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    This exciting new book on the latest microbiological techniques is an 
 outstanding collection of contributions from notable authors in various 
 disciplines of microbiology, highlighting cutting-edge discoveries and inno-
vations. It covers a broad diversity of contemporary and interdisciplinary 
microbiological topics, such as algal biotechnology, biodiversity, biofuel and 
bioenergy, bioinformatics and metagenomics, environmental microbiology, 
enzyme technology, marine biology, food and medical microbiology as well 
as agricultural and soil microbiology. 

 An important feature of this book is that it presents the latest areas of tech-
nological progress and directs them towards collaborative and interdisciplin-
ary research. It also highlights the roles of rewarding interactions in academic 
research that are essential for development of the most progressive biotech-
nologies. Most of the chapters in this book are dedicated to industrially 
important aspects in microbiology ranging from microbial production of 
antioxidant-glutathione, enzyme engineering, probiotics, and functional 
aspects of xylanases to some very concerned topics like potential health haz-
ards in recreational water environments, fullerene nanocomposites, etc. In 
addition, the book also highlights essential topics involving new discoveries 
and their impact on microbiology and biotechnology. 

 While the contributions presented through the 13 chapters review the 
current state of the art in various research areas they also describe the lat-
est trends in the development of core biotechnologies for the immediate 
future. 

 Therefore, it is fully justifi ed to congratulate the Editor of the book, 
Prof. Pratyoosh Shukla, for the successful completion and publication, 
which would not have happened without his enormous efforts and  dedicated 

   Foreword   
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work. I very much appreciate his sincere efforts in bringing a book together, 
which in a true sense emphasizes frontier discoveries and innovations in 
microbiology. 

School of Biology 
Newcastle University 
United Kingdom    

Hans-Peter Klenk
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      Studies on Biosynthetic 
Production of Antioxidant 
Glutathione Using Microbial 
Cultures       

     Poonam     Singh     Nigam      
and     Richard     Owusu-Apenten   

    Abstract  

  Glutathione (γ- l -glutamyl- l -cysteinyl-glycine) is a well-known major 
antioxidant produced in living cells at the concentrations of 1–10 mM. It 
protects cells from nutritional, environmental, and oxidative stresses. 
Structurally, it is a nonprotein thiol compound made up of three amino 
acids – glutamate, cysteine, and glycine with an unusual γ-peptide bond. 
To meet the increasing commercial demand of GSH as a functional food 
supplement, various methods for its production methods have been tried. 
Forms of glutathione (GSH and GSSG) could be produced by enzymatic 
methods, which are expensive and unprofi table. The microbial biosynthe-
sis could be achieved by fermentation method using natural or engineered 
microorganisms such as some strains of yeasts  Saccharomyces cerevisiae  
and  Candida utilis  and some strains of bacteria  Escherichia coli  and 
 Lactococcus lactis . However, the former approach is not commercially 
viable because of its high production cost as compared to the latter one, 
which is more practical and also cost-effective. Certain microorganisms 
such as  Saccharomyces cerevisiae  and  Candida utilis  have been studied as 
potential microorganisms for GSH production. For enhanced production 
of glutathione, using a bifunctional enzyme encoded by gshF from 
 Streptococcus thermophilus  has been expressed in  Escherichia coli .  

  Keywords  
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1.1         Signifi cance of Glutathione 

 Glutathione (GSH) possesses life-sustaining 
functions as it is an important antioxidant synthe-
sized by mammals. The defi ciency of GSH has 
been reported to cause several diseases (Ballatori 
et al.  2009 ; Lu  2009 ) due to the oxidative stress 
(Valencia et al.  2001 ). GSH a nonprotein thiol 
compound is found in cells at the concentration 
of 1–10 mM. GSH is found to be the most impor-
tant antioxidant, because its anti-oxidizing capa-
bility is 100 times more than simple antioxidants. 
Therefore, there is a high demand and research 
on production of synthetic antioxidant (Nutracam 
 2007 ; Xiong et al .   2009 ; Das et al.  2011 ). 

 The antioxidants and their antioxidant activi-
ties are the subject of interest for the nutritionists 
(Nutrition Advisor  2007 ) and health profession-
als (World IPO  2007 ) and so its increasing 
demand in pharmaceutical and food industries. 
Antioxidants are the factors that protect cells 
against free radicals by preventing the oxidation 
of other molecules. The common examples of 
antioxidants are vitamin C, fl avonoids, lipoic 
acid, vitamin E, and glutathione. Natural antioxi-
dants including vitamin C, fl avonoids, and cou-
marins are widely found in plants, many have 
been extracted from various plants using ultra-
sonic methods, and their antioxidant capacities 
have been studied in detail (Adam et al .   2009 ). 
Antioxidants are those compounds which prevent 
the natural formation of reactive oxygen species 
(free radicals) inside the living cells (Wu et al .  
 2004 ). 

 Glutathione (g- l -glutamyl- l -cysteinyl- 
glycine), a tripeptide, is a low molecular weight 
nonprotein thiol compound (Li et al.  2004 ). It is 
made up of three amino acids, namely, cysteine, 
glutamic acid, and glutamine. There is a γ-peptide 
bonding between glutamate and cysteine which 
makes this molecule very resistant toward its 
hydrolysis by most peptidases (Anderson  1998 ). 
GSH exists in two forms:

    1.    Reduced form of glutathione with molecular 
weight 307.3 g/mol – referred as  GSH    

   2.    Oxidized form of glutathione with molecular 
weight 612.6 g/mol – referred as  GSSG     

  These forms of GSH can be measured using a 
practical HPLC method (Yilmaz et al .   2009 ).  

1.2     Properties of Glutathione 

 GSH is associated with in various vital functions 
such as in the maintenance of cells, as radical 
scavenger, in detoxifi cation and restoration of 
redox potential (Santos et al .   2007 ; Noctor et al. 
 1998 ). Glutathione was fi rst identifi ed in baker’s 
yeast cells extracted with ethanol as early as in 
1888. Its molecular structure was established in 
1921, and it was named as glutathione. Reduced 
form of glutathione is γ-glutamylcysteinylglycine, 
a nonprotein thiol compound, which has been 
reported (Meister and Tate  1976 ) to be present in 
most aerobic organisms. 

 Glutathione is one of the major antioxidant, 
which has been detected at the concentration of 
up to 10 mM in living organisms and mammalian 
cells. GSH reacts with toxic compounds to form 
GSH conjugates in enzymatically or nonenzy-
matically catalyzed reactions. 

 The signifi cant functions of GSH at cellular 
level have been placed in three main categories:

    (a)     Antioxidant:  This is the most important func-
tion of GSH. It protects cells against oxida-
tive damage caused by the reactive oxygen 
species. It is also found to have an antiaging 
effect on the body.   

   (b)     Detoxifi er:  It detoxifi es the thiol group of 
foreign compounds by conjugating with the 
exogenous electrophiles and diverse 
xenobiotics.   

   (c)     Immunity booster:  GSH plays an important 
role in white blood cells production.     

 GSH has its role in the regulation of cellular 
events like protein synthesis, gene expression, 
and protein glutathionylation and in the regen-
eration of vitamin C and vitamin E to its un-
oxidized state, conversion of prostaglandin H 2  
into prostaglandins D2 and E2 by endoperoxide 
isomerase. GSH converts methylglyoxal to 
 d -lactate in a glyoxalase microbial pathway, 
and it also actively contributes in spermatogen-
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esis and sperm maturation. Commercially, GSH 
has established its application in several cos-
metic products, where it is used as an emulsifi er 
and moisturizing agent, to enhance the whiten-
ing of skin and as an antiaging agent in sun-
protection products (Wu et al.  2004 ; Bachhawat 
et al .   2009 ). If the cells become defi cient of 
GSH, this condition may lead to certain dis-
eases such as Alzheimer’s, Parkinson’s, cystic 
fi brosis, sickle cell anemia, cancer, and HIV 
(Wu et al .   2004 ). Wang et al. ( 2008 ) have 
reported that GSH can be used in brewing 
industries to maintain the high cell viability and 
to enhance the fl avor of beer.  

1.3     Occurrence of Glutathione 

 Natural glutathione is found in several fruits and 
vegetables, like orange, peach, squash, aspara-
gus, potato, spinach, tomato, grapefruit, etc. The 
consumption of some vegetables, such as broc-
coli, cabbage, Brussels sprouts, caulifl ower, 
kale, and parsley, in human diets contributes in 
two ways – fi rstly, providing their naturally 
occurring GSH and secondly also stimulating the 
human body to self-produce this powerful 
antioxidant. 

 Though there are many natural sources to 
extract GSH, but economically, yeast cells are 
proved to be the most suitable resource to extract 
GSH. The yeast can be easily and practically 
grown on larger scale in shorter time period and 
have a low-cost maintenance and storage com-
pared to vegetables and fruits. Yeasts have excep-
tional capability to accumulate GSH in its cells, 
and low operational costs are involved in its 
extraction (Vitamin Stuff  2013 ). Research work 
has been focused on some specifi c yeast strains, 
e.g.,  Saccharomyces ,  Candida ,  Kluyveromyces , 
 Pichia ,  Rhodotorula ,  Hanserzula ,  Debaryomyces , 
 Torulopsis , or the fi ssion yeast genus 
S chizosaccharomyces , which produced glutathi-
one in simple cultivation medium. For the large- 
scale production of GSH, two 
yeasts –  Saccharomyces cerevisiae  and  Candida 
utilis  – are widely used (Cha et al.  2004 ; Liang 
et al.  2008a ,  b ).  

1.4     Biosynthesis of Glutathione 

 Several researches were actively carried out on 
fermentative and enzymatic production of GSH 
(Yamada et al .   1984 ; Murata  1989 ). Thornalley 
( 1991 ) studied the esterifi cation of glutathione 
for its bioavailability. Anderson ( 1998 ) over-
viewed the biosynthesis and modulation of gluta-
thione. The optimization of biosynthesis of GSH 
using yeast cells of  Saccharomyces cerevisiae  
has been studied by many workers (Liu et al. 
 1999 ; Chalil et al.  2010 ; Nigam and Owusu- 
Apenten  2011 ). 

 Glutathione can be enzymatically produced in 
the presence of ATP and its precursor amino 
acids, namely,  l -glutamic acid,  l -cysteine, and 
glycine (Lu  2013 ). But the commercialization of 
GSH was obtained by fermentative production 
process and not by the method of enzymatic pro-
duction, because of its high production cost (Li 
et al .   2004 ). Later on the large-scale production 
of GSH was carried out by fermentation methods 
using  Candida utilis  and  Saccharomyces cerevi-
siae  (Wei et al .   2003a ,  b ). 

 It is synthesized from its constituent amino 
acids by two ATP-dependent reaction steps which 
are catalyzed by two enzymes γ-glutamylcysteine 
synthetase (GSH1) and glutathione synthetase 
(GSH2). In the fi rst step, γ-glutamylcysteine is 
formed from glutamate and cysteine, catalyzed 
by the enzyme γ-glutamyl synthetase. In the sec-
ond step, glycine is added to the C-terminal of 
γGC by the enzyme glutathione synthetase (Li 
et al.  2004 ). The strong electron-donating factor 
of glutathione is generally due to the presence of 
a sulfhydryl group (SH) on the cystenial portion. 
It is mainly present in the body in reduced form; 
GSH is oxidized to GSSG by reacting with free 
radicals catalyzed by enzymes glutathione per-
oxidase or glutathione  S -transferase. Regeneration 
of GSH is an NADPH dependent and is catalyzed 
by the enzyme glutathione reductase (Grant 
 2001 ). GSH reacts enzymatically or nonenzy-
matically with toxic products to form GSH con-
jugates (Anderson  1998 ). In humans, the 
metabolism takes place in the liver by absorbing 
amino acids to increase GSH level for detoxify-
ing chemicals (Valencia et al .   2001 ). 

1 Studies on Biosynthetic Production of Antioxidant Glutathione Using Microbial Cultures



4

 Due to its vast functions and signifi cance, the 
bioavailability of GSH to humans was of great 
concern. Many techniques were undertaken to 
make glutathione available on large scale but at a 
lower cost. Chemical method was one of the ear-
liest method in which modifi ed version of benzyl 
carbonate method was used to make synthetic 
glutathione. But the GSH synthesized in this pro-
cess was optically inactive mixture of  d - and 
L-isomers; therefore, the optical resolution was 
required to separate the L-form from the D-isomer 
which hindered this method (Bachhawat et al .  
 2009 ). 

 Enzymatic method has tried to avoid the prob-
lems and cost involved in chemical synthesis of 
GSH. The immobilized microbial cells and 
enzymes have also been studied in the bioreactor 
systems. The enzymatic method required the par-
ticipation of ATP and coenzymes; however, the 
regeneration of ATP and the low activity of GSH1 
and GSH2 became the limiting factors in GSH 
biosynthesis. This method was also expensive 
and time consuming because of the usage of three 
precursor amino acids. The biosynthetic approach 
via fermentative production method is the most 
economical one, which involves the sugar mate-
rial as the fermentation raw substrate, and micro-
organisms are employed to carry out the 
fermentative-biosynthetic process (Li et al .  
 2004 ). Yeast strains are the most suitable micro-
organism for this purpose, yeasts like 
 Saccharomyces cerevisiae  and  Candida utilis  
have been found to possess higher intracellular 
content of GSH. The biggest advantage using 
yeasts is that these yeasts can be easily grown on 
cheaper sources of sugar substrates, and the other 
major advantages in using yeast are that they do 
not cause any endotoxic reactions in humans. In 
research to increase yield in biosynthesis of GSH, 
recombinant techniques have been used to over-
express gshp1 and gshp2 in  S. cerevisiae  and  E. 
coli , but any increased level of glutathione yield 
could not be achieved (Bachhawat et al.  2009 ). 
Research has been conducted by Li et al. ( 2011 ) 
on the production of glutathione using a bifunc-
tional enzyme encoded by gshF from 
 Streptococcus thermophilus  which was expressed 
in  Escherichia coli . The gene coding for a novel 

bifunctional enzyme that is catalytically involved 
in the reaction for glutathione synthesis, gshF, 
was cloned from  Streptococcus thermophilus  
SIIM B218 and expressed in  Escherichia coli  
JM109. The induced  E. coli  JM109 (pTrc99A- 
gshF) showed the accumulation of 10.3 mM GSH 
in 5 h in the presence of the precursor amino 
acids and ATP. Addition of higher concentrations 
of the precursor amino acids and ATP induced  E. 
coli  JM109 (pTrc99A-gshF) to produce up to 
36 mM GSH. The molar yield of GSH based on 
added cysteine was 0.9 mol/mol and based on 
added ATP yield was found 0.45 mol/mol. Li 
et al. ( 2011 ) found that when ATP was replaced 
with glucose,  E. coli  JM109 (pTrc99A-gshF) 
could produce 7 mM GSH in 3 h. ATP was gener-
ated by  Saccharomyces cerevisiae  for GSH pro-
duction.  E. coli  JM109 (pTrc99A-gshF) produced 
33.9 mM GSH in 12 h with a yield of 0.85 mol/
mol based on added  l -cysteine in the presence of 
glucose and the pmr1 mutant of  S. cerevisiae  
BY4742.  

1.5     Parameters Control in GSH 
Biosynthesis 

 A number of researches were carried out to study 
the cellular responses of different microorgan-
isms in order to maintain metabolic viability and 
vitality of strains for use in industrial fermenta-
tion. Thus, a number of practical approaches 
were carried out to enhance the fermentative glu-
tathione production, and this could be performed 
either by increasing the cell biomass by high cell 
density cultivation or by optimizing the fermen-
tation process parameters (Liang et al .   2008a ,  b , 
 c ). The overall production of GSH has been 
focused in three approaches: (a) production 
methods, (b) extraction methods, and (c) detec-
tion methods. 

 Initially glutathione was produced extracellu-
larly by  Candida tropicalis  pk233. In this method, 
the fi lamentous form of organism was grown in 
the presence of ethanol. Initially at higher con-
centration of ethanol, the production of extracel-
lular glutathione was low, but it increased rapidly 
along growth time, and the maximum glutathione 
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was obtained after 96 h of cultivation at 5 % (v/v) 
concentration of ethanol (Yamada et al .   1984 ). 
Optimization of medium was one of the basic 
approaches for higher GSH production. Liu et al. 
( 1999 ) optimized the growth medium by using 
peptone, magnesium sulfate, and glucose for 
enhanced synthesis of GSH by  S. cerevisiae  and 
obtained a yield of 124 mg/L. Later on Cha et al .  
( 2004 ) improved the yield up to 204 mg/L by 
using a different medium composition consisting 
of glucose, yeast extract, KH 2 PO 4,  and cysteine. 

 Amino acids like cysteine, glutamic acid, and 
glycine are required to form glutathione. Hence, 
the enhanced GSH production was studied using 
amino acid supplementation using  S. cerevisiae  
(Wen et al.  2004 ) and by amino acid modulation 
(Wen et al.  2006 ). Cysteine had a major impact, 
so a two-step strategy was undertaken where cys-
teine was added at the beginning of culturing, and 
then other amino acids were added after some-
time which resulted in 2.67 times increase in 
GSH yield. Single shot of cysteine addition was 
shown to give higher yield as compared to con-
tinuous addition, because more amount of cyste-
ine ceased the cell growth. Later studies used a 
strategy of combining amino acids with other 
parameters, where a feedback control strategy 
was used and the GSH yield and productivity 
could be increased by 25 and 70 % from  S. cere-
visiae . Santos et al .  ( 2007 ) optimized culture 
conditions of  S. cerevisiae , and GSH yield 
achieved was 154.5 mg/L after 72 h incubation. 
Subsequent studies in 2008 were designed on 
control of dissolved oxygen (DO) along with cys-
teine addition in  C. utilis . It was undertaken by 
adapting a two-stage strategy where the cysteine 
was added initially; DO was initially controlled 
at 5 % v/v for the fi rst 3 h, and then it was gradu-
ally increased to 20 % in the following 12 h, such 
strategy resulted in 1767 mg/L GSH yield (Liang 
et al.  2008a ). In the same year, again,  C. utilis  
was used by adapting precursor amino acids with 
ATP which was added after 15 h of amino acid 
addition resulting in GSH yield of 2043 mg/L 
after 72 h of incubation (Liang et al.  2008b ). 

 Since yeast cells consist of stress molecule 
that is synthesized and stored under high stress 
conditions, therefore, other parameters like salin-

ity, high temperature, and osmotic pressure were 
undertaken to obtain maximum GSH without 
inhibiting the cell growth. Earlier in 2003, effect 
of temperature was studied on  C. utilis , and a 
two-stage temperature control strategy was cho-
sen for increasing the cell density as well as 
higher GSH production by growing cells at 30 °C 
for 8 h and glutathione production at 26 °C rang-
ing 235–385 mg/L (Wei et al.  2003a ). With 
regard to pH studies in  C. utilis , a low pH strategy 
was applied initially in 2005 and then later on 
combined low pH with cysteine addition (Liang 
et al .   2008c ). The pH less than 1.5 with single 
and double shift addition led to 673 and 558 mg/L 
GSH excretion into the medium (Liang et al .  
 2008b ,  c ). Dong et al. ( 2007 ) studied the effect of 
high pressure on glutathione accumulation in  S. 
cerevisiae , in this approach the yield of GSH 
obtained was 103 g/mg GSH at 1.0 MPa. 

 Glutathione in reduced form is electron donor 
for GPx reaction (Izawa et al.  1995 ). Having this 
knowledge that exposure of cells to osmotic and 
oxidative stress results in inhibition of cell 
growth, the strategy of multiple oxidative stress 
using H 2 O 2  and osmotic stress using NaCl was 
applied conditions on  C. utilis . The maximum 
GSH yield obtained was 218 mg/L and 238 mg/L, 
respectively, under these two conditions. 
Increased level of intracellular cysteine and 
γ-glutamyl synthetase and GSH reductase were 
noticed indicating the involvement in GSH accu-
mulation against the condition of stress imposed 
(Liang et al .   2009a ,  b ). 

 The downstream processing for the extraction 
of GSH after the fermentation process is the most 
important step in GSH recovery. The main objec-
tive is the selective separation of compound from 
the fermented medium. Despite the fact that 
extraction of GSH is the most important step, 
only a little work has been carried out on the 
extraction methods, and hence the detailed infor-
mation is not available. Earlier glutathione was 
extracted by using aqueous acetone in Pirie’s 
method which extracted around 60 % of the 
GSH. In 1988, glutathione extraction was carried 
out from  S. cerevisiae  by selenite. Selenite was 
added into the medium, and intracellular GSH 
was leaked out turning the yeast cell culture red 
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due to the presence of elemental selenium. In this 
reaction glutathione reductase was involved in 
the reduction of glutathione selenotrisulfi de to 
glutathione selenopersulfi de or to GSH and ele-
mental selenium (Iizuka et al.  1988 ). In one work 
copper precipitation method and ion exchange 
chromatography were used for GSH extraction 
(Bachhawat et al .   2009 ). In 2005, a comparison 
of various techniques was made based on factors 
like extraction time and temperature. The tech-
niques used were ultrasonic methods, homoge-
nizing method, and autolysis. The autolysis 
method was found to be an effi cient technique 
among others (Salleh et al .   2005 ). 

 The solvent ethanol was used for the extrac-
tion in cells of  S. cerevisiae  without disrupting 
the yeast cells by Xiong et al. ( 2009 ), thus having 
advantage over other techniques as it can main-
tain cells under appropriate condition with intact 
plasma membrane. This method required less 
time, and the solvent ethanol used for the extrac-
tion could be recycled, which reduced the cost of 
the overall production (Xiong et al.  2009 ). 
Surfactants were used to optimize the extracellu-
lar accumulation of GSH in a fermentation pro-
duction process using  S. cerevisiae  by Wei et al .  
( 2003b ). GSH production was found mainly 
affected by the factors like processing tempera-
ture, extraction time, the concentration of the 
yeast cells, and the solvent used (Salleh et al. 
 2005 ); however, the extraction using ethanol has 
proven benefi cial to extract GSH for a higher 
yield. Another important parameter was glutathi-
one detection in yeast cells which was deter-
mined by the popular method known as Tietze 
method. This method includes the use of DTNB 
also known as Ellman’s reagent which reacts 
with GSH and produces an oxidized form GSSG 
and 2-nitro-5-thiobenzoic acid, which is yellow 
in color (Biomax Co. Ltd  2007 ). The formation 
of color can be determined by OD measurement 
at 412 nm using a spectrophotometer. The advan-
tage of using this reagent was its convenience and 
short detection time, and DTNB produced can be 
recycled. 

 Many conventional techniques have been used 
like encapsulating the glutathione in the lipo-
some or in combination with other pharmacolog-

ical products like vitamins or statin, a 
cholesterol-lowering product (World Intellectual 
Property Organization  2007 ). In some research 
work, glutathione precursor is made available 
which induces glutathione formation inside the 
body (Nutrition Advisor  2007 ). The pure form of 
GSH is presently supplemented in the form of 
oral pills or tablets. However, the major draw-
back of this supplementation is that glutathione is 
broken down into its three constituent amino 
acids in the digestive system by the enzymes 
γ-glutamyl transpeptidases, and thus the glutathi-
one doesn’t reach the end target (Nutra Cam 
 2007 ). 

 The bioavailability of GSH can be improved 
by esterifying the GSH with alcohol and using 
HCl as a catalyst. The monoester form of GSH 
can be regarded as major bioavailable form of 
glutathione (Thornalley  1991 ), as it can be easily 
taken up by the cells.  

1.6     Future Prospects 

 The biosynthesis of GSH using yeast cells, par-
ticularly  S. cerevisiae , has been studied by sev-
eral researchers, because of its capability of 
regenerating suffi cient ATP for GSH biosynthe-
sis and due to simplifi ed glycolytic pathway. 
Yeast cells can be used in large-scale biosynthe-
sis of GSH due to the fact that these compared to 
other microorganisms are more capable of thriv-
ing under adverse growth conditions (Murata 
 1989 ). The potential ability of organism to pro-
duce higher amount of glutathione under osmotic 
stress condition using NaCl, and under oxidative 
stress using H 2 O 2 , could be used by applying the 
strategy of varying the doses and periods of stress 
factors. The advantages of use of ethanol in 
extraction studies and the comparison of different 
alcohol solvents should be explored for the effec-
tive extraction of glutathione to obtain maximum 
yield under high cell density achieved in fermen-
tation process. 

 A modifi ed HPLC method may be used to 
determine the oxidized and reduced form of GSH 
in animal tissues which would be faster and more 
sensitive and would not require derivatization 
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process unlike normal method (Yilmaz et al. 
 2009 ). The bioavailability on larger scale can be 
enhanced by esterifi cation of glutathione using 
the background information from previous stud-
ies (Thornalley  1991 ). 

 The future prospects for the microbial biosyn-
thesis of GSH should be focused on enhancing 
the yield of glutathione through the recovery of 
dense yeast cell mass and making it bioavailable 
using optimized method and suitable chemicals 
on a large scale. The large-scale fermentative 
production of glutathione can be done producing 
active yeast cell cultures in bioreactors under 
optimized conditions mainly DO and some stress 
agents. The formulation of GSH, according to its 
required applications, can be devised in the form 
of tablets, powder, or cream. Esterifi ed GSH 
can be tested on animals for its bioavailability 
and functions and for the pharmaceutical 
applications.     
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      Enzyme Engineering 
for Oligosaccharide Biosynthesis       
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    Abstract  

  Oligosaccharides are compounds of great interest in the food and phar-
maceutical industry, mainly due to their prebiotic action and other 
health- promoting effects, in addition to other properties, acting as low-
caloric sweeteners, antioxidants, or antimicrobial agents. Oligosaccharide 
functionality depends on their chemical structure, which relies on the 
nature of the building sugar residues, the linkage type, and the degree of 
polymerization. Their production is based either in the partial hydrolysis 
of polysaccharides or in the synthesis from other sugars with lower 
degree of polymerization. This methodology is described along the fi rst 
part of this chapter, making special emphasis on the enzymatic-based 
technology, which shows clear advantages over chemical methods. 
Glycoside hydrolases and glycosyltransferases are the two enzyme 
classes involved in oligosaccharide production. They operate as highly 
specialized molecular tools for the generation of the different types of 
oligosaccharides. In the second part of the chapter, the strategies 
employed for improving the  properties of these enzymes are explained. 
Enzyme engineering, through site- directed mutagenesis or directed evo-
lution, has succeeded in delivering enzymatic variants with enhanced 
oligosaccharide yields, a different product profi le or a wider substrate 
specifi city. Moreover, immobilization of enzymes on solid supports 
through different methods has allowed their reutilization during repeated 
batches or their implementation in continuous systems, and, in some 
instances, it was also accompanied by an increased activity or stability. 
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Overall, this chapter provides an overview about the facts and potentials 
of oligosaccharide production methodologies.  

  Keywords  

  Prebiotic oligosaccharide   •   Glycoside hydrolase   •   Glycosyltransferase   • 
  Glycosynthase   •   Transglycosylation   •   Site-directed mutagenesis   •   Directed 
evolution   •   Protein immobilization  

2.1         Introduction 

 Oligosaccharides are low molecular weight car-
bohydrates with a degree of polymerization (DP) 
between 2 and 10 that may be linear or branched 
(Weijers et al.  2008 ). They are crucial for the 
development, growth, and function of organisms, 
being present in essential biomolecules as glyco-
lipids and glycoproteins (Raman et al.  2005 ). 
Oligosaccharides show a broad structural diver-
sity. In eukaryotes, they are synthesized in the 
endoplasmic reticulum and Golgi apparatus by 
several glycosyltransferases. In prokaryotes, 
N-linked oligosaccharides are synthetized in the 
periplasmic space, whereas  O -linked oligosac-
charides are produced in the cytoplasm and sur-
face appendages, such as pili and fl agella 
(Szymanski and Wren  2005 ; Weijers et al.  2008 ). 
The structural stability of these compounds 
depends on the nature of the sugar residues, their 
degree of polymerization and the linkage type. 

 Oligosaccharides have been commercialized 
since the 1980s as low-calorie bulking agents. 
More recently they have received much interest in 
food and pharmaceutical industry because of their 
prebiotic properties and the increased consumer 
interest in health-promoting products (Patel and 
Goyal  2011 ). They are also used in food industry 
as jelly agents, antioxidants, and humectants and 
in the pharmaceutical industry for drug delivery. 
The chemical diversity of different oligosaccha-
rides and their applications is shown in Table  2.1 .

2.2        Oligosaccharide Production 

 The two major methods for the production of 
oligosaccharides are depolymerization of poly-
saccharides and the synthesis from precursors of 

lower DP. Both procedures can be carried out by 
either chemical or enzymatic technologies 
(Courtois  2009 ). Chemical hydrolysis of poly-
saccharides uses diluted or concentrated solu-
tions of strong acids (up to 2 M), such as 
hydrochloric, sulfuric ,  trifl uoroacetic, formic, or 
nitrous acid, at temperatures between 50 °C and 
90 °C. Oligosaccharides from fucans, pectins, 
and galactans are produced by this method 
(Courtois  2009 ). The reaction time of the pro-
cess has been signifi cantly reduced using 
microwave- induced acid hydrolysis, obtaining 
gluco- oligosaccharides from branched glucan 
of  Leuconostoc mesenteroides  (Patel and Goyal 
 2011 ). An alternative method that employs 
higher temperatures (150–200 °C) for hydroly-
sis in the absence of acid has been used for the 
production of XOS (Aachary and Prapulla  2011 ; 
Carvalheiro et al.  2004 ; Chen et al.  2014 ; 
Samala et al.  2015 ). Chemical synthesis of oli-
gosaccharides involves the union of at least two 
sugar molecules by glycosidic bonds. This bond 
is formed by a nucleophilic displacement of a 
leaving group attached to the anomeric carbon 
of a sugar moiety (Fig.  2.1a ). The reaction is 
enhanced in the presence of an activator, gener-
ally a Lewis acid, which assists the departure of 
the leaving group (Weijers et al.  2008 ). 
Traditional strategies for chemical oligosaccha-
ride synthesis require extensive protecting/
deprotecting steps and/or leaving group manip-
ulation between each glycosylation stage, mak-
ing the whole process cumbersome and 
decreasing the effi ciency and yield (Fig.  2.1b ). 
An alternative method of chemical synthesis 
emerged with the development of the armed- 
disarmed approach by Fraser-Reid and cowork-
ers, based on the chemoselectivity principle 
(Fraser-Reid et al.  1990 ). With this method the 
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glycosyl donor reactivity is modulated entirely 
through the choice of protecting group, and the 
resulting disaccharide can then be used directly 
in a subsequent glycosylation (Fig.  2.1c ). This 
procedure has been applied in the solid-phase 
synthesis in which the assembly of the different 
glycosyl molecules occurs in donor building 
blocks attached to a solid support, reducing the 

protection steps and facilitating product isola-
tion (Weishaupt et al.  2010 ). This solid-phase 
method is used for making carbohydrate micro-
arrays, with applications in biological and medi-
cal research (Park et al.  2013 ).

   The methods of chemical synthesis are expen-
sive and their yields are low. Their use is there-
fore restricted to obtain high-added-value 

  Fig. 2.1    Strategies for chemical synthesis of oligosac-
charide. ( a ) Nucleophilic substitution between the glyco-
syl donor (electrophile) and the glycosyl acceptor 
(nucleophile). The leaving group is represented as X. ( b ) 
Traditional strategy for chemical oligosaccharide synthe-
sis, involving protecting/deprotecting steps and the intro-
duction of leaving groups.  PO  protecting group,  T  

temporary stable anomeric substituent,  LG  leaving group. 
( c ) Armed-disarmed method for oligosaccharide synthe-
sis. The protecting groups (PO 1  and PO 2 ) modulate the 
reactivity of the glycosyl molecules. The departure of the 
leaving group (LG) from the “armed” sugar is promoted 
by a mild activator, whereas for the “disarmed” sugar, a 
powerful activator is required       
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oligosaccharides for analytical or medical pur-
poses. For large-scale industrial oligosaccharide 
production, the use of enzymes offers consider-
able advantages, as will be discussed in the fol-
lowing sections. The enzymes used are 
glycosylhydrolases (GHs) and glycosyltransfer-
ases (GTs), which are classifi ed in different fami-
lies, based on sequence homology (Lombard 
et al.  2014 ). GHs hydrolyze glycosidic bonds, but 
in some instances they also catalyze transglyco-
sylating reactions. Both possibilities involve the 
cleavage of a glycosidic bond. Within the active 
site of GHs and GTs, different residues form dis-
tinct pockets, or subsites, which dock the glyco-
syl residues framing the glycosidic bond that is 
going to be cleaved. These subsites determine 
substrate specifi city. According to the nomencla-
ture established by Davies et al., the subsites are 
designated with integer numbers from – n  to +  n , 
numbered from the nonreducing to the reducing 
end of the substrate, with the cleavage occurring 
between subsites −1 and +1 (Davies et al.  1997 ). 

2.2.1     Enzymatic Hydrolysis 
of Polysaccharides 

 Enzymatic hydrolysis is more attractive than 
chemical hydrolysis because it is environmen-
tally friendly, it does not use hazardous chemical 
products, it allows an easy control of depolymer-
ization extent, and it does not produce undesired 
side products (Chapla et al.  2010 ; da Silva et al. 
 2014 ). Oligosaccharides such as xylooligosac-
charides (XOS), feruloyl xylooligosaccharides 
(FeXOS), maltooligosaccharides (MOS), gen-
tiooligosaccharides (GeOS), fructo- 
oligosaccharides (FOS), chitooligosaccharides 
(COS), and cyclodextrins (CDs) can be obtained 
by enzymatic hydrolysis from polysaccharides. 

 XOS are released from xylan, a widely avail-
able polysaccharide, by endo-ß-(1,4)-xylanase 
(EC 3.2.1.8) and exo-ß-(1,4)-xylanase (EC 
3.2.1.37) (Maalej-Achouri et al.  2009 ). 
Xylanases from different microorganisms are 
used, although fungi are generally considered 
more effi cient producers than bacteria or yeasts 
(Ahmed et al.  2009 ). Wheat bran arabinoxylan 

has been used as a substrate to obtain XOS by 
combining the action of endo- and exo-xylanases 
and α-l - arabinofuranosidase (EC 3.2.1.55), 
yielding 0.3 g of XOS per g of soluble polysac-
charides (Manisseri and Gudipati  2010 ). 
Commercial xylanase from  Trichoderma viride  
released xylobiose, xylotriose, and xylose from 
the grass  Sehima nervosum  (Samanta et al. 
 2012 ) .  Xylan from alkali-treated corncobs was 
hydrolyzed by a xylanase from  Aspergillus foeti-
dus  to obtain a mix of XOS with DPs from 2 to 
5, with a yield of 6.7 mg XOS/g of raw corncobs 
(Chapla et al.  2010 ; Chapla et al.  2012 ). 
Thermophilic xylanases (Xyn A/B/C and Xyn W 
belonging to family GH10) from  Humicola inso-
lens  yielded xylose, xylobiose, and xylotriose 
using brewing industry waste as a source of 
xylan (Du et al.  2013 ). FeXOS result from the 
hydrolysis of xylan esterifi ed with trans-ferulic 
acid, which is present in a high proportion of 
vegetal waste material (Katapodis and 
Christakopoulos  2008 ). Endoxylanases from 
diverse sources show different substrate binding 
effi ciencies to partially feruloyl- substituted 
xylan.  Thermoascus aurantiacus  GH10 endox-
ylanase produced FeXOS using as substrate 
wheat bran dietary fi ber previously treated with 
 Bacillus subtilis  GH11 endoxylanase (Katapodis 
and Christakopoulos  2008 ). 

 Cyclodextrin glycosyltransferase (CGTase, 
EC 2.4.1.19), belonging to the GH13 family 
(Lombard et al.  2014 ), is employed to produce 
α-, ß-, or γ-CDs from starch or starch derivatives 
(Li et al.  2007b ). In the fi rst step the enzyme 
cleaves an α-1,4 glycosidic bond at position  n  
from the nonreducing end of an amylose chain ( n  
value being between 9 and about 100) (Terada 
et al.  1997 ). The resulting oligosaccharide of  n  
units forms a covalent intermediate with the 
enzyme through the C-1 of the residue at the 
reducing end. Subsequently, this C-1 undergoes 
an intramolecular nucleophilic attack by the 
4-hydroxyl group of the nonreducing end, releas-
ing a cyclodextrin of  n  glucosyl units (Li et al. 
 2007b ). Archaea and bacteria may secrete 
CGTases in order to take over the starch present 
in the medium since cyclodextrins cannot be 
metabolized by competing microorganisms 
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(Leemhuis et al.  2010 ). Most CGTases character-
ized so far yield a mixture of α- and ß-CDs as 
major products. A specifi c production of ß-CD 
was achieved with a CGTase from  Paenibacillus 
illinoisensis  (Lee et al.  2013 ). Interesting proper-
ties of γ-CDs, such as higher water solubility and 
bioavailability, have fostered the search of 
CGTases that synthetize this product (Li et al. 
 2007b ). For instance, CGTases from  Bacillus sp., 
Bacillus thuringiensis, Paenibacillus macerans , 
and  Bacillus clarkia , yield γ-CDs with a high 
specifi city (Goo et al.  2014 ; Lee et al.  2013 ; Li 
et al.  2007b ; Wu et al.  2012 ). 

 FOS can be obtained from inulin or levan by 
enzymatic hydrolysis with either inulinases or 
levanases, respectively (both types of enzymes 
belonging to the GH32 family). Like other carbo-
hydrate hydrolases, inulinases may have endo or 
exo action. Endoinulinases (2,1-ß- D -fructan fruc-
tanohydrolases; EC 3.2.1.7) specifi cally hydro-
lyze internal ß-(2,1) glycosidic bonds releasing 
inulotriose, inulotetraose, and inulopentaose 
(Mutanda et al.  2014 ). Exoinulinases (ß-D- 
fructohydrolases; EC 3.2.1.80) cleave the termi-
nal fructosyl residue from inulin and are used to 
obtain high-fructose syrup (Apolinário et al. 
 2014 ). Many yeast and bacterial strains produce 
inulinase, for instance, species belonging to 
 Pichia ,  Cryptococcus ,  Candida ,  Yarrowia , 
 Debaryomyces ,  Xanthomonas , and  Pseudomonas . 
However, molds like  Aspergillus  and  Penicillium  
and the yeast  Kluyveromyces  are more frequently 
used (Paixão et al.  2013 ).  Bacillus licheniformis  
endolevanase is able to produce FOS containing 
ß-(2,6) linkages from levan, with a yield of 97 %, 
based on total sugar content (Porras-Domínguez 
et al.  2014 ). 

 Chitinases are GH18 and GH19 glycoside 
hydrolases (EC 3.2.1.14.) (Lombard et al.  2014 ) 
which hydrolyze ß-1,4 linkages between 
N-acetylglucosamine units from chitin yielding 
COS (Kim and Rajapakse  2005 ). Hexa-N- 
acetylchitohexaose was produced by chitin 
hydrolysis using the chitinase ASCHI6 isolated 
from  Aeromonas schubertii  (Liu et al.  2014 ) .  
Chitinases from  Bacillus cereus  produced a mix 
of COS with DPs between 2 and 5 (Wang et al. 
 2012 ).  

2.2.2     Enzymatic Synthesis 
of Oligosaccharides 

 The enzymatic synthesis of oligosaccharides can 
be carried out by using either glycosidases with 
transferase capacity or glycosyltransferases. In 
both cases, the catalytic mechanism implies the 
transfer of a glycosyl residue from one of the two 
sugar substrates involved in the reaction (glyco-
syl donor) to the other substrate (glycosyl 
acceptor). 

 Glycosidases (EC 3.2.1) are enzymes with the 
capability to hydrolyze glycosidic bonds. 
Depending on the stereochemistry of the product 
compared to that of the glycosyl donor, glycosi-
dases are classifi ed into retaining or inverting 
enzymes. The inverting mechanism occurs in a 
single step involving two critical residues: One 
acts as general base, activating the water mole-
cule that carries out the nucleophilic attack on the 
anomeric carbon. The other acts as general acid 
and protonates the leaving sugar. Instead, retain-
ing glycosidases proceed through a double 
nucleophilic substitution mechanism. In the fi rst 
step, a nucleophilic residue in the active site 
attacks the anomeric carbon of the substrate, and 
the leaving group is protonated by an acid/base 
catalyst. This results in a covalent intermediate 
between the enzyme and the glycosyl donor, 
which is subsequently released by the nucleo-
philic attack of a water molecule activated by the 
acid/base catalyst. The retaining mechanism con-
fers glycosidases the potential to catalyze trans-
glycosylation reactions, which occur when a 
second sugar molecule enters the catalytic site of 
the covalent intermediate and acts as glycosyl 
acceptor (Fig.  2.2 ) (Davies and Henrissat  1995 ).

   Glycosyltransferases (EC 2.4) catalyze the 
transfer of sugar moieties from donor to acceptor 
molecules thereby forming glycosidic bonds. The 
acceptor substrate may be as simple as a monosac-
charide or as complex as a heteropolysaccharide, 
oligosaccharide, protein, nucleic acid, or lipid 
(Lairson et al.  2008 ; Weijers et al.  2008 ). These 
enzymes are responsible for the synthesis of most 
cell-surface glycoconjugates. Like glycosidases, 
glycosyltransferases can be retaining or inverting, 
although their detailed molecular mechanism is 
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not completely understood. Inverting glycosyl-
transferases utilize a direct displacement S N -2-like 
mechanism assisted by an enzymatic base catalyst. 
Retaining glycosyltransferases operate through a 
double- displacement reaction involving a cova-
lently bound glycosyl-enzyme intermediate, 
except for members from families GH4 and 
GH109 which use an elimination/addition mecha-
nism with a transient oxidation, and retaining 
ß- hexosaminidases that use an intramolecular 
nucleophile (Lairson et al.  2008 ; Mark et al.  2001 ). 

 Enzymes with transglycosylating activity have 
been classically classifi ed as  non-Leloir  or  Leloir  
transferases depending on the nature of the glyco-
syl donor. Enzymes that use activated donor carbo-
hydrates bound to nucleosides mono- or 
diphosphate (CMP, UDP, GDP, or TDP) are classi-
fi ed as  Leloir.  Enzymes that use nonactivated car-
bohydrate donors or monophosphate- substituted 
sugars are classifi ed as non- Leloir.  In this chapter, 
however, we have employed a more practical clas-
sifi cation into two groups of enzymes, based on 
their capability to synthesize oligosaccharides 
using either activated or nonactivated donors.  

2.2.3     Synthesis of Oligosaccharides 
with Nonactivated Donors 

 Lactose is the substrate for the synthesis of galac-
tooligosaccharides (GOS) and related com-
pounds like lactosucrose and lactulose, which 

represent about 40 % of annual oligosaccharide 
production (Gänzle  2012 ). β-Galactosidases 
transfer the galactosyl moiety from lactose to an 
acceptor. Lactose can also act as galactosyl, glu-
cosyl, or fructosyl acceptor through the action of 
ß-galactosidases, glucansucrases, and fructansu-
crases, respectively. 

 GOS synthesis is catalyzed by β-galactosidases, 
with lactose acting as both glycosyl donor and 
acceptor. The transglycosylation/hydrolysis ratio 
depends on the structural conformation of the 
active site of the enzyme, but it is also infl uenced 
by other factors such as lactose concentration 
(Bruins et al.  2003 ; Ji et al.  2005 ), water activity, 
and, to a minor extent, reaction temperature 
(Millqvist-Fureby et al.  1998 ). The chemical 
structure and DP of the resulting oligosaccharide 
also rely on structural features of the active site 
that have not been fully explained yet. The most 
common products are the trisaccharides 6′-galac-
tosyllactose, 3′-galactosyllactose, and 4′-galacto-
syllactose. GOS yields obtained with different 
enzymes vary between 2 % and 70 %, based on 
the total sugar content (Park and Oh  2010 ; Torres 
et al.  2010 ). Fungi, bacteria, and archaea have 
been used as enzyme sources for GOS produc-
tion. Currently, commercial enzymes are obtained 
from from  Kluyveromyces lactis ,  Streptococcus 
thermophilus ,  Bacillus circulans ,  Aspergillus 
oryzae , and  Bifi dobacterium bifi dum .   The three 
former belong to the GH2 family, and synthesize 
GOS with yields up to 44 %, 25 %, and 39 %, 

  Fig. 2.2    Synthesis of oligosaccharides with nonactivated 
donors can be carried out by retaining glycosidases. The 
enzyme ( Enz ) forms a covalent intermediate with a glyco-
syl group from the glycosyl donor. This group can be 

transferred to a water molecule (hydrolysis) or to a glyco-
syl acceptor (transglycosylation), releasing the free 
enzyme to start a new cycle of catalysis       
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respectively (Rodriguez-Colinas et al.  2011 , Torres 
et al.  2010 , Song et al.  2011 ). Different 
β-galactosidases from  Bifi dobacterium bifi dum  
produce GOS with yields ranging between 
15–47 % (Goulas et al.  2009 ). They are used for 
the production of ß-(1,3) GOS ( B. bifi dum ), ß-(1,4) 
GOS ( B. circulans ), and ß-(1,6) GOS ( Aspergillus 
oryzae ,  Streptococcus thermophilus  and 
 Kluyveromyces lactis ) (Goulas et al.  2009 ; Torres 
et al.  2010 ; Rodriguez-Colinas et al.  2011 ). GH35 
ß-galactosidases from  Aspergillus  and  Penicillium  
species have rendered 30–45 % GOS yields 
(Torres et al.  2010 ), whereas GH42 ß-galactosi-
dase from  Bacillus longum  synthesized GOS 
with lower (10 %) yields (Torres et al.  2010 ). 
Since high lactose concentrations have a strong 
positive infl uence in GOS yield, the use of high 
temperatures is desirable in order to increase lac-
tose solubility (Roos  2009 ). This can be accom-
plished with ß- galactosidases that are stable at 
temperatures between 70 °C and 90 °C (Park and 
Oh  2010 ). Moreover, these enzymes usually 
show high structural resistance, convenient for 
industrial applications. Therefore, different ther-
mostable β-galactosidases have been studied. 
GH1 enzymes from  Sulfolobus solfataricus , 
 Pyrococcus furiosus , and  Thermus caldophilus  
produced GOS with 53 %, 40 %, and 77 % yield, 
respectively (Torres et al.  2010 ).  Thermotoga 
maritima  β-galactosidase from GH2 family 
yielded 18 % GOS (Ji et al.  2005 ), whereas that 
from  Geobacillus stearothermophilus , belonging 
to the GH42 family, yielded only 2 % GOS 
(Placier et al.  2009 ). The enzymes from 
 Sulfolobus solfataricus , and  Pyrococcus furiosus  
produce ß-(1,3) and ß-(1,6) GOS (Torres et al. 
 2010 ), whereas those from  Thermus 
sp.,    Thermotoga maritima , and  Geobacillus stea-
rothermophilus  show a higher preference for the 
synthesis of  ß-(1,3) GOS (Akiyama et al.  2001 ; 
Marín-Navarro et al.  2014 ; Placier et al.  2009 ). 

 Lactulose is synthesized by transgalactosyl-
ation when the enzymatic hydrolysis of lactose 
occurs in the presence of fructose. In this case the 
galactosyl moiety from lactose is linked to the 
C-4 atom of fructose. The yield depends on the 
enzyme and the ratio of concentrations of lactose 
and fructose. Lactulose is produced in the early 
stage of the reaction and can be consumed in the 

fi nal stages. Because of this, it is necessary to 
stop the reaction or separate the enzyme from the 
product (Panesar and Kumari  2011 ). Some 
ß-galactosidases and ß-glycosidases have been 
used for lactulose production. GH1 ß- glycosidases 
from  Aspergillus oryzae, Pyrococcus furiosus , 
and  Sulfolobus solfataricus  yielded 30, 44, and 
12.5 % lactulose relative to lactose, respectively 
(Panesar and Kumari  2011 ; Kim et al.  2006 ; 
Wang et al.  2013 ). Lactulose has also been syn-
thesized from lactose in the absence of fructose 
by combining a ß-galactosidase from 
 Kluyveromyces lactis  and a glucose isomerase 
from  Streptomyces   murinus , with a conversion 
yield of 19 % (Wang et al.  2013 ). Another method 
for lactulose production using only lactose as 
substrate has made use of a thermostable 
cellobiose- 2-epimerase with isomerase activity, 
from  Caldicellulosiruptor saccharolyticus , yield-
ing 58 % lactulose (Kim and Oh  2012 ). 

 Lactosucrose has been obtained with levansu-
crase from  Zymomonas mobilis  using a 1:1 
mass ratio of lactose and sucrose as substrate, 
achieving a conversion effi ciency of 28 %. Since 
this enzyme is inhibited by the glucose released 
in the reaction, the former yield could be 
increased up to 43 % by combining the action of 
levansucrase with glucose oxidase thus trans-
forming the produced glucose into 
D-gluconolactone, which does not exert inhibi-
tory effect (Han et al.  2009 ). Trisaccharides 
derived from lactulose (Lu-GOS) have been 
 synthesized by transglycosylation using the 
ß- galactosidase from  K. lactis , with a yield of 
14 % from total carbohydrate content (Martinez- 
Villaluenga et al.  2008 ). The galactosyl unit from 
a lactulose molecule was transferred to another 
lactulose at two different positions releasing two 
types of Lu-GOS. 

 Fructosyltransferases (FTase, EC 2.4.1) and 
ß-fructofuranosidases (FFase, EC 3.2.1.26) with 
high transfructosylating activity, belonging to 
GH32 and GH68 families, are the enzymes 
involved in the synthesis of FOS from sucrose, 
which acts both as donor and acceptor of the fruc-
tosyl group (Dominguez et al.  2014 ; Ganaie et al. 
 2013 ). Fructosyl units can be connected through 
ß-(2,1) linkages (inulin-type FOS or  1F FOS, as 
1-kestose) or ß-(2,6) linkages (levan- type FOS or 
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 6F FOS, as 6-kestose). In neoseries FOS or  6G FOS, 
a ß-(2,6) link connects a fructosyl unit to the glu-
cosyl moiety of sucrose, as in neokestose (Linde 
et al.  2012 ; Porras-Domínguez et al.  2014 ). 
Commercial FOS have been produced by enzymes 
from fungi and bacteria, with different yields and 
product specifi city. Several fungal strains, mostly 
from the genus  Aspergillus  and  Penicillium , pro-
duce intracellular and extracellular FTases that 
synthesize mainly inulin- type FOS, with yields 
ranging between 25 % and 70 % from total sugar 
content (Dominguez et al.  2014 ). FOS mixtures 
include 1-kestose, 1- nystose, and 1-fructofurano-
syl nystose as predominant oligosaccharides 
(Ganaie et al.  2013 ). There are fewer reports on 
the production of levan-type FOS as a major prod-
uct of enzymatic transfructosylation. GH68 levan-
sucrase from  Zymomonas mobilis  synthesizes a 
mixture of 6-kestose, 1-kestose, and neokestose 
with different ratios depending on the reaction 
conditions and a 6-kestose maximum specifi city 
of 49.1 % of total FOS (Vigants et al.  2013 ). In 
contrast,  Schwanniomyces occidentalis  GH32 
FTase produces FOS with a 16.4 % yield, 6-kes-
tose representing 75 % of total FOS (Álvaro-
Benito et al.  2007 ). Production of neoseries FOS 
has been reported by FTases from 
 Xanthophyllomyces dendrorhous ,  Penicillium 
oxalicum , and  Penicillium citrinum  with 57 %, 
19 %, and 11 % conversion yields to neokestose, 
respectively (Ning et al.  2010 ; Xu et al. 
 2015 ; Hayashi et al.  2000     ). 

 IMOS can be produced by dextransucrases 
(EC 2.4.1.5) belonging to the family GH70 
(Lombard et al.  2014 ). These enzymes catalyze 
the transfer of the glucose moiety from a sucrose 
molecule to a glucose acting as acceptor. 
 Leuconostoc mesenteroides  dextransucrase is 
able to produce a mixture of IMOS with DPs 
between 4 and 9. Maximum conversion yields 
(between 70–90 %, in terms of glucose equiva-
lents) were achieved with a sucrose/maltose ratio 
of 2:1  (Lee et al.  2008 ). α-Glucosidases (EC 
3.2.1.20) are exo-glycosidases grouped in GH13 
and GH31 families that catalyze the release of 
glucose from the nonreducing end of short oligo-
saccharides. Some α-glucosidases with transgly-
cosylating activity, such as the enzymes from 
 Aspergillus niger, S. cerevisiae , or 

 Xanthophyllomyces dendrorhous , synthetize 
IMOS (DPs between 2 and 4) from maltose with 
conversion yields between 30 % and 60 %, from 
total sugar content (Duan et al.  1995 ; Fernández- 
Arrojo et al.  2007 ) .  

 In the case of GeOS synthesis, a few examples 
have been reported. A mixture of GeOS with dif-
ferent polymerization degrees (between 3 and 9) 
has been achieved with a combination of 
ß- glucosidase and ß-(1,6)-glucanase (GH5) from 
 Penicillium multicolor.  In this case, ß-glucosidase 
synthesizes gentiotriose using gentiobiose as sub-
strate, and this trisaccharide is elongated by 
ß-(1,6)-glucanase yielding the fi nal GeOS mix 
(Fujimoto et al.  2009 ). GH70 alternansucrase (EC 
2.4.1.140) from  Leuconostoc mesenteroides  is 
capable of synthesizing GeOS with DPs between 
3 and 5 in presence of gentibiose (Côté  2009 ). 

 Fucosyl- N -acetylglucosamine, one of the com-
ponents of HMOs, can be synthesized using 
fucosidases with transglycosylating capability 
such α- L -fucosidases AlfB and AlfC from 
 Lactobacillus casei  that yield fucosyl-α-1,3-N- 
acetylglucosamine and fucosyl-α-1,6-N- 
acetylglucosamine, respectively, using 
 p -nitrophenyl-α- L -fucopyranoside (pNP-fuc) as 
fucosyl donor and  N -acetylglucosamine (GlcNAc) 
as acceptor (Rodriguez-Diaz et al.  2011 ).  

2.2.4     Synthesis of Oligosaccharides 
with Activated Donors 

 Synthesis of oligosaccharides with activated 
donors is carried out by two main groups of 
enzymes (Fig.  2.3 ). Phosphorylases can act as 
glycosyltransferases in their reverse reaction 
using phosphorylated glycosyl donors, whereas 
Leloir glycosyltransferases use glycosyl donors 
activated with nucleotide mono- or diphosphate 
(CMP, UDP, GDP, or GTP).

   In their forward reaction, phosphorylases cat-
alyze the phosphorolysis of glycosyl linkages at 
the nonreducing end of carbohydrates, releasing 
a monosaccharide 1-phosphate in the presence of 
phosphate. In the reverse reaction, these enzymes 
catalyze the transfer of the activated monosac-
charide to a carbohydrate acceptor. In one par-
ticular case, the enzyme α-1,4-glucan-maltose-1-P 
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maltosyltransferase (EC 2.4.99.16) has been 
described to release maltose 1-phosphate from 
glycogen (Nakai et al.  2013 ), which would allow 
the transglycosylation of a disaccharide in a single 
step in the reverse reaction. Reversible phospho-
rolysis of α-glucosides is catalyzed by phosphory-
lases belonging to glycoside hydrolase families 
GH13 and GH65 and to glycoside transferase 
families GT4 and GT35. ß-Glucosides, ß-galacto-
sides, and ß-manosides are substrates of phosphor-
ylases belonging to families GH94, GH112, and 
GH130, respectively. Family GH94 also includes a 
chitobiose phosphorylase capable of transferring 
N-acetyl-glucosamine moieties (Honda et al. 
 2004 ). Despite the wide diversity of potential natu-
ral sugars able to act as glycosyl acceptors, little 
use of phosphorylases to produce oligosaccharides 
has been made due to the reduced number of 
enzymes characterized so far (Nakai et al.  2013 ). 

 GH65 kojibiose phosphorylase (EC 2.4.1.230) 
from  Thermoanaerobacter brockii  catalyzes the 
synthesis of kojibiose (α- D -glucopyranosyl-
(1,2)- D -glucopyranose) by transglycosylation 
using ß-D-glucose-1-phosphate as glycosyl 
donor and  D -glucose as acceptor, yielding inor-
ganic phosphate. This enzyme is also able to use 
other glycosyl acceptors such as  L -sorbose, malt-
ose, and glucosyl-maltose to yield glucosyl-l   - 
sorbose, glucosyl-sucrose, and glucosyl-maltose, 
respectively, as novel oligosaccharides 
(Chaen et al.  2001 ). Maltose phosphorylase (EC 
2.4.1.8) from  Propionibacterium freudenreichii  
catalyzes the transglycosylation of ß- D -glucose 
from ß-D- glucose-1-phosphate to different 
acceptors such as  D -glucose,  D -glucosamine, 
 N -acetylglucosamine, mannose, 2-deoxy-D- 
glucose    , and 2-deoxy- D -xylose (Aisaka et al. 
 1996 ), making this enzyme suitable for the 

  Fig. 2.3    Synthesis of oligosaccharides with activated 
donors is carried out by phosphorylases (right side) and 
Leloir glycosyltransferases (left side). The activated gly-

cosyl donor is a phosphorylated sugar or a nucleotide 
mono- or diphosphate (CMP, UDP, GDP, or GTP), 
respectively       
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synthesis of oligosaccharides with a broad 
chemical diversity. 

 Leloir enzymes require the previous synthesis 
of an activated substrate, which is a nucleotide 
mono- or diphosphate glycoside. Such com-
pounds are synthesized by the consecutive action 
of a kinase, which phosphorylates the sugar, and 
a nucleoside transferase/pyrophosphorylase 
(Weijers et al.  2008 ). Therefore, the use of this 
methodology requires the implementation of in 
situ coupled reactions either in vitro or in vivo 
(Weijers et al.  2008 ). Leloir transferases are clas-
sifi ed in two different superfamilies depending 
on their structure: GT-A and GT-B, and both of 
them include retaining and inverting enzymes. 

 The requirement of a nucleotide-activated 
donor makes  Leloir  glycosyltransferases less 
attractive than those using nonactivated sugars 
for industrial production of low-added-value oli-
gosaccharides. However, these enzymes show a 
high promiscuity, accepting a rather wide range 
of substrates which leads to the synthesis of a 
diversity of products. Indeed,  Leloir  glycosyl-
transferases are able to synthesize most human 
milk oligosaccharides (HMOs), such as trisac-
charides (sialyllactose and fucosyllactose) or 
other complex oligosaccharides (lacto- N -biose 
derivatives). These compounds are very interest-
ing to be used as functional ingredients in com-
mercial infant formula because of their prebiotic 
and immunogenic effects (Bode  2009 ). The syn-
thesis of these oligosaccharides requires the com-
bined action of several enzymes and cofactors. 
This has been carried out both by in vitro and 
whole-cell approaches, being the latter more con-
venient for industrial purposes, due to the high 
costs associated to enzyme purifi cation and 
cofactor synthesis (Table  2.2 ).

2.3         Enzyme Engineering 

 As it has been described in previous sections, 
glycosidases and GTs have proven to be useful 
tools for oligosaccharide synthesis in vitro. 
However, sometimes native enzymes do not pro-
vide good performance, specifi city, or stability. 
In this case, one can either look for new enzymes 

in nature or change the properties of an existing 
enzyme by protein engineering. The procedures 
used to improve enzyme performance are muta-
genesis, either random or site directed 
(Bornscheuer  2013 ), and immobilization 
(Homaei et al.  2013 ). 

2.3.1     Directed Evolution 

 Directed evolution attempts to mimic the natural 
selection process by recursive rounds of muta-
tion, recombination, and selection (Kittl and 
Withers  2010 ) Random mutagenesis carried out 
by error-prone PCR is generally used to obtain 
the initial library of mutants. The major limita-
tions of this approach are the inherent bias of 
existing mutagenesis methods (Wong et al.  2006 ) 
and the requirement in many instances of techni-
cally complex high-throughput screening meth-
ods. However, this approach is a powerful tool 
for molecular engineering of enzymes, and it 
does not require any previous information about 
the structural-function relationships of the 
enzyme of interest. Directed evolution has suc-
cessfully been used to increase the transglycosyl-
ating activity of a ß-glycosidase (GH1) from 
 Thermus thermophilus . Mutant F401S/N282T, 
using either maltose or cellobiose as acceptors 
and  o -nitrophenyl-β- D -galactopyranoside as 
donor, showed molar yields of trisaccharides up 
to 60 % and 75 %, respectively, whereas the 
wild-type yield was only 8 %. Galactosyl transfer 
to maltose ocurred with a major β-(1,3) regiose-
lectivity, whereas with cellobiose both β-(1,3) 
and β-(1,6) isomers were synthesized. These 
mutations may reorient the glycone at the −1 sub-
site allowing a better transfer to the acceptors 
(Feng et al.  2005 ). A similar approach was used 
to obtain α- L -arabinofuranosidase (GH51) from 
 Thermobacillus xylanilyticus  with better trans-
glycosylation and lower hydrolytic activity with 
mutants N344P and N344Y (Arab-Jaziri et al. 
 2013 ). α- L -Fucosidase (GH29) from  Thermotoga 
maritima  was converted into α- L -transfucosidase. 
The change of activity required mutations at 
only three positions (T264A, Y267F, L322P). 
This was carried out by a fi rst step of random 
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mutagenesis after which selected mutations were 
combined to yield a 32-fold increase in the trans-
ferase/hydrolytic ratio while keeping 60 % of the 
overall wild-type enzyme activity (Osanjo et al. 
 2007 ). In another instance, aiming to prevent 
product hydrolysis, cyclodextrin glucanotrans-
ferase (GH13) from  Thermoanaerobacterium 
thermosulfurigenes  was subjected to error-prone 
PCR, searching for mutant versions of the 
enzyme with lower hydrolytic rate. Two muta-
tions were identifi ed, located at the outer region 
of the active site (W232R and S77P). These 
mutations lowered the hydrolytic activity up to 
15-fold while keeping the cyclization activity 
(Arnold et al.  2009 ). Signifi cant increase of GOS 
production was achieved by mutagenesis of 
ß-galactosidase (GH42) from  Geobacillus stea-
rothermophilus . A random mutagenesis approach 
led to the isolation of mutant R109K with a six-
fold higher yield than that obtained with the wild- 
type enzyme. Saturation mutagenesis at this 
position allowed the characterization of muta-
tions R109V and R109W, which caused an even 
higher (around 11-fold) yield increment, up to 
23 % from total carbohydrate content (Placier 
et al.  2009 ). Random mutagenesis of 
ß- fructofuranosidase from  Schwanniomyces 
occidentalis  increased 6-kestose production 
around twofold over the parent type, with the 
mutations Q78L and F523V. While Gln78 is 
located close to the active site, Phe523 resides 
out of the catalytic domain and probably exerts a 
long-distance effect (de Abreu et al.  2011 ) .  
Kojibiose phosphorylase from 
 Thermoanaerobacter brockii  was also improved 
by random mutagenesis. Two mutants, S676N 
and N687I, showed higher productivity of koji-
oligosaccharides than the wild type (Yamamoto 
et al.  2006 ).  

2.3.2     Site-Directed Mutagenesis 

 Knowing the structure and reaction mechanism 
of a given protein allows designing specifi c muta-
tions to improve its activity or change its sub-
strate specifi city. Work done with glycosyl 
hydrolases has had as a major objective to 

increase the transglycosylation/hydrolysis ratio. 
Site-directed mutagenesis of ß-glucosidase 
(GH1) from  Pyrococcus furiosus  at residues 
within the catalytic pocket revealed that the 
F426Y mutant had an increased GOS yield (up to 
45 % from total carbohydrate content) compared 
to the wild type (40 %). Moreover, the double 
mutant M424K/F426Y had better transglycosyl-
ating properties at low substrate (lactose) concen-
trations compared to the wild type and the 
corresponding single mutants (Hansson et al. 
 2001 ). In another GH1 enzyme, the 
ß- galactosidase from  Sulfolobus solfataricus , 
wild-type GOS production (50.9 %) was 
increased up to 58 % and 62 % as a consequence 
of mutations F359Q and F441Y, respectively (Wu 
et al.  2013 ). This F441 is homologous to the 
aforementioned F426 and F401 from the GH1 
β-glycosidases from  P. furiosus  and  T. thermoph-
ilus , respectively (Feng et al.  2005 ; Hansson 
et al.  2001 ), all resulting in a higher GOS yield 
when mutated. The observed effect may be 
caused by a reorientation of the glycone at the −1 
subsite to a position more favorable for transgly-
cosylation. On the other hand, the F359Q muta-
tion may increase the affi nity of the +1 subsite for 
the lactose molecule acting as glycosyl acceptor 
(Wu et al.  2013 ). 

 Within invertases belonging to the GH32 fam-
ily, different studies with plant and yeast enzymes 
showed that substitution of one or the two aspara-
gines within the so-called β-fructofuranosidase 
motif (WMNDPGN), harboring the catalytic 
nucleophile, resulted in increased FOS synthesis 
(Alvaro-Benito et al.  2010 ; Lafraya et al.  2011 ; 
Ritsema et al.  2006 ; Schroeven et al.  2008 ). One 
of the most dramatic changes was observed with 
the invertase from  Saccharomyces cerevisiae , 
where N21S and N24S amino acid replacements 
caused a sixfold increase of 6-kestose synthesis. 
The combination of the aforementioned changes 
with the W19Y substitution (also within the 
β-fructofuranosidase motif) further increased the 
synthesis of 6-kestose up to tenfold, compared to 
the wild type. Another conserved motif within 
hydrolytic GH32 enzymes is the “ECP” motif 
harboring the acid/base catalyst. The substitution 
of Pro by Val in this motif also increased 6- kestose 
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synthesis by the invertase from  S. cerevisiae  and 
the β-fructofuranosidase from  S. occidentalis  by 
sixfold and twofold, respectively (Alvaro-Benito 
et al.  2010 ; Lafraya et al.  2011 ). GH32 enzymes 
from yeasts synthesize mainly 6-kestose, whereas 
their plant homologues produce mainly 1- kestose. 
Although the −1 subsite is rather conserved, the 
+1 subsite is more divergent between the two 
groups. The second Trp in the “WGW” motif in 
hydrolytic plant enzymes has been proposed to 
be part of the sucrose acceptor subsite, and its 
replacement by Tyr in the invertase from 
 Arabidopsis thaliana  doubled the transferase 
capacity of the enzyme (Altenbach et al.  2009 ). 
Not only the transglycosylation yield but also 
substrate and product specifi city can be modu-
lated by site-directed mutagenesis. Donor and 
acceptor substrate selectivity has been altered in 
a plant GH32 enzyme, transforming a fructan- 
fructan fructosyltransferase into a sucrose- 
sucrose fructosyltransferase (Lasseur et al.  2009 ; 
Van den Ende et al.  2009 ). On the other hand, the 
introduction of the N228A substitution changed 
the FOS product profi le of the N21S mutant of  S. 
cerevisiae  invertase, from a highly specifi c 
6- kestose synthesis to an equimolar production 
of 6-kestose and 1-kestose. This Asn 228, 
together with Trp 291, was proposed to build the 
acceptor sucrose-binding platform in yeast 
enzymes (Lafraya et al.  2011 ). Mutations at an 
equivalent residue to this Asn 228 in the 
β-fructofuranosidase from  S. occidentalis  also 
resulted in a broader product spectrum, further 
confi rming this hypothesis (Alvaro-Benito et al. 
 2012 ). 

