagulation of cytoplasmic materials. As integrity of plasma membrane 
is a crucial prerequisite for maintaining cellular homeostasis, we further 
carried out molecular docking simulation to analyze the effect of paromo-
mycin on  b -tubulin that plays an important role in preserving membrane 
integrity.  b -tubulin has been suggested as a potential target for developing 
antifungal agents, and since very little information is available on oomy-
cete tubulin, a homology model of  P .  ultimum   b -tubulin (gb id:AAF22515.1) 
was constructed using  Ovis aries   b -tubulin (PDB ID: 3RYC) as template. 
Validation of stereochemical quality of the  fi nal re fi ned model revealed 
90% identity to template with 95% residues falling in most favorable 
region, while no residues were in the disallowed region in the Ramachandran 
plot. Molecular docking revealed that the amino acids, Gln 11, Asp 67, 
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Leu 68, Asn 99, Gly 142, and Asp 177, in the active site are consistently 
involved in strong hydrogen bonding with the target. The present study 
provides to our knowledge the  fi rst data on molecular interactions of paro-
momycin with tubulin that are involved in mediating its anti-oomycetous 
activity.  

  Keywords 

  Pythium myriotylum   •  Paromo mycin  •  Membrane integrity  •  Tubulin  
•  Homology modeling  •  Molecular docking      

   Introduction 

  Pythium myriotylum  Drechsler is a ubiquitous 
soilborne pathogen  [  1  ]  with a wide host range 
causing damping-off and root rot in many crop 
plants and resulting in substantial economic loss 
 [  2,   3  ] .  Pythium  is an oomycete and has little taxo-
nomic af fi nity to fungi but is phylogenetically 
related to brown algae and diatoms within the 
Kingdom Stramenopiles  [  4–  7  ] . Thus, many fun-
gicides used to treat soilborne fungal diseases are 
not effective against  Pythium  due to the absence 
of fungicide targets in oomycetes  [  4  ] . 

 Due to the detrimental effects associated with 
the use of chemical fungicides, previous studies 
have investigated on various biological control 
methods (BCA)  [  8,   9  ]  and antibiosis has been the 
most widely studied and important biocontrol 
mechanisms  [  10  ]  involved in antifungal activity 
and disease suppression. Previous studies have 
demonstrated that many of the antibiotics produced 
by BCAs have broad-spectrum activity against 
various phytopathogenic fungi  [  11–  15  ] . Following 
evaluation of anti-oomycete activity of various 
aminoglycoside antibiotics, paromomycin was 
identi fi ed to have potent anti- Pythium  activity. 
Paromomycin is an aminoglycoside antibiotic, 
 fi rst isolated from  Streptomyces rimosus  ssp.  paro-
momycinus , an actinomycete species  [  16  ]  and is 
known to inhibit prokaryotic translation by bind-
ing to 30S ribosomal subunits. However, its mode 
of action on eukaryotic oomycetes is not well 
de fi ned. Previous studies have reported that the 
disease-suppressive and anti-oomycete action of 
antibiotics produced by BCAs is mediated by 
inducing malformations in fungi such as stunting 

and deformation of germ tubes of germinating 
cysts  [  13,   17  ] , destroying germinating oospores, 
and damaging cell walls of fungal hyphae  [  18,   19  ] . 
Research is needed to understand the molecular 
basis of paromomycin action so that the funda-
mental knowledge gained can be applied to antici-
pate and prevent the breakdown of biocontrol. 

 Fungicides with antitubulin activity have been 
observed to be highly effective on a broad spec-
trum of oomycetes  [  20,   21  ]  as interference to 
microtubule will consequently affect various cel-
lular processes, such as mitosis and cytoskeleton 
formation. The present study provides detailed 
information for the  fi rst time on evaluation of 
inhibitory effect of paromomycin on  P .  myrioty-
lum  and discusses on the likely anti- Pythium  
mode of action of paromomycin. For the latter 
part of the study, we used  b -tubulin sequence 
of a related species,  viz .,  P .  ultimum,  and for 
which the genome sequence information is avail-
able  [  22  ]  and is also responsible for soft rot 
disease  [  23  ] .  

   Materials    and Methods 

   Anti- Pythium  Activity 

 Qualitative and quantitative analysis of anti-
 Pythium  activity was done by radial diffusion 
assay. Brie fl y, a 5-mm-diameter agar plug con-
taining actively growing  Pythium  was placed on 
a 5-mm  fi lter paper disc (Whatman no. 4) impreg-
nated with increasing concentrations of paromo-
mycin (10, 25, 50, 75, 100  m g/ml) and placed in 
the center of Petri dish containing potato dextrose 
agar (PDA) medium. The plates were incubated 
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at 25°C for 3 days and percentage of inhibition 
was measured by comparing mycelial growth in 
control plate containing water instead of paromo-
mycin. Results obtained are presented as the 
mean ± SD of the inhibition zone (I % = [(C–T)
C–1]100: I % = relative inhibition, C = control 
colonial diameter, T = colonial diameter from the 
paromomycin-treated plate). Experiments were 
done in triplicate.  

   Effect of Paromomycin on Biomass 

 Mycelial discs were inoculated in Czapek Dox 
minimal media (30g sucrose, 2g NaNO 

3
 , 1g 

KH 
2
 PO 

4
 , 0.5 KCl, 0.5g MgSO 

4
 7H 

2
 O, 0.1g 

FeSO 
4
 7H 

2
 O per liter) with trace element solution 

(1g ZnSO 
4
 , 0.5g CuSO 

4
 .5H 

2
 O per liter) containing 

different concentrations of paromomycin (5, 10, 
25, 50, 75, and 100 m g/ml) and incubated at 25°C 
for 5 days. Growth inhibitory effect of paromo-
mycin on  P. myriotylum  was determined by mea-
suring the mycelial biomass from triplicate 
samples for each treatment on pre-weighed  fi lter 
papers. Dry weight was determined after 6h oven 
drying at 60°C. EC

50
 value was calculated by 

transforming the data for each experiment for 
regression analysis. The percentage of inhibition 
compared to control was transformed into probits 
 [  24  ] , and paromomycin concentrations were log 
transformed. EC

50
 was then estimated from the 

regression line.  

   Zoospore Lytic Activity 

 Zoospores of  P .  myriotylum  were produced from 
7- to 10-day-old cultures grown on potato dextrose 
agar (PDA) plates at 25°C by the methods of 
Rahimian and Banihashemi  [  25  ]  and Pacumbaba 
et al.  [  26  ]  with modi fi cations. Brie fl y, mycelial 
discs (5mm diameter) were transferred to Petri 
dish containing sterile water (pH 7.0) and placed 
under  fl uorescent light at room temperature for 
24h to induce zoospore release. Zoospore con-
centrations were estimated with a hemocytometer 
and appropriate dilutions containing 1 × 10 7  zoo-
spores were made with sterilized water.  P. myrio-

tylum  zoospore viability at each paromomycin 
concentration (5, 10, 25, 50, 75, and 100  m g/ml) 
was evaluated in a hemocytometer after incu-
bation for 16h at 25°C.The experiments were 
repeated three times.  

   Evaluation of Hyphal Integrity 

 Mycelia from 5-day-old  P .  myriotylum  plates 
were harvested and incubated for 2h with optimal 
growth inhibitory concentration of paromomycin 
(25 m g/ml) determined from radial diffusion 
experiments. Mycelia were harvested, washed in 
minimal medium, and observed under bright  fi eld 
microscope (Olympus BX51, Japan) at 40X.  

   Molecular Modeling 

 Gene sequence encoding 446 amino acid  b -tubulin 
of  P .  ultimum  was selected from GenBank (acces-
sion number: AAF22515.1). BLASTP search of 
NCBI Protein Data Bank  [  27  ]  was done to identify 
homologous proteins. The three-dimensional (3-D) 
structure of  b -tubulin was generated using Modeller 
v9.10  [  28  ] . Reliability of the modeled structure of 
 b -tubulin was assessed by calculating root-mean-
square deviation (RMSD) by superimposing it on 
template structure using a three-dimensional 
structural superposition (3-DSS) tool  [  29  ] . 
Stereochemical quality of the 3-D structure was 
evaluated by inspecting the phi ( F ) and psi ( y ) tor-
sion angles using PROCHECK  [  30  ] , as determined 
by Ramachandran plot statistics. The ERRAT tool 
 [  31  ]  was used to check the overall quality of mod-
elled protein structure for potential errors and to 
assesses distribution of different types of atoms 
with respect to one another in the protein model.  

   Docking Simulations 

 Protein preparation wizard Epik v2.5  [  32  ]  was 
used for energy minimization of the modeled 
 b -tubulin using the optimized potentials for liq-
uid simulations all-atom (OPLS2005) force  fi eld 
 [  33  ]  to discard the high-energy intramolecular 
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interactions. Chemical structure of paromomycin 
was drawn using ACD/ChemSketch Freeware 
v12.01. The active sites of modeled  b -tubulin 
were predicted using Computed Atlas of Surface 
Topography of proteins (CASTp) program  [  34  ]  
and SiteMap v2.4 (Schrödinger) followed by 
docking studies. Docking procedure was per-
formed using extra precision (XP) Glide v5.6 
(Schrödinger), which produces the least number 
of inaccurate poses and calculates the accurate 
binding energy of the protein with the ligand  [  35, 
  36  ] . Good poses were selected by rejecting 
RMSD (root-mean-square deviation) greater than 
0.5Å and metal score greater than 10. Binding 
af fi nity of protein and ligand was predicted using 
GlideScore  [  35,   36  ] . Other binding interactions 
like van der Waals interaction energy, Coulomb 
interaction energy, Emodel (model energy), and 
cumulative van der Waals interaction energy were 
also determined.   

   Results and Discussion 

    Pythium  Growth Inhibition 

 Following disc diffusion assays, all concentrations 
signi fi cantly inhibited hyphal growth relative to 
control (ANOVA,  F  = 50.67,  p  < 0.01) with the 
percentage inhibition increasing with increasing 
paromomycin concentration (Fig.  42.1a ). A con-
comitant reduction in hyphal biomass was also 
observed with increasing paromomycin concen-
tration (Fig.  42.1b ). The concentration inhibiting 
hyphal growth by 50% (EC

50
) after 96 h of incu-

bation was observed to be 8.07  m g/ml. Microscopic 
examination of paromomycin-treated  Pythium  
zoospores (1 × 10 7  spores/ml) revealed signi fi cant 
reduction ( p  < 0.01) in spore number with increas-
ing paromomycin concentration (Fig.  42.1c ). 
Fewer than 50% of spores survived at the lowest 
paromomycin concentration (5  m g/ml) compared 

  Fig. 42.1    Effect of different concentrations of paromomycin on ( a ) mycelial radial growth ( b ) hyphal biomass, and ( c ) 
zoospore viability of  P .  myriotylum        
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to control. A regression analysis indicated 
signi fi cant correlation between paromomycin 
concentration and reduction in spore number. 
Morphological alterations to hyphae after expo-
sure to paromomycin were detected compared to 
control. The hyphae of  P .  myriotylum  control 
without paromomycin treatment were observed 
as aseptate and coenocytic with a continuous 
mass of cytoplasm (Fig.  42.2a ), which is typical 
of oomycetes  [  37  ] . After exposure to paromomy-
cin, hyphal morphology was damaged, and inside 
the shriveled hyphae, large vesicles were seen 
(Fig.  42.2b ). These experiments provide strong 
evidence for changes to the hyphal integrity. 
Disruption of microtubules which are the key 
components of cytoskeletal elements leads to 
disruption of fungal growth and morphogenesis. 
To investigate the direct inhibitory effect of paro-
momycin on  b -tubulin, molecular docking exper-
iments were performed.    

   Comparative Homology Modeling 

 Since crystal structures of  Pythium   b -tubulin 
are not available,  P .  ultimum   b -tubulin sequence 

retrieved from NCBI database (accession number: 
AAF22515.1) was used to identify homologous 
proteins from Protein Data Bank (PDB).  Ovis 
aries  tubulin (PDB ID: 3RYC) was selected as 
a promising template based on the low e-value 
and considerable similarity of 90% to  P .  ultimum  
 b -tubulin with a resolution of 2.1 Å. After align-
ment of template and target using ClustalW  [  38  ] , 
homology modeling was carried out using Modeller 
v9.10  [  39  ] . After further optimization and valida-
tion of modeled  P .  ultimum   b -tubulin (Fig.  42.3a ), 
the RMSD value was calculated using 3-DSS 
tool as 0.163 Å (Fig.  42.3b ). Geometric evalua-
tions of the modeled 3-D  b -tubulin structure were 
performed using PROCHECK by calculating the 
Ramachandran plot. The main chain conforma-
tions for 94.9% of the amino acid residues were 
within the favorable or allowed regions, whereas 
no residues were located in the disallowed regions 
of the Ramachandran plot (Fig.  42.3c ). The over-
all observed G-factor (goodness factor) score 
determined after PROCHECK analysis for the 
present model was 0.14 (Table  42.1 ). Through 
ERRAT, overall quality factor of the modeled 
protein was calculated and it was 90.802. All 
these values are in the range suggestive of an 

  Fig. 42.2    Microscopic analysis of  P .  myriotylum  hyphae ( a ) without paromomycin addition and ( b ) addition of 
paromomycin (5 m g/ml) with  arrows  indicative of cytoplasmic coagulation.  Scale bars : 20 m m       
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acceptable 3-D model. Analysis of secondary 
structure revealed the presence of 24  a -helices, 
18  b -strands, and 40 turns in  P .  ultimum   b -tubulin. 
Molecular modeling revealed that 3-D structure 
of  P .  ultimum   b -tubulin possesses N-terminal 
Rossmann fold with parallel  b -strands alternating 
with  a -helices  [  40  ] , and presence of this domain 
is typical of nucleotide-binding proteins.    

   Molecular Docking Studies 

 The validated and re fi ned model was then used 
for docking paromomycin after predicting bind-
ing site with CASTp and SiteMap (Schrodinger) 
(Fig.  42.3d ). Docking was performed within a 
radius of 12 Å. Analysis of RMSD values validates 
the docking protocol as the RMSD value for the 

  Fig. 42.3    Comparative homology modeling ( a ) ribbon 
representation of 3-D structure of  P .  ultimum   b -tubulin; 
( b ) superimposition of modeled  P .  ultimum   b -tubulin (tar-
get;  yellow ) on 3RYC (template;  green ) drawn using 
3-DSS tool; ( c )  Ramachandran plot  showing residues in 

favored ( red ), allowed ( yellow ), and disallowed ( white ) 
regions; ( d ) catalytic active sites of  b -tubulin predicted by 
CASTp calculation with  green -colored spheres represent-
ing active site cavity       
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best predicted binding pose gave a value of 
0.045 Å, and RMSD values less than 2 Å are 
considered acceptable  [  41  ] . Molecular docking 
results revealed that six of the active site amino 
acid residues,  viz ., Gln 11, Asp 67, Leu 68, Asn 
99, Gly 142, and Asp 177, are involved in seven 
strong hydrogen bondings within 5 Å of paromo-
mycin with a glide score of −11.02 kcal/mol. 
Other binding parameters like van der Waals 
interaction energy (−33.87), Coulombs interaction 
energy (−23.80), Emodel (−81.97), and cumula-
tive van der Waals interaction energy (−57.67) 
showed good orientations at the binding sites 

with paromomycin occupying the whole cavity 
(Fig.  42.4 ).  

