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      Foreword   

 It gives me immense happiness to write the foreword for the excellent com-
pendium  Biotechnology for Environmental Management and Resource 
Recovery  edited by Prof. Ramesh Chander Kuhad and Dr. Ajay Singh. The 
constant increase in world population has put pressure on urban development 
and agricultural productivity. Both have led to the generation of huge quantity 
of wastes (solid and liquid). Inappropriate management of liquid and solid 
waste not only increases the pollution to the environment but also threatens 
human health. Therefore, the sustainable waste management technologies are 
necessary to keep the environment clean and green. 

 In my opinion, solid waste disposal has comparatively bigger challenges than 
liquid waste management. There are consistent efforts by researchers to continu-
ously develop new technologies for utilizing the solid wastes, especially the plant 
biomass which represents a major part of the available solid wastes and represents 
a renewable source of energy and chemicals. Various microbial processes have 
been developed for bioconversion of agro-residues and grasses into bioethanol 
as alternative fuel, digestible animal feed, and value-added chemicals. 

 I am delighted that an edited book on “Biotechnology for Environmental 
Management and Resource Recovery” is being brought out, which discusses 
a wide range of selected topics related to the applied and fundamental aspects 
of potential utilization of agro-residues into value-added products and pro-
cesses and applications of microbial technologies for bioremediation and 
monitoring of environmental pollutants. Chapters dealing with industrial 
applications address current biotechnological approaches based on microbial 
enzymes such as cellulases, ligninases, pectinases, and phytases. 

 This    book has contributions from academicians and scientists from differ-
ent disciplines including microbiology, molecular biology, genetics, and 
environmental biotechnology with diverse backgrounds and from universi-
ties, national laboratories and institutes, and industries. I am con fi dent that 
the book should prove to be very useful to the students, researchers, scien-
tists, and teachers of microbiology, environmental science and engineering, 
and biotechnology. 

 Prof. K.V.B.R. Tilak 
 Ph.D., FNASc, FNAAS, FNABS, FAPASc, FBS, FAMI 

 NASI Senior Scientist, Platinum Jubilee Fellow 
 Department of Botany 

 Osmania University, Hyderabad, India   
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    Preface   

 The constant increase in urbanization and industrialization around the world 
has immensely affected the environment. The textile, pulp and paper, petro-
chemicals, minerals, energy, food and feed, and other agro-based industries 
produce huge amount of waste, which enters in terrestrial and aquatic envi-
ronments and eventually leads to environmental disturbances. Various types 
of agricultural, forestry, and fruit and vegetable processing wastes represent 
important energy and material resources and therefore require proper man-
agement to avoid the contamination of the environment and spoilage of valu-
able natural resources. 

 In the absence of inadequate waste management strategies, especially, the 
developing countries suffer from severe environmental problems and short-
age of energy and resources and food production. Thus, there is a need to 
have simple and economically viable and integrated technologies for environ-
mental management and resource recovery. Microorganisms and their 
enzymes contribute signi fi cantly to residual biomass utilization, resource 
recovery through recycling and conservation, and environmental manage-
ment. Recently, advances in microbiological, molecular, and enzymatic pro-
cesses have motivated in-depth studies to exploit microorganisms and their 
enzymes for developing innovative biotechnologies. 

  Biotechnology for Environmental Management and Resource Recovery  
presents a comprehensive review of selected research topics related to 
environmental pollution management and developing biotechnologies 
based on bioconversion of agro-residues (lignocellulosics) into biofuels, 
animal feed, paper, etc. Moreover   , rhizobacteria-based technology in agro-
ecosystem management has been discussed. The book comprises 16 chap-
ters, divided in two parts. Part I includes topics on microorganisms and 
enzymes involved in lignin degradation vis-à-vis production of nutrition-
ally rich animal feed, microbial cellulases, pectinases, enzymatic retting, 
biofuels, rhizobacteria and agricultural management, and sustainable 
enzyme technology for resource recovery. Part II includes the aspects of 
applied biocatalysis, metagenomics and genetically modi fi ed micro-
organisms (GMOs), and microbial enzymes in environmental management 
and bioremediation. 

 The book contains contributions from leading scientists with diverse back-
grounds of academic institutions and industries. This book will be of immense 
use to the students of environmental biotechnology, microbiology, biochem-
istry, and other environmental sciences and engineering. This book will 
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 certainly be of equal interest to the teachers, scientists, and researchers, 
whether in academia, industry, or government, directly involved in the 
research or who want to learn about environmental management and the 
ef fi cient utilization of natural resources via biotechnological applications. 

 Editors   Ramesh Chander Kuhad 
 Ajay Singh      
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 Various types of secondary agricultural and forestry wastes represent valu-
able resource materials for developing alternate energy as biofuels and other 
value-added products such as sugars, phenols, furans, organic acids, enzymes, 
and digestible animal feed. However, if not managed properly, waste material 
and environmental contaminants generated by various industries such as food 
and feed, pulp and paper, and textile may lead to severe environmental pollu-
tion. The energy, food, and feed demand necessitate developing simple and 
economically viable technologies for environmental management and 
resource recovery. Microorganisms and their enzymes contribute signi fi cantly 
in the utilization of plant residues, resource recovery, and eventually in pollu-
tion mitigation. 

  Biotechnology for Environmental Management and Resource Recovery  
presents a comprehensive review of selected research topics in a compen-
dium of 16 chapters related to environmental pollution control and develop-
ing biotechnologies in agro-ecosystem management and bioconversion of 
agro-residues (lignocellulosics) into biofuels, animal feed, paper, etc. This 
book provides a valuable resource for reference and text material to graduate 
and postgraduate students, researchers, scientists working in the area of 
microbiology, biotechnology, and environmental science and engineering. 

 Editors   Ramesh Chander. Kuhad 
 Ajay Singh   

 A   bout the Book   
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  Abstract 

 Lignocellulosics are the major structural component of woody and 
nonwoody plants and represent a major source of renewable organic 
matter. The plant cell wall consists of three major polymers: cellulose, 
hemicellulose, and lignin. Lignocellulose biomass, available in huge 
quantity, has attracted considerable attention as an alternate resource 
for pulp and paper, fuel alcohol, chemicals, and protein for food and 
feed using microbial bioconversion processes. The current industrial 
activity of lignocellulosic fermentation is limited because of the dif fi culty 
in economic bioconversion of these materials to value-added products. 
Lignin is degraded to different extents by variety of microorganisms 
including bacteria, actinomycetes, and fungi,    of which wood-rotting fungi 
are the most effective, white-rot fungi in particular. White-rot fungi 
degrade wood by a simultaneous attack on the lignin, cellulose, and hemi-
cellulose, but few of them are speci fi c lignin degraders. The selective 
lignin degraders hold a potential role in economically bioconversion of 
plant residues into cellulose-rich materials for subsequent bioethanol 
and animal feed production. Different fungi adapt in accordance to condi-
tions existing in the ecosystem and complete their task of carbon recycling 
of the ligni fi ed tissues, and some white-rot fungi have capability to com-
pletely mineralize it. It is known that white-rot fungi are able to perform 
lignin degradation by an array of extracellular oxidative enzymes, the best 
characterized of which are lignin peroxidase (LiP), manganese peroxi-
dase (MnP), and laccase. However, the regulation of the production of 
individual enzymes and lignin degradation is a complex phenomenon. 