 Two GH18 family chitinases were converted 
into transglycosylases:  Bacillus circulans  chitin-
ase A1 ( Bc  ChiA1) and  Trichoderma harzianum  
chitinase 42 ( Th  Chit42) were mutated at the con-
served aspartates that act as stabilizers of the gen-
eral acid/base glutamate. Mutants D200A and 
D202A of  Bc  ChiA1, as well as D170N and 
D170A of  Th  Chit42, retained the ability to cata-
lyze the transglycosylation reaction but lost the 
hydrolytic activity (Martinez et al.  2012 ). 

 Glycosyltransferases have an enormous 
potential for the synthesis of novel, nonnatural, 
relevant carbohydrate structures (Hancock et al. 

 2006 ). However, methodological diffi culties in 
synthesizing the required activated substrates 
hamper the production of oligosaccharides by 
this procedure. Few studies have dealt the molec-
ular engineering of glycosyltransferases, aiming 
to change the donor specifi city of the enzymes. 
Mutation Y289L in bovine ß-(1,4)-galactosyl-
transferase (GT7) broadened the profi le of 
donor substrates from a strict specifi city for 
transglycosylation of UDP-galactose to include 
also UDP-N- acetyl-galactosamine and UDP- N -
acetylglucosamine, without compromising galac-
tosyltransferase activity (Ramakrishnan and 
Qasba  2002 ). Mutation of residue R228K in the 
same enzyme increased glucosyltransferase 
activity (15-fold) and decreased galactosyltrans-
ferase activity (30-fold) (Ramakrishnan et al. 
 2005 ). Similarly, the P234S mutation of a human 
α-(1,3)-galactosyltransferase (GT6) changed the 
donor specifi city from UDP-galactose to UDP-
N- acetyl-galactosamine (Ramakrishnan and 
Qasba  2002 ).  

2.3.3     Glycosynthases 

 Withers and colleagues ( 1998 ) mutated the 
nucleophile of a retaining exo-acting glycosidase 
(a β-glucosidase) belonging to the GH7 family. 
The resulting mutant was inactive as hydrolase. 
Using as substrate an activated glycoside fl uoride 
donor, such as α-glucosyl or α-galactosyl- 
fl uoride, with anomeric conformation opposite to 
that of the substrate of the wild-type enzyme, the 
mutant enzyme was able to carry out 
 transglycosylation. These new types of enzymes 
were called glycosynthases (GS). The same year, 
using the same approach, an endo-acting glyco-
synthase, able to catalyze the glycosylation of 
different glucoside acceptors with 
α-laminaribiosyl fl uoride, was constructed from a 
GH16 β-endoglucanase (Malet and Planas  1998 ). 
This methodology has been applied to many 
other enzymes, belonging to different GHs fami-
lies, with good results in improving the yield of 
oligosaccharide synthesis (Cobucci-Ponzano 
et al.  2011 ). The mutated enzymes include exo-
acting glycosidases as glucosidases, mannosidases, 
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galactosidases, fucosidases, and xylosidases and 
endo-acting glycosidases as endoglucanases, 
endoxylanases, laminarinases, and mannanases. 
In all these cases, substitution of the nucleophile 
by a residue with a shorter side chain (such as 
Ala, Gly, or Ser) made the resulting mutant 
unable to hydrolyze glycosidic bonds but still 
performed transglycosylation when incubated 
with activated glycosyl donors. Most GS derived 
from β-retaining GHs prefer α-glycosyl-fl uorides 
donors and proceed through a single- displacement 
mechanism (α → β). Hyperthermophylic GS 
obtained from β-retaining GHs use 
aryl β-glycosides and require an excess of for-
mate that acts as a nucleophile, forming an 
α-glycosyl formate intermediate in a double- 
displacement mechanism (β → α → β). In con-
trast, for GS derived from α-retaining GHs, 
β-glycosyl- azides work better as activated donors 
than β-glycosyl-fl uorides (Cobucci-Ponzano 
et al.  2011 ). Some more recent examples are the 
GH13 cyclodextrin glucanotransferase E284G 
from  Bacillus  sp. (Li et al.  2014 ) and the GH35 
ß-galactosidase E233G from  Bacillus circulans  
(Henze et al.  2014 ) which used α-maltosyl- 
fl uoride and α- D -galactopyranosyl-fl uoride as 
donors, respectively. The latter mutant has been 
used to produce galacto- N -biose or lacto- N -biose 
with good yields (40–90 %) (Henze et al.  2014 ). 

 In some instances, consecutive rounds of 
directed mutagenesis have been applied to further 
improve the properties of a fi rst generation of 
GS. One approach has been site-saturation muta-
genesis of the nucleophilic residue to select the 
mutation (Ala, Ser, or Gly) that leads to higher 
transglycosylating effi ciencies (Cobucci- 
Ponzano et al.  2011 ). Random mutagenesis has 
also been used to improve the transglycosylating 
activity of glycosynthases from families GH1 
and GH52 up to 27- and 45-fold, respectively 
(Ben-David et al.  2007 ; Kim et al.  2004 ). Other 
studies have pursued more complex goals, aim-
ing to change the substrate specifi city of the 
enzyme through site-directed mutagenesis. This 
was the case of  Humicola insolens  Cel7B E197A 
mutant, a glycosynthase whose properties were 
altered by additional mutations at the +1 catalytic 
subsite. Mutations H209A, H209G, and A211T, 
combined with the original E197A mutation, 
were designed in order to widen the substrate 

specifi city to include N-acetyl-glucosaminyl 
acceptors. However, the resulting mutants were 
unable to transfer α-lactosyl fl uoride onto  N ′, N ″-
diacetylchitobiose, although cellobiose and  N ′-
acetylchitobiose still remained as good 
acceptors (Blanchard et al.  2007a ). In contrast, a 
change in the regioselectivity was observed using 
α-lactosyl fl uoride as substrate donor and  O -allyl 
N′-acetyl-2″-azido-ß-chitobioside as acceptor. 
While E197A and the triple mutant E197A/
H209A/A211T preferentially catalyzed the for-
mation of a ß-(1,3)-linked tetrasaccharide 
between the two disaccharides, the product speci-
fi city of the double mutants E197A/H209A and 
E197A/H209G was switched to a ß-(1,4) linkage 
(Blanchard et al.  2007b ). 

 Honda and Kitaoka described in 2005 the fi rst 
glycosynthase derived from an inverting glycosi-
dase, the exo-oligoxilanase (GH8) from  Bacillus 
halodurans . This glycosynthase was constructed 
by saturation random mutagenesis at the catalytic 
base D263. Nine of these mutants synthesized a 
xylotrisaccharide from xylose and α-xylobiose 
fl uoride, with the D263C mutant showing the 
highest yield (Honda and Kitaoka  2006 ). An 
alternative method to convert the  Bacillus halo-
durans  exo-oligoxilanase into a glycosynthase 
was the mutagenesis of the Y198 residue, which 
is known to bind the water molecule acting as 
nucleophile in the hydrolytic reaction. This 
caused a drastic decrease in the hydrolytic activ-
ity and a small increase in the fl uoride-releasing 
activity, which made the transglycosylation 
 catalyzed by the Y198F mutant accumulate a 
larger amount of product than that achieved with 
the D263C mutant (Honda et al.  2008 ; Kitaoka 
et al.  2008 ). Another glycosynthase has been pro-
duced from the inverting 1,2-α- L -fucosidase 
(GH95) from  Bifi dobacterium bifi dum  by mutat-
ing the catalytic acid residue. The D766G mutant 
synthesized 2′-fucosyllactose from β-fucosyl- 
fl uoride and lactose (Wada et al.  2008 ).  

2.3.4     Enzyme Immobilization 
for Oligosaccharide Synthesis 

 Enzyme production is expensive for most indus-
trial applications. Enzymes are labile and sensi-
tive to denaturation by chemical agents and 
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physical conditions, which hinders their use. 
Moreover, unlike conventional chemical cata-
lysts, most enzymes operate in aqueous solutions 
making it diffi cult to separate them from the fi nal 
product for convenience or to reuse the enzyme 
in a new reaction (Homaei et al.  2013 ). 
Immobilization of enzymes offers a possible 
solution to these problems and allows their 
implementation in continuous fl ow reactors. 
There is an ample variety of immobilization 
methods, generally classifi ed in three main types: 
covalent or noncovalent surface binding, physical 
entrapment, and self-aggregation by cross- 
linking (Mateo et al.  2007 ; Sheldon and van Pelt 
 2013 ). There is no universal method, or support 
to immobilization, because it depends on the 
nature of the enzyme, the chemical characteris-
tics of the substrate, and the operating conditions. 
Compared to the free form, immobilized enzymes 
are generally more stable (to temperature, pH, 
etc.) and easier to manipulate (Homaei et al. 
 2013 ). Sometimes, immobilization changes the 
kinetic properties of an enzyme altering its activ-
ity or substrate specifi city (Rodrigues et al.  2013 ). 
The immobilization of oligosaccharide- 
producing enzymes is a promising strategy for 
large-scale production of these compounds, and 
there are some examples in bibliography with 
different supports and enzymes. 

 Because of the importance of GOS in the food 
market, immobilization of ß-galactosidases to 
improve the yield of GOS production has been 
assayed by different groups (Panesar et al.  2010 ). 
 Aspergillus oryzae  ß-galactosidase was immobi-
lized using three different techniques: adsorption 
on celite, covalent coupling to chitosan with glu-
taraldehyde, and self-aggregation by cross- 
linking. The best activity was reported by 
covalent binding to chitosan, yielding a higher 
GOS yield (17.3 % of the total sugar) than the 
free enzyme (10 %) (Gaur et al.  2006 ). In other 
instances, total GOS production remained 
unchanged, but the possibility of reusing the 
enzyme made the process interesting. That was 
the case of  Bacillus circulans  ß-galactosidase 
immobilized in glyoxal-derivatized agarose, 
which yielded the same GOS production and pro-
fi le than the free enzyme but allowed carrying out 
ten repeated batches (Urrutia et al.  2013 ), or 
covalent immobilization of  Thermotoga mari-

tima  ß-galactosidase on the surface of epoxy- 
activated magnetic beads which allowed four 
cycles of reutilization without a signifi cant degree 
of inactivation (Marín-Navarro et al. 
 2014 ). Immobilized β-galactosidases have also 
been used in continuous operation systems for 
GOS production (Klein et al.  2013 ). 

 FOS-, COS-, IMOS-, and XOS-producing 
enzymes have also been subjected to immobiliza-
tion by different methods.  Aspergillus fl avus  fruc-
tosyltransferase was entrapped on chitosan and 
alginate showing better performance with the lat-
ter support. The thermal stability of the enzyme 
increased, and immobilization allowed work with 
a continuous system, accumulating up to 63 % 
(w/w) of FOS after 7 days of reaction (Ganaie 
et al.  2014 ). Immobilization of chitosanase from 
 Bacillus pumilus  by multipoint covalent attach-
ment with glutaraldehyde, using as support 
amylose- coated magnetic nanoparticles, allowed 
reusability of the enzyme, producing COS with a 
yield of 40 % of the used chitosan (Kuroiwa et al. 
 2008 ). Endo-dextranase from  Penicillium  sp. was 
covalently attached to an epoxy-activated disk 
and used to produce IMOS. The immobilized 
enzyme retained more than 77 % of its activity for 
78 days including storage time and repeated uses 
every 10 days, with a total operational time of 90 
h (Bertrand et al.  2014 ). Alginate fi ber entrapment 
enabled repeated use during ten batches of the 
 Leuconostoc mesenteroides  dextransucrase for 
IMOS production (Tanriseven and Doğan  2002 ). 
Production of XOS by xylan hydrolysis, using 
immobilized xylanases, has been successfully 
assayed.  Talaromyces thermophilus  xylanase, 
entrapped in gelatin and cross-linked by glutaral-
dehyde, yielded the same product profi le than the 
free enzyme but allowed up to 13 successive 
cycles of hydrolysis (Maalej- Achouri et al.  2009 ). 
Xylanase B from  Thermotoga maritima  fused to a 
histidine tag was fi xed covalently to a nickel-che-
late epoxy support. The double functionality of 
this resin allows a specifi c attachment of the 
enzyme to the support through the histidine-nickel 
interaction and also has the advantage of a stable, 
covalent binding mediated by the epoxy groups. 
Immobilization improved the thermostability of 
the xylanase and allowed its use in a continuous 
process (Li et al.  2007a ).      
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    Abstract  

  Probiotics are the live microorganisms which when administered in ade-
quate amounts confer a health benefi t on the host. Research has indi-
cated that probiotics provide various health benefi ts to consumers such 
as reduction in different forms of diarrhoea, antimutagenic effect, alle-
viation of lactose intolerance and immunomodulation. But these effects 
are considered to be strain dependent and also depend on a number of 
other technological factors. For any organism to be considered as probi-
otic, it must survive the upper gastrointestinal (GI) passage tract and 
must remain viable at the site of its action, and it must be able to function 
in the gut environment. Various techniques have been applied to enhance 
viability of probiotics, and encapsulation is a method whereby the organ-
ism is entrapped in a matrix so that it can withstand passage of GI tract. 
The chapter provide various aspects of microencapsulation in 
probiotics.  
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3.1         Introduction 

 Hippocrates, a Greek philosopher (and father of 
medicine), introduced the concept that food could 
serve as medicine. During the last decade, the 
demand for such foods has increased remarkably 
because of changes in the lifestyle, eating habits, 
urbanisation and globalisation. This has led to the 
shift in eating habits from ordinary food to the 
foods which besides providing nutrition also pro-
mote health benefi ts, for which the names  func-
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tional foods ,  probiotics ,  synbiotics ,  etc . have 
been given (Sharma and Devi  2014 ). 

 The word  probiotic  refers to the single or 
diverse cultures of the live benefi cial microorgan-
isms (usually  bifi dobacteria ,  lactobacilli  and 
 streptococci ) which, when consumed, produce a 
favourable effect on the host by convalescing the 
properties of the indigenous microfl ora (Holzapfel 
et al.  1998 ). As per FAO/WHO ( 2002 ) guidelines, 
probiotics are the “live microorganisms which 
when administered in adequate amounts confer a 
health benefi t on the host”. The word “probiotic” 
is derived from Greek words “pro” and “bios” 
translated as “for life” and was initially used as an 
antonym of the word “antibiotic” (Hamilton-
Miller et al.  2003 ). It is believed that the word was 
fi rst used in 1954 by Vergio (Holzapfel and 
Schillinger  2002 ). However, there exists suffi cient 
literature that suggests that fermented milk was 
consumed in India long before for promoting the 
health benefi ts. It was at the beginning of this cen-
tury a Russian Nobel laureate Elie Metchnikoff, at 
the Pasteur Institute, linked health and longevity 
with the consumption of fermented milk products. 
He postulated that the bacillus present could posi-
tively modify the bacterial community structure 
of the colon, thus contributing to human health 
status ( monograph reprinted in  Metchnikoff 
 2004 ; Vasiljevic and Shah  2008 ).  

3.2     Desired Characteristics 
of Probiotic 

 The probiotics ought to have superior technologi-
cal properties accordingly; it can be contrived and 
unifi ed into food products without losing its via-
bility and functionality and without creating 
unpleasant fl avours or textures, it also must sur-
vive the upper gastrointestinal (GI) passage tract 
and must remain viable at the site of its action, and 
it must be able to function in the gut environment. 
In order to check the characteristics, the following 
tests are carried out to check its effectiveness:

    1.    Acid and bile salt tolerance   
   2.    Antimicrobial action   
   3.    Adherence properties      

3.3     Health Benefi t of Probiotics 

 Probiotics are a group of good bacteria which 
gives strength to our intestinal function. King et.
al. ( 2003 ) reported that probiotic might reduce 
both the duration of illness and the frequency of 
stools because probiotic prohibits colonisation by 
the invader and controls the intestinal pH through 
the release of acetic acid and lactic acid. These 
bacteria could effectively prevent the constipation 
and diarrhoea caused by pathogenic bacteria. 
Saxelin et al. ( 2003 ) concluded that the probiotic 
foods contain living probiotic microorganism in 
ample concentration, so that the proposed effect is 
achieved after their ingestion. Parvez et al. ( 2006 ) 
reported that probiotics can be used as food sup-
plement which provides the protection against the 
gastrointestinal (GI) disorders, viz. infections and 
bowel syndromes, by favouring and colonising 
the healthy gut microfl ora. Some health benefi ts 
of probiotics are summarised in Table  3.1 .

   Kailasapathy and Chin ( 2000 ) and Sanders 
et al. ( 2007 ) concluded that probiotics possess 
therapeutic role as they modulate the immunity, 
prevent lactose intolerance, lower the cholesterol 
level and prevent some cancers. Weichselbaum 
( 2009 ), Patel et al. ( 2010 ) and Tuomola et al. 
( 1999 ) also revealed that probiotics have the pos-
sible benefi cial effects on our health. He classi-
fi ed the potential benefi cial effects of probiotics 
into three-way action, which are listed:

    I.    The fi rst effect is due to the immunity modu-
lation within the host, which possess impor-
tance as it is responsible for the prevention of 
infectious disease of GI tract. Probiotics 
modulate the immune system as a result of 
products like microbial metabolites, compo-
nents of the cell wall or deoxyribonucleic 
acids (DNA), which are recognisable to the 
host cells due to the presence of particular 
receptors on the epithelial cells of the gut. 
The possible interaction between these 
metabolites and host immune cells via adhe-
sion leads to the immunity modulation.   

   II.    The second mechanism suggests that there 
exists direct interaction between probiotics and 
other microorganisms (which may be patho-
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genic). Here the restoration of the good micro-
organisms in the gut results in the treatment of 
the infections like infl ammation. This idea is 
supported by the fact that probiotics have the 
capacity to compete with the pathogens in 
terms of their adhesion to the intestines.   

   III.    The third mechanism of action has been 
summarised as the ability of the probiotics to 
affect the secondary metabolites (toxins) of 
the pathogenic microbes and also the host 
products like bile salts and some food 
ingredients.    

3.4       Microencapsulation 

 Microencapsulation can be defi ned as a technol-
ogy in which the liquids, volatiles (gases) or solid 
materials (including fl avours, enzymes, cells, 
medicine or other active ingredients) are packed 
within a continuous polymer fi lm, so that the 
contents are released at predictable and con-
trolled manner under specifi c conditions (Desai 
and Park  2005 ). Microencapsulation dates back 
to the early 1930s, and this technology has 
boosted during the past decade due to the 
advancement in technologies and modifi cations 
in the entrapping materials. Champagne and 
Fustier ( 2007 ) found that there are various points 
to be taken into consideration while microencap-
sulating probiotic cells such as strain of probiot-
ics, their benefi cial effects on host when reached 
in gastrointestinal (GI) tract, quantity required to 
give benefi cial effects and viability of probiotic 
cells during processing, storage and sensory 
properties of product. 

3.4.1     Benefi cial Effects 
of Microencapsulation 

 Microencapsulation has resulted in various 
advantages towards the probiotics like prevention 
against the bacteriophages, contamination, etc. 
Steenson et al. ( 1987 ) found that when the probi-
otics were encapsulated into the matrix of algi-
nate beads, the bacteriophage attack was avoided 
because of the small pore size. Kearney et al. 
( 1990 ) demonstrated that the survivability of the 
 L. plantarum  in alginate beads was enhanced by 
30 % after lyophilisation. Similar results were 
reported by Kim and Yoon ( 1995 ); they found 
that the survivability of the probiotic cultures was 
enhanced up to 40 % when encapsulated in the 
calcium-alginate beads after of the milk. 

 Several reports have shown that the stability 
of the probiotic cultures can be increased by 
encapsulation, for example, the probiotic bacteria 
when encapsulated in the gel matrix of calcium 

   Table 3.1    Some of the established effects of probiotics   

 S. 
no. 

 Target health 
benefi t  Postulated mechanism 

 01  Anti-colon cancer  Deactivation of 
carcinogenic compounds, 
inhibition of carcinogen- 
producing enzymes of 
colonic microbes, immune 
modulation, mutagen 
binding 

 02  Aid in lactose 
digestion, 
resistance to enteric 
pathogens 

 Bacterial lactase, secretory 
immune effect, alteration of 
intestinal conditions to be 
less favourable for 
pathogenicity (pH, SCFAs, 
bacteriocins), alteration of 
toxin-binding sites, 
infl uence on gut fl ora 
populations 

 03  Allergy  Prevention of antigen 
translocation into 
bloodstream 

 04  Blood lipids, heart 
disease 

 Assimilation of cholesterol 
within bacterial cell, 
increased excretion of bile 
salts due to deconjugation 
by bile salt hydrolase 

 05  Small bowel 
bacterial 
overgrowth 

 Infl uence on activity of 
overgrowth fl ora, 
decreasing toxic metabolite 
production, modifi cation of 
intestinal environment 

 07  Crohn’s disease  Reduced bowel movements 

 08   Helicobacter pylori  
infections 

 Lactic acid production 

   Source : Sanders and Huisin’t Veld ( 1999 ), Sharma and 
Devi ( 2014 )  

3 Microencapsulation of Probiotics and Its Applications



36

alginate showed much stability during the storage 
(Sheu and Marshall  1993 ; Kebary et al.  1998 ). 
Woo et al. ( 1999 ) reported that the survival of the 
 B. longum  when entrapped into the matrix of 3 % 
alginate and 0.15 % xanthan gum enhanced. 
Similarly, the survivability of the bacterium  L. 
casei  when entrapped in the chitosan-coated algi-
nate beads confi rmed higher survivability upon 
storage (Koo et al.  2001 ). Microencapsulation 
also prevents the probiotics from the harsh envi-
ronment of gastric solution. Several studies have 
shown that the survival of the probiotic strains 
like  L. casei ,  B. longum ,  L. gasseri ,  L. acidophi-
lus ,  B. bifi dum ,  B. infantis ,  B. breve  and  B. pseu-
dolongum  inside the gastric environment 
enhanced when entrapped within the wall materi-
als like chitosan and alginates in comparison to 
the non-entrapped cells (Rao et al.  1989 ; 
Urbanska et al.  2007 ; Chávarri et al.  2010 ). 

 Soma et al. ( 2009 ) reported an increase in the 
number of  Lactobacillus acidophilus  ATCC 
43121 by just about 3 logs, after they were 
entrapped within the beads of xanthan–chitosan–
xanthan network. Other researchers reported 

similar results when they encapsulated the strains 
of  L. rhamnosus  and  B. longum  with a blend of 
gellan and xanthan gum (Jiménez-Pranteda et al. 
 2009 ; Ding and Shah  2007 ). Kharter et al. ( 2010 ) 
and Zou et al. ( 2011 ) carried out research on the 
some strains of the LAB and bifi dobacteria after 
encapsulating them in chitosan–alginate beads 
and alginate-maize resistant starch; they con-
cluded that protection against gastric juices 
increased to a greater extent.  

3.4.2     Methods 
of Microencapsulation 

 In microencapsulation a thin layer coating is 
done. Different techniques have been developed 
so far for the successful entrapment of the probi-
otic cells which have been classifi ed into three 
categories, viz. (1) physico-mechanical, (2) 
physico-chemical and (3) chemical methods. 

 The different types of encapsulation tech-
niques and the wall materials have been listed 
in Figs.  3.1  and  3.2 , respectively. In physical 

Microencapsulation 
Techniques

Physical or Phyisco-
mechanical

Physico-chemical Chemical

1.  Air Suspension 1. Ionotropic gelation 1. Solvent Evaportaion

2. Centrifugal Extrusion 2. Coacervation 2. Polymerization

2.1 Interfacial Polymer

3. Pan Coating 2.2 In-Situ Polymerization

2.3 Matrix Polymer

4. Spray Drying

4.1 Co-current

4.2 Counter-current

4.3 Mixed flow

5. Vibrational Nozzle

  Fig. 3.1    General overview of encapsulation techniques       
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methods there is conversion of liquid phase into 
solid immobile phase in the form of powder, in 
which the probiotic is entrapped. The probiotics 
encapsulated in this method are released when 
the powder gains moisture, while in the case of 
chemical methods, there is the formation of the 
hydrocolloidal gel phase via cross-linking or 
chemical reactions. Here the probiotics are 
released only when there is change in the pH or 
the ionic conditions of the wall material change.

3.4.2.1        Spray-Drying 
 It (Fig.  3.3 ) is the most widely used stabilisation 
procedure in food/pharma/chemical industries 

due to high throughput and low costs. During 
spray-drying, a matrix material is fi rst dissolved 
in the continuous phase which surrounds the pro-
biotic cells inside the spray droplet. This solution 
is rapidly atomised in heated air and shrinks sur-
rounding the cells in an envelope. Petrovic et al. 
( 2007 ) observed that in spray-drying technique, 
the centrifuged cell mass of probiotic bacteria is 
dispersed in suitable encapsulating material like 
any food polymeric solution, gums (hydrocol-
loids), modifi ed starches, non-gelling proteins 
and dextrin to form an emulsion or dispersion. 
These encapsulating materials give the protective 
coating to the central probiotic bacteria and 

Microencapsulation

Core Material Coating Material Vehicle

Solid Polymers Aqueous

Liquid Waxes Nonaqueous

Resins

Proteins

Polysaccharides

  Fig. 3.2    Type of core materials, coating materials and vehicles used in microencapsulation       

Atomizer Hot Air

Nozzle

Spray dried CapsulesDrying 
Chamber

Cyclone 
Separator

Solution with active 
ingredient and 

dissolved polymer Probiotic Cell

Mist

  Fig. 3.3    Outline of spray-drying for probiotics       
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provide oxygen barrier. Fu and Etzel ( 1995 ) studied 
that encapsulation by spray-drying is relatively 
cheap and can be operated on large scale and on 
continuous mode, but the disadvantage of spray- 
drying is that there is huge loss in viability of pro-
biotic bacteria because of dehydration and high 
inlet temperature, but by adjusting the proper 
inlet and outlet temperatures, the viable count of 
encapsulated cells can be obtained (Kailasapathy 
 2002 ). Crittenden et al. ( 2006 ) used protein–car-
bohydrate–oil fi lm for the successful encapsula-
tion of the  B. infantis  by spray-drying at an inlet 
and outlet temperatures of 160 and 65 °C, 
 respectively. Some of the researchers were suc-
cessful even encapsulating the probiotics at 
higher temperatures like Zhao et al. ( 2008 ) found 
that strains of  L. acidophilus  when encapsulated 
with gum acacia and cyclodextrin at inlet and 
outlet temperatures of 170°C and 90 °C, respec-
tively, the post spray drying survival of the encap-
sulated  L. acidophilus  was 1.50×10 9 c.f.u./ml and 
the survival after 8 weeks of storage at 4°C, was 
more than 10 7 c.f.u./ml. Ying et al. ( 2011 ) found 
that encapsulated  L. rhamnosus  by spray-drying 
in the matrix of resistant starch and whey protein 
had a superior storage stability in contrast to 
freeze-drying technique.

   Jantzen et al. ( 2013 ) observed that the spray- 
drying of probiotic  L. reuteri  with whey at outlet 
temperature (55 ± 2 and 65 ± 2 °C) and viability 
of microencapsulated probiotics has decreased 
by 2 log cycles after drying. Pereira et al. ( 2014 ) 
found that the spray-dried probiotic cashew apple 
juice showed levels of  L. casei  NRRL B-442 via-
ble cells higher than the recommended minimum 
level for probiotic bacteria after the drying pro-
cess; it is indicating that the spray-drying can be 
used for producing probiotic cashew apple 
powder.  

3.4.2.2     Freeze-Drying 
 It is a drying process in which the water is 
removed from the food system/matrix in the form 
of vapours via sublimation process. In freeze- 
drying the food material is subjected to freezing 
under vacuum. The reduced temperature freezes 
the free water and low pressure results in the con-

version of this ice into vapours directly. The pro-
cess has been classifi ed into three stages which 
include:

    (a)    Freezing   
   (b)    Primary drying   
   (c)    Secondary drying     

 In case of microencapsulation by freeze- 
drying, both core and the wall (i.e. probiotics and 
entrapping material) along with the water present 
in the matrix are frozen to temperature as low as 
−20–−90 °C and then dried by direct sublimation 
process under reduced pressures, i.e. below 4.7 
mmHg. As freeze-drying occurs at both reduced 
temperature and pressure, a porous and unshrink-
ing edifi ce culture of the probiotics is obtained. 
Although freeze-drying, being the nonthermal 
process, has emerged as a most standard tech-
nique for the drying process in the microbiologi-
cal industries, there occurs some loss in cell 
viability, and also the energy consumption is very 
high as compared to the spray-drying technique 
(30–50 times more expensive). In order to pre-
vent the loss during the freezing and to improve 
the survivability of the probiotics, the demand for 
the cryoprotectants (like proteins, maltodextrins, 
etc.) has increased (Gharsallaoui et al.  2007 ; 
Morgan et al.  2006 ). Carvalho et al. ( 2004 ) 
reported that the probiotic cultures of the strains 
of  L. bulgaricus  survived for over 10 months at 
−20 °C when sorbitol and fructose were used as 
cryoprotectants during freeze-drying. The vari-
ous cryoprotectants used for the freeze-drying of 
the probiotics are listed in Table  3.2 .

   Table 3.2    List of cryoprotectants used in freeze-drying 
of probiotics (Krasaekoopt  2012 )   

 Microorganism  Cryoprotectant  References 

  L. acidophilus ,  B. 
bacterium  

 Skim milk  Goderska 
and 
Czarnecki 
( 2008 ) 

  L. rhamnosus   Glycerine  Savini et al. 
( 2010 ) 

  L. casei   High-resistance 
maize starch and 
inulin 

 Babu et al. 
( 2011 ) 
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3.4.2.3        Spray-Freeze-Drying 
 It is a drying technique which involves the spray-
ing of a liquid solution into a freezing medium 
like liquid nitrogen, resulting in the freezing of 
water within it. After that the frozen material is 
subjected to conventional vacuum freeze-drying 
for the removal of water via sublimation process 
(Kailasapathy  2009 ; Semyonov et al.  2010 ). This 
process has advantages that the size of the prod-
uct is uniform and controlled with larger surface 
area as compared to the spray-dried powder. 
Dolly et al. ( 2011 ) encapsulated  L. plantarum  by 
spray-freeze-drying using whey protein as an 
encapsulating agent; they found that the fi nal 
product has 20 % higher viability as compared to 
the spray-dried product. They also demonstrated 
that it had more tolerance to acidic conditions.  

3.4.2.4     Extrusion Technique 
 Extrusion is a more laborious, simple, economic 
but less hazardous method of encapsulation and 
consists of projecting a solution consisting of the 
encapsulation matrix and the core materials 
through a spout at a reasonably high pressure. 
The resultant droplets free-fall from the nozzle 
into a hardening solution (Krasaekoopt et al. 
 2003 ; Lakkis  2007 ). Capsule size is infl uenced 
by the nozzle size (De Vos et al.  2010 ). If droplet 
formation is performed in a controlled environ-
ment, this technique is referred to as prilling. To 
achieve this control, the jet nozzle is subjected to 
pulsation (Burgain et al.  2011 ). Some of the main 
technologies to ensure fl uid dispersion into drop-
lets and subsequent capsules are coaxial airfl ow, 
use of an electrostatic fi eld, jet-cutting and spin-
ning disc atomisation (Whelehan and Marison 
 2011 ; Cook et al.  2012 ). Due to the gentle opera-
tion of the extrusion process and the fact that del-
eterious solvents are not required, high cell 
viability can be maintained (Burgain et al.  2011 ; 
Krasaekoopt et al.  2003 ). Also the viscosity of 
the fl uid used does not limit production of cap-
sules (Lakkis  2007 ). Extrusion can be performed 
under both the aerobic and anaerobic conditions, 
an advantage when using the predominantly 
oxygen- sensitive LABs and bifi dobacteria.  

3.4.2.5     Emulsion Method 
 It is a type of chemical technique, employed for 
the encapsulation of probiotic cells on the basis 
of interaction between the continuous phase, i.e. 
vegetable oil (corn oil, sunfl ower oil, etc.) or 
mineral oil, and discontinuous phase, i.e. cell- 
polymer suspension. Following homogenisation 
to generate a water-in-oil emulsion, the water- 
soluble polymer is cross-linked to form small-gel 
particles within the continuous oil phase. 
Microencapsulation can be down in three steps: 
in the fi rst step we disperse droplets with the 
emulsifi cation, in the second case we add cal-
cium chloride (CaCl 2 ), and in fi nal step we got 
encapsulated probiotic. To make the emulsifi ca-
tion process more effective, some emulsifi ers 
may be added like Tween 80 (Krasaekoopt et al. 
 2003 ). Figure  3.4  depicts diagrammatically the 
process of emulsifi cation. Oliveira et al. ( 2007 ) 
demonstrated that  L. acidophilus  and  B. lactis  
when entrapped within the matrix of pectin–
casein complex by emulsion technique produced 
a higher viability at 7 °C storage temperature; 
however, protection against the low pH condi-
tions was not up to the mark.

3.5          Importance 
of Microencapsulated 
Probiotics in the Ready-to- 
Eat Foods 

 The incorporation of the probiotics into the 
ready-to-eat foods is not a new concept, but 
the concept has advanced to a greater extent 
in recent years due to the emergence of new 
techniques and the identification of new pro-
biotic strains. The various foods that can be 
used as a carrier for probiotics include frozen 
dairy desserts, yogurt, cheese, certain fruit 
juices, etc. And as per the WHO guidelines, 
the minimum level of the probiotic microor-
ganisms at the time of consumption shall be 
above the minimum level, i.e. 10 7  cfu/g, and 
also the probiotic should not change the sen-
sory quality of food. 
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3.5.1     Yogurt 

 Yogurt is made from whole or partly defatted 
milk with small quantity of skim milk powder. 
The two microorganisms  L. bulgaricus  and 
 Streptococcus thermophilus  that grow together 
symbiotically are responsible for conversion of 
lactose to lactic acid. The therapeutic value of the 
yogurt can be enhanced by the incorporation of 
the probiotic cultures into it (Weichselbaum 
 2009 ). As yogurt has lactic acid that reduces its 

pH to around 4.2–4.6, which makes it a poor car-
rier for probiotics, there has been some study in 
which encapsulated cultures of probiotics were 
incorporated into the yogurt (Table  3.3 ) and their 
survival was much better (Kailasapathy  2009 ). 
But the problem arises in the low acetic acid pro-
duction which is responsible for the characteris-
tic fl avour in yogurt. Adhikari et al. ( 2003 ) 
produced yogurt that had encapsulated  bifi dobac-
teria , but the problem in the stirred yogurt arose 
attributed to its poor sensory quality because of 

Matrix Polymer +

Probiotic cells

Vegetable oil

Hardening by addition

of CaCl2

Liquid Core Alginate

Microbial Cells

  Fig. 3.4    Diagrammatic representation of 
emulsion method       

   Table 3.3    List of some strains subjected to encapsulation in yogurt preparation (Krasaekoopt  2012 )   

 Probiotic strain  Microencapsulation technology  Materials  References 

  L. acidophilus   Emulsifi cation  Alginate–starch  Sultana et al. ( 2000 ) 

  B. longum   Emulsifi cation  k-Carrageenan  Adhikari et al. ( 2003 ) 

  L. acidophilus and B. 
infantis  

 Emulsifi cation  Alginate–starch  Godward and 
Kailasapathy ( 2003 ) 

  B. breve   Emulsifi cation  Milk fat and whey 
protein 

 Picot and Lacroix ( 2003 ) 

  L. acidophilus   Extrusion  Ca-alginate and chitosan  Iyer and Kailasapathy 
( 2005 ) 

  L. acidophilus and L. 
casei  

 Emulsifi cation  Alginate  Capela et al. ( 2006 ) 

  L. acidophilus   Emulsifi cation  Alginate–starch  Kailasapathy ( 2006 ) 

  L. acidophilus   Extrusion  Alginate–chitosan  Urbanska et al. ( 2007 ) 

  L. casei   Extrusion  Alginate–pectin  Sandoval-Castilla et al. 
( 2010 ) 
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the development of grainy/sandy texture that 
reduced its consumer acceptance. Sultana et al. 
( 2000 ) encapsulated the probiotic cells with pre-
biotic resistant starch and cryoprotectants (glyc-
erol) to improve their viability. Krasaekoopt et al. 
(2011) demonstrated that encapsulated  L. aci-
dophilus and L. casei  in the matrix of galacto- 
oligosaccharides produced the best protection 
against the simulated gastric (pH 1.55) and intes-
tinal juice (0.6 % bile salt). They also concluded 
that the viability was higher as much as 0.8 logs 
in entrapped probiotics. Many other studies have 
confi rmed the use of co-encapsulation (i.e. use of 
two different probiotic cultures) with a probiotic 
like raftilose, inulin, etc. (Iyer et al. 2005).

3.5.2        Cheese 

 Cheddar cheese has emerged as an excellent car-
rier for the probiotics because of its high pH, i.e. 
5.5, high fat content (33 %) and excellent buffer-
ing activity. These properties protect the probiot-
ics from the harsh environment in the stomach 
and intestines. Some studies have shown that the 
survivability of the  bifi dobacterium  when used as 
probiotic in cheese extended up to 24 weeks; 
however, the cell number reduced signifi cantly, 
which was attributed to the reduced temperature 
(around 7 °C) and decreased lactose content. 
Although the sensory properties remained unaf-
fected (Dinakar and Mistry  1994 ; Stanton et al. 
 1998 ), Ozer et al. in  2009  demonstrated that the 
sensory quality of the cheese (white brined and 
kasar) remained unchanged when the entrapped 
probiotics  L. acidophilus and B. bifi dum  were 
added into the cheese.  

3.5.3     Fruit Juice 

 The consumption of fruit juices is increasing day 
by day and has already covered a large popula-
tion already round the globe. So, the idea of using 
fruit juices as a carrier for encapsulated probiot-
ics has fl ourished in recent years and has gained 
attention both for researchers and industries. 

Tourila and Cardello ( 2002 ) suggested that fruit 
juices could be used as a carrier for the probiot-
ics. Yoon et al. ( 2004 ) developed a probiotic 
drink of tomato juice in which the probiotic cells 
 L. acidophilus  grow within the fruit juice. They 
reported this fermented juice could be used by 
the consumers having allergy to milk and milk 
products. Although probiotication reduced the 
sensory properties of the juice, Suomalainen 
et al. ( 2006 ) reported that the survivability of the 
 L. rhamnosus  was improved to a greater extent in 
the GI tract after mixing whey in the orange juice. 
Krasaekoopt et al. (2010) assessed the quality 
parameters of the fruit (orange and grape) juices 
containing the encapsulated probiotics within the 
matrix of the alginate beads with chitosan coat-
ing. They reported that the consumer acceptance 
was about 85 %. Krasaekoopt and Tandhanskul 
( 2008 ) and Sohail et al. ( 2011 ) used alginate and 
calcium chloride as wall materials for the encap-
sulation of the probiotic cultures  L. casei , L. 
 rhamnosus and L. acidophilus ; they concluded 
that survivability of the probiotic cells in the 
commercial fruit juice (orange) at low tempera-
tures (4 °C) was enhanced by about 4 logs. 
Additionally, there were no changes in the pH of 
the juice upon storage for around 35 days.  

3.5.4     Miscellaneous Foods 

 There exist many other foods that can be used as 
a carrier medium for the encapsulated probiotics 
like chocolates, bakery items and meat products. 
Muthukumarasamy and Holley ( 2007 ) success-
fully developed the fermented meat sausages 
containing the encapsulated probiotic bacteria 
cells. However, it was found that the probiotics 
were not able to inhibit the activity of the  E. coli . 
Maillard and Landuyt ( 2008 ) encapsulated the 
probiotic cells by spray coating to be used in the 
chocolate. They concluded that the survivability 
in the chocolate was much higher (approximately 
three times) as compared to the dairy products. 
Lahtinen et al. ( 2007 ) demonstrated that the fat 
content in the chocolate acts as a shield for the 
probiotics towards the harsh conditions.   
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3.6     Conclusion 

 Microencapsulation has emerged as a wonderful 
technique to shield the sensitive food compo-
nents and increase the survivability of the probi-
otic cells until they reach the target organ. The 
encapsulated materials are very easy to handle 
and their effi ciency depends upon the encapsulat-
ing technique and wall materials employed. 
Although various encapsulating techniques, wall 
materials, and probiotic strains have been identi-
fi ed, most of them have limited usage because of 
the scaleup problems. 

 This chapter gives a brief outline of the probi-
otic cultures commonly employed along with the 
brief emphasis on the different techniques and 
foods employed for encapsulation of the probiot-
ics. A lot more needs to be done to develop tech-
niques which are economically feasible, and also 
the fi nal size of the product is minimised as it is 
inversely related to the stability of the product.     
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and Regulation       

     Hillol     Chakdar     and     Sunil     Pabbi    

    Abstract  

  The cyanobacteria are a diverse group of prokaryotic organisms that carry out 
oxygenic photosynthesis and are thought to be responsible for the oxygen-
ation of our atmosphere. Like red algae and cryptomonads, cyanobacteria 
also contain phycobiliproteins (PBPs) which serve as major accessory pig-
ments during photosynthesis. PBPs are large water-soluble supramolecular 
protein aggregates involved in light harvesting and can be divided broadly 
into three classes, viz., phycoerythrin (PE), phycocyanin (PC), and allophy-
cocyanin (APC) based on their spectral properties. PBPs have been extracted 
and purifi ed from  Spirulina  spp.,  Synechococcus  sp.,  Oscillatoria  sp., etc., 
and produced commercially from  Spirulina  platensis ,   Anabaena  sp., and 
 Galdieria sulphuraria . Since cyanobacteria exhibit wide variations in nutri-
ent availability, light intensity, light quality (wavelength), temperature, water 
activity, etc., these variations also result in altered metabolic activity of these 
organisms as a result of differential expression of different genes. The expres-
sion of phycobiliprotein coding genes is also accordingly modulated to adapt 
to a particular condition. Many workers have reported changes in phycobili-
some structure and expression of  cpc  genes in response to light quality, light 
quantity, and nutrients like nitrogen, sulfur, etc. The composition and func-
tion of phycobiliproteins in cyanobacteria have also been reported to change 
under stress conditions. In the present paper, we have reviewed the produc-
tion, purifi cation, and regulation of cyanobacterial phycobilins including 
their importance in the commercial sector, as they have several applications 
as natural dyes in food and cosmetic industry, immunological assays, health- 
promoting properties, and broad range of other pharmaceutical applications.  
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    The cyanobacteria constitute a kingdom of the 
domain bacteria whose members manifest a vast 
diversity of habitats and metabolisms. Species 
differ with respect to possession of panoply of 
specializations, a sampling of which includes 
diazotrophy, fi lamentous growth form, produc-
tion of buoyancy organelles, and differentiation 
of specialized cell types. However, the group can 
be defi ned by the unifying property of chloro-
phyll  a -based oxygenic photosynthesis which is 
considered as the source of the earth’s oxidizing 
atmosphere and extends to plants, whose chloro-
plasts trace their ancestry to this kingdom (Olsen 
et al .  1994 ; Woese  1987 ). Unlike the higher 
plants, cyanobacteria possess phycobiliproteins 
as major light-harvesting pigments which are 
also found in red algae and glaucophytes. Due to 
the presence of blue-colored biliprotein phyco-
cyanin, many of the cyanobacteria appear bluish- 
green in color and they have been named as 
blue-green algae despite their prokaryotic nature. 
Phycobiliproteins play important role in cyano-
bacterial metabolism as well as help them to 
adapt in a diverse environmental condition espe-
cially conditions with variable light quality and 
quantity. These proteins due to their multifunc-
tional role in cyanobacterial survival and versa-
tile chemical properties have been very interesting 
subject of research particularly for the algologists 
and biochemists. Because of their attractive color 
and stable fl uorescence property, these proteins 
have been exploited in food as well as pharma-
ceutical industries, and a number multinational 
companies all over the world are engaged in com-
mercial production of phycobiliproteins and 
related products. 

 Some of the major aspects of phycobilipro-
teins have been reviewed earlier by Bogorad 
( 1975 ), Zilinskas and Greenwald ( 1986 ), 
Grossman et al. ( 1988 ), and Glazer ( 1994 ); how-
ever, these reviews did not discuss many of the 
important and interesting aspects of phycobilip-

roteins like their biosynthesis, modulation of 
their production by environmental conditions, 
their purifi cation, and most importantly their 
application. 

4.1     Phycobilisomes: Structure, 
Components, 
and Biosynthesis 

 Phycobilisomes (PBsomes) are protein assem-
blies that function in light harvesting and 
energy transfer, usually to PS II. When the 
energy absorbed by the PBsomes reaches the 
reaction centers of PS II, excitation energy is 
transduced to chemical energy. These bilipro-
teins also known as phycobiliproteins absorb 
radiations in regions of the visible spectrum 
where  Chl a has low absorptivity. Depending on 
the bilin energy, phycobiliproteins are catego-
rized into three types: phycoerythrins with 
high energy (λ max  ~565 nm), phycocyanins with 
intermediate energy (λ max  ~620 nm), and allo-
phycocyanins with low energy (λ max  ~650 nm). 
The energy fl ows from high-energy to low-
energy pigments and phycobiliproteins are 
organized accordingly. Six rods in hemidiscoi-
dal PBsomes have three cylinders in their core 
which is situated near the thylakoid membrane 
and PS II, where chlorophyll  a  is located. The 
rods have the phycoerythrin farthest from the 
core. The core has the allophycocyanins, of 
which there are two functional types: allophy-
cocyanin with absorbance maxima of 650 nm 
and two other lower-energy allophycocyanins, 
the L CM  polypeptide and the α B  polypeptide, 
involved in energy transfer to chlorophyll 
(Gantt  1975 ; MacColl and Guard-Friar  1987 ; 
Bryant et al.  1979 ; Sidler  1994 ; Bald et al. 
 1996 ). The rods are built with stacks of disks, 
and the disk adjacent to the core is invariably 
phycocyanin. 
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 Phycobiliproteins are commonly found to 
consist of hetero-monomers which are composed 
of two different subunits, α and β (Gantt  1980 ; 
Glazer  1986 ; Zilinskas and Greenwald  1986 ; 
Rowan  1989 ). These subunits are present in equi-
molar ratio (α:β::1:1) and differ in molecular 
mass, amino acid composition, and chromophore 
content. Fundamental confi guration of the phy-
cobiliprotein assembly is a stable trimer (αβ) 3  
forming a toroidal-shaped aggregate (Sidler 
 1994 ; MacColl  1998 ; Tandeau de Marsac  2003 ; 
Adir  2005 ). The aggregate is 3–3.5 nm thick with 
a radius of about 5.5 nm and a central hole of 
3 nm in diameter. Some biliproteins exist in hex-
amers, such as PE by face-to-face aggregation of 
two trimeric disks in the central cavity (Sidler 
 1994 ; MacColl  1998 ; Tandeau de Marsac  2003 ; 
Adir  2005 ; Glazer  1989 ; Ducret et al.  1996 , 
 1998 ). Phycobiliproteins are brilliantly colored 
due to covalently bound open-chain tetrapyrrole 
chromophores named phycobilins. They are 
either blue-colored phycocyanobilin (PCB), red- 
colored phycoerythrobilin (PEB), the yellow- 
colored phycourobilin (PUB), or the 
purple-colored phycoviolobilin (PVB), also 
named cryptoviolin. These chromophores are 
attached to the polypeptide chain at conserved 
sites either by one or two cysteinyl thioester link-
age (Glazer  1985 ). 

4.1.1     Phycoerythrin (PE) 

 PE is the most abundant PBP in many red algae 
and in some cyanobacteria. These are character-
ized by strong absorption in the green region 
(480–570 nm) and by intensive fl uorescence 
emissions at about 575–580 nm. Based on their 
absorption spectra, these red-colored proteins fall 
into three distinct species: (1) B-phycoerythrin 
(B-PE) (λ max  ~540–560 nm, shoulder ~495 nm), 
(2) R-phycoerythrin (R-PE) (λ max  ~565, 545 and 
495 nm), and (3) C-phycoerythrin (C-PE) (λ max  
~563, 543 and ~492 nm). The prefi xes B-, R-, 
and C- were used historically for indicating the 
type of organisms from which the pigment pro-
teins were originally extracted, for example, 
Bangiales, Floridian Rhodophyceae, and 

Cyanophyceae. C-PEs are most abundant phyco-
erythrins in cyanobacteria. They are the products 
by some cyanobacteria that acclimate to their 
environment variations in light quality and inten-
sity, especially green-to-red light ratios, through 
a process traditionally called complementary 
chromatic adaptation (Ohki et al.  1985 ; Toledo 
et al.  1999 ; Grossman et al.  2001 ; Palenik  2001 ; 
Misckiewicz et al.  2002 ; Grossman  2003 ; 
Everroad et al.  2006 ). These cyanobacteria make 
more of the light-harvesting protein phycocyanin 
in red light and more of the protein phycoerythrin 
in green light (Rowan  1989 ; Sidler  1994 ; MacColl 
 1998 ; Toledo et al.  1999 ; Grossman et al.  2001 ; 
Palenik  2001 ; Misckiewicz et al.  2002 ; Grossman 
 2003 ; Everroad et al.  2006 ). There are two sub-
types of C-PE, viz., C-PE-I or PE (I) and C-PE-II 
or PE (II). The PEs from freshwater and soil cya-
nobacteria typically contain only PEBs and 
exhibit absorption spectra with maxima at about 
565 nm and fl uorescence emission spectra with 
peaks at about 575 nm. These are the spectral 
properties characteristic of C-PE-I (or PE (I)), 
also known as C-PE. C-PE-I usually carries fi ve 
PEBs per monomer (αβ) (Rowan  1989 ; Sidler 
 1994 ; MacColl  1998 ; Ong and Glazer  1991 ). The 
fi ve PEBs are covalently attached to the cysteine 
residues, in the way very similar to B-PE, at α 
-84, α -140/143, β -84/82, β -50/β -61, and β 
-155/159, respectively. The α and β subunits vary 
with their origins in molecular mass from 15 to 
22 kDa. C-PE-I is a disk-shaped hexamer, which 
is constructed by two trimeric (αβ) 3  through face-
to-face aggregation, commonly exists in form 
(αβ) 6 L R  where a rod-linker polypeptide (L R ) is 
bound to the central hole of the two stacking tri-
mers. Unlike the γ subunit from B-PE and R-PE, 
however, the L R  of C-PE-I generally carries no 
phycobilins (Sidler  1994 ; MacColl  1998 ; Ong 
and Glazer  1991 ).  

4.1.2     Phycocyanin 

 Phycocyanins are one of the most widespread 
phycobiliproteins observed in almost all 
phycobiliprotein- containing organisms, includ-
ing cyanobacteria, red algae, glaucophytes, and 
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some cryptophytes. They are most abundantly 
found in most cyanobacterial species that grow in 
natural environment. The phycocyanin from the 
PBsome-containing algae is subdivided into three 
types: (1) C-phycocyanin (C-PC, λ max  ~615–620 
nm) exclusively existing in cyanobacteria, (2) 
phycoerythrocyanin (PEC, λ max  ~575 nm) induc-
ible only in some cyanobacteria, and (3) 
R-phycocyanin (R-PC, λ max  ~615 nm) mainly in 
red algae (Gantt  1980 ; Glazer  1986 ; Zilinskas 
and Greenwald  1986 ; Rowan  1989 ; Reuter and 
Muller  1993 ; Sidler  1994 ; MacColl  1998 ; 
Tandeau de Marsac  2003 ; Adir  2005 ). These 
blue- or blue-purple-colored phycobiliproteins 
have strong light absorption ability mainly in 
range from 580 to 630 nm and emit intensive red 
fl uorescence at 635–645 nm. Phycocyanins exist 
commonly as trimer (αβ) 3  from aggregation of 
three (αβ) monomers. They have a thickness of 3 
nm, a diameter of 11 nm, and a central hole in 
diameter of 3.5 nm. In PBsomes, phycocyanins 
commonly occur in disk-shaped hexamers, and a 
rod-linker polypeptide (L R ) or a rod-core-linker 
polypeptide is attached to the center cavity of 
hexamers to form (αβ) 6 L R  or (αβ) 6 L RC  complexes 
(Glazer  1989 ; Reuter and Nickel-Reuter  1993 ; 
Sidler  1994 ; Pizarro and Sauer  2001 ). The inter-
action of phycocyanins with the linker polypep-
tides may typically cause a large red shift of 
about 17 nm in their absorption and fl uorescence 
emission maxima (Sidler  1994 ; Pizarro and Sauer 
 2001 ). C-phycocyanin (C-PC) is a blue-colored, 
deeply red-fl uorescent phycobiliprotein and a 
predominant form among phycocyanins which is 
also one of the most studied PBPs. The C-PC 
subunits have globin-like folding, and according 
to the myoglobin nomenclature of helices, the 
eight helices of a C-PC subunit are denoted as X, 
Y, A, B, E, F, G, and H (Schirmer et al.  1985 ). 
During evolution, the oxygen-binding proteins of 
higher organisms (oxygen consumption in higher 
organisms) and PCs of oxygen-producing pro-
karyotes might have diverged from a common 
protein (Pastore and Lesk  1990 ). In a C-PC pro-
tein, three phycocyanobilin chromophores are 
carried by each (αβ) monomer. The three PCBs 
have been determined to bind covalently to cer-
tain conserved cysteine residues at Cys α-84, 
β-84, and β-155. Thus one C-PC in trimer carries 

three α-PCBs and six β-PCBs, and in hexamer it 
contains six α-PCBs and 12 β-PCBs. Investigation 
of energy transfer between chromophores in 
C-PC trimers has demonstrated that α-84 PCB 
and β-155 PCB function as the two sensitizing 
chromophores located at the periphery of C-PC 
trimers, whereas β-84 PCB works as the fl uoresc-
ing pigment located near the central cavity of 
C-PC trimers and hexamers. In other words, the 
α-84 PCB and β-155 PCB in C-PCs function as 
the excitation energy transfer donors and the β-84 
PCB as the terminal acceptors (Sidler  1994 ; 
Debreczeny et al.  1995a ,  b ; MacColl  1998 ; Eisele 
et al.  2000 ; Kikuchi et al.  2000 ). 

 Amino acid sequences of the apoproteins and/
or chromophore composition have varied with 
adaptation process to light and nutrient conditions. 
One, or in some cases two, of the peripheral sensi-
tizing chromophores (α-84 PCB and/or β-155 
PCB) have been replaced by PVB, PEB, or PUB 
chromophores in each of the variants in order to 
adapt to conditions more enriched in blue and 
green wavelengths of light. The fl uorescing β-84 
PCB was, however, conserved in all variants.  

4.1.3     Allophycocyanin 

 Allophycocyanins (APCs) are a type of core- 
constructing phycobiliproteins. These are a less- 
contained phycobiliprotein species with respect to 
PCs and PEs, but they exist in all PBsome- 
containing organisms, cyanobacteria, glauco-
phytes, and red algae, which grow in natural 
environment. Compared with red algae, cyanobac-
teria may generally contain higher amounts of 
APCs with respect to total phycobiliprotein con-
tent of the organisms. A PBsome core is com-
monly composed of three kinds of allophycocyanins 
that are known as allophycocyanin (APC), allo-
phycocyanin-B (APC-B), and allophycocyanin 
core-membrane linker (L CM ) complex (APC-L CM ) 
(Gantt  1980 ; Glazer  1986 ,  1989 ; Zilinskas and 
Greenwald  1986 ; Rowan  1989 ; Sidler  1994 ; 
MacColl  1998 ). Among these three, APC consti-
tutes the largest number of core biliprotein compo-
nents, whereas APC-B and APC-L CM  have equal 
copies in the core. In the PBsome core construc-
tion, APC participates in the assembly of all the 
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core cylinders, but APC-B and APC-L CM  take part 
merely in the two basal cylinders. Among the three 
types of allophycocyanins, the APC is the best 
described one. It exists in trimer of hetero-mono-
mers (αβ) in PBsomes and in solution when 
extracted out of organisms. The APC trimers (αβ) 3 , 
like PCs, show a threefold symmetry of the disk-
shaped structure in crystal (Sidler  1994 ; Brejc 
et al.  1995 ; MacColl  1998 ; Liu et al.  1999 ). The 
APC (αβ) 3  in the disk-shaped conformation shows 
about 11 nm in diameter and 3 nm in thickness, 
and it has a central cavity of about 3.5 nm in diam-
eter (Brejc et al.  1995 ; Liu et al.  1999 ). The α sub-
unit consists of 160 amino acid residues, and the β 
subunit is composed of 161 amino acids (Troxler 
et al.  1980 ; Brejc et al.  1995 ; Liu et al.  1999 ); they 
exhibit apparent molecular masses in range from 
17 to 20 kDa (Zilinskas  1982 ; Zilinskas and 
Greenwald  1986 ; Sidler  1994 ; MacColl  1998 ). 
One (αβ) monomer of the trimer contains two 
PCBs where one is attached at α-84 and the other 
at β-84. In the APC trimer, the β-84 PCB is situ-
ated near the central cavity, whereas the α-84 PCB 
is near the peripheral. The PCBs in the monomers 
were found to have an absorption maximum at 614 
nm, but in the trimers they exhibited a sharp maxi-
mum at 650 nm and a prominent shoulder from 
610 to 620 nm. It has been believed that one of the 
PCBs in the monomer, more probably β-84 PCB, 
is changed by interaction with the apoproteins in 
the trimer construction and that the PCB then cre-
ates the 650 nm absorption maximum owing to its 
unique conformation or a different environment 
(Sidler  1994 ; MacColl  1998 ,  2004 ). The other 
PCB, more possibly α-84 PCB that retains its orig-
inal conformation similar to what it has in the 
monomer, gives the absorption shoulder from 610 
to 620 nm. In this case, energy transfer in the tri-
mer may be by Förster resonance from the α-84 
PCB donor to the β-84 PCB acceptor (MacColl 
 2004 ; Loos et al.  2004 ).  

4.1.4     Biosynthesis 
of Phycobiliproteins 

 Phycobiliproteins are a class of brilliantly col-
ored proteins containing open-chain tetrapyrrole 
chromophoric groups apart from the apoprotein 

part. The biosynthesis of phycobiliproteins, viz., 
biosynthesis of tetrapyrrole phycobilins and their 
attachment to the apoproteins component are dis-
cussed here separately. 

4.1.4.1     Biosynthesis of Phycobilins 
 Cyanobacteria can synthesize a vast array of tetra-
pyrroles like hemes, chlorophylls, phycobilins, 
siroheme, etc. As in case of most other organisms, 
δ-aminolevulinic acid (ALA) is the precursor of 
all tetrapyrroles in cyanobacteria. However, unlike 
animals and fungi, ALA in cyanobacteria (includ-
ing all plants, algae, and most of the bacteria) is 
synthesized from glutamate (Glu). Glutamate is 
reduced to glutamate-1- semialdehyde (GSA) 
which supplies the C and N atoms of the tetrapyr-
role nucleus. Asymmetric condensation of two 
molecules of ALA with the help of the enzyme 
porphobilinogen (PBG) synthase results in the for-
mation of PBG. Uroporphyrinogen III (UPG III), 
the last common precursor of all end-product tet-
rapyrroles, is synthesized from PBG by two 
enzymes, viz., hydroxymethylbilane (HMB) syn-
thase which converts PBG to HMB and uropor-
phyrinogen III synthase which catalyzes the 
formation of UPG III from HMB. UPG III can 
thus lead to the formation of protoporphyrin (pre-
cursor of chlorophylls, hemes, and phycobilins) or 
precorrins. Uroporphyrinogen decarboxylase 
enzyme decarboxylates all four acetate residues of 
UPG III to yield coproporphyrinogen (CPG). 
Another enzyme CPG oxidase oxidatively decar-
boxylates the propionate groups to produce proto-
porphyrinogen IX. This enzyme is specifi c for the 
III isomer of CPG over the nonphysiological I iso-
mer. Protoporphyrinogen oxidase catalyzes the 
removal of six electrons from the tetrapyrrole 
macrocycle to form protoporphyrin IX which is 
the last biosynthetic step that is common to hemes, 
bilins, and chlorophylls (Fig.  4.1 ). Ferrochelatase 
catalyses the last step of protoheme formation: the 
insertion of Fe +2  into protoporphyrin IX. The 
increase in ferrochelatase activity is positively cor-
related with the accumulation which suggests that 
the level of this enzyme may be important rate-
controlling factor in phycobilin synthesis (Brown 
et al.  1984 ). The opening of macrocycle by heme 
oxygenase enzyme results in conversion of proto-
heme to biliverdin IXα.
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   Phycocyanobilin and phycoerythrobilin are 
isomers containing four more protons than their 
precursor, biliverdin. NADPH acts as electron 
donor for the reduction of biliverdin in the 
ferredoxin- linked reductase system (Beale and 

Cornejo  1991a ). The reduction proceeds in two 
two-electron steps, with utilization of one 
NADPH molecule at each step (Beale and 
Weinstein  1990 ). Phycoerythrobilin is the fi rst 
fully reduced bilin produced from biliverdin IXα 
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  Fig. 4.1    Biosynthesis of heme from glutamate       
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which is subsequently isomerized to phycocya-
nobilin (Beale and Cornejo  1991b ). 
Phytochromobilin and 15, 16-dihydrobiliverdin 
are thought to be intermediates of these two two- 
electron reduction steps. It is proposed that phy-
cobilin biosynthesis might proceed through 

phytochromobilin (Beale and Cornejo  1984 ). 
However, Beale and Cornejo ( 1991a ,  b ) con-
cluded that 15, 16-dihydrobiliverdin, rather than 
phytochromobilin, is the partially reduced inter-
mediate in phycobilin synthesis (Fig.  4.2 ). Once 
the pyrrole ring is reduced, the vinyl group 
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 isomerizes to an ethylidene group to form 
3(Z)-phycoerythrobilin. 3(Z)-phycocyanobilin 
dimethyl ester is the spontaneous isomerization 
product of synthetic 3-vinylphycocyanobilin 
dimethyl ester (Gossauer et al.  1989 ). The early 
phycobilin products are also formed with the 
ethylidene group in Z confi guration. The 
2- ethylidine isomer is reported to be the gener-
ally preferred initial product of vinyl isomeriza-
tion although the E confi guration is reported to be 
thermodynamically favored (Rüdiger et al.  1980 ; 
Weller and Gossauer  1980 ).

4.1.4.2        Ligation of Apoproteins 
to Phycobilins 

 Currently, there are four characteristic modes of 
chromophore attachment:

    1.    Spontaneous attachment: Many of previous 
studies reported that most apoproteins could 
bind phycobilins (phycocyanobilin, phyco-
erythrobilin) spontaneously in vitro; however, 
this process has quite low fi delity leading to 
mixed products (Arciero et al.  1988 ; Fairchild 
and Glazer  1994a ; Schluchter and Glazer 
 1999 ). Spontaneous chromophore binding 
in vivo is unlikely as chromophores are reac-
tive and present in very low concentration, 
and biliprotein synthesis is part of major 
metabolism in cyanobacteria.   

   2.    Autocatalytic attachment: Autocatalytic 
attachment is a kind of spontaneous attach-
ment leading to chromoproteins that are 
 structurally and functionally indistinguishable 
from the respective native forms isolated from 
the parent organism (except for the lack of 
methylation of some β-subunits). Currently, 
correct chromophore binding, which is a true 
autocatalytic lyase activity, is mostly observed 
only among phytochromes (Wu and Lagarias 
 2000 ). Autocatalytic binding is also reported 
for ApcE, which could be reconstituted with 
phycocyanobilin (PCB) to give native-like  LCM  
(Zhao et al.  2005 ).   

   3.    E/F-type lyases: In  Synechococcus  PCC 7002, 
a heterodimeric lyase (CpcE/F) has been iden-
tifi ed which catalyses both the forward (bind-
ing) and the reverse (releasing) reaction (Zhou 

et al.  1992 ; Fairchild et al.  1992 ). It also catal-
yses the addition of PEB to apoα-C-PC 
(CpcA), but with lower affi nity as compared 
with PCB (Fairchild and Glazer  1994b ).  pec  
operons of  Nostoc  PCC7120 and 
 Mastigocladus laminosus  have been reported 
to have two homologous genes,  pecE/F  (Kufer 
et al .  1991 ), coding for a variant of this lyase 
(Zhao et al.  2002 ). Phycourobilin (PUB) is 
another example of such a chromophore 
where D5-to-D2 double-bond isomerization 
generates bound PUB from PEB catalyzed by 
such isomerizing lyase that uses PEB as sub-
strate. Evidence for such a lyase has been 
found in marine cyanobacteria like 
 Synechococcus  sp. WH81024. Cyanobacterial 
S/U-type lyases: High substrate specifi city 
and small number of E/F- type lyases prompted 
the search for some other lyases in cyanobac-
teria. Few new types of lyases in  Synechococcus  
sp. PCC7002 were reported by Shen et al .  
( 2004 ). One of them, CpcS, is coded by a 
homologue of a gene,  cpeS , which is reported 
in  Fremyella diplosiphon , on an operon with 
 cpeR  associated with gene regulation (Cobley 
et al.  2002 ). The S/U type of lyases comprises 
a new family of proteins unrelated to the E/F-
type lyases and exhibit large variations. The 
main feature of the S/U lyases is high specifi c-
ity for the binding site along with a very low 
specifi city for the chromophore and the recep-
tor apoprotein. CpcS from  Nostoc  sp. PCC 
7120 is a nearly universal lyase for PCB 
attachment at Cys-84 of apo-phycobilipro-
teins (Zhao et al .  2007 ).        

4.2     Organization and Regulation 
of Phycobiliprotein- 
Encoding Genes 

 Extensive structural and functional analyses of 
PBsome via molecular genetics have been per-
formed for  Synechococcus  sp. strain 7002 (Bryant 
 1991 ) and for other cyanobacteria (Houmard 
et al.  1986 ; Grossman et al.  1995 ; Liu et al.  2005 ). 
Transcriptional units in different cyanobacteria 
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vary in numbers as well as in terms of distribu-
tion of genes. The organization of complete set 
of genes encoding structural components of 
PBsome for  Mastigocladus laminosus  is shown 
in Fig.  4.3 .

   The  cpc  operons are composed of genes 
encoding PBsome rod components and polypep-
tides involved in chromophore attachment to the 
PC α  subunit ( cpcE  and  cpcF  genes; Bryant  1988 , 
 1991 ; Zhou et al .  1992 ; Swanson et al.  1992 ; 
Fairchild et al.  1992 ). The  cpcG  gene(s), encod-
ing the L RC , is located on  pec-cpc  super operon in 
 Anabaena  sp. strain PCC 7120 and  Mastigocladus 
laminosus , whereas the same gene is reported to 
be on other transcriptional unit in  Synechococcus  
sp. strain PCC 7002. Liu et al. ( 2005 ) reported a 
 cpc  operon from  Arthrospira platensis  
FAHCB341 which contained six parts: the 427 
bp upstream sequence ( ussB ), 519 bp  cpcB  gene, 
111 bp intergenic spacer between  cpcB  and  cpcA  
genes, 489 bp  cpcA  gene, 184 bp upstream 
sequence ( ussH ) of  cpcH , and partial sequence of 
 cpcH  gene (357 bp) which related to the synthe-
sis of one of the rod-linker polypeptide. In all 
cyanobacteria studied till date, the  cpcA  gene 
coding for the α subunit of PC is located down-
stream from the  cpcB  gene encoding β subunit of 
PC. In some cyanobacteria, multiple gene sets for 

some types of phycobiliproteins and linker poly-
peptides have been found. For example, two 
 cpcBA  gene sets, viz.,  cpcB1A1  and  cpcB2A2  
occur in  Synechococcus  sp. strain PCC 6301 
(Lind et al.  1987 ; Lau et al.  1987 ; Kalla et al. 
 1988 ) and  Pseudanabaena  sp. strain PCC 7409 
(Dubbs and Bryant  1987 ,  1993 ), while three dif-
ferent  cpcBA  gene sets have been reported in 
 Calothrix  sp. strain PCC 7601 (Mazel et al.  1988 ; 
Capuano et al.  1988 ; Mazel and Marliere  1989 ). 
In  Synechococcus  sp. strain PCC 6301 and PCC 
7942, the duplicated phycocyanin genes encode 
identical polypeptides and are arranged as a tan-
dem repeat unit with the genes for the rod linkers 
between the  cpcB1A1  gene set and the down-
stream  cpcB2A2EF  gene set (Kalla et al.  1988 , 
 1989 ). 