 The ubiquitous, necrotrophic  P .  myriotylum  
poses a constant threat to a broad range of crop 
plants. Paromomycin, which has been identi fi ed 
to possess potent anti-oomycete activity  [  16  ] , is 
known to interfere with translation in prokaryotic 
ribosomes, whereas its mode of inhibitory action 
against eukaryotes is not well de fi ned. Under-
standing the interactions of this prokaryotic 
inhibitor at the molecular level is critical to sus-
tain disease suppression with long-term use. This 
is essential to develop disease control strategies 
to minimize resistance and prevent its spread. 
In the present study, we observed that besides 
inhibition of growth of  P .  myriotylum  hyphae, 
paromomycin was also observed to cause sub-
stantial reductions in zoospore number, and the 
inhibitory effect was evident even at low con-
centrations. These results are of signi fi cance as 
pathogen’s infective potential as well as its spa-
tial dissemination relies on copious production 
of asexual zoospores  [  42  ] . Inhibitory effects of 
paromomycin on zoospores as well as hyphal 
growth were concentration dependent. Detailed 

   Table 42.1    Ramachandran plot statistics calculated 
using PROCHECK for the 3-D model of  P .  ultimum  
 b -tubulin   

 Parameter  Value 

 Core (%)  94.9% 
 Allowed (%)  4.5% 
 General (%)  0.5% 
 Disallowed (%)  0.0% 
 G-factor  0.14 
 Main chain bond lengths  −0.03 
 Main chain bond angles  −0.13 

  Fig. 42.4    Molecular docking results showing the H-bonds ( yellow dotted lines ) between active site residues of  b -tubulin 
and paromomycin       
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microscopic studies of  P .  myriotylum  hyphae 
treated with inhibitory concentrations of paromo-
mycin show distortions in hyphal morphology 
including cytoplasmic coagulation and vesicula-
tion compared to the control. These observed 
hyphal abnormalities may be evoked by perturba-
tions to the hyphal cytoskeleton. To understand 
the rapidly induced anti- Pythium  effect, we car-
ried out further investigation by studying the 
effect of paromomycin on the major proteins 
associated with the cytoskeleton. Hyphae of oomy-
cetes have microtubules running longitudinally 
throughout the cytoplasm and are involved in 
cytoplasmic transport  [  43,   44  ] . Microtubules are 
highly dynamic structures made of tubulin pro-
teins and play central role in hyphal growth 
and morphogenesis  [  45  ] . The  b -tubulin sequence 
retrieved from  P .  ultimum  genome sequence 
resource  [  22  ]  was used for comparative homol-
ogy modeling and subsequently for molecular 
docking to study the interactions of paromomy-
cin with  b -tubulin. Validation results of the 3-D 
 b -tubulin structure suggest that the model per-
formed well in terms of main chain stereochem-
istry and amino acid environment. This overall 
good quality of the modeled protein was supported 
by high ERRAT scores (90.802) compared to the 
template. Subsequent docking results indicate 
that the best conformation of paromomycin inside 
 b -tubulin makes seven H-bonds with six amino 
acids. The amino acid residues constituting the 
 b -tubulin active site and involved in H-bonds 
with paromomycin lie well within the consensus 
regions that include residues from 140 to 146 
forming part of GTP binding site and responsible 
for GTPase activity of  b -tubulin as well as resi-
dues 8–17, 61–70, 155–174, 178–184, and 295–
298 which are implicated in base binding also 
 [  46  ] . Thus, interaction of paromomycin with 
functionally important amino acid residues in 
active site may block the catalytic activity of 
 b -tubulin leading to destabilization of hyphal 
membrane resulting in cytoplasmic coagulation 
and altered morphogenesis. Hence, analysis of 
the results of homology modeling and molecular 
docking indicated that the theoretical predictions 
were consistent with the known set of  experimental 

results. This  fi rst report detailing upon the inhibi-
tory mechanism of paromomycin can serve as a 
tool for development of anti- Pythium  agents with 
greater selectivity. In this direction treatment 
of rhizome with the corresponding BCA  viz., 
S. rimosus ssp. paromomycinus , prior to planting 
would be an economic method for disease 
control.       
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    Abstract    

 Intrauterine growth retardation/restriction (IUGR) implies that fetal growth 
is being inhibited and that fetus does not attain its growth potential. 
Prenatal diagnosis enables early diagnosis of congenital anomalies and 
genetic disorders in utero. Thirty-eight high-risk pregnancies whose ges-
tational age ranged from 14 to 30 weeks with a mean gestational age of 
20.05 were selected. Chromosome analysis and cytokinesis-block micro-
nuclei assay were performed. The mean CBMN frequency of study subjects 
was 13 and the control subjects showed 10.14 ( p  < 0.05). Chromosome 
analysis revealed 65.78% of normal karyotype and 34.21% abnormal 
karyotypes. The abnormal karyotypes include 92.30% of numerical abnor-
malities and 7.69% structural abnormalities. The incidence of abnormal 
karyotype and CBMN frequency increased with increased paternal and 
maternal age, duration of married life, previous history of abortion and 
IUGR, socioeconomic status, etc. Genetic counseling in association with 
modern prenatal diagnostic procedures constitutes a basic element of pre-
vention of congenital anomalies and genetic disorders. The magnitude of 
the risk of occurrence, the impact of the disease on the patient and family, 
and the anticipated future developments are the main informations 
conveyed during genetic counseling. Hence from the present study, it can 
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be concluded that proper diagnosis of chromosomal abnormalities can lead 
to the prevention of future birth of similarly affected children. This can be 
achieved by instituting genetic counseling. Parents with an IUGR fetus 
should be counseled that their neonates may have some immediate compli-
cations at birth but also some long-term complications including impaired 
cognitive function such as learning disabilities and spastic cerebral palsy.  

  Keywords 

 Intrauterine growth retardation  •  TORCH infection  •  Prenatal diagnosis  
•  Karyotype analysis      

   Introduction 

 Intrauterine growth restriction (IUGR) is de fi ned 
as a failure of the fetus to reach its growth poten-
tial. It is a major contributor to perinatal mortal-
ity, being etiologically responsible for 50% of 
perinatal deaths occurring preterm and 20% at 
term  [  1  ] . The term intrauterine growth restriction 
has largely replaced the term intrauterine growth 
retardation (IUGR). The de fi nition of IUGR is a 
problematic one because we do not know the 
inherent growth potential of the fetus. The most 
common de fi nition used is fetal weight below the 
10th percentile for gestational age. Fetal growth 
restriction (FGR) is de fi ned as a fetal growth rate 
that prevents an infant from obtaining the com-
plete genetic growth potential  [  2  ] . It is surpris-
ingly common with placental dysfunction 
occurring in about 3% of pregnancies. Impaired 
growth of the fetus is a serious complication in 
pregnancy, being a major determinant of perina-
tal morbidity and mortality. Early recognition of 
fetuses at increased risk of being growth-restricted 
enables more appropriate surveillance, thereby 
optimizing management, which has been shown 
to reduce the risk of adverse fetal outcome  [  3  ] . 
De fi ning fetal growth restriction has been a long-
standing challenge. Currently, most clinicians 
and researchers use small for gestational age 
(SGA) (i.e., the smallest 10% of fetuses or new-
borns at a given gestational week) as a surrogate 
for fetal growth restriction  [  4  ] . One of the pri-
mary de fi ciencies of the current de fi nition of fetal 
growth restriction is that it is based on an absolute 
fetal size, irrespective of maternal and fetal 
genetic and physiologic factors. 

 Intrauterine growth restriction is one of the 
most common and complex problems in modern 
obstetrics. In fact, there is some confusion in ter-
minology for the lack of uniform diagnostic crite-
ria. Furthermore, almost all authors use the terms 
small for gestational age (SGA) and intrauterine 
growth restriction (IUGR) as synonymous. Others 
think that the term SGA is more appropriate refer-
ring to infant while IUGR referring to fetus. By 
de fi nition, 10% of people in any population have 
weights, as well as heights, below the 10th percen-
tile. This is the cutoff value mainly used for 
de fi ning the IUGR. A minority of authors de fi ne 
the cutoff value at the 5th or at 3rd percentile. 
There are many evidences demonstrating that the 
adverse perinatal outcome is mainly con fi ned to 
infants below the 5th or 3rd percentile  [  5  ] . 

 The fetal growth is determined by a plethora 
of maternal, fetal, and placental factors  [  6,   7  ] . 
Available literature recognized many risk factors 
like hypertension, renal disease, diabetes, restric-
tive lung disease, cyanotic heart disease, multiple 
gestation, hemoglobinopathies, smoking, sub-
stance abuse, malnutrition, low socioeconomic 
status, low prepregnancy maternal weight, and 
extremes of reproductive age are strictly related 
with IUGR. Sometimes, it is dif fi cult to identify 
a speci fi c cause for IUGR. The main cause for the 
onset of IUGR can be divided into three catego-
ries: maternal, fetal, and placental. Among the 
maternal ones, it is very important to remind all 
medical conditions affecting the microcirculation 
that cause fetal hypoxemia, vasoconstriction, or a 
reduction in fetal perfusion  [  8  ] . 

 Hypertension, typically in preeclampsia, is a 
relatively common example as well as severe 
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chronic diseases like renal insuf fi ciency, systemic 
lupus erythematosus, chronic anemia, or preges-
tational diabetes  [  9,   10  ] . Other principal reasons 
are the behavioral conditions including substance 
abuse (alcohol or heroin) or smoking. Among the 
placental ones, we remember the most common 
causes of SGA in nonanomalous fetus: impaired 
placental perfusion and placenta. Placenta previa 
is one of the well-recognized pathology methods 
determining IUGR, as consequence of the abnor-
mal placental implantation that is very important 
for a good oxygenation and nutrition of fetus. 
Finally, we underline some relatively rare pri-
mary pathological condition, such as mosaicism, 
chorioangioma  [  11  ]  infarcts, or partial abrup-
tions. The last category of pathological condition 
comprises the fetal diseases. The major cause of 
IUGR is the chromosome anomalies. Infective 
diseases or exposure to teratogens are other very 
well-known causes. 

 It is largely accepted that once an IUGR is 
suspected sonographically, a speci fi c examination 
should be performed. A prenatal con fi rmative test 
should be done in case of early or severe IUGR or 
if there are associated anomalies. Assessment of 
chromosomal defects should be done if there are 
anomalies; however, once a nonanomalous IUGR 
is identi fi ed, many authors recommend some 
antenatal surveillance, even if there is a lack of 
randomized controlled trials regarding which is 
the best method to perform this supervision. 

 IUGR is the term used to describe a condition 
in which the fetus is smaller than expected for the 
number of weeks of pregnancy. IUGR is a major 
public health problem worldwide. It is the second 
leading cause of prenatal morbidity and mortal-
ity. IUGR is caused by maternal factors, placental 
insuf fi ciency, infections, teratogens, and chromo-
somal aberrations. In India according to recent 
UNICEF surveys, the incidence of IUGR is 
20–30%. Incidence varies depending on the pop-
ulation. Approximately 4–8% of all infants born 
in developed countries and 6–30% in developing 
countries are classi fi ed as growth restricted. 
Prenatal diagnosis is a most widely used and 
helpful technique to detect chromosomal abnor-
malities of unborn child. Hence, the present study 
was undertaken to evaluate the chromosomal 
abnormalities, if any, in fetuses with IUGR by 

prenatal diagnostic techniques to evaluate vari-
ous socioeconomic and demographic characteris-
tics associated with IUGR. Cytokinesis-block 
micronuclei assay was also performed to evaluate 
the genotoxic/teratogenic effects if any in devel-
oping fetus.  

   Materials and Methods 

 Thirty-eight high-risk pregnancies with proven 
IUGR were taken for the study. These subjects 
were referred to Ittyavirah Scan and Genetic 
Research, Trivandrum, for genetic studies from 
various maternity centers of Kerala. Detailed 
and relevant informations were recorded. 
Fourteen children without any chronic illness 
were selected as control for this study. 1–2 ml 
of umbilical/cord blood samples were collected 
from all the subjects under maximum sterile 
condition into sodium-heparinized Vacutainers 
by cordocentesis after obtaining written con-
sent. Lymphocyte microcultures were set up as 
described by Moorhead et al. (1960), and GTG-
banded karyotypes were prepared according to 
ISCN pattern 1995. 

 The lymphocyte CBMN assay using whole-
blood cultures was also performed as described 
by Fenech  [  12  ] . Cytochalasin B was added after 
44 h of culture, and cells were harvested 28 h 
later and then  fi xed and stained. The CBMN 
assay slides were labeled with the patient’s code 
number and scored by a single scorer who was 
not aware of the risk group and the eventual preg-
nancy outcome of the participants when the slides 
were scored. Frequency of BN cells with micro-
nuclei (MN-BN) was determined by scoring 
1,000 BN cells from each subject.  

   Results and Discussion 

 Thirty-eight high-risk pregnancies whose gesta-
tional age ranged from 14 to 30 with a mean 
gestational age of 20.05 were selected for the 
study. Cordocentesis was performed in all the 
cases. Chromosome analysis revealed 65.78% of 
normal karyotypes and 34.21% abnormal karyo-
types. The abnormal karyotype includes 92.30% 
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( n  = 12) of numerical abnormalities and 7.69% 
( n  = 1) structural abnormalities. 

 Cytokinesis-block micronuclei assay was also 
performed to evaluate the extent of teratogenic/
genotoxic effects, if any, in these developing 
fetuses. The mean CBMN frequency of study 
subjects was 13 and the control subjects showed a 
mean CBMN frequency of 10.14. This difference 
has a statistical signi fi cance ( t  = 5.763,  p  = <0.05). 

 The distribution of karyotypes and mean 
CBMN frequencies according to various demo-
graphic characters was analyzed and represented 
in Table  43.1 . The age of the husband ranged 
from 29 to 50 with a mean age of 35.81. The 
study revealed that the incidences of abnormal 
karyotypes of fetuses (45.83%) were increased 
with increasing age of the husband. This is also 
true in the case of CBMN assay. The micronuclei 
frequencies of these fetuses were increased 
with increasing paternal age. The age of wife 
ranged from 22 to 39 with a mean age of 30.86. 
Women above 35 years showed increased inci-
dences of abnormal karyotypes (55.55%) and the 
CBMN frequency (13.78) also increased with 
increasing maternal age. The study also observed 
that the incidences of abnormal karyotypes of 
fetuses (33.33%) were increased with increased 
duration of married life of the couple. However, 
no signi fi cant differences were observed between 

the CBMN frequency and duration of married 
life.  

 The subjects were grouped on the basis of area 
of residence as rural, urban, and coastal, and the 
distribution of karyotypes was analyzed. The 
incidences of abnormal karyotype (36.36%) were 
higher among subjects who belong to urban cen-
ters. However, the CBMN frequency (15) is 
higher among subjects who belong to the coastal 
area. On the basis of socioeconomic status, the 
study subjects were classi fi ed in to high, average, 
and low. Majority of the subjects belong to aver-
age socioeconomic status. The incidences of 
abnormal karyotype (43.47%) were higher among 
subjects who belong to average socioeconomic 
status followed by low and high socioeconomic 
status. However, the CBMN frequency is high 
(14) among subjects who belonged to poor socio-
economic status. On the basis of religion, the 
study subjects were grouped into Hindu, Muslim, 
and Christian. Majority of subjects belonged to 
Hindu community and showed increased inci-
dence of abnormal karyotype (37.5%) and 
increased CBMN frequency (13.06). 