      Microorganisms and Enzymes 
Involved in Lignin Degradation 
Vis-à-vis Production of Nutritionally 
Rich Animal Feed: An Overview       

     Ramesh   Chander   Kuhad      ,    Sarika   Kuhar   , 
   Krishna   Kant   Sharma   , and    Bhuvnesh   Shrivastava      
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Unfortunately, even selected white-rot fungi take long in delignifying 
the lignocellulosic substrates. Therefore, it is necessary to improve these 
fungi for their ability to degrade lignin through various conventional and 
modern approaches. A considerable progress has been made in this 
direction during the past two decades; LiP, MnP, and laccase genes have 
been cloned, and an ef fi cient  Agrobacterium -mediated transformation 
system has been developed, which will eventually help in successful 
expression of the desired protein. This chapter presents an overview of 
diversity of lignin-degrading microorganisms and their enzymes espe-
cially in developing animal feed. In addition to that, advances in molecular 
approaches to enhance the deligni fi cation capability of microorganisms 
are also discussed.      

   Introduction 

 The residues from agricultural crops and agro- 
and forest-based industrial processes are abun-
dantly available worldwide. Most of these 
agricultural crops and forest by-products are 
de fi cient in protein content, and presence of 
lignin in cell wall limits the digestibility of these 
materials in ruminants. Therefore, attempts have 
been made around the world to improve their 
protein content and digestibility by fermenting 
them under solid-state fermentation (SSF) condi-
tions, using various microorganisms. Among 
these, white-rot fungi are considered the most 
capable of successfully degrading lignin. Most of 
them are slow colonizers and degrade cellulose 
and hemicellulose along with the lignin and are 
called as simultaneous degraders. However, 
recently a few white rots have been reported, which 
degrade lignin selectively (Akhtar et al.  1997 ; 
Hakala et al.  2004,   2005 ; Okano et al.  2009 ; 
Gupta et al.  2011 ; Shrivastava et al.  2011  ) . Most 
of the work on solid-state fermentations (SSF) 
of agroresidues have been carried out using 
simultaneous degrader,  Phanerochaete chrys-
osporium  ( Sporotrichum pulverulentum , the 
imperfect form), the most studied lignin-
degrading fungus (Eriksson et al.  1990 ; Kuhad 
et al.  1997 ; Basu et al.  2002 ; Kumar et al.  2006 ; 
Gassara et al.  2010  ) . However, recently selective 
lignin-degrading fungi such as  Lentinus edodes , 
 Pycnoporus cinnabarinus ,  Crinipellis  sp. RCK-1, 

 Ceriporiopsis subvermispora,  and  Phlebia 
brevispora  are being studied for lignin degrada-
tion (Okano et al.  2006,   2009 ; Kuhar et al.  2008 ; 
Arora et al.  2011  ) . 

 Some white-rot fungi are capable of degrad-
ing lignin selectively but the enzymes produced 
by them are too low for commercial purposes. 
To improve the enzyme production by selective 
white-rot fungi, various attempts have been made 
to optimize the culture conditions, and consider-
able increase in production of laccase, an impor-
tant lignin-degrading enzyme, has been achieved 
(Dhawan et al.  2004 ; Sharma et al.  2005 ; Bonugli-
Santos et al.  2010  ) . For a commercial perspec-
tive, there is need to optimize SSF at pilot scale 
using selective fungi. The ligninolytic degrada-
tion ability of the selective degraders can be 
improved by using traditional mutagenesis and 
modern molecular techniques like recombinant 
DNA technology, and there has been a signi fi cant 
progress in this direction (Sharma and Kuhad 
 2010  ) . 

 Genome sequence of the well-known lignin-
degrading fungus,  P. chrysosporium,  has been 
unraveled (Martinez et al.  2004  ) . This fungus 
possesses an impressive array of genes encoding 
extracellular oxidative enzymes: lignin peroxi-
dase (LiP) and manganese-dependent peroxidase 
(MnP). Ten LiP genes and  fi ve MnP genes have 
been found. Genome searches revealed no con-
ventional laccases. Instead, four multicopper 
oxidase (MCO) sequences are found clustered 
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within a 25-kb segment on scaffold 56. Thus, it 
appears that  P. chrysosporium  does not have the 
capacity to produce laccase although distantly 
related multicopper oxidases may have a role in 
extracellular oxidation. The genome harbors the 
genetic information to encode more than 240 
putative carbohydrate-active enzymes (  http://
afmb.cnrs-mrs.fr/CAZY/    ) including 166 glyco-
side hydrolases, 14 carbohydrate esterases, and 
57 glycosyltransferases, comprising at least 69 
distinct families. 

 A    number of genes encoding fungal laccases, 
lac 1, lac 2, lac 3, lac 4, and lac 5 and other impor-
tant lignin-degrading enzyme(s), have been cloned 
including those from basidiomycetous fungi such 
as  Trametes (Coriolus) versicolor, T. villosa, 
Coriolus hirsutus ,  Rhizoctonia solani, Agaricus 
bisporus, Phlebia radiata,  Basidiomycete PMI, 
 P. cinnabarinus, and C. subvermispora  and 
ascomycetous fungi such as  Cryphonectria 
parasitica, Aspergillus nidulans, Podospora 
anserina,  and  Neurospora crassa  (Leonowicz 
et al.  1999  )  .  Recently, cloning and heterologous 
expression of a novel ligninolytic peroxidase 
gene from poroid brown-rot fungus  Antrodia 
cinnamomea  is carried out (Huang et al.  2009  ) . 

 The ligninolytic enzymes are dif fi cult to 
express in non-fungal systems. Laccase has been 
reported to be expressed in  Saccharomyces cer-
evisiae, Trichoderma reesei, and Aspergillus 
oryzae . However, to the best of our knowledge, 
reports about puri fi cation and characterization of 
the recombinant proteins are scanty. The expres-
sion level has been low in most of the systems 
tested so far. The overexpression using speci fi c 
vectors and promoters may provide higher yields. 

 Here we will discuss in detail about the 
diversity of lignin-degrading microorganisms, 
their enzymes, applications, and future prospects 
in developing biotechnological approaches, 
especially in developing animal feed.  

   Composition of Lignocellulosic 
Materials 

 Lignocellulosics in the form of wood and agricul-
tural residues are virtually inexhaustible, since 
their production is based on the photosynthetic 

processes. They are the most abundant renewable 
natural material in the biosphere, accounting for 
approximately 50% of the total biomass present 
in the world (10–50 × 10 9  t) (Sun and Cheng  2002 ; 
Nair  2006 ; Sánchez  2009  ) . Regardless    of source, 
lignocellulosic material contains three types of 
polymers – i.e., cellulose, hemicellulose, and 
lignin – that are strongly intermeshed and chemi-
cally bonded by non-covalent forces and by cova-
lent cross-linkages. Cellulose is polymer of 
glucose with cellobiose as repeating units, and 
hemicelluloses are macromolecules from differ-
ent sugars, whereas lignin is an aromatic polymer 
synthesized from phenylpropanoid precursors. 
The composition and percentages of these 
polymers vary from one plant species to another. 
Moreover, the composition within a single plant 
varies with age, stage of growth, and other condi-
tions. Table  1.1  shows the typical compositions 
of these three components in hardwoods, soft-
woods, agricultural residues, and various other 
lignocellulosic materials.   