 The  cpeBA  operon consisting of the genes 
encoding for PE has the same order of genes, i.e., 
 cpeB  gene is located upstream to the  cpeA  gene 
(Mazel et al.  1986 ; Dubbs and Bryant  1987 , 
 1993 ; Anderson and Grossman  1990 ; Bernard 
et al.  1992 ). In  Calothrix  sp. strain PCC 7601, the 
two genes,  cpeB  and  cpeA , were found to be sep-
arated by 79 base pairs (Mazel et al.  1986 ). A 
similar orientation is also reported in 
 Pseudanabaena  sp. PCC 7409 where the two 
genes were separated by 74 base pairs (Dubbs 

  Fig. 4.3    Organization of phycobiliprotein genes in  Mastigocladus laminosus  (Adopted from Bhaya et al. ( 2000 ))       
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and Bryant  1987 ,  1993 ). However, none of these 
two cyanobacteria contained genes for linker 
polypeptides in  cpe BA operon. In  Calothrix  sp. 
strain 7601,  cpeCDE  operon contained the genes 
for PE-associated rod-linker polypeptides that 
are only transcribed when cells are grown in 
green light (Federspiel and Grossman  1990 ; 
Federspiel and Scott  1992 ). DNA sequence anal-
ysis of  Synechococcus  sp. strain WH 8020 
showed the genes for the α and β subunits of PE-I 
and PE-II as well as for the γ subunit of PE-II to 
be clustered in a large 15 kb region of the genome. 
Twelve open reading frames are included in this 
region (Wilbanks and Glazer  1993 ). 

 Unlike  cpc  and  cpe  operons, the  apc  operons 
have a reverse order of the genes: the  apcA  gene 
is located upstream to the  apcB  gene (Bryant 
 1988 ,  1991 ). The  apc  operons from several cya-
nobacteria like  Synechococcus  sp. strain PCC 
6301 (Houmard et al.  1986 ),  Synechococcus  sp. 
PCC 7002 (Bryant  1988 ,  1991 ),  Calothrix  sp. 
strain 7601 (Houmard et al.  1988 ,  1990 ), 
 Anabaena variabilis  (Johnson et al.  1988 ), etc. 
The  apcC  gene encoding the small linker poly-
peptide L C  8.9  lies downstream from the  apcB  
gene. The  apcD  and  apcF  genes encode minor 
APC-related phycobiliproteins. The  apcE  
encodes the large core membrane linker phyco-
biliprotein (L CM ). In  Synechococcus  sp. strain 
PCC 7002 (Bryant  1988 ,  1991 ), the  apcE  gene is 
transcribed as a separate unit, whereas in 
 Synechococcus  sp. strain PCC 6301 (Capuano 
et al.  1991 ),  Calothrix  sp. strain 7601 (Houmard 
et al.  1990 ), and  Mastigocladus laminosus , it is 
located on a transcriptional unit with  apcA ,  apcB , 
and  apcC . 

 As cyanobacteria can be found in locations 
with varying chemical and physical parameters 
like nutrient availability, quality and quantity of 
light, temperature, water activity, etc., the expres-
sion of phycobiliprotein coding genes also modu-
late accordingly to adapt to particular conditions. 
Bryant ( 1981 ) studied the regulation of PC syn-
thesis in response to growth in chromatic illumi-
nation in 69 cyanobacteria and reported  controlled 
phycocyanin synthesis through photoregulated 
expression of the α and β subunits. For these 
strains, the expression of one pair of PC subunits 
was constitutive irrespective of light quality 

while expression of the other occurred particu-
larly under red light. Oelmuller et al .  ( 1988 ) 
showed that the levels of transcripts encoding the 
APC subunits, the core linker polypeptide, and 
the constitutive PC subunits were similar under 
red and green light conditions while very large 
increases PE and inducible PC mRNAs occurred 
rapidly after transferring  Fremyella diplosiphon  
from red light to green light and green light to red 
light, respectively. The green light condition used 
in those experiments was effective in eliminating 
essentially all inducible PC mRNA synthesis 
while the red light did not eliminate all PE mRNA 
synthesis and the decrease in the phycoerythrin 
mRNA level in red light was much slower than 
the decline in the levels of the inducible phyco-
cyanin transcripts in green light. Grossman et al. 
( 1988 ) reported that mRNA of  cpc1  operon in 
 Calothrix  sp. strain PCC 7601 accumulated con-
stitutively while the transcript of  cpc2  operon 
accumulated only when the cells are grown in red 
light. Similar results have been described for the 
group III chromatic adapter  Pseudanabaena  sp. 
strain PCC 7409 (Dubbs and Bryant  1993 ). 

  Fremyella diplosiphon  UTEX481 ( Calothrix  
sp. strain PCC 7601) is widely studied for 
changes in its PBP composition in response to 
varying light color. Studies have shown that the 
quality of light could modulate the composition 
of PBsome through a couple of two-component 
regulatory system. The regulator for complemen-
tary chromatic adaptation (Rca) activates  cpc2  
and  pcyA  and represses  cpeC  expression in red 
light, while the control of green light induction 
(Cgi) system has no detectable effect on  cpc2  or 
 pcyA  expression and only represses  cpeC  expres-
sion in red light (Sobczyk et al.  1994 ; Li 
et al .  2008 ; Seib and Kehoe  2002 ; Alvey et al. 
 2003 ; Li and Kehoe  2005 ; Kehoe and Gutu 
 2006 ). The fi nal gene in the  cpeC  operon,  cpeR , 
encodes an activator required for  cpeBA  and 
 pebAB  expression (Cobley et al.  2002 ; Seib and 
Kehoe  2002 ). Both the Rca and Cgi systems reg-
ulate these two operons by controlling  cpeC  
expression. 

 Light intensity is the most signifi cant environ-
mental factor infl uencing the light harvesting 
complexes (phycobilisomes) in cyanobacteria. 
The infl uence of light intensity on PBP content 
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has been reported in different organisms 
(Yamanaka and Glazer  1980 ; Lonneborg et al. 
 1985 ; Muller et al.  1993 ; Gamier et al.  1994 ). de 
Lorimier et al. ( 1992 ) reported 1.8-fold decrease 
in PC:APC ratio in  Agmenellum quadruplicatum  
PR-6 during growth in a light intensity of 1260 
μE as compared to that in 20 μE. The relative 
level of RNAs encoding phycocyanin and allo-
phycocyanin was found to vary with light inten-
sity in parallel with the phycobiliprotein ratio. 
Nomsawai et al. ( 1999 ) reported that rapid 
changes in light intensity from high to low light 
caused a dramatic increase in the accumulation 
of PC, APC, and Chl  a. Spirulina platensis  Cl 
underwent a signifi cant change in pigmentation 
mainly due to the reduction of PC and Chl  a  syn-
thesis under high light intensity. Shifting cells 
from high-light to low-light conditions resulted 
from an increase in transcription levels of the  cpc  
and  apc  operons ultimately increasing the con-
tent of PBPs. When cells were shifted from low 
to high light, the 3.5 kb transcript species corre-
sponding to the  cpcBAHID  operon disappeared 
in concomitant with the disappearance of 33 kDa 
linker polypeptide within 24 h. However, the 
other two rod-linker polypeptides, 34.5 and 15 
kDa, were still associated with the intact 
phycobilisomes. 

 Hihara et al. ( 2001 ) reported downregulation 
of  cpc  genes in  Synechocystis  sp. PCC 6803 
grown under high light intensity (300 μmole pho-
tons/m 2 /s) and  cpc  genes were downregulated 
more strictly than  apc  genes because phycocya-
nin is the primary target for the reduction of 
antenna size. It was interesting to note that  cpcD , 
which is part of the  cpcBACD  operon, apparently 
was not downregulated as much as the other  cpc  
genes. Singh et al. ( 2008 ) also reported down-
regulation of phycocyanin-encoding genes in 
 Synechocystis . 

 Upon transfer to high light intensity condi-
tions, both the amounts of photosystems and 
PBsomes are downregulated to avoid absorption 
of excess light energy. The capacity for CO 2  fi xa-
tion and other cellular metabolism is upregulated 
to increase energy consumption. Protection 
mechanisms to prevent photodamage have been 
developed to cope with the increased production 
of reactive oxygen species. However, the molecu-

lar mechanisms that enable the cells to perceive 
and acclimate to the changing light environment 
were poorly understood at that time (Muramatsu 
and Hihara  2012 ). 

 As mentioned earlier, phycobiliprotein syn-
thesis as well expression of the phycobiliprotein- 
encoding genes may also be modulated by 
nutrients like nitrogen, sulfur, and iron. Iron-, 
nitrogen-, and sulfur-defi cient cells contain less 
than half of the normal complement of thylakoid 
membranes (Sherman and Sherman  1983 ; 
Wanner et al.  1986 ). The remaining membranes 
are disorganized and interspersed with large 
deposits of glycogen. A dramatic response of 
cyanobacteria to nutrient limitation is a decrease 
in the abundance of pigment molecules in the 
cell. Cultures deprived of nitrogen for 30 h exhib-
ited no detectable PC and sulfur-deprived cul-
tures showed a similar rapid decline in the 
absolute levels of PC and APC (Collier and 
Grossman  1992 ; Wanner et al.  1986 ). During sul-
fur and nitrogen starvation, there was a rapid and 
near complete degradation of the PBsome. 
PBsome degradation could provide nitrogen- 
limited cells with amino acids used for the syn-
thesis of proteins important for the acclimation 
process. It is more diffi cult to understand why 
PBsome would be degraded in cells limited for 
other macronutrients, such as sulfur, since phyco-
biliproteins are a poor source of sulfur amino 
acids. However, the PBsome was degraded in the 
same ordered manner in both sulfur- and nitrogen- 
starved cells (Collier and Grossman  1992 ; 
Yamanaka and Glazer  1980 ). The levels of 
mRNAs encoding the phycobiliproteins have 
also been reported to decline during nutrient- 
limited growth. de Lorimier et al. ( 1984 ) reported 
that the level of PC mRNA decreased to nearly 
zero in nitrogen-starved  Synechococcus  sp. strain 
PCC 7002. Further analyses had shown that 3–5 
h after the initiation of nitrogen deprivation, the 
transcripts from the  cpcBA  operon were essen-
tially undetectable (Bryant  1991 ). The results 
obtained by Gasparich et al. ( 1987 ) using  cpcB- 
lacZ   fusion construct suggested that nitrogen 
deprivation resulted in a marked decrease in the 
transcription of  cpcBA . In  Synechococcus  sp. 
strain PCC 7942, the mRNAs encoding both PC 
and APC declined rapidly during nitrogen or 
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 sulfur limitation and less rapidly during phospho-
rus limitation. However, levels of all of these 
mRNA species remained at 5–10 % that of 
nutrient- replete cells (Collier and Grossman 
 1992 ), even 48 h after the cells were transferred 
to medium lacking nitrogen or sulfur. This change 
in the steady-state levels of phycobiliprotein 
mRNAs may be a consequence of both altered 
rates of transcription and mRNA turnover. These 
results suggested that the production of phyco-
biliproteins during nutrient-limited growth might 
be blocked by both transcriptional and posttran-
scriptional events. 

 Similarly, iron has been shown to modulate 
PBP production and regulation. Hardie et al. 
( 1983 ) reported that C-PC content in  Agmenellum 
quadruplicatum  started decreasing after 16 h and 
decreased up to 200 h until iron was replenished 
in the medium. Troxler et al. ( 1989 ) showed that 
phycobiliprotein mRNA, which was absent in 
dark-grown cultures of  Cyanidium caldarium , 
appeared when the culture was grown in presence 
of heme (Fe-protoporphyrin IX) under dark con-
ditions. This was the fi rst report to show that 
heme is regulatory factor specifi cally involved in 
transcriptional regulation of phycobiliprotein 
genes. Singh et al. ( 2003 ) reported downregula-
tion of  cpc  genes in  Synechocystis  sp. strain PCC 
6803 when the cyanobacteria was grown in iron- 
defi cient BG-11 (with nitrogen) medium. 
Hemalata and Fatma ( 2009 ) observed that phyco-
biliprotein content in  Anabaena  NCCU 9 
decreased signifi cantly when grown in iron- 
defi cient medium. Chakdar ( 2012 ) reported that 
ferric ammonium citrate (1.2 ppm) was optimal 
iron source for maximal phycocyanin production 
in three heterocystous cyanobacteria. In the same 
study, modulation of  cpcB  gene was also reported 
by concentration and source of iron which was 
probably modulated through altered synthesis of 
heme or phycocyanobilins (Fig.  4.4 ).

   The composition and function of PBPs in cya-
nobacteria have been reported to change in 
response to stress conditions (Grossman et al. 
 1993 ), but among various stresses, acclimation to 
high salt concentrations is of high importance for 
basic as well as applied research, since a high 
percentage of irrigated land suffers from increas-

ing levels of salts. Marin et al. ( 2004 ) reported 
that  cpcBACD  genes were downregulated in 
 Synechocystis  sp. strain 6803 when the cyano-
bacteria was grown with 684 mM NaCl. Chakdar 
et al. ( 2012 ) also reported modulation of cpcB 
gene under salinity. It was observed that cpcB 
gene expression and phycocyanin production 
was upregulated when  Anabaena  (CCC162 & 
CCC421) and  Nostoc  (CCC391) were grown 
with 10 mM Nacl. Rapid entry of sodium ions 
might result in detachment of phycobilisomes 
from the thylakoid membranes, resulting in 
decreased photosynthesis (Rafi qul et al.  2003 ), 
energy transfers from phycobiliproteins to PS II 
reaction center (Schubert et al.  1993 ; Verma and 
Mohanty  2000 ), and uptake of other mineral 
nutrients, such as K + , Ca 2+ , and Mn 2+  (Hasegawa 
et al.  2000 ).  

4.3     Environmental Stress 
Conditions for Enhancing 
Phycobiliprotein Production 

 As cyanobacteria can be found in locations which 
exhibit widely fl uctuating chemical and physical 
parameters like nutrient availability, light 
 intensity, light wavelength, temperature, water 
activity, etc., synthesis of phycobiliprotein is also 
accordingly modulated to adapt to a particular 
condition. The composition and function of phy-
cobiliproteins in cyanobacteria have also been 
reported to change under stress conditions 
(Grossman et al.  1993 ). Among various condi-
tions which infl uence the phycobiliprotein pro-
duction, light, temperature, and pH are most 
important. Appropriate alteration of such param-
eters can render enhanced production of 
phycobiliproteins. 

4.3.1     Light 

 Both color and intensity of light can infl uence 
phycobiliprotein synthesis in cyanobacteria. 
Complementary chromatic adaptation (CCA) has 
been a well-studied phenomenon in cyanobacte-
ria where the relative amount of PC and PE 
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changes depending on light color. CCA has been 
most extensively studied in the cyanobacterium 
 Calothrix  sp. strain 7601 (also known as 
 Fremyella diplosiphon ), although the phenome-
non has been observed in a number of other cya-
nobacteria (Tandeau de Marsac  1977 ; Bryant and 
Cohen-Bazire  1981 ; Bryant  1981 ,  1982 ). Stowe 
et al .  ( 2011 ) showed that  F. diplosiphon  exhibited 
a 3.3-fold induction of PC in red light and a 5.77- 
fold induction of PE in green light. In the same 
study, they reported that, in  Gloeotrichia  UTEX 
583, PE was synthesized in green light and not 
synthesized in red light, but PC is highly abun-

dant in both red and green light. So, chromatic 
adaptation property of cyanobacteria can be 
exploited for commercial production of high- 
value pigments like phycocyanin and 
phycoerythrin. 

 Light intensity is the most signifi cant environ-
mental factor infl uencing the light-harvesting 
complexes (phycobilisomes) in cyanobacteria. 
As such, light intensity is of particular impor-
tance to the outdoor cultivation since it is largely 
variable in natural environment. The infl uence of 
light intensity on PBP content has been reported 
in different organisms (Yamanaka and Glazer 

  Fig. 4.4    Probable mode of regulation of cpcB gene 
through iron- A hypothetical view      indicates 

steps where probably the key enzymes in PCB biosynthesis 
are regulated by iron which ultimately infl uenced the 
synthesis of Heme or Biliverdin IX;      indicates the 

regulation by the key products like heme or biliverdin IX 
which infl uences the synthesis of PCB. This could be the 
possible way through which iron actually regulates the 
expression of phycocyanin beta subunit gene (Adapted 
from Chakdar  2012 )       
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 1980 ; Lonneborg et al .  1985 ; Muller et al .  1993 ; 
Gamier et al.  1994 ). 

 de Lorimier et al. ( 1992 ) reported 1.8-fold 
decrease in PC:APC ratio in  Agmenellum qua-
druplicatum  PR-6 during growth in a light 
intensity of 1260 μE as compared to that in 20 
μE. Hemalata and Fatma ( 2009 ) reported that 25 
μmol photons/m 2 /s to be the most suitable light 
intensity for maximum production (124.95 mg/g 
dry wt.) of phycocyanin in  Anabaena  NCCU9. 
25 μmol photons/m 2 /s was also reported to be 
optimum light intensity for  Synechococcus  
NKBG 042902 (Takano et al.  1995 ),  Spirulina 
subsalsa ,  S. maxima  (Tomasseli et al.  1995 , 
 1997 ), and  Synechocystis  (Hong and Lee  2008 ), 
while 12.5 μmol photons/m 2 /s was found opti-
mum for  Nostoc  UAM 206 (Poza-Carrion et al. 
 2001 ) and  N. muscorum  (Ranjitha and Kaushik 
 2005a ). On the other hand, 150 μmol photons/
m 2 /s was optimal light intensity for phycobilip-
rotein production in  Arthronema africanum  
(Chaneva et al .   2007 ). However, a number of 
studies have reported reduction in phycobilipro-
tein gene expression and synthesis (Hihara et al. 
 2001 ; Tu et al.  2004 ). Upon transfer to high 
light conditions, both the amounts of photosys-
tems and the light-harvesting antenna complex, 
i.e., phycobilisome (PBsome), are downregu-
lated to avoid absorption of excess light energy 
(Muramatsu and Hihara  2012 ). In fact, when the 
amount of light energy absorbed by light- 
harvesting complexes exceeds the limit of 
energy requirements by various cellular pro-
cesses, the excess energy produces reactive oxy-
gen species (ROS) leading to severe 
photodamage to cellular components. 
Nonetheless, photosynthetic organisms have 
evolved different acclimatory responses to high 
light conditions to maintain a balance between 
supply and consumption of energy and to pro-
tect the photosynthetic apparatus from damage. 
Cyanobacteria prefer low light intensities and 
stimulate phycobiliprotein synthesis due to their 
low specifi c maintenance energy and their pig-
ment composition. Not only this, low irradi-
ances actually broadens the overall light 
absorption band in such a way that the balance 
of light energy distribution between the two 

 photosystems is maintained that optimizes the 
rate of light energy conversion.  

4.3.2     Temperature 

 Like any other organism, all metabolic processes 
in cyanobacteria are also infl uenced by tempera-
ture. The optimal growth temperature and toler-
ance to the extreme values vary from strain to 
strain. Phycobiliprotein synthesis in cyanobacte-
ria is also regulated by temperature, and depend-
ing on the strain, the optimum temperature for 
maximum production of phycobiliprotein pro-
duction varies. Anderson et al. ( 1983 ) reported 
that PE to PC ratio in  Nostoc  sp. strain MAC 
increased when the cyanobacteria was grown at 
39 °C (PE:PC = 2.3:1) as compared to growth at 
30 °C (PE:PC = 1:1) under white light and light 
intensity of 10 −2  μE/cm 2 s. Like light quality and 
quantity, temperature can also regulate the syn-
thesis of phycobiliproteins and change the rela-
tive amount of PC and PE according to the 
conditions. Hemalata and Fatma ( 2009 ) showed 
that a temperature of 30 °C is optimum for maxi-
mum production (127.02 mg/g of dry wt.) of phy-
cobiliproteins in  Anabaena  NCCU9, and 
phycobiliprotein production reduced signifi -
cantly at higher or lower temperature (23.6 % 
reduction at 20 °C and 38 % reduction at 40 °C). 
Chaneva et al. ( 2007 ) reported that phycobilipro-
tein content in  Arthronema africanum  increased 
up to 36 °C under a light intensity of 150 μmol 
photons/m 2 /s and correlated to the changes in 
growth curve. But further increase in temperature 
resulted in decrease in phycobiliprotein content 
by the tune of 10–20 %. Sakamoto and Bryant 
( 1998 ) reported a temperature of 36 °C to be 
most suitable for maximum production of phyco-
biliproteins in  Synechococcus . In  Plectonema 
boryanum  UTEX 485, phycobiliprotein pigments 
reduced signifi cantly at 15 °C as compared to 29 
°C temperature under light intensity of 150 μmol 
photons/m 2 /s (Misckiewicz et al.  2002 ). Most of 
these studies (Chaneva et al.  2007 ; Misckiewicz 
et al. 2000) were carried out to assess the com-
bined effect of light intensity and temperature on 
phycobiliprotein production in different cyano-
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bacteria, and it was clear from these studies that 
infl uence of light intensity and temperature in 
combination is more pronounced than the indi-
vidual effects of these two factors. So, optimiza-
tion of both the parameters rather than one of the 
factors will be the appropriate intervention for 
enhancing the production of phycobiliprotein 
production in cyanobacteria.  

4.3.3     pH 

 In general, cyanobacteria are alkalophiles capa-
ble of maintaining an internal, constant pH of 
7.1–7.5 in the range of external pH from 5 to 10 
(Ritchie  1991 ). Changes in pH affect the solubil-
ity and bioavailability of nutrients, transport of 
substances across the cytoplasmic membranes, 
and the activity of intra- and extracellular 
enzymes, as well as photosynthetic electron 
transport and the osmotic potential of the cyto-
plasm (Walsby  1982 ). It was reported that phyco-
biliprotein concentration in  Gloeotrichia natans  
changed signifi cantly with respect to changes in 
the pH of the medium; however, growth rate of 
the cyanobacterium remained unaffected 
(Boussiba  1991 ). At a pH of 7.00, phycobilipro-
tein constituted up to 10 % of the total protein, 
but at pH 9.0, the amount was 28 % of the total 
protein. In  Nostoc  sp. UAM206, allophycocyanin 
content increased signifi cantly at pH 9.0 as com-
pared to pH 7.0 (Poza-Carrion et al.  2001 ). 
 Nostoc  sp. UAM206 exhibited an increase in PC 
and PE with the increase in pH under limited 
availability of inorganic carbon; however, when 
inorganic carbon was made available, the effect 
of pH was nullifi ed (Poza-Carrion et al.  2001 ). 
Hence, the effect of pH on photosynthetic pig-
ments is more pronounced under nutrient-limited 
conditions. Desmukh and Puranik ( 2012 ) also 
reported pH 10.0 to be the optimum pH for phy-
cobiliprotein production in  Synechocystis  sp., 
while Hong and Lee ( 2008 ) showed pH 8.0 to be 
best for phycobiliprotein production in 
 Synechocystis  sp. PCC 6701.  Anabaena  NCCU9 
also resulted in maximum phycobiliprotein pro-
duction (102.24 mg/g dry wt.) when grown at pH 
8.0 but the culture became white at pH 2 and 12 

(Hemalata and Fatma  2009 ). For a particular cul-
ture, it is always essential to determine the opti-
mum pH of the medium in which the culture can 
perform the best in terms of phycobiliprotein 
production.  

4.3.4     Salt Stress 

 Among various stress conditions, salt stress is of 
utmost importance for basic as well as applied 
research, since a high percentage of irrigated land 
suffers from increasing levels of salts. Salt stress 
mainly results in decrease of phycocyanin con-
tent and thereby interrupts the energy transfer 
from phycobiliproteins to PSII reaction center 
(Schubert and Hagemann  1990 ; Schubert et al. 
 1993 ; Lu et al.  1999 ; Lu and Vonshak  2002 ). 
However, there has been no study to point out if 
there is any specifi c effect of salt stress on phyco-
cyanin production as well as the expression of 
phycocyanin-encoding genes. Marin et al .  ( 2004 ) 
in order to study genome-wide response of gene 
expression under salt stress, reported that  cpc-
BACD  genes were downregulated in  Synechocystis  
sp. strain 6803 when the cyanobacteria was 
grown with 684 mM NaCl. Phycocyanin produc-
tion as well as relative expression of  cpcB  gene 
increased in  Nostoc commune  (CCC391) and 
 Anabaena variabilis  (CCC421) when grown with 
10 mM NaCl (Chakdar  2012 ). Hemalata and 
Fatma ( 2009 ) also reported enhancement of phy-
cobiliprotein production in  Anabaena  NCCU9 
with 10 mM sodium chloride. Although, all cya-
nobacteria do not respond in a similar fashion to 
salt stress, it can be used as a stimulus for salt- 
tolerant cyanobacteria to produce higher amount 
of phycobiliprotein   

4.4     Extraction and Purifi cation 
Strategies for Phycocyanin 
and Phycoerythrin 

 Commercial exploitation of phycobiliproteins 
requires rapid and effi cient extraction followed 
by effective separation from undesirable proteins 
using appropriate purifi cation strategy. But, 
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extraction of phycobiliproteins from cyanobacte-
ria is notoriously diffi cult because of their 
extremely resistant multilayered cell wall and 
considerably small size (Stewart and Farmer 
 1984 ; Wyman  1992 ). A number of methods have 
been employed to extract and quantify phycobili-
proteins from different cyanobacteria; however, 
there is no standard technique for quantitative 
extraction of pigments from these organisms 
(Jeffrey and Mantoura  1997 ; Wiltshire et al .  2000 ). 
Methods like freezing and thawing (Abalde 
et al .  1998 ; Minkova et al .  2003 ), use of sonicators 
(Abalde et al .  1998 ) and French pressure cells 
(Alberte et al.  1984 ), use of enzymes like lyso-
zyme (Boussiba and Richmond  1979 ), combina-
tion of EDTA and lysozyme (Stewart and Farmer 
 1984 ; Kilpatrick  1985 ; Vernet et al.  1990 ), etc., 
have been employed for disruption of the cells in 
order to release phycobiliproteins. Viskari and 
Colyer ( 2003 ) described a method for extracting 
phycobiliproteins from a  Synechococcus  CCMP 
833 cyanobacteria culture that utilizes 3 % 
3-[(3-cholamidopropyl) dimethylammonio] pro-
panesulfonic acid (CHAPS) 0.3 % asolectin com-
bined with nitrogen cavitation and achieved 
extraction effi ciencies of greater than 85 %. 
Lawrenz et al. ( 2011 ) reported that disruption of 
cells by freezing–thawing and sonication both 
resulted in signifi cantly higher extraction effi -
ciencies than disruption with a tissue grinder. It 
has been reported by other workers (Abalde et al. 
 1998 ; Doke  2005 ) also that freeze/thaw cycles 
was the most effi cient and economical way to 
extract C-PC from wet cyanobacterial biomass. 
Different buffers were generally used to extract 
phycobiliproteins with reliance on spectromet-
ric detection and quantifi cation. Phosphate buf-
fer is mostly used for such extraction (Sarada 
et al.  1999 ; Doke  2005 ; Ranjitha and Kaushik 
 2005b ; Benedetti et al.  2006 ); however, some 
people have also used Tris buffer (Bhaskar et al. 
 2005 ), HEPES buffer (Gupta and Sainis  2009 ), 
etc. 

 A number of processes are available for puri-
fi cation of PC and PE from cyanobacteria. Most 
of these procedures involve steps like ammonium 
sulfate precipitation, dialysis, gel fi ltration chro-
matography, anion exchange chromatography, 

hydroxy apatite chromatography, etc. A few pro-
cedures have also been reported which involve 
some additional steps like membrane fi ltration or 
use of organic solvents. These purifi cation strate-
gies involving a different combination of the 
abovementioned steps have been employed to 
purify PC and PE from a number of cyanobacte-
ria. Some of the strategies used for purifi cation of 
PC from cyanobacteria are presented in Table  4.1  
(modifi ed from Eriksen  2008 ). Abalde et al. 
( 1998 ) reported 83.4 % recovery with a purity of 
3.2 from  Synechococcus  sp. IO920 after 
 hydrophobic interaction chromatography, while 
Santiago-Santos et al .  ( 2004 ) obtained 80 % 
recovery with a purity ratio of 3.5 using similar 
procedure. Abalde et al. ( 1998 ) reported a fi nal 
purity of 4.85 with 76.56 % recovery following a 
combination of hydrophobic interaction chroma-
tography (using butyl sepharose) and ion 
exchange chromatography (using Q Sepharose), 
while Boussiba and Richmond ( 1979 ) attained a 
purity of 4.15 in  S. platensis  following hydroxy-
apatite and ion exchange chromatography. 
Following a novel method using rivanol treat-
ment, 45.7 % PC with a purity of 4.30 was recov-
ered from  S. fusiformis  (Minkova et al.  2003 ). In 
 2006 , Benedetti et al. reported a purity of 4.78 
from  Aphanizomenon fl os-aquae  after hydroxy-
apatite chromatography. Soni et al. ( 2006 ) used 
ammonium sulfate precipitation, gel fi ltration 
chromatography, and DEAE-cellulose column 
chromatography to obtain phycocyanin with a 
purity of 3.31 from  Oscillatoria quadripunctu-
lata  while they further attained PC with a purity 
of 4.52 from  Phormidium fragile  using a novel 
single-step hydrophobic interaction chromatog-
raphy (Soni et al .  2008 ). Recently, Yan et al .  
( 2011 ) attained a purity of 5.59 with a fi nal PC 
recovery of 67.04 % from  Spirulina platensis  fol-
lowing ammonium sulfate precipitation and 
anion exchange chromatography using DEAE 
sepharose fast fl ow column. Patil et al. ( 2006 ) 
studied purifi cation of C-PC by aqueous two-
phase extraction (ATPE) combination with ion 
exchange chromatography, and the results 
showed that ATPE purifi cation yielded high- 
purity C-PC with 73 % recovery. This not only 
enabled an increase in product purity without the 
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need of multiple steps but also reduced the vol-
ume of the contaminant proteins.

   The basic strategies for purifi cation of PE are 
almost same as for PC. Although most of the PE 
purifi cation studies have been carried out in 
eukaryotic alga, some reports are also available 
for cyanobacteria. Tchernov et al. ( 1999 ) 

achieved a purity of more than 5 from  Nostoc  sp. 
following rivanol treatment, gel fi ltration chro-
matography, aminohexyl-sepharose column 
chromatography, and ammonium sulfate precipi-
tation. Reis et al. ( 1998 ) obtained a purity of 5 
from  Nostoc  sp. after ammonium sulfate precipi-
tation, gel fi ltration chromatography, and ion 

   Table 4.1    Strategies used for purifi cation of phycocyanin from different cyanobacteria   

 Numbers and types of central unit 
operations  Cyanobacterial species  Reference 

 Chromatography based methods 

 1. Ammonium sulfate precipitation 
 2. Hydroxyapatite chromatography 
 3. Ion exchange chromatography 

  Spirulina platensis   Boussiba and Richmond ( 1979 ) 

 1. Hydrophobic interaction 
chromatography 
 2. Ion exchange chromatography 

  Synechococcus  sp.  Abalde et al. ( 1998 ) 

 1. Ammonium sulfate fractionation 
 2. Ion exchange chromatography 
 3. Gel fi ltration 

  S. platensis   Zhang and Chen ( 1999 ) 

 1. Rivanol treatment 
 2. Ammonium sulfate precipitation 
 3. Gel fi ltration 
 4. Ammonium sulfate precipitation 

  S. fusiformis   Minkova et al. ( 2003 ) 

 1. Ammonium sulfate precipitation 
 2. Size exclusion chromatography 
 3. Anion exchange chromatography 

  Oscillatoria quadripunctulata   Soni et al. ( 2006 ) 

 1. Ammonium sulfate precipitation 
 2. Hydroxyapatite chromatography 

  Aphanizomenon fl os-aquae   Benedetti et al .  ( 2006 ) 

 1. Expanded bed adsorption 
chromatography 
 2. Anion exchange chromatography 

  S. platensis   Niu et al. ( 2007 ) 

 1. Ammonium sulfate fractionation 
 2. Hydrophobic interaction 
chromatography 

  Phormidium fragile   Soni et al .  ( 2008 ) 

 1. Ammonium sulfate precipitation 
 2. Dialysis 
 3. Anion exchange chromatography 

  S. platensis   Yan et al .  ( 2011 ) 

 1. Ammonium sulfate precipitation 
 2. Dialysis 
 3. Anion exchange chromatography 

  Nostoc commune ,  Anabaena 
oryzae ,  and A. variabilis  

 Chakdar ( 2012 ) 

 Two phase aqueous extraction based methods 

 1. Two-phase aqueous extraction 
 2. Ultrafi ltration 
 3. Ammonium sulfate precipitation 

  S. maxima   Rito-Palomares et al .  ( 2001 ) 

 1. Chitosan adsorption 
 2. Two-phase aqueous extraction 

  S. platensis   Patil et al. ( 2006 ) 

 1. Chitosan adsorption 
 2. Two-phase aqueous extraction 
 3. Ion exchange chromatography 

  S. platensis   Patil et al .  ( 2006 ) 

 1. Repeated two-phase aqueous extraction 
 2. Ultrafi ltration 

  S. platensis   Patil and Raghavarao ( 2007 ) 
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exchange chromatography using Q-sepharose 
fast fl ow column. Eighty-fi ve percent recovery of 
phycoerythrin with a purity of 2.89 after 55 % 
ammonium sulfate precipitation from  Nostoc 
muscorum  has been reported (Ranjitha and 
Kaushik  2005b ), while 72 % PE was recovered 
with a purity of 8.12 following anion exchange 
chromatography. Tripathi et al. ( 2007 ) also 
reported a purity of 5.25 from  Lyngbya arboric-
ola  using a procedure involving acetone precipi-
tation, gel fi ltration in addition to ammonium 
sulfate precipitation, and DEAE-cellulose col-
umn chromatography. Eighty percent recovery of 
PE content with a purity ratio of around 1.5 for 
young and old cultures from three cyanobacteria, 
viz.,  Phormidium  sp. A27DM,  Lyngbya  sp. 
A09DM, and  Halomicronema  sp. A32DM, has 
been reported after the treatment of crude extract 
with 70 % ammonium sulfate (Parmar et al .  2011 ). 
Fractionation of this PE-enriched 70 % ammo-
nium sulfate precipitate of the crude extract with 
Sephadex G-150 further increased the purity 
ratio of PE to 3.9 and 3.6 for young and old cul-
ture of  Phormidium  sp. A27DM, 3.7 and 3.6 for 
young and old culture of  Lyngbya  sp. A09DM, 
and 4.0 for both the young and old culture of 
 Halomicronema  sp. A32DM respectively 
(Parmar et al .  2011 ). The yield of PE obtained by 
the described extraction procedure was 62.6 %, 
64.9 %, and 66.2 % for young cultures of 
 Phormidium  sp. A27DM,  Lyngbya  sp. A09DM, 
and  Halomicronema  sp. A32DM, respectively, 
and 68.2 %, 74.0 %, and 68.2 % for old cultures 
of  Phormidium  sp. A27DM,  Lyngbya  sp. 
A09DM, and  Halomicronema  sp. A32DM, 
respectively (Parmar et al.  2011 ). Chakdar and 
Pabbi ( 2012 ) developed a simple protocol for 
purifying phycoerythrin (PE) from  Anabaena 
variabilis  (CCC421) involving ammonium sul-
fate precipitation and dialysis followed by a 
single- step anion exchange chromatography 
using DEAE-cellulose-11 and acetate buffer. 
Precipitation of phycobiliproteins with 65 % 
ammonium sulfate resulted in 85.81 % recovery 
of PE with a purity of 2.81, while 62.5 % PE was 
recovered after chromatographic separation with 
a purity of 4.95.  

4.5     Applications 
of Phycobiliproteins 

 Phycobiliproteins (PBPs) as natural colorants are 
gaining importance over synthetic colors as they 
are environment friendly, nontoxic, and noncarci-
nogenic. Dainippon Ink and Chemicals (Sakura, 
Japan) has developed a product called “Lina 
blue” (PC extract from  S. platensis ) which is used 
in chewing gum, ice sherbets, popsicles, candies, 
soft drinks, dairy products, and wasabi. Despite 
its lower stability to heat and light, phycocyanin 
is considered more versatile than gardenia and 
indigo, showing a bright blue color in jelly gum 
and coated soft candies (Lone et al.  2005 ). 
Besides this, there are number of other compa-
nies commercializing different products based on 
phycocyanins like C-Phycocyain from 
Cyanotech; PhycoLink® Biotinylated 
C-Phycocyanin from PROzyme; PhycoPro™ 
C-Phycocyanin from Europa Bioproducts Ltd.; 
C-Phycocyanin from Sigma Aldrich, 
C-Phycocyani from Fisher Scientifi c; etc. 
(Chakdar et al .  2012 ). Use of phycobilins in cos-
metics like lipstick, eyeliners, etc., is also gaining 
momentum. Properties like high molar absor-
bance coeffi cients, high fl uorescence quantum 
yield, large Stokes shift, high oligomer stability, 
and high photostability make PBPs particularly 
PC and PE very powerful and highly sensitive 
fl uorescent reagents. Purifi ed native phycobilip-
roteins and their subunits fl uoresce strongly and 
have been widely used as external labels for cell 
sorting and analysis and a wide range of other 
fl uorescence based assays (Glazer and Stryer 
 1984 ). A number of commercial products based 
on C-phycoerythrin are also available in the mar-
ket like Lightning Link® C-PE from Innova 
Biosciences Ltd., C-Phycoerythrin and Lightning 
Link C-PE antibody labeling kit from Novus 
Biologicals, Monoclonal Anti-mouse-Junctional 
Adhesion Molecule-C-Phycoerythrin from R & 
D Systems Inc., C-Phycoerythrin from Hash 
Biotech Ltd., Biotin Cr-PE (C-Phycoerythrin) 
from AssayPro, Lightning Link C-Phycoerythrin 
from Gentaur Molecular Products, and Stretavidin 
C-Phycoerythrin from Sigma Aldrich. The stabi-
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lized phycobilisomes designated PBXL-3 L was 
accessed as a fl uorochrome for fl ow cytometric 
immuno-detection of surface antigens on immune 
cells (Telford et al.  2001 ). PE is also a very 
important reagent in proteomics and genomics 
and form the basis of the detection system in 
Affymetrix chips (DNA microarrays). 
Phycoerythrin-labeled streptavidin is added after 
complete binding and produces a strong signal 
from array elements containing the biotin-labeled 
DNA or protein probes (De Rosa et al.  2003 ). In 
vivo fl uorescence from PC has been used for 
online monitoring of growth in cyanobacterial 
cultures (Sode et al .  1991 ), detection of toxic cya-
nobacteria in drinking water (Izydorczyk et al. 
 2005 ), and remote sensing of cyanobacteria in 
natural waters (Simis et al.  2005 ). A large num-
ber of patents on fl uorescence-based applications 
of phycobiliproteins refl ect their growing 
demands in industry (Sekar and Chandramohan 
 2008 ). The price of phycobiliproteins or its com-
ponents like phycocyanin may go up to thousands 
of US $ per milligram depending on their purity 
and intended use (Sekar and Chandramohan 
 2008 ). 

 A number of investigations have also shown 
the health-promoting properties and broad range 
of pharmaceutical applications of phycobilipro-
teins. The pharmacological properties like anti-
oxidant, anti-infl ammatory, and neuroprotective 
and hepatoprotective activity have been attrib-
uted to phycocyanin (Benedetti et al.  2004 ; 
Cherng et al.  2007 ). Phycocyanin has also been 
reported to reduce the levels of tumor necrosis 
factor (TNF-α) in the blood serum of mice- 
treated with endotoxin. Phycocyanin from 
 Aphanizomenon fl os-aquae  has been described as 
a strong antioxidant (Bhat and Madyastha  2000 ; 
Romay et al.  2003 ), and its protective nature 
against oxidative damage has also been demon-
strated in vitro (Benedetti et al.  2004 ). 

 As allophycocyanin (APC) is greater than 100 
times more sensitive than conventional organic 
fl uorophores, it is routinely used for fl ow cytom-
etry, live cell staining, and multicolor 
 immunofl uorescent staining. Allophycocyanin 
(Molecular Probes®) from Invitrogen, 

PhycoPro™ PB25 Cross-Linked APC and 
Prozyme xl APC from Prozyme, Lightning-
Link® Allophycocyanin (APC) from Innova 
Biosciences Ltd., Streptavidin cross-linked allo-
phycocyanin conjugated from AnaSpec, etc., are 
some of the commercially available allophycocy-
anin-based products.     
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      Good Manufacturing Practices 
(GMP): “Planning for Quality 
and Control in Microbiology”       

     Upendra     Krishnalal     Jani    

    Abstract  

  Good manufacturing practices with comprehensive design and proper 
implementation of the quality system infrastructure helps manufacturer to 
achieve quality objectives. Quality assurance covers various aspects of 
manufacturing and quality control process which ensures that products are 
manufactured consistently as per the quality standards. Quality assurance 
integrates cGMP and quality control along with environmental monitoring 
and occupational health and safety hazards. To implement quality man-
agement system effectively, manufacturer must have instructions, pro-
cesses, and adequate resources relevant to the need of product. Monitoring 
and controlling the QMS not only measures the effectiveness, but helps for 
the continuous improvement. cGMP gives consumers a confi dence that 
products are meeting required standards for release and safe for intended 
use. Compliance with basic requirements of cGMP elements ensures/
assures that products have achieved quality attributes during manufactur-
ing cycle. Quality assurance is the responsibility of all personnel engaged 
for the manufacturing and control within the organization.  

  Keywords  

  Good Manufacturing Practices   •   Quality Assurance   •   Quality Control   • 
  Environmental Monitoring Quality Management System   •   Proactive 
Compliance Approach  

5.1         Introduction 

 During aseptic manufacturing of biologics, sound 
process, equipment, and proper facility design is 
used to minimize/eliminate contaminants. 
Monitoring such important means and infrastruc-
ture, one can measure the effectiveness of 
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 contamination control. With trend analysis, iden-
tifi cation of threats to the purity of the product can 
be taken care to build quality products. cGMP is a 
set of scientifi cally proven sound methods, prac-
tices, or principles that are implemented and doc-
umented during research and development of the 
product and during commercial manufacturing. 
cGMP regulations establish minimum require-
ments for methods, controls, and protocols. Its 
implementation during manufacturing process 
religiously assures product quality attributes for 
their intended use when marketed.  

5.2     Basics of cGMP 

5.2.1     Quality Assurance 

 QA usually (a) reviews and approves all standard 
operating procedures ( SOPs ) related to produc-
tion, quality control, and maintenance; (b) 
reviews batch manufacturing and test records; (c) 
performs self-audits; (d) performs annual product 
quality reviews ( APQR ); (e) evaluates trend anal-
ysis; and (f) ensures system control, consistency, 
and validation. QA ensures that products are 
made in accordance with manufacturing stan-
dards and meets their predetermined specifi ca-
tions (World Health Organization  2013a ). Good 
manufacturing practices (GMP) is based on sci-
ence- and risk-based approaches (World Health 
Organization  2010 ,  2011 ; Lynn  2013 ). Quality 
assurance along with quality control is a part of 
the broader concept of quality management. QA 
is often explained by the “plan, do, check, act” 
(PDCA) cycle.  

5.2.2     Production and Process 
Controls 

 Written standard operating procedures for manu-
facturing and quality control shall be followed 
and documented while performing the activity. 
Any change/variation from these procedures 
shall be recorded and justifi ed with proper expla-
nation. Maintenance is coordinated for the 

 preventive/planned maintenance. Calibrations 
and validations are followed as per the validation 
master plan ( VMP ) for the critical equipment, 
systems, and processes (Process Validation  2012 ; 
U.S. Department of Health and Human Services 
et al.  2011 ).  

5.2.3     Quality Control 

 QC usually (a) assesses that incoming raw mate-
rials, containers, closures, labels, packing materi-
als, in-process materials, and the fi nished 
products are suitable for use; (b) evaluates pro-
cess performance against set standards and lim-
its; and (c) determines acceptance criteria of 
batch prior to distribution. Quality control is a 
reactive process which ensures the quality of 
materials and products, checks for and detects 
failures, and identifi es and corrects the defects. 
Both QC and production areas should be inde-
pendent of each other. Dedicated areas required 
for chemical, biological, and microbiological 
analysis/testing. Separate instrument room with 
adequate area with sophisticated instruments 
should be provided for analysis. Enough storage 
space with controls is a must to store test sam-
ples, retained samples, laboratory reagents, and 
documents. According to WHO, quality control 
is the sum of all procedures undertaken to ensure 
the identity and purity of a fi nished product. QC 
ensures the safety and effi cacy of a product 
before it is released for marketing.  

5.2.4     Vendor Audit 

 Audit vendors on a regular basis for the consis-
tent supply of the quality raw materials and pack-
aging materials. The purpose of this audit is also 
to determine whether the supplier is capable to 
supply quality material with consistency. It is the 
responsibility and authority of the quality assur-
ance department to defi ne the relationship and 
expectations between organization and its sup-
plier for the continuous improvement (Wingate 
 2014 ).  
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5.2.5     Buildings and Facilities 

 The location, design, and construction should 
facilitate proper cleaning, maintenance, and 
operations for the product being manufactured. 
Adequate space is required for the man-material 
movement avoiding mix-ups and 
 cross- contamination. The utilities like water, 
steam, gas, compressed air, and systems such as 
HVAC should be maintained, qualifi ed, and vali-
dated as per the schedule before use (Witcher 
et al.  2012 ). Adequate lighting and work environ-
ment should be provided. Proper drainage and 
sewage treatment plant should be provided to 
meet the regulatory norms. The written proce-
dures for proper sanitation of the facility with 
sanitation program, where responsibility, sched-
ule, methods, equipment, etc. are mentioned, are 
a must.  

5.2.6     In-Process Testing 

 One must have written procedures for (a) testing 
of product while being manufactured and (b) 
monitoring aseptic environment to assure batch 
sterility, uniformity, and integrity.  

5.2.7     Laboratory Controls 

 For each batch produced, QC tests the product for 
the compliance with the fi nished product specifi -
cations as guided by the regulatory requirements 
before release (Sandle  2010 ). A fi nal release 
approval is given by quality assurance for the dis-
tribution in the market.  

5.2.8     Expiry Date 

 Results of the stability testing of the product at 
defi ned time, temperature conditions mentioned 
in the pharmacopoeias, determine the expiry 
date. It assures that product meets applicable 
standards as per the label claim.  

5.2.9     Packaging and Labeling 

 Correct and released labels and packaging mate-
rials should be used as specifi ed in the written 
procedure. Reconciliation of labels and packag-
ing material is a must. It helps to control mix-ups 
and recalls.  

5.2.10     Stability Testing 

 A well-designed “stability testing program” shall 
be followed to determine storage conditions and 
expiry date ( CFR 211.22 ). Trending stability test 
results help to monitor/control acceptance crite-
ria and consistency of production. It’s a key ele-
ment and essential part for new drug development 
program in R&D. Stability test results help to 
decide storage conditions and shelf life.  

5.2.11     Production Record Review 

 Batch manufacturing records and QC test records 
shall be reviewed and approved against estab-
lished standards/acceptance criteria of master 
formula record ( MFR ) for the compliance before 
release/distribution in the market.  

5.2.12     Deviation Investigations 

 Sometimes certain unplanned departures from 
QA written specifi cations may occur. If such 
deviations do not affect the quality and safety of 
the product adversely and one decides to accept 
such material/product under deviation, a written 
procedure should be established. This procedure 
is applicable to all raw materials, packaging 
materials, and semifi nished and fi nished prod-
ucts. No deviation is permitted from pharmaco-
poeial and statutory requirements. Some examples 
of deviations include: production, EHS, quality 
improvement, audit, customer service, technical, 
material complaint, and system routing devia-
tions (US Food and Drug Administration  2006 ).  
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5.2.13     Complaints 

 A written procedure for handling of all written 
and oral complaints is required. Complaints are 
handled through proper route – from fi eld to 
manufacturer via quality assurance department. 
Quality control checks/tests their retained sam-
ples with respective batch. Results are conveyed 
to the complainant in the form of report with 
fi ndings/justifi cation. Reports are retained for 2 
years after expiry of the said batch.  

5.2.14     Records and Reports 

 Documentation of various records and reports is 
essential for the review and trend analysis. The 
review of validation reports, out of specifi cation 
( OOS ) results, FDA inspection report, and devia-
tion reports is a must. Customer feedbacks shall 
be analyzed for quality improvement. Robust 
effective “recall” procedure is required.  

5.2.15     Self-Inspection/Self-Audit 

 The company shall carry out self-inspection with 
the help of experienced team members within the 
organization on a regular time interval. Members 
with the adequate resources and authority should 
focus on globally harmonized regulatory stan-
dards (Harmonized Tripartite Guideline  2008 , 
 2009 ). Nonconformities are discussed among the 
senior offi cials, and corrective/preventive actions 
are taken. The audits shall be conducted periodi-
cally, the frequency and the depth of audit being 
infl uenced by factors such as urgency and focus 
at a given point and a given situation. Audit 
checklist shall be drawn by quality assurance, in 
consultation with, but not necessarily under 
directions from, persons responsible for specifi c 
activities which the audit intends to cover.  

5.2.16     Training 

 The defi ciency-related training includes new 
employee orientation, process redesigns, SOP 
revision, and technical training (Welty  2009 ). 

The company shall train all the personnel (pro-
duction, quality control, and maintenance) as per 
the “annual training plan.” Training updates the 
knowledge of the employees regarding cGMP 
concepts and revisions/amendments. Training 
need is identifi ed and adequate resources either 
internal or external should be provided. There are 
two basic needs for training in pharmaceutical 
companies:

•    Extend quality training to all departments  
•   Perform specifi c departmental training in each 

functional area      

5.3     Environmental Monitoring 

 A  clean room  is a controlled environment where 
products are manufactured aseptically 
(International Organization for Standardization 
 1999 ). It has a controlled level of contamination 
specifi ed by the numbers of particles per cubic 
meter with a defi ned particle size. It must be 
designed, qualifi ed, and operated according to 
the international regulatory standards. The lay-
outs/plans with personnel and material fl ows, air 
handling systems (HVAC), and utilities (water 
and gas system) are approved by FDA prior to the 
commercial manufacturing (WHO  2012 ). 
 Contaminants  are generated from  fi ve  basic 
sources which include: people, facilities, tools, 
fl uids, and product being manufactured. 
 Contamination  is a process that causes materials 
or surfaces to be soiled with contaminants. 
Elimination of such airborne contamination 
using advanced equipments and technologies 
required to maintain aseptic environment. People 
are the major source of contamination in the 
clean room. Contamination can lead to expensive 
downtime with increased manufacturing costs. 
The personnel engaged in manufacturing in asep-
tic environment should be trained for “clean 
room behaviors.” Environmental monitoring 
should be conducted using “risk-based approach” 
(World Health Organization  2013b ; Commission 
Europeenne  2004 ). The risk associated with 
cleaning, disinfection, and change over valida-
tion and personal health/hygiene activities is 
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assessed to comply legal requirements mentioned 
in the cGMP guidelines. A thorough and unbi-
ased investigation which rules out impact on 
quality, purity, or safety of the product is essen-
tial.  W. Edward Deming  has rightly said, “If you 
can’t describe what you are doing as a process, 
you don’t know what you are doing.” The pre-
cisely monitored and audited “clean room man-
agement program” assures that documented 
procedures and defi ned protocols are well under-
stood and effectively implemented at all levels 
within aseptic manufacturing process.  

5.4     Quality Management System 

 Implementing an effective quality management 
system allows biological manufacturers to meet 
their ethical and regulatory obligations 
(Landerville  2014 ). Adopting a proactive 
approach to quality management is essential to 
achieve the step change in quality performance. 
The critical utilities, equipment, processes, and 
test methods all need to be validated and con-
trolled appropriately as per validation master 
plan. Recently, current GMP norms have inte-
grated quality system and risk management 
approaches. The objective behind such integra-
tion was to encourage the industry to adopt mod-
ern and innovative technologies. However, after 
the major revision in GMP regulations (1978), 
people observed advancements in the manufac-
turing science, technology, and understanding 
regarding quality systems. The ultimate aim of 
the cGMP regulation is to provide fl exibility. It 
depends upon the type of business; however, they 
are very similar and share essential elements.  

5.5     The Concepts 
of Modern QMS 

 The concepts of modern QMS focus on the qual-
ity product. Quality in totality comprises estab-
lished strength, identity, and purity. The 
manufacturer must develop the product in such a 
manner that the fi nished product with quality 
attributes is produced with consistency. 

5.5.1     Quality by Design (QbD) 

 QbD provides sound framework for transferring 
the technology from development stage in R&D 
to scale-up level for the commercial production. 
This knowledge and process understanding helps 
to resolve post-development changes and optimi-
zation, if any.  

5.5.2     Quality Risk Management 

 It is an essential part of QMS. It helps to establish 
specifi cations, process parameters, and accep-
tance criteria. Assessment helps to mitigate the 
changes to process or specifi cations and deter-
mines the corrective and preventive actions after 
successful investigations (Harmonized Tripartite 
Guideline  2005 ).  

5.5.3     Risk Management 

 Quality is the science of identifying and control-
ling variations. Risk management is the future of 
quality management. It is an ongoing cyclical 
process. It should enable control or elimination 
of signifi cant risks as well as the identifi cation of 
any new risks and processes. Risk management 
aims to be proactive approach once embedded in 
an organization. Risk reduction measures will be 
preventive actions rather than corrections or cor-
rective actions.  

5.5.4     CAPA 

 It is an integral part of QMS with other system- 
like deviation management, handling of out of 
specifi cation (OOS), and change control proce-
dure. The successfully implemented CAPA pro-
cedure helps to handle failures, nonconformances, 
and deviations. 

  Some advantages are: 

•    Prevents recurrence if applied effectively.  
•   Provides a structured plan to address identi-

fi ed issues.  
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•   Provides for continuous improvement and 
effective use may result in proactive actions 
being taken.  

•   Provides a record.    

  Some disadvantages are: 

•    Retrospective for correction and corrective 
actions.  

•   Not a standalone tool.  
•   Training and knowledge are required to apply 

effectively and understand the differences 
between correction and corrective and preven-
tive action.  

•   Requires established standards and controls 
for a baseline to be set.     

5.5.5     Change Control 

 It is another cGMP tool, which focuses on how to 
manage and control unintended issues during 
aseptic manufacturing of biologics. The changes 
that alter specifi cations, or critical attributes, 
require regulatory approvals. It creates an envi-
ronment which encourages continual improve-
ment following change control.  

5.5.6     Six-System Inspection Model 

 It is a system-based approach, where quality sys-
tem is integrated with production, facilities and 
equipment, laboratory controls, materials, and 
packaging and labeling to help manufacturer to 
keep systems under control to meet the regula-
tory compliances.   

5.6     Proactive Compliance 
Approach 

 It was rightly said by  John Ruskin , “Quality is 
never an accident; it is always the result of intel-
ligent effort.” A collective challenge facing the 
industry is to achieve  proactive compliance.  This 
involves effective management and control of the 

manufacturing environment to avoid problems 
rather than just responding to problems after they 
have happened. The fundamentals of quality and 
compliance must never be compromised. Today’s 
modern businesses are becoming more proactive 
and less reactive. Quality assurance involves tak-
ing a proactive approach to ensure drug products 
are made in accordance with manufacturing stan-
dards and met their predefi ned product specifi ca-
tions (Wright  2012a ). The aim is for quality and 
compliance to be achieved  right the fi rst time  
rather than depend on detecting problems. The 
aim is to continually improve manufacturing 
standards, eliminating errors along the way. A 
holistic approach to quality assurance is needed. 
The internal control framework needs to cover 
governance, systems, and processes, as well as 
distinct activities that encourage supportive 
mindset and organizational behavior. The holistic 
approach to quality assurance needs to promote 
transparency in support of performance improve-
ment. An open and trusting relationship must be 
maintained so that production problems are raised 
as they occur for rapid resolution. A learning cul-
ture needs to replace a  mistakes-are- punished   or a 
 someone-is-to-blame  approach to quality issues 
(Wright  2012b ). Quality can be better managed 
when it is recognized and understood that the 
control of variability and prevention of waste are 
imperative to achieve a cost-effective business. 
Ideally, we strive to keep quality, cost, and supply 
in harmony, but when we need to prioritize, it is 
only possible to achieve two, and quality must 
always be preserved. Quality management when 
structured with quality assurance using cost anal-
ysis as a business driver reaps the cost benefi ts of 
a proactive approach. Shared beliefs, values, atti-
tudes, and behavior patterns are pieces of the jig-
saw that must come together. The energy and 
motivation for quality comes from the top. The 
management must acknowledge the challenge of 
change in their organizations and stay vigilant. A 
culture of quality will empower teams to continu-
ally improve and solve the problems (Gallant 
 2014 ). We must remember that the person at the 
end of our supply chain is depending on us to pro-
vide safe and effective products. Better real-time 
data presents more meaningful information, con-
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tributing to a better knowledge and understanding 
of the process, an increase in product quality, and 
a safer product. Improved yields, cost savings, 
and increase profi ts will be the result. A knowl-
edge update on clean rooms, associated air man-
agement elements, and other accessories is the 
need of the era.     
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    Abstract  

  Rice blast, caused by the fungus  Magnaporthe oryzae , is the most devas-
tating disease of rice which causes considerable economic loss worldwide. 
The interaction between rice and  M. oryzae  is an important model system 
for studying host-pathogen interactions. Since genomes of both species 
are sequenced, research is more focused by exploiting modern genetics, 
genomics, proteomics and bioinformatics. Recent research on functional 
genomics and candidate gene identifi cation has helped to elucidate the 
role of resistance ( R ) and avirulence ( Avr ) genes and their interactions. 
Over the years, many avirulence genes (Avr) involved in pathogenicity 
and resistance genes (R) of rice involved in pathogen signaling molecules 
and defence response have been identifi ed and characterized. Recent 
development in cloning of  Avr  genes (13) and  R  genes (22) and identifi ca-
tion of many quantitative trait loci (QTL) has improved our understanding 
of rice- M. oryzae  interaction at molecular level. This chapter is focusses 
on the current  R  and  Avr  genes cloned and characterized their structure, 
function and co-evolution, and the future research directions to study and 
understand the molecular mechanism of rice- M. oryzae  interactions for 
better targeting and exploitation of host plant resistance towards manage-
ment of this disease.  
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6.1      Introduction 

 Rice feed almost half of the world and is the most 
staple food having major contribution toward 
world food security. During the past four decades, 
green revolution has brought manyfold increase 
in rice production through hybrid rice and semi-
dwarf cultivar cultivation (Khush and Jena  2009 ; 
Liu et al.  2010 ) and high-input crop culture. 
These accentuated several biotic and abiotic 
stresses in different production systems, rice 
blast being one such major constraint depressing 
yield. Rice blast causes loss to the crop depend-
ing upon the rice production zones, physical 
environment, crop management, and pathogen 
population dynamics; the loss of the crop varies 
depending on the above mentioned factors (Variar 
et al.  2009 ). During monsoons followed by cold 
season the crop in South India, the bunds, plateau 
and uplands rice growing areas are the most 
severely infected sub-systems. Traditional variet-
ies are more affected by blast than the high-yield-
ing varieties as in the case of the traditional 
Basmati types grown in the North. In the present 
scenario, unavailability of suitable blast-resistant 
variety adds to the increase in disease incidence 
and epidemics. Use of high doses of nitrogen for 
Basmati and hybrid rice leads to severe blast 
infection and loss up to 50 %. According to 
International Rice Research Institute, rice blast is 
estimated to cause economic losses of up to USD 
60 million annually in South and Southeast Asia 
(Babujee and Gnanamanickam  2000 ). In Japan, 
frequent breakdown of resistance to blast results 
in signifi cant yield losses (20–100 %). The loss 
of resistance of cultivars against blast fungus is 
because of the instability of  Magnaporthe oryzae  
genome and rapid development of virulent strains 
when challenged with new resistant variety. 

 Chemical control of blast disease is the most 
effective and yet most undesirable as it possess 

serious environmental threats. Therefore, to over-
come yield losses due to this disease, resistant 
cultivars have emerged as the best substitute 
(Babujee and Gnanamanickam  2000 ). Currently, 
blast occurs in more than 80 countries, especially 
in Asia where more than 90 % of the world’s rice 
are grown and have the highest consumption. 
This necessitates continuous efforts to develop 
broad-spectrum resistant varieties against preva-
lent races in quick succession. This is possible 
through strong and combined efforts of conven-
tional and molecular breeding for developing  R  
genes exploiting resistance governed by QTLs.  

6.2     Development of Near- 
Isogenic Lines (NILs) of Rice 
for Blast Resistance 

 Resistance to blast disease is an important objec-
tive for most rice breeding programs. During 
1990s, the genetics and molecular studies of 
resistance were complicated tasks because of the 
variability of the blast pathogen and unavailabil-
ity of rice genotypes with single resistance genes 
(Mackill and Bonman  1992 ). Near-isogenic lines 
(NILs), monogenic to resistance ( R ) genes, have 
proved to be a profi cient method to illustrate the 
pathogenicity of blast isolates when used as dif-
ferentials and as a source of resistance for breed-
ing programs. A set of monogenic and NILs also 
offers great advantages for allelism test in NILs 
which has become much easier compared to 
donor cultivars where resistance is often con-
ferred by two or more major genes. Mackill and 
Bonman ( 1992 ) developed a set of NILs in the 
background of CO39, a highly susceptible and 
short-duration cultivar (about 95 days to matu-
rity), by backcrossing method. Initially, Yamada 
et al. ( 1976 ) and Kiyosawa et al. ( 1981 ) selected 
12 differential varieties carrying known  R  genes 
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in Japan. But the genetic background of each 
variety was not uniform and also contained other 
unknown  R  genes. Under the Japan-IRRI collab-
orative program, two sets of monogenic differen-
tials (NILs), one in the background of a highly 
susceptible Chinese cultivar Lijiangxintuanheigu 
(LTH) and another in the background of a univer-
sal susceptible variety (US-2), were developed 
targeting 24 blast-resistance genes (Fukuta et al. 
 2004 ). Backcross breeding method was employed 
to transfer the genes singly in the recurrent par-
ent, LTH. In both, LTH and US-2, no resistance 
gene has been identifi ed so far (Tsunematsu et al. 
 2000 ). CO39 genetic background NILs, a repre-
sentative of  indica , were also developed through 
a recurrent cycle of backcrossing (BC 6 F 10 ) for 23 
resistance genes except  Pia  resistance gene as 
CO39 harbors  Pia  gene. This was the fi rst  indica- 
type   differential variety set for a large number of 
resistance genes (Tsunematsu et al.  2000 ; 
Kobayashi et al.  2007 ). US-2 can be cultivated 
easily under both tropical and temperate condi-
tion unlike LTH and CO39. Therefore, US-2 is 
now the suitable choice for the development of 
NILs for blast resistance. 

 The near-isogenic lines for many blast- 
resistance genes in different genetic backgrounds 
have taken a major part in the rice breeding pro-
gram for rice resistance variety development 
against blast. NILs has been proved to be instru-
mental in studying the rice- M. oryzae  interaction 
at molecular level by using qRT-PCR, cDNA 
microarray, whole-genome transcriptional analy-
sis, etc. Microarray-based transcriptomic analy-
sis of early response genes to  M. oryzae  on NILs, 
IRBL18 (carrying  Pi1 ), and IRBL22 (carrying 
 Pi9 ) was studied which deciphered the incompat-
ible interaction. The results clearly showed the 
upregulation and downregulation of some impor-
tant genes which leads to disease response and 
identifi ed OsWRKYs as an important regulator 
in rice blast resistance (Wei et al.  2013 ). Similarly, 
the rice cultivar Zhong156 carrying  Pi - 24 ( t ) 
blast-resistance gene was used to characterize the 
differentially expressed genes when inoculated 
with virulent and avirulent  M. oryzae  isolates 
(Haiyan et al.  2012 ). The gene expression pro-
fi les can provide powerful information for the 

identifi cation of functionally related new genes. 
The exploitation of NILs resulted in the rapid 
accumulation of microarray data which has 
allowed the creation of co-expression network to 
study rice- M. oryzae  interaction and their gene 
expression analysis at different experimental 
conditions (Cao et al.  2012 ).  

6.3     Rice Blast-Resistance ( R ) 
Genes and Quantitative Trait 
Loci (QTLs) 

 The rice- M oryzae  interaction follows the classi-
cal gene-for-gene interaction. The product of  R  
gene interacts with the effector of  Avr  gene (Flor 
 1971 ). The two ways to classify resistance i.e 
qualitative (complete) and quantitative (partial) 
depends on the way the gene(s) affect pathogen 
reproduction. The strong selection by the rapid 
evolution of the  M. oryzae  fungus leads to the 
breakdown of qualitative resistance in rice (Kou 
and Wang  2010 ). The partial-resistance gene is 
race nonspecifi c, incomplete, and usually poly-
genic and is characterized by a moderate infec-
tion type as suggested by the genetic and 
molecular evidences. Multiple genes or quantita-
tive trait loci (QTLs) mainly control the partial 
resistance against blast fungus (Fukuoka and 
Okuno  2001 ). But when a major gene is effective 
against a part of the pathogen population, it will 
also appear as partial resistance. Till now, 35 
QTLs have been documented, mainly  indica  and 
 japonica  rice cultivars. 

6.3.1     Dynamics of Blast-Resistance 
(R) Genes 

 Most of the blast resistance encodes nucleotide- 
binding sites-leucine-rich repeats (NBS-LRR) 
proteins as evidenced by several researchers, 
except  Pi - d2  (Chen et al.  2006 ). The phyloge-
netic analysis of the 22 cloned NBS-LRR resis-
tance proteins were performed (Fig.  6.1 ). The 
cloning and phylogenetic analysis of NBS-LRR 
regions of  R  genes clearly revealed that  Pi2 ,  Piz-t  
, and  Pi9  are present at the same locus, indeed 
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allelic to each other and clustered in the same 
clade. This is obvious and expected as the three 
genes are tightly linked to each other (Zhou et al. 
 2006 ,  2007 ). The  Pi2 / Pi9  locus, other than tightly 
linked  Piz - t , also harbors  Piz ,  Pigm ( t ),  Pi26 , and 
 Pi40  genes (Liu et al.  2002 ; Hayashi et al.  2004 ; 
Deng et al.  2006 ; Jeung et al.  2007 ). The cloning 
and sequence analysis of  Pi2 / Piz - t  revealed that 

both these genes are true alleles to each other and 
have eight amino acids that are different and 
showed similar expression pattern (Zhou et al. 
 2006 ). Expression study results for the three 
genes ( Pi2 ,  Piz - t , and  Pi9 ) confi rmed that their 
expressions are constitutive and not induced by 
blast infection. One striking point is that the three 
 Pi2 ,  Piz - t , and  Pi9  genes are identifi ed in different 
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  Fig. 6.1    Phylogenetic tree of selected cloned blast  R  genes. This tree was constructed using MEGA4 using NBS-LRR 
amino acid sequences collected from the National Center for Biotechnology Information (NCBI)       
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species.  Pi2  was introgressed from  indica  cul-
tivar 5173,  Piz - t  was from  indica  rice cultivar 
TKM1, and  Pi9  from  Oryza minuta , a tetraploid 
wild species of  Oryza  genus (Mackill and 
Bonman  1992 ; Nagai et al.  1970 ; Amante- 
Bordeos et al.  1992 ). The clustering of these 
related NBS-LRR genes at a single locus may 
result in the generation of orthologs and paralogs 
with new  R  alleles of more resistance and speci-
fi cities which may be able to combat the blast 
disease. 