 Distribution of karyotypes and mean CBMN 
frequencies according to various biological risk 
factors was also analyzed and recorded in 
Table  43.2 . 34.21% study subjects reported pre-
vious history of abortion, and the rest (65.78%) 

   Table 43.1    Distribution of karyotypes and mean CBMN frequencies according to various demographic characters   

 Demographic characters  Number 
 Normal 
karyotype 

 Abnormal 
karyotype 

 Mean CBMN 
frequency 

 Age of husband  <35  14 (36.84 %)  12 (85.71 %)  2 (14.28 %)  12.43 

  ³ 35  24 (63.16 %)  13 (54.16 %)  11 (45.83 %)  13.33 

 Age of wife  <35  29 (76.31 %)  21 (72.41 %)  8 (27.58 %)  12.76 

  ³ 35  9 (23.68 %)  4 (44.44 %)  5 (55.55 %)  13.78 

 Duration of 
married life 

 <3  17 (44.74 %)  11 (64.70 %)  6 (35.29 %)  13 

  ³ 3  21 (55.26 %)  14 (66.66 %)  7 (33.33 %)  13 

 Residence after 
marriage 

 Rural  26 (68.42 %)  17 (65.38 %)  9 (34.61 %)  12.96 
 Urban  11 (28.94 %)  7 (63.63 %)  4 (36.36 %)  12.9 
 Coastal  1 (2.63 %)  1 (100 %)  0 (0 %)  15 

 Socioeconomic 
status 

 High  11 (28.93 %)  9 (81.81 %)  2 (18.18 %)  12.5 
 Average  23 (60.52 %)  13 (56.52 %)  10 (43.47 %)  13.09 
 Low  4 (10.52 %)  3 (75 %)  1 (25 %)  14 

 Religion  Hindu  32 (84.21 %)  20 (62.5 %)  12 (37.5 %)  13.06 
 Muslim  4 (10.52 %)  3 (75 %)  1 (25 %)  12.75 
 Christian  2 (5.26 %)  2 (100 %)  0 (0 %)  12.5 
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reported no incidence of previous abortion. The 
incidences of abnormal karyotype (40%) were 
higher among mothers without previous history 
of abortion. However, mothers with previous 
abortions showed increased CBMN frequency of 
fetuses (13.46) than the rest.  

 Previous history of IUGR was noted among 
nine study subjects, and these fetuses showed 
increased CBMN frequency (13.78). However, 
fetuses without previous history of IUGR showed 
increased incidence of abnormal karyotype. The 
distribution of karyotype of study subjects was 
analyzed on the basis of incidence of live chil-
dren among their parents. Twelve subjects belong 
to the parents with live children, and parents of 
26 fetuses did not have any live children. The 
incidences of abnormal karyotype (34.61%) were 
higher among mothers without live children. The 
CBMN frequency is also higher (13.25) among 
these subjects. 

 The distribution of karyotype of the study 
subjects was analyzed according to history of bad 
obstetric history (BOH) in their family. Four out 
of 38 subjects reported family history of BOH 
and showed increased CBMN frequency (14.75) 
and increased incidence of abnormal karyotype 
(75%). Based on consanguinity, the subjects were 
grouped and their distribution of karyotypes was 
analyzed. The incidences of abnormal karyotypes 

(75%) were higher among consanguineous cou-
ples, and the CBMN frequency is also higher 
(13.75) among these subjects. Majority of abnormal 
karyotypes were detected within 20 weeks of 
gestational age. 

 The subjects were grouped on the basis of 
screening test for TORCH infection in their moth-
ers. Among the 38 study subjects, 17 had under-
gone TORCH screen test. TORCH screen test 
was not performed in the remaining 21 subjects. 
10 out of 17 subjects who had undergone the 
screen test gave negative result, and 7 were posi-
tive for the infection. TORCH-positive subjects 
showed increased CBMN frequency (14.14) than 
the rest. 

 Micronuclei (MN) in mammalian cells originate 
from lagging chromosome fragments or whole 
chromosomes during anaphase  [  13  ]  in mitosis or 
meiosis. It is important to note that during meio-
sis, there are two anaphase stages during which 
chromosomal material is segregated. During ana-
phase I, one homologous chromosome, as two 
joined chromatids, moves to one pole of the cell, 
while the other homologous chromosome, also as 
two joined chromatids, segregates to the opposite 
pole of the cell. In anaphase II of meiosis, the two 
chromatids of each chromosome separate and 
move to the opposite poles of the cell. At each of 
these two meiotic anaphases, it is possible that 

   Table 43.2    Distribution of karyotypes and mean CBMN frequencies according to various biological risk factors   

 Risk factors  Number  Normal karyotype  Abnormal karyotype 

 Mean 
CBMN 
frequency 

 Previous abortion  Yes  13 (34.21 %)  10 (76.92 %)  3 (23.07 %)  13.46 
 No  25 (65.78 %)  15 (60 %)  10 (40 %)  12.76 

 Previous IUGR  Yes  9 (23.68 %)  6 (66.66 %)  3 (33.33 %)  13.78 
 No  29 (76.31 %)  19 (65.51 %)  10 (34.48 %)  12.76 

 Live children  Yes  12 (31.57 %)  8 (66.66 %)  4 (33.33 %)  12.5 
 No  26 (68.42 %)  17 (65.38 %)  9 (34.61 %)  13.23 

 Family history of BOH  Yes  4 (10.25 %)  1 (25 %)  3 (75 %)  14.75 
 No  34 (89.47 %)  24 (70.58 %)  10 (29.41 %)  12.79 

 Consanguinity  Yes  4 (10.52 %)  1 (25 %)  3 (75 %)  13.75 
 No  34 (89.47 %)  24 (70.58 %)  10 (29.41 %)  12.91 

 TORCH investigation  Negative  10 (26.31 %)  4 (40 %)  6 (60 %)  12.9 
 Positive  7 (18.42 %)  6 (85.71 %)  1 (14.28 %)  14.14 
 Not performed  21 (55.26 %)  15 (71.42 %)  6 (28.57 %)  12.67 
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DNA damage and/or spindle/kinetochore defects 
may lead to lagging whole chromosomes and/or 
acentric chromosome fragments and result in 
MN formation in the germ line  [  14,   15  ] . These 
 chromosomal damage events are mainly due to 
(1) inherited or acquired genetic defects in genome 
maintenance and/or (2) inadequacy of micronutri-
ents required as cofactors for proteins involved in 
DNA synthesis or repair and/or (3) exposure to 
endogenous or environmental genotoxicants  [  13  ] . 
Formation of MN can occur in rapidly proliferat-
ing tissues such as the germ line in males, in the 
placenta, in the embryo, and in the various organs 
of the fetus during gestation. Induction of MN 
results in signi fi cant altered gene dosages (gains 
or losses) depending on the distribution of MN in 
daughter cells and is often associated with reduced 
proliferative potential and aberrant gene expres-
sion  [  16  ] . Such signi fi cant genetic events are 
likely to have important consequences on repro-
ductive capacity both with respect to fertility as 
well as pregnancy outcomes. It is for this reason 
that there is a growing interest in the relationship 
between MN expression and reproductive health 
in humans. 

 Intrauterine growth restriction (IUGR) is an 
important problem in perinatal medicine. It is the 
second cause of perinatal mortality after prema-
turity. The two conditions are often associated in 
case of iatrogenic prematurity  [  17  ] . Over the last 
three decades, prenatal diagnosis – the ability to 
detect abnormalities in an unborn child – has 
been widely used. It is never easy for a couple to 
decide to pursue prenatal diagnosis, but it is only 
an option which is chosen by many couples at 
high risk of having a child with serious hereditary 
disorders. Birth defects have been present in 
babies from all over the world. IUGR has attracted 
lot of attention of the scienti fi c community and 
extensive research is going on in many centers. 
With better understanding of the pathophysiology 
of IUGR, better fetal monitoring and therapeutic 
modalities will be available in the future to tackle 
this serious problem more effectively. Prevention 
and better management of IUGR will not only 
stop the reproductive wastage and reduce infant 
morbidity/mortality but reduce the incidence of 
serious cardiac and metabolic disorders thus 

preventing premature deaths. In the present study, 
cordocentesis was conducted in 38 high-risk 
pregnancies suspected with IUGR and performed 
fetal karyotype analysis and cytokinesis-block 
micronuclei assay to quantify the extent of 
somatic DNA damages. The study revealed that 
13 out of 38 showed abnormal karyotype. The 
abnormal karyotype includes 92.30% ( n  = 12) of 
numerical abnormalities and 7.69% ( n  = 1) struc-
tural abnormalities. Cytokinesis   -block micronu-
clei assay was also performed to evaluate the 
extent of teratogenic/genotoxic effects, if any, in 
these developing fetuses. The mean CBMN 
frequency of study subjects was 13 and the con-
trol subjects showed a mean CBMN frequency of 
10.14. This difference has a statistical signi fi cance 
also ( t  = 5.763,  p  = <0.05). 

 Genome damage can in fl uence virtually any 
cellular process due to its ability to affect gene 
dosage, level of gene expression, and subsequent 
gene products. During fetal development, rapid 
cell proliferation, active gene transcription, and a 
high rate of DNA metabolism can increase geno-
toxic insult susceptibility  [  18  ] . Genome damage 
can occur via a variety of mechanisms, including 
point mutations, base modi fi cations, chromosome 
breakage, chromosome rearrangement, and chro-
mosome loss or gain  [  19  ] . Increased DNA damage 
at the molecular and chromosomal level has been 
associated with infertility  [  20,   21  ] , recurrent mis-
carriage  [  22  ] , and developmental defects  [  23  ] . 

 According to Mandruzzato et al.  [  17  ] , when 
IUGR is suspected or diagnosed, it is necessary 
to distinguish between fetuses that are small but 
otherwise healthy and those that are a conse-
quence of an abnormal condition such as a 
maternal condition (chronic hypertension, prege-
stational diabetes, cardiovascular disease, sub-
stance abuse, autoimmune conditions, etc.), a 
fetal condition (infection, malformation, chromo-
somal aberration, etc.), or a placental condition 
(chorioangioma, infarction, circumvallate pla-
centa, con fi ned placental mosaicism, obliterative 
vasculopathy of the placental bed, etc.). Placental 
conditions are the most frequent etiology of 
IUGR. In the present study, it was found that the 
incidence of abnormal fetal karyotype increases 
with increasing maternal age. When the maternal 
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age is more than 35 years, 57% of abnormal fetal 
karyotype was reported. The highest frequency 
of chromosome abnormalities was observed in 
couples with more than 5 years of married life. 
The couple with history of previous abortions 
had higher incidence of fetal chromosomal abnor-
malities than the couple without any previous 
abortions. This present study also showed that 
loss of a previous pregnancy increased the risk of 
having an IUGR fetus in the subsequent preg-
nancy. The incidence of chromosomes anomalies 
was found to be lower in subjects with live chil-
dren, whereas in subjects without live children, 
the incidence of fetal chromosome anomalies 
was higher. This present study also observed that 
the mean CBMN frequency of children increased 
with increase in paternal and maternal age. The 
incidences of abnormal karyotypes increased 
with increased duration of married life of the 
couple, but no signi fi cant difference was observed 
between the CBMN frequency and duration of 
married life. The incidences of abnormal karyo-
type were higher among subjects without previ-
ous history of abortions, but subjects with 
previous abortions showed increased CBMN fre-
quency than the rest. The subjects with previous 
IUGR showed higher CBMN frequency than 
those subjects without previous IUGR. 

 Intrauterine growth restriction (IUGR) is an 
important problem in perinatal medicine. It is the 
second cause of perinatal mortality after prema-
turity. The two conditions are often associated in 
case of iatrogenic prematurity. Fifty-two percent 
of stillbirths are associated with IUGR and 10% 
of perinatal mortality cases in Europe are the 
consequence of unrecognized severe growth 
restriction. Moreover, IUGR is also associated 
with increased neonatal mortality and morbidity, 
and it has been suggested that some diseases 
(metabolic and vascular) evident in adult life are 
the consequence of fetal growth restriction. 

 The increase in prevalence of intrauterine 
growth restriction observed between 1993 and 
2004, especially among lower-income women, is 
also a point of concern, given the potential short- 
and long-term consequences associated with this 
condition. As demonstrated by previous studies 
of the 1982 cohort  [  24  ] , children born small for 

their gestational age show greater morbidity and 
mortality in early life and may have a higher risk 
of chronic degenerative disease in adulthood 
 [  25  ] . The causes for such an increased need also 
be investigated so that preventive action can be 
taken. In the present study, majority of the sub-
jects belong to average socioeconomic status. 
The incidences of abnormal karyotype (43.47%) 
were higher among subjects who belong to aver-
age socioeconomic status followed by low and 
high socioeconomic status. However, the CBMN 
frequency is high (14) among subjects who 
belonged to lower socioeconomic status. 

 Congenital CMV infection is almost invariably 
accompanied by positive histopathologic  fi ndings 
in the placenta  [  26  ] , indicating that the placenta 
is the main entrance for CMV to the fetuses and 
that placental infection following maternal vire-
mia is the initiating step of fetal infection. The 
placenta could have a more important role as a 
protective factor than maternal immunologic 
reactivity. One of the factors in limiting viral 
spread could be the ability of the placenta to pro-
duce interferon when challenged  [  27  ] . Interferons 
are constitutively expressed by several tissues, 
notably in the placenta of several species includ-
ing human  [  28,   29  ] . Maternal infections play a 
critical role in pregnancy wastage and their occur-
rence in patients with BOH is a signi fi cant factor. 
In the current study, subjects were grouped on the 
basis of screening test for TORCH infection in 
their mothers. Among the 38 study subjects, 17 
had undergone TORCH screen test. TORCH 
screen test was not performed in the remaining 
21 subjects. 10 out of 17 subjects who had under-
gone the screen test gave negative result, and 7 
were positive for the infection. TORCH-positive 
subjects showed increased CBMN frequency 
(14.14) than the rest. 

 Both CMV and HSV are known to have an 
intrauterine route of transmission with signi fi cant 
mortality and morbidity  [  30  ] . The study shows 
seropositivity rate of 5.33% for CMV-speci fi c 
IgM in women with BOH. In other studies, sero-
positivity ranges from 3 to 12.9%  [  1,   31,   32  ] . 
It was suggested that pregnancy may reactivate 
the latent virus leading to further reproductive 
wastages. In the present study, 10 out of 17 
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 subjects who had undergone the screen test were 
negative, and 7 were positive for the infection. 
TORCH-positive subjects showed increased 
CBMN frequency (14.14) than the rest. 