   Lignin-Degrading Microorganism 
and Their Enzymes 

 A wide range of microorganisms such as bacte-
ria, actinomycetes, cyanobacteria, and fungi are 
known for degradation of lignin; however, the 
level of degradation varies with microorganisms. 
The degradation and transformation of lignocel-
lulosic wastes is attributed to the metabolism of 
indigenous microorganisms. Different microbial 
population dominates at various stages and has 
distinct roles in degradation of organic matter 
(Belyaeva and Haynes  2009  ) . 

   Lignin-Degrading Bacteria 

 The degradation of wood cell wall by bacteria was 
not ascertained until the 1980s (Li et al.  2009  ) . 
Bacteria generally degrade wood slowly, and deg-
radation takes place on wood surfaces with high 
moisture content. Because of lack of penetrating 
ability, bacteria usually invade wood cells simul-
taneously with fungi. They appear to attack both 
softwoods and hardwoods by  fi rst colonizing the 

http://afmb.cnrs-mrs.fr/CAZY/
http://afmb.cnrs-mrs.fr/CAZY/
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parenchyma cells. After utilizing the cell contents, 
they may also attack the parenchyma cell walls 
(Liese  1970  ) . They move into adjacent cells and 
tracheids with fast disruption of pits (Levy  1975  ) . 
Different patterns of cell wall decay, cavitation, 

and tunneling by bacteria have been found both 
in natural and laboratory environments (Nilsson 
and Daniel  1983 ; Daniel et al.  1987  ) . 

 In contrast, studies in some laboratories have 
shown that bacteria are unable to degrade ligni fi ed 

   Table 1.1    The contents of cellulose, hemicellulose, and lignin in some wood and common 
agricultural residues and wastes   

 Lignocellulosic materials 
 % dry weight 

 Cellulose  Hemicellulose  Lignin 

  Hardwoods stems  
 Aspen  50.0  28.0  15.0 
 Beech  47.0  20.0  23.0 
 Birch  41.0  26.0  25.0 
 Cottonwood  46.0  19.0  24.0 
 Oak  48.0  18.0  28.0 
 Poplar  45.0  19.0  20.0 
 Red Maple  39.0  33.0  23.0 
  Softwood stems  
 Douglas  fi r  57.0  8.0  24.0 
 Eastern hemlock  43.0  10.0  32.0 
 Jack pine  41.0  10.0  27.0 
 White pine  44.0  11.0  28.0 
 Red spruce  43.0  12.0  27.0 
 White spruce  44.0  10.0  27.0 
  Agricultural residues  
 Bagasse  33.0  30.0  29.0 
 Barley straw  40.0  20.0  15.0 
 Corn cob  42.0  39.0  14.0 
 Cotton stalks  42.0  12.0  15.0 
 Groundnut shells  38.0  36.0  16.0 
 Oat straw  41.0  16.0  11.0 
 Rice straw  32.0  24.0  13.0 
 Rye straw  37.0  30.0  19.0 
 Wheat straw  30.0  24.0  18.0 
 Cotton seed hairs  80–95  5.0–20.0  0 
  Others  
 Grasses  25.0–40.0  35.0–50.0  10.0–30.0 
 Paper  85.0–99.0  0.0  0–15.0 
 Sorted refuse  60.0  20.0  20.0 
 Leaves  15.0–20.0  80.0–85.0  0 
 Newspaper  40.0–55.0  25.0–40.0  18.0–30.0 
 Waste papers from chemical pulps  60.0–70.0  10.0–20.0  5.0–10.0 
 Primary wastewater solids  8.0–15.0  NA  24.0–29.0 
 Swine waste  6.0  28  NA 
 Solid cattle manure  1.6–4.7  1.4–3.3  2.7–5.7 
 Coastal Bermuda grass  25.0  35.7  6.4 
 Switch grass  45.0  31.4  12.0 
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plant cell walls (Schmidt et al.  1987  ) , but they 
were able to do so after chemical pretreatment of 
the cells. Ef fi cient bacterial degradation of wood 
already treated with cellulase-less mutants of 
 P. chrysosporium  and  Phlebia gigantea  has been 
observed. 

 Although bacteria can directly attack  fi bers, 
vessels, and tracheids, few species or strains can 
degrade all the cell wall components (Eriksson 
et al.  1990  ) . However, some bacteria have been 
found to degrade ligni fi ed wood cells, which 
were con fi rmed by ultrastructural investigations 
(Zimmermann  1990  ) . Recently, cell wall erosion 
(Sutherland et al.  1979  ) , tunnel formation 
(Daniel et al.  1987  ) , and removal of lignin by 
bacteria have also been reported (Krause et al. 
 2003  ) . Recently,  Paenibacillus  sp. (AY952466), 
 Aneurinibacillus aneurinilyticus  (AY856831), 
and  Bacillus  sp. (AY952465) for ITRC S6, IITRC 
S7, and ITRC S8, respectively, were found 
capable to effectively degrade the kraft lignin, a 
major by-product of the chemical pulping 
process and main contributor to the color and 
toxicity of ef fl uent (Chandra et al.  2007  ) . 

 The enzyme produced by bacteria can cata-
lyze the cleavage of interunit linkage of model 
lignin dimers  (Archana    and Mahadevan  2002 ; 
Li et al.  2009  ) . The contribution of bacteria to 
the complete biodegradation of lignin in natural 
environment where fungi are also present is not 
much known. However, bacteria seem to play a 
leading role in decomposing lignin in aquatic 
ecosystem, because wood-degrading bacteria 
have a wider tolerance of temperature, pH, and 
oxygen limitations than fungi (Chandra et al. 
 2007  ) . Molecular evidence for occurrence of 
lignin-degrading enzymes has been found in 
 Mycobacterium tuberculosum ,  M. avium, 
Escherichia coli ,  Caulobacter crescentus , 
 Pseudomonas syringae ,  P. aeruginosa, P. putida, 
Bordetella pertussis ,  Xanthomonas campestris , 
 Rhodobacter capsulatus ,  Yersinia pestis , 
 Campylobacter jejuni,  and  Aquifex aeolicus  
(Alexandre and Zhulin  2000  ) . 