 The clusters of  Pik ,  Pikp ,  Pikh ,  Piks , and  Pikm  
alleles are allelic and tightly linked blast- 
resistance genes (Xu et al.  2008 ; Kiyosawa  1972 ; 
McCouch et al.  1994 ). The phylogenetic analysis 
showed that  Pikh  gene is far from  Pikp ,  Piks , and 
 Pikm  alleles which are clustered in two clades 
near to each other. Two adjacent NBS-LRR class 
genes are essential for complete resistance to 
blast for  Pik ,  Pikp , and  Pikm . The  Pikm  locus has 
two NBS-LRR genes:  Pikm1 - TS  and  Pikm2 - TS . 
Complementary test showed that neither of the 
transgenic plants carrying either of the NBS- 
LRR genes confers  Pikm  resistance specifi city 
(Costanzo and Jia  2010 ). The evolutionary results 
reveal that  Pikp  allele found in wild relatives of 
rice can be considered as the ancestral allele and 
the other  Pik  alleles have evolved after domesti-
cation of rice (RoyChowdhury et al.  2012 ). 

  Pi5  gene similar to  Pikm  requires two candi-
date NBS-LRR genes  Pi5 - 1  and  Pi5 - 2  for con-
ferring resistance (Lee et al.  2009 ). The 
presence of unique C-terminus and more num-
ber of introns (four and fi ve, respectively) 
makes this Pi5 (Pi5-1 and Pi5-2) proteins dis-
tinct from other R proteins (Chen et al.  2006 ). 
These distinct properties of  Pi5 - 1  and  Pi5 - 2  
genes put them in a single clade different from 
other NBS-LRR genes. The molecular basis of 
these two R proteins is still unclear and the 
expression analysis work indicates that the  Pi5 -
 1  transcript level is high during pathogen attack, 
in contrast  Pi5 - 2  gene is expressed constitu-
tively (Jeon et al.  2003 ). The  Pi37  gene of rice 
cultivar St. No. 1 exhibits partial and complete 
resistance to Japanese and Chinese  M. oryzae  
isolates (Ezuka et al.  1969 ; Yunoki et al.  1970 ; 

Chen et al.  2005 ). A 1290- amino acid long 
NBS-LRR protein product is encoded by  Pi37  
gene, and its resistance phenotype is because of 
the presence of V239A and 1247M in NBS 
region (Lin et al.  2007 ). 

  Pita ,  Pi36 , and  Pid2  are single-copy  R  genes 
in which resistance specifi city is determined by 
single amino acid difference. Both  Pita  and  Pi36  
are NBS-LRR-encoding  R  genes but  Pid2  is the 
only non-NBS-LRR-encoding  R  gene, which 
encodes a receptor-like kinase. All cultivars car-
rying  Pita - 2  also possess  Pita  gene and are 
mostly inseparable. The reason for this can be 
the recombination suppression observed near 
the centromere region (Bryan et al.  2000 ). The 
 indica  rice variety Kasalath carries the gene 
 Pi36 , conferring resistance to Chinese  M. oryzae  
isolates, and is located on chromosome 8. The 
 Pi36  gene encodes a 1056-amino acid NBS-
LRR protein. A single amino acid substitution 
event (Asp to Ser) at position 590 of  Pi36  con-
trols expression of resistance or susceptibility. 
 Pi36  is more closely related to the barley pow-
dery mildew resistance genes  Mla1  and  Mla6  
and is constitutively expressed similar to other 
blast-resistance genes (Liu et al.  2007 ).  Pi - d2  is 
the only non-NBS- LRR-encoding  R  gene (Chen 
et al.  2006 ). A single amino acid difference at 
position 441 of  Pi - d2  determines the expression 
of resistance or susceptibility. Due to the pres-
ence of novel extracellular domain,  Pi - d2  sym-
bolizes a new class of plant resistance genes 
(Chen et al.  2006 ). 

 The allele mining of  Pid3  reveals an ortholog 
 Pid3 - A4  in the common wild rice A4 ( Oryza rufi -
pogon ) (Q et al.  2013 ). The  Pi25  was mapped on 
chromosome 6 at the same locus of  Pi2 / Pi9 , 
which is the locus of resistance genes. The  Pi25  
confers neck blast resistance to Chinese isolate 
92-183 (race ZC15). Since the locus has cluster 
of genes, it may be possible that presence of two 
or more genes helps in conferring neck blast 
resistance (Jian-li et al.  2004 ). The phylogenetic 
analysis revealed the similarity between the  Pid3  
and  Pi25  genes and thus occupied the same clade. 

 The protein produced by  Pi54rh  gene is extra-
cellularly localized and may play a role in signal 
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transduction process. This is in contrast to other 
blast-resistance genes that are predicted to code 
for intracellular NBS-LRR-type resistance pro-
teins. Pi54rh protein has a pathogen-inducible 
promoter and hence upregulated after pathogen 
infection (Das et al.  2012 ). The structural related-
ness of  Pi54rh  is clearly analyzed in phyloge-
netic tree. Both  Pita  and  Pi54rh  are put in a same 
clade and this shows their evolutionary 
relationship. 

 The  Pi54  gene has been cloned from  indica  
rice cultivar, Tetep, on chromosome 11. It is 
slightly away from the  Pik  locus, and its sequence 
similarity clearly reveals that it is very similar to 
 Pikh  gene (Sharma et al.  2005a ,  2010 ). In addi-
tion to NBS-LRR domain, the Pi54 protein con-
tains a small zinc fi nger domain. Against 
geographically diverse strains of  M. oryzae  from 
different parts of India, the  Pi54  gene showed a 
stable and high level of resistance (Sharma et al. 
 2005a ; Rai et al.  2011 ). After infection, in both 
resistant and susceptible plants, there is constitu-
tive basal level expression of  Pi54  gene. Its 
expression is induced by  M. oryzae  infection, and 
a more than twofold higher induction was 
observed at 72 h of post-inoculation in the resis-
tant plant (Rai et al.  2011 ). 

  Pia  and  Pish  are weak  R  genes which are 
brought forward the indigenous Japanese culti-
vars. However,  Pia  consists of a cluster of four 
NBS-LRR genes, located on the short arm of rice 
chromosome 11. Out of four, only  Pia - 3  is func-
tional and is the better candidate gene of  Pia . The 
 Pia  shows a narrow-spectrum resistance to blast 
isolates (Kiyosawa  1974 ; Hittalmani et al.  2000 ; 
Yamasaki and Kiyosawa  1996 ; Fukuta et al. 
 2007 ). Similarly,  Pish  is a cluster of NBS-LRR 
genes, arranged as tandem repeats, and is highly 
similar to each other. An  in silico  analysis reveals 
that the  Pish  locus is hot spot for Tos17 inser-
tions. The tos17 inserts are most frequent in the 
functional genes within hot spot regions 
(Takahashi et al.  2010 ). Both  Pia  and  Pish  are 
weaker genes and if present alone, they are not 
able to confer resistance. These  R  genes could 
have important roles if used in combination with 
other  R  genes (Kiyosawa  1974 ; Hittalmani et al. 
 2000 ; Liu et al.  2003 ).  

6.3.2     Cloning, Characterization 
and Molecular Basis 
of Blast QTLs 

 Quantitative resistance often called as “fi eld 
resistance” is controlled by multiple genes or 
quantitative trait loci (QTL). The fi eld resistance 
consists of cumulative effects of multiple QTLs, 
with each QTL providing a partial level of resis-
tance. Resistance offered collectively by QTLs is 
characterized by its durability and broad spec-
trum for fungal pathogen (Kou and Wang  2010 ), 
since the QTLs have low breakdown chances and 
QTL resistance can remain effective for longer 
period of time in a cultivar, even though the envi-
ronment is favorable for blast disease spread 
(Krattinger et al.  2009 ). Therefore, there is an 
urgent need of breeding program focused on 
QTLs or “fi eld resistance.” Although the partial 
resistance provided by QTLs is thought to be 
general, there are reports characterizing it as spe-
cifi c partial resistance (Bonman et al.  1989 ; Fujii 
et al.  1995 ; Fukuoka and Okuno  1997 ; Lopez- 
Gerena  2006 ; Roumen  1992 ; Talukder et al. 
 2004 ). Ballini et al.  2008  stressed the need for 
meta-analysis approach for the identifi cation of 
QTLs. A total of 49 metaQTLs as partial- 
resistance QTLs is identifi ed by this approach. 
Assembling these 49 metaQTLs provides an 
opportunity to test the specifi city of these QTLs 
as well as co-localization with the candidate 
genes (Ballini et al.  2008 ). 

 Many QTLs for blast have been identifi ed by 
means of the facilitation of molecular markers 
(Table  6.1 ). Till now, two major blast-resistance 
QTLs  pi21  and  Pb1  have been cloned by map- 
based cloning strategy, which is the best choice to 
clone these minor QTLs (Hayashi and Yoshida 
 2009 ; Hayashi et al.  2010 ). Many of these QTLs 
have small effects, lees that 10 % on the pheno-
typic resistance against blast. 

 The major blast-resistance QTL,  pi21 , was 
mapped on chromosome 4 as a single recessive 
gene and confers durable resistance against blast 
fungus (Fukuoka and Okuno  2001 ). A proline- 
rich protein is encoded by this gene which is 
made up of a putative protein-protein interaction 
motif and putative heavy metal-binding domain. 
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   Table 6.1    The characteristics of the cloned blast-resistance genes and quantitative trait loci (QTLs) in rice   

 S. No.  R gene  Chr. No. 
 Cognate 
Avr gene 

 Encoding 
protein  Expression  Cloning strategy  References 

 1   Pib   2  NA  NBS-LRR  Circadian, inducible 
by stress 

 Map based  Wang et al. ( 1999 ) 

 2   Pita   12  Yes  NBS-LRR  Constitutive  Map based  Bryan et al. ( 2000 ) 

 3   Pi9   6  NA  NBS-LRR  Constitutive  Map based  Qu et al. ( 2006 ) 

 4   Pi2   6  NA  NBS-LRR  Constitutive  Map based  Zhou et al. ( 2006 ) 

 5   Piz - t   6  Yes  NBS-LRR  Constitutive  Map based  Zhou et al. ( 2006 ) 

 6   Pid2   6  NA  Receptor 
kinase 

 Constitutive  Map based  Chen et al. (2006) 

 7   Pi36   8  NA  CC-NBS- LRR   Constitutive  Map based  Liu et al. ( 2007 ) 

 8   Pi37   1  NA  NBS-LRR  Constitutive  Map based in 
silico 

 Lin et al. ( 2007 ) 

 9   Pikm   11  Yes  NBS-LRR  Constitutive  Map based  Ashikawa et al. 
( 2008 ) 

 10   Pit   1  NA  CC-NBS- LRR   Transcriptionally 
inactive 

 Map based  Hayashi and 
Yoshida ( 2009 ) 

 11   Pi5   9  NA  CC-NBS- LRR   Pi5-1 is pathogen 
dependent 
 Pi5-2 is constitutive 

 Map based  Lee et al. ( 2009 ) 

 12   Pid3   6  NA  NBS-LRR  Constitutive  In silico 
homology based 

 Shang et al. ( 2009 ) 

 13   pi21  a   4  NA  Proline- 
containing 
protein 

 Inducible by stress  Map based  Fukuoka et al. 
( 2012 ) 

 14   Pb1  a   11  NA  CC-NBS- LRR   Transcriptionally 
inactive 

 Map based  Hayashi et al. 
( 2010 ) 

 15   Pish   1  CC-NBS- LRR   Constitutive  Mutant 
screening 

 Takahashi et al. 
( 2010 ) 

 16   Pik   11  Yes  CC-NBS- LRR   Constitutive  Map based  Zhai et al. ( 2011 ) 

 17   Pikp   11  Yes  CC-NBS- LRR   Constitutive  Map based in 
silico 

 Yuan et al. ( 2011 ) 

 18   Pi54  
( Pikh ) 

 11  NA  NBS-LRR  Constitutive  Map based  Sharma et al. 
( 2005b ) 

 19   Pia   11  Yes  CC-NBS- LRR   Constitutive  Multifaceted 
genomics 
approach 

 Okuyama et al. 
( 2011 ) 

 20   NLS1   11  NA  CC-NBS- LRR   Constitutive  Map based  Tang et al. ( 2011 ) 

 21   Pi25   12  NA  NBS-LRR  Constitutive  Map based  Chen et al. ( 2011 ) 

 22   Pi54rh   11  NA  CC-NBS- LRR   Constitutive  Allele mining 
approach 

 Das et al. ( 2012 ) 

   NA  not available,  NBS - LRR  nucleotide-binding site and leucine-rich repeats,  CC - NBS - LRR  coiled-coil nucleotide- 
binding site and leucine-rich repeats 

  a Cloned blast-resistance QTLs  

It is tightly linked to genes of poor eating quality 
and thus, there is a strong association between 
blast resistance and undesirable eating character 
of rice (Fukuoka et al.  2012 ). The durability of a 
plant resistance may be contributed by the 

delayed induction of defense. The  pi21  triggers 
defense mechanism leading to pathogen recogni-
tion by activating different signaling pathway 
even though there is no direct gene-to-gene inter-
action (Jones and Dangl  2006 ). 
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 The  Pb1  comes under a fi eld-resistance gene 
because it is durable and shows quantitative resis-
tance against  M. oryzae  (Hayashi et al.  2010 ). 
 Pb1  gene encodes a CC-NBS-LRR protein. 
However, Pb1 protein differs from other R pro-
tein in its NBS domain, in which the P-loop 
which is conserved in  R  genes is apparently 
absent along with degeneration of and some other 
motifs. The structure of the Pb1 also plays a cru-
cial role in its slow and delayed action, com-
monly termed as transcriptionally inactive or 
“sleeping” response. The promoter sequence at 5′ 
position and gene duplication at the 60 kb locus 
are very critical for the activation of  Pb1  gene 
and its expression (Hayashi et al.  2010 ). Cultivars 
with  Pb1  show a characteristic “adult resistance” 
(Fujii and Hayano-Saito  2007 ). 

 The molecular basis of blast-resistance QTLs 
still remains poorly understood. Till now, only 
two QTLs,  pi21  and  Pb1 , have been cloned and 
characterized. The co-localization of blast- 
resistance QTLs confers resistance against races 
of  M. oryzae . The broad-spectrum quantitative 
resistance mediates in two ways, either by 
 functioning in overlapping signaling pathways or 
by regulation of the defense pathways.

6.4          Avirulence Genes 

 The gene-for-gene hypothesis proposed by Flor, 
while describing the relationship between  R  gene 
and  Avr  gene, states that for every  R  gene in the 
host plant, there is a complementary  Avr  gene in 
the pathogen, and their interaction leads to activa-
tion of host defense response which leads to plant 
resistance (Flor  1971 ). This type of  R - Avr  interac-
tion is well documented in rice- Magnaporthe   ory-
zae . Avirulence ( Avr ) genes encode molecules 
during normal growth and pathogenicity of the 
pathogen. The host range of pathogens is mainly 
determined by  Avr  genes, which determines the 
capability of  Avr  gene carrier to cause disease 
based on  R  genes. The natural population of  M. 
oryzae  has the common and interesting phenom-
enon of modifi cation or shedding of avirulence 
genes which gives them the advantage of shifts in 
the host range (Sharma et al.  2012 ). 

 So far, more than 40  Avr  genes of  M. oryzae  
have been identifi ed, out of which cloning and 
characterization of 12 are accomplished (Table 
 6.2 ), and two,  Avr - Pi15  and  Avr - Pi7 , have been 
mapped (Ma et al.  2006 ; Shujie et al.  2007 ). Out 
of 12, map-based cloning approach has been used 
to clone nine  Avr  genes while genome-wide asso-
ciation mapping is used for three. The fi rst  Avr  
gene cloned was  PWL2 , the member of  PWL  
gene family consisting of four genes,  PWL2 , 
 PWL1 ,  PWL3 , and  PWL4 . The  PWL1 ,  PWL3 , 
and  PWL4  are the homologs of  PWL2  isolated 
from  M. grisea . The amino acid sequences of 
PWL2 protein is 75, 51, and 57 % identical to 
predicted PWL1, PWL3, and PWL4 proteins 
(Kang et al.  1995 ; Sweigard et al.  1995 ). 

 Multiple translocation across the genome is 
contributed by retrotransposon which fl anked the 
 Avr - Pita  gene, while  Avr - Pita3  lacks avirulence 
activity, is stable, and is located on chromosome 
7 in most of the isolates (Chuma et al.  2011 ). The 
 AVR - Pita  avirulence function is easily abolished 
by the point mutation in the protease consensus 
sequence (Khang et al.  2008 ; Orbach et al.  2000 ). 
Pot3 transposon insertion in  Avr - Pita  inactivates 
the  Avr - Pita  interaction, which leads to the loss 
of rice blast resistance in  Pita  containing culti-
vars (Zhou et al.  2007 ).  Avr - Pita  is a race-specifi c 
elicitor that triggers  Pita -mediated resistance 
since the  Avr - Pita  protein directly binds to the 
 Pita  leucine-rich domain (LRD) region inside the 
plant cell to initiate a  Pita -mediated defense 
response (Jia et al.  2000 ). 

 The  AVR  gene  Avirulence Conferring Enzyme1  
( ACE1 ) has been identifi ed by the cross between 
Guy11 and ML25  M. grisea  isolates (Silue et al. 
 1992 ). Map-based cloning strategy has been used 
to isolate  ACE1  gene and it encodes a putative 
hybrid protein which makes it a unique  Avr  gene 
(Bohnert et al.  2004 ).  ACE1  is expressed specifi -
cally during penetration without being secreted 
out of the cell. It is a large protein of 4035 amino 
acids and the fungus could not be recognized by 
the plant with a single amino acid change and this 
suggests that virulence biosynthetic activity of 
 ACE1  is important (Bohnert et al.  2004 ). 

 The  Avr1 - CO39  gene controls avirulence to 
the rice cultivar CO39. It is mapped on chromo-
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some 1 and cloned by chromosome walking 
from linked RFLP markers (Farman and Leong 
 1998 ). The  Avr1 - CO39  gene came from an  M. 
grisea  isolate from weeping love grass and was 
not present in the rice-infecting  M. grisea  iso-
lates. Molecular analysis at the  Avr1 - CO39  
locus revealed the presence of truncated left 
and right border in rice- infecting  M. grisea  iso-
lates and this is why most rice-infecting iso-
lates are virulent on CO39 (Farman et al. 1998; 
Farman et al.  2002 ). 

 Recently, a map-based cloning strategy has 
been utilized to clone  Avr - Piz - t  gene from an 
avirulent fi eld isolate 81278ZB15 (Li et al.  2009 ). 
A 108-amino acid protein is synthesized by  Avr-
Piz- t   gene and the encoded protein elicits resis-
tance reaction in rice mediated by  Piz - t. Avr - Piz - t  
helps in the suppression of pathogen-associated 
molecular pattern (PAMP)-triggered immunity 
(Park et al.  2012 ). No homolog of this Avr-Piz-t 
protein is found in  M. oryzae  or in other sequenced 
fungi. The abundance of active transposable ele-
ments surrounding the  Avr - Piz - t  genomic 
sequence determines the avirulence and also pro-

vides an ability to rapidly change and thus over-
come the  R  genes (Li et al.  2012 ). 

  Avr - Pii  and  Avr - pik  have developed paralogs 
while  Avr - Pia  does not and deletion of functional 
paralogs of  Avr - pii  and  Avr - Pik  seems to be com-
mon mechanism for  M. oryzae  isolates to over-
come  Pii  and  Pik  genes (Yoshida et al.  2009 ). 
Phylogenetic analysis showed that out of fi ve 
alleles of  Avr - Pik  ( Avr - Pik - A ,  Avr - Pik - B ,  Avr-
Pik- C   ,  Avr - Pik - D , and  Avr - Pik - E ), only the  Avr-
Pik- D   allele is most likely the ancestral allele 
(Kanzaki et al.  2012 ). 

 The avirulent gene,  Avr - Pi54 , has been identi-
fi ed and cloned by whole-genome sequencing 
technique from  M. oryzae  strain 70–15 and from 
37.878 Mb genome, 474  Avr  candidate genes 
have been identifi ed.  Avr - Pi54 - 1  and  Avr - Pi54 - 2  
have been identifi ed having potential of being the 
true candidate gene. 

 Recently, avirulence gene  AvrPi9  has been 
identifi ed by pulldown assays and comparative 
proteomics approach by comparing avirulent 
and virulent isolates. Four putative AvrPi9 candi-
dates were identifi ed and it was confi rmed by 

   Table 6.2    Summary of the corresponding  R  gene and predicted product of cloned  Avr  gene  Magnaporthe oryzae    

 S. No.  Avr gene 
 Corresponding 
R gene  Encoding protein  Cloning strategy  References 

 1   PWL1   NA  Glycine-rich, hydrophilic 
protein, secreted protein 

 Map based  Kang et al. ( 1995 ) 

 2   PWL2   NA  Glycine-rich, hydrophilic 
protein, secreted protein 

 Map based  Sweigard et al. ( 1995 ) 

 3   PWL3   NA  Glycine-rich, hydrophilic 
protein, secreted protein 

 Map based  Sweigard et al. ( 1995 ) 

 4   PWL4   NA  Glycine-rich, hydrophilic 
protein, secreted protein 

 Map based  Sweigard et al. ( 1995 ) 

 5   Avr1 - CO39    Pi - CO39   Secreted protein  Map based  Farman and Leong 
( 1998 ) 

 6   Avr - Pita    Pita   Secreted protein  Map based  Orbach et al. (2000) 

 7   ACE1    Pi33   Polyketide synthase/
peptide synthase 

 Map based  Bohnert et al. ( 2004 ) 

 8   Avr - Piz - t    Piz - t   Secreted protein  Map based  Li et al. ( 2009 ) 

 9   Avr - Pia    Pia   Secreted protein  Association 
genetics approach 

 Yoshida et al. ( 2009 ) 

 10   Avr - Pii    Pii   Secreted protein  Association 
genetics approach 

 Yoshida et al. (2009) 

 11   Avr - Pik / Km / Kp    Pik / Km / Kp   Secreted protein  Association 
genetics approach 

 Yoshida et al. (2009) 

 12   Avr - Pi54    Pi54   Secreted protein  Map based   
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complementation and allele swapping that  R55  is 
the  AvrPi9 . R55 encodes a predicted secreted 
protein in avirulent strains. Insertion of Mg-SINE 
into the exon of  R55  or loss of  R55  caused the 
gain of virulence toward rice cultivar containing 
 Pi9 . Preliminary studies suggested that  R55  is 
expressed only during plant growth and localizes 
to BIC and host cells (Kou et al.  2013 ). 

 The phylogenetic analysis showed that  PWL1  
and  PWL2  genes are clustered together while 
 PWL3  and  PWL4  are clustered in another clade 
near to each other. Similarly, the amino acid 
sequence of  Avr - Pik  and  Avr - Pi7  showed similar-
ity and thus included in the same clade.  Avr - Pita  
is altogether in a separate clade, while  Avr - Pii  
and  Avr - Piz - t  have been included in the same 
clade as it showed similarity in their amino acid 
sequence (Fig.  6.2 ).

6.5         Role of Downstream Genes 
During Rice- Magnaporthe 
oryzae  Interaction 

 The rice- Magnaporthe oryzae  interaction has 
been studied for decades. Fungal spores germi-
nate during 4–6 h after landing on the leaf surface 
depending on the availability of moisture. At this 

point, different downstream signaling pathways 
trigger which contributes to resistance and/or 
susceptibility (Jones and Dangl  2006 ; Dodds and 
Rathjen  2010 ; Nimchuk et al.  2003 ). The phenyl-
propanoid biosynthesis pathway is very impor-
tant in this process. Downregulation of 
phenylpropanoid biosynthesis genes leads to 
plant resistance to fungal pathogens (Naoumkina 
et al.  2010 ; Maher et al.  1994 ; Kruger et al.  2002 ; 
Bhuiyan et al.  2009 ). Wei et al. ( 2013 ) found that 
the upregulation of enzymes like many enzymes 
occurs in the phenylpropanoid and phenylalanine 
biosynthesis pathways, which refl ects the tran-
scriptional reprogramming in metabolism during 
rice- Magnaporthe oryzae  interaction. The identi-
fi cation of the genes governing these downstream 
responses is imperative for the information of 
pathway. With the help of Yeast two-hybrid sys-
tem (YTH) has been employed to identify an Avr-
Pita interacting protein, named AV13.  

6.6     Coevolution of  R  and  Avr  
Genes 

 Avirulence loss to  R  genes is because of the 
highly diverse genetic structure of the blast 
pathogen over the world (Skamnioti and Gurr 
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  Fig. 6.2    Phylogenetic tree of selected cloned and mapped  Avr  genes. This tree was constructed using MEGA4 using 
coding region (amino acid sequence)       
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 2009 ). The short life of many newly released cul-
tivars results from the generation of new virulent 
races or pathotypes (Tharreau et al.  2009 ; Liu 
et al.  2010 ). New virulent races knock down 
major  R  genes due to multiple genetic mutation 
events, like partial and complete deletion, point 
mutations, frame shift mutation, and transposon 
insertions (Liu et al.  2010 ). In  Ace1 ,  Avr - Pita , 
and  Avr - Piz - t , avirulence factor is lost due to the 
insertion of a retrotransposon hence activating 
virulence genes in the isolates (Zhou et al.  2007 ; 
Li et al.  2009 ; Fudal et al.  2005 ). The phyloge-
netic analysis of  Avr - Pik  alleles suggests that 
 Avr - Pik - D  is the ancestral allele. Surprisingly, 
most of the  Pik  alleles recognize  AVR - Pik - D  
allele (Kanzaki et al.  2012 ). The other  Avr - Pik  
alleles evolve with one or few changes in the 
amino acid and that is how it evades the recogni-
tion by the  Pik  genes. The fi nding suggests that 
the observed variation patterns between the rice 
 Pik  gene and  M. oryzae Avr - Pik  genes are the 
results of coevolution between them.  Pita  
engages in “trench warfare” with  AVR - Pita1  with 
both genes maintaining an array of strategies to 
prevent/cause disease. Positive selection pressure 
is behind the evolution of  AVR - Pita1  in nature. 
Inactivation of  Pita -mediated resistance in com-
mercial rice cultivars is majorly because of the 
variation at the  AVR - Pita1  locus (Dai et al.  2010 ). 

 The  R  genes are predicted to encode highly 
similar NBS-LRR proteins and predicted 
transposon- mediated evolution. The  Pit  and  Pita  
genes were found to be activated by a transposon 
Pot3 in the promoter region and hence play a 
positive role in regulating blast  R  genes (Hayashi 
and Yoshida  2009 ; Lee et al.  2009 ). Genetic 
crosses and screening have identifi ed a new 
locus,  Ptr ( t ), a critical gene that is required for 
both  Pita  and  Pita - 2  gene. The absence of  Ptr ( t ) 
resulted in disease susceptibility suggesting its 
critical roles as either upstream or downstream of 
 Pita- / Pita - 2 -mediated disease resistance (Jia and 
Martin  2008 ). The synthesis of varied size func-
tional proteins describes the importance of post-
translational modifi cation processes like exon 
skipping and alternative splicing. Thus, both 
transposon and posttranslational modifi cation 
processes play an important role in the evolution 

of a blast  R  gene. Recent studies on the rice 
germplasm and  M. oryzae  isolate collected from 
North East and Eastern India also demonstrate 
that the rice germplams harbor many  R  gene and 
the  M. oryzae  strain also possesses many corre-
sponding  Avr  genes. The generation of virulent 
strains harboring the corresponding Avr gene 
clearly gives an impression that both  R  and  Avr  
genes are evolving, comparatively  Avr  genes 
more frequently than  R  genes (Imam et al.  2013 ; 
 2014a ,  b ,  c ,  2015 ).  

6.7     Rice Blast-Resistance Gene 
Allele Mining 

 The improvement of high-yielding varieties of 
rice through plant breeding is mainly due to 
transfer of benefi cial alleles found in the plant 
germplasm (Kumar et al.  2010 ). Natural muta-
tion is the main reason behind the generation and 
evolution of new alleles. The evolution of new 
alleles occurs due to natural mutations like transi-
tion, transversion, point mutation, and insertion 
and deletion (InDels). Today, enormous sequence 
database information of rice genome is available 
in public databases. With the help of these data-
bases, we can identify and retrieve the desired 
and superior alleles that are agronomically 
important. Allele mining approach has potential 
applications in rice improvement programs 
(Kumar et al.  2010 ). It helps in identifi cation of 
new haplotypes and in tracing the evolution of 
alleles. 

 Two major approaches, TILLING (Targeting 
Induced Local Lesions in Genomes) and 
sequence-based allele mining, are available for 
the identifi cation of sequence polymorphisms for 
a given gene in the naturally occurring popula-
tions. Till et al. ( 2003 ) discovered TILLING is 
for target gene-induced mutation (Till et al. 
 2003 ). TILLING has proven to be a practical, an 
effi cient, and an effective approach for functional 
genomics studies in rice. For the identifi cation of 
natural variation in selected genes in rice, a varia-
tion of TILLING technique, EcoTILLING, has 
been coined (Kumar et al.  2010 ). The presence of 
SNPs and InDels helps in analyzing individuals 

6 Advances in Molecular Mechanism Toward Understanding Plant-Microbe Interaction:…



90

for haplotype structure and diversity. Sequence- 
based allele mining involves huge cost in 
sequencing. The cost and sophistication involved 
in these techniques lead to the introduction of a 
new allele mining approach called as next gener-
ation sequencing technologies in allele mining. 

 Initially, allele mining from wild rice acces-
sions was initiated for the  R  genes like  Pita  + 
alleles for  Oryza rufi pogon  (Yang et al.  2007 ; 
Geng et al.  2008 ),  Pita  from  O. rufi pogon  (Huang 
et al.  2008 ),  Pid3  from wild rice accessions of  O. 
rufi pogon  (Shang et al.  2009 ),  Pi54  from wild 
rice, and  Pi54rh  from  O. rhizomatis  (Das et al. 
 2012 ). Most of these genes were allele mined 
through sequence-based allele mining approach. 
Recently, allele mining of blast-resistance genes 
like  Pita ,  Pikh ,  Piz - t , and  Pi54  has also been 
reported in cultivated rice (Sharma et al.  2009 ; 
Kumari et al.  2013 ; Kumar et al.  2010 ).  

6.8     Rice Blast Molecular 
Breeding 

 Marker-assisted selection (MAS) is one of the 
most important and popular method for rice 
improvement and variety development. The 
deployment of single blast-resistance gene into 
the genetic background of popular variety is 
always subjected to breakdown of resistance 
because of the frequent variation in the fungal 
genome. Accessibility of different molecular 
markers like simple sequence repeats (SSR), 
restriction fragment length polymorphism 
(RFLP), single nucleotide polymorphism (SNP), 
and PCR-based allele-specifi c markers has fas-
tened the procedure for gene introgression and 
gene pyramiding (Hayashi et al.  2006 ; Latif et al. 
 2011 ). Conventional rice breeding is a slow pro-
cess for variety development and mostly infl u-
enced by environmental conditions. Conventional 
breeding requires repeated backcross (up to BC5 
or BC6) to introduce genes into elite cultivars but 
also results in linkage drag (Brinkman and Frey 
 1977 ). MAS offers better selection strategies in 
rice breeding to minimize the linkage drag and 
also requires shorter period of time. The cross 

between  indica  and  japonica  rice variety linkage 
blocks (LB) is a common event, where a large set 
of genes were inherited together (Jia et al.  2012 ). 
MAS is more effi cient, effective, and reliable 
than phenotype selection (Miah et al.  2013 ). 
Blast-resistance genes like  Pi1 ,  Pi5 ,  Piz - 5 ,  Pi54 , 
 Pita ,  Pi9 ,  Pi2 ,  Pid1 , and  Pib  (Hittalmani et al. 
 2000 ; Gouda et al.  2012 ; Singh et al.  2012 ; 
Narayanan et al.  2002 ; Wen and Gao  2011 ; Chen 
et al.  2004 ) have been introgressed in various 
elite rice genotypes using MAS.  

6.9     Rice Innate Immunity 
and Signaling 

 Rice- M. oryzae  interaction follows Flor’s “gene-
for- gene” hypothesis (Hogenhout et al.  2009 ). 
The fungal effector protein acts in two ways. 
First, by the recognition and activation of effec-
tor-triggered immunity (ETI) which results in 
hypersensitive response (HR) that halts fungal 
growth within 48 hours. Second, a limited patho-
gen-associated molecular patterns (PAMP)-
triggered immunity (PTI) response in case that 
the fungal effectors are not recognized set in 
upon the recognition of fungal PAMPs (Kaku 
et al.  2006 ; Shimizu et al.  2010 ) and during this 
intermittent period of fungal hyphae continue to 
spread in plant tissues, resulting in disease symp-
toms in the initial few after infection (Kankanala 
et al.  2007 ; Chen and Ronald  2011 ). Thus, for the 
fi nal outcome of the level of rice blast resistance, 
the early defense response immediately after  M. 
oryzae  invasion is critical (Xiang et al.  2008 ). In 
most cases, rapid production of reactive oxygen 
species (ROS) is triggered in defense responses 
along with hypersensitivity response (HR) in the 
infected cells (Hammond-Kosack and Jones 
 1996 ). Systemic-acquired resistance (SAR) is 
established in response to accumulation and also 
related to pathogenesis-related (PR) gene 
 induction (Ryals et al.  1996 ; Dempsey et al. 
 1999 ; Durrant and Dong  2004 ). Defense response 
genes are those genes which function down-
stream of  R - or HPRR-initiated defense signaling 
pathways. Out of 12 characterized genes contrib-
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uting to QTL resistance, 9 of them belong to the 
defense- responsive gene class which mediates  R  
gene race-specifi c resistance (Fig.  6.3 ) (Kou and 
Wang  2010 ).

6.10        Future Perspectives 

 Development of resistant cultivars against blast 
and research on  R  and  Avr  gene interaction in 
order to combat the rapid changes in the viru-
lence pattern of blast pathogen are continuous 
processes. Although signifi cant progress has 
been made in this area in recent years, new chal-
lenges lie ahead which are listed below.

•    Development of durable and broad-spectrum 
disease-resistant cultivars by transferring mul-
tiple gene combinations based on knowledge 
on the prevailing pathogen population.  

•   For the deployment of  R  genes, study of inter-
action of  R  and  Avr  genes is one of the most 
important and daunting tasks. Currently, yeast 
two-hybrid system (Y2H) and bimolecular 
fl uorescence complementation (BiFC) analy-
ses are employed to detect the interaction 
between  R  and  Avr  genes.  

•   Identifi cation of downstream resistance genes 
by using new proteomic approaches will be 
also an important step in deciphering rice- M. 
oryzae  interaction.  

•   In the absence of a circulating antibody sys-
tem in plants similar to animals, efforts are to 
be made in understanding innate resistance 
mechanism in order to develop innate immu-
nity in plants.        
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    Abstract  

  The production of healthy planting material requires robust diagnostic 
procedures. The advancements of the molecular virology and biotechnol-
ogy have witnessed major breakthroughs in the recent years resulting in 
sensitive and effective technologies/methods. 

 PCR has been the major a breakthrough leading successful detection 
RNA/DNA viruses. 

 The development of qPCR assays helped to avoid the risk of post-PCR 
contamination and has benefi ts of high reproducibility and accuracy. The 
nonthermal methods, like HDA, RPA, NASBA, etc., have proved suitable 
for poorly resourced laboratories and on-site testing. 

 NGS technology involving massive parallel sequencing approach fol-
lowed by bioinformatics analysis has revolutionized discovery of novel 
viruses. With the increasing competition for machinery and analytical 
reagents among companies, high-throughput multiplexing and virus detec-
tion techniques are becoming cheaper. However, the challenge remains in 
their use at the site ensuring to maintain highest crop health standards at 
affordable price.  
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7.1         Introduction 

 Viruses are catastrophic despite being miniscule 
acellular parasites. The simplest viruses com-
prise small stretch of nucleic acid carrying the 
genetic information encapsidated by coat protein. 
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   Table 7.1    List of economically signifi cant plant viruses infecting food and horticultural crops   

 Crop plant  Important viruses reported 

  Fruits  

 Apple   Apple mosaic virus  (ApMV) 
  Apple stem grooving virus  (ASGV) 
  Apple stem pitting virus  (ASPV) 
  Apple chlorotic leaf spot virus  (ACLSV) 

 Banana   Banana bunchy top virus  (BBTV) 
  Banana streak badnavirus  (BSV) 
  Banana bract mosaic virus  (BBrMV) 

 Citrus   Citrus psorosis virus  (CPsV) 
  Citrus tristeza virus  (CTV) 
  Citrus ringspot virus  (CRSV) 

 Papaya   Papaya ringspot virus  (PRSV) 
  Papaya leaf distortion mosaic virus  (PLDMV) 
  Papaya mosaic virus  (PMV) 
  Papaya leaf curl virus  (PLCV) 

 Watermelon   Watermelon mosaic virus  (WMV) 
  Watermelon silver mottle virus  (WSMV) 
  Squash vein yellowing virus  (SqVYV) 

  Vegetables  

 Okra   Bhendi yellow vein mosaic virus  (BYVMV) 
  Okra mosaic virus  (OMV) 

 Brinjal   Eggplant mottled crinkle tombusvirus (EMCV) 
  Tomato bushy stunt virus  (TBSV) 
  Eggplant mottled dwarf virus  (EMDV) 

 Tomato   Tomato spotted wilt virus  (TSWV) 
  Tomato leaf curl virus  (ToLCV) 
  Tomato yellow leaf curl virus  (TYLCV) 

 Potato   Potato leaf roll virus  (PLRV) 
  Potato virus X  (PVX) 
  Potato potyvirus  (PVY) 

 Cucumber   Cucumber mosaic virus  (CMV) 

 Cucurbits   Cucurbit mild mosaic virus  (CuMMV) 

 Pumpkin/squash  Squash mosaic virus (SqMV) 

 Zucchini   Zucchini yellow mosaic virus  (ZYMV) 
  Zucchini yellow fl eck potyvirus  (ZYFV) 

  Cereals  

 Barley   Barley stripe mosaic virus  (BSMV) 
  Barley yellow dwarf virus  (BYDV) 

 Maize   Maize dwarf mosaic virus  (MDMV) 
  Maize streak virus  (MSV) 

(continued)

Being obligate parasite, viruses exclusively uti-
lize the host metabolism for its reproduction. 
Viruses are known to infect wide range of living 
organism, viz. animals, plants, fungi and bacteria. 
Most of our crops are under the threat of various 
viroids and plant viruses causing plants diseases. 
Symptoms by these pathogens ranges from mild 
to catastrophe resulting in loss of crops over large 

area. The plant viruses cause many economically 
signifi cant plant diseases worldwide affecting 
crop yield and quality. Thus, virus infections 
result in altered physiology of plant that includes 
stunted growth, inferior quality, and reduced 
yield leading to severe economic losses. Plant 
viruses attribute to signifi cant losses in crop pro-
duction of cash crops, ornamentals, etc. (Table  7.1 ).
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Table 7.1 (continued)

 Crop plant  Important viruses reported 

 Rice   Rice ragged stunt virus  (RRSV) 
  Rice tungro bacilliform virus  (RTBV) 
  Rice tungro spherical virus  (RTSV) 
  Rice yellow stunt virus  (RYSV) 

 Oat   Oat blue dwarf virus  (OBDV) 
  Oat chlorotic stunt virus  (OCSV) 

 Wheat   Wheat American striate mosaic virus  (WASMV) 
  Wheat  streak mosaic  virus  (WSMV) 
  Triticum mosaic virus  (TriMV) 

  Legumes  

 Bean   Bean common mosaic virus  (BCMV) 
  Bean common mosaic necrosis virus  (BCMNV) 
  Bean yellow mosaic virus  (BYMV) 

 Mungbean   Mungbean yellow mosaic virus  (MYMV) 

 Soybean   Soybean mosaic virus  (SMV) 
  Soybean dwarf virus  (SbDV) 
  Soybean vein necrotic virus  (SVNV) 

 Pea   Pea green mottle virus  (PGMV) 
  Pea enation mosaic virus  (PEMV) 
  Pea streak virus  (PSV) 
  Pea seed - borne mosaic virus  (PSbMV) 

  Tubers  

 Cassava   Cassava common mosaic virus  (CsCMV) 
  Cassava virus X  (CsVX) 
  Cassava green mottle virus  (CGMV) 
  Sri Lankan cassava mosaic virus  (SLCMV) 
  African cassava  mosaic  virus  (ACMV) 

 Cacao/cocoa   Cacao swollen shoot virus  (CSSV) 
  Cacao mottle leaf virus  (CMLV) 
  Cacao necrosis virus  (CNV) 
  Cacao yellow mosaic virus  (CYMV) 

  Oil crops  

 Groundnut/ peanut    Peanut  c lump virus  (PCV) 
  Peanut yellow mosaic virus  (PeYMV) 
  Groundnut bud necrosis virus  (GBNV) 

 Sunfl ower   Sunfl ower chlorotic mottle virus  (SuCMoV) 
  Sunfl ower mosaic virus  (SuMV) 
  Sunfl ower necrosis virus  (SFNV) 

  Sugar yielding crops  

 Sugarcane   Sugarcane mosaic virus  (SCMV) 
  Sugarcane streak mosaic virus  (SCSMV) 

 Sweet potato   Sweet potato feathery mottle virus  (SPFMV) 
  Sweet potato latent virus  (SPLV) 
  Sweet potato mild speckling virus  (SPMSV) 

 Beetroot   Beet ringspot virus  (BRV) 
  Beet  necrotic yellow vein virus (BNYVV) 

   Few examples to show the estimated annual 
economic losses include  Tomato spotted wilt 
virus  infecting various plant species such as 
tomato, tobacco, groundnuts, etc. (Sherwood 
et al.  2003 ), which led to loss of ~ $1 billion 

worldwide (Pappu  1997 ; Hull  2002 );  Cacao 
swollen shoot virus  causing $28 million losses to 
cocoa beans in Africa (Bowers et al.  2001 ); and 
 Rice tungro virus  causing $1.5 billion losses to 
rice in southeast Asia (Hull  2002 ). 
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 Due to variability in populations in genotypes 
of phytopathogens including viruses, it is hard to 
manage the infection and control the disease. 
Hence, prevention of viral diseases and subse-
quent economic damage warrants the fast and 
accurate methods for detection and diagnosis of 
the causal organisms, severity of disease and 
mechanism of virulence. Such information can 
then be signifi cantly used to minimize the disease 
by inhibiting its virulence mechanisms. 

 Precise identifi cation of viral diseases is essen-
tial because environmental stresses or other plant 
pathogens also produce symptoms similar to 
viruses. The development of diagnostic methods 
and their application is infl uenced by multiple fac-
tors. Plant viruses constitute highly diverse group of 
life lacking rRNA sequences unlike other cellular 
pathogens. Due to increasing globalization of trades 
including major ornamentals as well as the change 
in climate, it has signifi cantly contributed to increase 
in the viruses and their vector movement, thus mak-
ing the diagnostics more challenging and warrant-
ing the urgent needs for the transformations in 
diagnostic tools and techniques. 

 The most widely used techniques for screening 
the propagation materials, seeds and other plant 
samples for the specifi c virus infection or its latent 
presence include electron microscopy and immu-
nological detection like ELISA, PCR and microar-
ray. The viral diseases result in the spread of 
viruses under favourable conditions by causing 
either global damages or severe local losses. The 
conventional agronomic practices for virus control 
include the use of virus free stock/propagule, 
roughing of diseased plants, control of alternative 
vector or hosts and implementation of quarantines. 
Molecular diagnosis is of signifi cance for the dis-
eases that are not easily diagnosed by symptoms or 
are symptomless or similar symptoms are pro-
duced by other viruses as well. The several tech-
niques known for viral disease diagnosis have 
advantages and limitations.  

7.2     Serological/Immunological 
Techniques 

 Immunological tests are used to test the viral anti-
gens by cross-reaction with antisera containing 
antigen-specifi c antibodies. These antigen- specifi c 

antibodies are raised in a model animal by the 
introduction of foreign/viral proteins into the 
bloodstream of animal. These antibodies can be 
polyclonal or monoclonal antibodies which are 
available for economically signifi cant viruses both 
at laboratories and commercially. Monoclonal 
antibodies have been extensively used for the 
detection of plant viruses such as potyviruses 
(Karyeija et al.  2000 ; Balamurlikrishnan et al. 
 2002 ; Desbiez et al.  2002 ; Ounouna et al.  2002 ; 
Villmor et al.  2003 ; Crosslin et al.  2005 ). 

7.2.1     Production of Antibodies 

 There are three major ways for the production of 
antibodies for diagnostics. 

  Polyclonal antibodies  are raised by introduc-
ing the pathogen extracts into an animal (usually 
rabbit) followed by the collection of blood after 
some time. The blood sample collected is allowed 
to clot and serum thus produced contains anti-
bodies against the protein(s) in the extract 
injected. Such antibodies are directly used from 
isolated serum or can be further used for purifi ca-
tion of IgGs (Dijkstra and DeJager  1998 ). The 
genus- and strain-specifi c antibodies enable to 
differentiate the virus at generic level as well as 
can differentiate the viruses of the same species 
at the strain level as used for  Potato virus Y  (Bhat 
et al.  1997 ),  Bean common mosaic virus  and 
 Blackeye cowpea mosaic virus  (Khan et al.  1990 ). 

 Plant viruses have been successfully detected 
using polyclonal antibodies, but their utility is 
compromised as sometimes they are cross- 
reactive, specifi city is variable across batches, 
and they are produced in limited quantities. Viral 
proteins are also expressed in bacteria to raise the 
polyclonal antibodies (Bragard et al.  2000 ; Hema 
et al.  2003 ; Fajardo et al.  2007 ; Yadav and Khan 
 2009 ). Unlike conventional method of raising 
antibodies against structural protein, bacterial 
expression system provides a chance to raise the 
antibodies against nonstructural proteins (repli-
case, HC-Pro, etc.) instead of structural protein 
(capsid or coat protein) (Riedel et al.  1998 ; 
Joseph and Savithri  1999 ; Rodoni et al.  1999 ). 

  Monoclonal antibodies  are produced by 
hybridoma technology. Antibody secreting 
plasma cells are isolated from the spleen of 
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primed animal and fused with cultured myeloma 
cells. It generates multiple hybrid cell lines called 
hybridomas. Every hybridoma produces anti-
body against an epitope of the antigen called 
monoclonal antibodies. The individual cell lines 
are propagated to harvest single monoclonal anti-
bodies. Therefore, hybridoma technology provides 
antibody more specifi c to antigen and maintains 
its unlimited supply. Major limitations of mono-
clonal antibodies are slow production, cost inef-
fectiveness and maintenance of hybridomas that 
may undergo apoptosis or fail to secrete antibody. 
However, despite its limitations, monoclonal 
antibodies are extensively used in the diagnosis 
of plant pathogens including viruses (Gonsalves 
 1979 ; Karande et al.  1998 ; Torrance  1995 ).  

7.2.2     Enzyme-Linked 
Immunosorbent Assay (ELISA) 

 ELISA is the most favourite immunodiagnostic 
method because of its simplicity, accuracy and 
low cost. It is based on the specifi city of antibod-
ies to interact with proteins, mostly the capsid 

protein of target virus. The microtitre plate is 
coated with the extract from virus-infected plant 
which is then detected with primary antibodies. 
The target virus if present in the plant sap will 
interact with primary antibodies. Before adding 
secondary antibodies, any traces of the unbound 
primary antibody are washed off. The secondary 
antibodies are already conjugated with the 
reporter molecule, commonly an enzyme, to 
enable the detection of the virus by producing the 
chromogenic product which acts on substrate. 
The quantity of the chromogenic product is deter-
mined by the spectrophotometer corresponding 
indirectly to the viral load (Clark and Adams 
 1977 ). Therefore, ELISA enables both quantita-
tive and qualitative analyses. On the basis of 
order of antigen and antibodies added in the 
detection reaction, the ELISA can be of follow-
ing types: antigen-coated (Clark et al.  1988 ; 
Cooper and Edwards  1986 ; Van Regenmortel and 
Dubs  1993 ) and sandwich ELISA (Fig.  7.1 ).

   The antigen-coated ELISA (Fig.  7.1a ) uses 
viral antigens bound to the surface of well of 
microtitre plate which can be detected directly 
using enzyme-conjugated primary antibodies 

Antigen

Antigen

a b

1. Microtitre plate’s well coated with Antigen in plant sap
2. Wash off unbound antigen

4. Wash off unbound primary antibody
5. Block with BSA

8. Add Substrate (S) that forms soluble coloured Product (P)
7. Wash off unbound secondary antibody

6. Add Enzyme (E) linked Secondary antibody
5. Block with BSA
4. Wash off unbound primary antitbody

3. Add Antigen specific Primary antibody
2. Wash off unbound antigen
1. Microtitre plate’s well coated with Antigen in plant sap

6. Add Substrate (S) that forms soluble coloured Product (P)

3. Add Enzyme (E) linked antigen specific Primary antibody

Antigen specific
Primary antibody

Enzyme conjugated
Secondary antibody

Antigen specific
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E E

E E E E E E E
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  Fig. 7.1    Antigen-coated ELISA: ( a ) Direct ELISA and ( b ) indirect ELISA       
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 followed by colour development by the addition 
of substrate; this is direct ELISA. It can also be 
done using indirect ELISA, where viral antigens 
coated on the surface of well of microtitre plate 
are initially detected by primary antibodies 
against target antigen, which is subsequently 
detected by enzyme-linked secondary antibodies 
followed by colour development by the addition 
of substrate. Secondary antibodies used are 
against the constant region of primary antibodies; 
e.g. for primary antibodies against viral antigen 
produced in rabbits, it will use enzyme-linked 
anti-rabbit IgGs raised in other mammals like 
bovine, horse and goat. 

 Another approach is sandwich or double- 
antibody sandwich (DAS)-ELISA where the 
viral antigen is sandwiched between two anti-
bodies raised against uncommon epitopes 
(Fig.  7.2a ). DAS-ELISA is highly strain-specifi c 
procedure that needs enzyme-conjugated anti-
gen-specifi c antibody for detection. Another pop-
ular method is triple-antibody sandwich 
(TAS)-ELISA similar to DAS-ELISA, except 
that an additional step is involved before adding 
enzyme-conjugated secondary antibody specifi c 
to constant region of primary antibodies 

(Fig.  7.2b ). Alkaline phosphatase and horserad-
ish peroxidase are most common enzymes used 
as the reporter molecules in enzyme-conjugated 
antibody.

   Utilizing multiple wells of the microtitre plate 
ELISA can enable testing different plant samples 
for the presence of a virus or single plant for mul-
tiple virus infections (Van den Heuvel and Peters 
 1989 ; Smith et al.  1991 ). ELISA tests are highly 
virus specifi c (Banttari and Khurana  1998 ). The 
accuracy of the test can be improved by perform-
ing the same reaction in duplicate or triplicate in 
the same microtitre plate. Such reactions can be 
performed with higher precision only if the poly-
clonal/monoclonal antibody is raised against the 
target viral protein under consideration and does 
not cross-react with host plant proteins. The pres-
ence of contaminant host protein(s) in purifi ed 
viral protein to be used for antiserum generation 
results in antibodies that are cross-reactive as 
polyclonal antiserum is able to identify the host 
as well as viral pathogen epitopes. So in such 
cross- reactions, the antibodies should be cross 
adsorbed with healthy plant sap so that antibod-
ies against the plant proteins are removed before 
using such polyclonal antisera for ELISA. 

Antigen specific
coating antibody

a b

Antigen specific
coating antibody

1. Microtitre plate’s well coated with antigen
    specific antibody

1. Microtitre plate’s well coated with antigen
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4. Wash off unbound antigen
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6. Wash off unbound Primary antibody
7. Block with BSA
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8. Wash off unbound secondary antibody
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7. Add Substrate (S) that forms soluble coloured Product (P)
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Antigen specific
Primary antibody
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  Fig. 7.2    Sandwich ELISA: ( a ) DAS ELISA and ( b ) TAS ELISA       
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 Variant of ELISA, such as voltammetric 
enzyme immunoassay, is based on the detection 
of modulation in electrical conductivity of the 
substrate, instead of chromogenic detection. It is 
more sensitive than the conventional ELISA and 
has been used for the detection of CMV (Sun 
et al.  2001 ).  

7.2.3     Phage Display 

 Phage display is a powerful technique to capture 
proteins/viral antigens that interact with phage 
surface-displayed antibody fragments. Mostly 
plant virus diagnostic assays make use of PAbs or 
MAbs. MAbs recognize single epitope of viral 
antigen and thus give less cross-reactions to dis-
criminate between viral strains (Torrance  1995 ). 
MAbs generated against conserved epitopes can 
be used to group virus isolates for epidemiologi-
cal and taxonomical studies. 

 Antibody fragments are made up of heavy and 
light chains. The antigen binding domains contain 
hyper-variable sequences that provide the speci-
fi city to the antibodies. Phage display is another 
method of producing antibodies for immunodiag-
nostic assays of plant pathogen. It uses libraries 
that express PCR-amplifi ed functional single-
chain variable fragment (scFv) or antigen binding 
fragment (Fab) of antibody molecules obtained 
from animals including human (Hoogenboom 
et al.  1991 ; McCafferty et al.  1990 ). Thus bacte-
riophage displaying functional antibody frag-
ments provides a selection system with high 
fi delity to obtain specifi c MAbs from combinato-
rial phage-antibody libraries without the use of 
laboratory animals (Clackson et al.  1991 ). 

 This technique have been utilized for optimi-
zation of immunodetection assays for phyto-
pathogens including plant viruses, such as 
 Blackcurrant reversion associated virus  (Susi 
et al.  1998 ),  Potato virus Y  (Boonham and Barker 
 1998 ),  Beet necrotic yellow vein virus  (Griep 
et al.  1999 ; Uhde et al.  2000 ),  Tomato spotted 
wilt virus  (Griep et al.  2000 ),  Rice black-streaked 
dwarf virus  (Bai et al.  2002 ) and  Banana streak 
virus  (Heng et al.  2007 ). Several antibodies raised 

against plant pathogens are used as capture and 
detection reagent in DAS-ELISA or in immuno-
fl uorescence (Fig.  7.3 ).

   This technique enables to mimic the immune 
system by display of antibody fragments on fi la-
mentous bacteriophage on the minor coat protein 
to detect/isolate low concentrations of peptides/
proteins through sequential cycles of phage 
growth and selection via binding to antibody 
(Kushwaha et al.  2013 ). For isolation of species- 
specifi c antibodies, phage display has advantages 
over PAbs/MAbs as it is a fast, cost-effective pro-
cedure with continued supply of antibodies 
(Ziegler and Torrance  2002 ).  

7.2.4     Tissue Blot Immunoassay 
(TBIA) 

 TBIA is similar to ELISA as it requires antibod-
ies raised against virus or viral antigens. Plant tis-
sue is pressed onto the nitrocellulose or nylon 
membranes to make an impression blotting paper 
which is used to detect the virus using labelled 
probes usually chemiluminescent. The main 
advantages associated with the procedure over 
ELISA include less labour intensive. Also it is a 
simple (requiring no virus extraction), rapid, sen-
sitive and inexpensive method. This enables the 
survey of thousands of plant samples in a day 
providing an option to collect the sample on blot-
ting paper in fi eld that can be processed later 
(Webster et al.  2004 ). 

 Commercial detection kits are available from 
the International Centre for Agriculture Research 
in the Dry Areas (ICARDA) for the detection of 
a variety of viruses infecting legume crops based 
on polyclonal antisera including  Chickpea chlo-
rotic stunt virus  (CpCDV),  Cucumber mosaic 
virus  (CMV),  Alfalfa mosaic virus  (AMV),  Bean 
yellow mosaic virus  (BYMV) and  Pea seed - 
borne   mosaic virus  (PSbMV) and few monoclo-
nal antibody-based kits such as for  Beet western 
yellows virus  (BWYV),  Bean leafroll virus  
(BLRV) and  Soybean dwarf virus  (SbDV) (Katul 
 1992 ; Kumari et al.  2006 ,  2008 ; Makkouk and 
Kumari  1996 ).  
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7.2.5     Quartz Crystal Microbalance 
(QCM) Immunosensors 

 The principle of QCM is that the adsorption of 
any substance on a quartz crystal surface modu-
lates its resonance oscillation frequency (Cooper 
and Singleton  2007 ; Vashisht and Vashisht  2011 ). 
This technique utilizes virus-specifi c antibodies 
coated on quartz crystal disc (0.5 in. in diameter) 

for plant virus diagnostics. Purifi ed virus or the 
crude sap from infected plant is allowed to bind 
on the immobilized antibodies. A voltage is 
applied across the disc that warps the disc slightly 
under a piezoelectric effect. Interaction of spe-
cifi c viral antigen with coated antibody leads to 
the increase in mass at surface of QCM which 
reduces the frequency of resonance oscillation. 
Change in frequency of resonance oscillation is 

PCR amplification
of repertoire antibody variable heavy (VL) and light (VL) chain

domain ecoding sequence

Cloning and expression
of VH and VL domain as scFv-coat protein (CP) fusion protein in

E. coli

Screening
of phage displaying antibodies on surface as scFv-CP fusion protein

Binding
of phage displayed antibodies to the immobilized antigen

Washing
To remove the phage lacking affinity for the antigen

Enrichment
of the phage displaying the antibodies by repeating the binding

and washing processes

Detection of viral antigens
even in low titres using the phage displaying the viral antigen

specific antibodies

  Fig. 7.3    Workfl ow of the 
phage display for the plant 
virus diagnosis       
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directly proportional to the amount of virus inter-
acted with immobilized antibody on the quartz 
crystal disc (Fig.  7.4 ).

   Therefore, it is a rapid, economic and sensitive 
method suitable for qualitative and quantitative 
detection. The fi rst report describing QCM 
method detected as little as 1 ng of  Cymbidium 
mosaic virus  and  Odontoglossum ringspot virus  
particles in crude extracts (Eun et al.  2002 ). 
 Tobacco mosaic virus  has also been detected suc-
cessfully using QCM from sap of infected plants 
(Dickert et al.  2004 ).  

7.2.6     Lateral Flow Immune Assay 
(LFIA) 

 LFIA is a rapid immunochromatographic tech-
nique applied to plant virus detection mainly for 
viruses of vegetable and fl oriculture crops (Danks 
and Barker  2000 ; Salomone and Roggero  2002 ; 
Salomone et al.  2002 ,  2004 ). 

 The major attractions associated with LFIA 
are easy to perform even by inexperienced person 
by the use of very simple device and allow infi eld 
detection of viruses generating quick results. 

 Thus, it has been used reliably to develop kits 
for plant virus diagnostics. 

 Lateral fl ow enables the mass express diagno-
sis of viral infections for virus-free plant culture 
industry or individual use requires inexpensive, 
rapid and simple technologies that make possible 
analysis without special skill and equipment even 
under fi eld conditions. The principle of LFIA is 
based on immunoreaction between virus in ques-
tion with antibodies against viral proteins and 
chromogenic colloidal substances applied on lat-
eral fl ow devices that are marketed as test strips. 
When lateral fl ow device/strip is spotted with the 
infected/symptomatic plant tissue extract/sap, the 
liquid sample fl ows through it and initiates anti-
gen-antibody interaction leading to the chemical 
reaction that is visible as chromogenic bar/line 
for test and control samples. Byzova et al. ( 2009 ) 

Capture antibodies

Capture antibodies

Enzyme linked detection antibodies

Sample/ antigen

Oscillating
Quartz plate

Oscillating
Quartz plate

Applied voltage

E E E E E

Applied voltage

Target/ sample
loading

  Fig. 7.4    QCM workfl ow showing binding of the target antigen/virus on immobilized antibodies causes a frequency 
change in the oscillation of the quartz crystal (Adapted from Grimme and Cropek  2013 )       
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developed a test strip to detect fi ve plant viruses 
simultaneously which are different in shape and 
size, namely, spherical ( Carnation mottle virus , 
 Bean mild mosaic virus ), rod shaped ( Tobacco 
mosaic virus : TMV) and fi lamentous (PVY, 
PVX) viruses. In India, CPRI has developed 
LFIA devices for the detection of fi ve potato 
viruses, viz. PVX, PVA, PVS, PVM and PVY, 
either individually or in combination of two 
viruses, viz. PVA and PVX, PVA and PVS and 
PVY and PVM. Few recent reports on plant 
viruses using LFIA include the detection of PVX 
(Drygin et al.  2011 ; Safenkova et al.  2012 ), TMV 
and CMV (Lamptey et al.  2013 ).  

7.2.7     Immunocapture Transmission 
Electron Microscopy (ICTEM) 

 ICTEM is a technique that combines the serologi-
cal specifi city and electron microscopy (Derrick 
 1973 ). It has been used for a wide variety of poly-
hedral and rod-shaped plant viruses for their 
detection by combining serological specifi city for 
morphological visualization of virus particles 
(Lima and Purcifull  1980 ; Banttari et al.  1991 ; 
Milne  1991 ; Naidu and Hughes  2001 ). ICTEM 
has been used for the detection of low titres of 
viruses in potato nucleus stocks/mericlones, etc. 
(Khurana  1990 ). The ultrathin sections in elec-
tron microscopy add high sensitivity and specifi c-
ity to morphological determination of virus 
(Khurana and Garg  1993 ). The process is based 
on the selective entrapment of virus particles 
from samples almost/completely devoid of host 
material, on grids coated with virus-specifi c anti-
bodies (Lima and Purcifull  1980 ). 

 The electron microscopy uses copper grids 
with thin-layer Parlodion that are coated with 
1000–6000-fold diluted virus-specifi c antibod-
ies. The excess of antibody is washed off and 
treated with diseased plant tissue extract for 
3–4 h at 25 °C. The grid is then washed thrice, 
stained with 1.0 % uranyl acetate in 50 % ethanol 
and dried followed by fi nal scanning in electron 
microscope (Fig.  7.5 ).

   The main advantage with the process is the 
requirement of small quantities of antibodies and 
viruses; moreover, labelling of antibodies is not 

required. It is a highly sensitive method for the 
detection and diagnosis of virions in leaf extracts 
in comparison with leaf dip method (Lima and 
Purcifull  1980 ). The additional advantages of 
using polyclonal antiserum has no interference 
with the virus particle visualization and immobi-
lization of virus particle on grids that can be used 
even later for electron microscope analysis. The 
use of an electron microscope for the analysis of 
sample makes it suitable for small-scale samples 
for confi rmation of the virus. Immunoelectron 
microscopy was found to detect twice as many 
banana streak-causing viruses from Nigeria and 
Ghana than detected through ELISA or IC-PCR 
(Agindotan et al.  2006 ).   

7.3     Restriction Fragment Length 
Polymorphism (RFLP) 

 Combinatorial use of RFLP and PCR has enabled 
the identifi cation of differences among the ampli-
fi ed virus genomes/genes by the presence or 
absence of restriction site(s) of a particular 
restriction enzyme within the amplifi ed sequence. 
Initially PCR amplifi cation is performed to yield 
amplifi ed DNA followed by digestion with 
restriction enzyme(s) and analyses of the size of 
the fragments obtained by gel electrophoresis. 
Thus, RFLP enables to differentiate the virus iso-
lates even without cloning and sequencing. This 
method accurately and effectively demonstrates 
the polymorphisms among the virus genomes/
genes. The subgroup 2 of CMV in Western 
Australian lupin crops were detected and diag-
nosed using RFLP (Wylie et al.  1993 ). 

 The RFLP has been used to distinguish the 
related viruses and viroids including diversity 
among  African streak mastreviruses  (Willment 
et al.  2001 ) and  Citrus tristeza virus  isolates using 
coat protein nucleotide sequences (Corazza et al. 
 2012 ), for the screening of potato seeds for  Potato 
virus  M (Xu et al.  2010 ) and for the detection and 
discrimination of  Pospiviroids  (Luigi et al.  2014 ). 

 RFLP followed by PCR has been used to dis-
tinguish the 18 isolates of PVY (Glais et al. 
 1996 ), for large-scale screening of potato plants 
and tubers for  Alfalfa mosaic virus  (Xu and Nie 
 2006 ), to distinguish different strains of  Soybean 
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mosaic virus  (Kim et al.  2004 ), for the detection 
and discrimination of  Melon necrotic spot virus  
(MNSV) (Kubo et al.  2005 ) and for the identifi -
cation and distinction of two strains of  Grape fan 
leaf virus  (GFLV) in Tunisia based on coat pro-
tein region (Fattouch et al.  2005 ) and viroids 
infecting pome fruits (Hadidi and Yang  1990 ).  

7.4     Thermostable Amplifi cation- 
Based Methods 

 PCRs and reverse transcriptase polymerase chain 
reactions (RT-PCRs) are the most popular ther-
mostable amplifi cation-based techniques for the 

detection and diagnosis of DNA and RNA plant 
viruses, respectively (Fig.  7.6 ).

   These procedures are highly sensitive in com-
parison with serological methods and suitable for 
routine detection of plant viruses and hence have 
been widely applied for molecular detection. 
These methods are effi cient in specifi c detection 
of the virus through sequence-specifi c primers, so 
availability of sequence information is a prerequi-
site. Also, with the growing number of sequence 
information available in the database, access to 
the viral genome sequences is now easy and can 
be utilized for designing the viral species or 
strain-specifi c primers (Chen and Adams  2001 ; 
Gibbs and Mackenzie  1997 ; Langeveld et al. 

Treatment fo parlodion coated Copper electron microscope
grid (Cu EM grid) with virus specific antibodies

Selective binding or trapping of virus from infected plant
extract on antibodies treated Cu EM grid

Three times washing of Cu EM grid

Staining of virus particles with 1% Uranyl acetate in 50%
Ethanol

Stained sample on grid is dried

EM observation of grid

  Fig. 7.5    Workfl ow of ICTEM        
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 1991 ; Zheng et al.  2010 ). Being a highly sensitive 
technique, it essentially requires positive or nega-
tive controls to avoid false negatives or positives. 
PCRs are simpler and effective than ELISA as it is 
easy to design and synthesize new primers than 
the production of novel antibodies. Moreover 
PCR products if required can be cloned into suit-
able cloning vector and sequenced. Certainly 
these methods have stringent polymerization con-
ditions and are performed at higher temperatures 
which utilize thermostable polymerase like  Taq  
DNA polymerase from  Thermus aquaticus . A 
variety of alternatives to  Taq  DNA polymerases 
are now available; the advantages related to them 
include  Thermococcus litoralis  ( Til ) polymerase 
with high fi delity than  Taq  polymerase,  Thermus 
thermophilus  ( Tth ) polymerase having  DNA-/
RNA- dependent DNA polymerization activity 
and  Sulfolobus acidocaldarius  ( Sac ) DNA poly-
merase have being identifi ed to be highly thermo-
stable than  Taq . 