 Genetic counseling in association with modern 
prenatal diagnostic procedures constitutes a basic 
element of prevention of congenital anomalies 
and genetic disorders. The magnitude of the risk 
of occurrence, the impact of the disease on the 
patient and family, and the anticipated future 
developments are the main informations con-
veyed during genetic counseling. Hence, the 
present study can be concluded that proper diag-
nosis of chromosomal abnormalities can lead to 
the prevention of future birth of similarly affected 
children. This can be achieved by instituting 
genetic counseling. Though a new technique, 
cordocentesis is playing a major role in modern 
perinatology and plays a crucial role in antenatal 
decision making. Through the invasive diagnostic 
procedures, we can comment on the integration 
of genetics-based prenatal invasive diagnostic 
procedures with the accuracy of fetal anomalies 
diagnosed by ultrasound.      
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  Abstract 

 In fl uence of selected tropical roughages on rumen microbial pro fi le and 
nutrient utilization in West African Dwarf sheep was investigated. Twenty-
four female sheep (mean body weight of 12.2 kg) were divided into four 
treatment groups in a completely randomized design. Treatments were 
Panicum hay (PH), urea-treated (5%) corncob (UCC), urea-treated (5%) 
sugar cane top (UST) and cassava leaf hay (CH). All animals were supple-
mented with the concentrate at 2% of body weight on a dry matter basis and 
fed their respective experimental diets  ad libitum  for 84 days. Performance 
characteristics, nitrogen utilization and rumen microbial count were studied, 
and polymerase chain reaction (PCR) was done. Data collected were analy-
sed using one-way analysis of variance. Results showed that animals on UST 
and PH (89.73 and 87.82 g/kgBW 0.75 respectively) performed best in terms of 
dry matter (DM) intake, while UCC (62.70 g/kgBW 0.75 ) group had least value. 
Highest weight gain was recorded for animals fed with UST (38.14 g/day). 
Nitrogen utilization revealed that animals on CH (10.61 g/day) had best nitro-
gen retention compared to animals on other treatments. Highest but similar 
count of cellulolytic bacteria was recorded for animals fed with PH and UST 
(7.25 and 7.06  × 10 8  CFU/g rumen content respectively), while animals on 
CH had least value (2.50 × 10 8  CFU/g rumen content). Similar trend was 
observed in the result of predominant cellulolytic bacterial presence analysed 
using PCR technique. From the gel electrophoresis bands, it was inferred the 
highest value in UST treatment with  Fibrobacter succinogenes  having high-
est intensity. All tropical roughages investigated could be used as feed for 
ruminant animals especially during dry season.  

  Keywords 

 Sheep  •  Rumen microbes  •  Nutrient utilization      

      Performance of West African Dwarf 
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   Introduction 

 The rumen ecosystem is essentially a fermentative 
system that houses a vast array of different 
microbes which consist primarily of bacteria, pro-
tozoa and fungi  [  1  ] . The ability of ruminants to 
convert low-quality feeds into high-quality protein 
and to utilize feed from land not suitable to grow 
crops for human consumption is made possible by 
these microorganisms that synthesize and secrete 
the  b -1,4 cellulase enzyme complex thereby allow-
ing hydrolysis of plant cell walls. Without ruminal 
microorganisms or when the ruminal ecosystem is 
disturbed, there can be a cascade of detrimental 
effects on animal health and productivity. Local 
feed resources, particularly low-quality roughages 
and agricultural crop residues, are of prime impor-
tance for ruminant production in the tropics. These 
feeds exhibit close relationships with rumen ecol-
ogy, microbes and rumen fermentation patterns. A 
number of dietary factors in fl uence rumen fermen-
tation especially the basal roughage sources, their 
physical form and fermentation end products. 
Chemical methods for identifying microorganisms 
based primarily on pure-culture isolation have 
numerous limitations. Thus, accurate methods for 
the identi fi cation and quanti fi cation of  fi brolytic 
microorganisms are needed to study microbial 
interactions within the rumen or any other com-
plex community. The study is therefore designed 
to test the effect of different roughage sources 
(Panicum hay, urea-treated corncobs, urea-treated 
sugar cane tops and cassava hay) on the rumen 
ecology and digestibility in sheep using new 
molecular biology technique for the identi fi cation 
of the microbes so as to supply  fundamental under-
standing of the microbial  ecology in the rumen 

which is essential for manipulation of ruminal 
micro fl ora and subsequent improvement in animal 
production.  

   Materials and Methods 

 The study was carried out at small ruminant unit 
of Teaching and Research Farm Directorate 
(TREFAD), University of Agriculture, Abeokuta 
(7°10 ¢ N and 3°2 ¢ E), Nigeria. Twenty-four female 
sheep (mean body weight of 12.2 kg) were divided 
into four treatment groups in a completely ran-
domized design. Treatments were Panicum hay 
(PH), urea-treated (5%) corncob (UCC), Urea-
treated (5%) sugar cane top (UST) and cassava 
leaf hay (CH). All animals were supplemented 
with concentrate at 2% of body weight on a dry 
matter basis and fed their respective experimental 
diets  ad libitum  for 84 days. Proximate composi-
tion, performance characteristics, nitrogen utiliza-
tion  [  2  ] , rumen microbial count and PCR were 
investigated. Data collected were analysed using 
one-way analysis of variance. Table  44.1  shows the 
oligonucleotide primers used in the study.   

   Results and Discussion 

 As per the data presented in Table  44.2 , Panicum 
hay contained 824.20 g/Kg    dry matter, while 
801.50, 805.00 and 857.00 g/Kg DM were obtained 
for urea-treated corncob, urea-treated sugar cane 
top and cassava hay respectively. Crude protein 
values of 61.70, 98.00, 107.30 and 201.00 g/Kg 
DM were obtained for Panicum hay, urea-treated 
corncob, urea-treated sugar cane top and cassava 
hay respectively. Crude protein  values of 9.8 and 

   Table 44.1    Oligonucleotide primers used   

 Cellulolytic species   rrs  gene forward primer   rrs  gene reverse primer  Product  tm /size 

  Fibrobacter
 succinogenes  

 5 ¢ -GGTATGGGATGAG 
CTTGC-3 ¢  

 5 ¢ -GCCTGCCCCTGAACTATC-3 ¢   89.4° C/446 bp 

  Ruminococcus albus   5 ¢ -CCCTAAAAGCAGT 
CTTAGTTCG - 3 ¢  

 5 ¢ -CCTCCTTGCGGTTAG AACA-3 ¢   88.5° C/175 bp 

  Ruminococcus
  fl avefaciens  

 5 ¢ -TCTGGAAACGGAT 
GGTA-3 ¢  

 5 ¢ -CCTTTAAGACAGGAG
 TTTACAA-3 ¢  

 87.8° C/295 bp 
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10.73% obtained for urea-treated corncob and 
urea-treated sugar cane tops respectively were 
lower than 11.35 and 13.73% as reported by  [  3  ] .  

 Panicum hay used in this study contained 
15.60 g/Kg DM ether extract, while 24.60, 18.20 
and 53.00 g/Kg DM were obtained for urea-
treated corncob, urea-treated sugar cane top and 
cassava hay respectively. Urea-treated corncob 
had the highest neutral detergent  fi bre (800.00 g/
kg DM) followed by urea-treated sugar cane top 
(705.20 g/kg DM) and Panicum hay with 687.60 
g/kg DM NDF, while concentrate had the least 
value of 293.0 g/kg DM of NDF. Panicum hay 
contained 398.60 g/Kg DM of ADF, while urea-
treated corncob, urea-treated sugar cane top 
and cassava hay contained 390.00, 372.00 and 
356.00 g/Kg DM ADF respectively. In addition, 
cassava hay contained 34g/Kg DM condensed 
tannin. There were signi fi cant differences across 
treatments ( P  < 0.05) in total dry matter intake, 
weight gain and feed conversion ratio. Animals 
on urea-treated sugar cane top recorded the high-
est dry matter intake of 632.09 gd −1  followed by 
those on Panicum hay (606.07 gd −1 ) and cassava 
hay (561.31 gd −1 ), while those on urea-treated 
corncob had the lowest intake value of 417.12 
gd −1 . The higher total dry matter intake obtained 
for urea-treated sugar cane top treatment (632.09 
gd −1 ) could be due to the fact that sugar cane top is 
highly palatable forage with good voluntary 
consumption. Cassava hay treatment with lower 
DMI of 561.30 gd −1  could be attributed to residual 

bitter  fl avour contained in cassava hay since the 
cassava used in this experiment was the bitter 
variety and some researchers  [  4,   5  ]  demonstrated 
that the bitter taste of cassava foliage could nega-
tively in fl uence its intake by animals. Highest 
weight gain was recorded for sheep fed with 
urea-treated sugar cane top treatment (38 g/day), 
while urea-treated corncob had the least weight 
gain of 11g/day. Highest feed conversion ratio 
value was recorded for sheep fed with urea-
treated corncob, while urea-treated sugar cane 
treatment had the least value of 0.25 which is an 
indication of better utilization (Table  44.3 ).  

 Table  44.4  shows that nitrogen intake was 
signi fi cantly different across the treatments 
( P  < 0.05) with sheep on cassava hay treatment 
having the highest value of 16.28 gd −1  while sheep 
on urea-treated corncob treatment had the lowest 
value of 8.08 gd −1 . Also, the nitrogen retention was 
signi fi cantly different ( P  < 0.05) among the 
treatments and values ranged from 3.4 to 10.61 
gd −1 . The high nitrogen retention in cassava hay 
treatment could be as a result of condensed tannin 
contained in it, and this is in line with the earlier 
reports  [  4–  6  ]  that lower concentration of con-
densed tannin could lead to improvement in nitro-
gen utilization by protecting the protein in the 
rumen and making it available at the hindgut.  

 Cellulolytic bacterial count (Table  44.5 ) was 
highest and similar in sheep fed with Panicum 
hay treatment and urea-treated sugar cane top 
(7.25 and 7.06 × 10 8  CFU/g rumen content respec-

      Table 44.2    Chemical composition of Panicum hay, urea-treated corncob, urea-treated sugar cane top, cassava hay and 
concentrate   

 Parameters (g/Kg Dm)  Panicum hay 
 Urea-treated
 corncobs 

 Urea-treated 
sugar cane top  Cassava hay  Concentrate  SEM 

 Dry matter  824.20c  801.50d     805.00 d   857.00b  893.20 a   9.34 
 Organic matter  878.40d  953.60b  847.50 e   917.00c  978.30 a   12.84 
 Crude protein  61.70e  98.00 d   107.30 c   201.00a  147.00 b   12.71 
 Ether extract  15.60c  24.60 b   18.20 c   53.00a  28.60 b   3.59 
 NDF  687.60 c   800.00 a   705.20 b   594.00d  293.00 e   46.57 
 ADF  398.60 a   390.00 b   372.00 c   356.00d  220.00 e   17.47 
 Ash  121.60 b   46.40 d   152.50 a   83.00c  21.70 e   12.76 
 Hemicellulose  289.00 c   410.00 a   332.20 a   238.00d  73.00 e   30.1 
 Condensed tannin  –  –  –  34.00  – 

   SEM  standard error of means 
  a,b,c,d,e  Means on the same row having different superscripts are signi fi cantly different ( p  < 0.05)  
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      Table 44.6    Comparative quantity of predominant cellulolytic bacteria analysed by PCR technique   

  Fibrobacter succinogenes  
(copies/ml) 

  Ruminococcus  fl avefaciens  
(copies/ml) 

  Ruminococcus albus  
(copies/ml) 

 Treatments  0 h  4 h  0 h  4 h  0 h  4 h 
 Panicum hay  1.48 × 10 9   1.76 × 10 11   7.24 × 10 2   4.79 × 10 5   –  – 
 Urea-treated corncob  7.74 × 10 2   4.04 × 10 5   6.13 × 10 2   1.59 × 10 3   –  – 
 Urea-treated 
sugar cane top 

 4.84 × 10 9   2.82 × 10 11   1.14 × 10 3   1.25 × 10 6   1.92 × 10 3   1.86 × 10 4  

 Cassava hay  –  –  –  –  –  – 

   SEM  standard error of means 
 0 h samples taken before morning feeding 
 4 h samples taken 4 h after feeding 
  a,b,c Means on the same row having different superscripts are signi fi cantly different ( p  < 0.05)  

      Table 44.3    Feed intake and weight gain of WAD sheep fed with different roughage sources   

 Parameters (g/Kg Dm)  Panicum hay 
 Urea-treated 
corncobs 

 Urea-treated s
ugar cane top  Cassava hay  SEM 

 Concentrate (gd −1 )  214.37 a   196.50 b   205.44 ab   205.44 ab   2.75 
 Roughage (gd −1)   391.70 b   220.61 d      426.65 a   355.87 c   23.88 
 Total dry matter 
intake(gd −1)  

 606.07 b   417.12 d   632.09 a   561.31 c   25.13 

 Weight gain(g/day)  24b  11c  38a  27b  0.34 
 Feed conversion ratio  0.37 b   0.56 a   0.25 b   0.31 b   0.39 

   SEM  standard error of means 
  a,b,c,d Means on the same row having different superscripts are signi fi cantly different ( p  < 0.05)  

   Table 44.4    Effect of different roughage sources on nitrogen utilization in WAD sheep   

 Parameters (g/Kg Dm)  Panicum hay 
 Urea-treated 
corncobs 

 Urea-treated 
sugar cane top  Cassava hay  SEM 

 N intake  8.91 c   8.08 d      12.16 b   16.28 a   0.97 
 Faecal N  2.62 b   2.61 b   2.56 b   3.36 a   0.13 
 Urinary N  2.15  2.07  1.91  2.31  0.08 
 N absorption  6.28 c   5.47 c   9.59 b   12.92 a   0.89 
 N retention  4.14 c   3.40 c   7.69 b   10.61 a   0.88 

   SEM  standard error of means 
  a,b,c,d Means on the same row having different superscripts are signi fi cantly different ( p  < 0.05)  

   Table 44.5    Effect of different roughage sources on cellulolytic bacteria count in WAD sheep   

 Parameters (g/Kg Dm)  Panicum hay  Urea-treated corncobs 
 Urea-treated
sugar cane top  Cassava hay  SEM 

 Cellulolytic bacteria
 (×10 8  CFU/g rumen 
content) 

 7.25 a   6.28 b   7.06 a   2.50 c   0.21 

   SEM  standard error of means 
  a,b,c Means on the same row having different superscripts are signi fi cantly different ( p  < 0.05)  
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tively).  Ruminococcus  fl avefaciens  was present 
in Panicum hay, urea-treated corncob and urea-
treated sugar cane top treatments but absent in 
cassava hay treatment (Table  44.6 ).        
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  Abstract 

 Acute toxicity of the acetone extracts of  Anamirta cocculus  (L.) Wight and 
Arn (fruits) and  Sphagneticola trilobata  (L.) Pruski (leaf) was tested 
against  Culex pipiens  (L.). Bioassay tests were conducted using different 
larval instars of  Culex pipiens  and determined the LC 

50
  values. Fecundity 

of the  Culex pipiens  that emerged from the treatments and hatchability of 
the eggs were also estimated. I instar larvae of  Culex pipiens  were exposed 
in various sublethal concentrations and allowed them to moult and pupate. 
The pupae from each of the treatment set and control set were collected 
separately and allowed them to emerge in the emergence cages. A bowl 
with water was kept inside the emergence cage to enhance oviposition. 
The eggs laid by the females were collected, counted and compared, and 
fecundity rates were calculated. The data shows that the effect of the 
selected plant extracts is dose dependent and reduced the fecundity level 
very signi fi cantly when compared with the control. However,  A. cocculus  
fruit extract in acetone showed a signi fi cant reduction in fecundity and 
hatchability of the  C. pipiens . The  fi ndings of the present study evidenced 
that both the selected plant extracts have effective role in the reduction in 
fecundity and can be utilized further for developing formulations. The 
insecticidal property of these plant extracts may serve as a suitable alterna-
tive to synthetic insecticides in the future as they are relatively safe and 
easily degradable.  