    Hungate  (  1966  )  discussed early examples in 
which  fi brolytic bacteria dosed in to rumen had 
little effect on rumen digestion. Rumen bacteria 
are major degraders of plant  fi ber cell walls by 

production of enzymes active against structural 
components of these cell walls (Akin  1993a ; 
Kuhad et al.  1997 ; Krause et al.  2003  ) . Some of 
the most extensively studied rumen bacteria 
include  Fibrobacter succinogenes, Ruminococcus 
albus,  and  R.  fl avefaciens.  These bacteria have 
a complete set of polysaccharide-degrading 
enzymes and also the ability to adhere to  fi bers 
(Stewart and Bryant  1988 ; Akin  1993a  ) . These 
species adhere strongly to partially degraded cell 
walls but erode the components only if they are 
adjacent and in direct contact with the bacteria 
(Krause et al.  2003  ) . Often, the plant cell walls 
are totally degraded, but at other times digestion 
seems to be interrupted before the hydrolysis is 
completed. Very recently the emerging role for 
bacteria in lignin degradation and bio-product 
formation has been reviewed and elaborated 
(Bugg et al.  2011  ) . A range of soil bacteria, often 
aromatic-degrading bacteria, are able to break 
down lignin. The enzymology of bacterial lignin 
breakdown is currently not well understood, but 
extracellular peroxidase and laccase enzymes 
appear to be involved. There are also reports of 
aromatic-degrading bacteria isolated from termite 
guts, though there are con fl icting reports on the 
ability of termite gut microorganisms to break 
down lignin. 

 In brief, bacterial strains identi fi ed to have 
activity for lignin breakdown fall into three 
classes: actinomycetes,  a -proteobacteria, and 
 g -proteobacteria (Bugg et al.  2011  ) . The activity 
of these lignin-degrading bacteria was much less 
than that of white-rot fungus  Phanerochaete 
chrysosporium  but was found comparable to 
some other lignin-degrading fungi.  P. putida  mt-2 
and  R. jostii  RHA1 were found to break down 
lignocellulose, releasing low molecular weight 
phenolic products (Ahmad et al.  2010  ) . 

 The possible involvement of bacteria in ligno-
cellulose breakdown has also emerged from a 
different line of research. The gut micro fl ora of 
termites helps to digest the lignocellulose content 
of wood, but the role of microorganisms in the 
degradation of lignin has been the subject of 
debate (Brune  2007  ) . A recent study by Geib 
et al.  (  2008  )  has shown that depolymerization, 
demethylation, and ring hydroxylation of lignin 
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occur using gut micro fl ora from  Anoplophora 
glabripennis  and  Zootermopsis angusticollis  
and have suggested that the aerobic reactions 
required for lignin depolymerization could occur 
in the foregut, rather than in the largely anaerobic 
hindgut. The enzymology for bacterial lignin 
degradation is at present poorly understood, com-
pared with the fungal lignin-degrading enzymes, 
yet there are indications that bacteria use similar 
types of extracellular lignin-degrading enzymes 
to fungi. Lignin-degrading  S. viridosporus  T7A 
produces several extracellular peroxidases, which 
have been shown to catalyze oxidative cleavage 
of  b -aryl ether lignin model compounds 
(Ramachandra et al.  1988  ) . There are also reports 
of bacterial laccases, which are copper-containing 
enzymes that utilize oxygen to oxidize a range of 
phenolic compounds. While the bulky nature and 
presence of nonphenolic subunits prohibits the 
action of laccases on the lignin polymer, they 
have been shown to depolymerize lignin via 
the oxidation of smaller molecules such as 
2,2 ¢  -azino-bis(3-ethylbenzothiazoline)-6-
sulphonic acid (ABTS) and hydroxybenzotri-
azole (HBT) (Ten Have and Teunissen  2001 ; 
Sánchez  2009  ) . In addition to their role in the 
degradation of lignin, the broad substrate 
speci fi city of laccases permits the modi fi cation of 
lignocelluloses and the potential to create new, 
environmentally friendly materials. The potential 
of bacteria in bioconversion of lignocellulosics 
may further be explored in the future.  

   Lignin-Degrading Actinomycetes 

 Actinomycetes are a group of eubacterial micro-
organisms, also called as actinobacteria, that are 
commonly found in the soil. The presence of 
actinomycetes in the soil is indisputable; what is 
not clear is their role in the ecology of the soil. 
It has been suggested that actinomycetes play a 
role in lignocellulose breakdown, but details of 
the scale and methods by which such breakdown 
takes place are less known. However, there is a 
wide range of examples where  Streptomyces  and 
other actinomycetes have been identi fi ed as 
degrading lignin or lignocellulose. These strains 

come from a wide variety of sources, including a 
range of soils, high temperature environments, 
and termite guts (Adhi et al.  1989 ; Iqbal et al. 
 1994 ; Ruttiman et al.  1998 ; Tuncer and Ball 
 2002 ; Watanabe et al.  2003  ) . Different species of 
 Streptomyces  have been reported to colonize ves-
sels,  fi bers, and parenchyma cells.  S.  fl avovirens  
rapidly colonizes the phloem and degrades 
parenchyma cells as well as thick-walled highly 
ligni fi ed sclereids. In advanced stages of degra-
dation, parenchyma cells were found to be com-
pletely destroyed, and sclereids showed evidence 
of eroded cell walls. Various studies have estab-
lished that several actinomycetes attack grass 
lignocellulosics, leading to the partial solubiliza-
tion of the substrate rather than mineralization 
(Kuhad et al.  1997  ) . 

 A wide range of actinomycetes have been 
shown to possess extracellular peroxidase activity, 
though the activity was variable (Mercer et al. 
 1996  ) . Laccase type enzymes have now been 
found in  fi ve actinomycetes:  Streptomyces 
antibioticus  (Freeman et al.  1993  ) ,  S. griseus, 
S. coelicolor  (Endo et al.  2003a,   b  ) ,  S. cyaneus  
(Arias et al.  2003  ) , and  S. lavendulae  (Suzuki 
et al.  2003  ) . However, it is not clear how wide-
spread they are in the actinomycetes because 
there is indirect evidence for the presence of 
laccases in the actinomycetes, which is based on 
rather nonspeci fi c substrate reactions (Sjoblad 
and Bollag  1981  ) . Thus, with the availability 
of 17 complete genome sequences and six 
partially completed genome sequences from the 
actinobacteria, the possibility of identifying 
candidate laccases from the actinomycetes is 
possible using a bioinformatics-based approach. 
However, these sequenced genomes include only 
one thermophile,  Thermobi fi da fusca,  which has 
not been completely annotated (  http://www.ncbi.
nlm.nih.gov/sutils/genom_table.cgi    ; last accessed 
4 January 2005). 

 Peroxidase and polyphenol oxidase activity 
have been compared between the thermo-
philic  Streptomyces  isolates and mesophilic 
 Streptomyces  (Mhlanga  2001  ) . Polyphenol oxidase 
activity between the two groups was comparable, 
and peroxidase activity was signi fi cantly higher 
for the thermophiles than for the mesophiles. 

http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi
http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi
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RU-A01, RU-A03, and RU-A06 also have an 
advantage over the mesophilic  Streptomyces  
strains because they produce lignin peroxidases 
also found among some of the white-rot fungi 
and are known to play a role in lignin solubiliza-
tion (Ball et al.  1989  ) . Peroxidase and polyphe-
nol oxidase extracts from the thermophilic 
isolates react the same way as the peroxidases 
and polyphenol oxidases from the mesophilic 
 Streptomyces  sp. toward the various substrates. In 
a recent study Huang et al.  (  2010  )  demonstrated 
the change in microbial population while degrad-
ing lignin during composting process through 
quinine pro fi ling and concluded that high lignin 
degradation at cooling stage might be attributed to 
the cooperation of mesophilic fungi, actinomycetes, 
and bacteria.  