 The prerequisite for the optimization and 
development of any PCR-based diagnostic assay 
is to identify the DNA sequences for designing of 
primers enabling effi cient and specifi c detection 

of the target pathogen. Virus genomes are rela-
tively small; therefore a number of viral genomes 
have been completely sequenced and submitted 
to nucleotide databases. Coat protein gene is a 
highly preferred target sequence for virus diag-
nostics. However, other regions of virus genome 
have also been used for diagnostics providing 
signifi cant sequence data from related viruses on 
the same region available on the database. RNA 
virus assay involves additional step to convert 
genomic RNA to cDNA before PCR for detec-
tion. Nucleic acid-based diagnosis uses two 
approaches: the fi rst approach is based on target-
ing of known gene sequences in target and non-
target viruses followed by the identifi cation of 
unique regions to design primers, while the sec-
ond approach is based on the use of randomly 
selected DNA fragments. PCR-based diagnostic 
methods have certain limitations. They require 
prior sequence information of target viruses to 
design primers and a thermocycler. Intelligent 
primer designing is critical for the successful 
detection of single or multiple strains of a genus. 
Table  7.2  summarizes the list of plant viruses and 
viroids identifi ed by PCR.

 3’
3’ dsDNA template

1
st

Cycle 1
st

Cycle

2
nd

Cycle 2
nd

Cycle

Double stranded cDNA template

Denaturation

RNA template

1. Reverse transcription by Reverse transcriptase
2. Second strand cDNA synthesis

Reverse transcription

Denaturation

Primer annealing Primer annealing

Primer extension

Primer extension

Primer extension

Primer extension

Primer annealing Primer annealing

Denaturation Denaturation

Denaturation Denaturation

Repeated up to 20-35 cycles Repeated up to 20-35 cycles

5’
5’ 3’

3’

3’5’

5’

5’

  Fig. 7.6    Diagrammatic representation of ( a ) PCR and ( b ) RT-PCR       
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   Table 7.2    Short list of common viruses and viroids detected by PCR   

 Organism/agent  Hosts 
 Target sequence/sample 
treatment  Comments 

  Viroids  

 Hop stunt  Hops  Viroid sequence; total 
nucleic acid extracted from 
infected host tissue 

 Amplifi cation and 
sequencing of viroid cDNA 

 Apple scar skin 
 Dapple apple 
 Pear rusty skin 

 Pome fruits  Viroid sequence; total 
nucleic acid extracted from 
infected host tissue 

 Amplifi cation of viroid 
cDNA 

 Citrus exocortis 
 Cachexia 
 Citrus viroid IIa 

 Citrus  Viroid sequence; total 
nucleic acid extracted from 
infected host tissue 

 Amplifi cation of viroid 
cDNA 

  Viruses  

  Caulifl ower mosaic virus  
(CaMV) 

 Cabbage  CaMV sequence; DNA 
extracted from single aphids 
fed on infected plant tissue 

 Detection of viral DNA in a 
single aphid;  Caulimovirus  

  Bean golden mosaic virus  
(BGMV) 

 Bean  BGMV sequence; DNA 
extracted from infected 
bean 

 Detection and sequencing of 
viral DNAs;  Geminivirus  

  Cucumber mosaic virus  
(CMV) 

 Cucumber  CMV sequence; total 
nucleic acid from infected 
cucumber 

 Sequence amplifi ed with  Taq  
polymerase;  Cucumovirus  

  Tomato ringspot virus  
(ToRSV) 

 Cucumber  ToRSV sequence; total 
nucleic acid from infected 
cucumber 

 Sequence amplifi ed with  Taq  
polymerase;  Nepovirus  

  Tobacco mosaic virus  
(TMV) 

 Tobacco  Transport protein gene 
sequence; RNA extracted 
from infected leaf tissue 

 Sequence amplifi ed with  Tth  
polymerase;  Tobamovirus  

 Luteoviruses  Cereals, sugar beet, 
potato 

 Conserved luteovirus 
sequences; total plant 
nucleic acid extracts 

 Detection of viral cDNA of 
barley yellow dwarf, beet 
western yellows and potato 
leaf roll luteoviruses 
 Differentiation by RFLP 
analysis 

  Bean yellow mosaic virus  
(BYMV) 

 Gladiolus  BYMV-specifi c sequences; 
total plant nucleic acid 
extracts 

 Detection of viral cDNA in 
leaves and corns;  Potyvirus  

  Pea seed-borne mosaic 
virus  (PSbMV) 

 Pea  PSbMV-specifi c sequences; 
total plant nucleic acid 
extracts 

 Detection of viral cDNA; 
 Potyvirus  

  Plum pox virus  (PPV)  Pome fruit  PPV-specifi c sequences; 
total plant nucleic acid 
extracts 

 Detection of viral cDNA 
using biotin label in PCR 
reaction;  Potyvirus  

 Potyviruses  Various  Conserved potyvirus 
sequences; extracts from 
purifi ed virus or total plant 
nucleic acid extracts 

 Detection of viral cDNA, 
used degenerated primers 

  Cherry leafroll virus  
(CLRV) 

 Walnut  CLRV-specifi c sequences; 
crude tissue extract 

 Detection of viral cDNA; 
sample not treated with 
phenol or protease; 
 Nepovirus  

  Modifi ed after Henson and Roy ( 1993 )  
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7.4.1       PCR and RT-PCR 

 The major breakthrough in detection, discovery 
and characterization of viruses was with the dis-
covery and use of PCR (Mullis et al.  1986 ; Mullis 
and Faloona  1987 ). It has been successfully used 
to characterize viruses, utilizing sequence infor-
mation available for the viruses of related genera 
or families (Chen and Adams  2001 ; Yadav and 
Khan  2008 ). It is a highly sensitive and specifi c 
diagnostic procedure for the detection of virus 
that relies on the presence of unique sequences in 
the virus genome (Bartlett  2003 ; Waterhouse and 
Chu  1995 ). In viruses containing RNA as the 
genome, a fi rst-strand cDNA is synthesized with 
the help of reverse transcriptase (RT) enzyme, 
which in turn can be used a template for in vitro 
amplifi cation using heat-stable polymerase 
enzyme. The PCR and RT-PCR have been widely 
employed successfully for the discovery and 
characterization of plant viruses. For the broad 
detection of virus infections in the plant samples, 
group-specifi c degenerate primers are utilized 
(Martin et al.  2000 ; Zheng et al.  2010 ). The 
degenerate primers are designed to target the 
conserved sites in the known sequences of viral 
genera. The conserved blocks or sites in the 
sequences are found by comparing the available 
sequences of related genera or families through 
the bioinformatics. Degenerate primers targeting 
the conserved sites in the genome of potyviruses, 
geminiviruses, closteroviruses, badnaviruses, 
etc., have been widely used for the initial screen-
ing and characterization of new variants or spe-
cies infecting diverse crop species (Anderson 
et al.  2004 ; Baranwal et al.  2010 ; Yang et al. 
 2003 ). The amplifi cation of specifi c portion of 
the viral genome obtained in PCR or RT-PCR 
needs to be sequenced to confi rm its exact iden-
tity. The most commonly used sequencing strat-
egy has been the capillary electrophoresis-based 
Sanger’s dideoxy chemistry. 

 Multiple variations of the basic technique 
have been designed to improve the sensitivity and 
specifi city with facilitated automation for the 
detection of plant viruses (Waterhouse and Chu 
 1995 ).  

7.4.2     Multiplex PCR/RT-PCR 

 Multiplex PCR procedures, invented by 
Chamberlain et al. ( 1988 ), had revolutionized the 
PCR-based molecular detection of plant viruses. 
Such procedures were developed for convenient 
and sensitive detection of several DNA/RNA 
viruses, in one reaction/tube simultaneously 
(Rosenfi eld and Jaykus  1999 ; Nassuth et al. 
 2000 ; James  1999 ). The technique is very useful 
where plant viruses exist as multiple or mixed 
infection in the same host. Multiplex PCR 
involves the use of many sets of oligonucleotides 
targeting the genomic regions of multiple viruses 
(within the same genus, strains of the same spe-
cies or viruses from taxonomically different 
groups) in one PCR amplifi cation reaction mix-
ture. Primers are designed in such a way that 
amplifi cation can be carried out at the same 
annealing temperature and do not have comple-
mentarity with other primers. The PCR products 
of different sizes from various targets ensure easy 
analysis of amplicons by agarose gel electropho-
resis. The multiplex PCR thus has advantages of 
saving reagents against individual PCR, conve-
nient, rapid and cost-effective. This technique has 
been applied for the detection of a varied range of 
plant viruses (Deb and Anderson  2008 ; Nie and 
Singh  2000 ; Roy et al.  2005 ). 

 Thus, multiple species or strains of multiple 
viruses from different plant samples are detected 
in a single tube by adding the specifi c primers. 
Multiplex PCR is of great utility in plant virology 
as different RNA viruses are known to infect a 
single host and thus need sensitive detection 
methods of such viruses to raise virus-free 
propagules. 

 While performing the multiplex PCR, one 
must keep in mind that the amplifi ed targets 
should be of different lengths/sizes also different 
primer pairs used should neither share any com-
plementarity nor cross-reactivity/specifi city. 

 Ito et al. ( 2002 ) have reported the multiplex 
RT-PCR assay for screening of diseased citrus for 
the detection of six citrus viroids and  Apple stem 
grooving virus  (ASGV) or  Citrus tatter leaf virus  
(CTLV). Also it has been used for simultaneous 
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detection of fi ve different viruses from diseased 
tobacco plants (Dai et al.  2012 ). It has also been 
successfully used for the one-step-one-tube 
detection of four viroid genera,  viz. Apscaviroid , 
 Pelamoviroid ,  Pospiviroid  and  Hostuviroid  
(Ragozzino et al.  2004 ), as well as for ascertain-
ing the presence of eight viruses in suspected 
stone fruit trees (Sanchez-Navarro et al.  2005 ) 
and their effective amplifi cation through the mul-
tiplex PCR has been reported. Recently, Kwon 
et al. ( 2014 ) using dual priming primer sets 
developed two multiplex PCR systems for the 
simultaneous detection of seven different viruses 
in cucurbits. The fi rst system effi ciently enabled 
to detect  Papaya ringspot virus ,  Watermelon 
mosaic virus  and  Zucchini yellow mosaic virus  
whereas the other one was to detect  Cucumber 
green mottle mosaic virus ,  Cucumber fruit mottle 
mosaic virus ,  Kyuri green mottle mosaic virus  
and  Zucchini green mottle mosaic virus . The use 
of multiple primer sets designed against various 
target sequences in the same reaction saves time 
and reduces running cost of the optimized multi-
plex PCR assays (Bertolini et al.  2001 ; Walsh 
et al.  2001 ).  

7.4.3     Immunocapture PCR (IC-PCR) 

 This variant of PCR combines advantages of 
serology to capture virus particles by antibodies 

and PCR to target a molecule using specifi c prim-
ers (Fig.  7.7 ). The process begins with the adsorp-
tion of the virus on antibody-coated microtitre 
plate or microfuge tube which is then removed by 
heating in the presence of Triton X-100, a non-
ionic surfactant, followed by amplifi cation of 
nucleic acid using RT-PCR. Capturing of viruses 
by antibody helps to purify the virions from the 
plant sample even when the titre of virus is low or 
when nucleic acids extracted have certain inhibi-
tor compounds that hamper PCR.

   This procedure is of signifi cance for the diag-
nosis of plant viruses with very low concentra-
tion utilizing the sensitivity and accuracy of both 
immunological and molecular approaches. The 
virion particles trapped in tubes using the specifi c 
antisera are used for PCR amplifi cation as tem-
plate, providing a sensitive tool for the detection 
of plant viruses having low titre in diseased host 
or even the viral genomes integrated with genome 
of the host (LeProvost et al.  2006 ). 

 IC-PCR has been used for its high sensitivity 
and specifi c detection of PPV in plum tree saps 
(Wetzel et al.  1992 ) and  Sugarcane streak mosaic 
virus  from sugarcane sap (Hema et al.  2003 ). 
Harper et al. ( 1999a ) reported the effi cient detec-
tion of the episomal  Banana streak virus , known 
to have its genome present naturally within the 
genome of banana through IC-PCR, which 
 otherwise results in higher false positives upon 
 conventional PCR. The IC-PCR has been 
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  Fig. 7.7    Schematic representation of IC-PCR and IP-PCR       
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 successfully used to validate the presence of 
many viruses, viz.  Pepper mild mottle virus  
(PMMV), BYMV, CLRV, CMV, CTV, GFLV, 
PLRV and TSWV along with CMV satellite 
RNA (Narayanasamy  2011 ). 

 Thus, IC-PCR involving virus immobilization 
by antibody has been used for the identifi cation 
and molecular characterization of plant viruses of 
various families and genera to assign appropriate 
taxonomic position. The major advantage of this 
highly specifi c technique includes no encounter 
with problems associated with RNA extraction 
through the combination of serological effi cacy 
and nucleic acid amplifi cation of many viruses, 
viz. PVY, tobamoviruses, etc. (Jacobi et al.  1998 ; 
Mulholland  2009 ; Gawande et al.  2011 ).  

7.4.4     Immuno-precipitation PCR 
(IP-PCR) 

 IP-PCR is the modifi cation of PCR technology 
involving the precipitation of virus particles via 
antibodies (Fig.  7.7 ). Like IC-PCR, it has been 
used for the identifi cation and molecular charac-
terization of plant viruses of various families and 
genera enabling to taxonomic positioning (Lima 
et al.  2011 ). The major advantage of this tech-
nique is its specifi city and no requirement of 
RNA extraction. So it possesses the advantage of 
serological specifi city and PCR amplifi cation, 
making it a quick and specifi c detection method 
(Fig.  7.8 ).

   The process begins with the precipitation of 
the virus particles by polyclonal antibodies fol-
lowed by RNA extraction, and fi rst-strand cDNA 
is synthesized and amplifi ed by PCR. IP-PCR 
reduces the co-contamination of plant RNAs. 
This technique is based on partial virus purifi ca-
tion by immuno-precipitation; thus it is espe-
cially signifi cant for effi cient detection of viruses 
present in low or variable titres in plant species 
containing PCR amplifi cation inhibitors. It has 
remarkably contributed in the detection of vari-
ous plant viruses. IP-PCR has been used to detect 
 Papaya lethal yellowing virus  (PLYV) in 10,000- 
fold diluted tissue extracts of the diseased plants 
without amplifying host cDNA from healthy 

plant extracts (Lima et al.  2012 ). IP-PCR because 
of its sensitivity and specifi city has been used 
effi ciently to detect the fi ve virus species of dif-
ferent families, viz. Bromoviridae, Comoviridae, 
Potyviridae and Sobemoviridae (Lima et al. 
 2011 ).  

7.4.5     Nested PCR 

 It is a modifi cation of PCR that reduces non- 
specifi c amplifi cation of products due to the addi-
tional primer binding sites and is completed by 
performing two PCR reactions using two sets of 
primer pairs. The fi rst reaction is usually carried 
out with external primers pair to increase the con-
centration of target sequence which in turn acts 
as a template in the second PCR reaction. The 
external primers are mostly degenerate primers 
with low specifi city. The second step PCR reac-
tion is set up using an aliquot of the amplifi cation 
product from the fi rst round and the internal 
primers which necessarily anneal at a target 
sequence internal/within the fi rst-round amplicon 
(Fig.  7.9 ). Hence, it has been reported for the suc-
cessful detection of species belonging to  Vitivirus  
and  Foveavirus  in grapevines using nested PCR 
(Dovas and Katis  2003 ). 

 Therefore, this approach is profound particu-
larly for the infections where the viral load/titre is 
very low; also it is capable of increasing the tar-
get DNA molecule as well as results in dilution of 
inhibitors of DNA polymerase that are hard to 
remove from plant extract with nucleic acid puri-
fi cation (Fig.  7.9 ).

7.4.6        Multiplex Nested PCR 

 It is a single-tube reaction optimized for the sen-
sitive and parallel detection of few viruses (such 
as CMV, CLRV, SLRSV, ArMV) and bacterium 
from diseased olive plant samples using 20 
sequence-specifi c primers compatible with the 
target sequence (Bertolini et al.  2003 ). This 
method combines in a tube the sensitivity and 
accuracy of nested PCR with the advantage of 
simultaneous detection of multiple targets of 
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multiplex RT-PCR, thus making it a powerful 
tool to detect multiple viruses, bacteria and phy-
toplasmas (Biswas et al.  2013 ) simultaneously 
from angiosperms in one tube. 

 This is a cost-effective and time-saving 
method which works in a single tube but requires 
critically designed accurate internal and external 
primers. These external and internal primers used 
in multiplex PCR should not interfere with the 

Grind infected plant tissue
0.5 g in 1 ml Carbonate buffer (pH 9.6) containing 0.007 M of sodium

diethyldithiocarbamate

Extract is obtained
by filtering the homogenate through triple cheese cloth

Mixing of extract & PAbs
0.5 ml extract mixed with equal volume of polyclonal antiserum [1:500
(v/v) in PBS-Tween 20 containing 0.5M PVP, 0.2% BSA, 0.03 sodium

azide, 0.17% of sodium diethyldithiocarbamate]

Incubation
at 37°C for 3 hrs OR at 4°C overnight

Centrifugation
at 5,000 x g for 10 min, 4°C

RNA extraction
disruption of precipitated virus particle to extract RNA

(eg. Trizol reagent)

Reverse transcription & PCR

  Fig. 7.8    Schematic representation of IP-PCR method       
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amplifi cation process. Once the fi rst round of 
amplifi cation is completed with external sets of 
primers, the second round of the PCR is per-
formed using internal sets of primers and ampli-
con of the fi rst round of PCR as template to have 
nested multiplex amplifi cation. Relatively higher 
concentrations of internal primers in the second 
round of PCR performed with an aliquot of the 
fi rst round amplicon as template have nearly neg-
ligible concentrations of external primers, hence 
enabling the minimum interference in progress of 
nested multiplex PCR. The nested multiplex 
impart about 100 times more sensitivity and 
accuracy than routine multiplex-PCR/-RT-PCR 
used for the diagnosis of plant viruses. This 
approach enables the discrimination of different 
amplicons of even the same size representing 
various targets, when integrated with colorimet-
ric detection.  

7.4.7     Real-Time PCR (qPCR) 

 Quantitative PCR (qPCR) is an improved and 
highly sensitive protocol over standard PCR 
which is used to detect as well as quantify spe-
cifi c targeted DNA or RNA or cDNA molecule. 

 The principle underlying qPCR is that the 
time taken by the reaction to enter exponential 
phase of amplifi cation is directly proportional to 
the quantity target DNA in question. It avoids the 
need for agarose gel electrophoresis after com-
pletion of reaction as amplifi ed products pro-
duced at each cycle are detected and measured by 
a built-in fl uorimeter. It involves the use of fl uo-
rescent dyes like SYBR Green that binds to any 
dsDNA, thus a simple and cheap way to quantify 
amplifi cation. The major drawback with the 
SYBR Green is its incapability to discriminate 
between specifi c and non-specifi c dsDNA; 

1st Round of PCR reaction

Template DNA

Primer 1

Primer 1’

Primer 2’

Primer 2

1. Denaturation

Amplicon of 1st
 round

Template DNA of 2nd

round PCR

5. External Primer annealing

2. External Primer annealing

1. Denaturation
2. Internal Primer annealing

3. Extension/Polymerization

3. Extension/Polymerization

6. Extension/Polymerization
7. Afterfew cycles of Denaturation, Annealing &
Extensions

6. Extension/polymerization
7. Afterfew cycles of Denaturation, Annealing &
Extensions

Pool of amplicons
concentrating on
taget sequence
directed by
External Primers
1 & 1’

Pool of target
amplicons
concentrating on
templtae DNA as
directed by Internal
Primers 2 & 2’

Newly synthesized strand

Newly synthesized strand

4. Denaturation

5. External Primer annealing
4. Denaturation

2ndRound of PCR reaction

  Fig. 7.9    Schematic representation of nested PCR       
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 therefore non-specifi c amplifi cations and primer- 
dimers also produce signals. This can be 
overcome by another approach based on the use 
of sequence-specifi c fl uorescent DNA probes 
like TaqMan DNA probes (Livak et al.  1995 ). 
The use of TaqMan DNA probes (Fig.  7.10b ) 
reduces signals due to non-specifi c primer bind-
ing at target DNA or primer-dimer formation. It 
helps to detect only the specifi c amplifi cations in 
the reaction mixture even at early stage without 
requiring completion of reaction for observing 
and confi rming amplifi cation of precise region 
(Wittwer et al.  1997 ).

   This approach uses two primers fl anking tar-
get sequence and a fl uorescent-tagged probe 
annealing within the target sequence being ampli-
fi ed. These probes contain fl uorescent dyes, viz. a 
reporter dye and a quencher dye at 5΄-end and 
3΄-end, respectively, reducing net fl uorescence 
produced. While annealing of PCR cycle when 
fl uorescent probes bind within the target sequence 
being amplifi ed, the reporter dye is removed by 

5′-exonuclease action of DNA polymerase. 
Hence, quencher and reporter dyes are separated, 
resulting in increased fl uorescent signals propor-
tional to quantity of product amplifi ed. 
Additionally, few other fl uorescent-tagged probes 
and primers that utilize reporter and quencher 
dyes include Molecular Beacons (Fig.  7.10a ) 
(Mackay et al.  2002 ; Tyagi and Kramer  1996 ) 
and Scorpions (Thelwell et al.  2000 ). 

 The cycle threshold (C t ) is determined for all 
test samples, showing cycle number where statis-
tically notable raised fl uorescence was recorded. 
C t  value is inversely proportional to the target 
DNA amplifi ed. The standard curve is generated 
for the C t  values of amplifi ed reference DNA to 
compare with the concentration of unknown 
amplifi ed sample DNA that allows its quantifi ca-
tion. The qPCR machines have inbuilt software 
that enable quick analyses of data generated. 

 Real-time PCR is increasing its applications 
in plant virus diagnostics with many reported 
assays to detect viruses and viroids (Schaad et al. 

5’

5’

5’

5’

5’

5’

3’

3’

3’

3’

3’

3’

5’3’
Template DNA with
target sequence

Primer
Primer

DNA Polymerase
DNA Polymerase

Fluorophore (Reporter)

Fluorophore (Reporter)

Fluorescence of Reporter

Fluorescence of Reporter

Quencher

Quencher

Primer and Beacon annealing to target
sequences on ssDNA template

Primer extension and probe degradation
by 5’-3’ exonuclease activity of
Polymerase removing fluorophore (R)

Primer extension and probe degradation
by 5’-3’ exonuclease activity of
Polymerase removing fluorophore (R)

Primer and Probe annealing to target
sequences on ssDNA template

Taqman Probe

Taqman Probe

Molecular Beacon

Q

Q

Q

Q

Q

Q

R

R

R

R

R

R

Molecular Beacon

Template DNA with
target sequence

+ +

+ +

+ +

a b 

  Fig. 7.10    Diagrammatic representation of ( a ) molecular beacons and ( b ) TaqMan probes in qPCR       
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 2002 ; Boonham et al.  2004 ; Mumford et al.  2000 ; 
Schaad and Frederick  2002 ). TaqMan assay has 
been used to detect  Potato spindle tuber viroid  
with ~1000 times more sensitivity than chemilu-
minescent assays (Boonham et al.  2004 ). This 
technique has been utilized for the successful 
screening of the virulent vectors and thrips for 
the presence of TSWV (Boonham et al.  2002 ) 
and has been effi ciently contributed in the detec-
tion, quantitation and discrimination of  Wheat 
yellow mosaic virus  (WYMV) in wheat plants 
(Liu et al.  2013 ). The qPCR is fi nding its wide 
employability for quantitative detection of virus 
load and transcript level in diagnostics and gene 
expression studies, respectively. Other than diag-
nostics, it has also been used to analyse the con-
sequences of viral infection on host gene 
expression by quantifying mRNAs and miRNAs 
in host plants.  

7.4.8     Multiplex Real-Time PCR 

 This technique allows the simultaneous detection 
of multiple target sequences by the use of labelled 
probes designed for one target region in addition 
to the primer pair. The important feature of the 
labelling of probe is that the excitation/emission 
wavelength should not overlap with other fl uoro-
phores used in the same multiplex reaction as 
reporter dye. The major advantage of multiplex 
real-time PCR is that it can precisely detect and 
quantify multiple putative viruses in a sample. It 
is extensively used to determine the viral load(s) 
and single-nucleotide polymorphism (SNP) in 
plant viruses. It has been reported for the suc-
cessful detection and differentiation of the immu-
nologically cross-reactive  Chrysanthemum stem 
necrosis virus  and the closely related 
TSWV. Multiplex PCRs have been developed for 
the identifi cation of multiple organisms and for 
identifying resistance- and virulence- specifi c 
sequences simultaneously. Simultaneous detec-
tion of multiple infections in plants is mainly 
possible by the use of degenerate primers having 
broad-spectrum specifi city for the group or fam-
ily of viruses. It has been used for the detection of 
 Tobacco rattle virus  and  Potato mop top virus  

(Mumford et al.  2000 ). The major limitation of 
conventional multiplex PCR is the resolution of 
amplifi cation products which can be dealt with 
unique fl uorescent tagging of different probes 
(Mumford et al.  2000 ). This procedure has been 
used for the detection of two orchid viruses (Eun 
et al.  2000 ) and six viruses from olive trees 
(Bertolini et al.  2001 ). It has the ability to dis-
criminate between severe and mild strains of 
CTV using unique oligonucleotide probes each 
for severe and mild isolates (Ruiz-Ruiz et al. 
 2009 ). Saponaria et al. ( 2013 ) have reported the 
use of multiplex qPCR assays for high- throughput 
and simultaneous detection of few important 
invasive citrus pathogens, namely,  Candidatus  
Liberibacter asiaticus ( C Las), CTV genotypes 
(VT and T3),  Hop stunt viroid  (HSVd) and  Citrus 
exocortis viroid  (CEVd).   

7.5     Isothermal Amplifi cation 
Methods 

 Isothermal amplifi cation methods depend on the 
nonthermal separation or melting of the double 
strands of DNA. Such methods are similar to the 
conventional PCRs which also aim to amplify the 
target DNA using sequence-specifi c primers to 
carry out extensions with the DNA polymerase or 
in limited cases by RNA polymerase. Thus iso-
thermal amplifi cations have primer binding to the 
target DNA without following thermal cycling or 
repeated denaturation and annealing steps. 

 Different procedures for nonthermal denatur-
ation and annealing of template sequences and 
primer include transcription, strand displacement 
of circular DNA, nicking or partial degradation 
of primer extension products to allow extension 
or further priming and formation of secondary 
structure in single-stranded primer binding sites. 
These methods are being carried out at single 
temperature instead of thermal cycling and hence 
are cost-effective and require less power- 
consuming equipment. Being cheaper and sim-
pler to perform, they can be easily used for fi eld 
detection of viruses (Boonham et al.  2014 ). 
Table  7.3  summarizes the comparison of differ-
ent isothermal methods.
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   Table 7.3    Comparison of several methods of isothermal amplifi cation   

 HDA  RPA  NASBA  LAMP  RCA 

 Reaction 
temperature 

 65 °C  37–42 °C  41 °C  60–65 °C  30 °C 

 Enzymatic 
denaturation 

 Yes; helicase  Yes; recombinase  No  No  No 

 Thermal 
denaturation 

 No  No  Initial thermal 
denaturation required 

 No  No 

 Primers used  Sequence 
specifi c 

 Sequence specifi c  A pair of target 
specifi c primer with 
T7 promoter sequence 

 3–4 pairs; 
including external 
and internal loop 
primers 

 Exo-resistant 
random 
hexamers 

 DNA 
polymerase 
used/source 

 Exo −  
Klenow 
Fragment of 
DNA 
polymerase 
I; Bst DNA 
polymerase 

 Bsu DNA 
polymerase I 
(large 
fragment)/ Bacillus 
subtilis  

 By simultaneous 
action of Avian 
myeloblastosis virus 
reverse transcriptase 
(AMV-RT), T7 
DNA-dependent RNA 
polymerase (DdRp), 
RNaseH 

 Bst DNA 
pol./ Bacillus 
stearothermophilus  

  phi29  
polymerase/
Bacteriophage φ 

 Reaction time  30–60 min  30 min or less  90 min  16–60 min  1 h 

 True isothermal 
process 

 Yes  Yes  No  Yes  Yes 

7.5.1       Helicase-Dependent 
Amplifi cation (HDA) 

 HDA is the isothermal amplifi cation method that 
relies on the enzymatic duplex strand denatur-
ation via helicase (Fig.  7.11 ).

   The helicase-dependent separation of the 
DNA strands allows binding of primers followed 
by amplifi cation by DNA polymerase at 
~65 °C. The HDA reaction completes in 
30–90 min. This method is convenient for diag-
nostics as it is better used for the amplifi cation of 
short target DNA amplicons of ca. 70–120 bp 
(Vincent et al.  2004 ). The whole process of HDA 
is carried out at a single temperature. Reverse 
transcriptase-helicase-dependent amplifi cation 
(RT-HDA) has been used for accurate, sensitive 
and early detection of  High plains virus  (HPV) 
damaging wheat crop at early developmental 
stages (Arif et al.  2014 ).  

7.5.2     Recombinase Polymerase 
Amplifi cation (RPA) 

 RPA methodology is based on enzymatic or non-
thermal denaturation by the use of recombinase 
that forms primer-recombinase complex for the 
initiation of amplifi cation (Fig.  7.12 ).

   This method amplifi es the target DNA by the 
use of recombinase, DNA polymerase and SSB 
proteins. It works with the complex of nucleopro-
tein and primers where recombinase scans dsDNA 
to facilitate primer binding to target sequence and 
displaces non-template strand which is stabilized 
by SSB proteins. The recombinase then dissoci-
ates from 3′-end of the primer and makes it acces-
sible to DNA polymerase. This process leads to 
exponential amplifi cation of the target sequence 
by cyclic replication. Usually this does not require 
initial denaturation step. But for better results, 
manual tube agitation for at least for 5 min is 
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Helicase unwinds the dsDNA in
presence of SSB & accessory
proteins

Helicase

ssB protein

Primer annealing to ssDNA
Primer

Primer

5’

5’

5’

5’
3’

3’

3’

3’

Polymerase

Primer extension by DNA
polymerase and amplification
of one duplex into two
duplexes

dsDNA are separated by
helicase and chain reaction is
repeated

  Fig. 7.11    Schematic representation of HDA (Adapted from Vincent et al. ( 2004 ))       

 preferred after amplifi cation. The reaction tem-
perature for the RPA usually ranges from 37°C to 
42 °C and thus eliminates the need of high power-
consuming instruments for thermal denaturation 
and incubation. At the same time, such low reac-
tion temperatures may result in non-specifi c 

amplifi cation in comparison with the isothermal 
amplifi cation methods using relatively high reac-
tion temperature. The major advantage associated 
with RPA is short reaction time of 30 min or less. 
Zhang et al. ( 2014 ) used RPA for the rapid detec-
tion of PPV in  Prunus  plants.  
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7.5.3     Nucleic Acid Sequence-Based 
Amplifi cation (NASBA) 

 In this method, RNA is isothermally amplifi ed on 
the principles of transcription (Compton  1991 ). 
Primers are modifi ed in a way that they can incor-
porate T7 RNA polymerase promoter sequence 
in the dsDNA intermediate. It makes the  promoter 
functional and transcription reaction of the 
ssRNA product is performed at 41 °C (Fig.  7.13 ).

   Olmos et al. ( 2007 ) used NASBA to detect 
 Plum pox virus . 

 The modifi cation of this approach using 
molecular beacons called AmpliDet is reported 
to detect various phytopathogens including 
ASPV (Klerks et al.  2001 ), PVY and  Arabis 
mosaic virus  (ArMV) (Szemes and Schoen  2003 ) 
and  Strawberry vein banding virus  (Vaskov et al. 
 2004 ). The AmpliDet is based on real-time mea-
surement of fl uorescence representing the 

Primer-recombinase complex scanning
template strand for homologous site.

Recombinase

Primer

After recombination SSB protein bind
to exchanged strand

SSB proteins

Primers are then extended by
polymerase by strand displacement

dsDNA then enters into next round of RPA

Primer

DNA polymerase

3’

5’

5’

5’

5’

3’

3’

3’

  Fig. 7.12    Schematic representation of RPA (After Piepenburg et al. ( 2006 ))       

 

7 Plant Virus Detection and Diagnosis: Progress and Challenges



120

 hybridization of the single-stranded target ampli-
con with the probes or beacon but requires 
 specialized machine for monitoring. This method 
requires the initial denaturation of the template 
DNA for annealing of the primer followed by the 
addition of the non-thermostable polymerase and 
thus is not truly isothermal. The use of probe or 
molecular beacon makes it a very sensitive 
method for detection, but it has long reaction 
time of at least 90 min.  

7.5.4     Loop-Mediated Isothermal 
Amplifi cation (LAMP) 

 PCR and RT-PCR-based approaches have certain 
limitations, viz. the requirement of thermal 
cycler, low specifi city and amplifi cation effi -
ciency in some instances. Therefore, LAMP is 
being developed that can amplify very low copies 
of target DNA in a very short time. It is rapid, 
highly sensitive and accurate. In a LAMP reac-

RNA template

T7 promoter sequence
Antisense
primer

Reverse transcriptase

cDNA (antisense) synthesis from RNA
template using Reverse transcriptase and
Antisense primers with T7 promoter
sequence

Degradation of RNA strand by RNase H

RNase H

Antisense cDNA

Synthesis of sense cDNA with sense
primers

Sense cDNASense Primer
T7 RNA Polymerase

Binding of T7 RNA polymerase to T7
promoter to synthesize antisense RNA

Sense cDNA synthesis from antisense RNA
using Sense primers
Degradation of antisense RNA strand by
RNase H

Chain reaction repeated
with sense cDNA to form
antisense RNA ca. 75x

1. 

2. 

3. 

4. 

5. 

6. 

Antisense RNA

  Fig. 7.13    Schematic representation of NASBA (Adapted from Compton ( 1991 )       
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tion, four primer pairs complementary to six 
 specifi c regions in template DNA are used along 
with  Bst  DNA polymerase possessing high 
strand-displacement activity (Notomi et al  2000 ). 
The reaction is carried out at 65 °C without 
requiring repeated denaturation and is completed 
in 16–60 min. LAMP uses three pair of primers, 
i.e. internal, external and loop primers, generat-
ing single-stranded loop regions enabling the 
annealing of primers without template denatur-
ation at ~60–65 °C. Therefore, LAMP can be 
used for accurate detection of viral targets in a 
short time without expensive thermocyclers. The 
LAMP primers can be designed using software 
PrimerExplorer V4 (  https://primerexplorer.jp/
elamp4.0.0/    ). LAMP Assay Versatile Analysis 
(LAVA) is a program for signature designing for 
LAMP primers. It identifi es six LAMP primer 
signature regions and eight LAMP primers 
including loop primers (  http://lava-dna.google-
code.com/    ). 

 Initially, LAMP or reverse transcriptase 
LAMP (RT-LAMP) has been also used in the 
diagnosis of infectious diseases. LAMP has been 
used to detect plant viruses and virus-like 
 pathogens such as  Japanese yam mosaic virus  
(Fukuta et al.  2003a ),  Tomato yellow leaf curl 
virus  (Fukuta et al.  2003b ),  Plum pox virus  (Varga 
and James  2006 ),  Banana bunchy top virus  (Peng 
et al  2012 ) and many more. RT-LAMP has been 
used for the diagnosis of  Zucchini yellow mosaic 
virus  (Kuan et al.  2014 ),  Potato leafroll virus  
(Ahmadi et al.  2013 ) and  Wheat yellow mosaic 
virus  (Zhang et al.  2011 ). Nine rice viruses in 
Asia have been detected using RT-LAMP (Le 
et al.  2010 ). It has been used to detect and distin-
guish SRBSDV and RBSDV from host plants 
and insect vectors using RT-LAMP (Zhou et al. 
 2012 ). There is a great scope to use this technique 
for highly sensitive and specifi c detection of 
broad range of viral pathogens.  

7.5.5     Rolling Circle 
Amplifi cation (RCA)  

 The other major breakthrough which revolution-
ized the discovery and characterization of single- 

stranded circular DNA viruses especially 
begomoviruses is RCA (Haible et al.  2006 ). 

 It was used for the fi rst time in cloning of a 
single-stranded circular DNA genome segment 
of a  Begomovirus  (Inoue-Nagata et al.  2004 ). 
RCA-based amplifi cation protocol involves 
sequence-independent amplifi cation at isother-
mal temperature using the  phi 29 polymerase. The 
technique has specifi c advantage of amplifying 
the novel sequence variants as it does not require 
the use of specifi c primers, but instead exo- 
resistant random hexamer primers are used 
(Johne et al.  2009 ; Jones  2009 ). RCA has been 
used to detect episomal badnavirus in banana 
(Baranwal et al.  2013 ). RCA has proved to be 
highly sensitive in comparison with PCR and 
serological methods for the detection and differ-
entiation of integrated and episomal viral 
sequences of  Banana streak virus  (James et al. 
 2011 ; Wambulwa et al.  2012 ). Being isothermal, 
amplifi cation method does not require expensive 
device such as thermocycler and thus the cost per 
reaction is low. The RCA-amplifi ed fragment can 
be characterized by RFLP analysis and direct 
sequencing (Haible et al.  2006 ).   

7.6     Nucleic Acid Sequence 
Hybridization Techniques 

 Nucleic acid hybridization facilitates the detec-
tion of plant viruses with single- or double- 
stranded genome using DNA/RNA probes. 
Polyprobe systems are designed for concurrent 
detection of several plant viruses. 

7.6.1     In Situ Hybridization 

 This procedure is used for the detection of spe-
cifi c viral sequences or proteins. The combina-
tion of microscopy and hybridization has found 
signifi cant application in plant virus diagnostics 
and in virus-host interactions. The experimental 
analysis gives an insight about the localization of 
target viral nucleic acid within a cell or tissue. 
Thus, it has been successfully used for the identi-
fi cation of replication-associated viral sequences 
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(Cillo et al.  2002 ). Also it has been used to track 
viral movement and detect any viral sequences 
integrated into the plant chromosome as in case 
of  Banana streak virus  infecting  Musa sp.  
(Harper et al.  1999b ).  

7.6.2     Macroarray (Dot Blot/
Slot Blot)  

 DNA strands have very high affi nity based on the 
sequence complementarity which gives high 
degree of specifi city to interaction. Such specifi c 
interactions are the backbone of the assays based 
on nucleic acid hybridization where the two 
nucleic acid strands can be DNA-DNA/DNA- 
RNA/RNA-RNA. It uses a single-stranded 
labelled DNA or RNA to detect the hybridiza-
tion. The label/tag can be radioisotope or nonra-
dioactive tag so that target-probe hybrid 
molecules are detected depending on tag or 
reporter molecule attached to probe. Dot/spot and 
slot blot are the major techniques based on the 
hybridization of nucleic acids for plant virus 
detection and diagnosis (Maule et al.  1983 ; 
Garger et al.  1983 ; Owens and Diener  1984 ; 
Rosner et al.  1986 ; Baulcombe and 
 Fernandez- Northcote  1988 ). Nucleic acid hybrid-
ization is a tool for the detection of single-/dou-
ble-stranded viral nucleic acids using DNA or 
RNA probes (Fig.  7.14 ). The cDNA clones pre-
pared from any segment of viral genome can be 
used as probes for the detection of viruses 
(Eweida et al.  1990 ) which maintain continuous 
supply of pure DNA and yield uniform results.

   DNA probes can be labelled by PCR, random 
primer labelling or nick translation, while RNA 
probes are prepared by in vitro transcription. The 
cRNA probes with radioactive isotopes or nonra-
dioactive label are preferred over cDNA probes, 
during the detection of RNA viruses due to the 
high stability of RNA-RNA duplex over DNA- 
RNA duplex on hybridization. But the major 
limitations of RNA probes are the risk of its deg-
radation by RNAase contamination during 
hybridization and high cost. Thus, DNA probes 
become a more common choice for assays devel-
oped for plant virus detection. Macroarray has 

been used to detect 50 and 250 pg of  Cymbidium 
mosaic virus  and  Odontoglossum ringspot virus , 
respectively, in the sap of diseased tissues used to 
immobilize viral nucleic acid on nylon mem-
brane (Hu and Wong  1998 ). 

 Radiolabelled probes produce radioactive sig-
nals detected by autoradiography but do not have 
longevity due short half-life of  32 P and emit haz-
ardous radioactive rays, thus requiring extensive 
and expensive procedures for safety maintenance. 
Hence, nonradioactive label probes such as bio-
tin/streptavidin and digoxigenin (DIG) are popu-
lar (Dietzgen et al.  1994 ; Singh and Singh  1995 ; 
Wesley et al.  1996 ). The disadvantage of biotin/
streptavidin probe is intense background pro-
duced by endogenous biotin in sap due to non- 
specifi c binding with streptavidin. The 
digoxigenin (DIG)-labelled probes have been 
used widely for plant virus diagnostics, where 
hybridization is followed by exposure to anti- 
DIG antibodies conjugated with enzyme (ALP, 
HRP) to produce insoluble, chromogenic product 
from suitable substrate.  

7.6.3     Microarray 

 DNA microarray chips are prepared by photoli-
thography by etching a very large number of spe-
cifi c DNA/RNA sequences as the capture probes. 
Each nucleic acid fragment is specifi c for a DNA 
or RNA sequence in single assay. Glass, nylon or 
other polymers are used for the biochip prepara-
tion. A single microarray chip contains up to 
70,000 short and unique DNA fragments. These 
arrayed probes can be short synthetic oligonucle-
otide of 30–50 bp or PCR products. The arrayed 
chips are allowed to hybridize with fl uorescently 
tagged DNA/RNA in test sample using several 
fl uorophores that reveal the presence/absence of 
target sequence in sample when read with laser 
technology. 

 Nanochips developed by Nanogen (San Diego, 
USA) contain streptavidin immobilized on the 
solid support for increased affi nity of biotin- 
labelled DNA. The limitation of microarray is 
that concurrent detection of multiple targets such 
as bacteria and virus is ambiguous. 
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 Different procedures used in various laborato-
ries for microarray-based detection of plant 
pathogens demand the PCR-amplifi ed fragments 
which reduces the sensitivity. Thus, utility of 

microarray is substantially reduced as a diagnos-
tic tool as compared to its widespread use for 
functional genomics. Although this method is 
effi cient in generating quick information about 

Sap/ extract
of diseased plant sample to be tested for virus

Immobilization
of viral nucleic acid as dot/ slot on membrane (nylon or

nitrocellulose)

Blocking
of non specific sites of membrane with non homologous DNA

(salmon sperm/ calf thymus DNA) or protein (BSA/ non-fat dry milk)

Hybridization
of viral nucleic acid as spot (solid) with probe in hybridization

solution (liquid)

Stringent washing
To remove whole of unhybridized probe from membrane

Analysis of membrane
for reporter molecule using method as per labelled tag present in probe

Reporter signal detected
Shows the presence of viral nucleic acid : probe hybrid molecule

  Fig. 7.14    Flow chart depicting steps of dot/slot blot hybridization assay       
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several pathogens, experimentation cost is very 
high and demands high skill to interpret the huge 
data generated. 

 Microarray is an emerging method offering 
alternative to conventional serodiagnostic meth-
ods (Boonham et al.  2007 ). DNA microarray can 
detect large number of virus-specifi c serotypes 
using specifi c probes in single assay with high 
precision and facilitate a comprehensive and 
unbiased analyses of viral prevalence. This new 
approach uses single-stranded short synthetic 
oligomers encrypted on microchips. It has been 
used for the detection of various potato viruses 
such as PLRV, PVA, PVY, PVX, PVM and PVS 
(Boonham et al.  2003 ) from single and mixed 
infected potato plants. This method discriminates 
sequences that show <80 % identities but detects 
variants that differ in sequence with >90 % iden-
tities. Thus, microarray is useful for discriminat-
ing viruses at the species level, especially RNA 
viruses having high degree of genome variability. 
DNA microarray chip is developed to screen dis-
eased tomato plants for the presence of ten differ-
ent economically signifi cant viruses known to 
infect and damage the tomato cultivation by 
using “CombiMatrix” that uses 40-mer oli-
goprobes for detection. This platform was effi -
cient and specifi c and could concurrently detect, 
differentiate and genotype multiple RNA viruses, 
their strains and viral satellite infecting tomato, 
viz. CMV, CMV-satellite RNA,  Tomato mosaic 
virus ,  Tomato infectious chlorosis virus ,  Tomato 
spotted wilt virus ,  Pepino mosaic virus ,  Tomato 
chlorosis virus , PVY and TMV (Tiberini et al. 
 2010 ). A single-nucleotide polymorphism (SNP) 
utilizing single-base primer extension generated 
genotype of  Wheat streak mosaic viru s on DNA 
microarray chip. Among the commonly used 
techniques used for testing the plant materials 
including seeds and vegetative propagules, 
microarray gives the highest capabilities for spe-
cifi c and parallel screening. It provides a plat-
form for that has much higher sensitivity than 
ELISA for testing samples for individual or mix-
ture of viruses. DNA microarrays have poten-
tially impartial ability to detect plant viruses 
using 30-mer and 50–70-mer oligoprobes. The 
assay uses random primers for the amplifi cation 

of target sequences and its subsequent in vitro 
transcription to generate complementary RNA to 
be used for hybridization after labelling (Grover 
et al.  2010 ). The DNA virus chip provides a reli-
able useful tool for quarantine and certifi cation 
purposes. It can also be used as unbiased tool for 
virus discovery on the basis of sequence similari-
ties of new viral genome with the available 
microarray probes.   

7.7     Next-Generation 
Sequencing (NGS)  

 NGS is a very recent, high-throughput compre-
hensive sequencing technology which has greatly 
reduced DNA sequencing cost than routine auto-
mated chain termination procedure. It generates 
millions or billions of DNA sequences which 
range from 25 to 400 nt. The sequences obtained 
are much smaller than those of conventional 
Sanger’s sequencing reads which usually range 
from 300 to 750 nt. This technology has now 
been improved to generate sequences >750 nt in 
length. 

 Most recently, NGS platforms have been used 
in the discovery and characterization of novel 
viruses and their variants. It involves the rapid 
sequencing of hundreds of gigabases of sequences 
in single sequencing reaction using the highly 
sophisticated technology (Prabha et al.  2013 ). 
NGS platforms provide a high-throughput tech-
nology where the results can be obtained with 
high resolutions. NGS has been used as the most 
powerful tool for the discovery and characteriza-
tion without the prior knowledge of macromo-
lecular sequences (Barzon et al.  2011 ). The 
different NGS platforms used in the plant virus 
research are 454 FLX, Illumina, HeliScope, Ion 
Torrent, etc. (Schadt et al.  2010 ; Barzon et al. 
 2011 ; Prabha et al.  2013 ). This strategy includes 
either the extraction of total genome from the 
infected plant sample and its subsequent massive 
sequencing or the isolation of dsRNA (represent-
ing the viral RNA) followed by sequencing. The 
other strategies involved the isolation of siRNAs 
from plant samples having virus infection and its 
sequencing following NGS platforms; the reads 
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thus obtained are then mapped to the particular 
viral genome (Kreuze et al.  2009 ). The use of 
NGS and metagenomics has been successfully 
demonstrated in the discovery of novel viruses 
from the infected samples of sweet potato, 
tomato, grapevine, pepper, cucumber, cotton, etc. 
(Prabha et al.  2013 ). 

 NGS has been used as a powerful tool for stud-
ies on plant pathogens, especially for plant virus 
identifi cation. NGS is sequence- independent and 
culture-independent approach, used for concur-
rent detection of RNA/DNA viruses and viroids 
having very low titre in plant samples. It is a revo-
lutionary technology for plant virus diagnostics 
aiming for easy identifi cation of novel unidenti-
fi ed viruses as compared to classical amplifi cation 
and immunological diagnostic procedures which 
uniquely target a species/strain, whereas other 
alternatives like electron microscopy and sap 
inoculation of indicator species support identifi -
cation only at genus level. Thus, NGS has suc-
cessfully proved its utility for survey and 
identifi cation of viruses in numerous plant species 
(Barba et al.  2014 ; YaJuan et al.  2014 ). Also, it is 
an alternate method for the identifi cation of 
viruses using sequence generated in non-specifi c 
manner by similarity search against GenBank. 

 NGS and conventional techniques have been 
used for the identifi cation of a new disease of 
maize in Kenya. ELISA and TEM could not 
detect the presence of a virus, while sap inocula-
tion on few cereal species showed that the sample 
was infected with unidentifi ed sap transmissible 
virus(es). Symptomatic tissues were used for 
RNA purifi cation and subsequent sequencing by 
Roche 454 GS-FLX+ generated reads which on 
database search recognized the resultant sequence 
as  Maize chlorotic mottle virus  and  Sugarcane 
mosaic virus  that are collectively reported to 
cause maize lethal necrosis disease (Adams et al. 
 2013 ). Such NGS data even help to characterize 
viral strains and develop specifi c diagnostic 
assays for qPCR. NGS data has enabled the iden-
tifi cation of viral strains in infected materials 
from various fi elds/regions in Kenya (Adams 
et al.  2013 ). Thus, NGS is an advantageous tool 
that allows quick detection and identifi cation/

characterization of known and novel viruses/viral 
strains, respectively.  

7.8     Conclusion 

 Plant virus diagnostics is gaining importance 
with the increased spread of viruses and threats 
of epidemics by known and/or novel/unidentifi ed 
viruses. Proper diagnostic assays therefore help 
in the timely identifi cation or detection of viruses 
to help enforcement of quarantine. The diagnos-
tic methods discussed above broadly include 
various serological and molecular approaches. 
Among molecular approaches, PCR has gained a 
lot of popularity. Nowadays, qPCR is preferred 
because of its qualitative and quantitative detec-
tion free from post-PCR contamination. 
Developments of isothermal amplifi cation-based 
techniques including HDA, RPA, NASBA, etc., 
are gaining acceptance for their suitability for 
poorly resourced laboratories and being cost- 
effective, quick methodologies supporting on- 
site testing of plant samples. Arrays are also a 
good choice of those aiming for accurate and reli-
able detection of broad range of viruses that 
migrated to new areas or infected new hosts. 
NGS is a revolutionary technique generating 
huge sequence data that helps to detect and iden-
tify new viruses/viral strains. 

 However, the challenge remains in the devel-
opment of technologies that are cost-effective 
and easy to perform supporting infi eld detection/
screening of suspected plants material and are 
affordable to underdeveloped and developing 
countries.     
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Abstract

The uprising demand in dissolving pulp, a special chemical pulp, during 
the last decade has fascinated the researchers to develop a modern 
biotechnology which could either improve its existing processes or 
facilitate novel processes of production in eco-friendly manner. These 
include the use of different microbial enzymes or the microorganisms 
themselves in various bioprocesses such as biopulping and/or biobleaching 
of sulphite pulp or bioconversion of kraft pulp to dissolving pulp. The 
hydrolytic enzymes specifically xylanases and cellulases have been used 
as the process tools rendering the benefit of eco-friendly and economic 
bioprocess. Special emphasis is paid to convert kraft pulp, originating 
from both wood and nonwood, into dissolving pulp by using xylanases 
and cellulases to selectively reduce hemicelluloses and improve pulp 
reactivity, respectively. The viscose process being a major consumer of 
dissolving pulp has drawn more attention. Extensive research work has 
been conducted to achieve high pulp reactivity as well as accessibility 
towards solvent and reagent for reducing the carbon disulphide (CS2) 
consumption in viscose process. Here, the various characteristic properties 
of dissolving pulp and its end use with various processes, including 

P. Kaur 
Kurukshetra University,  
Kurukshetra 136 119, Haryana, India 

Avantha Centre for Industrial Research  
and Development, Paper Mill Campus, 
 Yamuna Nagar 135 001, Haryana, India
e-mail: prabh_jot99@rediffmail.com 

8

N.K. Bhardwaj (*) 
Avantha Centre for Industrial Research  
and Development, Paper Mill Campus,  
Yamuna Nagar 135 001, Haryana, India
e-mail: nishi.bhardwaj@gmail.com;  
bhardwaj@avantharesearch.org 

J. Sharma 
Department of Biotechnology, Kurukshetra University, 
Kurukshetra 136 119, Haryana, India
e-mail: jksharmakuk@rediffmail.com

mailto:prabh_jot99@rediffmail.com
mailto:nishi.bhardwaj@gmail.com
mailto:bhardwaj@avantharesearch.org
mailto:jksharmakuk@rediffmail.com


134

existing and novel, for its production are reviewed. Microbial enzymes, 
namely, xylanases and cellulases, for their immense potential as process 
tools are briefly discussed along with their mode of action.

Keywords

Dissolving pulp • Xylanases • Cellulases • Kraft pulp • Reactivity

8.1	 �Introduction

Nowadays, the increasing demand for textile 
fibres due to ever-growing population is largely 
covered by petroleum-based synthetic fibres. 
However, due to continuous depletion of fossil 
resources and other environmental concerns, 
there is tremendously growing interest in the util-
isation of renewable resources for production of 
various products as a sustainable approach. For 
decades, the forest industry is mainly focused on 
the production of pulp for paper and board; how-
ever, a small niche is contributed towards the pro-
duction of dissolving pulp. Dissolving pulp is a 
special chemical pulp and a key material to man-
ufacture rayon, cellophane, cellulose acetate and 
other cellulose derivatives. Rayon is a main prod-
uct of regenerated cellulose and a natural man-
made fibre used in textile industry. More than 
three fourth of dissolving pulp is consumed in 
viscose process for the production of cellulosic 
fibres including viscose rayon staple, acetate sta-
ple, filament yarn, etc. (Bajpai 2012). The upris-
ing demand in dissolving pulp during the last 
decade has fascinated the researchers to develop 
a modern biotechnology which could either 
improve its existing processes or facilitate novel 
processes of production in eco-friendly manner. 
To attain this purpose, the use of microbial 
enzymes in the production of dissolving pulp has 
become an active area of research.

Enzymes are the special catalysts that find a 
vast number of applications in various industries 
apart from playing a vital role in metabolic reac-
tions. Except a small group of catalytic RNA 
molecules, all enzymes are proteins in their pri-
mary composition. They display a wide variety at 
supramolecular level due to different folding pat-
terns. The folding involves both covalent and 

non-covalent interactions within the polypeptide 
chain and is directed by its amino acid sequence. 
It is because of this structural distinctiveness that 
they exhibit the unique specificity for their sub-
strate and are able to speed up the reactions at a 
good pace without being consumed. Moreover, 
they are eco-friendly and infallible in their per-
formance at their optimum conditions. They are 
considered as the main tools for the application 
of basic biotechnological techniques (genetic 
engineering and cell fusion), the target of thera-
peutics drugs and the indispensible intermediate 
in all bioprocesses (fermentation and cell culture) 
(Vitolo 2009).

Development of industrial processes for the 
production of rayon for textiles and cellophane 
film for packaging led to the development of the 
dissolving pulp industry in 1911. Until then, the 
pulp industry was concerned only with the 
manufacture of fibres for the paper industry; 
chemical derivatives of cellulose were produced 
from purified rags or cotton linters. Development 
of dissolving pulp from wood made available a 
relatively cheap and pure source of cellulose as a 
raw material for the expanding chemical industry 
(McGinnis and Shafizadeh 1979).

8.1.1	 �Dissolving Pulp

Dissolving pulp is a special chemical pulp con-
sisting of 90–98 % cellulose with very little 
amounts of hemicelluloses, extractives, minerals 
and residual lignin. It exhibits uniform molecular 
weight distribution and high brightness. 
Dissolving pulp is a low yield pulp in comparison 
to other chemical pulps. In chemical pulping, raw 
material (generally wood) is cooked in the pres-
ence of acid or alkali at controlled conditions of 
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temperature, pressure and time to selectively 
remove lignin and other impurities, thereby sepa-
rating the fibres (in the form of pulp). The 
digested raw material turns into a brown-coloured 
pulp due to reprecipitation of lignin and is further 
bleached to get the desired pulp properties. In 
general the resulting pulp containing both cellu-
lose and hemicellulose is utilised for papermak-
ing. Hemicellulose is retained in paper grade 
pulp for better yield and strength, while in dis-
solving grade pulp, its higher content causes det-
rimental effects in end product quality. Therefore, 
the high content of cellulose is desirable. 
Moreover, cellulose molecule properties are 
important, while fibre properties are not directly 
of interest. As shown in Fig. 8.1, dissolving pulp 
is manufactured either by the kraft process using 
a pre-hydrolysis step to remove hemicelluloses or 
by an acid sulphite process from both hardwoods 
and softwoods. Currently there are mainly two 
types of processes to produce dissolving pulp at 
mill scale. The acid sulphite process, being a 
major type, is covering nearly 65 % of produc-
tion, whereas pre-hydrolysis kraft process con-
tributes approximately 25 % of the total 
production (Sixta 2006; Bajpai 2012).

The acid sulphite process removes the major 
polymeric constituents other than cellulose such 
as hemicelluloses and lignin in single step, which 
later encumbers in the recovery process of hemi-
celluloses from the spent liquor. Still the recov-
ery rate of the inorganic cooking chemicals is 
higher along with the advantage of totally 
chlorine-free (TCF) bleaching. The usage of raw 
material in the process is restricted to a narrow 
range of wood species because of its limited abil-
ity to dissolve extractives. Besides, more pollu-
tion is generated due to high BOD (biochemical 
oxygen demand) of sulphite mill effluents and 
high sulphur dioxide losses (Gustafsson et  al. 
2011). Also the pulp so produced shows broad 
molecular weight distribution.

The other process utilises alkaline cooking 
conditions after a pre-hydrolysis stage in which 
the hemicelluloses are withdrawn from the wood 
chips. Pre-hydrolysis is technically a pre-
extraction stage in which the low DP (degree of 
polymerisation) carbohydrates specifically hemi-
celluloses undergo auto-hydrolysis caused by the 
release of acetic acid. In addition to the benefits 
of high pulp quality and high cooking capacity, 
the PHK (pre-hydrolysis kraft) cooking also has 

Raw material 

Pre-hydrolysis 

Kraft 

Acid sulphite

pH 1-3
Base-Ca2+,Mg2+,NH4

+

Hemicellulose and lignin
removed

pH3
Liquid/steam phase
Autohydrolysis of hemicellulose

pH13+

Lignin removed

- Stronger pulp
- Efficient chemical recovery
- Wide range of wood species can be
  used

-Recovery more difficult
-Fibre strength lower
Still used
-Lignosulphonates can be recovered
-Carbohydrate yield higher

Fig. 8.1  Pulping processes for the production of dissolving pulp
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a disadvantage of the formation of pitch-like 
compounds which hampers the drainage process.

Dissolving pulps have higher production costs 
in comparison to common kraft pulps as a conse-
quence of costs of wood, capital and chemicals 
required for a given pulp yield. The lower yield 
of dissolving pulp than kraft pulp is attributed to 
retention of hemicelluloses in the pulping pro-
cess of the latter. Low dissolving pulp yield 
requires more equipment to be employed to 
increase production rate. Moreover, this special-
ity pulp requires inventories and storage spaces 
prior to its delivery to specific customers with 
particular requirements (Hillman 2006).

Besides the high costs of dissolving pulp pro-
duction, this industry is also confronted by the 
stringent environmental laws that have triggered 
interest in using enzymes for (1) advancement of 
paper grade pulps into dissolving grade pulp by 
selectively reducing the hemicellulose content 
and subsequently activating the pulps, (2) reac-
tivity improvement of dissolving pulp for better 
end product quality and (3) investigation of other 
biotechniques, e.g. biopulping, biobleaching etc., 
in order to facilitate or improve the performance 
of conventional processes for dissolving grade 
pulp production.

With the advent of enzyme technology in dis-
solving pulp industry, a number of bioprocesses 
have been developed, the implementation of 
which can result in:

	1.	 Savings in chemicals for pulping and 
bleaching

	2.	 Improvement in the quality of dissolving pulp
	3.	 Improvement in the effluent quality
	4.	 Improvement in resource utilisation with less 

impact on the environment

Although the enzyme technology for dissolv-
ing pulp production is new, it is gaining momen-
tum all over the world, with a major aim of 
developing a new bioprocess for the production 
of dissolving pulp, the implementation of which 
would lead to positive changes in the dissolving 
pulp properties as well as mill effluent quality in 
an environmentally friendly and cost-effective 
way.

8.1.1.1	 �Dissolving Pulp and Cellulose
Dissolving pulp is predominantly cellulosic in its 
chemical composition. Depending upon the pro-
cess of production, it exhibits wide changeability 
in performance. Although cellulose is the only 
desired constituent, it would be of no use if the 
form of native cellulose is modified. Here, the 
molecular properties of cellulose chiefly deter-
mine the end use and quality of product. The 
plants originally produce cellulose I (native cel-
lulose) during wood formation, and both cellu-
loses I and II have been found in pulp. Other 
polymorphs of crystalline cellulose are celluloses 
III and IV (Christoffersson-Elg 2005). The poly-
morphism is most typical of crystals of organic 
compounds whose molecule contains groups 
capable of hydrogen bonding (Bernstein 2002). 
The basic chemical structure of cellulose exhibits 
β-1, 4-linked D-glucopyranose rings arranged so 
that glucosidic oxygens point in opposite direc-
tions giving rise to cellobiose as repeating unit 
(Fig. 8.2). This rotation of the adjacent monomer 
units in the cellulose chain results in intramolec-
ular hydrogen bonding between the ring oxygen 
O(5) atom of one glycosyl unit and the hydrogen 
atom of C-3 hydroxyl group of the preceding 
ring and similarly between the hydroxyl group 
on C(2) and the primary hydroxyl group on C(6). 
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Fig. 8.2  Primary structure of cellulose molecule showing β-1, 4-linked d-glucopyranose residues
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In cellulose I, the intermolecular hydrogen bond-
ing between hydroxyl groups on C(6) and C(3′) 
in parallel chains results in the formation of cel-
lulose sheets, whereas in cellulose II, the chains 
of cellulose are oriented antiparallel to each other 
and with different hydrogen bond patterns. 
Moreover, it carries an extra hydrogen bond 
per  anhydroglucose unit (Henriksson and 
Lennholm 2009).

As the monomers bear three hydroxyl groups, 
their hydrogen bonding ability plays a major role 
in directing crystalline packing and in governing 
important physical properties (Dufresne 2012). 
More crystallinity and less amorphous regions in 
cellulose render poor accessibility to the solvents 
or reactants for any modification to occur. An 
efficient dissolution of cellulose in viscose pro-
cess or its derivatisation hence require the avail-
ability of hydroxyl groups and the further access 
of the reactants to avail these hydroxyl groups for 
respective reactions to take place. In viscose pro-
cess, regenerated cellulose filaments are obtained 
in an acid bath by spinning cellulose dissolved in 
CS2 and alkali. Cellulose II is formed when pulp 
is immersed in strong alkali (18 % NaOH) solu-
tion during mercerisation and also when cellu-
lose is regenerated in the acidic bath in the 
viscose manufacturing process. Cellulose IIIII 

and cellulose IVII are formed upon the subse-
quent treatment of cellulose II with liquid ammo-
nia and with glycerol at high temperature 
(Henriksson and Lennholm 2009). As shown in 
Fig. 8.3, this constitutes family II which is con-
verted from family I in an irreversible reaction 
since the former is thermodynamically more sta-
ble (Isogai et al. 1989).

8.1.1.2	 �Derivatives and End Products
The end products of dissolving pulp either require 
its dissolution in a suitable solvent or undergo 
various derivatisation reactions such as esterifica-
tion, nitration, etherification, etc. Various end-use 
products derived from dissolving pulp and the 
corresponding manufacturing processes have 
been listed in Table 8.1. In the preparation of cel-
lulose derivatives, e.g. cellulose acetate, basic 
reaction introduces an acetyl functional group 
COCH3 on cellulose upon the addition of acetic 
anhydride in the presence of a small amount of 
catalyst (perchloric acid or sulphuric acid). 
Esterification reaction involves the addition of 
ester functional group COO on cellulose by con-
densation of a carboxylic acid group COOH and 
alcohol group OH (Dufresne 2012).

The dissolution and subsequent regeneration 
of cellulose in viscose process results in regener-
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Fig. 8.3  Cellulose polymorphism
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ated cellulose (mainly rayon). The most common 
solvent to dissolve cellulose is CS2, which is very 
toxic, volatile and malodorous. Depending upon 
the conversion process used, there is a wide range 
of end products of dissolving pulp in various 
industries such as textile industry, pharmaceuti-
cal industry and food industry. In textile produc-
tion, it has a unique advantage of complete 

recyclability. Cellulose nitrates containing higher 
N-content have been used extensively for mili-
tary purposes. In addition, it can be used as a raw 
material of numerous food additives such as 
E-additives 460–469 except E462. Moreover a 
high-quality dissolving pulp finds its application 
in the manufacture of non-discolouring frames, 
cellophane and plastics as cellulose acetate 

Table 8.1  Dissolving pulp end-use product and demand

Manufacturing process Derivatives End-use product
Demand by end use  
(million tons)

Xanthation Viscose rayon 3.381

 � Tyre cord Tyre and belting reinforcement

 � Nonwovens Filters, surgical packs, drapes, gown

 � Regular staple Apparel

 � Continuous filament Apparel

 � High-wet-modulus staple Apparel, furnishing, parachute cord

 � Cellophane Packaging

 � Industrial yarn Heat ablative, brake

 � Miscellaneous Sponges, sausage casing

Acetylation Acetate 0.735

 � Tow Filter cigarettes

 � Filament Apparel, furnishing

 � Plastic mouldings Film, sheet, extruded articles

Ethering Cellulose ethers 0.588

 � Carboxymethyl cellulose Detergents, cosmetics, food, textile 
and paper sizes, well drilling muds

 � Hydroxyethyl cellulose Latex paints, oil well drilling muds, 
emulsion polymerisation

 � Methyl cellulose Food, paints, pharmaceuticals

 � Ethyl cellulose Coating and inks

 � Hydroxylpropyl cellulose Foods and pharmaceuticals

 � Carboxymethyl 
hydroxyethyl cellulose

Liquid detergents

Nitration Nitrates 0.147

 � Lacquers

 � Explosives

 � Celluloid

 � Film

Others 0.049

Zinc chloride Vulcan fibre Lamination, insulation, tight 
machining

Latex Artificial leather Fabrics, clothing

Resin Laminating and 
impregnation papers

Total = 4.9a million 
tons in 2010

aIncluding 1.1 million tons cotton linter pulp. Based on data from Hinck et al. (1985) and Floe (2011)
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(Mäntyranta 2013). Recently, dissolving pulps 
seem to be the preferred substrate for the manu-
facture of nanofibrillated cellulose (NFC), a 
future precursor of advanced materials (Sixta 
et al. 2013).

8.1.2	 �Dissolving Pulp Properties

Dissolving pulp is a high-quality pulp intended 
for the manufacture of various industrial prod-
ucts. Although the end-use product defines the 
quantitative constitution and the purity required, 
nevertheless there are certain fundamental 
requirements (Table 8.2) that must be fulfilled 
prior to use of dissolving pulp as a raw material.