  Keywords 

 Plant extracts  •   Anamirta cocculus   •   Sphagneticola trilobata   •   Culex pipiens   
•  Reproductive toxicity  •  Mosquito control      

      Reproductive Toxicity of Anamirta 
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   Introduction 

 In view of the fact that mosquitoes are blessed 
with the ability to exploit adverse environmental 
conditions to reproduce and disperse  [  1  ]  and also 
with the development of resistance in the insect 
vectors due to the indiscriminate use of synthetic 
insecticides, many of the mosquito-control pro-
grammes always face dif fi culties to achieve the 
total control of the target mosquito species. 
Moreover, mosquitoes directly affect man by 
spreading several dreadful diseases such as den-
gue fever, dengue haemorrhagic fever,  fi lariasis, 
chikungunya and malaria. Phytochemicals 
obtained from plants with proven mosquito- 
control potential can be used as an alternative to 
synthetic insecticides or along with other insecti-
cides under the integrated vector control pro-
grammes. Insecticidal properties of various plants 
have been reported by several workers such as 
mimics of insect ecdysone and juvenile hormone 
activity  [  2  ]  and larvicidal and insect growth regu-
latory activity  [  3,   4  ]  reduction in fecundity and 
hatchability of eggs  [  5  ] . Extensive research on 
mosquitocidal compounds from plants has been 
evidenced from the reports by several workers 
 [  6–  8  ]  on their larvicidal, adulticidal, repellent, 
feeding deterrent and oviposition deterrent prop-
erties. In general, plant extracts have been recog-
nized as the important natural resources of 
insecticides  [  9  ] . The present study aims to deter-
mine the larvicidal activity of  Anamirta cocculus  
(L.) Wight and Arn and  Sphagneticola trilobata  
(L.) Pruski and their effect on the fertility (fecun-
dity of females and hatchability of the eggs) of 
the  Culex pipiens  (L.).  

   Materials and Methods 

   Laboratory Culture of  Culex pipiens  (L) 

 The larvae/pupae of  C .  pipiens  from the  fi eld 
were brought to the laboratory and transferred to 
plastic trays containing ¾ part of 0.08% saline 
water. The pupae were collected in the glass 
bowls and kept in the mosquito emergence cage. 

The freshly emerged adults were maintained at 
room temperature. The adult females were pro-
vided with blood meal from an immobilized hen 
and the males were fed with sucrose solution. 
Bowls with 0.08% saline water were provided in 
the cage for enhancing oviposition. The freshly 
laid eggs were taken out and the eggs were trans-
ferred into a trough and allowed to hatch. Freshly 
hatched larvae were fed by  fi ne powder of dog 
biscuits and yeast in the ratio 3:1. Water was 
changed every alternate day and the feeding con-
tinued till the larvae moulted into pupae. The 
freshly hatched/moulted larvae were used for 
bioassay tests.  

   Preparation of Plant Extracts 

 Fresh leaves of  Sphagneticola trilobata  and fruits 
of  Anamirta cocculus  were thoroughly washed 
with water and dried under shade at room tem-
perature. The dried materials were powdered in a 
kitchen machine and Soxhlet extracted with ana-
lytical grade acetone. The extracts obtained were 
then dried and weighed, and the yields of the 
plant materials were calculated. One percent 
stock solution was prepared out of each of the 
extracts and was stored in refrigerator.  

   Bioassay 

 The appropriate volume of 1% stock solution of 
the acetone extract was diluted to 100 ml of 0.08% 
saline water in a disposable tumbler to obtain 
desired concentration of the test medium. 20 lar-
vae of each instar were released into each tumbler 
containing test medium. A control with 100 ml of 
0.08% saline water and a control with highest vol-
ume of acetone were also set. Triplicates were 
maintained in the experiment and the control sets. 
Observations were taken after 24 h, and the mor-
tality of the treated larvae was recorded at the end 
of 24 h of exposure, and the LC 

50
 , LC 

90
  and asso-

ciated statistics were estimated using the software 
program developed by Reddy et al .   [  10  ] . 

 Freshly hatched I instar larvae of  X. pipiens  
reared separately in 100 ml of 0.08% saline 
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 containing four sublethal concentrations (2, 4, 6, 
8 ppm of  A. cocculus  and 20, 40, 60 and 80 ppm 
of  S. trilobata ) of the acetone extracts. Normal 
control (0.08% saline alone) and acetone control 
(0.08 saline with maximum volume of acetone in 
the sample) were maintained. Three replicates for 
the controls and the different treatments were 
maintained. The larvae were provided with dry 
yeast powder and dog biscuit in the ratio of 
3:1. After the larvae metamorphosed into pupae, 
they were transferred to emergence cages 
(30 × 30 × 30 cm) and allowed to emerge, and the 
number of males and females was counted. With 
the help of an aspirator, 10 males and 10 females 
were introduced into another cage, and the males 
were provided with 10% sucrose solution and the 
females with blood meal from an immobilized 
chicken. One bowl containing water was kept 
inside the cage to facilitate oviposition. The eggs 
laid were removed, counted and allowed to hatch 
in separate tray. Fecundity was monitored till the 
females were dead. The number of eggs that 
successfully hatched into the  fi rst instar larvae 
in each concentration was counted. Relating 
fecundity and hatchability of the treated females 
to those of the control females, reduction in 
fecundity and hatchability due to treatment was 
calculated.   

   Results and Discussion 

 The data on the 24-h LC 
50

  (ppm) of the acetone 
extracts of the selected plants against the 
 different instars of  C. pipiens  were provided in 
Table  45.1 . The results show that fruit extract of 

 A. cocculus  has more activity than the leaf 
extract of  S.  trilobata . The 24-h LC 

50
  values 

ranged from 23.25 to 30.71 ppm for  A. cocculus  
and from 99.76 to 189.24 ppm for  S. trilobata.  
Adult mosquitoes emerged from the larvae 
reared in the sublethal concentrations showed 
signi fi cant decrease in the fecundity.  

 Data on fecundity of the females of the selected 
mosquito and the hatchability of the eggs were 
provided in Table  45.2 . Average realized fecun-
dity of a female  X. pipiens  in the control series 
pertaining to the tests of different extracts ranged 
from 130.4 to 140.9. Rearing freshly moulted lar-
vae at 2-ppm concentration of the acetone extract 
of  A. cocculus  decreased the fecundity to 99.8 
eggs/female. At the highest concentration (8 ppm) 
of the acetone extract of  A. cocculus,  the fecun-
dity decreased to 39.8 eggs/female. The lower 
and higher concentrations of the acetone extract 
of  S. trilobata  decreased to 98.9 and 26.8 respec-
tively. Like fecundity, hatchability also displayed 
a linear inverse relationship with treatment con-
centrations (Table  45.2 ). Perusal of the data on 
fecundity reported by various workers  [  11–  14  ]  is 
by no means comparable with the data reported 
in the present study. However, Mohsen et al .   [  15  ]  
reported 86.3% decrease in fecundity of  C. quin-
quefasciatus  treated with 500 ppm of crude etha-
nol extract of  Imperata cylindrica . The acetone 
extracts of the selected plant materials tested in 
the present study also considerably decreased the 
hatchability of the egg of  X. pipiens.  The obser-
vations made in the present study convincingly 
con fi rm that the acetone extracts of the selected 
plant materials exhibit the highest negative effect 
on fecundity and hatchability of  X. pipiens.        

   Table 45.1    24-h Lc 50 (ppm) and Lc  90  (ppm) of the acetone extract of the selected plant materials against the different 
instars of  Culex pipiens    

 Sl. no.  Name of the plant  Instar  LC50 ( fi ducial limits)  LC90 ( fi ducial limits) 

 1   Anamirta cocculus   I  27.61(16.5–58.04)  56.23(39.3–200.35) 
 II  23.25(20.4–26.2)  53.96(47.48–63.89) 
 III  29.52 (17.99–44.4)  81.19(61.6–138.7) 
 IV  30.71(24.56–39.04)  69.55(55.32–104.8) 

 2   Sphagneticola trilobata   I  109.24(103.4–116.0)  168.61(155.8–186.8) 
 II  99.76(94.1–106.4)  161.6(147.8–182.7) 
 III  189.24(179.6–198.7)  282.31(267.7–301.1) 
 IV  113.34(108.3–125.6)  226.48 (197.0–278.8) 
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   Table 45.2    Fecundity and hatchability of  C. pipiens  as a function of sublethal concentrations of the acetone extract of 
the selected plant materials. Each value represents the mean ( C  ± SD) of three observations   

 Conc. (ppm). 
 Total no. 
of eggs 

 Fecundity (egg/
female) 

 Hatchability  Decrease over control (%) 

 Eggs hatched (no.)  %  Fecundity  Hatchability 
  Anamirta cocculus  
 Control  1,304 ± 4.0  130.4 ± 0.4  1,289 ± 4.0  98.84  0  0 
 2  998.8 ± 10  99.8 ± 1.0  960.6 ± 4.0  96.17  24.46  2.7 
 4  799.2 ± 7.0  79.9 ± 0.7  673.0 ± 12.0  84.21  38.73  14.8 
 6  576.0 ± 8.0  57.6 ± 0.8  398.0 ± 10.0  60.09  55.82  39.2 
 8  398.4 ± 12.0  39.8 ± 1.2  168.0 ± 6.0  42.21  69.47  57.3 
  Sphagneticola trilobata  
 Control  1,409 ± 8.0  140.9 ± 0.8  1299.8 ± 12.0  92.24  0  0 
 20  1,203 ± 2.0  120.3 ± 0.2  989.0 ± 10.0  81.96  14.62  11.1 
 40  999.7 ± 10.0  99.9 ± 1.0  800.2 ± 8.0  80.02  30.45  13.2 
 60  690.4 ± 14.0  69.0 ± 1.4  530.4 ± 6.0  76.82  51.08  16.7 
 80  400.0 ± 10.0  40.0 ± 1.0  268.0 ± 8.0  67.01  58.84  27.4 
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  Abstract    

  Staphylococcus aureus  is a pyogenic coccus responsible for various 
suppurative diseases with a wide distribution and carriage rate among 
hospital personnel as well as patients. To control the spread of MRSA, 
which has high virulence and seems to defy the usual infection control 
measures, it is important to understand the epidemiological relatedness 
between them. The present study was undertaken to study the epidemiol-
ogy and prevalence of MRSA isolates in Kerala with respect to their cur-
rently existing phage types. A total of 104 isolates of MRSA were tested 
from various hospitals in Kerala between January 2006 and January 2009. 
The isolates were characterised using staphylococcal cassette chromosome 
typing (SCC mec  typing). Phage typing was performed at the National 
Staphy lococcal Phage Typing Centre, MAMC, New Delhi, using standard 
Blair and William method (1961) at routine test dilution (RTD) and 
100XRTD. The results were also corroborated using pulsed  fi eld gel elec-
trophoresis (PFGE). The strains carried type III cassette chromosome and 
were classi fi ed as group I – 29, 52, 52A, 79, 80; group II – 3A, 3C, 55, 71; 
group III – 6, 42E, 47, 53, 54, 75, 77, 83A, 84, 85; and group IV – 94, 96, 
and non-allocated 81, 95.53% of the isolates were nontypable at both RTD 
and 100XRTD. The remaining 47% strains were classi fi ed into 13 phage 
types by using RTD. Majority of the isolates were lysed by phage 75 of the 
lytic group III (87.2%). Seventeen isolates were lysed by phage 79 and 8 
isolates by phage 29 of the lytic group I. The phage group III strains 
represented the largest proportion of the isolates in our study which has 
been found to be the predominant phage group among HA-MRSA in 
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several studies. Their PFGE patterns also con fi rmed the close relatedness 
among the strains. These results prove that phage typing can still be used 
as an inexpensive screening method especially for mass typing since the 
gold standard PFGE is time-consuming, cumbersome and expensive.     

Keywords

MRSA • Phage-typing • Staphylococcal cassette chromosome •  mec A 
gene • PFGE 

   Introduction 

  Staphylococcus aureus  is a pyogenic coccus 
responsible for various suppurative diseases with a 
wide distribution and carriage rate among hospital 
personnel as well as patients. Methicillin-resistant 
 Staphylococcus aureus  (MRSA), a major patho-
gen and now endemic in many hospitals around 
the world, is reported to be increasing with inci-
dence ranging between 40 and 50% in different 
institutions. Some of the serious clinical manifes-
tations of MRSA infections, such as bloodstream 
infections (BSI) and ventilator-associated pneu-
monia (VAP), are frequently reported in the ICUs 
 [  1  ] . It has been increasingly reported from India as 
a coloniser in healthy individuals in community-
acquired infections and is the predominant patho-
gen isolated in pyodermas  [  2  ] . The incidence of 
MRSA infections in India was reported to be 
between 18 and 33% in 1997 which increased to 
51% in 2001  [  3  ] . A high mortality rate still exists 
in the case of MRSA infections owing to the resis-
tance to many potent antibiotics. 

 Strain typing is an integral part of surveillance 
networks. There are several typing techniques for 
MRSA, but a simple inexpensive technique with 
a good discriminatory power and wide availabil-
ity is lacking. PFGE is considered the gold stan-
dard, but it is expensive and labour intensive, and 
it uses genetic markers which undergo rapid evo-
lutionary changes overtime which makes it 
dif fi cult to standardise at different times and 
between laboratories  [  4  ] . Epidemiological stud-
ies have shown high virulence among epidemic 
MRSA (EMRSA) strains of certain phage types 
which spread rapidly among hospitals and vary 
greatly in their antibiotic resistance patterns  [  5  ] . 
So typing of these isolates is important to under-
stand the epidemiology and spread of such highly 
resistant organisms. The present study was under-

taken to study the epidemiology and prevalence 
of MRSA isolates in Kerala with respect to their 
currently existing phage types.  

   Materials and Methods 

 A total of 104 isolates of methicillin-resistant 
 Staphylococcus aureus  were tested from various 
hospitals in Kerala between January 2006 and 
January 2009. Molecular con fi rmations of the 
strains were done using 16SrRNA typing and 
 mec A gene ampli fi cation and sequencing. Phage 
typing was performed at the National Staphylococcal 
Phage Typing Centre, MAMC, New Delhi, using 
standard Blair and William method  [  6  ]  at routine 
test dilution (RTD) and 100XRTD using the inter-
national basic set of 23 phages obtained from 
CHPL, Colindale, UK. The strains were classi fi ed 
as group I – 29, 52, 52A, 79, 80; group II – 3A, 3C, 
55, 71; group III – 6, 42E, 47, 53, 54, 75, 77, 83A, 
84, 85; group IV – 94, 96; and non-allocated 81, 
95.53. The lytic reactions on the inoculated plates 
were read visually after overnight incubation at 
30°C and were graded as negative, inhibition, weak 
lytic reaction or strong lytic reaction. 