   Lignin-Degrading Fungi 

   Wood-Rotting Fungi 
 By colonizing dead or dying tree trunks and 
stumps, the fungus preferentially utilizes one or 
the other cell wall constituents, resulting in the 
wood decay known as wood rot. These include 
three types of wood rots, i.e., soft rot, brown rot, 
and white rot, which are based on the component 
utilized and the color characteristics of the 
decayed wood (Table  1.2 ). Among them, only 
white rots have the potential to completely 
degrade all three major components of wood, 
thus making them ecologically most important to 
study their detailed diversity. These fungi mainly 

belong to Ascomycetes, Deuteromycetes, or 
Basidiomycetes group (Dashtban et al.  2009  ) .  

 Table  1.2  represents diversity of wood-decaying 
fungi and their ligninolytic system. Soft rot results 
in degradation of cellulose and hemicellulose, 
but lignin may only be partially digested. Little is 
known about the degradation mechanism of 
lignocellulose by soft-rot fungi in contrast to 
white- and brown-rot fungi. However, it is clear 
that some soft-rot fungi can degrade lignin because 
they erode the secondary cell wall and decreases the 
content of acid-soluble material (Klason   ) in 
angiosperm wood (Sánchez  2009  ) . Ascomycetes 
and Deuteromycetes (fungi imperfecti) generally 
cause soft-rot decay of wood (Blanchette  1995  ) . 
Two forms of soft rot have been described, type I 
consisting of biconical or cylindrical cavities that 
are formed within secondary walls while type II 
refers to an erosion form of degradation 
(Blanchette  1995  ) . 

 In contrast to nonselective white-rot fungi, the 
middle lamella is not attacked by type II soft-rot 
fungi. Xylariaceous ascomycetes from genera 
such as Daldinia, Hypoxylon, and Xylaria have 
earlier often been regarded as white-rot fungi, but 
nowadays, these fungi are grouped in soft-rot 
fungi since they cause typical type II soft rot. 
Ligninolytic peroxidases or laccases of soft-rot 
fungi may not have the oxidative potential to 
attack the recalcitrant guaiacyl lignin. On the 
other hand, syringyl lignin apparently is readily 
oxidized and mineralized by the enzymes of soft-
rot fungi (Nilsson et al.  1989  ) . Soft-rot fungi are 
particularly prevalent at the early stages of wood 

   Table 1.2    Types of wood-rotting fungi and some characteristics   

 Type 
 Family to which 
wood rot belongs 

 Texture of wood after attack 
by wood rot  Components of wood degraded 

 Soft rot  Ascomycetes and 
Deuteromycetes 

 Wood remains wet, spongy, 
pitted, and brownish. Usually grows 
on surface of wood and is least 
specialized among wood rots 

 Prefer carbohydrates and modify 
lignins to a limited extent 

 Brown rot  Basidiomycetes  Wood remains  fi brous and brownish  Primarily carbohydrates degraded, 
leaving behind brownish modi fi ed 
lignin but does not degrade it 

 White rot  Basidiomycetes 
and Ascomycetes 

 Wood remains  fi brous and whitish 
as cellulose mainly is left behind 

 All components of wood degraded 
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decay and in conditions of high moisture and 
increased nitrogen content (Blanchette  1995  ) . 
Wood affected by soft rot may appear wet, 
spongy, or pitted. There are over 300 species of 
known soft rots (Kuhad and Singh  1993 ). Soft 
rots are either the members of Ascomycetes or 
Deuteromycetes (Kuhad et al.  1997  )  or some genera 
falling under this category are  Chaetomium , 
 Paecilomyces,  and  Fusarium  (Rayner and Boddy 
 1988 ; Eriksson et al.  1990 ; Blanchette  1995  ) . 
Ascomycetes are known to degrade lignin and 
are responsible for wood decay referred to as 
“soft rot,” a process that is not well understood 
(Shary et al.  2007  ) . 

 The fungi capable of degrading cellulose and 
hemicellulose but are unable to digest the lignin 
component of wood belong to brown-rot cate-
gory (Sánchez  2009  ) . In this case, the lignin 
remains more or less intact and becomes modi fi ed 
with brown and crumbly matrix appearance 
(Eriksson et al.  1990 ; Blanchette  1995 ; Highley 
and Dashek  1998  ) . Brown-rot fungi mainly 
decompose the cellulose and hemicellulose 
components in wood (Eriksson et al.  1990  ) . They 
have been much less investigated than white-rot 
fungi in spite of their enormous economic impor-
tance in the destruction of wood. Brown-rotted 
wood is dark, shrinks, and is typically broken 
into brick-shaped or cubical fragments that eas-
ily break down into brown powder (Blanchette 
 1995  ) . The brown color indicates the presence 
of modi fi ed lignin in wood. Unlike the soft rots, 
the brown-rot fungi are relatively few in num-
ber, comprising only 6% of all wood-rotting 
Basidiomycetes (Gilbertson  1980 ; Rayner and 
Boddy  1988 ; Kuhad et al.  1997  ) . 

 Brown-rot fungi produce low molecular 
weight chelators which are able to penetrate in to 
the cell wall (Dashtban et al.  2009  ) .  Poria  sp., 
 Polyporus  sp.,  Coprinus  sp.,  Gloeophyllum 
trabeum, Laetiporus      sulfurous, Wol fi poria cocos, 
Piptoporus betulinus,  and  Fomitopsis  sp. are 
some examples of brown-rot fungi (Buswell and 
Odier  1987 ; Rayner and Boddy  1988 ; Eriksson 
et al.  1990 ; Straatsma et al.  1994 ; Blanchette 
 1995 ; Dix and Webster  1995 ; Machuca and 
Ferraz  2001 ; Valaskova and Baldrian  2006 ; 
Dashtban et al.  2009 ; Deswal et al.  2011  ) . The 

fungal hyphae penetrate from one cell to another 
through existing pores in wood cell walls early in 
the decay process. The penetration starts from 
the cell lumen where the hyphae are in close 
connection with the S3 layer. In brown rot, the 
decay process is thought to affect the S2 layer of 
the wood cell wall  fi rst (Eriksson et al.  1990  ) . 
Brown-rot fungi have a unique mechanism to 
break down wood polysaccharides. In contrast to 
white-rot fungi that successively depolymerize 
cell wall carbohydrates only to the extent that 
they utilize hydrolysis products in fungal metab-
olism, brown-rot fungi rapidly depolymerize 
cellulose and hemicellulose, and degradation 
products accumulate, since the fungus does not 
use all the products in the metabolism (Cowling 
 1961  ) . To some extent, brown-rot fungi have 
similar degradative capabilities and pathways as 
white-rot fungi. Both wood-decay mechanisms 
rely on radical formation, low pH, and the pro-
duction of organic acids. They cause increased 
alkali solubility of lignin, and the decay is 
enhanced by high oxygen tension, all of which 
indicate a crucial involvement of radicals, espe-
cially in the early stages of decay. 