8.1.2.1	 �Pulp Reactivity
The reactivity of pulp is certainly an important 
quality parameter of dissolving pulp since it signifies 
the processability or suitability of dissolving pulp 

to be used as raw material for the viscose and 
other derivatisation processes (Sixta 2006). The 
reactivity of a pulp directly affects the subsequent 
derivatisation reactions, such as acetylation, xan-
thation or nitration, and is mainly measured by 
the availability of C2 and C6 hydroxyl groups of 
the monomeric units of cellulose to the reactants 
(Sixta 2006). These hydroxyl groups are there-
fore mainly responsible for the reactions of cel-
lulose. The hydroxyl group at the 6th position of 
the carbon atoms in anhydroglucose unit acts as a 
primary alcohol, whereas at the 2nd and 3rd posi-
tions, hydroxyl groups behave as secondary alco-
hols. From the esterification studies, it has been 
established that the relative reactivity is ten times 
more for the hydroxyl group at the 6th position 
than the other OH groups (Hebeish and Guthrie 
1981; Dufresne 2012). Meanwhile, hydroxyl 
group at the 2nd position has been found to react 
two times faster than the hydroxyl group at the 3rd 
position (Dufresne 2012). Also, more amorphous 

Table 8.2  Some important quality parameters of dissolving pulp

Chemical properties Description

α-cellulose Represents undamaged long-chain cellulose content; should be >90 %

Alkali solubility Measures solubility of pulp (S10, S18, S21.5) in different concentrations of NaOH, represents 
the amount of hemicellulose and degraded cellulose present in the pulp

S10 (%) Optimum swelling of pulp; both hemicellulose and degraded cellulose (up to <150 DP) are 
dissolved

S18 (%) Hemicellulose (<50 DP) dissolved. Sometimes degraded cellulose of very low DP (usually after 
cellulase treatment) also dissolves. Viscose process yield = 0.88(100-S18) (Hinck et al. 1985)

S21.5 (%) (100-S21.5) is proportional to viscose process yield

Reactivity (%) Most critical parameter; methods include viscose filter value (Treiber 1987) and more 
common Fock method (Fock 1959); Fock reactivity should be >65%

Pentosan (%) Represents major hemicellulose fraction of hardwoods; should be 0.5–10 %

Viscosity (ml/g) Corresponds to the length of cellulose chain; gives a relative indication of the degradation 
(decrease in cellulose molecular weight)

Molecular weight 
distribution

Determined by gel permeation chromatography (GPC); should be uniform

Degree of 
polymerisation

Related to the molecular weight (M) by the formula DP = M/162, where 162 is the molecular 
weight of the anhydroglucose unit (Christoffersson-Elg 2005) and to intrinsic viscosity [η]  
for cellulose dissolved in cupriethylenediamine by [η] = 1.33*DP0.905 Mark–Houwink 
equation (Gustafsson et al. 2011)

Ash (%) Should be <0.06 %

Extractives (%) Should be <0.5 %

Residual lignin Should be <0.2 %

Brightness (% ISO) Should be >90 %

Yield (%) 30–35 %
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cellulose in a pulp may exhibit higher reactivity, 
but for a quality product, homogenous substitu-
tion along the cellulose molecule is desired Zhu 
et al. (2006). Furthermore, the secondary struc-
ture of cellulose is also important as it gives rise 
to different hydrogen bond patterns and thus 
reactivity. Since an increased number of hydro-
gen bonds are present in cellulose II, its reactiv-
ity towards different derivatisation reactions is 
poor. Moreover the ratio of the two allomorphs, 
Iα and Iβ, present in cellulose I also influences 
the pulp reactivity as Iα is metastable and thus 
more reactive than Iβ, while the latter prevails in 
higher plants (Dufresne 2012).

It also seems that fibre wall supramolecular 
structure of cellulose hinders the efficient removal 
of hemicelluloses resulting in some residual xylan 
in the pulp. Besides, the presence of residual 
hemicelluloses is thought to impede the subse-
quent conversion processes by competing with 
cellulose in the reactions involved. Therefore, a 
detailed description of the fibre surface is required 
in order to gain the information on residual hemi-
celluloses and fibrillation as well as fibril struc-
ture. This further helps in understanding the 
associated phenomenon of hornification, the 
accessible inner surface and the pore volume to 
define the term reactivity (Krässig 1993).

8.1.2.2	 �Alkali Solubility
Low molecular weight carbohydrates (hemicel-
lulose and degraded cellulose) can be extracted 
from pulps with sodium hydroxide solutions, 
referred to as alkali solubility. Solubility of a 
pulp in alkali thus provides information on the 
degradation of cellulose and on loss or retention 
of hemicelluloses during pulping and bleaching 
processes. The solubility of pulp in 10 % NaOH 
at 25 °C and 1.5 % consistency (S10) represents 
optimum swelling of pulp that results in dissolu-
tion of not only the degraded cellulose fraction 
(up to <150 DP) but the hemicellulose fraction as 
well. S18 or solubility in 18 % NaOH exhibits 
somewhat reduced swelling power, solubilising 
essentially the shorter chemical residual hemicel-
lulose fraction (<50 DP). However, this is not 
always true; especially for pulps with low DP, 
both the low molecular weight cellulose and the 

hemicelluloses are dissolved (Christoffersson-
Elg 2005). α-cellulose content is also a signifi-
cant value for dissolving pulp and a measure of 
the long-chain cellulose content. For viscose 
pulps, 0.88(100-S18) as well as resistance of 
pulps to 21.5 % sodium hydroxide solution R21.5 
(100-S21.5) is proportional to viscose process 
yield (Hinck et al. 1985).

8.1.2.3	 �Pentosan Content
Pentosan content in pulp is the indication of the 
amount of hemicellulose in general, lost or 
retained during pulping and bleaching processes. 
Pentosan content in softwoods is about 7–10 % 
and in hardwoods about 19–25 %. This is so 
because hardwood hemicellulose consists mainly 
of pentosans, whereas softwood hemicellulose 
consists of both pentosans and hexosans. Since 
hemicellulose contributes to the strength of paper 
pulps, high pentosan content is desirable, whereas 
in dissolving pulps, particularly acetate pulps, 
pentosan content should be kept low.

8.1.2.4	 �Viscosity/Degree 
of Polymerisation/Molecular 
Weight

Viscosity corresponds to the length of the cellu-
lose chains and can be measured in different sol-
vents. The solution viscosity of a pulp gives a 
measurement of the degree of polymerisation of 
the cellulose. Such an analysis therefore is use-
ful in determining the relative indication of the 
degradation (decrease in cellulose molecular 
weight) caused by pulping and/or bleaching 
process. Molecular weight distribution and poly-
dispersity, measured by gel permeation chroma-
tography (GPC), viscosity measurements or 
other methods, are important parameters for 
characterising the pulp. The degree of polymeri-
sation (DP) is related to the molecular weight 
(M) by the formula DP = M/162, where 162 is 
the molecular weight of the anhydroglucose unit 
(Christoffersson-Elg 2005), and to intrinsic vis-
cosity [η] for cellulose dissolved in cupriethyl-
enediamine by the following Mark–Houwink 
equation (Gustafsson et al. 2011):

	 [ ] . .h = ´1 33 0 905DP 	
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The molecular weight can be expressed in vari-
ous ways, for example, the number average 
molecular weight (DPn) or the weight average 
molecular weight (DPw), depending on the 
method used. The polydispersity index, the ratio 
DPn/DPw, corresponds to the width of the molec-
ular weight distribution.

8.1.2.5	 Ash Content and Extractives
The inorganic impurities of the pulps, collec-
tively described as the ash content, mainly con-
sist of silicates, sulphates and carbonates, as well 
as metal ions combined to the acidic groups of 
the pulp. A common subdivision is acid-soluble 
and acid-insoluble ashes, the latter being mainly 
the silicates. These impurities affect the process-
ing properties of the dissolving pulps. Some 
impurities, mainly iron, manganese and copper, 
catalytically accelerate the air oxidation and 
impair the brightness, brightness stability of 
pulps, rayon colour and aging of the alkali cellu-
lose. The presence of carbonates and carbonate 
forming ions, such as calcium and magnesium, 
causes trouble in the pressing of the alkali cellu-
lose, the filtration of viscose and the spinning of 
the rayon. Polyvalent metal ions cause viscosity 
anomalies and haze in the cellulose acetate pre-
pared from impure acetate pulp. Extractives are 
those constituents that are soluble in neutral 
organic solvents, which can be both either lipo-
philic or hydrophilic. The compounds which are 
extracted by acetone are called acetone extrac-
tives (%). The content of extractives should be as 
low as possible, although they have positive 
effects on the viscose process. However, it is bet-
ter to have low constant levels than uncontrolled 
varying levels in order to maintain constant vis-
cose process parameters. For dissolving pulps to 
have good quality, they must not exceed 0.5 %.

8.1.2.6	 Kappa Number and Brightness
Residual lignin in pulp is not easy to measure 
directly due to its complex and variable chemical 
structure. But the lignin content correlates well 
with the consumption of certain oxidants like 
potassium permanganate, and the amount con-
sumed is expressed as kappa number (Gustafsson 
et al. 2011). For dissolving grade pulp, residual 

lignin should be below 1 %. Dissolving pulp 
exhibits high brightness and whiteness along 
with good dye ability.

8.1.3	 �Microbial Enzymes

Microbes have always been exploited as a major 
source of industrial enzymes. They have been 
used along the centuries in industrial processes as 
tannery, brewing, bakery, dairy, etc., but their 
potential use in the pulp and paper industry was 
realised in the late 1980s, and thereafter, it has 
shown a rapid growth. This growth has been trig-
gered by various factors that include:

	1.	 Better understanding and improved knowl-
edge of the interactions between enzymes and 
the pulp constituents

	2.	 An increased requirement of the industry to 
adopt eco-friendly approach

	3.	 Improved production technology and process 
economics for the relevant enzymes

The enzymes can be obtained from any living 
form such as plants (e.g. papain, ficin, brome-
lain), animals (pepsin, trypsin and chimosin) and 
microorganisms (keratinases, pectinases and 
amylases, among others), but the tendency of 
using microbial enzymes on an industrial scale is 
prominent. Since they render plentiful supply, 
less sophisticated equipment/conditions for pro-
duction and easy control on all the phases of pro-
duction, they are economical than their 
counterparts (Vitolo 2009). Also the commercial 
processes are well standardised for the produc-
tion. There exist more than 3000 different known 
enzymes of which commercially used enzymes 
are 150–170 only (Binod et al. 2013). Moreover, 
a diverse range of enzymes similar to those of 
plants and animals can be synthesised by geneti-
cally manipulating microbial strains through 
RDT (recombinant DNA technology).

Potential benefits of using microbial enzymes 
in pulp and paper industry have been realised for 
the past 30 years. The enzymes were first employed 
at mill scale during the 1980s, shortly after the 
discovery and validation of the xylanase-aided 
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bleaching concept. Since then, the industrial 
enzymes with a wide pH and temperature ranges 
suitable for target processes have been developed 
rapidly. In addition, novel enzymatic and micro-
bial applications have been investigated for 
improving the processing of wood fibres as well as 
for improving the sustainability of the pulping, 
bleaching and papermaking processes (Viikari 
2002). The integration of hemicellulases and cel-
lulases or microbial strains into processing of dis-
solving pulp production along with some chemical 
treatments for the attainment of better quality 
product in a cost-effective manner as well as 
reducing the environmental load could be of great 
benefit to the industry.

Enzymes are known to modify a number of 
pulp and paper properties. Of the different 
enzymes and their applications, cellulases have 
been used for deinking (Heitmann et  al. 1992; 
Pathak et al. 2011; Prasad et al. 1993) and dewa-
tering of recycled fibre (Verma et al. 2013), xyla-
nases have been implemented for biobleaching 
and also to improve the mechanical properties of 
pulps and the refining process (Bhardwaj et  al. 
1996; Buchert et al. 1998; Cadena et al. 2010; Gil 
et al. 2009), lipases have been used for pitch con-
trol (Fischer et  al. 1993) and laccases or the 
laccase-mediator system have been used in the 
bleaching process (Ibarra et  al. 2006). 
Microorganisms have also been investigated for 
the biotechniques such as biopulping and bio-
bleaching to produce dissolving pulp (Christov 
et al. 1998; Christov 1999; Ferraz et al. 1998 and 
Mosai et al. 1999).

The use of enzymes in pulp and paper industry 
is still being explored, either directly acting upon 
the pulp to selectively alter the properties for 
intended purpose or modification of materials 
used in the papermaking such as starch, nanocel-
lulose, etc. One of the enzyme applications 
includes the reactivity improvement of dissolving 
pulp by using cellulases (Cao and Tan 2002, 
2006; Engström et  al. 2006; Henriksson et  al. 
2005; Kvarnlöf et al. 2005; Rahkamo et al. 1996, 
1998). Furthermore, endoglucanases have been 
applied for surface treatments in the textile and 
laundry industries. Cellobiohydrolases are used to 
decrease the energy consumed during mechanical 

pulping, due to their good defibrillation properties 
(Teeri 1998).

On the other hand, the most widely used appli-
cation of xylanases is in the pre-bleaching of 
kraft pulp to reduce the use of bleaching chemi-
cals and the associated environmental problems 
along with an improved quality of product 
(Allison et al. 1993; Bajpai et al. 1994; Bim and 
Franco 2000; Senior and Hamilton 1991, 1992; 
Yang et al. 1992; Zhan et al. 2000). Studies have 
also shown their applicability in desizing and 
scouring of fabric (Csiszar et al. 2001; Dhiman 
et  al. 2008a; Losonczi et  al. 2005), increasing 
water retention, reducing beating times in virgin 
pulps, restoring bonding and increasing freeness 
in recycled fibres (Dhiman et al. 2008b). Xylan-
degrading enzyme systems also have consider-
able potential in other biotechnological 
applications including the bioconversion of lig-
nocelluloses and agricultural wastes into fermen-
tative products, biobleaching in paper 
manufacture, liquefaction of coffee mucilage, 
alteration of the rheological and organoleptic 
properties of musts and wines, extraction of pig-
ments and flavours, protoplast formation and pro-
duction of modified hemicelluloses for industrial 
use (Coughlan 1992). Recently, xylanases have 
been used alone or in combination with alkaline 
extraction for dissolving grade pulp production 
as demonstrated by Bajpai and Bajpai (2001), 
Gehmayr et al. (2011), Jackson et al. (1998) and 
Köpcke (2010).

8.2	 �Mode of Action

8.2.1	 �Xylanases

Xylanases (EC3.2.1.8) are a group of hydrolytic
enzymes known to cleave the 1, 4-β-D xylosidic 
bonds in xylan (Collins et  al. 2005). Xylan is a
major part of hemicelluloses in hardwood. Due to 
its high molecular mass, the penetration of xylan 
into the cell wall is not feasible, whereas its low 
molecular mass fragments can readily enter inside 
the cell and regulate the enzyme biosynthesis. 
These short fragments are actually the products of 
constitutively produced enzymes that are present 
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in the small amounts in the cell. The liberated 
molecules released by the action of these enzymes 
are consisting of xylose, glucose and their het-
erodisaccharides and positional isomers together 
with fragmented xylan of different DP such as 
xylobiose, xylotriose and xylooligosaccharides 
(Motta et al. 2013). For the complete hemicellu-
lose degradation, a complement of about 24 
enzymes is required (Shrinivasan 1992; Battan 
et  al. 2007). Hemicellulases are typically pro-
duced as multiple isozymes, i.e. enzymes virtu-
ally with the same catalytic action but display 
different kinetic parameters or different regula-
tory properties. On the basis of amino acid or 
nucleic acid sequence of their catalytic modules, 
they are classified into two groups, glycosidic 
hydrolases (GHs) or carbohydrate esterases 
(CEs), and further grouped into various families 
according to their primary sequence homology 
(Henrissat and Bairoch 1996; Rabinovich et  al. 
2002a, b; Battan et al. 2007). Moreover, the infor-
mation provided by Carbohydrate-Active Enzyme 
(CAZy) (2014) database (http://www.cazy.org) 
on sequence annotations of enzymes related to 
carbohydrates and glycoconjugates metabolism 
has associated the xylanases with GH families 5, 
7, 8, 9, 10, 11, 12, 16, 26, 30, 43, 44, 51 and 62. 
Among them, the families 5, 7, 8, 10, 11 and 43 
possess a distinct catalytic domain exhibiting 
endo-1, 4-β-xylanase activity, whereas 16, 51 and 
52 families seem to be consisting of two catalytic 
domains with bifunctional enzymes. Other fami-
lies, namely, 9, 12, 26, 30 and 44, may exhibit side 
activity of xylanase (Motta et al. 2013).

Of several enzymes with different functions 
which participate in the hydrolysis of xylan to its 
monomers, the most significant are the endo-β-1, 
4- xylanases (Sunna and Antranikian 1997). 
These enzymes degrade xylan to short-chain 
xylooligosaccharides of varying lengths. On the 
basis of their hydrophobic cluster analysis of the 
catalytic domain and sequence homology, these 
enzymes are chiefly grouped into families 10 and 
11  in the numerical classification of glycosyl 
hydrolases (Battan et  al. 2007). Although there 
have been extensive study done to understand 
the catalytic properties of the members of the 
families 10 and 11 and several models have been 

proposed to explain the mechanism of their 
action, little is known about the remaining fami-
lies 5, 7, 8 and 43. Xylanases are hydrolytic
enzymes and the bond cleavage takes place by 
either the retention or the inversion of the ano-
meric carbon of the reducing sugar monomer of 
the substrate. The families that undergo retention 
of the anomeric configuration are 5, 7, 10 and 11. 
The catalytic mechanism which is also a double-
displacement mechanism requires the involve-
ment of two glutamate residues resulting in the 
formation of a covalent glycosyl-enzyme inter-
mediate for subsequent hydrolysis. In the first 
step, the carboxylate group of one glutamate resi-
due acts as a general acid by donating a H+ to 
O-4′ that links C-1 of the incipient reducing 
sugar and C-4′ of the departing glycosyl frag-
ment, while the second carboxylate group carries 
out a nucleophilic attack leading to C1–O4′ bond 
cleavage and departure of aglycone. Thus, 
α-glycosyl-enzyme intermediate is formed. 
Meanwhile, a water molecule near the glycosidic 
oxygen side is dissociated by the first carboxylate 
group (now acts as a general base) and resulting 
hydroxyl ion reacts with the anomeric carbon 
leading to a second substitution. In this manner 
the β-configuration at the anomeric centre is 
retained. Also, xylanases that undergo retaining 
mechanism are believed to effect hydrolysis via 
boat transition state (Fig. 8.4a), rather than the 
half chair that appears to be used by glucosidases 
and cellulases. Considering the hypothesis that 
the bulky C5-hydroxymethyl substituent is 
placed in an unfavourable axial position in a boat 
conformation would explain the absolute xylan 
specificity of family 11, while the broad specific-
ity of family 10 enzymes for cellulose/xylan is 
believed to be attributed by the half chair transi-
tion state (Rye and Withers 2000).

Members of GH families 8 and 43 operate 
through inversion mechanism in which the cata-
lytic residues are perhaps glutamate and aspartate 
that lead to single-displacement reaction. As its 
name suggests, the reaction catalysed by these 
inverting enzymes occurs in single step in which 
one carboxylate protonates the substrate and the 
second triggers a nucleophilic water molecule 
which in turn attacks the anomeric carbon. As a 
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consequence of these reactions, the aglycone is 
departed and the configuration at the anomeric 
centre is inverted simultaneously (Collins et  al. 
2005; Coughlan 1992; Paës et  al. 2012). GH11 

family is considered to be the family of true 
xylanases since its xylanases exploit D-xylose-
containing compounds as their sole substrates. 
Moreover, their reaction products can be utilised 
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as substrates by the enzymes of family 10. The 
sites where the xylose residues bind to xylanases 
are known as subsites and the bond cleavage 
occurs between the sugar residues at the −1 (non-
reducing) and the +1 (reducing) ends of the poly-
saccharide substrate (Davies et  al. 1997; Motta 
et al. 2013). In enzyme assays where arabinox-
ylan was used as a substrate, family 11 products 
were found to have arabinose residues substituted 
at the +2 subsite, while the family 10 products 
have arabinose residues substituted at the +1 sub-
site. Therefore, GH 10 enzymes are able to 
hydrolyse xylose linkages closer to the side-chain 
residues, whereas the GH 11 xylanases preferen-
tially cleave the unsubstituted regions of the ara-
binoxylan backbone (Motta et al. 2013).

8.2.2	 �Cellulases

Recently, cellulases have been studied exten-
sively for their various applications in pulp and 
paper industry. Especially monocomponent 
endoglucanases have been found to play a signifi-
cant role in the enhancement of the cellulose 
reactivity and accessibility of dissolving pulps 
(Engström et  al. 2006; Henriksson et  al. 2005; 

Kvarnlöf et al. 2005; Köpcke 2010). The cellu-
lase treatment results in the formation of addi-
tional openings/surface areas in the fibre structure 
via the possible action of ‘etching’. As a result, 
the pore volume of pulp fibres increases, which 
lead to the increase in the accessibility to xantha-
tion (Miao et al. 2014). Due to their synergistic 
action, cellulases have traditionally been consid-
ered detrimental to pulp and paper properties par-
ticularly with regard to yield and strength 
properties. However, the use of monocomponent 
cellulases or defined cellulase mixtures alone or 
together with hemicellulases has been shown to 
have potential in pulp and paper applications 
(Suurnäkki et al. 2000).

Cellulases are the hydrolytic enzymes that 
cleave the 1, 4-β-D-glucosidic linkages of the 
cellulose chain. The prerequisite for hydrolysis is 
the binding of cellulases to its substrate (Zhang 
and Lynd 2004). Further, all the three major types 
of cellulases must act together synergistically for 
the maximum degradation of cellulose. These 
groups are endoglucanases (EC. 3.2.1.4), gluco-
sidases (EC. 3.2.1.21) and cellobiohydrolases or 
exo-1, 4-β-glucanases (EC. 3.2.1.91) as illus-
trated in Fig. 8.5. The reaction products of these 
enzymes may vary depending on whether the 

Fig. 8.5  Mode of action of different groups of cellulases. (a) Endoglucanase with cellulose-binding domain, (b) endoglucanase 
without cellulose-binding domain, (c) cellobiohydrolase, (d) glucosidase
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enzymes are used alone or in combination. 
Among all, the key component for the hydrolysis 
of cellulose is endo-1, 4-β-glucanases that gener-
ate new chain ends after randomly cleaving the 
polysaccharide chain, preferably amorphous 
regions. The cascade of hydrolysis then involves 
cellobiohydrolases to act upon the ends of poly-
meric chain to generate cellobiose, which in turn 
is substrate for β-glucosidases, ultimately leading 
to the end product glucose (Lynd et al. 2002. The 
degree of cellulose degradation depends upon the 
three primary parameters: the crystallinity, the 
specific surface area and the degree of polymeri-
sation of the cellulose chain (Eremeeva et  al. 
2001; Mansfield et al. 1999).

In general, enzymes consist of structurally and 
functionally discrete units called domains that can 
fold independently of other regions of the same 
polypeptide chain or of a larger aggregate. 
Cellulases, in most cases, are composed of two 
domains. One is a catalytic domain, designed for 
the specific cleavage of 1, 4-β-D-glucosidic bonds 
of cellulose, while the other is cellulose-binding 
domain required to bring the catalytic domain in 
the proximity of substrate by binding to the cel-
lulose chain. The endoglucanases are consisting 
of cleft-shaped catalytic domain, whereas the 
exoglucanases are comprised of tunnel-shaped 
catalytic domain. The two domains are connected 
to each other with the help of an inter-domain 
linker (Rabinovich et al. 2002a, b). The main fac-
tors that affect the hydrolytic efficiency of these 
enzymes involve their size and structure since a 
large enzyme complex would only be able to 
modify the surface of the substrate (Mansfield 
et al. 1999; Zhang and Lynd 2004).

8.3	 �Biopulping

Biopulping is the treatment of wood chips and 
other lignocellulosic materials with natural wood 
decay fungi or other isolated microorganisms 
since their enzymes such as xylanases, pectin-
ases, cellulases, hemicellulases, ligninases and 
their combination prior to pulping process 
improve the pulp properties (Kirk and Jeffries 
1996). Biopulping is preferred because:

–– It reduces the chemical and energy utilisation.
–– It reduces the pollutants.
–– It increases the yield and strength properties 

of pulp.

The first experiment on fungal pretreatment of 
eucalyptus wood for biosulphite pulping was car-
ried out using Ceriporiopsis subvermispora 
L-14807 SS-3 (Ferraz et al. 1998). The resulting 
pulp showed improved characteristics especially 
in terms of kappa number (reduced by 31 %) and 
pentosan content (reduced by 36 %) at the same 
level of pulp yield. This could be translated into 
increased pulp yield over the control at a given 
kappa number (Ferraz et al. 1998). Christov et al. 
1998 investigated five different strains of C. sub-
vermispora for biosulphite pulping of eucalyptus 
in conjunction with various bleaching sequences. 
Prior to the acid sulphite pulping, the wood chips 
were subjected to fungal treatment for 2 weeks. 
Table 8.3 presents the various properties such as 
alkali solubility, α-cellulose, viscosity, etc., of the 
pulp so produced. The resulting pulps showed 
reduction in both brightness and yield over the 
control. Although kappa number was reduced by 

Table 8.3  Biosulphite pulping of eucalyptus wood using five strains of C. subvermispora*

Strains
S10  
(%,w/w)

S18  
(%,w/w)

α-cellulose 
(%,w/w)

Kappa 
number

Brightness  
(%, ISO)

Viscosity  
(cP)

Yield 
(%,w/w)

Control 9.2 6.8 90.7 8.9 51.5 48.5 47.4

SS-1 10.2 6.9 90.0 8.0 47.7 46.1 40.8

SS-3 9.2 6.7 90.6 8.3 49.3 47.5 47.1

SS-4 9.8 6.8 90.5 8.7 49.4 47.8 45.2

SS-5 9.4 6.7 90.7 8.9 48.6 47.1 46.9

SS-10 9.6 6.9 90.3 8.7 46.8 47.5 45.6

*Data adopted from Christov et al. (1998)
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10 %, it did not correlate with the corresponding 
brightness of the pulp samples.

Several other strains of white-rot fungi were 
also investigated by many researchers for their 
potential use in biosulphite pulping of Eucalyptus 
grandis, and the pulp characteristics in terms of 
kappa number, yield and brightness were evalu-
ated (Christov et al. 1998; Christov 1999; Ferraz 
et  al. 1998; Mosai et  al. 1999). Mosai et  al. 
(1999) evaluated the biopulping efficiency of ten 
different white-rot fungi strains on Eucalyptus 
grandis in terms of pulp yield, kappa number, 
brightness, alkali solubility (S10 and S18) and 
viscosity when subjected to different pretreat-
ment time. Fungal pretreatment of eucalyptus 
wood chips with C. subvermispora SS-3 for 10 
days without additional carbon source resulted 
in substantial decrease in kappa number (by 29 
%) and increase in brightness (by 12 %) (Mosai 
et al. 1999). As shown in Table 8.4, the resulting 
pulps had lower pulp yield compared to control. 
Reduction in kappa number (24 %) and simulta-
neous increase in brightness (6 points) in com-
parison to control were only observed in C. 
subvermispora SS-3, whereas in other treated 
pulp, yield loss and apparent increase in lignin 
occurred (Christov 1999; Mosai et  al. 1999). 
Scott et  al. (1996) studied the effect of biosul-
phite pulping of pine when treated with C. sub-
vermispora SS-3 for 2 weeks and observed the 
reduction in kappa number by 21 % over control. 
Also, the pretreatment of spruce with C. subver-
mispora CZ −3 for 2 weeks resulted in reduced 
kappa number by 22 % compared to control 
(Fischer et al. 1994).

Biopulping of eucalyptus wood with fungal 
strain SS-3 followed by bleaching resulted in a 
pulp of higher brightness and pulp yield compa-
rable to control. However, the fungal strain SS-5 
produced biopulp resulting in higher pulp yield 
with the same brightness as control (Table 8.5). 
Therefore, the pretreatment of eucalyptus wood 
with the C. subvermispora strains increased by 
1 percentage point either the final pulp yield 
(SS-5) or pulp brightness (SS-3) relative to the 
controls (Christov et  al. 1998; Christov 1999; 

Table 8.4  Effect of biosulphite pulping of eucalyptus 
with selected strains of white-rot fungia

Fungal strain
Yield 
(%)

Kappa 
number

Brightness 
(%)

Control 47.0 8.6 51.6

Phanerochaete sordida 
YK-624

46.9 10.7 45.6

Trametes versicolor 52 J 46.5 9.5 46.0

Laetiporus sulphureus 
SCC- 180

46.0 10.6 44.5

Phanerochaete 
chrysosporium 
BKMF-1767

45.8 10.0 49.0

Ceriporiopsis 
subvermispora SS-3

45.3 6.5 57.3

Ceriporiopsis 
subvermispora SS-5

44.4 8.6 49.9

Stereum hirsutum SCC-74 44.0 12.0 35.4

Trametes versicolor 
ATCC 20869

43.7 12.5 46.0

Sclerotinia sclerotiorum 
UFHRF

42.9 12.1 42.9

aWood chips were pretreated with fungi for 10 days. 
Based on data from Christov (1999) and Mosai et al. (1999)

Table 8.5  Effects of biosulphite pulping of Eucalyptus grandis with two strains of Ceriporiopsis subvermispora on 
properties of unbleached and bleached dissolving pulp

Fungal straina

Unbleached dissolving pulp Bleached dissolving pulp

Kappa number Yield (%) Brightness (% ) Yield (%) Brightness (% )

Control 8.6 47.0 51.6 40.8 93.1

Ceriporiopsis 
subvermispora SS-3

6.5 45.3 57.3 40.4 94.2

Ceriporiopsis 
subvermispora SS-5

8.6 44.4 49.9 41.8 93.1

aWood chips were pretreated with fungi for 10 days. Based on data from Christov (1999)
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Mosai et  al. 1999). This could be translated 
into savings of chemicals or energy at a given 
pulp yield. The increased pulp yields thus indicate 
the better selectivity of the bleaching process 
resulting from the biopulping.

8.4	 �Biobleaching

Biobleaching of pulps is performed with either 
hemicellulolytic enzymes, in particular xylanases 
or lignin-degrading fungi or their enzymes, 
namely, ligninases and laccases. The action of 
xylanases on pulp results in the hydrolysis of 
hemicelluloses as a consequence of which the 
bleaching chemicals get an easier access to lig-
nin, whereas the white-rot fungi and their lignin-
olytic enzymes depolymerise the lignin in pulp 
by a direct action on it. The main objective, how-
ever, in both cases is to increase delignification so 
as the amount of bleaching chemicals specifically 
chlorine and chlorine-containing compounds is 
reduced in the subsequent bleaching of pulp. 
Besides, biobleaching is considered as one of the 
preferred processes due to a number of benefits it 
offers over conventional chemical bleaching. 
One of the major advantages is the reduced 
adsorbable organic halide (AOX) levels in the
discharged effluents resulting from the reduced 

requirement of chlorine during bleaching along 
with improved pulp quality, brightness gain and 
post colour (PC) number reduction. Most of the 
research on biobleaching for the production of 
dissolving pulp has been carried out using either 
white-rot fungi or xylanases. Ligninolytic 
enzymes are not yet studied for dissolving pulp 
production although they are extensively being 
explored for the production of paper grade pulp. 
Biobleaching with xylanases has been investi-
gated for both kraft and sulphite pulps, whereas 
white-rot fungi are studied for sulphite pulp only.

Christov et al. (1996) reported that biopulping 
of eucalyptus wood chips in conjunction with 
bleaching/biobleaching of pulp to produce dis-
solving pulp results in a brightness gain over the 
control in most instances. The properties of 
biosulphite pulp produced by the pretreatment 
with SS-3 and SS-5 strains of C. subvermispora 
were evaluated with three different bleaching 
sequences: OD1EOD2H, OD1EOD2P and X
OD1EOD2P (O, oxygen; D1 and D2, chlorine diox-
ide; EO, sodium hydroxide with reinforced oxy-
gen; H, sodium hypochlorite; and P, hydrogen 
peroxide) (Christov et  al. 1998). Biobleaching 
effect due to xylanase was only observed in fun-
gus pretreated samples, not in control as shown in 
Table 8.6 (Ferraz et  al. 1998). Brightness gain 
due to xylanase treatment was found maximum 

Table 8.6  Effects of bleaching/biobleachinga of sulphite pulp produced by biopulping of wood chips with two different 
strains of Ceriporiopsis subvermispora

Fungal strainb Bleaching sequence
S10  
(%, w/w)

S18  
(%, w/w)

α-cellulose  
(%, w/w)

Brightness  
(%, ISO)

Yield loss 
(%)

Control OD1E0D2H 7.9 4.7 92.8 93.1 14.1

OD1E0D2P 7.7 4.5 92.7 93.2 13.2

X-OD1E0D2P 8.1 4.5 92.5 93.2 13.4

SS-3 OD1E0D2H 7.8 4.8 92.8 94.2 14.3

OD1E0D2P 8.3 5.4 92.6 92.9 14.0

X-OD1E0D2P 8.1 4.5 92.7 95.5 14.1

SS-5 OD1E0D2H 7.9 4.7 92.9 93.1 11.6

OD1E0D2P 8.5 4.6 92.2 93.6 10.3

X-ODIE0D2P 8.4 4.5 92.3 94.0 10.4
aXylanase pretreatment(X):4 IU/g pulp using Cartazyme HS-10; Charges at D1 and D2: 0.9 and 0.6 % as active Cl; P: 
0.6 % H2O2; 0.4 % NaOH; 100 °C. Based on data from Ferraz et al. (1998)
bFungal pretreatment of wood chips: 2 weeks
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in SS-3 pretreated sample, whereas the yield 
loss resulting from bleaching of the biopulped 
samples was found minimum in SS-5 pretreated 
sample. The yield of unbleached pulp produced 
after biosulphite pulping with strain SS-5 was 
lower than that of control (Table 8.5); however, it 
was the highest after (bio)bleaching (Table 8.6). 
Therefore, the fungal pretreatment of wood chips 
not only increases the extent of lignin removal 
during pulping and bleaching, resulting in higher 
brightness of the dissolving pulp, but also 
improves the selectivity of the bleaching process, 
thus increasing the final pulp yield.

Biobleachability of industrial sulphite dis-
solving pulp was also studied by Christov et al. 
1996 using white-rot fungi and xylanase from A. 
pullulans. It was reported that two strains of C. 
subvermispora (L-14807 SS-3 and CZ-3) effec-
tively bleached the sulphite pulp. Both the strains 
were capable to remove lignin (as kappa num-
ber) with strain SS-3 by 85 % and strain CZ-3 by 
88 %, in particular (Table 8.6). Also, the strain 
SS-3 significantly contributed to pentosan 
removal from pulp (13 %) than strain CZ-3 (5 
%). The brightness of fungus-treated samples 
increased by 42 % (strain SS-3) and 47 % (strain 
CZ-3), respectively, as compared with the con-
trol samples. In addition, the α-cellulose content 
was reduced by 5 (SS-3) and 4 (CZ-3) points. In 
comparison the xylanase pretreatment lowered 
the pentosan content by 13 % and improved the 
α-cellulose content by nearly a point without 
significantly affecting the brightness and kappa 
number (Table 8.7).

Bajpai and Bajpai (2001) developed a bleach-
ing process for dissolving grade pulp in which 

treatment with xylanase enzyme preceded the 
beaching sequence CEHED (C, chlorine; E, 
extraction with sodium hydroxide; H, hypochlo-
rite; and D, chlorine dioxide). The unbleached 
pulp was produced involving a mild pre-
hydrolysis step to retain relatively high pentosan 
content in the pulp that resulted in higher 
unbleached pulp yield at the same kappa number. 
Then after, the enzyme-treated pulp was bleached 
that led to the reduced requirement of bleaching 
chemicals. Further, improved brightness and 
bleach pulp yield were attained at desired levels 
of pentosan. The pulp reactivity and rayon yield 
were also found to be higher for the enzyme-
treated pulp.

Enzyme treatment using commercial laccase 
from Trametes villosa with different natural and 
synthetic mediators has also been investigated on 
unbleached sulphite pulp for its biobleaching 
potential (Quintana et  al. 2013). The studies 
reported the laccase–violuric acid (L–VA) sys-
tem as the most effective enzyme mediator com-
bination among others to obtain improved quality 
dissolving pulp. At first the laccase-mediator 
treatment reduced the ISO brightness and kappa 
number in all the samples due to delignification 
and formation of chromophore groups, but after 
P (P-hydrogen peroxide) stage, laccase–violuric 
acid treatment increased brightness (28 %) and 
reduced kappa number (87 %) while viscosity 
was reduced to 2.5 % of the control. Also, the 
effluent generated after laccase–violuric acid 
treatment was found to have least toxicity. An 
extended TCF biobleaching with L–VA stage 
was also assessed and could be translated in sav-
ing H2O2 consumption and reaction time.

Table 8.7  Treatment of sulphite pulp with Ceriporiopsis subvermispora (L-14807 SS-3 and CZ-3) and A. pullulans 
xylanase (X)a

Pulp treatment Kappa number α-cellulose (%, w/w) Pentosan (%) Brightness (%, ISO)

Control 6.7 89.9 3.9 56.0

SS-3 1.0 84.9 3.4 79.4

CZ-3 0.8 86.0 3.7 82.2

Xylanase 6.5 90.7 3.4 56.5
aFungal treatment time: 2 weeks; X: 15 IU xylanase/g pulp: 3 h; 55 °C; pH 4.7; 9 % pulp consistency. Based on data
from Ferraz et al. (1998)
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8.5	 �Bioconversion of Paper 
Grade Pulp 
to Dissolving Pulp

The kraft process is known to be the world’s 
major pulping method and is likely to remain so 
into the foreseeable future. During its evolution 
over a period of a century, it has become highly 
refined. Currently about 70 % of the world’s 
annual pulp output of approximately 100 million 
tonnes is produced by the kraft process. Although 
some disadvantages are associated with it, still it 
is by far the most cost-effective, versatile and 
efficient wood delignification method available. 
Because of this fact and the large amount of capi-
tal already invested in kraft pulping, it is unlikely 
that the process will be replaced in the near future 
(Thakur et al. 2012). On the other hand, demands 
for dissolving pulp and fibres have boomed 
worldwide within the last decade, and thus, now-
adays much effort is put into the production of 
dissolving pulps from kraft pulps besides the dis-
solving pulp production from the commonly 
applied technologies such as the acid sulphite 
process and the alkaline pre-hydrolysis kraft pro-
cess (Sixta 2006).

With a view on the worldwide pulp production 
capacity of about 150 × 106 t per year, the produc-
tion of dissolving pulps represents only a niche 
market of totally 2.5 % of the global chemical 
pulp production (Puls et  al. 2006). This market 
situation and the high price difference between 
both pulp categories raises the question of why 
paper grade pulps cannot be converted into dis-
solving pulps in an economically feasible process 
by the selective reduction of hemicelluloses from 
kraft pulp and subsequently activating it. In this 
context, several studies have been conducted 
focusing on the development of economic and 
efficient process steps to upgrade paper grade 
pulp into dissolving pulp. Recently it has been 
found that treating the paper grade pulps with 
enzymes can give them a higher reactivity, 
enabling these pulps to be utilised as an economic 
alternative to dissolving grade pulps for viscose 
production (Gehmayr and Sixta 2011; Jackson 
et al. 1998; Köpcke et al. 2008; Wang et al. 2014). 
Also enzyme treatment and alkali extraction sub-

jected to sisal pulps indicated that such pulps 
could also be used as dissolving pulps (Ibarra 
et al. 2010).

Cellulases are the most extensively used 
enzymes for the improvement of pulp reactivity 
and accessibility (Engström et al. 2006; Gehmayr 
and Sixta 2011; Gehmayr et al. 2011; Henriksson 
et al. 2005; Ibarra et al. 2010; Köpcke et al. 2008; 
Köpcke 2010; Kvarnlöf et al. 2007; Miao et al. 
2014; Östberg 2012; Rahkamo et al. 1996, 1998; 
Wang et al. 2014; Wollboldt et al. 2010) of both 
dissolving grade pulp and paper grade pulp. Miao 
et al. (2014) reported that cellulase treatment at 
the dose as low as 2 u/g (based on the dry weight 
of pulp) subjected to hardwood kraft-based dis-
solving pulp resulted in increased Fock reactivity 
from 47.67 % to 79.9 %.

Upgradation of kraft paper pulps to dissolving 
pulps can also be achieved by a post-extraction of 
xylan by using an approximately 2  M sodium 
hydroxide solution at temperatures slightly above 
room temperature (cold caustic extraction or 
CCE; Jayme and Schenck (1949), Wallis and 
Wearne (1990)). Anyhow, pulp treatment at 
raised alkali concentration leads to the modifica-
tion of cellulose I to cellulose II. Moreover, the 
residual xylan after CCE is characterised by 
rather high molecular weight and a resistance to 
dissolution in alkali (Gehmayr and Sixta 2011; 
Wollboldt et al. 2010). Both contribute to signifi-
cant decrease in pulp reactivity, hence necessitat-
ing the gentle method of hemicelluloses 
extraction and reactivity enhancement. A number 
of treatments based on enzymatic treatments, 
hypochlorite treatments, alkali extraction and 
alkaline peroxide treatment either in conjunction 
or alone have been investigated in order to attain 
the commercial dissolving pulp quality in terms 
of cellulose reactivity, hemicelluloses content, 
pulp viscosity and molecular weight distribution. 
The treatment types, sequences and process 
parameters were further optimised for different 
raw materials used.

Jackson et al. (1998) reported that high-quality 
recovered paper sources rich in hardwood con-
tent after given an initial cold alkali extraction, a 
xylanase treatment and a final cold alkali extrac-
tion produced dissolving pulp with reduced 
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hemicelluloses content, acceptable viscosity 
and alkali solubility. Henriksson et al. (2005) and 
Engström et  al. (2006) studied the treatment 
effect of monocomponent endoglucanase and 
found that the reactivity of softwood sulphite 
pulp as determined by the Fock method (Fock 
1959) was significantly increased with relatively 
low amounts of enzyme used, and the yield loss 
and decrease in viscosity were moderate.

Kvarnlöf et  al. (2007) studied two different 
approaches, one chemical and one enzymatic, to 
enhance the pulp reactivity so as the carbon 
disulphide charge in the viscose process is 
reduced, thereby reducing the cost and indirectly 
the environmental impact. Different cellulases 
including either mixture or monocomponent 
endoglucanase were employed for enzymatic 
treatment of hardwood dissolving pulp and soft-
wood dissolving and paper grade pulp. Kraft pulp 
has been shown an increase in reactivity of 
approximately 45 % units after being treated with 
enzyme. Finally, treating several cellulosic mate-
rials with enzymes showed that the reactivity of a 
paper grade pulp was increased from 40 % to 
about 80 %. Treating non-dissolving pulps with 
enzymes is therefore of great interest in the 
industrial manufacture of viscose. The work also 
demonstrated the reduced carbon disulphide con-
sumption due to improved pulp reactivity in the 
viscose process while maintaining the good qual-
ity viscose dope. The best enzyme preparation 
among others was found to be the monocompo-
nent endoglucanase, Carezyme, whose treatment 
was further optimised relating to viscose dope 
preparation. Moreover, the spent enzyme filtrate 
could be re-used several times without losing its 
efficiency under the industrially desired condi-
tions of temperature, enzyme dose and reaction 
time, thus lowering the production cost. In the 
chemical method, pressurised oxygen was used 
after the mercerisation step resulting in the con-
sumption of a carbon disulphide charge of 20 % 
instead of 30 % in the conventional viscose process. 
For enzyme-treated pulp to reach the lowered 
carbon disulphide charge, the dewatering and the 
sulphidation stage was modified accordingly. 
Also, a twofold increase in the reactivity of paper 
grade pulp was observed after the enzymatic 

treatment indicating that enzymes could be of 
great use in the upgradation of paper grade pulp 
to dissolving grade pulp.

Ibarra et al. (2010) and Köpcke (2010) evalu-
ated different commercial monocomponent 
endoglucanases either with or without cellulose-
binding domain (CBD) for their effect on the 
reactivity and accessibility of hardwood and soft-
wood dissolving grade pulps for viscose produc-
tion. It was observed that endoglucanase with a 
CBD notably enhanced the cellulose reactivity 
according to the Fock method by simultaneously 
decreasing the viscosity. This may be attributed 
to the proximity of catalytic domain with the cel-
lulose chain for the required course of time after 
CBD has bound to the cellulose. Moreover, an 
inverting hydrolysis mechanism of endogluca-
nase with CBD had been the most effective 
among the different assayed enzymes to result in 
increased reactivity of both pulps (Ibarra et  al. 
2010). At the same time, more marked decrease 
in viscosity was observed for softwood dissolv-
ing pulp, whereas the effects of the different 
endoglucanase treatments were more pronounced 
on never-dried dissolving pulps.

Köpcke (2010) undertook research study to 
convert different wood and nonwood paper pulps 
to dissolving pulp. Commercial dried elemental 
chlorine-free (ECF) bleached kraft pulps from 
birch and eucalypt were studied along with sev-
eral dried ECF bleached soda/anthraquinone 
pulps from flax, hemp, sisal, abaca and jute. Two 
alkali extraction steps followed by an endogluca-
nase treatment was found to be the most suitable 
sequence for birch, whereas for eucalyptus and 
sisal pulps, a combination of a xylanase treat-
ment followed by an alkali extraction step prior 
to an endoglucanase treatment provided the best 
results. The xylanase treatment and alkali extrac-
tion steps reduced the hemicelluloses content, 
reaching values to those of a commercial dissolv-
ing grade pulp. The molecular weight distribu-
tion was found to be more uniform in converted 
dissolving pulps than that of a commercial dis-
solving pulp since only cellulose I was present in 
the former. Moreover the endoglucanase treat-
ment resulted in improved cellulose reactivity of 
pulp and fulfilled the requirements of a commercial 
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dissolving pulp for viscose production. However, 
the pulp viscosity exhibited values lower than 
those of commercial dissolving pulp but suitable 
for the production of viscose. Pretreatment of 
dissolving pulp with monocomponent xylanase 
and monocomponent cellulase has also been 
evaluated to improve the following dissolution of 
pulp in NaOH/ZnO (Ambjörnsson et  al. 2014). 
The treated pulp showed increased solubility 
from 29 % to 81 % in NaOH/ZnO solution after 
subjecting to 16.7 AXU/g of xylanase dose fol-
lowed by alkali extraction (with 7 % NaOH) and 
10 ECU/g endoglucanase dose. Surprisingly the 
DPη was as high as 1074.

Gehmayr and Sixta (2011) introduced Hem-
Extra Process in which commercial oxygen del-
ignified E. globules kraft pulp subjected to 
xylanase and CCE treatment prior to TCF bleach-
ing followed by endoglucanase treatment resulted 
in the production of novel high-purity dissolving 
pulp. It was found that xylanase pretreatment and 
subsequent CCE at reduced alkalinity were suf-
ficient to reach the desired residual xylan content 
of the pulp. Moreover, the enzymatic degradation 
by endoglucanase exhibited a direct correlation 
between the cellulose II content and the chain 
cleavage of the pulps. The final average degree of 
polymerisation was also adjusted by endogluca-
nase treatment. On the other hand, Fock reactiv-
ity and filter value both showed an increase after 
xylanase pretreatment because of the lower 
degree of fibre hornification, whereas the Fock 
reactivity was higher for enzyme-treated pulps 
when compared to an acidly hydrolysed pulp. It 
was also found that a substantial increase in yield 
at a given R18 content, ranging between 4 % and 
8 % on oven-dried wood basis, could be achieved 
by the new Hem-Extra-pulps as compared to a 
conventional pre-hydrolysis kraft pulp.

Östberg (2012) investigated the effect of 
enzyme pretreatment, subjected to kraft and dis-
solving pulp, on carbon disulphide consumption 
for high-viscosity viscose preparation. It was 
found that the Fock reactivity of dissolving pulp 
when treated with Fibre Care R increased in all 
instances if compared to the reference pulp sam-
ple, but a higher enzyme charge or long treatment 
time could reduce the reactivity. On the other 

hand, the limiting viscosity number was reduced, 
necessitating relatively low enzyme charges 
combined with a relatively short treatment time 
to produce viscose grades intended for high-
strength products. Moreover, xylanase pretreat-
ment alone showed no change either in Fock 
reactivity or the limiting viscosity number of the 
dissolving pulp. No correlation between the 
gamma number of the viscose and the Fock reac-
tivity of pulp was observed; rather the gamma 
number either was reduced or remained 
unchanged upon enzyme treatment except for the 
conventional softwood kraft pulp where it 
increased. It indicates that gamma number mea-
sures the xanthate groups in both the cellulose 
and hemicelluloses that undergo a certain degree 
of substitution in the viscose process, thus a poor 
indicator if the pulp also contains a high content 
of hemicelluloses.

Wang et al. (2014) introduced alkaline perox-
ide treatment after enzymatic treatment with 
EG-rich industrial cellulase to convert bleached 
softwood paper grade pulp to dissolving pulp for 
viscose production. With the enzyme dose of 300 
IU/g bone dry pulp, 9 wt% NaOH and 1 wt% 
H2O2, the treated pulp exhibited 68.7 % of reac-
tivity, 92.1 % of α-cellulose content and 506.9 
mL/g of pulp viscosity. Furthermore, the reduc-
ing sugar in the spent liquor derived from the 
stage of enzymatic treatment can be recovered 
for the production of value-added products based 
on the concept of biorefinery.

8.6	 �Conclusions and Future 
Prospects

Enzyme technology has been contributing a vast 
number of new techniques and processes to pulp 
and paper industry and can provide new horizons 
in the future as well. One of its applications is pro-
ducing dissolving pulp by using advanced tech-
niques and employing microorganisms and their 
enzymes to lessen the environmental load and 
improve the product quality in a cost-effective 
manner. This includes the use of microorganisms/
enzymes in biopulping and biobleaching for their 
selectivity that has been shown to result in either 

P. Kaur et al.



153

brightness gain or improved yield with reduced 
amount of pollutant generated. Also, the enzymes 
can be effectively used for reactivity improvement 
of dissolving pulp or techno-economic conversion 
of paper grade pulp to dissolve grade pulp. Various 
studies have shown that the upgradation of kraft 
pulp to a better quality dissolving pulp in terms of 
reactivity, brightness, yield, molecular weight 
with acceptable viscosity and hemicelluloses con-
tent could be achieved by enzymatic treatments 
and alkali extraction. Moreover, producing dis-
solving pulp from kraft pulp offers a pulp with 
higher market value along with the production of 
value-added bioproducts such as hemicelluloses. 
Hemicelluloses being one of the main biorefinery 
feedstocks can be further utilised to produce bio-
polymers, thermoplastic xylan derivatives, bio-
ethanol/biofuels and immunomodulators or as 
dietary fibre depending upon the extent of degra-
dation. Therefore, exploring more biotechnologi-
cal applications and further implementing them in 
pulp and paper industry can be a solution for 
reducing environmental impact and producing 
better quality product simultaneously.
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    Abstract  

  Microbial enzymes are biocatalysts applicable in a number of industries. 
Their ability to tolerate extreme pH and temperature makes them suitable 
for various industrial processes. Among a number of microbial enzymes, 
xylanases have a unique place. Xylanase production is reported in differ-
ent types of microorganisms like actinomycetes, bacteria, fungi, and some 
yeast. Different types of xylanases have a conserved catalytic domain 
which establishes an evolutionary relationship between different xylanase 
producers. A fungus produces xylanases in a signifi cant amount than bac-
teria and yeast. These enzymes have been used in several industries, viz., 
pulp and paper industry, biofuel industry, brewing and baking industry, 
food and feed industry, and pharmaceutical industry. Application of xyla-
nases in several industries improves quality of different products, i.e., 
beer, juices, animal feed, baked products, paper, etc. However, a xylanase 
application particularly in pulp and paper industry is fascinating to the 
researchers. Thermostable and alkalistable cellulase-free xylanases play a 
very important role in pulp and paper industry.  

  Keywords  

  Xylanase   •   Xylan   •   Pulp and paper   •   Thermostable   •   Biobleaching   • 
   Thermomyces lanuginosus   

9.1         Introduction 

 Enzymes are biological polymers that act as cata-
lysts in the biochemical reactions that transform 
specifi c substrates to products. These are proteins 
with highly specifi c structure and bind to a 

 substrate with high specifi city. Enzyme lowers 
the activation energy to accelerate the rate of 
reaction without being consumed in the reaction. 
All enzymes are vital for the biochemical reac-
tions; without these enzymes specifi c reaction 
cannot be possible for their application in several 
industrial processes (Haq et al.  2006 ). The func-
tions of these enzymes in various bioprocesses 
have been acknowledged from ancient age. 
Existence of enzyme was related to the history of 
the past Greek where microbial enzymes were 
used in brewing and baking together with the 
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production of yogurt, cheese, and alcohol. 
Recently, enzymes from microorganisms have 
occupied a signifi cant place in the arena of bio-
technology. The international market of indus-
trial microbial enzymes was up to the billions of 
dollar in 1990, and now it has crossed $2.0 billion 
mark in 2005 (Krishna  2005 ). It has been pre-
dicted that international market for industrial 
enzymes will attain $7.1 billion mark in 2018. 

 Among the several hemicellulases xylanase 
plays a signifi cant role in the decomposition of 
hemicellulose, a major constituent of lignocellu-
losic biomass. Xylan is composed of 
D-xylopyranose residues linked together by β-1, 
4 glycosidic linkages in straight chain 
(Ebringerova et al.  2005 ). Actions of several 
enzymes are needed to degrade xylan; among 
them endo-1,4-β-xylanases act as a major 
enzyme. A number of diverse microorganisms 
have the capability to produce xylanase, includ-
ing bacteria, yeasts (Bastwade et al.  1994 ; 
Poorma and Prema  2007 ; Haddar et al.  2012 ; 
Morias et al.  2013 ), actinomycetes (Nascimento 
et al.  2002 ; Ninawe et al.  2006 ), and fungi (Das 
et al.  2013 ; Facchini et al.  2012 ; Sorgatto et al. 
 2012 ; Shrivastava et al.  2013 ; Bakri et al.  2013 ; 
Kumar et al.  2014 ). Xylanolytic enzymes have a 
great prospective and physiological attribute for 
industrial applications. These enzymes have 
hydrolytic properties to hydrolyze xylan, the 
hemicellulosic biomolecule of plant cell wall. 
Nowadays, xylanases and the microorganisms 
either fungi or bacteria are used to decompose 
xylan to produce biofuels and chemicals, besides 
their use in pulp and paper industry, food and 
feed industry, and baking industry, where the 
enzymes support environment sustainability to 
reduce negative environmental impact (Collins 
et al.  2005 ). In addition to these applications, 
xylanases can be further applied to generate sev-
eral biological products with high cumulative 
value. To fulfi ll the requirements of industries, 
more deliberation has been maintained on the 
stability of enzyme under harsh industrial condi-
tions, such as high temperature, high pH, and 
inhibitors such as metal ions. It is known that 
there are several xylanases from microorganisms 
which possess the desired characteristics such as 

high thermostability and alkalistability, so an 
individual xylanase is incapable to meet all of 
such properties for any industrial applications. 
Th erefore there is a need to isolate microorgan-
isms from the extreme areas possessing extraor-
dinary features which may be suitable for 
industrial processes.  

9.2     Xylan, Xylanolytic Complex, 
and Xylanase 

9.2.1     Xylan 

 Hemicelluloses, the second most abundant carbohy-
drate, including xylan, galactan, arabinan, and man-
nan are the major heteropolymers. These 
heteropolymers have been categorized in several 
types on the basis of sugar monomer present. The 
majority of the hemicelluloses are containing 
L-arabinose, D-galactose, D-mannose, and D-xylose 
as monomer unit. Xylan is a hemicellulose, found in 
the cell wall of plants as well as in some algae espe-
cially macrophytic siphonous genera. Xylan is a 
branched heteropolysaccharide which contains a 
straight chain of D-xylose units attached by β-1, 
4-xylosidic bonds which is branched with acetyl, 
glucuronic, and arabinofuranosyl side chains con-
nected to the xylose (an aldopentose) backbone 
(Yang et al.  2005 ,  2007 ). Xylans are present in each 
and every plant cell wall as well as cellulose found in 
plant cell walls. Xylans contain predominantly β-D-
xylose units linked by glycosidic linkage as well as 
β-D- glucose in cellulose. Typically, the content of 
xylans varies from hardwood to softwood. 
Hardwoods contain greater amount of xylan 10–35 
% of the hemicelluloses compared to softwoods 
10–15 % of the hemicelluloses. The hardwood xylan 
contains O-acetyl-4-O-methylglucuronoxylan as a 
principal constituent. The straight chain of β-D- 
xylopyranosyl units which is connected by (1–4) 
glycosidic bonds is known as glucuronoxylans, as 
mentioned in Fig.  9.1 . The 4-O-acetyl-α-D- 
glucuronopyranosyl units are connected to each 
other to form a linear strand. The D-glucuronosyl 
moieties of these strands acetylated at position 4 and 
connected to the location 2 or 3 of the β-D- 
xylopyranosyl. In softwood xylans the principal 
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component is arabino-4-O- methylglucuronoxylans, 
which are characteristically found in softwoods and 
also have the same xylan framework, but after an 
interval of ten β-D- xylopyranosyl moieties, these are 
substituted by α-L-arabinofuranosyl (Fig.  9.1 ). 
Softwoods have a high content of 4-O-methyl-α-D- 
glucuronopyranosyl units compared to hardwood 
xylan.

9.2.2        Xylanolytic Complex and Their 
Source 

 Xylanases accelerate the hydrolytic breakdown 
of xylan, a hemicellulose. Xylanases are widely 
distributed from eukaryotes to prokaryotes. 
Major part of xylanase production is produced by 
microorganisms such as bacteria, fungi, and acti-
nomycetes, and these enzymes carry out hydroly-
sis of different components of the cell wall of 
plants, together with different other enzymes 
such as cellulases and hemicellulases that hydro-
lyze cellulose and hemicelluloses. Xylanases are 
also reported in arthropods, crustaceans, marine 
algae, mollusks, protozoans, and seeds of terres-
trial plants (Bajpai  2014 ; Sunna and Antranikian 
 1997 ). Among the several microbial sources of 
xylanases, particularly fi lamentous fungi are 
more fascinating as they produce extracellular 
xylanase, and the amount of secretion is much 
greater than that found in yeasts and bacteria. As 
xylan has a heterogeneous structure, only one 
enzyme is not suffi cient to complete hydrolysis 

of xylan, but it requires a xylanolytic complex. 
The different components of xylanolytic com-
plex have been comprehensively studied; these 
are endoxylanase, 1,4-β-xylosidase, α-L- 
arabinofuranosidase, acetylxylan esterase, 
p- coumaric acid esterase, α-glucuronidase, and 
ferulic acid esterase.  

9.2.3     Structure 
of Endo-1,4-β-Xylanases 

 Xylanases can be divided into two families on the 
basis study of homologous sequences and analy-
sis of hydrophobic clusters; these are F and G 
families. F xylanases are somewhat larger than G 
xylanases, having a molecular mass of approxi-
mately 35 and 20 kDa, respectively. Family F and 
family G are corresponding to GH10 and GH11 
families according to numerical categorization of 
glycosyl hydrolases. The three-dimensional 
structures of GH10 and GH11 endo-1,4-β- 
xylanases have been determined for a number of 
bacterial as well as fungal xylanases. The fi rst 
xylanase enzyme which was structurally illus-
trated was Xyl-11 from  Bacillus pumilus  (Ko 
et al.  1992 ; Arase et al.  1993 ), but structural pre-
determination was not suffi cient enough for 
accuracy, and three-dimensional structures were 
never submitted. Structures of xylanases from 
 Trichoderma harzianum  (Campbell et al.  1993 ) 
and BCX (Wakarchuk et al.  1994 ) were reported 
at the same time. There is a β-jelly-roll-like 

  Fig. 9.1    Structure of xylan       
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 structure which comprised of two antiparallel 
β-sheets sculpting a deep and elongated cleft and 
acts as a catalytic domain of enzyme. The domi-
nant force to stabilize framework is a number of 
hydrogen bonds between these two antiparallel 
β-strands. One of the β-sheets is partially per-
verted on itself, while another β-sheet is nearly 
planar to constructing a right angle. An exclusive 
α-helix is crammed beneath the β-sheet. The 
β-jelly roll which is the catalytic part of the xyla-
nase is one of the super-fold structures that are 
more conserved compared to its sequence, and it 
possesses several functions (Paës et al.  2012 ). An 
evolutionary relationship probably may establish 
between all these enzymes which represent a 
jelly-roll super-fold structure. There are some 
signifi cant differences in catalytic activities of 
endo-1,4-β-xylanases of GH11 and GH10 which 
may be credited to the variations in their tertiary 
structure. In general catalytic domain structure of 
the GH10 endo-1,4-β-xylanase is a barrel-like 
structure consisting of eight folds. There is a 
shallow furrow on the bottom of the “bowl”-like 
shape where substrate binds to the enzyme. The 
substrate binding sites of the GH10 endo-1,4-β- 
xylanases are apparently not such deep cleft as 
the substrate binding sites of GH11 endo-1,4-β- 
xylanases. The GH11 endo-1,4-β-xylanases are 
smaller and compact molecules with molecular 
infrastructure that primarily composed of 
β-pleated sheets as shown in Fig.  9.2 . The cata-
lytic groups present in the fi ssure are able to hold 
a string of 5–7 xylopyranosyl units. 

Thermostability is a signifi cant characteristic due 
to their planned industrial applications. 
Thermostability and thermophilic characteristics 
of these enzymes can be described by a number 
of factors and structural parameters such as the 
signifi cance of the disulfi de bridges and aromatic 
sticky patches.

9.3         Industrial Applications 
of Xylanases 

 Xylanases have created great interest recently 
because of their potential application in several 
industrial processes. Nowadays, xylanases and 
xylan in biotechnological arena have been grown 
remarkably (Bhat  2000 ; Beg et al.  2001 ; 
Subramaniyan and Prema  2002 ; Techapun et al. 
 2003 ). The use of xylanases has been started 
since the 1980s; it begins with the preparation of 
fodder and animal feed and later in the biofuel 
industry, food industry, pulp and paper industry, 
and textile industry. The by-products of xylan 
decomposition by xylanases, which have enor-
mous importance in industrial applications, are 
xylitol and furfural (Parajó et al.  1998 ; Kamat 
et al.  2014 ). Presently, cellulase, xylanase, and 
pectinases have taken fi nancial credit of at least 
20 % of the global enzyme trade (Polizeli et al. 
 2005 ; Sharma and Kumar  2013 ). A major part of 
commercial xylanases are produced by 
 Aspergillus ,  Thermomyces ,  Trichoderma , 
 Penicillium ,  Aureobasidium , and  Bacillus  sp. 

  Fig. 9.2    Topological representation of catalytic domain of xylanase       
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Commercial xylanases are produced by indus-
tries in some countries, for example, in Canada, 
Denmark, Germany, Finland, Japan, Ireland, and 
the USA. 

9.3.1     Paper and Pulp Industry 

 The traditional process of paper manufacturing at 
industrial scale required alkaline cooking of pulp 
at high temperature up to 170 °C followed by the 
removal of lignin using a chemical-based bleach-
ing process. Chemical bleaching is generally per-
formed by chlorine-based agents such as ClO 2 , 
Cl 2 , and hypochlorite which results in the  creation 
of several organic derivatives of chlorine. Most of 
these are classifi ed as the strong mutagens and 
suspected carcinogens, though an eco- friendly 
alternate is available for bleaching of pulps by 
using microbial enzymes such as xylanases and 
laccase. Application of biological agents such as 
enzymes or whole microorganism in bleaching 
process of pulp and paper industry is known as 
biobleaching. 

9.3.1.1     Biobleaching 
 Endo-1,4-β-xylanases have been applied in paper 
and pulp industry to biobleaching processes. 
These enzymes remove xylan cross-linking layer 
of plant cell wall to facilitate the release of lignin 
and ultimately enhance the bleaching effect by 
chemicals (Birijlall et al.  2011 ; Ko et al.  2011 ). 
There are a number of reports available on bio-
bleaching studies using endo-1,4-β-xylanases 
that are summarized in Table  9.1 . In a few stud-
ies, cocktail of two enzymes xylanase and lac-
case is assessed in biobleaching process. 
Application of xylanases in biobleaching process 
signifi cantly decreases the requirement of chlo-
rine in bleaching process ranging from 10 to 42 
% and thus helps to protect the environment from 
strong mutagens and suspected carcinogens. 
Biobleaching process reduces the overall cost of 
paper production and enhances the paper quality. 
For the development of xylanase as a suitable 
pre-bleaching agent, it is desirable that the xyla-
nase should be thermostable and alkaline stable 
(Bajpai  1999 ).

   Table 9.1    Biobleaching of different pulp samples using different xylanases   

 Sr. no.  Pulp  Microbial strain 
 Percentage decrease in 
chlorine consumption  References 

 1.  Kraft pulp   Talaromyces thermophilus   42 %  Maalej-Achouri et al. 
( 2012 ) 

 2.  Eucalyptus kraft 
pulp 

  Bacillus halodurans  FNP 135  20 %  Sharma et al. ( 2015 ) 

 3.  Wheat straw pulp   Bacillus halodurans  C-125  10 %  Lin et al. ( 2013 ) 

 4.  Wheat straw pulp   Bacillus stearothermophilus  
SDX 

 20 %  Garg et al. ( 2011 ) 

 5.  Wheat straw pulp   Streptomyces rameus  L2001  14.5 %  Li et al. ( 2010 ) 

 6.  Hardwood pulp   Paenibacillus campinasensis  
BL11 

 –  Ko et al. ( 2011 ) 

 7.  Wood kraft pulp   Bacillus  sp. XTR-10  15 %  Saleem et al. ( 2009 ) 

 8.  Non-wood pulps   Thermomyces lanuginosus  
SSBP 

 25 %  Ziaie-Shirkolaee 
et al. ( 2008 ) 

 9.  Eucalyptus kraft 
pulp 

  Bacillus pumilus  ASH  20 %  Battan et al. ( 2007 ) 

 10.  Wheat straw-rich 
soda pulp 

  Streptomyces cyaneus  SN32  10 %  Ninawe and kuhad 
( 2006 ) 

 11.  Wheat straw pulp 
and rice straw pulp 

  Bacillus coagulans   –  Chauhan et al. 
( 2006 ) 
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9.3.1.2        Requirement of Endo-1,4-β- 
Xylanase Free of Cellulase 

 Despite the benefi ts of using xylanases, there are 
certain drawbacks also as these enzyme prepara-
tions have mixing of some extent of cellulases 
which adversely affects the paper quality because 
cellulases can easily carry out hydrolytic decom-
position of cellulose, which is the major recovered 
product in pulp and paper industry. However, there 
are certain microorganisms which can produce 
higher levels of endo-1,4-β-xylanases with no cel-
lulase activity or fragile cellulase activity which 
are most suitable to apply in paper and pulp indus-
try to obtain a good quality of paper without loss 
of pulp viscosity. Biotechnological techniques fur-
ther help to obtain cellulase-free xylanases by 
cloning techniques which are useful for the appli-
cation of xylanases in paper and pulp industry.   

9.3.2     Feed, Brewing, and Baking 
Industry 

 Xylanases have also been used in preparation of 
animal feed and fodder, food industry, and bak-
ing industry apart from paper and pulp industry. 
These enzymes are used in the baking industry as 
food additive to wheat fl our to improve handling 
of dough and qualities of baked products. It is 
also used as food additives to poultry feed to 
improve digestibility of feed. Xylanases have 
also been used to the extraction of plant products 
such as coffee, oil, and starch (Harris and 
Ramalingam  2010 ). These enzymes have been 
found to improve the nutritional qualities of ani-
mal’s grain feed and agricultural fodder (Café 
et al.  2002 ). Xylanases are also used in conjuga-
tion with pectinase and cellulase for clearing up 
of fruit juices (Biely  1985 ). 