   Pulsed Field Gel Electrophoresis 

 The isolates were also typed using PFGE with the 
 Sma I restriction enzyme, as previously described 
 [  7  ] . The fragments were resolved on a 1% gel on a 
Chef Mapper (Bio-Rad, Richmond, Calif.) PFGE 
apparatus at 6 V/cm for 22 h, with switching times 
ramped from 5 to 35 s at 14°C. A lambda DNA 
PFGE molecular size standard (Amersham 
Pharmacia Biotech, Little Chalfont, United 
Kingdom) and an ATCC control strain were 
included in each gel. PFGE patterns were  interpreted 
according to the criteria of Tenover et al .   [  8  ] .   
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   Results and Discussion 

 Majority of the isolates were nontypable (53%) 
at both RTD and 100XRTD. These isolates were 
concentrated in three districts. The remaining 
47% strains were classi fi ed into 13 phages by 
using RTD. Majority of the isolates (41) were 
lysed by phage 75 of the lytic group III (87.2%). 
The isolates lysed only by phage 75 were concen-
trated in two districts. 17 isolates were lysed by 
phage 79, and 8 isolates were lysed by phage 29 

of the lytic group I. Four isolates were lysed by 
phage 81 of lytic group IV, and 4 isolates were 
lysed by phage 3C of lytic group II and 2 iso-
lates by phage 3A of group II. The major phage 
types obtained in the study are summarised in 
Table  46.1 .  

 Pulse  fi eld gel electrophoresis revealed that 
the isolates were closely related, probably belong-
ing to a single endemic clone, and they all carried 
type III cassette chromosome, thus con fi rming 
that they are HA-MRSA. Figure  46.1  shows the 
 Sma I restriction pattern of the isolates.  

 Active surveillance and an understanding of 
the epidemiological relatedness between the iso-
lates are essential components for control strate-
gies especially in organisms such as  S. aureus  
which has high virulence and seems to be unaf-
fected by the usual infection control practices in 
hospitals  [  9  ] . Phage typing has been the classical 
typing method for epidemiological typing of 
 S. aureus  strains. Our isolates were con fi rmed 
to be hospital-acquired MRSA with type III cas-
sette chromosome. Only 47% of the isolates were 
typable, and these strains were classi fi ed into 13 
phage types with the majority of the isolates being 
lysed by phage 75 of lytic group III. This is higher 
than the percentage of typable isolates reported 
earlier in India where majority of the isolates 

   Table 46.1    Major phage types obtained in the study   

 Phage types  Group  No. of strains (%) 

 52A/75  I  1 (2.1) 
 3A/3C  II  2 (4.2) 
 79/75  I, III  1 (2.1) 
 75/81  III, NA  1 (2.1) 
 79/75/81  I, II, NA  2 (4.2) 
 54/75  III  10 (21.2) 
 29/79/54/75  I, III  7 (14.89) 
 29/79/75  I, III  1 (2.1) 
 79/54/75  I, III  1 (2.1) 
 75  III  17 (36.1) 
 3C  II  2 (4.2) 
 80  I  1 (2.1) 
 79  I  1 (2.1) 

  Fig. 46.1    PFGE patterns 
of representative MRSA 
isolates from Kerala, India, 
after digestion of chromosomal 
DNA with  SmaI.  Positions 
of marker bands are indicated 
on the  right        
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belonged to group III followed by mixed phages 
 [  3  ] . Similarly, only 39.1% strains of MRSA iso-
lated in Maharashtra area were typable with the 
majority again belonging to phage group III  [  10  ] . 

 In a study by Lemaitre et al .  MRSA isolates 
from France were also found to belong to phage 
group III, and they found that 60% strains were 
typable which is higher compared to the present 
study  [  11  ] . Similar studies from Spain had also 
reported phage group III as the predominant 
group  [  12,   13  ] . Trilla et al .   [  13  ]  reported that 
majority of the isolates were lysed by phage 77 
whereas most of our isolates were lysed by phage 
75. Nontypable and phage type 77 were the most 
predominant in MRSA isolated from Thailand 
 [  14  ] . Recently, up to 52% of the isolates obtained 
from all over India were reported to be typable 
and 48% nontypable with distinct restriction 
fragment length polymorphism (RFLP) patterns. 
Majority of these isolates belonged to mixed 
phage groups  [  15  ] . Similar to several other reports 
from around the world, we found that phage 
group III strains represented the largest propor-
tion of the isolates in our study which has been 
reported to be the predominant phage group 
among hospital-acquired MRSA (HA-MRSA) 
along with cyclic  fl uctuations in predominance of 
group I and III strains  [  16  ] . 

 While phage group II strains have been 
associated with exfoliatin-related diseases and 
community-associated MRSA (CA-MRSA), group 
III has been predominant in HA-MRSA. Similar 
results were reported in a recent study from 
Assam where all the MRSA isolates in the study 
belonged to group III phage type and resembled 
the predominant strain in Asia which is the 
Brazilian/Hungarian strain CC8-MRSA-III. Their 
PFGE patterns also con fi rmed the close related-
ness among the strains  [  17  ] . Isolates carrying 
type III SCC mec  and predominantly lysed by 
group III phages with closely related PFGE 
patterns have also been reported from Hong 
Kong. These isolates were thought to be derived 
from ST8 MSSA isolates through the acquisition 
of type III SCC mec   [  4  ] . 

 Phage typing is still preferred as the  fi rst-line 
approach in epidemiological typing of MRSA  [  18  ] , 
and these results prove that it can still be used as 

an inexpensive screening method. Nevertheless, 
PFGE is essential for the examination of non-
typable strains, identi fi cation and characterisation 
of epidemic strains or con fi rmation of ambiguous 
results, even though it is more time-consuming 
and cumbersome and requires expensive equip-
ment  [  19  ] .  

   Conclusions 

 We conclude that bacteriophage typing, even 
though less discriminatory compared to the cur-
rently available molecular techniques, can still be 
used as an inexpensive screening method but 
cannot be depended on solely for typing isolates. 
This is especially useful in an epidemiological 
context particularly for mass typing since the 
gold standard PFGE is time-consuming and 
requires expensive equipments and expertise. 
In the meantime, the introduction of new MRSA 
phages has further reduced the number of circu-
lating nontypable strains which warrants further 
studies to perfect this technique.      
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  Abstract 

  Acorus calamus  Linn. is a traditional medicinal plant included in 
“lekhaneyagana” (which means “reduce excess fat”), a pharmacological 
classi fi cation mentioned by Charaka in Charakasamhita. Traditionally, 
this plant has been prescribed as a  fi rst-line treatment for many ailments 
such as digestive problems, diabetes, obesity, and related problems. The 
purpose of the present study was to check the effect of methanolic fraction 
of  A. calamus  on serum lipids, Lecithin-cholesterol acyltransferase (LCAT) 
enzyme, and apolipoproteins. We found that treatment of  A. calamus  at 
concentrations of 200 and 400 mg/kg body weight was able to reduce total 
cholesterol (T-c), triglycerides (TG), and low-density lipoprotein choles-
terol (LDL-c) levels and increase high-density lipoprotein cholesterol 
(HDL-c) levels compared to model control group.  A. calamus  treatment 
results in activation of LCAT enzyme, which helps in the maturation of 
HDL-c. ApoA1 level was found to be increased considerably by the 
administration of  A. calamus  extract, and the Apo B level was decreased. 
GCMS analysis of the  A. calamus  extract showed the presence of com-
pound, Friedelan-3-one. The result suggests the use of methanol fraction 
of  A .calamus , as a potential drug for controlling the cholesterol level.  

  Keywords 

  A. calamus   •  LCAT  •  GCMS  •  Apolipoproteins  

      Hypolipidemic Effect of Methanol 
Fraction of  Acorus calamus  Linn. 
in Diet-Induced Obese Rats       

        K.  S.   Arun    and    Anu   Augustine         
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  Abbreviations  

  Apo A1    Apolipoprotein A1   
  Apo B    Apolipoprotein B   
  GCMS     Gas chromatography mass spectrometry   
  HDL-c     High-density lipoprotein cholesterol   
  LCAT     Lecithin-cholesterol acyltransferase   
  LDL-c     Low-density lipoprotein cholesterol   
  MSMS    Tandem mass spectrometry   
  RT    Retention time   
  T-c    Total cholesterol   
  TG    Triglycerides         

   Introduction 

  Acorus calamus  Linn. (Family: Araceae), also 
known as sweet  fl ag, is a semiaquatic perennial herb 
with creeping and branched aromatic rhizome. The 
roots and rhizomes of this plant have been used in 
the Indian and Chinese systems of medicine for at 
least 2,000 years. The essential oils isolated from 
 A. calamus  showed anti-hypercholesterolemia, anti-
in fl ammatory, and antioxidative activity, respectively 
 [  1–  3  ] . Furthermore,  A. calamus  extract showed anti-
fungal activity and insecticidal properties  [  4  ] . 

 Obesity is an excess proportion of total body fat 
and is reaching epidemic proportions. Direct health 
costs attributable to obesity have been estimated at 
$52 billion in 1995 and $75 billion in 2003 and 
increasing in alarming rate  [  5  ] .  A. calamus  is a 
plant included in lekhaneyagana, a pharmacological 
classi fi cation mentioned in “Charakasamhita” 
which means “reduce excess fat”  [  6  ] . In the present 
study, we screened the methanolic fraction of  A. 
calamus  for hypolipidemic effects in diet-induced 
rat models. The fraction which shows hypolipi-
demic effect was used to perform GCMS analysis.  

   Materials and Methods 

   Preparation of the Root Extract 
of  A. calamus  

 Root samples of  A. calamus  were purchased from 
local market and authenticated by the Centre for 
Medicinal Plants Research (CMPR), Kottakkal, 

India. Voucher specimen was processed and 
deposited (No: CMPR 1486). 2.3 kg of the  fi ne 
powdered sample was used for Soxhlet extraction 
using methanol. The homogenate was then  fi ltered 
using Millipore  fi ltration system 2 (Millipore, 
USA) and dried using a rotary evaporator at 40°C 
(273 g).    The methanol fraction was loaded to a 
silica gel column eluted with MeOH: water 
(18 × 500 mm column), increasing water gradu-
ally to supply  fi ve fractions, since the 30% 
MeOH-soluble fraction exhibited considerable 
hypolipidemic activity  [  1,   4  ] . The fourth fraction 
was used to feed the diet-induced obese rats, and 
the same was used for GCMS analysis.  

   Establishment of Experimental 
Model and Drug Treatment 

 Sprague Dawley (SD) strain rats of body weight 
160 ± 10 g were used for experiments. The ani-
mals were housed in polypropylene cages at 
controlled temperature (22 ± 3°C) and humidity 
(50 ± 10%) and were kept in 12-h light cycle. 
The experiment was approved by the Institutional 
Animal Ethics Committee (IAEC No-KULS/
IAEC 2011-04) and performed based on CPCSEA 
accepted guidelines for care and use of labora-
tory animals. 

 Rats were randomly divided into two 
groups: normal control group ( n  = 10) and 
high-fat group ( n  = 40). The normal control 
rats were fed with standard diet, and hyperlipi-
demic rats were fed with high-fat diet  [  7,   8  ] . 
The rats in high-fat model group were ran-
domly divided into four groups with ten rats 
per group: high-fat model control group,  A. 
calamus I  group (200 mg/kg body weight 
(BW)),  A. calamus II  group (400 mg/kg BW), 
and mevinolin (3.0 mg/kg body  weight)-treated 
positive control group  [  7  ] . The acute toxicity 
of the extract was performed, and the doses 
were chosen according to the acute toxicologi-
cal study  [  9,   10  ] . At the end of the experiment, 
the overnight fasted rats were sacri fi ced and 
blood samples were taken for the estimation of 
serum T-c, TG, HDL-c, LDL-c  [  11–  14  ] , 
Lecithin-cholesterol acyltransferase  [  15  ] , and 
apolipoproteins  [  16  ] .  
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   GCMS Analysis of Methanolic Extract 
of  A. calamus  

 GCMS and MSMS analysis of the methanolic 
extract of  A. calamus  was performed using Perkin 
Elmer Clarus 600 GCMS and Turbomatrix 40 
trap GC-HS controlled by Turbo mass software 
version 5.4.2. One microliter of the sample was 
injected by direct liquid injection mode into Perkin 
Elmer Clarus 600 Gas Chromatogram equipped 
with Elite-5MS, 30 m × 0.25-mm ID × 0.25-um 
 fi lm thickness. The GC conditions were, injection 
temperature 275°C, helium as carrier gas with 
 fl ow of 15 psi, and a split ratio of 10. GC ef fl uent 
was introduced to the mass spectrometer for EI 
mass spectrometry analysis where data were 
recorded in full scan or linear mode in the mass 
range of 10–600  m/z .  

   Statistical Analysis 

 All values are presented as mean ± s.d. Statistical 
comparisons of the groups were made by 
ANOVA, and each group was compared with the 
others by Posthoc Fisher’s PLSD test (SPSS Inc-
IBM, USA). Statistical signi fi cance was de fi ned 
as  P  < 0.05.   

   Results and Discussion 

   Effect of  A. calamus  on Serum Lipid 
Levels in Diet-Induced Obese Rats 

 The estimated lipid levels in normal control, high-
fat model control, extract-treated groups, and 
positive control are given in Table  47.1 . The T-c 
and TG levels of  A. calamus  extract-treated groups 
were lower than the high-fat group; the dose 
response was also obvious. Moreover,  A. calamus  
facilitates enhancement of cardio-protective lipid 
HDL-c, and this effect may be due to the increase 
in activity of lecithin: cholesterol acyl transferase 
(LCAT) enzyme, which may contribute to the 
regulation of blood lipids. The effect of  A. cala-
mus  on HDL-c may be largely attributed to its 
central function in the reverse cholesterol trans-
port, a process whereby excess cell cholesterol is 
taken up and processed by HDL particles for fur-
ther delivery to the liver for metabolism  [  17,   18  ] .  

 Treatment of hyperlipidemic rats with  A. cala-
mus  extract at a dose of 200 and 400 mg/kg 
body weight lowered the serum LDL-c levels. 
The mevinolin-treated group had also showed a 
signi fi cant hypocholesterolemic effect in serum 
as compared to model control group  [  19,   20  ] .  