 White-rot fungi are capable of degrading 
all the major components of wood (cellulose, 
hemicellulose, and lignin) (Sánchez  2009  ) . 
The fungi causing white rots mostly belong to 
Basidiomycetes (Table  1.3 ), but some 
Ascomycetous fungi have been also identi fi ed to 
result wood decay (Eriksson et al.  1990  )  such as 
 Xylaria hypoxylon and X. polymorpha  commonly 
known as candle snuff fungus  and  dead man’s 
 fi nger, respectively ,  (Deacon  1997  ) ;  Ustulina 
vulgaris  (Kuhad et al.  1997  )  have been reported 
to aid in lignin degradation.  

 White-rot fungi are a heterogeneous group of 
fungi classi fi ed in the Basidiomycota. Different 
white-rot fungi vary considerably in the relative 
rates at which they attack lignin and carbohydrates 
in woody tissues. Some remove lignin more read-
ily than carbohydrates, relative to the original 
amount of each (Blanchette  1995  ) . Many white-
rot fungi colonize cell lumina and cause cell wall 
erosion. Eroded zones increase as decay pro-
gresses, and large voids  fi lled with mycelium 
are formed. This type of rot is referred to as 
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   Table 1.3    Diversity of wood-decay fungi and their ligninolytic enzymes   

 S. No.  Wood-decaying fungus  Family  Enzyme(s)  References 

 1.   Abortiporus biennis   Meripilaceae  MnP/Lac  Aggelis et al.  (  2002  )  
 2.   Agaricus bisporus   Agaricaceae  MnP/Lac  Bonnen et al.  (  1994  )  
 3.   Agrocybe praecox   Bolbitiaceae  MnP/Lac  Steffen et al.  (  2002b  )  
 4.   Armillaria mellea  

(honey fungus, 
bootlace fungus) 

 Marasmiaceae  MnP/Lac  Robene-Soustrade et al.  (  1992  )  

 5.   Armillaria ostoyae   Marasmiaceae  MnP/Lac  Robene-Soustrade et al.  (  1992  )  
 6.   Auricularia  sp. 

(wood ear, Jew’s-ear) 
 Auriculariaceae  MnP/Lac  Hofrichter and Fritsche  (  1997  )  

and Saparrat et al.  (  2002  ) , 
 7.   Bjerkandera adusta   Hapalopilaceae  LiP/MnP  Pickard et al.  (  1999  ) , Moreira et al. 

 (  2000a,   b  ) , and Romero et al.  (  2007  )  
 8.   Ceriporiopsis 

subvermispora  
 Hapalopilaceae  MnP/Lac  Lobos et al.  (  1994  ) , Okano et al.  (  2005  ) , 

Mendonça et al.  (  2008  )  
and Arora et al.  (  2011  )  

 9.   Cerrena unicolor   Polyporaceae  Lac  Gianfreda et al.  (  1998  )  
 10.   Cerrena maxima   Polyporaceae  Lac  Koroleva et al.  (  2002 a) 

and Elisashvili et al.  (  2008  )  
 11.   Chrysonilia sitophila   –  LiP/MnP  Ferrer et al.  (  1992  )  
 12.   Clitocybula dusenii   Tricholomataceae  MnP/Lac  Nuske et al.  (  2002  )  
 13.   Collybia dryophila   Tricholomataceae  MnP/Lac   Steffen et al. (2002a)  
 14.   Coriolopsis gallica   Polyporaceae  Lac  Pickard et al.  (  1999  )  
 15.   Coriolopsis 

occidentalis  
 Polyporaceae  LiP  Nerud and Misurcova  (  1989  )  

 16.   Coriolopsis polyzona   Polyporaceae  MnP/Lac  Nerud et al.  (  1991  )  
and Elisashvili et al.  (  2008  )  

 17.   Coriolopsis rigida   Polyporaceae  MnP/Lac  Capeleri and Zadrazil  (  1997  )  
and Saparrat et al.  (  2002  )  

 18.   Cyathus bulleri   Nidulariaceae  LiP/MnP/Lac  Dhawan and Kuhad  (  2002  )  
 19.   Cyathus stercoreus   Nidulariaceae  MnP/Lac  Orth et al.  (  1993  )  and Dhawan 

and Kuhad  (  2002  )  
 20.   Daedalea  fl avida   –  Lac  Arora and Gill  (  2001  )  and, 

Arora et al.  (  2002  )  
 21.   Daedaleopsis 

confragosa  
 Polyporaceae  LiP/MnP  De Jong et al.  (  1992  )  

 22.   Dichomitus squalens  
(red rot) 

 Polyporaceae  MnP/Lac  Nerud et al.  (  1991  ) , Orth et al.  (  1993  )  
and Arora et al.  (  2002  )  

 23.   Fomes fomentarius   Polyporaceae  LiP  Varela et al.  (  2000  )  
 24.   Fomes lignosus   Polyporaceae  LiP  Huoponen et al.  (  1990  )  

and Waldner et al.  (  1988  )  
 25.   Fomes sclerodermeus   Polyporaceae  MnP/Lac  Papinutti et al.  (  2003  )  
 26.   Ganoderma 

applanatum  
 Ganodermataceae  LiP  Varela et al.  (  2000  )  

 27.   Ganoderma australe   Ganodermataceae  LiP  Varela et al.  (  2000  )  
and Mendonça et al.  (  2008  )  

 28.   Ganoderma lucidum   Ganodermataceae  LiP/MnP/Lac  Orth et al.  (  1993  ) , D’Souza et al. ( 1999 ), 
and Han et al.  (  2005  )  

 29.   Ganoderma valesiacum   Ganodermataceae  MnP/Lac  Nerud et al.  (  1991  )  
 30.   Grifola frondosa   Meripilaceae  MnP/Lac  Orth et al.  (  1993  )  
 31.   Inonotus hispidus   Hymenochaetaceae  MnP/Lac  Aggelis et al.  (  2002  )  
 32.   Irpex lacteus   Steccherinaceae  LiP/MnP/Lac  Novotny et al.  (  2000  )  

(continued)
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 S. No.  Wood-decaying fungus  Family  Enzyme(s)  References 

 33.   Junghuhnia separabilima   –  LiP/Lac  Vares et al.  (  1992  )  
 34.   Lentinula edodes  

(shiitake) 
 Marasmiaceae  MnP/Lac  Orth et al.  (  1993  ) , Hatvani and Mecs 

 (  2001  ) , Nagai et al.  (  2003  )  
and Okano et al.  (  2005  )  