9.3.2.1     Xylanase in Brewing Industry 
 The wine and juice industries required a number 
of enzymes which make a considerable part of 
the enzyme market. These industries require 
effective methods of extraction, clearance, and 
stabilization to manufacture the fruit and vegeta-
ble juices. Endo-1,4-β-xylanase helps consider-
able increase in juice yield from fruits and also in 

the maceration process. Beside this, it also 
reduces the viscosity of the fruit juice and conse-
quently improves its fi lterability (Biely  1985 ). 
Xylanases improve the extraction of fermentable 
sugar from barley and therefore are useful for 
making beer. Amylases and pectinases help to 
increase stability of the fruit pulp, liquefaction of 
fruit and vegetables, and decline viscosity which 
further leads to an increased yield of juice. These 
enzymes further help to enhance fl avor of juices 
by improved recovery of aromas, essential oils, 
edible dyes, mineral salts, pigments and vita-
mins, etc. These enzymes carry out hydrolytic 
breakdown of components that hampers the 
chemical or physical clearance of the juices and 
wine that may create vagueness in the product 
(Polizeli et al.  2005 ). A genetically manipulated 
yeast strain was constructed for wine production 
with both the xln genes from  Aspergillus nidu-
lans  for xylanase production to make wine hav-
ing more prominent aroma (Ganga et al.  1999 ). 
Arabinoxylan is a long-chain polysaccharide 
which increases the viscosity of beer and gives 
muddy appearance to it which is not desirable; to 
short out this problem, xylanases have been used 
for hydrolytic decomposition of arabinoxylans to 
its smaller oligo-sugars which reduces the beer’s 
viscosity and accordingly eliminating its grimy 
appearance (Dervilly et al.  2002 ).  

9.3.2.2     Xylanase in Baking Industry 
 Xylanases have also been employed in the baking 
industry in addition with other enzymes like 
α-amylase, glucose oxidase, malting amylase, and 
proteases to improve the quality of baked product. 
The xylanases help in the evenly distribution of 
water in wheat fl our by breaking down the hemi-
celluloses found in it. Enzymatic breakdown of 
non-starch carbohydrates leads to the improved 
rheological properties of baked food products 
(Martinez-Anaya and Jimenez  1997 ; Gray and 
BeMiller  2003 ). With the help of these enzymes, 
we can obtain breads with increased volume, bet-
ter absorption quality, and enhanced fermentation 
resistance (Harbak and Thygesen  2002 ; Camacho 
and Aguilar  2003 ). Cocktail of xylanase and 
endoglucanase is used for the hydrolytic decom-
position of arabinoxylan and starch, to separate 
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out gluten from the starch in the wheat fl our. The 
main benefi cial characteristic for xylanases to 
apply in the food industry is its optimum activity 
at an acidic pH and its high stability.  

9.3.2.3     Xylanase in Animal Feed 
and Fodder 

 Animal feed and fodder production using various 
enzymes is an important sector of agribusiness. 
Xylanases have been applied in animal feed and 
fodder in combination with different other 
enzymes such as cellulases, glucanases, amylases, 
pectinases, proteases, and lipases. The arabinox-
ylan is an anti-nutrient component of animal feed 
which is found in the cell walls of grains. These 
enzymes split arabinoxylans into the nutritive 
components of the feed, decreasing the viscosity 
of the raw material with enhanced nutritive value 
(Twomey et al.  2003 ). When these components 
are present in soluble form in animal feed, they 
may increase the viscosity of the ingested feed 
that renders absorption and mobility of ingested 
feed in the digestive tract of animals. If xylanase 
is applied to feed containing sorghum and maize, 
it may enhance the digestion capability of nutri-
ents in the initial part of the digestive tract of ani-
mals, resulting in a better use of energy (Babalola 
et al.  2006 ). It has been reported that endo-1,4-β-
xylanase together with cellulase treatment of for-
ages produces a better quality silage that improves 
the subsequent rate of plant cell wall digestion by 
ruminants. There is a considerable amount of sug-
ars sequestered in the xylan of plant biomass. As 
effect of endo-1,4-β- xylanase treatment, there is 
increased amount of nutritive sugar and that is 
useful for digestion in cow and other ruminants. It 
has been reported that endo-1,4-β-xylanase also 
produces some compounds which are the nutritive 
source for many ruminal microfl ora.    

9.4     Conclusion 

 Xylanases are a signifi cant industrial enzyme 
which hydrolytically decomposes the xylan, 
plant hemicelluloses. These are mostly reported 
in microorganisms and in fl ora but not in animals. 
Xylanases have been comprehensively studied 

from different microbial sources, viz., fungus, 
bacteria, yeast, and actinomycetes. Commercial 
xylanases have been mainly produced by fungus 
and bacteria. Thermostability and alkaline stabil-
ity of xylanases make them a suitable agent for 
industrial applications, viz., pulp and paper 
industry, biofuel industry, brewing and baking 
industry, food and feed industry, and pharmaceu-
tical industry. Its applications in biobleaching 
process in paper industries have been described 
which reduce chlorine consumption ultimately in 
reduction of environmental pollution. It acts as an 
additive in animal feedstock and bakery products 
to develop its nutritional value. There is much 
scope toward genetic engineering and protein 
engineering for microbial xylanases in order to 
take advantage of these enzymes more appropri-
ately for industries. Nevertheless, it demands 
extremely specifi c and appropriate functionally 
stable enzymes toward their effective and demon-
strated use in various industrial applications.     
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    Abstract  

  The Porto Belo Bay region is formed by Itapema and Porto Belo cities, 
both considered important beaches from southern Brazil. During the sum-
mer, these cities welcome large numbers of tourists, fomenting their econ-
omies that are largely based on tourism activities. Given the poor sewage 
treatment in this region (60 % in Itapema City and none in Porto Belo 
City), a high population increase over the summer period can infl uence the 
water quality within Porto Belo Bay. The aim of this study was to evaluate 
the microbiological, chemical, and physical aspects within this area. Water 
samples were collected from 14 sites in the Perequê-Áçu River (fi ve sam-
pling stations) and in nine beach sampling stations from October 2000 to 
March 2014. The physical parameters (pH, salinity, DO, temperature), 
inorganic nutrients (NH 4+ , PO 4  3− ), organic compounds (POC, TOP, SPM), 
and biological and microbiological indicators (BOD 5 , chlorophyll- a , total 
coliforms, and  E. coli ) indicated that areas close to the river discharge 
displayed lowest water quality, with a greater amount of inorganic and 
organic nutrients. On the other hand, better water quality was observed in 
two beach sites far from river or storm water discharges.  
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     Recreational coastal water and freshwater envi-
ronments are defi ned as areas where any type of 
recreational activities is undertaken by an expres-
sive number of users. The use of these areas is 
diverse; contact with water may be direct, tho-
rugh the practice of sports such as swimming, 
surfi ng, and diving, or indirect, such as fi shing, 
sailing, walking, and picnicking. However, activ-
ities with direct contact with water is of more 
concern in polluted waters due to the risk of 
ingestion (WHO  2000 ,  2003 ). 

 The social and economic importance of recre-
ational uses of waters has increased over the last 
years (WHO  2000 ). The pursuit of leisure activi-
ties in contact with the natural environment, in 
order to counteract the urban way of life, is 
believed to be the main driver for this pattern. 

 Recreational swimming is a popular activity 
in many places, the European Union, the United 
States, Peru, China, Brazil, and others. Americans 
make an estimated 928 million trips to the beach 
each year (NOAA  2005 ). 

 Brazil has a vast coastline, composed of over 
2000 beaches, along over 7000 km of coastline, 
making it a natural attraction for domestic and 
foreign tourists. In the south, beach tourism 
occurs in the summer (December–March) due to 
its subtropical climate. For its natural beauties, 
and services offered, the estate of Santa Catarina 
consolidates itself as the largest center of beach 
tourism in southern Brazil, attracting mainly 
Brazilian, Argentinean, Chilean, Uruguayan, and 
Paraguayan nationals (CUNHA  2010 ). 

10.1     Coastal Waters 

 The marine coast is a fragile environment due to 
its intense dynamics. Coastal environments are 
subject to the action of tides, marine currents, and 
waves which together shape the coastline 
(Philippi Junior  2010 ). Coastal waters are used in 

various ways by societies including: lei-
sure, transportation, food production, and sewage 
receiver of domestic and industrial waste. At 
times however, such uses of coastal waters may 
be incompatible with one another. 

 Recreational swimming in coastal waters is a 
popular activity in Brazil, supporting the tourist 
activity on the coast and moving economic 
resources both within states and between coun-
tries (WHO  2003 ; IBGE  2004 ). However, tour-
ism activities have directly and indirectly caused 
serious environmental impacts. For instance, the 
construction of holiday homes and tourist facili-
ties can disrupt the balance existing between the 
acting natural forces, increased water consump-
tion, and production of sewage in large quantity 
(Vasconcelos and Coriolano  2008 ). 

 The release of untreated sewage to waterways 
may introduce pollutants to the environment, 
posing a risk to the health of local population and 
water users. Human sewage or other animal 
sources, for instance, can cause health problems 
due to the presence of contagious microorgan-
isms (Boehm et al.  2009 ). Furthermore, pollution 
of coastal waters reaches estuarine environments 
such as mangroves, also affecting the fi shery. 
Therefore, the monitoring of this indicator has 
implications on the health of the population, tour-
ism, and sea fi shing (IBGE  2004 ).  

10.2     Factors Affecting the Quality 
of Recreational Coastal 
Waters 

 In densely populated areas, the water quality 
closely refl ects human activity located not only 
along the beaches or rivers but also within its 
whole upstream watershed (Billen et al.  2001 ). 

 Water pollution occurs when substances or 
energy is directly or indirectly added to a water 
body, changing its natural characteristics. 
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Common pollutants are nutrients (eutrophica-
tion), pathogens, organic matter (nonbiodegrad-
able and biodegradable), heavy metals, and 
suspended solids (Parsons and Takahashi  1998 ; 
Von Sperling  1996 ). 

 The general idea of pollution includes several 
processes of change in water quality, such as bac-
teriological, chemical contamination and eutro-
phication (Moraes and Jordão  2002 ). The 
resultant impact on human health by these con-
taminants originates mainly from the release of 
industrial and domestic wastewater, agricultural 
use of fertilizers, combustion of fossil fuels, and 
storm water fl ow into rivers, beaches, and lakes. 
Thus, the polluted water environment involves 
chemical, biological, and physical processes 
(WHO  2000 ; Segerson and Walker  2002 ). 

 Human activity signifi cantly infl uences the 
cycling of nutrients, especially the movement of 
nutrients to estuaries and coastal waters (Billen 
et al.  2001 ).The polluting effect of effl uent dis-
charges in coastal waters offer a variable polluting 
effect that is dependent on the composition and 
quantity of the effl uent as well as the water body 
depuration capacity. Thus, enclosed water sys-
tems with high residence time of water will be 
more readily affected by sewage discharges 
(Pilson  1985 ; Horita and Carvalho  1999 ; 
WHO  2000 ). The abundance of pathogenic 
microorganisms and nutrient concentration are 
strongly infl uenced by the environmental disper-
sion capacity through physical processes of verti-
cal diffusion, overturning, ultraviolet radiation 
from sunlight, and current systems (Talley 
et al.  2011 ).  

10.3     Water Quality Evaluation 

 Water quality can be evaluated in accordance 
with the components or substances contained 
therein, i.e., its composition. Parameters used to 
describe and classify water include: physico-
chemical parameters, such as water temperature 
and turbidity; chemical parameters, such as  bio-
chemical oxygen demand (BOD), dissolved oxy-
gen (DO), nitrogen and phosphorus, and potential 
of hydrogen ion (pH); and biological parameters 

including the coliform group and nonpathogenic 
organisms, such as phytoplankton and 
zooplankton. 

 Most aquatic creatures such as fi sh, bacteria, 
and protozoa are aerobic and need oxygen to sur-
vive (Butkus and Manous  2005 ). Though dis-
solved  oxygen will not have a direct effect on 
users, but it will directly infl uence aquatic life, 
chemical oxidation state of metals, and microbial 
activity (Baumgarten et al.  2010 ). Oxygen may 
enter the water through the roots of aquatic plants 
and algae, which undergo photosynthesis, and 
through the air-water interface. The water’s abil-
ity to hold dissolved oxygen is directly dependent 
on the temperature, salinity, and pressure. 
However, aquatic environments under extreme 
conditions where oxygen concentrations are 
below 4 mg.L−1 are considered critical for 
aquatic organisms (Arana  1997 ; Esteves  1988 ). 

 A combination of bacteria and excess organic 
material in aquatic environments may lead to 
eutrophic conditions. As organic matter decays, 
bacteria can consume oxygen, thus depleting the 
available oxygen supply. The amount of dis-
solved oxygen consumed by microorganisms in 
water during the oxidation of organic matter is 
known as the biochemical oxygen demand 
(BOD 5 ). Sources of BOD 5  are biodegradable 
organic carbon and ammonia, common metabolic 
by-products of plant and animal wastes, and 
human activities. Some issues associated with the 
discharge of wastes containing high levels of 
BOD 5  are poor water quality, severe dissolved 
oxygen depletion, and fi sh kills (Butkus and 
Manous  2005 ). 

 Potential impacts to recreational users of 
water bodies may arise from extreme pH levels. 
Very acidic or very basic water conditions may 
cause skin, eye, hair, and mucous membrane irri-
tation. However, the impact will also be dictated 
by the buffering capacity of the water, mainly 
saline water (WHO  2003 ). 

 Humans are not the only ones affected by 
pH. Extreme pH levels in water can also cause 
detrimental environmental effects by affect-
ing the solubility and toxicity of chemicals and 
heavy metals, stress animal systems, reduce 
hatching and survival rates, and ultimately cause 
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the death of aquatic organisms. For instance, a  
slight change in the pH of water can increase the 
solubility of phosphorus and other nutrients, 
making them more accessible for phytoplankton 
and increase growth of aquatic plant. As a conse-
quence, algal blooms may occur and result in 
eutrophication of the water body (Baumgarten 
et al.  2010 ). 

 Natural occurring elements, such as phospho-
rous and nitrogen, are essential for the growth of 
plants and animals. Although these elements do 
not represent direct risks to human health, extreme 
concentrations (high or low) of these elements in 
the environment can lead to ecological disequilib-
rium (Carmouze  1994 ; Braga et al.  2000 ).

Extreme levels of phosphorus and nitrogen are 
usually result from anthropogenic input (i.e. 
domestic wastewater supply). While phosphorus 
is naturally released from decaying vegetation 
and soils, it is also present in industrialized prod-
ucts such as household detergents, soaps, and 
sewage (Carmouze  1994 ). Nitrogen naturally 
exists in the aquatic environment in many forms, 
including ammonia. Some potential exogenous 
sources of this Nitrogen to water bodies are: 
municipal effl uent discharges, excretion from 
animals, nitrogen fi xation process, air deposition, 
and runoff from agricultural lands and cities 
(Vitousek et al.  1997 ; Valigura et al.  2000 ). 

 Water quality can also be monitored using 
biological parameters.Indicator bacteria, includ-
ing Escherichia coli and intestinal Enterococcus, 
are used for the monitoring of recreational waters. 
The coliformbacteria group are not pathogens, 
nontheless, large numbers of these organisms are 
found in the intestinal contents of warm-blooded 
animals and humans. Therefore, their use as an 
indicator of faecal contamination provides a good 
indicator of potential pathogens in water (Da 
Cunha  2006 ).  

10.4     Health Hazards in Coastal 
Waters 

 Recreational coastal waters may offer a diverse 
range of hazards to human health. Health 
hazards may include physical hazards, such as 

contamination of beach sand, cuts and bruises 
from sharp objects, and exposure to microalgae, 
or chemical and physical agents which include 
presence of harmful aquatic organisms, poor 
water quality, as well as the presence of patho-
genic microorganisms in recreational water 
(WHO  2003 ). Considering the risks posed to 
human health due to prolonged and direct expo-
sure to hazards, it is required that recreational 
waters meet specifi c standards of water quality. 

 The link between water quality and diseases is 
very well studied. Contamination of natural 
waters represents one of the leading public health 
risks, particularly the increase in infant mortality 
(IBGE  2010 ). Basic sanitation is fundamental to 
life quality; it refers to the provision of facilities 
and services and the maintenance of hygienic 
conditions through services like sewerage sys-
tem, water supply, garbage collection, and urban 
drainage (Philippi Jr.  2010 ). 

 In Brazil only 38.7 % of the total sewage gen-
erated is treated (SNIS  2014 ). Urbanization rap-
idly resulted in the informal settlement of 
low-income residents in neighborhoods without 
access to sanitation. Such arrangements generate 
concentrated pollution and serious drainage 
problems due to a number of factors (e.g., inade-
quate waste disposal, siltation, and consequently 
decrease in the speed of runoff), helping to dis-
seminate diseases (Moraes and Jordão  2002 ). 

 The lack of basic sanitation and minimum 
hygiene conditions increase the exposure of the 
population to many types of illnesses. Some dis-
eases associated with water pollution are cholera, 
gastrointestinal infections, diarrhoea, typhoid 
fever, amebiasis, schistosomiasis, hepatitis, and 
leptospirosis. The transmission of these infec-
tious diseases occurs normally by contaminated 
water ingestion or direct contact with the upper 
respiratory tract, eyes, or skin (Da Motta et al. 
 1994 ; FUNASA  2010 ; Barsano et al.  2014 ). 

 In touristic cities there is a seasonal fl uctua-
tion of the population. A population rise during 
summer holidays and long weekends, for exam-
ple, may overload the existing sewage systems, 
so the excess is released in streams many times, 
compromising bathing (CETESB  2010 ) and 
therefore increasing the number of pathogen load 
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in the water. Furthermore, the higher water tem-
peratures observed during this period may 
enhance the proliferation of certain types of these 
pathogens (Van Asperen et al.  1995 ). 

 Risks of microbial contamination in coastal 
waters are usually associated with the type of rec-
reational activity involved, volume of water 
ingested, and periods of contact. Humans invol-
untarily swallow some water while practicing 
water sports. In recreational activities with lim-
ited water contact, such as fi shing, kayaking, 
motor boating, canoeing, and rowing, the volume 
of water ingested is approximately 3–4 mL 
(Dorevitch et al.  2011 ). Surfi ng in contaminated 
water offers high risk for contracting gastrointes-
tinal illness especially through ingestion; the 
mean exposure is 170 ml of water ingested per 
activity day (Stone et al.  2008 ). Recreational 
water users with whole-body contact such as a 
swimmer can expect to ingest 100–200 ml of 
water in one session, probably more than sail-
board riders and water-skiers (WHO  2003 ). 

 Divers may run a higher risk of infection with 
waterborne pathogens than bathers due frequent 
and intense contact; in marine waters, they acci-
dentally swallow around 9.4 ml per dive (Schijven 
and Husman  2006 ), considering the serious 
health hazards associated with aquatic pollution.  

10.5     Monitoring Programs 

 Monitoring programs are designed to understand 
how the environment changes over time and, 
besides this, allow the evaluation and diagnosis 
of the environment in question. Long-term moni-
toring lets us evaluate information on conserva-
tion and environmental degradation of the region 
studied. 

 The concentration analysis of nutrient inputs 
to coastal waters and estuaries is necessary for 
the management of water quality. Often, nutrient 
inputs are estimated as part of some scientifi c 
research project and are published only in scien-
tifi c literature. But the results must be used for 
management too (Valigura et al.  2000 ; Howart 
et al.  2002 ). 

 Many places of recreational waters suffer 
from population growth and pollution increase. 
Monitoring programs are used in few locations 
facing these problems worldwide, standing out 
as successful examples to follow. Some 
examples are: Marine Conservation Society, 
England; Beach Water Quality – Environmental 
Protection Department, Hong Kong, China; 
Calidad de agua de las playas de Montevideo, 
Uruguay; and Programa Integral de Playas 
Limpias, Mexico. 

 At Lake Geneva, located between France and 
Switzerland, we have another example. Tourism, 
trade, and wine growing constitute the main 
activities within the region, which are generally 
in confl ict with the natural environment. After 
swimming was prohibited in many areas due to 
local pollution, integrated management between 
France and Switzerland was required. Domestic 
and industrial sewage systems have been installed 
resulting in signifi cant improvement in water 
quality (WHO  2000 ). 

 The Ganga River is the largest and the most 
important river in India. The densely populated 
Ganga Basin is inhabited by 37 % of India’s pop-
ulation; domestic and industrial wastes character-
ize the principal source of pollution. The Ganga 
Project started in June 1985 and was perceived as 
an investment providing demonstrable effects on 
river water quality. After fi nding pollution 
sources, mainly domestic and industrial 
wastes, the fi rst step was the creation of facilities 
for interception, diversion, and treatment of the 
wastewater (WHO  1997 ).   Results obtained dur-
ing the Ganga monitoring program, 1995–2011, 
indicated that the bacterial contamination contin-
ued to be critical in the Ganga River. The munici-
pal corporations at large are not able to treat the 
increasing load of municipal sewage. But the suc-
cess of the program is visible through to the num-
ber of improvements commissioned (CPCB 
 2011 ). 

 The beach monitoring program in Lima, Peru, 
initiated in 1986, was essential to confi rm the 
pollution sources and convince the authorities of 
the real necessity of the implementation of man-
agement actions (WHO  2000 ). 
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 Hong Kong began a monitoring program in 
1986 and currently uses a ranking to refl ect the 
water quality of the beach. Under the dual rating 
system, beaches are categorized into “good,” 
“fair,” “poor,” or “very poor.” Those ranked 
“good” and “fair” have necessary conditions for 
bathing waters. In 1986 only 23 % of their 
beaches had good conditions, and 25 % were 
unsuitable to swimming; at the last report released 
in 2013, this number increased to 58.5 %, and no 
improper point for swimming was recorded 
(HKWQRC  2013 ). 

 The Australian Gold Coast has a water quality 
monitoring program; currently, approximately 
230 sites are used for analyzing ocean beaches, 
rivers, creeks, estuaries, canals, freshwater, and 
tidal lakes. The water quality information is used 
for a range of purposes including information on 
the ecological health, identifying trends in water 
quality and assessing changes in water quality in 
association with landscape modifi cation 
(HWDEHP  2013 ). 

 A comprehension about the dynamics of water 
systems, including chemical, physical, and bio-
logical interactions, the perceptions of the beach 
users, and economic and tourism interests, is 
essential for a successful management of coastal 
waters. Certainly, there are confl icts between 
these factors, but many of these confl icts can be 
resolved through effective communication and 
environmental education activities (WHO  2000 ; 
HKWQRC  2013 ).  

10.6     Porto Belo Bay Program 

 Porto Belo Bay is a thriving touristic area, with a 
local population of nearly 70,000 people. The 
beaches are used for recreation as well as for  and 
seafood extraction. The sea surrounding them is 
also the home of miscellaneous marine species, 
from microscopic phytoplankton to economic 
important fi sh species. 

 Porto Belo Bay is one of the most important 
places of summer tourism in southern Brazil. 
Population number in this area can more than 
quadruple in the summer months. The cities of 
Itapema and Porto Belo, located within Porto 

Belo Bay, presented a disordered growth both in 
population numbers and in real estate over the 
last decade. This has led to uncontrolled increase 
in sanitation problems due to the rise of domestic 
sewage and the lack of planning in the infrastruc-
ture to support such a discharge. As a conse-
quence, raw sewage ends up being dumped on 
beaches and negatively infl uencing the quality of 
its waters. 

 Poor water quality as a result of increased 
wastewater discharge in the summer months has 
been reported by several authors in Porto Belo 
Bay (Vasques  2002 ; Marin  2007 ; Biavatti  2014 ). 
While Itapema currently has a wastewater treat-
ment plant (WWTP) that serves up to 60 % of the 
population, Porto Belo City doesn’t have a 
WWTP and therefore only uses septic tanks or 
releases its untreated effl uents into water bodies. 
The population growth and tourism contribute to 
the city economical growth, however the absence 
of a WWTP causes negative effects to habitats as 
well as to public health. Consequently, local 
beaches have been hampered by the large amount 
of pathogenic organisms due to the inadequate 
disposal of municipal domestic wastewater. 

 Dividing the cities of Itapema and Porto Belo 
lays the Perequê-Áçu River, the largest river that 
fl ows into the Porto Belo Bay. While the Perequê- 
Áçu River is used to discharge treated effl uent 
from the WWTP, untreated sewage is introduced 
to this water body through clandestine sewage 
connections from both Itapema and Porto 
Belo. Physicochemical and/or biological changes 
in estuarine and coastal waters undertake 
 ecological balance and offer hazards to human 
health (Carmouze  1994 ; CETESB  1995 ; De 
Miranda et al.  2002 ; Pereira Filho et al.  2003 ). 

 There are confl icts about water uses in 
Perequê-Áçu River. Upstream, the river is used to 
provide drinking water to Porto Belo, Itapema, 
and the neighbouring City of Bombinhas (around 
500,000 people in summer time). Downstream, 
as well as receiving untreated effl uents from 
Itapema and Porto Belo, waters are used for irri-
gation in rice cultivation, navigation and fi shing 
(Marin  2007 ). 

 During 2013, the WWTP received and treated 
by upfl ow anaerobic sludge blanket - UASB 
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 reactor equivalent to 2,060,897.08 m 3  of effl u-
ents. The average inlet and outlet BOD 5  was 
216.91 mg/L and 36.77 mg/L, respectively 
(CONASA  2014 ), with a mean removal of 83 %. 

 Usually, the BOD 5  of wastewater varies from 
100 to 300 mg/L, with posttreatment usually aim-
ing to achieve a reduction of BOD 5  to a range of 
20–30 mg/L (Jordão and Pessoa  1995 ). Thus, it is 
concluded that the WWTP is showing very good 
results in removal since the expected effi ciency 
for UASB reactors (Teixeira et al.  2009 ). 

 The values quoted are removed from carbona-
ceous matter within the limits established by the 
Brazilian Law in CONAMA Resolution 430 that 
complements with 357 and provides for a mini-
mum reduction of 60 % BOD 5 . 

 At summer time in the years 2013 and 2014, 
the Perequê-Áçu River suffered a major drought 
which, together with the receipt of large organic 
load from the sewage, resulted in the deaths of 

dozens of species, including some tougher catfi sh 
and crabs, culminating in a negative image of the 
city and the interdiction of stretches of beach 
(Caldas and Felix  2013 ; Basso  2014 ). From this 
situation, population demanded actions of 
authorities and from the water company. 

 Thereby, the monitoring program in Porto 
Belo Bay emerged and put together university 
and water company in February, 2014, to start 
chemical, microbiological diagnoses of this envi-
ronment. It serves the following purposes: (1) 
reveal water quality of marine and river waters 
and (2) provide a basis for the planning of pollu-
tion control strategies. 

 The monitoring program includes 14 water 
sampling stations, 9 in the bay and 5 along the 
Perequê-Áçu River (Fig.  10.1 ). Chemical and 
physical parameters, including temperature, 
salinity, pH, and dissolved oxygen, were mea-
sured in situ by a Yellow Springs 6600 V2 sonde. 
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  Fig. 10.1    Location of the 14 sampling sites at the Porto Belo Bay, SC, Brazil       
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Water samples were collected and sent to the uni-
versity laboratories for the analysis of inorganic 
nutrients (NH 4  + , PO 4  3− ), suspended particulate 
matter, particulate organic carbon, phosphorus 
organic, chlorophyll concentration, biochemical 
oxygen demand, and coliform bacteria. The 
methodologies for determining these parameters 
were followed, and the recommendations are 
described in American Public Health Association 
(APHA), the American Water Works Association 
(AWWA), and the Water Environment Federation 
(WEF) ( 1999 ). Water quality monitoring is gen-
erally conducted once a month and in summer 
time every week.

10.7        Data Collection 

 Prior to the commencement of the Porto Belo 
Bay monitoring program, other scientifi c research 
projects have estimated nutrient inputs; however, 
continuous data has never been collected in this 
area. Though the Porto Belo program is a con-
tinuing monitoring study, only one sampling 
month over the summer period (February–March 
2014) and sampling points coinciding with previ-
ous studies were selected for the scope of this 
chapter. All existing data for this area was com-
piled and compared in Table  10.1 .

   The Porto Belo Bay monitoring program col-
lected 99 samples throughout the year. However, 
in order to compare fi ndings with previous studies, 
only the summer period will be presented here. 

 These projects (we used only the data that 
were collected at the same points of the current 

project) can be seen in Fig.  10.2 , the equivalence 
of sample points.

   Water samples were collected from 14 sites in 
the Porto Belo Bay (9 beach samples, 5 river 
samples), between October 2000 and March 
2014 (Table  10.2 ). Each sample was then 
 processed and their physical, chemical, and 
microbiological properties determined.

10.7.1       Physicochemical Parameters 

 The average water temperature during the sam-
pled years was 24.9 °C for both areas, beach and 
river, with a maximum of 31.50 °C (March 2001) 
and minimum of 15.60 °C (July 2001). 

 The mean observed salinity for beach and 
river was 25.9 g.L −1  and 25.4 g.L −1 , respectively. 
Ocean water normally has a mean salinity of 35. 
This observation is an indication of how dynamic 
this environment is, low values observed in Porto 
Belo Bay can be explained through entries of 
freshwater in some sampling stations. In the river, 
salinity was observed between 0 and 35.3, the 
low values being found upstream the river and 
high values downstream. 

 The mean neutral pH values observed in both 
river and beach are consistent with estuarine 
waters (Lau and Chu  1999 ). The lowest pH val-
ues observed on the beach always occurred dur-
ing periods of low salinity, with dominance of 
fl uvial environment or storm water discharges, 
possibly associated with excess nutrients 
(Table  10.2 ). Thus, the variation in pH levels 
observed in the beach sampling can be explained 

   Table 10.1    Summaries of the projects with their respective dates of beginning and end and the periodization and the 
points that were used for sampling   

 Project  Start date  Final date  Periodicity 
 N° sample 
stations 

 Total number 
of samples 

 Vasques  2002   October 2000  February 2002  Monthly  7  48 

 Univali 2003 (unpublished)  July 2001  February 2003  Monthly  2  82 

 Marin  2007   January 2007  March 2007  Weekly  8  48 

 Univali 2008 (unpublished)  January 2008  April 2008  Weekly  2  26 

 This program  February 2014  March 2014  Weekly  14  84 

 Total  288 
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by the presence of freshwater in the bay and con-
sequently its weak buffer capacity. 

 For dissolved oxygen (DO), vital for the 
survival of aquatic organisms, the mean oxygen 
value for the entire study period was 7.1 mg.L −1  
for beach and 6.9 mg.L −1  for river. This parame-
ter is the one that best refl ects the state of degra-
dation of a water body. The annual mean surface 
water dissolved oxygen in beach ranged from 
3.7 to 10.8 mg.L −1  and in river from 0.8 to 
8.2 mg.L −1 . 

 Dissolved oxygen can be produced during the 
photosynthetic processes or by input gas through 
the atmosphere-water interface, mainly during 
low temperature. The consumption can occur by 
various means such as the decomposition of 
organic matter, respiration of aquatic organisms, 
loss to the atmosphere-water interface, and oxi-
dation of metallic ions (Esteves  1988 ). Low con-
centrations of dissolved oxygen, observed in the 
river, may be indicating a contribution of large 

amounts of organic matter in this environment, 
inducing its decomposition. It is important to 
note that the DO concentration of smaller than 4 
mg.L −1  is critical to aquatic organisms (Arana 
 1997 ). While mobile animals, like fi sh, can usu-
ally avoid hypoxic and anoxic areas, they some-
times become trapped against the shore and 
cannot escape. In some other situations, wind and 
tidal mixing may be so weak and respiration rates 
so high that even the surface waters can become 
hypoxic or anoxic (rarely) and cause fi sh kills 
(Nixon and Fulweiler  2009 ).  

10.7.2     Inorganic Nutrients 

 The ammonium nutrient (NH 4  + ) showed mini-
mum and maximum values in the beach between 
0,34 and 170 μmol.L −1  and in the river between 
0,57 and 2034 μmol.L −1 . The concentrations of 
orthophosphate phosphorus (PO 4  2− ) in water in 

  Fig. 10.2    Summary of collection points and each previous project.  Blue  (Project 1-2000 ~ 2002),  pink  (Project 
2-2001 ~ 2003),  green  (Project 3-2007),  yellow  (Project 4-2008),  dark red  with numbers (Project 5-2014)       
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Porto Belo Bay ranged from 0.05 to 2.53 μmol.
L −1  on the beach and 0.5 to 13.27 μmol.L −1  on the 
river (Table  10.2 ). 

 High ammonium (NH 4  + ) values observed in 
this study, in both environments, river and beach, 
could be related to the pollution of water through 
the input of organic matter and consequently bac-
terial decomposition. Thus, high levels of NH 4  +  
may be indicating excess organic matter and pol-
lution resultant from continental drainage. 
Phosphorus (PO 4  2− ) is a nutrient of vital impor-
tance in aquatic systems, has origin of the disso-
lution of the compounds derived from the soil or 
decaying organic matter, but may also have 
anthropogenic origin, mainly due to domestic 

and industrial wastewaters, especially from deter-
gents (Von Sperling  1996 ). These, together with 
the continual urban development stress around 
the estuary and beach, adversely affect the exis-
tence and survival of many biological species 
(Lau and Chu  1999 ). 

 The highest levels of inorganic nutrients (i.e., 
NH 4  + and PO 4  2− ) were observed in the river sam-
ple from station number 13 during March 2014. 
These extreme levels can be explained by the 
high infl ux of tourists in Porto Belo Bay for the 
carnival holiday resulting in a greater production 
of effl uent and signifi cant increase in their supply 
to the environment. Similar results have been 
observed in the estuary Saco da Mangueira, 

       Table 10.2    Chemical and microbiological parameters evaluated between October 2000 and March 2014 in Porto Belo 
Bay, Brazil. Number of samples (N), mean, standard deviation (SD), minimum (min), and maximum (max) are dis-
played for each determined variable: temperature (T °C), salinity, pH, dissolved oxygen (DO), ammonium (NH 4  + ), 
phosphate (PO 4  2− ), total organic phosphorus (TOP), particulate organic carbon (POC), suspended particulate matter 
(SPM), biochemical oxygen demand (BOD 5 ), chlorophyll-a concentration, total coliform, and fecal coliform   

 Place  N  Mean  SD  Min  Max 

 Physicochemical 
parameters 

 T 
 (°C) 

 Beach  238  24.9  3.1  15.6  31.5 

 River  50  24.9  3  18.3  30.2 

 Salinity 
 (g.L −1 ) 

 Beach  238  25.9  11.9  1.4  37.6 

 River  50  25.4  12.2  0  35.3 

 pH  Beach  238  7.6  0.7  4.1  8.9 

 River  50  7.5  0.7  5.1  8.4 

 DO 
 (mg.L −1 ) 

 Beach  238  7.1  1.2  3.7  10.8 

 River  50  6.9  1.5  0.8  8.2 

 Inorganic nutrients  NH 4  +  
 (μmol.L −1 ) 

 Beach  232  38.3  149.9  0.3  170.2 

 River  50  56.7  207  0.57  2034.8 

 PO 4  2−  
 (μmol.L −1 ) 

 Beach  222  0.7  1.3  0.05  2.53 

 River  50  0.8  1.3  0.1  13.3 

 Organic compounds 
and SPM 

 TOP 
 (μmol.L −1 ) 

 Beach  158  3.8  4.9  0.1  28 

 River  37  4  4.8  0.4  42.7 

 POC 
 (mgC.L −1 ) 

 Beach  163  1  1.3  ND  13.3 

 River  41  1.1  1.5  0.6  6.2 

 SPM 
 (mg.L −1 ) 

 Beach  131  53.3  39.2  1  285 

 River  29  53.1  39.1  0.67  76.7 

 Biological and 
microbiological 
indicators 

 BOD 5  
 (mg O 2 .L −1 ) 

 Beach  148  24.5  93  0.1  12.2 

 River  42  30.7  48.2  0.3  594.9 

 Chlorophyll- a  
(μg.L −1 ) 

 Beach  206  1.2  1.7  0.001  10.2 

 River  47  1.3  1.8  0.1  11.3 

 Total coliform 
(MPN/100 ml) 

 Beach  124  10,140.3  19,214.5  10  68,670 

 River  35  21,318.4  48,279.4  100  241,960 

 Fecal coliform 
(MPN/100 ml) 

 Beach  54  1265.6  3255  0  24,196 

 River  30  9773.5  21,634.6  73  120,330 
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where high levels of NH 4  + and PO 4  2−  resulted 
from anthropogenic inputs of organic matter or 
nutrient-rich domestic and industrial effl uents 
(Baumgarten et al .  2001 ).  

10.7.3     Organic Compounds 
and Suspended Particulate 
Matter 

 For total organic phosphorus (TOP) on the beach, 
values oscillated between 0.1–28 μmol.L −1  and 
0.4–42.7 μmol.L −1  in the river. 

 Particulate organic carbon (POC) in the 
aquatic ecosystem can originate as fragments of 
dead plants and animals, suspended sediments, 
and water exchanges with adjacent systems or 
because of the contribution of effl uents, particu-
larly domestic (Carmouze  1994 ). Similar to inor-
ganic nutrients, high levels of total organic 
phosphorus (TOP) and particulate organic carbon 
along the beach in Porto Belo Bay were associ-
ated with river discharges. 

 Suspended particulate matter (SPM) concerns 
the amount of suspended solids which interferes 
directly in water transparency and consequently 
to primary production. Physical factors such as 
wind regime, water circulation, and rainfall can 
cause the movement of the water column or 
increased river discharge and therefore infl uence 
the levels of solids suspended in the water col-
umn. For this parameter, a maximum of 285 
mg.L −1  and a minimum of 0.67 mg.L −1  were 
found, considering both environments, river and 
beach.  

10.7.4     Biological and Microbiological 
Indicators 

 Levels of biochemical oxygen demand (BOD 5 ) in 
Porto Belo Bay varied greatly throughout the 
sampling period (Table  10.2 ), refl ecting the fl uc-
tuation in the presence of biodegradable material 
in the environment. The highest BOD 5  recorded 
(594.9 mg OD.L −1 ) was observed in the river 

 (station number 13) during the summer sampling 
of March 2014, after the carnival holiday, indicat-
ing harmful conditions for the environment, 
aquatic organisms, and humans that may have 
contact with water. 

 Chlorophyll concentrations showing primary 
produce levels, as measure of the biomass of phy-
toplankton. The mean water chlorophyll-a in 
beach ranged from 0.001 to 10.2 μg.L −1  and in 
river from 0.1 to 11.3 μg.L −1 . Similar values were 
found in Biscayne Bay, USA, which ranged from 
0.001 to 9.18 μg.L −1  (Caccia and Boyer  2005 ). 

 Traditionally, bacteriological indicators are 
used to describe water quality. The fecal coliform 
in Porto Belo Bay displayed a gradual increase 
over the sampled years (Table  10.2 ). The highest 
values of coliforms in both beach and river envi-
ronments were observed in the summer of 2014 
(sampling station number 13), during which lev-
els were larger (hundred times greater) than those 
determined in the Brazilian legislation (maxi-
mum of 2500 MPN/100 ml). As with previous 
parameter, such drastic increase may be associ-
ated with the increased population density in the 
region during the summer period. Results from 
beach stations varied widely, with low levels 
observed in sampling stations numbers 3 and 9, 
possibly because they are more distant areas from 
river and storm water discharges.  

10.7.5     Final Analysis 

 Water quality assessment is usually made by 
indicator parameters such as nutrient levels and 
fecal indicator organisms. However, total coli-
forms and fecal coliforms do not necessarily cor-
relate well with the presence of pathogenic 
organisms (Ferguson et al.  1996 ); the stability of 
the natural populations of fecal coliforms is 
affected and can be drastically inactivated in a 
few hours when exposed to sunlight (Fujioka 
et al.  1981 ). However, enhanced nutrient loading 
alone might also infl uence the abundance and 
survival of pathogens that are already resident in 
aquatic ecosystems (Smith et al.  1999 ). 

10 An Overview of Potential Health Hazards in Recreational Water Environments…



178

 Water quality is infl uenced by many natural 
factors interacting in the drainage basins (biologi-
cal, meteorological, geological, topographical, and 
hydrological). Human infl uence on water quality is 
signifi cant too and may be from several sources; the 
discharge of sewage and agricultural fertilizer run-
off are the most common examples (Cood  2000 ). 

 Human activities have also profound impacts 
upon the biogeochemical cycles of carbon, phos-
phorus, and nitrogen (Vitousek et al.  1997 ; Smith 
et al.  1999 ). Phosphorus and nitrogen are essen-
tial nutrients for the plants and animals, but input 
increases in the marine environment represent a 
potential pollution problem (De Jong  2006 ). 

 There are many sources of phosphorus in 
aquatic systems, including wastewater, wastewa-
ter treatment plants, runoff from fertilized soil, 
and the widespread use of detergents, which have 
important contributions to the phosphorus loads 
(Carpenter et al.  1998 ; De Jong  2006 ; Baumgarten 
et al.  2010 ). 

 Nitrifi cation is carried out in two steps. First, 
ammonium is converted to nitrite by ammonia- 
oxidizing bacteria. In the second step, nitrite- 
oxidizing bacteria convert nitrite to nitrate, 
resulting to the high oxygen demand for ammo-
nium oxidation. High ammonium concentration 
can be found especially in municipal wastewater 
(Ruiz et al.  2003 ). 

 The water quality varies around the world. 
Some places have low nutrient levels; the high 
values are associated to high population density 
(Table  10.3 ).

   The indicator ammonium is chosen for the 
comparison of coastal water quality around the 
world on the map (Fig.  10.3 ).

   In Itapema beach, river and storm water dis-
charges are the most important factors infl uenc-
ing its water quality, with chemical, 
physicochemical, and microbiological aspects. 

 The sample stations that showed better water 
quality were Praia Central (site 2) and Caixa 
d’Aço (site 9) located far away from river dis-
charges, without its infl uences. The lowest water 
qualities were represented in the northern Itapema 
beach (site 1), Praia do Morretes (site 3), and 
Praia do Perequê (site 6) which have a great dis-
crepancy in chemical and microbiological char-
acteristics, both located much closer to discharges 
and with a high population density. 

 During all the periods monitored, the nutrients 
were very high, and this area was classifi ed to 
eutrophic system, according to Lau and Chu 
( 1999 ), Ingole and Kadam ( 2003 ), and 
Baumgarten et al. ( 2001 ). 

 The supervision of the outputs of rainwater on 
the beach is recommended, since they appear to 
contain illegal sewage. The illegal sewage also 
appears to be responsible for the poor water qual-
ity of the river. 

 Around Perequê-Áçu River over the last 10 
years, many people without access to sanitation 
have set and dumped their sewage directly into 
the river. It is important to remember that Porto 
Belo City does not possess an effl uent treatment 
plant. 

 We must make an environmental education 
work and awareness actions with the population, 
mainly scholar children, explaining the impor-
tance of treating sewage and pollution damages 
and its infl uences to human and environmental 
health.      
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    Table 10.3    Water quality of some beaches around the world. The symbol * represents estuaries and indicator ammo-
nium is chosen for the comparison of coastal water quality around the world on the map (A to I)   

 Local 

 Sal  NH 4  +   PO 4  3−  

 References  μmol.L -1   μmol.L -1  

 Yucatán Bay, México 
 A  

 Mean  37.45  4.45  0.51  Aranda-Cirerol 
et al.  2006   Range  (24.0 ~ 39.7)  (0.40 ~ 42.26)  (0.03 ~1.79) 

 Dzilam Lagoon, 
México 

 Mean ± SD  25.8 ± 1.4  2.8 ± 0.2  0.05 ± 0.03  Medina and 
Herrera 2003 

 Yucatán Bay, México  Range  36 ~ 38,3  4.2 ~ 5,2  0.46 ~ 0.62  Herrera-Silveira 
et al.  2004  

 Flórida, USA  Mean  34.25  0.474  0.015  Boyer et al. 
 2000  

 Biscayne Bay, USA  B   Range  6.21 ~ 42,3  0 ~ 16.3  0 ~0.68  Caccia and 
Boyer  2005  

 Hawaii Beach, USA  Mean ± SD  34.5  0.8 ± 0.4  0.15 ± 0.07  Laws et al.  1999  

 Mangrove Mai Po, 
Hong Kong, China  C*  

 Mean  8  485.7  37  Lau and Chu 
 1999   Range  0 ~ 30  37.8 ~ 1450  1.9 ~ 83.9 

 East of Hong Kong, 
China 

 Mean  30  1.6  0.3  Zhou et al.  2007  

 Dadar Beach of 
Mumbai. India  D  

 Mean  27.9  135.7  25.8  Ingole and 
Kadam  2003   Range  15.1 ~ 32.4  57 ~ 207  6.4 ~ 58 

 Itacaré to Canavieiras, 
BA, Brazil 

 Mean ± SD  36.5 ± 0.51  0.63 ± 0.56  0.07 ± 0.03  Eça  2009  

 São Vicente Beach, 
SP, 
Brazil  E  

 Range  32.23 ~ 35.56  0.82 ~ 4.94  0.22 ~ 4.42  Braga et al. 
 2000  

 São Sebastião, SP, 
Brazil 

 Mean ± SD  34.65 ± 0.95  0.71 ± 0.55  0.15 ± 0.11  Gianesella 
and Saldanha-
Corrêa  2003  

 Conceição Lagoon, 
SC, Brazil 

 Mean ± SD  29 ± 1.1  6.0 ± 1.1  0.21 ± 0.15  Fonseca et al. 
 2002  

 Pântano do Sul, SC, 
Brazil 

 Mean ± SD  34.7 ± 0.82  1.3 ± 0.70  0.6 ± 0.18  Simonassi et al. 
 2010  

 North beaches of 
Santa Catarina, Brazil 

 Mean ± SD  30.9 ± 2.1  16.3 ± 16.1  0.68 ± 0.32  Kuroshima et al. 
 2006  

 Balneário Camboriú, 
SC, Brazil 

 Mean ± SD  29.4 ± 4.7  20.0 ± 36.4  0.71 ± 0.7  Kuroshima et al. 
 2007  

 Saco do Justino, RS, 
Brazil  F*  

 Range  0 ~ 20  1.9 ~ 29.7  0 ~ 5.3  Baumgarten 
et al.  2005  

 Saco da Mangueira, 
RS, Brazil  G*  

 Range  0 ~ 24  1.7 ~ 47.9  1.3 ~ 13.4  Baumgarten 
et al.  2001  

 Porto Belo Bay, this 
study  H  

 Range  1.4 ~ 37.6  0.3 ~ 170.2  0 ~ 2.5  This study 

 Perequê River, this 
study  I*  

 Range  0 ~ 35.3  0.6 ~ 2034.8  0.1 ~ 13.3  This study 
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    Abstract  

  The fullerene-C 60  is a commercially attractive nanoparticle which increases 
the effi ciency of drugs, cosmetics, and electronics. Like most of the con-
taminants when released into the environment, the fi nal destination of 
fullerene-C 60  might be the aquatic system, where it will be subject to inter-
actions with the biota and other compounds. This study aimed to evaluate 
the possible effects of this nanoparticle on marine and estuarine biota. 
Thus, acute toxicity assays with  Acartia tonsa  and  Mysidopsis juniae  were 
conducted to evaluate the toxicity of aqueous fullerene suspension (nC 60 ). 
This suspension of C 60  was prepared using 200 mg of fullerene-C 60  dis-
solved in 1 L of Milli-Q water. Due to the low solubility of fullerene-C 60  
in water, the nominal concentration of suspension was 0.53 μg L −1 . The 
nominal concentrations used for the assays were 0.053 and 0.265 μg L −1 , 
which correspond to 10 % and 50 % of the concentration of nC 60 , respec-
tively. The results indicated that nC 60  did not cause acute toxicity to  A. 
tonsa  and  M. juniae  at the tested concentrations.  

  Keywords  

  Fullerenes   •   Nanotoxicology   •   Toxicological assays  

11.1         Nanoparticles 
and Nanotechnology 

 Over the past decades nanotechnology has raised 
the interest of the scientifi c community to the 
search for new compounds that act with high 

specifi city in several areas such as electronics, 
medicine, physics, and chemistry (RCEP  2008 ). 
Nanomaterials are defi ned by the US National 
Nanotechnology Initiative as materials having at 
least one dimension between 1 and 100 nm 
(Oberdörster  2004 ), which enable numerous 
applications in several areas of knowledge. Nano- 
sized materials are present on Earth for a millions 
of years (Nowack and Bucheli  2007 ), being 
found naturally in the environment, such as viral 
particles, the biogenic magnetite, and ferritin 
protein (Oberdörster  2004 ). Nanoparticles can 
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also be naturally originated from combustion 
processes, such as forest fi res and volcanic activi-
ties (Oberdörster et al.  2005 ). 

 There are different types of nanoparticles cur-
rently synthesized, with many applications. 
However, all of them have at least one of the main 
characteristics of nanomaterials: large surface 
area. Examples of nanoparticles are carbon nano-
tubes, inorganic nanotubes, and nanoparticles of 
silver, aluminum, titanium dioxide, dendrimers, 
quantum dots, and fullerenes (C 60 , C 70 , C 84 , C 540 ). 
The production of such manufactured nanomate-
rials, as well as other emerging compounds, has 
increased signifi cantly in recent years, because 
they facilitate everyday life and increase the effi -
ciency of engineering equipment. 

 The nanotechnology is a rapidly expanding 
fi eld which results in a variety of commercially 
available products. The preference for the use of 
nano-sized materials is mainly due to their large 
surface/volume ratio (Colvin  2003 ), as previ-
ously mentioned. Thus, there are many applica-
tions of nanomaterials, including their use in 
paints, self-cleaning windows, and stain-resistant 
clothing (Kahru and Dubourguier  2010 ). Its fea-
tures also favor its use in sunscreens, cosmetics, 
drug carriers, and catalysts in intracellular reac-
tions (Colvin  2003 ). According to Moore ( 2006 ), 
nanotechnology promises huge improvements in 
health, industrial technologies, and environmen-
tal bioremediation and collaborates with eco-
nomic growth. 

 Although nanoparticles always are present on 
the planet, the Industrial Revolution was respon-
sible for increasing human exposure due to 
sources of thermodegradation, such as internal 
combustion engines (Oberdörster et al.  2005 ). 
Since then, the exhibition has grown 
increasingly.  

11.2     Fullerenes 

 Among the elements used in nanotechnology, 
carbon (C) is one that has wider application, 
because in different molecular and crystal struc-

tures, it features a wide range of mechanical and 
electronic properties (Dresselhaus et al.  1996 ; 
Hulteen and Martin  1997 ). The carbon was high-
lighted in 1985, after the discovery of new allo-
tropic form. This allotrope was called fullerene, 
because its shape is similar to the geodesic domes 
designed by American architect Richard 
Buckminster Fuller, which are architectural 
forms that follow the same principle of symmetry 
and stability of fullerenes (Dresselhaus et al. 
 1996 ; Hirsch  1997 ). 

 Fullerenes are molecules in the form of three- 
dimensional closed polyhedra formed by hexa-
gons and pentagons, 42 to more than 1000 
carbons. The most abundant contains 60 carbon 
atoms linked together, forming a structure similar 
to a soccer ball (Fig.  11.1 ). The molecule is com-
posed of six subunits, called piracelênicas (Taylor 
and Walton  1993 ), and has the form of a non- 
regular icosahedron with 32 faces (20 hexagons 
and 12 pentagons) and 30 carbon-carbon bonds 
located at the vertices of fusions between 
 pentagons and hexagons (Diederich and Thilgen 
 1996 ).

   The fullerene molecules were discovered by 
Sir Harold W. Kroto, Robert F. Curl, and Richard 
E. Smalley during their experiments to reproduce 
the conditions that form the carbon clusters in the 
dust star present in the vicinity of celestial bodies 
called red giants (Kroto et al.  1985 ). In these 
experiments, a graphite plate was subjected to a 
high-frequency pulsed laser in a supersonic fl ow 
of helium gas, and the mixture containing carbon 
clusters generated in plasma was analyzed by 
mass spectrometry. The formation of molecules 
consisting exclusively of carbon atoms was 
observed, with formula Cn, where  n  = 30–190, 
being C 60  and C 70  the most abundant. 

 The fullerene with 60 carbon atoms was sepa-
rated from this mixture by Taylor et al. ( 1990 ) in 
amounts suffi cient to start exploring its chemical 
and spectroscopic properties. However, the tech-
nique developed in 1985 did not permit large 
quantities of synthesis of fullerene. Then, 
Krätschmer et al. ( 1990 ) developed a method to 
synthesize it with a yield of 5 %. Since its fi rst 
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detection and mass production, fullerenes won a 
key role in the scientifi c fi eld, reaching its peak in 
1996, when the Chemistry Nobel Prize was 
awarded to Kroto, Curl, and Smalley for their dis-
covery (Prato  1997 ). 

 The fullerene-C 60  has hydrophobic properties 
with a log Kow 6.67 (Jafvert and Kulkarni  2008 ) 
and solubility 1.3 × 10 −11  mg L −1  in water 
(Heymann  1996 ) and, when in an aqueous 
medium, can form stable agglomerates having 
diameters up to 500 nm (Fortner et al.  2005 ). 
Furthermore, a major problem for many of the 
possible applications of C 60  is their low solubility 
in usual solvents (Ruoff et al.  1993 ). Since its dis-
covery, the low solubility of C 60  has been an 
obstacle to their practical application. 

 This nanoparticle effectively absorbs free rad-
icals (Bianco and Ross  2007 ), is a reactive oxy-
gen species generator for photodynamic therapy 
(Vileno et al.  2004 ), is a contrast agent for diag-
nosis conveyor (Bolskar et al.  2003 ), and is an 
inhibitor of enzymes and drug transporter 
(Markovic and Trajkovic  2008 ). It has also been 
used in the production of amphiphilic copoly-

mers (Yu et al.  2005 ) and in the manufacture of 
photocells (Hasobe et al.  2005 ). 

 Despite the expansion of the use of nanomate-
rials, studies to evaluate whether they can cause 
undesired effects when administered for medical 
purposes or even during its manufacture are lack-
ing (Oberdörster et al.  2005 ). Added to this, due 
to increased production of synthetic nanoparti-
cles, it is likely that occupational and public 
exposure will dramatically increase in the com-
ing years, as well as their possible release to the 
environment (Kahru and Dubourguier  2010 ). 
According to Shinohara et al. ( 2009 ), it is esti-
mated that approximately 40 tons of fullerene-
 C60 are produced annually by industry. Thus, it 
is possible that this nanoparticle starts to be found 
in measurable concentrations (Oberdörster  2004 ) 
in various environments that have some associa-
tion with its direct or indirect sources, including 
estuaries and coastal regions, acting potential risk 
to the biota of these sites. 

 Some studies presented data of toxicity of 
fullerene-C 60  on aquatic species (Oberdörster 
 2004 ; Zhu et al.  2006 ; Tao et al.  2009 ), but other 

  Fig. 11.1    Schematic representation of the fullerene-C 60 . ( a ) Template spheres. ( b ) Space-fi lling model. ( c ) A linear 
condensed formula. ( d ) Complete structural formula. ( e ) Schlegel diagram showing the numbering of the carbon atoms       
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authors attributed this toxicity to organic solvents 
used to co-solubilize the nanoparticle (Fortner 
et al.  2005 ; Oberdörster et al.  2006 ). Thus, this 
nanoparticle in aqueous suspension could have 
its toxicity decreased considerably.  

11.3     Toxicological Assays 
and Organisms 

 The toxicological assays can be used with a cer-
tain security to investigate adverse effects of 
nanocomposites on the natural environment. 
These assays have standardized methods, which 
assess the inherent ability of a substance or mix-
ture to cause deleterious effects to living organ-
isms, and effi cient tools for evaluation of water 
and sediment (Zagatto  2006 ). 

 Aquatic environments can be the fi nal destina-
tion of most contaminants, which can have dele-
terious effects, so it is extremely important to 
carry out studies to analyze the toxicity of fuller-
ene- C60 on estuarine and marine species from 
different trophic levels. 

 The  Acartia tonsa  (Dana 1849) is one of the 
most studied copepod species in the world 
(Mauchline et al.  1998 ) and easily cultured in the 
laboratory (Kaminski  2004 ). It has broad geo-
graphic distribution, occurring in the Atlantic 
Ocean, from the coast of Canada to Argentina, 
and in the northern Pacifi c Ocean (Sabatini 
 1990 ). It supports a wide range of salinity and is 
adaptable to various environmental conditions. 
This species has proved sensitive to a variety of 
toxic chemicals (Medina and Barata  2004 ), 
which makes it interesting for use in toxicologi-
cal assays (Bianchi et al.  2003 ). This toxicity test 
is standardized by the International Organization 
for Standardization (ISO  1999 ). 

 The  Mysidopsis juniae  (Silva 1979) is an epi-
bentonic species and is part of the diet of several 
species of fi sh, so it is an important link between 
the branches of many marine food webs (Barnes 
 1996 ). The mysids are widely used as test organ-
isms in toxicological studies due to favorable 
characteristics such as sensitivity to various toxic 
agents, ease of use and cultivation, direct devel-
opment, and short life cycle (Badaró-Pedroso 
et al.  2002 ). Therefore, their sensitivity has been 

tested against various contaminants, either chem-
ical compounds or complex mixtures. In addi-
tion, their use in toxicological assays was 
recommended and ruled for over a decade by the 
Company of Technology and Environmental 
Sanitation of the State of São Paulo (CETESB 
 1992 ) and later by the Brazilian Association of 
Technical Standards (ABNT  2005 ). 

 The present study aimed at investigating the 
role of aqueous fullerene suspension (nC 60 ) as 
contaminant carriers in aquatic systems. This was 
investigated in a series of acute toxicity assays 
with  A. tonsa  and  M. juniae .  

11.4     Aqueous Fullerene 
Suspension (nC 60 ) 

 200 g of fullerene-C 60  with 98 % purity, pur-
chased from Sigma-Aldrich, was suspended in 
1 L of Milli-Q water and stirred vigorously for 2 
months during exposure to artifi cial light. This 
procedure was performed according to the 
method used by Baun et al. ( 2008 ). This process 
forms colloidal aggregates and, for this reason, 
represented as (nC 60 ). After this stage, the 
 suspension was fi ltered through nylon fi lters of 
0.1 μm (to ensure the size of the nanoparticles).  

11.5     Acute Toxicity Assays 
with  Acartia tonsa  

 The acute toxicity assays with  Acartia tonsa  were 
conducted following the methodology described 
in the standard published by the International 
Organization for Standardization (ISO  1999 ) in 
order to determine the mortality of organisms 
exposed to treatments. Adult organisms aged 
between 1 and 3 weeks were selected without 
distinction of sex. Ten organisms were randomly 
placed in each beaker of 60 ml capacity, contain-
ing 50 mL of the test solution. The nominal con-
centrations of nC 60  tested were 0.053 and 0.265 
μg L −1 . 

 For each treatment four replicates ( n  = 4) with 
salinity 30 were prepared. The assays were main-
tained in a climatized room for a period of 48 h. 
After this time, the mortality rate was evaluated 
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at each concentration, identifi ed by the absence 
of animal movement, and observed under optical 
stereomicroscope.  

11.6     Acute Toxicity Assays 
with  Mysidopsis juniae  

 The acute toxicity assays with  Mysidopsis juniae  
were conducted in accordance with the method-
ology described in ISO-15308 standard (ABNT 
 2005 ). Organisms were selected without distinc-
tion of sex, aged between 1 and 8 days. Ten 
organisms were randomly placed in each beaker 
of 400 mL capacity, containing 200 mL of the 
test solution. The nominal concentrations of nC 60  
tested were 0.053 and 0.265 μg L −1 . 

 For each treatment fi ve replicates ( n  = 5) with 
salinity 35 were prepared. The assays were main-
tained in a climatized room for a period of 96 h. 
The organisms were fed daily during the treat-
ment period with 20–30  Artemia  sp. for each  M. 
juniae . After this time, the mortality rate was 
evaluated at each concentration, identifi ed by the 
absence of animal movement after physical 
stimulation.  

11.7     Determination 
of the Concentration 
Aqueous Fullerene 
Suspension (nC 60 ) 

 The concentration was determinate by solid 
phase extraction (SPE). The procedure was opti-
mized based on the methodology described by 
Chen et al. ( 2008 ). 100 μL of pre-concentrated 
extract was analyzed by liquid chromatography 
equipped with a high-effi ciency UV detector 
(CLAE UV–vis Series 200, PerkinElmer).  

11.8     Results and Discussion 

 There were no deleterious effects on  Acartia 
tonsa  in concentrations 0.053 and 0.265 μg L −1  
(Fig.  11.2 ). The results showed no signifi cant dif-
ferences between treatment and control ( p  > 0.05). 

The four experiments were pooled for the calcu-
lation of average survival of all replicates of each 
treatment ( n  = 16).

   The results of the assays with  Mysidopsis 
juniae  that were tested at concentrations of 
fullerene-nC 60  0.053 μg L −1  and 0.265 μg L −1  are 
shown in Fig.  11.3 . At these concentrations the 
nanocompound showed no toxicity acute for the 
species. The average survival of organisms was 
greater than 90 % for both treatments being 
within the acceptable limits of survival for the 
groups of control on this species (ABNT  2005 ). 
Therefore, the median survival was not signifi -
cantly different between treatments and controls 
( p  > 0.05).

   Several studies have attributed toxicity for 
fullerene on studies with different organisms 
such as bacteria (Fortner et al.  2005 ), crustaceans 
(Lovern and Klaper  2006 ; Zhu et al.  2006 ), and 
fi sh embryos (Zhu et al.  2007 ). However, suspen-
sions of fullerene used in these cases were 
obtained after dissolution of the nanocomposite 
in THF (tetrahydrofuran). According to Gharbi 
et al. ( 2005 ), conditions used for the removal of 
solvent (450 K under a pressure of 10–6 mmHg 
for at least 50 h) are insuffi cient for its complete 
removal. Thus, there is a high expectation that the 
presence of the solvent residues used in the prep-
aration of aqueous solutions has been the cause 
of toxic effects observed in organisms (Gharbi 
et al.  2005 ; Henry et al.  2007 ). Thus, although the 
fullerene-C 60  is slightly soluble in water, in the 
present study organic solvents were not used to 
dilute it. 

 According to Andrievsky et al. ( 1995 ), the 
aqueous fullerene suspension, which does not 
contain any organic solvent, has no toxicity for 
various biological systems and can still provide 
positive effects. On the other hand, some studies 
have reported sublethal effects of such suspen-
sions for freshwater crustaceans (Lovern and 
Klaper  2006 ; Zhu et al.  2006 ; Oberdörster et al. 
2006). However, it should be noted that these 
effects were caused by exposure to solutions with 
concentrations at least fi ve thousand times the 
highest concentration used in this study. 

 Brant et al. ( 2005 ) studied the aggregation 
and deposition of fullerene-C 60  in aqueous 
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  Fig. 11.2    Comparison of the mean values ( n  = 16) of survival of  Acartia tonsa  observed in the control and in the two 
concentrations of nC 60  (FLN 10 % = 0.053 μg L −1  and FLN 50 % = 0.265 μg L −1 )       

  Fig. 11.3    Comparison of the mean values ( n  = 16) of survival of  Mysidopsis juniae  observed in the control and in the 
two concentrations of nC 60  (FLN 10 % = 0.053 μg L −1  and FLN 50 % = 0.265 μg L −1 )       
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 suspension according to the variation of the ionic 
strength. According to these authors, electrolyte 
solutions tend to provide higher fullerene aggre-
gates due to loss of stability in which they were. 
The stability of the n-C60 clusters in the 
absence of electrolyte and their correspond-
ing aggregation at various salt concentrations 
strongly suggest that the origin of the n-C60’s 
stability is due to electrostatic repulsion between 
colloids. In their experiments, they observed that 
in the absence of electrolytes, fullerene aggre-
gates (nC 60 ) remained stable over time (the diam-
eters did not vary), and aggregates from the same 
fullerene solution with addition of NaCl (fi nal 
concentration 0.1 M) increased in diameter from 
168 to 680 nm over a period of 2 months. The 
formation of large aggregates can lead to precipi-
tation of the nanoparticles, which may contribute 
to the lack of its toxicity to microcrustaceans. 

 Despite the fullerene-nC 60  has tendencies to 
form aggregates and suffers deposition in the 
presence of ions, it has been reported that other 
components in the environment can promote 
destabilization of the aggregates. Among them, 
the presence of organic matter and humic acids 
that are found in estuaries may have the potential 
to mobilize nC 60  through changes in the charges 
on their surfaces. The unbundling process may 
result in the formation of smaller aggregates, 
which can be resuspended and again made avail-
able to the water column (see review of Christian 
et al.  2008 ).     
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      Comparative Analysis of Common 
and Unique Targets in Drug 
Resistant Strains of  Staphylococcus 
aureus        

     Amandeep     Kaur     Kahlon     ,     Mahendra     P.     Darokar    , 
and     Ashok     Sharma   

    Abstract  

  The increasing number of drug-resistant strains of  Staphylococcus aureus  
necessitated the identifi cation of potential drug targets specifi c to the strain 
of interest. The chromosomal and plasmid genes of  S. aureus  strains N315, 
JH1, and JH9 were compared with Mu50 strain to fi nd common (core) and 
unique (strain-specifi c) genes in the present study. In silico analysis of 
genomics data of  S. aureus  strains N315, JH1, and JH9 with vancomycin- 
resistant strain Mu50 showed total number of unique genes higher in 
Mu50 and least in N315. The presence of higher number of unique genes 
in Mu50 signifi es their role in drug resistance mechanism. In  S. aureus  
strain Mu50, the chromosomal genes showed tetracycline resistance pro-
tein and ABC transporters. Whereas, plasmid genes showed transposase, 
N-acetyltransferase, and truncated resolvase. In  S. aureus  strain N315, 
chromosomal genes showed more number of hypothetical proteins. 
Whereas, plasmid genes showed arsenical resistance proteins, arsenic 
effl ux pump protein, CadD, CadX, blaR1, and penicillinase repressor. In 
 S. aureus  strains JH1 and JH9, chromosomal genes showed mainly phage 
regulatory proteins, and plasmid genes showed arsenic and cadmium 
resistance regulatory proteins. Furthermore, human proteome and gut fl ora 
non-pathogenic proteomes were compared with proteome of these strains 
to fi nd target proteins specifi c to the strain of interest and not present in 
host. In conclusion, identifi cation of unique genes in these strains pro-
vided insights on differences in drug resistance potential.  
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  Abbreviations 
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 aureus    
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aureus    

12.1           Introduction 

  Staphylococcus aureus  is an important cause of 
skin and soft tissue infections (SSTIs) such as 
endovascular infections, pneumonia, septic 
arthritis, endocarditis, osteomyelitis, and sepsis. 
Penicillin was found to be an effective antibiotic 
to treat  S. aureus  infections before the 1950s. 
When penicillin was introduced in 1944, over 
94 % of  S. aureus  isolates were susceptible but 
later on by 1950 over 50 % were resistant 
(Livermore  2000 ). With the emergence of drug- 
resistant  S. aureus  strains, researchers posed seri-
ous concern to fi nd effective antimicrobials 
worldwide. Resistance mechanisms include 
enzymatic inactivation of the antibiotic (penicil-
linase (Bondi and Dietz  1945 ) and 
aminoglycoside- modifi cation enzymes), altera-
tion of the target with decreased affi nity for the 
antibiotic, trapping of the antibiotic (for vanco-
mycin and possibly daptomycin), and effl ux 
pumps (fl uoroquinolones and tetracycline). 
Detection of the resistance mechanisms and their 
genetic basis is required for antibiotic suscepti-
bility surveillance in  S. aureus  (Nickerson et al. 
 2009 ; Olson et al.  2007 ; Pantosti et al.  2007 ; 
Pantosti and Venditti  2009 ).  S. aureus  MGEs 

(mobile genetic elements) have provided detailed 
insight into the evolution of antimicrobial resis-
tance mechanisms and virulence (Malachowa 
and Deleo  2010 ; Medini et al.  2005 ).  mecA  is part 
of a mobile genetic element called the staphylo-
coccal cassette chromosome (SCC)  mec . SCC mec  
is fl anked by cassette chromosome recombinase 
genes ( ccrA / ccrB  or  ccrC ) that permit intra- and 
interspecies horizontal transmission of SCC mec  
(Chambers  1997 ; Gorden and Lowy  2008 ; 
Gustafson et al.  2006 ; Katayama et al.  2000 ). The 
transfer of mec sequences is horizontal, from 
coagulase-negative staphylococci to  S. aureus  
(Archer et al.  1994 ). Community-associated 
MRSA (CA-MRSA) strains differ from the older, 
health care-associated MRSA strains. They infect 
a different group of patients, differ in antimicro-
bial susceptibility patterns, and spread rapidly 
among healthy people in the community (David 
and Daum  2010 ; DeLeo et al.  2009 ; Gorak et al. 
 1999 ). The differential distribution of large 
mobile elements carrying virulence and drug 
resistance determinants may be responsible for 
the clinically important phenotypic differences in 
these strains (Holden et al.  2004 ). The response 
made by society to reduce resistance involves 
surveillance, reduced usage, improved infection 
control, and the introduction of new antimicro-
bial agents (Hawkey  2008a ). The Netherlands 
and Denmark followed strict isolation policies to 
prevent dissemination of MRSA. On the other 
hand, success of infection control measures was 
limited in the USA and England (Lowy  2003 ). 
The continued emergence of resistant strains of 
bacteria such as MRSA demands an urgent 
revival of the search for new antibiotics (Muzzi 
et al.  2007 ; Plata et al.  2009 ; Saxena and Gombar 
 2010 ; Srivastava et al.  2002 ; Hawkey  2008b ; 
Tenover  2006 ). 