   Table 47.1    Effect of  A. calamus  on serum lipids, apolipoproteins, and LCAT activity in diet-induced obese rats   

 Normal control  High-fat model 
  A. calamus 
I  200 mg/kg 

  A. calamus 
II  400 mg/kg 

 Positive control 
mevinolin 

 Serum lipids (mgdL −1 ) 
 T-c  72.34 ± 7.64 a   111.81 ± 6.67  97.58 ± 2.32 b   87.03 ± 2.07 b   83.7 ± 1.93 
 TG  78.10 ± 4.14 a   107.1 ± 6.62  95.03 ± 2.18 b   85.11 ± 1.81 b   81.81 ± 1.77 
 HDL-c  35.1 ± 3.49  22.43 ± 4.08 a   24.1 ± 1.01  28.21 ± 0.94 b   31.6 ± 1.65 b  
 LDL-c  21.62 ± 8.02  67.96 ± 9.88 a   54.47 ± 1.79 b   41.79 ± 2.71 b   35.75 ± 1.29 b  
 Apolipoproteins (mgdL −1 ) 
 ApoA1  6.28 ± 0.37  4.26 ± 0.12 a   4.83 ± 0.17 b   5.62 ± 0.21 b   5.31 ± 0.29 
 ApoB  2.82 ± 0.29  8.11 ± 0.41 a   7.48 ± 0.27 b   6.61 ± 0.5 b   4.5 ± 0.32 
 LCAT  30.98 ± 2.53  37.01 ± 2.67  39.25 ± 1.44  41.53 ± 0.94 b   42.66 ± 1.60 

   LCAT  Lecithin-cholesterol acyltransferase, normal control, rat fed with normal diet; high-fat model, rat fed with 
high-fat diet;  A calamus I -200 mg/kg and  A calamus II -400 mg/kg, high-fat diet rats treated with 200 and 400 mg/kg 
body weight of  A calamus  extract, respectively; positive control mevinolin, high-fat diet rats treated with mevinolin 
(3.0 mg/kg). The values are mean ± s.d for ten rats 
  a  p  < 0.05 compared with control group 
  b  p  < 0.05 compared with untreated model group  
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   Effect of  A. calamus  on LCAT Activity 
in Diet-Induced Obese Rats 

    Oral administration of  A. calamus  extracts that 
result in signi fi cant increase in LCAT activity 
supports the above result (Fig. 47.1). LCAT is an 
enzyme that catalyzes the formation of choles-
teryl esters on HDL and by that promotes matura-
tion of HDL particles in plasma and facilitates 
reverse cholesterol transport by maintaining a 
concentration gradient for the diffusion of cellu-
lar unesteri fi ed cholesterol to HDL. It helps to 
improve cholesterol exportation in biliary acids 
 [  18,   19  ] . Similar results were observed for lipid 
pro fi les treating  Curcuma kwangsiensis  polysac-
charides  [  7  ]  and LCAT activity in case of 
 Gymnema sylvestre  and Monascus-fermented 
soybean extracts  [  21,   22  ]  (Fig   .  47.1 ).   

   Effect of  A. calamus  on Serum 
Apolipoproteins in Diet-Induced 
Obese Rats 

 The administration of  A. calamus  extract signi-
 fi cantly increases the apoA1 and drops down Apo 
B levels. Both lipid-poor apoAI and HDL act as 
acceptors for cellular lipids, and lipid ef fl ux from 
cells can be mediated via the cell surface pro-
teins. Apo A-I and Apo A-II are the main protein 
components of HDL cholesterol, which helps in 
removing excess cholesterol from the tissues for 
removal by the liver  [  23  ] . On the other hand, Apo 
B, which is a component of LDL-c, enables tis-
sue cells to take up cholesterol  [  24  ] .  

   GCMS Analysis of Methanolic Extract 
of  A. calamus  

 The GCMS and MSMS analysis done using 
 A.calamus  extract shows the presence of Friedelan-
3-one (Fig.  47.2 ). The spectrum and library search 
of 34.41 min RT peak represents the compound, 
Friedelan-3-one.    

   Conclusions 

 The administration of  A.calamus  extract 
reduced serum T-c, TG, and LDL-c levels. 
Furthermore,  A.calamus  helps to improve car-
dio-protective lipid HDL-c. The mechanism of 
hypolipidemic activity of  A. calamus  was not 
studied till date. Our study addresses the short-
fall; it is presumed that a higher hypolipidemic 
effect of  A. calamus  might be due to the activa-
tion of LCAT enzyme. GCMS analysis data of 
same fraction of  A. calamus  extract shows that 
major peak present is Friedelan-3-one. The 
decrease of serum TG level is also a promising 
result, since triglycerides are independently 
related to cardiovascular disease and most of 
hypercholesterolemic drugs were not able to 
reduce TG levels. Based on this observation, it 
can be comprehended that the  A.calamus  frac-
tion containing compound Friedelan-3-one is 
able to activate LCAT and exhibit potential 
hypolipidemic activity. The results constitute a 
valid scienti fi c groundwork for its medicinal 
application and valid support for “lekhaneya” 
action of  A.calamus.       

  Fig. 47.1     Graph  showing the effect on  A. calamus  on LCAT activity in diet-induced obese rats       
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  Abstract 

 Typhoid fever, caused by  Salmonella enterica  serotype Typhi ( S. typhi ), is 
a major public health problem, particularly in developing countries. 
 Typhoid fever  causes 16 million cases with    600,000 deaths worldwide 
annually. Multidrug-resistant and  fl uoroquinolone-resistant strains of 
 S. typhi  have been reported from various parts of the country and created a 
major therapeutic problem. The present study was undertaken to docu-
ment the serotype, biotype and phage types of S . typhi  isolated from dif-
ferent regions in Kerala. A total of 65 strains of  S. enterica  serovar Typhi 
were isolated from blood cultures of febrile patients from various hospitals 
in Kerala, India, during the period from 2006 to 2008. Strains were tested 
biochemically, and con fi rmation was done using agglutinating O antisera. 
Strains were characterized by sequence analysis of quinolone resistance 
determining regions of  gyrA, gyrB, parA  and  parB . Phage typing and bio-
typing were done at the National Salmonella Phage Typing Centre, 
Department of Microbiology, Lady Hardinge Medical College, New Delhi, 
using Kauffmann-White serotyping scheme of Popof and Le Minor. Phage 
typing was performed according to the recommendations of the Health 
Protection Agency Service (Colindale, UK) in the Pasteur Institute, 
Brussels, Belgium, using ten phages. All the isolates agglutinated with O 
antiserum. Four phage types were observed among the isolates (E1, Vi.
neg, Deg Vi and UVS). The most prevalent phage type was E1 (70.8%) 
followed by Deg Vi (13.8%). Our report contradicts the  fi ndings of studies 
from Mumbai but similar to reports from Kolkata. Biotyping revealed all 
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   Introduction    

  Salmonella enterica  serovar Typhi is the caus-
ative agent of typhoid fever which causes 16 
million cases with 600,000 deaths worldwide 
annually  [  1  ] . It is a major health problem in 
developing countries as a result of many inter-
related factors including increased urbanization, 
inadequate supplies of clean water, antibiotic 
resistance, variable ef fi cacy of vaccine prepara-
tion and increased regional movement of large 
numbers of migrant workers  [  2  ] . Multidrug-
resistant and  fl uoroquinolone-resistant strains of 
 S. typhi  have been reported from various parts of 
the country and created a major therapeutic 
problem  [  3  ] . Effective epidemiological typing 
of serovar Typhi strains is needed to monitor the 
presence and spread of the disease.    The pheno-
typic methods are used for epidemiological typ-
ing of serovar Typhi strains such as serotyping 
and phage typing. The present study was under-
taken to document the serotype, biotype and 
phage types of S . typhi  isolated from different 
regions in Kerala.  

   Materials and Methods 

   Bacterial Strains 

 A total of 64 strains of  S. enterica  serovar 
Typhi were isolated from blood cultures of 
febrile patients from various hospitals in 
Kerala, India, during the period from 2006 to 
2008. Strains were tested biochemically, and 
con fi rmation was done using agglutinating 
O antisera.  

   Antimicrobial Susceptibility Testing 

  S. enterica  serovar Typhi isolates were tested 
for susceptibility to antimicrobials by disc dif-
fusion technique according to guidelines pro-
vided by the Clinical and Laboratory Standards 
Institute, CLSI (formerly National Committee 
for Clinical Laboratory Standards)  [  4  ] . The fol-
lowing antimicrobials were tested: chloram-
phenicol (30  m g), ampicillin (10  m g), amoxycillin 
(30  m g), gentamycin (10  m g), co-trimoxazole 
(25  m g), tetracycline (30  m g), nalidixic acid 
(10  m g), cipro fl oxacin (5  m g), o fl oxacin (5  m g) 
and ceftriaxone (25  m g).  Escherichia coli  ATCC 
25922 was used as control strain for antimicro-
bial susceptibility testing.  

   Determination of Minimum Inhibitory 
Concentration (MIC) 

 Minimum inhibitory concentrations (MIC) of 
ampicillin, amoxycillin, tetracycline, gentam-
ycin, chloramphenicol, cipro fl oxacin, o fl oxacin, 
nalidixic acid and ceftriaxone were determined 
for each strain by broth macro dilution 
method according to guidelines provided by 
CLSI  [  5  ] .  

   Plasmid DNA Analysis 

 All isolates of  S. enterica  serovar Typhi isolates 
were subjected to plasmid pro fi ling. Plasmid 
DNA was extracted by rapid procedure using 
alkaline lysis method  [  6,   7  ] . Plasmid DNA was 
analysed on its electrophoretic movement on 

isolates belong to group I and group II isolates were not recovered. This 
 fi nding was similar to earlier reports from different parts of the country. 
It could be concluded that majority of  Salmonella enterica  serotype Typhi 
isolates belong to E1 phage type and single biotype was prevalent among 
the strains.  

  Keywords 
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0.8% agarose gel at 100 V for 2 h. Molecular 
mass of plasmid DNA was estimated by Hind 
 III-digested lambda DNA marker.  

   Ampli fi cation of QRDR Region of gyrA, 
gyrB, parC and parc Genes 

 Polymerase chain reaction (PCR) primers were 
designed using Primer programme. (  http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3_results.cgi    ). PCR 
was performed in a total volume of 25  m l which con-
tained 5  m l of supernatant, 25pmol of each primer, 
200  m M dNTPs, 1.5 mM MgCl 

2
  and 0.5U of Taq 

polymerase (Bangalore Genei, India). After an ini-
tial denaturation step of 3 min at 94 °C, ampli fi cation 
was performed over 30 cycles, each consisting of 
1 min at 94 °C, 1 min at hybridization temperature 
(56 °C for  gyrA , 58 °C for  gyrB  and 53 °C for  parC  
and  parE  ) and 1 min at 72 °C,with a  fi nal extension 
step of 10 min at 72 °C. PCR products were puri fi ed 
according to standard procedures  [  7  ] .  

   Sequencing and Analysis of QRDR 
Region of gyrA, gyrB, parC and parE 
Genes 

 Sequencing of ampli fi ed QRDR region of  gyrA, 
gyrB, parC  and  parE  genes was carried out by 
the method of Sanger et al .  in an automated DNA 
sequencer (ABI 3100 Genetic Analyzer) with 
selected primers. DNA sequences of ampli fi ed 
regions were analysed using commercial soft-
ware (Chromas software). Sequences were com-
pared using BLAST analysis with nucleotide 
sequence database of  gyrA, gyrB, parC  and  parE  
under the following accession numbers:  S. enter-
ica  serovar Typhi  gyrA  accession no: AB071870, 
 S. enterica  serovar Typhi  gyrB  accession no: 
AB072396,  S. enterica  serovar Typhi  parC  acces-
sion no: AB072701 and  S. enterica  serovar Typhi 
 parE  accession no: AB072701. 

   Phage Typing and Biotyping 

 Phage typing and biotyping were done at the 
National Salmonella Phage Typing Centre, Depart-

ment of Microbiology, Lady Hardinge Medical 
College, New Delhi, using  Kauffmann-White 
serotyping scheme of Popof and Le Minor. Phage 
typing was performed according to the recom-
mendations of the Health Protection Agency 
Service (Colindale, UK) in the Pasteur Institute, 
Brussels, Belgium, using ten phages.    

   Results and Discussion 

 Antibiotyping of  S. typhi  strains yielded 18 
 biotypes. Antimicrobial susceptibility pattern of 
 S. enterica  serovar Typhi revealed that 71.9% of 
isolates were resistant to nalidixic acid. 45.3% 
isolates showed susceptibility to cipro fl oxacin, 
54.7% were intermediately susceptible and none 
were resistant. 21.9% of isolates showed resis-
tance to o fl oxacin. None of the isolates exhibited 
multiple drug resistance. All strains were  sensitive 
to chloramphenicol. 42.2% strains were resistant 
to tetracycline. 7.8% isolates showed resistance 
to ceftriaxone, and 20.3% showed intermediate 
resistance to ceftriaxone. Antimicrobial suscepti-
bility pattern was given in Fig.  48.1 .  

 MIC values of cipro fl oxacin ranged between 
0.25 and 16 mg/L. According to NCCLS break-
point, the criteria for cipro fl oxacin resistance 
was an MIC value of  ³ 4 mg/L; for decreased 
susceptibility, MIC value was in range between 1 
and <4 mg/L, and for susceptible strains, MIC 
value was <1 mg/L. So in our study, out of 48 
isolates, 23 (47.9%) isolates showed cipro fl oxacin 
resistance and 10 (20.8%) isolates showed 
decreased susceptibility to cipro fl oxacin. 36 
(75%) isolates showed MIC value of >4 mg/L 
for o fl oxacin. One strain had MIC value of 
16 mg/L for cipro fl oxacin and 64 mg/L for 
o fl oxacin. 

 Plasmid pro fi le analysis revealed that none of 
the isolates carried high molecular weight plas-
mids. Eighty- fi ve percent of isolates carried plas-
mid with 23 Kb molecular weight, and all the 
isolates had smaller bands of plasmids. 

 QRDR of  gyrA, gyrB, parC  and  parE  genes of 
30 cipro fl oxacin-resistant isolates (23 strains 
that showed resistance to cipro fl oxacin and 7 
strains that showed decreased susceptibility to 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_results.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_results.cgi
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cipro fl oxacin) were ampli fi ed and sequenced, 
and DNA sequences were compared using 
BLAST analysis with that of nucleotide sequence 
database of 4 genes. Ninety percent of isolates 
showed single mutation in QRDR of  gyrA . 54.5% 
isolates showed double mutation both in  gyrA  
and  parC . The strains carried some nonspeci fi c 
mutations. The isolate exhibited mutations that 
resulted in changes of amino acid sequences 
Ser83 → Phe and Asp 87 → Asn, Tyr in  gyrA , or 
Glu84 → Lys in  parC . 

 A total of 64 isolates was subjected to phage 
typing. All the isolates agglutinated with O anti-
serum. Four phage types were observed among 
the isolates (E1, Vi.neg, Deg Vi and UVS). The 
most prevalent phage type was E1 (70.8%) fol-
lowed by Deg Vi (13.8%). Biotyping revealed that 
all isolates belong to group I and group II isolates 
were not recovered. Table  48.1  shows the distribu-
tion of different phage types and biotypes of 

 Salmonella enterica  serotype Typhi isolated from 
Kerala during the period from 2006 to 2009.  

 Recently, there is an increase in the occurrence 
of antibiotic-resistant bacteria of all genera. 
So, scienti fi c community should perform routine 
surveillance of microbial population to determine 
the extent of antibiotic resistance to provide suit-
able guidelines for treatment. MDR  S. enterica  
serovar Typhi were not isolated in this study. 
Studies conducted at various regions in India also 
show that there is a decrease in the occurrence of 
MDR  S. typhi   [  8–  11  ] . Reoccurrence of resistant 
strains has also been reported  [  12  ] . Studies in the 
United States reported an increase in the number 
of MDR nalidixic acid-resistant  S. typhi   [  13,   14  ]  
whereas studies in Bangladesh reported a decrease 
in MDR isolates with no corresponding increase 
in sensitive strains  [  15  ] . 