 35.   Lentinus degener   Polyporaceae  LiP  Varela et al.  (  2000  )  
 36.   Lentinus tigrinus   Polyporaceae  MnP/Lac  Moreira et al.  (  2000c  )  

and Aggelis et al.  (  2002  )  
 37.   Marasmius quercophilus   Tricholomataceae  MnP/Lac  Tagger et al.  (  1998  )  

and Klonowska et al.  (  2001  )  
 38.   Mycena galopus   Tricholomataceae  MnP/Lac  Ghosh et al.  (  2003  )  
 39.   Nematoloma frowardii   Strophariaceae  LiP/MnP/Lac  Hofrichter et al.  (  1999b  )  

and Nuske et al.  (  2002  )  
 40.   Oudemansiella 

radicata  
 Marasmiaceae  LiP/Lac  Hüttermann et al.  (  1989  )  

 41.   Panaeolus sphinctrinus   Bolbitiaceae  MnP/Lac  Heinzkill et al.  (  1998  )  
 42.   Panellus stipticus   Tricholomataceae  MnP/Lac  Aggelis et al.  (  2002  )  
 43.   Panus tigrinus   Tricholomataceae  MnP/Lac  Maltseva et al.  (  1991  )  

and Fenice et al.  (  2003  )  
 44.   Peniophora gigantea   Peniophoraceae  LiP  Varela et al.  (  2000  )  
 45.   Perenniporia 

medulla - panis  
 Polyporaceae  MnP  Orth et al.  (  1993  )  

 46.   Phanerochaete sordida   Phanerochaetaceae  MnP  Moreira et al.  (  2000c  )  
 47.   Phanerochaete 

chrysosporium  
 Phanerochaetaceae  LiP/MnP  Glenn et al.  (  1983  ) , Tien 

and Kirk  (  1983  ) , Glenn and Gold 
 (  1985  ) , Schoemaker and Leisola  (  1990  ) , 
Kaal et al.  (  1995  ) , Gill and Arora 
 (  2003  ) , Kuhar et al.  (  2008  )  
and Zeng et al.  (  2010  )  

 48.   Phanerochaete 
 fl avido - alba  

 Phanerochaetaceae  LiP/MnP  Hamman et al.  (  1999  )  
and Varela et al.  (  2000  )  

 49.   Phellinus gilvus   Hymenochaetaceae  MnP/Lac  Capeleri and Zadrazil  (  1997  )  
and Saparrat et al.  (  2002  )  

 50.   Phellinus igniarius   Hymenochaetaceae  Lac  Szklarz et al.  (  1989  )  
 51.   Phellinus pini   Hymenochaetaceae  LiP/MnP  Blanchette et al.  (  1989  )  

and Bonnarme and Jeffries  (  1990  )  
 52.   Phlebia brevispora   Meruliaceae  LiP/MnP/Lac  Ruttimann et al.  (  1992  ) , Arora and 

Rampal  (  2002  )  and Arora et al.  (  2011  )  
 53.   Phlebia fascicularia   Meruliaceae  Lac  Arora and Gill  (  2001  ) , Arora 

and Rampal  (  2002  ) , Arora et al.  (  2002  )  
and Arora et al.  (  2011  )  

 54.   Phlebia  fl oridensis   Meruliaceae  Lac  Arora and Gill  (  2001  ) , Arora 
and Rampal  (  2002  ) , Arora et al.  (  2002  )  
and Arora et al.  (  2011  )  

 55.   Phlebia ochraceofulva   Meruliaceae  LiP/Lac  Vares et al.  (  1993  )  
 56.   Phlebia radiata   Meruliaceae  LiP/MnP/Lac  Hatakka et al.  (  1987  ) , Saloheimo et al. 

 (  1989  ) , Niku-Paavola et al. ( 1990 ), 
Moreira et al.  (  2000a,     c     ) , Arora 
and Gill  (  2001  ) , Arora and 
Rampal  (  2002  )  and Arora et al.  (  2011  )  

 57.   Phlebia subserialis   Meruliaceae  MnP  Bonnarme and Jeffries  (  1990  )  
 58.   Phlebia tremellosa   Meruliaceae  LiP/MnP/Lac  Ralph et al.  (  1996  ) , Vares et al.  (  1994  )  

and Robinson et al.  (  2001  )  

(continued)

Table 1.3 (continued)
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 S. No.  Wood-decaying fungus  Family  Enzyme(s)  References 

 59.   Pholiota aegerita   Bolbitiaceae  Lac  Von Hunolstein et al.  (  1986  )  
 60.   Pleurotus eryngii   Pleurotaceae  LiP/MnP  Orth et al.  (  1993  ) , Munoz et al. 

 (  1997a,   b  ) , Hein fl ing et al.  (  1998  )  
and Okano et al.  (  2005  )  

 61.   Pleurotus  fl orida   Pleurotaceae  LiP/Lac  Hüttermann et al.  (  1989  )  
and Das et al.  (  1999  )  

 62.   Pleurotus ostreatus  
(oyster mushroom) 

 Pleurotaceae  LiP/MnP/Lac  Waldner et al.  (  1988  ) , Palmieri et al. 
 (  1997  ) , Reddy et al.  (  2003  ) , 
Kurt and Buyukalaca  (  2010  )  
and Shrivastava et al. ( 2011 ) 

 63.   Pleurotus pulmonarius   Pleurotaceae  MnP/Lac  Orth et al.  (  1993  ) , D’Souza et al.  (  1996  )  
and Valdez et al.  (  2008  )  

 64.   Pleurotus sajor-caju   Pleurotaceae  LiP/MnP/Lac  Hatakka  (  1994  ) , Chagas 
and Durrant  (  2001  ) , Reddy et al.  (  2003  )  
and Kurt and Buyukalaca  (  2010  )  

 65.   Pleurotus sapidus   Pleurotaceae  MnP/Lac  Orth et al.  (  1993  )  
 66.   Polyporus brumalis   Polyporaceae  LiP/Lac  Hüttermann et al.  (  1989  )  
 67.   Polyporus ciliatus   Polyporaceae  MnP/Lac  Moreira et al.  (  2000c  )  
 68.   Polyporus osteiformis  

(brown-rot fungus) 
 Polyporaceae  LiP  Dey et al.  (  1994  )  

 69.   Polyporus pinsitus   Polyporaceae  LiP/Lac  Hüttermann et al.  (  1989  )  
 70.   Polyporus platensis   Polyporaceae  LiP/Lac  Hüttermann et al.  (  1989  )  
 71.   Polyporus varius   Polyporaceae  LiP  Hüttermann et al.  (  1989  )  
 72.   Polyporus versicolor   Polyporaceae  MnP  Orth et al.  (  1993  )  
 73.   Pycnoporus 

cinnabarinus  
 Polyporaceae  Lac  Eggert et al.  (  1996  ) , Lomascolo et al. 

 (  2002  )  and Kuhar et al.  (  2008  )  
 74.   Pycnoporus 

sanguineus  
 Polyporaceae  LiP/MnP/Lac  Pointing et al.  (  2000  ) , Lomascolo et al. 