 The glycopeptide antibiotic vancomycin 
(molecular weight, 1,485.7) derived from 
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 Nocardia orientalis  (formerly known as 
 Streptomyces orientalis ) was clinically intro-
duced in 1958 and was found to be effective 
against methicillin-resistant  S. aureus . However, 
the fi rst case of decreased susceptibility of  S. 
aureus  to vancomycin was reported from Japan 
in 1996, and similar reports came from the USA 
and other countries at the same time (Stryjewski 
and Chambers  2008 ; Chang et al.  2003 ). 
Experiments demonstrated that the thickened cell 
wall of vancomycin-intermediate  S. aureus  
(VISA) could protect ongoing peptidoglycan bio-
synthesis in the cytoplasmic membrane from 
vancomycin inhibition, hence allowing the cells 
to continue producing nascent cell wall peptido-
glycan to make the cells resistant to vancomycin 
(Cui et al.  2006 ; Avison et al.  2002 ). The reports 
on vancomycin-resistant  S. aureus  (VRSA) 
strains from the USA, France, Korea, South 
Africa, and Brazil have also confi rmed the emer-
gence of vancomycin resistance in  S. aureus  and 
decline of the clinical effectiveness of vancomy-
cin in the hospitals (Hiramatsu  2001 ). The het-
erogeneous VISA strains could be involved in 
vancomycin therapeutic failure, especially in 
deep-seated or wound MRSA infections, given 
the weak tissue concentrations of vancomycin 
(Hiramatsu et al.  1997a ). Point mutations in key 
regulatory genes contribute to the hVISA and 
VISA phenotypes (Hiramatsu et al.  1997b ; 
Howden et al.  2010 ; Morell and Balkin  2010 ). 
Another report came from the northern part of 
India and found for the fi rst time the emergence 
of VISA/VRSA in India. The major cause of this 
may be unawareness and indiscriminate use of 
broad-spectrum antibiotics. Use of antibacterial 
agents creates selective pressure for the emer-
gence of resistant strains (Tiwari and Sen  2006 ). 
Minimizing the antibiotic pressure that favors the 
selection of resistant strains is very essential in 
order to control the emergence of these strains in 
the hospital and the community (Chambers 
 2001 ). Genomics could provide information 
regarding the overall conservation and hence 
therapeutic potential of antimicrobial targets 
(Chaudhuri et al.  2009 ; Enright et al.  2002 ; Lee 
et al.  2009 ; Moran and Mount  2003 ). 

 Due to differences in susceptibility patterns 
and antibiotic resistance in  S. aureus , there is 
extensive need to fi nd strain-specifi c genes 
responsible for such differences. In the present 
study, we performed in silico analysis to fi nd the 
differences in drug-resistant strains of  S. aureus  
responsible for varied drug response and suscep-
tibility to antibiotics. Major concern was to know 
about the genetic differences in vancomycin- 
resistant strain Mu50 with other drug-resistant 
strains of  S. aureus . First of all, we identifi ed 
common genes present in all the strains under 
study and also found unique genes specifi c to 
strain of interest. Furthermore,  S. aureus  strains 
were compared with human proteome and gut 
fl ora organisms to fi nd potential drug targets in 
each strain. This is the fi rst report to fi nd strain- 
specifi c unique genes to fi nd differences in anti-
biotic resistance among drug-resistant  S. aureus  
strains through in silico analysis.  

12.2     Materials and Methods 

12.2.1     Genomic Data Analysis 

 Chromosomal and plasmid genes of  S. aureus  
strains Mu50 (accession(s), NC_002758 and 
NC_002774), N315 (accession(s), NC_002745 
and NC_003140), JH1 (accession(s), NC_009632 
and NC_009619), and JH9 (accession(s), 
NC_009487 and NC_009477) were retrieved 
using NCBI (  http://www.ncbi.nlm.nih.gov/    ). 
Differences between drug-resistant strain(s) 
at the genome level were elucidated through 
in silico analysis. The vancomycin-resistant 
 S. aureus  strain Mu50 was compared with other 
drug- resistant strains N315, JH1, and JH9 for 
common and unique gene identifi cation using 
CGUG 3.1. CGUG is available at   http://binf.
gmu.edu/geneorder.html     (Mahadevan et al.  2009 ; 
Turner et al.  2013 ), and it performs iterative 
BLASTp analyses using a reference genome and 
up to four query genomes to provide a table of 
genes common to these genomes. Genomic 
sequences were compared using CGUG 3.1 with 
BLASTp threshold set at 75.  
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12.2.2     In Silico Drug Target 
Prediction 

 Protein-coding genes of  S. aureus  strains were 
compared against human and gut fl ora non-
pathogenic microbes using UniDrug-Target tool 
(Chanumolu et al.  2012 ). This server is freely 
available at   http://117.211.115.67/UDT/main.
html     and stand-alone application source codes 
are also available at   http://www.bioinformatics.
org/ftp/pub/bioinfojuit/UDT.rar    . Host proteome 
and gut fl ora microbes,  Lactobacillus brevis  
ATCC367,  Lactobacillus reuteri  F275, and 
 Bifi dobacterium longum  were compared against 
each  S. aureus  strain to identify strain-specifi c 
potential drug targets.  

12.2.3     In Silico Essential 
and Virulence Factor Analysis 

 Database of essential genes (  http://www.essenti-
algene.org/     DEG 10.6) and the virulence factor 
database (  http://www.mgc.ac.cn/VFs/     VFDB) 
were used in the study (Chen et al.  2012 ; Zhang 
and Lin  2009 ). BLASTp analysis against human 
proteome was performed to fi nd essential genes 
and virulence factor nonhuman homologues. 
Threshold value was considered 10 −3 , cutoff val-
ues for bit score were considered >100, % identity 
at amino acid level ≥35 %, and query coverage 
≥50 % to identify the human homologues.   

12.3     Results 

12.3.1     In Silico Identifi cation 
of Common and Strain- 
Specifi c Genes in Drug- 
Resistant Strains 
of  Staphylococcus aureus  

 In  S. aureus  strain Mu50, the chromosomal genes 
showed unique genes, hexose phosphate transport 
protein, NADH dehydrogenase subunit, glycerol-
3-phosphate transporter, tetracycline resistance 
protein, NLP/P60 family lipoprotein, ATP-/GTP-
binding protein, transcriptional regulator, FtsK/
SpoIIIE family protein, transposase, bacterio-

phage terminase small subunit, ferric hydroxa-
mate receptor 1, integrase, excisionase, 
ssDNA-binding protein, 2-oxoglutarate/malate 
translocator, phi ETA ORF proteins, cell wall 
hydrolase, tail fi ber, holin, amidase, peptide chain 
release factor 3, ABC transporter, Mrp protein, 
dUTP pyrophosphatase, and phi PVL ORF pro-
teins, whereas plasmid genes showed transposase, 
N-acetyltransferase, and truncated resolvase. 

 In  S. aureus  strain N315, chromosomal genes 
showed truncated amidase, and hypothetical pro-
teins and plasmid genes showed arsenical resis-
tance operon repressor, truncated Pre protein, 
arsenic effl ux pump protein, CadD, CadX, bla 
regulator protein blaR1, penicillinase repressor, 
and arsenate reductase as unique genes. 

 In  S. aureus  strain JH1, chromosomal genes 
showed phi PV83 orf 10-like protein, phiSLT 
ORF 87-like protein, DNA-binding protein, phi 
PV83 orf 10-like protein, Rha family phage regu-
latory protein, SLT orf 71-like protein-related 
protein, PVL orf 37-like protein, VRR-NUC 
domain-containing protein, phage terminase 
small subunit P27, phage protein, phi13 family 
phage major tail protein, Ig domain-containing 
protein, phi77 ORF100-like protein, and PV83 
orf 4-like protein-related protein. In  S. aureus  
strain JH9, chromosomal genes showed XRE 
family transcriptional regulator, phage head-tail 
adaptor, HK97 family phage protein, SPP1 fam-
ily holing, Rha family phage regulatory protein, 
VRR-NUC, phage terminase, P27 phage protein 
DNA- packaging protein, phi13 family phage 
major tail protein, Ig domain-containing protein, 
and SH3 type 3 domain-containing protein, 
whereas plasmid genes in both JH1 and JH9 
showed orotidine 5′-phosphate decarboxylase, 
sugar isomerase (SIS), HxlR family transcrip-
tional regulator, integrase catalytic subunit, MarR 
family transcriptional regulator, quinone oxido-
reductase putative (YhdH/YhfP), regulatory pro-
tein (ArsR), cadmium resistance transporter 
CadD, 6- phosphogluconate dehydrogenase, and 
glucose- 6-phosphate isomerase as unique pro-
teins compared with Mu50 plasmid genes. 
Plasmid genes of JH9 showed the presence of 
CopY family transcriptional regulator but it was 
absent in JH1 plasmid genes. Comparative 
 analysis data is shown in Table  12.1  and 
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   Table 12.1    List of strain-specifi c/unique genes in chromosomal and plasmid genes of  S. aureus  strains Mu50, N315, 
JH1, and JH9   

 Name of 
the strain  Strain-specifi c genes in chromosome and their function 

 Strain-specifi c genes in plasmid and 
their function 

 Accession: NC_002758  Accession: NC_002774 

  S. aureus  
strain 
Mu50 

 GI:15923212 
 GI:15923262 
 GI:15923326 
 GI:15923382 
 GI:15923388 
 GI:15923390 
 GI:15923392 
 GI:15923398 
 GI:15923399 
 GI: 15923405 
 GI: 15923773 
 GI: 15923790 
 GI:15923793 
 GI:15923837 
 GI:15923838 
 GI:15923845 
 GI:15923854 
 GI:15923875 
 GI:15923876 
 GI:15923892 
 GI:15923893 
 GI:15923894 
 GI:15923895 
 GI:15923896 
 GI:15923897 
 GI:15923898 
 GI:15923899 
 GI:15923900 
 GI:15923901 
 GI:15923902 
 GI:15923903 
 GI:57634622 
 GI:57634629 
 GI:57634638 
 GI:15924775 
 GI:15924776 
 GI:15924777 
 GI:15924794 
 GI:15924795 
 GI:15924964 
 GI:15924966 
 GI:15924967 
 GI:15924968 
 GI:15924969 
 GI:15924985 
 GI:15924986 
 GI:57634648 
 GI:15925685 

 Hexose phosphate transport protein 
 NADH dehydrogenase subunit 
 Glycerol-3-phosphate transporter 
 Integrase-like protein 
 Tetracycline resistance protein 
 NLP/P60 family lipoprotein 
 ATP/GTP-binding protein 
 Transcriptional regulator 
 FtsK/SpoIIIE family protein 
 Transposase 
 Integrase 
 Bacteriophage terminase small subunit 
 Ferric hydroxamate receptor 1 
 Integrase 
 Excisionase 
 Anti-repressor 
 ssDNA-binding protein 
 Small terminase 
 Large terminase 
 phi ETA orf 54-like protein 
 phi ETA orf 55-like protein 
 phi ETA orf 56-like protein 
 phiETA ORF57-like protein 
 phiETA ORF58-like protein 
 phiETA ORF59-like protein 
 phiETA ORF60-like protein 
 Cell wall hydrolase 
 Tail fi ber 
 phi ETA orf 63-like protein 
 Holin 
 Amidase 
 Peptide chain release factor 3 
 ABC transporter 
 Mrp protein 
 Transposase 
 Transposase 
 Transposase 
 Transposase 
 Transposase 
 dUTP pyrophosphatase 
 phi PVL ORF 52-like protein 
 phi PV83 orf 27-like protein 
 PVL orf 51-like protein 
 phi PVL ORF 50-like protein 
 phi PVL orf 33-like protein 
 phi PVL orf 32-like protein 
 Multi-drug transporter 
 2-oxoglutarate/malate translocator 

 GI:14141837 
 GI:14141846 
 GI:14141847 
 GI:14141848 
 GI:14141849 
 GI:14141851 
 GI:14141852 
 GI:14141853 

 Transposase 
 Transposase 
 Transposase 
 Putative transposase 
 N-acetyltransferase 
 Putative transposase 
 Transposase 
 Truncated resolvase 

(continued)
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 Name of 
the strain  Strain-specifi c genes in chromosome and their function 

 Strain-specifi c genes in plasmid and 
their function 

 Accession: NC_002745  Accession: NC_003140 

  S. aureus  
strain 
N315 

 GI:15927518  Truncated amidase  GI:16119205  CadD 

 GI:15927519  Truncated amidase  GI:16119206  CadX 

 GI:16119211  Bla regulator protein 
blaR1 

 GI:16119212  Penicillinase 
repressor 

 GI:16119216  Arsenical resistance 
operon repressor 

 GI:16119217  Arsenic effl ux pump 
protein 

 GI:16119218  Arsenate reductase 

 GI:16119223  Truncated Pre protein 

 GI:16119224  Truncated Pre protein 

 GI:16119225  Truncated Pre protein 

 Accession: NC_009632  Accession: NC_009619 

  S. aureus  
strain 
JH1 

 GI:150392796  Phi PV83 orf 10-like protein  GI:150375694  Regulatory protein 
ArsR 

 GI:150392797  Phi SLT ORF 87-like protein, 
DNA-binding 

 GI:150375695  Cadmium resistance 
transporter CadD 

 GI:150392833  Phage head-tail adaptor  GI:150375706  6-Phosphogluconate 
dehydrogenase 

 GI:150392834  HK97 family phage protein  GI:150375707  Glucose-6-phosphate 
isomerase 

 GI:150393350  Phi PV83 orf 10-like protein  GI:150375708  Orotidine 
5′-phosphate 
decarboxylase 

 GI:150393406  SPP1 family holing  GI:150375709  Sugar isomerase (SIS) 

 GI:150393517  Rha family phage regulatory protein  GI:150375710  Helix-turn-helix HxlR 
type 

 GI:150393520  SLT orf 71-like protein  GI:150375717  Potential ATP-binding 
protein 

 GI:150393522  PVL orf 37-like protein  GI:150375718  Integrase catalytic 
region 

 GI:150393546  VRR-NUC domain-containing protein  GI:150375720  Penicillinase 
repressor 

 GI:150393551  Phage terminase small subunit P27  GI:150375721  Beta-lactamase 

 GI:150393555  Phage protein  GI:150375722  Bla regulator protein 
blaR1 

 GI:150393556  Phi13 family phage major tail protein  GI:150375724  Regulatory protein 
MarR 

 GI:150393557  Ig domain-containing protein  GI:150375725  Quinone 
oxidoreductase 
putative YhdH/YhfP 

 GI:150394491  Phi77 ORF 100-like protein 

 GI:150394558  PV83 orf 4-like protein-related protein 

(continued)

Table 12.1 (continued)
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Figs.  12.1  and  12.2 . It was also observed that 
hypothetical proteins were more in number 
among identifi ed unique genes in each strain 
under study. Total number of hypothetical pro-
teins was 112 in  S. aureus  strain Mu50, 19 in  S. 
aureus  strain N315, 114 in  S. aureus  strain JH1, 
and 83 in  S. aureus  strain JH9.

12.3.2          Comparative Genomics 
Analysis of  S. aureus  Genomes 
with Human and Gut Flora 
Non-pathogenic Microbes 

 UniDrug target tool analysis of  S. aureus  strain 
JH9 genome showed high number of unique pro-
teins (with respect to human and gut fl ora non-
pathogenic proteomes) and was least in  S. aureus  
strain N315 (Table  12.2 ). DEG 10.6 database 

searches showed 302 essential genes in  S. aureus  
strain N315. BLASTp analysis of these essential 
genes against human proteome showed 212 
essential genes as nonhuman homologues. These 
genes were also found in other strains of  S. 
aureus  taken in the study. Virulence factor data-
base analysis and text mining showed 84–90 
genes in the strains under study (Table  12.3 ).

12.4          Discussion 

 Drug resistance development of  S. aureus  
strains to available antibiotics is an important 
point of concern among health practitioners. 
According to NCBI genome database informa-
tion (  http://www.ncbi.nlm.nih.gov/genome/
genomes/154    ), the total number of genome 
sequences of  S. aureus  strains assembled and 

 Name of 
the strain  Strain-specifi c genes in chromosome and their function 

 Strain-specifi c genes in plasmid and 
their function 

 Accession: NC_009487  Accession: NC_009477 

  S. aureus  
strain 
JH9 

 GI:148266750  XRE family transcriptional regulator  GI:148244140  Orotidine 
5′-phosphate 
decarboxylase 

 GI:148266788  Phage head-tail adaptor  GI:148244141  Sugar isomerase (SIS) 

 GI:148266789  HK97 family phage protein  GI:148244142  HxlR family 
transcriptional 
regulator 

 GI:148267346  SPP1 family holin  GI:148244149  Integrase catalytic 
subunit 

 GI:148267461  Rha family phage regulatory protein  GI:148244151  CopY family 
transcriptional 
regulator 

 GI:148267488  VRR-NUC  GI:148244154  MarR family 
transcriptional 
regulator 

 GI:148267492  Phage terminase, P27 small subunit  GI:148244155  Quinone 
oxidoreductase 
putative, YhdH/YhfP 

 GI:148267497  Phage DNA-packaging protein  GI:148244156  Regulatory protein, 
ArsR 

 GI:148267501  Phi13 family phage major tail protein  GI:148244157  Cadmium resistance 
transporter CadD 

 GI:148267502  Ig domain-containing protein  GI:148244167  6-Phosphogluconate 
dehydrogenase 

 GI:148268418  SH3 type 3 domain-containing protein  GI:148244168  Glucose-6-phosphate 
isomerase 

Table 12.1 (continued)
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annotated is 4193 and the number of genome 
groups involved and reported worldwide is 35. 
Genome database showed 143 plasmid annota-
tion data among the genome sequences of  S. 
aureus  strains annotated till date.  S. aureus  
subsp. aureus strain Mu50 was isolated in 1997 
from the pus of a Japanese male baby with a 
surgical wound infection that did not respond to 
vancomycin (Kuroda et al.  2001 ). This strain 
was taken as a reference strain to compare with 
other drug-resistant strains N315, JH1, and JH9 
taken in the study.  S. aureus  strain N315 (sub-
mitted by Juntendo Univ.) is a methicillin- 
resistant (MRSA) strain and was isolated from 
a pharyngeal smear of a Japanese patient in 
1982.  Staphylococcus aureus  subsp. aureus 

strain JH9 was submitted by the US DOE Joint 
Genome Institute. The chronologically earliest 
strain (JH1) was vancomycin sensitive, while 
the latest strain (JH9) exhibited increased van-
comycin resistance (VISA-type vancomycin 
resistance). Understanding the differences 
between  S. aureus  genomes and the controls 
that govern these changes could help to predict 
the evolution of superbugs (Lindsay and Holden 
 2004 ; Mills  2003 ). The present study identifi ed 
the differences in terms of presence and absence 
of drug-resistant genes in the drug-resistant  S. 
aureus  strains. Tetracycline resistance protein, 
ABC transporter and cell division proteins, and 
FtsK/Spo IIIE family protein were mainly 
found as strain-specifi c genes in  S. aureus  strain 

  Fig. 12.1    Chromosomal genes data of  S. aureus  strain Mu50 compared through in silico analysis with N315, JH1, and 
JH9 strains       
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   Table 12.3    Comparative genomics data analysis of virulence factors in  S. aureus  strains using VFDB database   

 Virulence factors 

 Related 
genes 

  S. aureus  Mu50   S. aureus  N315   S. aureus  JH1   S. aureus  JH9 

 chromosome 
NC_002758 
(2878529 bp) 

 chromosome 
NC_002745 
 (2814816 bp) 

 chromosome 
NC_009632 
(2906507 bp) 

 chromosome 
NC_009487 
(2906700 bp) 

 Autolysin  Atl  SAV1052  SA0905  SaurJH1_1135  SaurJH9_1112 

 Cell wall-associated 
fi bronectin-binding 
protein 

 Ebh  SAV1435, 
SAV1434 

 SA1268, 
SA1267 

 SaurJH1_1524  SaurJH9_1495 

 Clumping factor A  clfA  SA0742  SaurJH1_0828  SaurJH9_0812 

 Clumping factor B  clfB  SAV2630  SA2423  SaurJH1_2710  SaurJH9_2654 

 Elastin-binding protein  Ebp  SAV1481  SA1312  SaurJH1_1568  SaurJH9_1537 

  Fig. 12.2    Plasmid genes data of  S. aureus  strain Mu50 compared through in silico analysis with N315, JH1, and JH9 
strains       

   Table 12.2    In silico prediction of drug targets in  Staphylococcus aureus  with respect to human proteome and gut fl ora 
non-pathogenic proteome   

 S. no.  Name of the strain 

 Unique proteins with respect 
to human and gut fl ora non-
pathogenic proteome(s) 

 Highest matching similarity 
score in unique proteins with 
non-pathogenic proteome(s) 

 1.   Staphylococcus aureus  strain N315  364  0–30.083 % 

 2.   Staphylococcus aureus  strain Mu50  398  0–29.825 % 

 3.   Staphylococcus aureus  strain JH1  415  0–29.825 % 

 4.   Staphylococcus aureus  strain JH9  417  0–39.9 % 

(continued)
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 Virulence factors 

 Related 
genes 

  S. aureus  Mu50   S. aureus  N315   S. aureus  JH1   S. aureus  JH9 

 chromosome 
NC_002758 
(2878529 bp) 

 chromosome 
NC_002745 
 (2814816 bp) 

 chromosome 
NC_009632 
(2906507 bp) 

 chromosome 
NC_009487 
(2906700 bp) 

 Extracellular adherence 
protein/MHC analogous 
protein 

 eap/map  SAV1938  SaurJH1_0999  SaurJH9_1996 

 Fibrinogen-binding 
protein 

 Efb  SAV1158  SA1003  SaurJH1_1239  SaurJH9_1215 

 Fibronectin-binding 
proteins 

 fnbA  SAV2503  SA2291  SaurJH1_2578  SaurJH9_2526 

 fnbB  SAV2502  SA2290  SaurJH1_2577  SaurJH9_2525 

 Intercellular adhesion  icaR  SAV2665  SA2458  SaurJH1_2746  SaurJH9_2689 

 icaA  SAV2666  SA2459  SaurJH1_2747  SaurJH9_2690 

 icaD  SAV2667  SA2460  SaurJH1_2748  SaurJH9_2691 

 icaB  SAV2668  SA2461  SaurJH1_2749  SaurJH9_2692 

 icaC  SAV2669  SA2462  SaurJH1_2750  SaurJH9_2693 

 Surface-anchoring and 
processing protein a  

  SrtA  a   SA2316  SAV2528  SaurJH1_2603  SaurJH9_2551 

  SrtB  a   SA0982  SAV1135  SaurJH1_1216  SaurJH9_2551 

 Ser-Asp rich fi brinogen-
binding proteins 

 sdrC  SAV0561  SA0519  SaurJH1_0598  SaurJH9_0584 

 sdrD  SAV0562  SA0520  SaurJH1_0599  SaurJH9_0585 

 sdrE  SAV0563  SA0521  SaurJH1_0600  SaurJH9_0586 

 Staphylococcal protein 
A 

 Spa  SAV0111  SA0107  SaurJH1_0102  SaurJH9_0098 

 Staphyloxanthin 
pigment synthesis a  

  CrtM  a   SA2349  SAV2562  SaurJH1_2638  SaurJH9_2584 

 Cysteine protease  SspB  SAV1047  SA0900  SaurJH1_1129  SaurJH9_1106 

 SspC  SAV1046  SA0899  SaurJH1_1128  SaurJH9_1105 

 Hyaluronate lyase  HysA  SAV2202  SA2003  SaurJH1_2271  SaurJH9_2232 

 Lipase  Lip  SAV2671  SA2463  SaurJH1_2751  SaurJH9_2694 

 Geh  SAV0320  SA0309  SaurJH1_0310  SaurJH9_0303 

 Serine protease  SplA  SAV1813  SA1631  SaurJH1_1899  SaurJH9_1864 

 SplB  SAV1812  SA1630  SaurJH1_1898  SaurJH9_1863 

 SplC  SAV1811  SA1629  SaurJH1_1897  SaurJH9_1862 

 SplD  SAV1810  SA1628  SaurJH1_1896  SaurJH9_1861 

 SplF  SAV1809  SA1627 

 Serine V8 protease  SspA  SAV1048  SA0901  SaurJH1_1130  SaurJH9_1107 

 Staphylocoagulase  Coa  SAV0230  SA0222  SaurJH1_0220  SaurJH9_0214 

 Staphylokinase  Sak  SAV1944  SA1758  SaurJH1_2037  SaurJH9_2002 

 Thermonuclease  Nuc  SAV0815  SA1160  SaurJH1_0832  SaurJH9_0816 

 Capsule  –  SAV0153, 
SAV0152, 
SAV0151, 
SAV0150, 
SAV0149, 
SAV0154, 
SAV0155, 
SAV0156, 
SAV0157, 
SAV0158, 
SAV0159, 
SAV0160, 
SAV0161, 
SAV0162, 
SAV0163, 
SAV0164 

 SA0147, 
SA0146, 
SA0145, 
SA0144, 
SA0148, 
SA0149, 
SA0150, 
SA0151, 
SA0152, 
SA0153, 
SA0154, 
SA0155, 
SA0156, 
SA0157, 
SA0158, 
SA0159 

 SaurJH1_0140, 
SaurJH1_0141, 
SaurJH1_0142, 
SaurJH1_0143, 
SaurJH1_0144, 
SaurJH1_0145, 
SaurJH1_0146, 
SaurJH1_0147, 
SaurJH1_0148, 
SaurJH1_0149, 
SaurJH1_0150, 
SaurJH1_0151, 
SaurJH1_0152, 
SaurJH1_0153, 
SaurJH1_0154, 
SaurJH1_0155 

 SaurJH9_0135, 
SaurJH9_0136, 
SaurJH9_0137, 
SaurJH9_0138, 
SaurJH9_0139, 
SaurJH9_0140, 
SaurJH9_0141, 
SaurJH9_0142, 
SaurJH9_0143, 
SaurJH9_0144, 
SaurJH9_0145, 
SaurJH9_0146, 
SaurJH9_0147, 
SaurJH9_0148, 
SaurJH9_0149, 
SaurJH9_0150 

(continued)
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 Virulence factors 

 Related 
genes 

  S. aureus  Mu50   S. aureus  N315   S. aureus  JH1   S. aureus  JH9 

 chromosome 
NC_002758 
(2878529 bp) 

 chromosome 
NC_002745 
 (2814816 bp) 

 chromosome 
NC_009632 
(2906507 bp) 

 chromosome 
NC_009487 
(2906700 bp) 

 Type VII secretion 
system 

 EsxA  SAV0282  SA0271  SaurJH1_0273  SaurJH9_0266 

 EsaA  SAV0283  SA0272  SaurJH1_0274  SaurJH9_0267 

 EssA  SAV0284  SA0273  SaurJH1_0275  SaurJH9_0268 

 EsaB  SAV0285  SA0274  SaurJH1_0276  SaurJH9_0269 

 EssB  SAV0286  SA0275  SaurJH1_0277  SaurJH9_0270 

 EssC  SAV0287  SA0276  SaurJH1_0278  SaurJH9_0271 

 EsaC  SAV0289  SA0277  SaurJH1_0279  SaurJH9_0272 

 EsxB  SAV0290  SA0278  SaurJH1_0280  SaurJH9_0273 

 Alpha hemolysin  hly/hla  SAV1163  SA1007  SaurJH1_1246  SaurJH9_1222 

 Beta hemolysin  Hlb  SAV2003  SA1811  SaurJH1_2030 a   SaurJH9_2061 

 Delta hemolysin  Hld  SAV2035  SAS065  SaurJH1_2109  SaurJH9_2072 a  

 Enterotoxin A  Sea  SAV1948 

 Enterotoxin C  Sec  SAV2009  SA1817 

 Enterotoxin G  Seg  SAV1824  SA1642  SaurJH1_1912  SaurJH9_1878 

 Enterotoxin I  Sei  SAV1828  SA1646  SaurJH1_1915  SaurJH9_1881 

 Enterotoxin Yent1  yent1  SAV1827  SA1645 

 Enterotoxin Yent2  yent2  SAV1826  SA1644 

 Enterotoxin-like L  Sell  SAV2008  SA1816 

 Enterotoxin-like M  Selm  SAV1829  SA1647  SaurJH1_1916  SaurJH9_1882 

 Enterotoxin-like N  Seln  SAV1825  SA1643  SaurJH1_1913  SaurJH9_1879 

 Enterotoxin-like O  Selo  SAV1830  SA1648  SaurJH1_1917  SaurJH9_1883 

 Enterotoxin-like P  Selp  SA1761 

 Exfoliative toxin type A  Eta  SAV1173  SA1016  SaurJH1_1256 

 Exotoxin  set6  SAV0422  SA0382  SaurJH1_0457  SaurJH9_0445 

 set7  SAV0423  SA0383  SaurJH1_0458  SaurJH9_0446 

 set8  SAV0424  SA0384  SaurJH1_0459  SaurJH9_0447 

 set9  SA0385  SaurJH1_0460  SaurJH9_0448 

 set10  SAV0425  SA0386  SaurJH1_0461  SaurJH9_0449 

 set11  SAV0426  SA0387  SaurJH1_0462  SaurJH9_0450 

 set12  SAV0427  SA0388  SaurJH1_0463  SaurJH9_0451 

 set13  SAV0428  SA0389  SaurJH1_0464  SaurJH9_0452 

 set14  SAV0429  SA0390  SaurJH1_0465  SaurJH9_0453 

 set15  SAV0433  SA0393  SaurJH1_0468  SaurJH9_0456 

 Gamma hemolysin  HlgA  SAV2419  SA2207  SaurJH1_2493  SaurJH9_2445 

 HlgC  SAV2420  SA2208  SaurJH1_2494  SaurJH9_2446 

 HlgB  SAV2421  SA2209  SaurJH1_2495  SaurJH9_2447 

 Leukotoxin D  LukD  SAV1819  SA1637  SaurJH1_1904  SaurJH9_1870 

 Leukotoxin E  LukE  SAV1820  SA1638  SaurJH1_1905  SaurJH9_1871 

 Toxic shock syndrome 
toxin 

 Tsst  SAV2011  SA1819 

   a Additional genes identifi ed through in silico analysis are shown in bold letters  

Table 12.3 (continued)
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Mu50. Arsenic effl ux pump proteins and cad-
mium resistance transporter (CadD) were 
mainly found in  S. aureus  strains N315, JH1, 
and JH9. Further in silico analysis identifi ed the 
potential drug targets.  

12.5     Conclusion 

 The present study identifi ed the gene specifi c dif-
ferences in these strains, which were responsible 
for variation in drug resistance to antibiotics, 
viz., methicillin and vancomycin. This study also 
identifi ed the potential unique target proteins in 
these strains, which are non-homologues to 
human and gut fl ora organism proteomes 
( Lactobacillus brevis  ATCC367,  Lactobacillus 
reuteri  F275, and  Bifi dobacterium longum ). We 
found more  numbers of hypothetical proteins in 
 S. aureus  strains, suggesting their functional role 
in the organism. Functional characterization of 
these hypothetical proteins could help in deter-
mining their importance in drug resistance differ-
ences in these  S. aureus  strains in the future.     
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    Abstract  

  Metagenomics provides the opportunity to uncover many unculturable 
extremophilic microorganisms, which represent majority of the planet’s 
biological diversity and are being utilized in industries to further furnish 
industrial process and products. This strategy has resulted in the isolation 
of novel biocatalysts and bioactive molecules. Here in this chapter, we will 
review various strategies for manipulating enzyme attributes like its activ-
ity, stability, inhibition, designing novel substrates, and substrate-specifi c 
binding. We have also recapitulated the idea of functional proteomics and 
systems biology approach in protein engineering.  
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13.1         Introduction 

 Biotechnology is the use of biological systems or 
organisms, cells, or cellular components to 
develop or modify products intended to improve 
the quality of human life. Biotechnology is quite 

a broad term which has been divided into several 
branches to categorize the area of concern. White 
biotechnology is the branch of biotechnology 
(also known as industrial biotechnology) that uti-
lizes microbes and enzymes to make effectual 
products in the fi eld of nutrition, pharmaceuti-
cals, textiles, chemicals, paper, etc. White bio-
technology holds many promises in achieving 
sustainable development bringing the low cost 
and eco-friendly substrates in the service with 
minimum waste generation. White biotechnol-
ogy has been considered to surmount the burden 
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in petroleum-dependent industrialized nations 
worldwide. Since white biotechnology fl aunts on 
enzymes, it is of prior requirement to increase the 
collection of enzymes with enhanced catalytic 
power, stability, specifi city, etc. that specializes 
variety of enzyme from others.  

13.2     Enzyme Improvement: 
Recent Strategies 

 Enzymes are proteinaceous biomolecules that 
function as specialized catalysts in various chem-
ical reactions. They often have higher caliber to 
conventional chemical catalysts; on this ratio-
nale, they are being explored increasingly in 
today’s high-technological society. Currently, 
researchers are familiar with approximately 
4,000 enzymes, and of these, almost 200 wild 
microbial types are well known for their utiliza-
tion for commercial purpose. However, on an 
industrial scale, only 20 enzymes are truly pro-
duced (Li et al.  2012 ). With improvement in tech-
nology and knowledge, various developments are 
being made to design methods that may improve 
the production, recovery, and application of 
respective enzyme in various areas. Systems biol-
ogy is another branch that helps to understand the 
microbial interaction that may facilitate to con-
trol the intermediates or end product of the reac-
tion (Singh and Shukla  2014 ). 

 The application of enzymes as successful 
industrial biocatalysts requires certain properties 
to be fulfi lled, viz., good activity, specifi city, and 
stability under process conditions. However, 
native enzymes are often not capable of encom-
passing all these properties, and the growing 
industrial demand could be fulfi lled using natural 
enzymes. Recently, with increasing trend of pro-
tein engineering, there has been tremendous 
progress in the improvement of marketable 
enzymes into superior industrial catalysts. The 
increasing trend of bioinformatics and its various 
tools plays a big role in reducing time and labor 
and provides the direction to the experiment. 
There are various tools available that help to 
model the enzyme and select suitable substrate 
for it. In recent studies, Karthik et al. ( 2012b ) 
modeled keratinase enzyme using PROVE soft-

ware with RMS Z score of 1.432. In another 
study by Singh and Shukla ( 2012 ), inulinase 
modeling was completed using Swiss model and 
further docked with two substrates, ketose and 
fructose 6-phosphate, where fructose 6-phos-
phate presented better interaction compared to 
ketose. Furthermore, the interactions between the 
enzyme and its ligand were studied by Karthik 
et al. ( 2012a ), and they fi rstly modeled an impor-
tant therapeutic enzyme, i.e., 3-hydroxy-3- 
methylglutaryl coenzyme A reductase (HMGCR), 
and two of its isoforms were docked with several 
ligands, in which atorvastatin was found to be the 
most potent inhibitor against both isoforms. 

 Protein engineering is the technique that edits 
amino acid in a protein through changes in nucleo-
tide of DNA that has enabled to generate engi-
neered proteins or “biocatalysts.” During the 
process, libraries are generated that are screened 
and often have better and improved characters 
than the wild enzyme. It employs two fundamental 
strategies – rational design and directed evolution. 
These techniques are not mutually exclusive. 

13.2.1     Rational Design 

 Rational design is the technique for already 
known biocatalyst with full knowledge about its 
3-D structure, viz., active sites, conserved 
sequences in molecules, and its motifs and mech-
anism of the reaction (Adrio and Demain  2014 ). 
There are various tools and techniques available 
to deduce the structural information, viz., 
Evolutionary algorithm (Vijayvargiya and Shukla 
 2012 ; Deb et al.  2002 ) were identifi ed using 
Pareto genetic algorithm, etc. The rational design 
strategy is based on structural and functional rela-
tionship. Knowing the importance of each amino 
acid in the enzyme, it is comparatively easy to 
judge the substitution of particular amino acid. It 
includes site-directed mutagenesis where the 
mutations are made at specifi c known site. From 
most of studies, it is evident that changes are 
mainly made in active site to broaden the sub-
strate specifi city and to alter the catalytic residues 
to modify the function of enzyme. However, many 
researchers have observed that substitutions made 
far from active site had signifi cant effect on the 
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function of the protein. The advancement of new 
techniques like metagenomics have uncovered 
the microbes and their enzymes from the extreme 
niches. It has increased the database information 
and nowadays it is comparatively easier to fi nd 
the related protein sequences and their structure. 
These techniques are helpful towards making the 
effectual rational design for variety of enzymes.  

13.2.2     Directed Evolution 

 Directed evolution is an elementary technique 
which can proceed without much knowledge about 
the structure of the enzyme. This strategy follows 
the natural process of variant generation under 
specifi ed conditions and includes entire range of 
molecular techniques known for creating genetic 
diversity. It involves random mutagenesis instead 
of site-directed mutagenesis of protein-encoding 
genes. The various techniques involved are error-
prone polymerase chain reaction (PCR), repeated 
oligonucleotide-directed mutagenesis, or chemical 
mutagenesis. These techniques help to generate 
diversity of variants giving the bigger library to 
screen out the best possible output. Novozymes 
introduced two types of variants from rational pro-
tein design: Lipolase Ultra and LipoPrime. They 
were effective in cold washing (Table  13.1 ).

13.3         Enzymes of Industrial 
Importance 

 Modern era industries are totally enzyme depen-
dent; therefore, there is a high need to improve 
the enzyme status. Here, progress relies on isola-

tion of a large number of microorganisms from 
heterogenous niches of the earth and exploration 
of their peculiar properties and employment of 
their unusual characteristics of enzymes commer-
cially. The most profound use of the enzyme is in 
detergent industry in which major contributors 
are protease and lipase. Proteases (EC. 3.4.21-24, 
99) are hydrolytic enzymes that catalyze the 
cleavage of peptide bonds that tends to remove 
protein-based stains. Subtilisin Carlsberg, subtili-
sin BPN’, and Savinase are some of the commer-
cial products of proteases. However, with 
expansion in biotechnology, few newer prepara-
tions, such as Durazym, Maxapem, and Purafect, 
are now also available in the market which are 
developed using techniques of site-directed muta-
genesis and/or random mutagenesis (Gupta et al. 
 2002 ). Protein engineering is also employed to 
determine the functional aspect of the amino acid 
residues. With the aim to learn structural and 
functional effects, Teplyakov et al. ( 1995 ) 
mutated the serine protease subtilisins from the 
alkalophilic  Bacillus  strain PB92. Substitution of 
Val 102 by Trp resulted in a 12-fold increase in 
activity that inferred the importance of substitu-
tion of single amino acid. The main goal behind 
protein engineering is to enhance the use of the 
enzyme in the specifi c industrial or biotechno-
logical process so that it gets better fi t into the 
process. Miyazaki et al. ( 2000 ) contributed to 
enhance the thermostability of the psychrophilic 
enzyme without losing its activity at low temper-
ature through directed evolution. In addition to 
proteases, lipases also share a great contribution 
in detergent industry particularly in removing 
lipid-based stains. Apart from their key function 
of hydrolyzing carboxylic ester bonds, lipases 
can act as catalyst in esterifi cation, interesterifi -
cation, and transesterifi cation reactions in non-
aqueous media (Houde et al.  2004 ). Such 
versatility makes lipases the preferred enzyme 
for most of the other industrial application. There 
are various databases available for different 
enzymes that enable one to understand structure 
and functional relationships, related information 
on their sequences, active sites, etc. For lipases, 
the Lipase Engineering Database (LED), the Data 
Warehouse System (DWARF), and the alpha/
beta-Hydrolase Fold 3DM Database (ABHDB) 

    Table 13.1    Comparison of features of rational redesign 
and directed evolution   

 Features 
 Rational 
redesign  Directed evolution 

 Preknowledge of 
structure 

 Required  Not essential 

 Number of variants  Less  More 

 Screening of 
variants or selection 

 Easy  High-throughput 
screening is 
essential 

 Cost effective  Yes  No 
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have been designed and maintained by various 
institutes. They empower the public  databases 
like GenBank, PDB, and others by adding 
sequence, structure, and annotation information 
available, with the aim to recognize functionally 
signifi cant residues and for the development of 
variants with valuable properties (Table  13.2 ).

13.4        Systems Biology Approach 
for Gene Regulatory 
Network 

 The gene regulatory networks (GRNs) which were 
used previously through computational approaches 
using gene expression data are not profi cient in 
illustrating dynamic regulations among genes of 
small-scale networks. Figure  13.1  displays the con-
struction of GRNs. Information theory models and 
basically correlation networks are examples of 
GRNs (Steuer et al.  2002 ; Stuart et al.  2003 ). These 
models are elementary, simple to compute, and 

static models that could not coregulate a target 
gene with multiple genes. Continuous gene expres-
sions’ nature is important in GRNs, and it cannot be 
described by Boolean networks because it is a dis-
crete dynamic network, and in it binary variables 
are used for the representation of gene that is either 
on or off (Akutsu et al.  2000 ; Shmulevich et al. 
 2002 ; Bornholdt  2008 ). Bayesian networks (BNs) 
take hold of Bayesian rule that provides adaptable 
frame for combining divergent data and prior 
knowledge (Zou and Conzen  2005 ; Needham et al. 
 2007 ). The vector autoregressive (VAR) and state 
space models (SSMs) are discrete dynamic models 
which generally demand equally spaced and inten-
sive time series data in order to get reliable infer-
ence results for model parameters. Differential 
equation models help to compute the change rate 
(derivative) of gene expression in quantifi ed man-
ner in a system and as function of expression levels 
for all other genes (Hirose et al.  2008 ; Shimamura 
et al.  2009 ). Differential equation models’ dynamic 
feature is that it quantifi es the expression and it is a 

   Table 13.2    An overview of various techniques used for enzyme activity improvement   

 Enzyme  Organism  Improved property  Technique  References 

 Lipase   P. aeruginosa   Twofold increase in 
amidase activity 

 Random 
mutagenesis and 
screening 

 Fujii et al. 
( 2005 ) 

 Protease BYA   Bacillus  sp. Y  Specifi c activity 1.5-fold 
higher 

 Site-directed 
mutagenesis 

 Tobe et al. 
( 2006 ) 

 Endo-1,4-β- 
xylanase II 

  Trichoderma reesei   Increased alkali stability  Site-directed 
mutagenesis 

 Fenel et al. 
(2006) 

 α-Amylase   Bacillus  sp. TS-25  10 °C improvement in 
thermostability 

 Directed evolution  Jones et al. 
( 2008 ) 

 Laccase   Bacillus  HR03  Threefold improved k cat  
and thermostability 

 Directed 
mutagenesis 

 Mollania et al. 
( 2011 ) 

 Xylanase  Improved 
thermostability 

 Directed evolution  Dumon et al. 
( 2008 ) 

 Xylanase  Termite gut isolated 
metagenomically 

 Improved reducing sugar  Directed evolution 
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of network
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parameters
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annotation
and
analysis

Regulatory network

  Fig. 13.1    A schematic diagram for reconstructing genome-wide dynamic GRNs       

 

M. Baweja et al.



211

directed network graph model. Identifying model 
structure and parameter estimation with effi ciency 
is a big challenge in using differential equation 
model for reconstructing GRNs.

13.5        ODE (Ordinary Differential 
Equation) for Genes 
of Industrially Important 
Enzymes 

 Many biological laws and relations can be math-
ematically represented as differential equation, 
and they are of basic importance in molecular 
biology. With the help of systems biology, 
dynamics of biochemical networks can be mod-
eled, and the interactions between nodes (mole-
cules) and edges (molecular interactions) are 
deliberated. 

 A system is defi ned by two aspects: one is a 
set of variables and how the variable values 
change in time. The variable could be determinis-
tic or stochastic; deterministic value calculates 
the state of system at the next time based on the 
previous time and variable states. In stochastic, 
on the other hand, time and variable state defi nes 
the probability of the states at different points of 
time. Ordinary differential equations (ODE) are 
often applied in the perspective of systems biol-
ogy. Dynamical models consist of Ordinary dif-
ferential equations (ODE) which make easy 
investigation to the mechanism of action of a sys-
tem in a systematic manner. For example, the 

 cellular response to perturbations can be exam-
ined in molecular reactions (Raue et al.  2013 ). 
Table  13.1  lists the simulation language, soft-
ware, and stochastic model simulator.  

13.6     Modeling of the System 

 While modeling a system of interest, the follow-
ing points should be kept in mind:

•    Isolate your system of interest.  
•   Identifying the problem and entities which are 

required in the system where enzymatic reac-
tion is occurring.  

•   Quantities which will be output and that can 
be analyzed.  

•   Entities which are to be required for the enzy-
matic reaction in the system.  

•   Characterize the environment of the system.    

 The model is composed of independent vari-
ables, dependent variables, parameters, and con-
straints. Independent variable, for example, time 
(t) in a system, implies the rate of addition of sub-
strate in a system, product extraction, and growth. 
Dependent variables depend on the concentration 
of independent variable, for example, concentra-
tion of substrate and product at time (t). 
Parameters do not depend on independent vari-
ables and can be varied under different condi-
tions. Lastly, constraints are fi xed, e.g., Avogadro 
constant and gravitational constant (Table  13.3 ).

   Table 13.3    Math-based simulation language, software, and stochastic model simulator list with their URL   

 Math-based simulation language and software  URL 

 Mathcad    http://www.ptc.com/product/mathcad     

 Matlab    http://in.mathworks.com/products/matlab/     

 Simulink    http://in.mathworks.com/products/simulink/     

 VisSim    http://www.vissim.com/     

 SBML    http://sbml.org/     

 Stochastic model simulator 

 Dizzy    http://magnet.systemsbiology.net/software/Dizzy/     

 COPASI    http://www.copasi.org/     

 SimBiology    http://in.mathworks.com/products/simbiology/     

 ODEion    http://129.16.225.150/identifi cation/ODEion/intro.html     
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    Abstract  

  The analysis of archaeological samples is very vital toward documentation 
and signifi cance of archaeological remains and its interdisciplinary under-
standing. However, due to lack of integration between the two disciplines, 
i.e., archaeology and microbiology, it becomes very diffi cult to carry out a 
wholesome and scientifi cally supported research. Analysis of various 
samples like mummies, bones, organic archaeological remains, grave 
goods, etc., found at various archaeological sites has witnessed a new 
direction of analysis that has led to drastic changes in the formulation of 
understanding and theories. There are adequate records of such observa-
tions obtained from the analysis of samples from excavations and other 
archaeological remains and artifacts from different parts of the world. Our 
efforts should now concentrate on doing microbiological analysis of such 
rare archaeological samples and try to rationalize the need for such inte-
gration toward a better scientifi c and comprehensive approach.  

  Keywords  

  Archaeological remains   •   Microbiology   •   Next-generation sequencing   • 
  Multidisciplinary studies  

14.1         Introduction 

 The coming together of archaeology and micro-
biology has revolutionized several aspects of 
analysis and understanding of archaeological 
remains, which, in the want of an interdisciplin-
ary research, had remained untouched. Several 
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new breakthrough discoveries in collaboration 
with microbiologists have advanced in the fi eld 
of archaeology. Analysis of several samples from 
mummies, bones, organic archaeological 
remains, grave goods, marine archaeological 
samples, any material that contains bacterial or 
fungal growth, etc., from various archaeological 
sites has witnessed a new direction of analysis 
that has led to drastic changes in the formulation 
of understanding and theories (Suzuki et al.  2010 ; 
Child  1995 ; Reinhard and Bryant  1992 ). Ceramic 
investigation and other archaeological studies of 
the artifacts from the excavation make up the 
greater part of most archaeological reports, but 
microbiological and chemical analysis is an 
important and singular contribution to the fi eld. 
Numerous facets of an archaeological site remain 
untouched and enigmatic without the microbial 
analysis (Schug et al.  2013 ). Microbiology has 
not just been adding to the data of archaeological 
importance but rectifying and asserting chemical 
analysis that had sometimes given alarmingly 
faulty results (The Mission Magazine, Spring 
 1996 ). If mummy or bones in a burial environ-
ment in examinable conditions are found, the 
bacterial and fungal isolates could tell details of 
genetic and dietary habits and help us understand 
the decomposing bones (Child  1995 ; Cavka et al. 
 2010 ; Antoine et al.  1992  for 1991). 

 An archaeological artifact cannot be restored 
to its original, but microbiology can defi nitely 
tell the archaeologist that if the artifact is not res-
cued soon, microbes are likely to eat it up com-
pletely. While this discovery was made, 
microbiologists also discovered a new species of 
a microbe of a previously known genus (Sánchez- 
Porro et al.  2010 ). So, often the process turns out 
to have mutual benefi ts and helps both fi elds 
grow in their research.  

14.2     Microbiological Work 
in Concurrence 
to Archaeology 

 Microbiology has a signifi cant relevance, contri-
bution, and importance to the fi eld of archaeol-
ogy.  Mycobacterium leprae  was for the fi rst time 

detected using whole-genome amplifi cation and 
polymerase chain reaction of a sample from 
archaeological skeletal remains in the Far East of 
Japan (Suzuki et al.  2010 ). The Vedic literature 
has the earliest literary mention (c. mid second 
millennium BC) of the leprosy, while the more 
accepted evidence of the fi rst millennium from 
the Indian surgery science  Sushruta Samhita  and 
 Arthashastra  (a treatise of statecraft, economic 
policy, and military strategy) clearly states the 
details about leprosy. Microbiologists took sam-
ples from the Chalcolithic archaeological site of 
Balathal (Robbins et al.  2007 ), located in the 
south of Rajasthan, India, to understand better 
the timing of fi rst infection as well as the pattern 
of transmission of the disease and its geographic 
origin, which is believed to have originated from 
Africa. Evidence from India during 2000 BC 
indicates the presence of lepromatous leprosy. It 
is the oldest documented skeletal substantiation 
that supports the earliest Indian literary evidence 
of leprosy (Robbins et al.  2009 ). 

 The decline and disappearance of the Indus 
Valley Civilization still suffer inconclusive theo-
ries that don’t apply unanimously to the entire 
extent of the civilization homogeneously. 
Nevertheless microbiology has joined hands with 
archaeology to confi rm and assert the localized 
causes of decline of the habitation and effects of 
various infectious diseases and sociobiological 
methods by analyzing the samples from the mor-
tuary remains (Schug et al.  2013 ). A sample from 
the late Indus valley period at Harappa was stud-
ied for the paleopathology to determine the out-
comes of the climate change and the social as 
well as economic disturbances that likely led to 
the decline of the civilization (Fig.  14.1 ).

   The analysis of a bioarchaeological evidence 
demonstrates a continuous prevalence and a 
gradual increase in infectious disease which is 
seen at a higher risk of infectious diseases spread 
unevenly among the burial communities. 
Analogous mortuary disparities indicate a greater 
vulnerability in the framework of uncertain cli-
matic conditions for the socially and economi-
cally marginalized communities at Harappa. 
Along with the previous evidence for escalating 
levels of aggression within the society during that 
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time, the statistics sustains an increasing fi ght for 
attaining supremacy at the site of Harappa after 
2000 B.C. (Schug et al.  2013 ). Scientists could 
go as far as to detail the socioeconomic condi-
tions of the settlement from the pathological 
research, and analysis is indeed a creditable help 
to the fi eld of archaeology. In fact, some sam-
pling from other sites around or close to Harappa 
and a multidisciplinary analysis and approach 
could further strengthen and improve the theory 
stated. These observations on the relation 
between the climatic change and the social pro-
cesses in the protohistoric urban settlements dis-
play decisive lessons in terms of susceptibility, 
diffi dence, and the enduring consequences of 
temporary strategies that could cope with the 
change in climate (Schug et al.  2013 ). 

 A team of multidisciplinary scientists from 
microbiology, paleopathology, and paleoradiol-
ogy in collaboration with an anthropologist 
worked on the samples of a mummy that was 
kept in the collection of the Zagreb Archaeological 
Museum, Croatia (Cavka et al.  2010 ). They docu-
mented a report of the outcome of the analysis of 
the samples of a few genera that belong to the 
groups of fungi and bacteria and could be consid-
ered crucial for carrying out further investiga-
tions. These samples were taken specifi cally 

from the oral and the abdominal cavity and the 
bandages tied around the mummy. Analysis con-
ducted at the laboratory in Zagreb indicated that 
all of the found organisms belonged principally 
to the following groups of saprophytic fungi: 
 Monilia  spp.,  Penicillium  spp.,  Alternaria  spp., 
 Aspergillus fumigatus  spp.,  Aspergillus nidulans  
spp.,  Rhizopus  spp.,  Chrysosporium  spp., and a 
few genera of saprophytic bacteria,  Bacillus  spp., 
etc. (Cavka et al.  2010 ). 

 The results of the microorganisms isolated for 
microbiological analysis clearly demonstrate that 
they pose no threat to human health. They are not 
harmful, rarely associated with diseases, and 
ubiquitous in nature. With this, we cannot only 
understand the dietary habits of the dead but also 
its health at the time of the death and sometimes 
even the cause of the death. 

 Analysis of few samples from 21 archaeologi-
cal sites from central Germany provided interest-
ing diachronic insight into the epidemiology of 
carious defects in teeth of the people settled there 
over a period of 4,000 years (Nicklisch et al.  
 2015 ). The dietary habits and socioeconomic 
structures of the period were to be studied with 
the data obtained from a total of 494 individuals 
with preserved teeth. The results indicated that 
with the development of the  society, meat and 

  Fig. 14.1    Prevalence of infection and disease in three mortuary assemblages from Harappa (Schug et al.  2013 )       
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dairy products became more and more important, 
and the prevalence of caries signifi cantly 
decreased between two cultural sub- eras. In addi-
tion to this, some sex-specifi c observations were 
made, which showed that a greater number of 
women were affected by caries than men. 
Undoubtedly, dental health refl ects both biologi-
cal and sociocultural and economic structures of 
the society. 

 Microbiologists have also tried to understand 
the decomposition by microorganisms from buried 
bone samples in archaeological sites (Antoine et al. 
 1992 ). A survey of literature suggests that a dead 
cell releases enzymes in the form of proteases and 
DNases. This causes an increase in autolytic 
destruction of the tissues resulting in microbial 
decomposition at a greater speed. As a result oxic 
and anoxic environments are created within the rot-
ting fl esh and “bone taint” appears within 6 h after 
the death (Roberts and Mead  1986 ). Post death, the 
gut fl ora affects the abdominal and thorax bones to 
a greater degree of putrefaction than the long bones 
and the skull. Firstly the gut fl ora putrefi es the 
esophagus and diaphragm and then spreads into the 
thoracic region. Hagihara et al. ( 1988 ) have 
reported that causal organisms for dental caries 
present in the mouth and the gut feature both 
demineralization and collagenolytic characteris-
tics, e.g., the yeast  Candida albicans . 

 It has been suggested that the fi rst phase of 
decomposition is carried out by microbial fl ora of 
the interred corpse, while in the second phase soil 
microorganisms are also involved. The soft tis-
sues of the abdomen are mainly decomposed by 
anaerobic oxidation, which produces organic 
acids. These organic acids formed demineralize 
the surrounding bone. Some observed this to be 
the case; however, other studies indicate the 
reverse (Child  1995 ). 

 Analysis of microbes contained in the soil 
from archaeological sites in Italy and Belize was 
conducted by picking up the soil samples from 
the pottery of both sites. The samples were cul-
tured for aerobic and anaerobic bacteria, acid-fast 
bacilli, fungi, and actinomycetes. This study was 
a challenge for the clinical microbiology. The 
organisms that were isolated were quite similar to 

those that might be found in contemporary soil 
specimens from equivalent geographical areas, 
though a more diverse and/or exotic microbial 
fl ora was expected owing to the presumed ages of 
the soil samples. The microscopy of the micro-
bial fl ora and the results of the cultures of soil 
from the two archaeological sites did not differ 
much, except that the fl ora from the Lubaantun 
site, Belize, displayed more complex structure 
(Southern  2008 ). 

 In another report the archaeologists explored 
the great legendary “unsinkable ship” Titanic. 
They isolated the bacterium called  Halomonas 
titanicae  from the samples of the rusticles col-
lected during the Akademik Keldysh (1991) 
expedition. Ballard ( 1989 ) and MacInnis ( 1992 ) 
have described “rusticles” as bioconcretious 
structures made up of rust, which look like ici-
cles. These pieces of rusticles were sampled from 
the hull with the help of the articulated arm of the 
Mir-2 submersible. In this study,  Halomonas 
titanicae  strain BH1T was isolated from the rus-
ticles using streak plate method on Bacto marine 
agar 2216 medium (Difco). The pure culture was 
subsequently preserved in lyophilized form till 
gene-sequencing program was initiated (Kaur 
 2004 ; Wells and Mann  1997 ). Microbiologists 
carried out a polyphasic taxonomic study and 
found the characteristics of the strain in detail. 
Analysis of the sample revealed the discovery of 
a new strain of the genus  Halomonas . Overall, 
these studies prove that the abovementioned 
strain BH1T is showing phylogenetical similarity 
to various different species of the genus 
 Halomonas , though they have essential differ-
ences in their phenotypic and chemotaxonomic 
features. However, DNA–DNA hybridization 
studies established it as a distinct species. Backed 
by this data, it was observed by scientists and 
microbiologists that a novel strain BH1T repre-
sents a distinctively separate and a new species of 
the genus  Halomonas , named  Halomonas titani-
cae  sp.  nov . (Sánchez-Porro et al.  2010 ). They 
realized that this isolated bacterium discovered 
from the rust samples of the RMS Titanic appears 
to accelerate the disintegration of the wreck of 
Titanic.  
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14.3     The Avenues and Challenges 
for Cross-Disciplinary 
Research 

 Another major problem stood in front of scien-
tists when they carbon-date certain artifacts, and 
one of the most astonishing ones was in the case 
of the Shroud of Turin, precisely the burial cloth 
of Jesus of Nazareth. The radiocarbon dates 
showed its antiquity to a maximum of thirteenth 
to fourteenth century CE when it was realized 
that what had been radiocarbon-dated was in fact 
a jumble of linen and bacteria and fungi and bio-
plastic coating that had the occasion to grow on 
the fi bers for centuries. The linen itself had not 
yet been dated. Often the conventional methods 
of cleansing a sample fail to remove bacteria and 
fungi. For example, biogenic varnishes were dis-
covered on an ancient Mayan carved jade called 
“Itzamna Tun.” The scientists had to decontami-
nate the sample of the plastic-like coating that is 
a by-product of bacteria and fungi (The Mission 
Magazine, Spring  1996  issue). 

 Archaeological remains from the burial envi-
ronment have often yielded good samples for 
understanding dietary habits of people. In the 
nineteenth century, it was discovered that copro-
lites are the most noteworthy and remarkable 
dietary remains recoverable from archaeological 
contexts. Harshberger ( 1896 ) discovered for the 
fi rst time the potential importance of human cop-
rolite and concluded that bones and seeds found in 
ancient feces could very well offer clues to ancient 
diet. Later, Netolitsky ( 1911 ,  1912 ) studied the 
coprolites from Egyptian mummies and identifi ed 
a number of important dietary components in it. 
Either dead bacteria can directly be identifi ed in 
coprolites or else live bacteria have to be cultured 
for analytical examination. Two types of bacteria 
species are present in coprolite, viz., cystic and 
noncystic anaerobic bacteria. Endospore-
containing bacteria, for instance,  Clostridium , can 
be isolated and characterized from coprolites. 
However, noncystic disease- causing bacteria, viz., 
 Salmonella  and  Shigella , are vulnerable to decay 
in the postdepositional surroundings and are diffi -
cult to be characterized (Reinhard and Bryant 
 1992 ). In addition, to these bacteria, there are 

reports of well-preserved hyphal segments and 
fungal spores in coprolites. These evidences help 
to understand the coprolite preservation strategies 
and also offer dietary data. Interpreting these 
remains is obstructed by the lack of taxonomical 
identity for specifi c class of fungi (Reinhard 
 1985a ,  b ,  c ). Majority of research activities on 
coprolite have enlarged to include the study of 
many different disciplines along with microbiol-
ogy. Nevertheless, its results and interpretations 
still remain a challenge for the scientists.  

14.4     The Success Stories 
and Applying Next- 
Generation Sequencing 

 Next-generation sequencing (NGS) allows us 
quite easily to see if we are dealing with authen-
tic ancient human DNA. The technique of NGS is 
metagenomic advancement in which, before 
sequencing, the DNA fragments in a sample are 
amplifi ed, together with little samples of ancient 
DNA that are not possible by traditional DNA 
isolation methods. This offers an extensive over-
view of the genetic material of sample under 
study and recommends an extra precise data of 
the accurate ratio of prehistoric DNA to modern 
DNA. The advantage of the speed of next- 
generation platforms enables us to sequence a 
sample repeatedly, making it easier to verify the 
patterns of damage that distinguish ancient DNA 
from recent DNA (Cossins  2013 ). 

 The new NGS fi ndings have not gone unchal-
lenged, however. Some researchers have ques-
tioned Pusch’s suggestion that the proportion of 
human DNA in samples from the Egyptian heads 
is comparable to that from permafrost-preserved 
specimens—such as a 4000-year-old Greenlandic 
mummy known as the Saqqaq man—subjected to 
NGS (Khairat et al.  2013 ). 

 This technique is specially being applied to 
the samples of mummifi ed bodies as the mum-
mifi cation process protects DNA by rapidly des-
iccating the tissue, removing the water required 
for hydrolytic depurination and deamination, two 
of the primary mechanisms by which DNA is 
broken down. 
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 The comparison to the ice-preserved specimens 
is misleading because the vast majority of the 
sequences obtained from the Egyptian samples 
were unidentifi able. For instance, in one of the 
Egyptian samples put forward as comparable, the 
researchers could not identify 97.5 % of the 
sequences, so they used the 2.5 % they could, of 
which 96 % were human. For comparison, 75 % of 
the sequences for Saqqaq man could be identifi ed, 
99.7 % of which were human (Khairat et al.  2013 ). 

 Even so, the latest study is a fi rst step in the 
right direction and that whole-genome sequenc-
ing of ancient Egyptian mummies will likely 
become commonplace in the near future—that is, 
so long as suffi cient funds are available and 
researchers can get their hands on specimens. 

 It could also bring about a new era of “molec-
ular archaeology” in which mysteries concerning 
the ancestral origins of a certain ancient race, and 
how they lived and died, can fi nally be solved.  

14.5     Microbes Are the Natural 
Data Bank of Archaeologists 

 Microbiologists have tried to determine paleocli-
matic conditions through viable paleosol micro-
organisms, which could also help date the 
archaeological stratas. 

 The paleosol microorganisms were cultured 
by scientists from a complete chronosequence of 
the archaeological site of Hell Gap, Wyoming, 
USA (Grund et al.  2014 ), on an experimental 
basis to see if the colonies contain information 
regarding the climatic conditions of that region. 
They even went to the extent to do a relative dat-
ing of the archaeological site by looking at the 
change in the density of the microorganisms 
present in the soil sample. Studies of pathogens 
in archaeological contexts and microorganisms 
in ceramic residues are widespread, though not 
very frequent. But this is altogether a revolution-
ary idea, which could supplement the paleobo-
tanic soil and phytolith analysis results. The 
results of the samples from Hell Gap didn't meet 
greatly the expectations, but the thorough study 
of the results helped understand the other exter-
nal factors involved that could make the analysis’ 

results go wayward (Grund et al.  2014 ). Those 
factors could be kept in mind while undertaking 
such a study again elsewhere. This experimental 
study has opened up new horizons for bridging 
collaborative efforts of microbiology and archae-
ology to get a comprehensive scientifi c study of 
archaeological data.  

14.6     Microbes Determine 
Settlement Pattern 

 The analysis of soils and cultural layers at an 
archaeological site in Russia showed that repeated 
addition of various organic materials increases a 
microbial biomass and enzymatic activity 
(Chernysheva et al.  2015 ). This occurs in particu-
lar with urease activity, which increases in soil 
because of continuous input of compost, manure, 
and other organic residues and income of ureo-
lytic bacteria along with organic fertilizers. The 
urease activity was observed in the cultural lay-
ers of the site in that area with ruined wall 
remains. The activity was almost twice higher 
than the area without wall remains. These results 
showed that the structures in the settlement were 
used as cattle pens. So it was inferred that com-
parison of urease activity, scattered potsherds, 
and phosphorus content in soil could help demar-
cate the boundaries of ancient manured lands. 
These determining parameters could be useful in 
revealing the sites of cattle keeping, areas of 
ancient arable lands, and other clues to the settle-
ment pattern of a site.  

14.7     Conclusion 

 Archaeology is a fi eld of multidisciplinary con-
tributions, which has much scope and potential 
for research. There’s much contribution asked of 
microbiology in the fi eld of archaeology. 
Archaeologists depend mostly on manual analy-
sis of the samples of the excavations; instead, 
even the fundamental analysis of the soil, bone, 
and other samples in microbiological labs would 
surface manifold inferences that can be drawn to 
get a more integral understanding of an archaeo-
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logical site. Our efforts should now concentrate 
on doing microbiological analysis of such rare 
archaeological samples and try to rationalize the 
need for such integration toward a better scien-
tifi c and comprehensive approach.     
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