 Majority of the isolates were sensitive to all 
antibiotics except nalidixic acid. 50% of isolates 
were identi fi ed as intermediately susceptible to 

  Fig. 48.1    Antimicrobial susceptibility pattern of  S. typhi  isolates       

   Table 48.1    Distribution of different phage types of  Salmonella enterica  serotype Typhi ( n  = 64) during the period from 
2006 to 2009   

 Phage type  Biotype 

 Typable  Untypable  I  II 
 O  E1  C9  D1  E9  40  Vi neg  Degraded Vi  UVS 
 –  70.8%  –  –  –  –  10%  13.8%  5.4%  100%  – 

   UVS  untypable Vi strains  
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cipro fl oxacin by disc diffusion technique. There 
was an increased value of MICs of cipro fl oxacin. 
MIC values of cipro fl oxacin of isolates ranged 
between 0.25 and 16 mg/L. This  fi nding was sim-
ilar to earlier studies in the UK and India  [  16–  19  ] . 
MIC values showed that 48% isolates were 
cipro fl oxacin resistant and 21% showed decreased 
susceptibility to cipro fl oxacin. 8.3% strains 
showed resistance and 23% strains showed inter-
mediate resistance to    ceftriaxone which was in 
contrast to earlier study in which all strains were 
reported as ceftrioxone sensitive  [  20  ] . 

 Our phage typing report contradicts the 
 fi ndings of studies from Mumbai  [  21  ]  but similar 
to reports from Kolkata  [  22  ] . This  fi nding was 
similar to earlier reports from different parts of 
the country. It could be concluded that majority 
of  Salmonella enterica  serotype Typhi isolates 
belong to E1 phage type, and single biotype was 
prevalent among the strains.  

   Conclusions 

 Majority of the clinical isolates of  S. enterica  
serovar typhi isolates showed resistance and 
decreased susceptibility to  fl uoroquinolones. The 
most prevalent phage type was E1 (70.8%) fol-
lowed by Deg Vi (13.8%). Our report contradicts 
the  fi ndings of studies from Mumbai but is simi-
lar to reports from Kolkata. Biotyping revealed 
all isolates belong to group I and group II isolates 
were not recovered. This  fi nding was similar to 
earlier reports from different parts of the country. 
It could be concluded that majority of  Salmonella 
enterica  serotype Typhi isolates belong to E1 
phage type and single biotype was prevalent 
among the strains.      
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   Introduction 

 The presence of enlarged lymph nodes due to 
leucoreticular in fi ltrates in the vicinity of tumors, 
observed in the nineteenth century by Rudolf 
Virchow, suggested the  fi rst indication of a pos-
sible link between immune in fl ammation and 
cancer  [  1  ] . Since then, the idea that host immu-
nity can control cancer has been the subject of 
intense debate for over a century. In 1909, Paul 
Ehrlich was perhaps the  fi rst to suggest that the 

immune system could control cancer develop-
ment. He predicted that cancer would occur at 
incredible frequency if host defense did not prevent 
the outgrowth of continuously arising cancer 
cells  [  2  ] . This concept that the immune system 
can recognize and destroy nascent transformed 
cells was embodied in the cancer immuno-sur-
veillance hypothesis formalized by Burnet and 
Thomas  [  3,   4  ] . This triggered the investigations 
to identify T cell-reactive antigens on various 
tumors  [  5,   6  ] . Indeed, many human tumor antigens 
were identi fi ed that could be recognized by T 
cells  [  7  ] . These observations validated the exis-
tence of tumor immunity in the host.    Recently, 
the cancer immuno-surveillance hypothesis has 
been extended to cancer immuno-editing, which 
includes the notion that the immune system plays 
a role not only in cancer prevention but also in 
editing the phenotype of tumor cells toward anti-
gen-loss immune escape variants  [  8  ] . 
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    Abstract     

 Immune responsiveness depends on a complex interplay between the 
elements of innate and adaptive immunity. Several recent studies in various 
models of immune rejection, including ours in a mouse tumor model, yield 
new insights into the adaptive control of innate effector functions. This 
chapter provides a discussion of key observations indicating an indispens-
able T cell help for innate antitumor immunity.  
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 Among various tumor antigens, two major 
categories of unmutated self-protein antigens 
have been identi fi ed on tumor cells that are capa-
ble of eliciting an immune response. These 
antigens are derived from (1) tissue-speci fi c 
differentiation antigens or (2) a class of “cancer-
germline” gene products that are encoded on the 
X chromosome and have restricted expression in 
gametogenic tissue and tumor cells  [  9  ] . In the 
mouse, the P1A antigen characteristic of such 
cancer-germline genes has been shown to be the 
major rejection antigen of DBA/2-derived masto-
cytoma P815 and is known to encode a nonapep-
tide presented by H-2L d  to CD8 +  CTL that can 
kill P815 cells  [  10  ] . Using mice expressing as a 
transgene, the TCR (TCRP1A) from P1A 

35–43
 -

speci fi c CTL clone P1.5 of DBA/2 origin, we 
established a model where CD8 T cell reactivity 
was restricted to a single epitope (P815AB) of 
the natural tumor Ag P1A presented by H-2L d  on 
the P815 mastocytoma  [  11  ] . 

 We investigated the potential role of the 
tumor-in fi ltrating natural killer (NK) cells 
observed to accumulate at the site of ongoing 
tumor-reactive T cell response and evaluated 
whether the activation of Ag-speci fi c T cells at 
the site of tumor might lead to a bystander effect 
with elimination of P1A −  as well as P1A +  tumors. 
Comparison of activation markers on NK cells 
present in P1A +  and P1A −  tumor-in fi ltrating 
lymphocytes (TILs) revealed that only the former 
expressed an increased level of surface 4.1BB, a 
marker previously associated with NK cell 
activation. To obtain a comprehensive analysis of 
the changes induced in tumor-in fi ltrating NK 
cells upon recruitment of activated CD8 +  T cells, 
NK cells were puri fi ed from P1A +  and P1A –  
tumor in fi ltrate, as well as from LNs draining the 
P1A +  and P1A −  tumors 4 days after TCRP1A 
CD8 +  T cell transfer in tumor-bearing RAG −/−  
mice (endogenous T cell-de fi cient but NK cell 
competent). Gene pro fi ling of the puri fi ed NK 
cells identi fi ed clusters of stronger expression of 
effector transcripts ( gzma ,  gzmb ,  prf1 ,  and 
4.1BB ), tissue migratory transcripts ( gpr33  and 
 ccr5 ), and immune signaling transcripts ( Ifngr , 
 Klhdc2 ,  Eif3s6 ,  Map3k6 ,  Tnfrsf1b, Icos,  and  Nmi ) 
in P1A +  TILs than P1A −  TILs. Upregulated 

expression of granzyme B in NK cells found in 
the P1A +  TILs versus their P1A −  counterparts 
was further con fi rmed by intracellular staining. 
Moreover, the majority of the NK cells present in 
the P1A +  tumor had their IFN- g R1 chain occu-
pied by IFN- g . No increase in NK cell IFN- g  
mRNA was observed, which correlated with the 
absence of IFN- g  production as detected by 
intracellular immuno fl uorescence staining. Our 
results also revealed the coordinated expression 
of the  CCL3  and  CCL4  chemokine genes by 
CD8 +  TCRP1A cells and of the corresponding 
chemokine receptor  CCR5  gene on the NK cells. 
Unlike the critical role played by CCL3 in pro-
moting NK cell recruitment and in fl ammation, 
we found no evidence, using CCL3 −/−  mice, for 
such an exclusive role for CCL3 in either NK cell 
recruitment or activation at the tumor site in the 
present study  [  12  ] . 

 The requirement for an Ag-dependent reacti-
vation of the CD8 +  T cells at the tumor site for 
their promotion of NK cell activation was further 
con fi rmed by experiments comparing NK cells 
present in P1A −  and in P1A +  TILs from the same 
mouse. TCRP1A CD8 +  T cells activated in the 
P1A +  tumor-draining LN migrated to both P1A +  
and P1A −  tumors in such mice, albeit more CD8 +  
T cells accumulated in the P1A +  tumor, and CD25 
surface expression indicates their sustained acti-
vation state only in the P1A +  tumor. Furthermore, 
only NK cells present in the P1A +  tumor showed 
an activated (GzmB + ) phenotype. Evidence for  in 
situ  exocytosis by NK cells, as shown by detec-
tion of Lamp-1  ex vivo  or after reactivation in the 
presence of YAC tumor cells, was also selectively 
increased in P1A +  tumors in mice bearing both 
P1A +  and P1A −  tumors. In aggregate, this study 
showed that tumor Ag-speci fi c CD8 +  T cells 
modulated the activation status of tumor-
in fi ltrating NK cells toward a killer effector phe-
notype  [  12  ] . 

 Treatment of transgenic TCRP1A RAG-1 −/−  
mice or non-transgenic RAG-1 −/−  mice reconsti-
tuted with TCRP1A CD8 +  T cells with the NK 
cell-depleting NK1.1 mAb PK136 or NK cell-
activating receptor NKG2D-blocking mAb MI-6 
consistently abrogated the resistance of these 
mice to growth of the P1A −  tumor in a mix-P1A + /
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P1A −  tumor condition. Hence, the NK cells along 
with tumor antigen-speci fi c T cells are important 
contributors to tumor resistance through an 
NKG2D-dependent mechanism. 

 In the absence of a polyclonal T cell repertoire, 
precursor frequencies of natural killer cells and 
tumor-speci fi c CTL affect tumor resistance by act-
ing in a cooperative manner  [  13  ] . The activated 
CD8 +  T cells provide a necessary “help” to dormant 
NK cells in eliciting their antitumor effector func-
tion. This cooperativity of T cell and NK cell effec-
tor mechanisms leads to complete tumor regression, 
including antigen-de fi cient tumor escape variants. 
These novel observations highlight a complex 
interplay between the elements of innate and adap-
tive immunity, wherein NK cell is an important 
player  [  14  ] . 

 While most of the focus has been on the innate 
instruction of the adaptive immune responses, an 
equally important adaptive activation of the innate 
immunity appears important in the control of 
tumors as evident in this murine P815 tumor 
model. This bidirectional cooperativity in innate 
and adaptive immune functions has broad impli-
cations for immune responses in general as dis-
cussed recently  [  15  ] . Several recent studies in 
various models of immune rejection yield new 
insights into how the adaptive immunity by initi-
ating an antigen-speci fi c response can compen-
sate, suppress, and activate innate responses at the 
site of tissue antigen  [  16  ] . Further advances 
require detailed mechanistic understanding of the 
adaptive control of innate immune effector func-
tions in tumor and other pathophysiological 
conditions.      
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   Introduction 

 Water is considered to be a vital and limited 
resource. Population growth, industrial devel-
opments, and other pressures faced by devel-
oping countries have led to structured measures 
to ensure sustainable management of this 
important source. Many heavy metals and their 
compounds have been found toxic, while 
some are also subjected to biomagni fi cations. 
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  Abstract 

 The presence of heavy metals in the environment is of major concern because 
of their extreme toxicity and tendency for bioaccumulation in the food chain 
even in relatively low concentrations. Nickel is toxic and relatively wide-
spread in the environment. It is used in a wide variety of industries such as 
plating and cadmium–nickel battery, phosphate fertilizers, mining, pig-
ments, stabilizers, and alloys and  fi nds its way to the aquatic environment 
through wastewater discharge. Several researches in environmental biotech-
nology have shown that many biosorbents present in our environment have 
the capacity to remove heavy metals from solutions. This chapter presents 
the result of studies carried out on absorption of nickel ions from aqueous 
solutions by  Bacillus laterosporus.  The effect of various process parameters 
on the removal of Ni (II) has been investigated. The pseudo second-order 
model was used to describe the kinetic data. The results of the study showed 
that the organism can be ef fi ciently used as biosorbent for the removal of 
divalent nickel from aqueous solution.  

  Keywords 

 Biosorption  •   Bacillus laterosporus   •  Ni (II)  •  Process parameters  
•  Adsorption kinetic      
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The presence of these heavy metals in wastewaters 
will pose an important problem for the envi-
ronment. The discharge of heavy metal into 
aquatic ecosystem has become a matter of con-
cern in India over the last few decades. The 
pollutants of serious concern include lead, 
chromium, mercury, uranium, selenium, zinc, 
arsenic, cadmium, gold, silver, copper, and 
nickel  [  1–  5  ] . Nickel is toxic and relatively 
widespread in the environment. It is used in a 
wide variety of industries such as plating and 
cadmium–nickel  battery, phosphate fertilizers, 
mining, pigments, stabilizers, and alloys and 
 fi nds its way to the aquatic environment through 
wastewater discharge  [  6,   7  ] . 

 Conventional methods that are used to treat the 
wastewater containing heavy metals are chemical 
precipitation, ion exchange, solvent extraction, 
adsorption, membrane processes, etc. The search 
for new technology led to biosorption which is a 
physicochemical process dealing with the interac-
tion of material of biological origin and a contam-
inant  [  8  ] . This chapter reports the effect of contact 
time and adsorbent dose on Ni (II) sorption by 
using bacteria  Bacillus laterosporus.   

   Materials and Methods 

   Preparation of Biosorbent 

 The biosorbent used for the study was  Bacillus 
laterosporus . The strain was maintained on 
nutrient agar slants and stored at 4°C with rou-
tine transfers in a cycle of 1month. The bacteria 
were cultured in agitated and aerated liquid 
media by adopting the shake  fl ask method. Dried 
biomass was used for the biosorption studies.  

   Preparation of Stock Solution 

 All reagents were of analytical reagent grade. A 
stock solution of 1,000 mg/l of Ni (II) was prepared 
by using nickel sulfate in double distilled water.  

   Biosorption Experiments 

 Biosorption experiments were performed in a 
rotary shaker using 250-ml Erlenmeyer  fl ask 
 containing 0.2 g of biomass and 50 ppm Ni (II) 
solution. The concentration of metal ion was 
determined by using atomic absorption spectro-
photometer. The amount of Ni (II) adsorbed by 
the biomass was calculated from the differences 
between metal quantity added to the biomass and 
metal content of the supernatant using the follow-
ing equation:

        

where  q  is the metal uptake (mg metal/g of 
the biosorbent),  v  is the liquid sample volume 
(l),  C  

 i 
  is the initial concentration of the metal in 

the solution (mg/l),  C  
 f 
 , the  fi nal concentration 

of metal in the solution(mg/l), and  m  is the 
amount of the added biosorbent on the dry 
basis (g).   

   Results and Discussion 

   Effect of Contact Time 

 Performance of biosorbent on the biosorption of 
Ni (II) at different contact time was carried out 
with initial Ni (II) concentration of 50 ppm. 
Results (Fig.  50.1 ) show that capacity of biosorp-
tion increased with contact time.   

   Effect of Adsorbent Dose 

 Experiments were conducted to study the effect 
of biosorbent dosage on metal removal at room 
temperature at initial concentration of 50 ppm Ni 
(II) solution with contact time 1h. It can be 
observed from (Fig.  50.2 ) that the metal uptake 
decreases with increase in adsorbent dosage.          

( ) /i fq v C C m= -
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   Kinetic Modeling of Ni (II) Adsorption 

 Kinetics describes the solute uptake rate which in 
turn controls the resident time of sorbate uptake 
at the solid–solution interface. 

 The pseudo second-order rate equation is 
expressed as

        

where  k  
2
  is pseudo second-order rate constant. 

 The experimental data  fi t well with second-
order kinetic model (Fig. 50.3).   

   Conclusions 

 The present study shows that  Bacillus laterospo-
rus  was an effective biosorbent for biosorption of 
nickel (II) ions from aqueous solutions. The 
effects of process parameters like contact time 
and adsorbent dosage were studied. The biosorp-
tion could be best described by pseudo second-
order kinetic equation.      
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