 (  2002  )  and Capeleri and Zadrazil  (  1997  )  
 75.   Rigidoporus lignosus   Meripilaceae  MnP/Lac  Galliano et al.  (  1991  )  

and Cambria et al.  (  2000  )  
 76.   Stereum hirsutum   Stereaceae  MnP/Lac  Nerud et al.  (  1991  )  
 77.   Stropharia coronilla   Strophariaceae  MnP/Lac   Steffen et al. (2002b)  
 78.   Stropharia 

rugosoannulata  
 Strophariaceae  MnP/Lac  Steffen  (  2003  )  

 79.   Trametes cingulata   Polyporaceae  MnP/Lac  Orth et al.  (  1993  )  
and Tekere et al.  (  2001  )  

 80.   Trametes elegans   Polyporaceae  MnP/Lac  Tekere et al.  (  2001  )  
 81.   Trametes gibbosa   Polyporaceae  LiP/MnP/Lac  Nerud et al.  (  1991  )  
 82.   Trametes hirsuta  

(hairy stereum) 
 Polyporaceae  LiP/MnP/Lac  Nerud et al.  (  1991  )  

and Koroleva et al.  (  2002  )  
 83.   Trametes pocas   Polyporaceae  MnP/Lac  Tekere et al.  (  2001  )  
 84.   Trametes trogii   Polyporaceae  LiP/MnP/Lac  Levin et al.  (  2001,   2002  )  
 85.   Trametes versicolor  

(turkey tail) 
 Polyporaceae  LiP/MnP/Lac  Blanchette et al.  (  1989  ) , Huoponen et al. 

 (  1990  ) , Black and Reddy  (  1991  ) , 
Hatakka  (  1994  ) , Couto et al.  (  2002  ) , 
Gill and Arora  (  2003  )  
and Shrivastava et al.  (  2011  )  

 86.   Trametes villosa   Polyporaceae  MnP  De Jong et al.  (  1992  )  and Capeleri 
and Zadrazil  (  1997  )  

 87.   Volvariella volvacea   Pluteaceae  Lac  Chen et al.  (  2004  )  
and Akinyele et al.  (  2011  )  

Table 1.3 (continued)



14 R.C. Kuhad et al.

nonselective or simultaneous rot (Blanchette 
 1995  ) . Some white-rot fungi preferentially 
remove lignin without a substantial loss of 
cellulose and cause white-pocket or white-mot-
tled type of rot, e.g.,  Phellinus nigrolimitatus  
(Blanchette  1995  ) . There are fungi that are also 
able to produce both types of attack in the same 
wood (Eriksson et al.  1990  ) . Typical examples 
of such fungi are  Ganoderma applanatum  and 
 Heterobasidion annosum . Because selectively 
lignin degrading fungi are considered the most 
promising ones for applications in pulp and paper 
industry and animal feed development, the search 
for potent selective lignin degraders has attained a 
considerable interest. However, the ratio of lignin-
hemicellulose-cellulose decayed by a selected 
fungus can differ enormously, and even different 
strains of the same species, e.g., of  Phanerochaete 
chrysosporium  and  Ceriporiopsis subvermispora , 
may behave differently on the same kind of wood. 
The lignin-degrading systems of these fungi are 
important to study since they are very ef fi cient.  C. 
subvermispora  may be considered as a model fun-
gus for selective lignin degradation. 

 Other Ascomycetes have also been described 
to produce laccase and other lignocellulolytic 
enzymes, which include  Rhizoctonia solani  
(Wahleithner et al.  1996  )  , Aspergillus nidulans  
(Clutterbuck  1972  ) ,  Podospora anserina, 
Neurospora crassa  (Tamaru and Inoue  1989  ) , 
 Gaeumannomyces graminis  var.  tritici  (Edens 
et al.  1999  ) , and  Trichoderma reesei  (Nieves et al. 
 1998  ) . The role of Ascomycetous fungi in wood 
degradation has to be explored. Basidiomycotina 
attack either hardwood or softwood, while 
Ascomycotina probably degrade only hardwood 
(Kirk and Farrell  1987  ) . 

 Overlapping habits have been found in the 
three main ecophysiological groups of fungi such 
as wood-decaying, mycorrhiza-forming, and 
litter-decomposing fungi (LDF). Wood-decay 
fungi such as  Hypholoma  sp. ( Nematoloma  sp.), 
 Pleurotus  sp., and  Armillaria  sp. are also capable 
of colonizing soil in contact with wood debris 
(Dix and Webster  1995  ) . Other litter-decomposing 
fungi can also grow on straw (e.g.,  Stropharia 
rugosoannulata ) that is favored only by wood-decay 
fungi (Haselwandter et al.  1990  ) .  Volvariella 

volvacea  is a litter-decomposing fungus belonging 
to Pluteaceae family but secretes ligninolytic 
enzymes (laccase) (Chen et al.  2004  ) .  Agaricus 
bisporus  is also LDF which secretes laccases and 
manganese peroxidases (Bonnen et al.  1994  ) . 
The ability to break down lignin and cellulose 
enables some of the LDF to function as typical 
white-rot fungi in soil (Hofrichter  2002  ) . Diversity 
of all these groups of fungi is broad and hence 
explains their importance in the carbon cycle 
(Dix and Webster  1995  ) .   

   Lignin-Degrading Enzymes 

 Lignin does not contain hydrolysable linkages, 
which means that the enzymes must be oxidative 
in nature to degrade it. Lignin is stereoirregular, 
which also points to more nonspeci fi c attack 
compared to many other natural polymers. Lignin 
degradation by white-rot fungi is an oxidative pro-
cess, and primarily three enzymes, i.e., manganese 
peroxidase (MnP), E.C. 1.11.1.13; lignin peroxi-
dase (LiP), E.C. 1.11.1.14; and laccases, E.C. 
1.10.3.2, are majorly responsible for lignin 
degradation (Kuhad et al.  1997  ) . However, there 
are many other enzymes participating in lignin 
degradation (Sánchez  2009  )  (Table  1.4 ). When 
wood-degrading fungi colonize wood, their extra-
cellular enzymes are not able to diffuse into intact 
wood cell walls because the enzymes are too large 
to penetrate the pores of the wood cell walls. 
Hydroxyl radicals (•OH), a radical species highly 
destructive for cellulose and lignin, are proposed 
as a principal low molecular mass oxidant that 
erodes wood cell walls to enhance the accessibility 
of the extracellular enzymes of wood-rot fungi to 
wood cell wall components (Wood  1994  ) .  

 LiP and MnP oxidize the substrate by two 
consecutive one-electron oxidation steps with 
intermediate cation radical formation. Laccase 
has broad substrate speci fi city and oxidizes 
phenols and lignin substructures with the forma-
tion of oxygen radicals. Other enzymes that 
participate in the lignin degradation processes are 
H 

2
 O 

2
 -producing enzymes and oxidoreductases, 

which can be located either intracellularly or 
produced extracellularly. 
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 The accessibility of cell wall polysaccharides 
from the plant to microbial enzymes is dictated 
by the degree to which they are associated with 
phenolic polymers (Chesson  1981 ; Kuhad et al. 
 1997  ) . Several white-rot fungi such as  P. chrys-
osporium ,  P. ostreatus ,  T. versicolor ,  C. subver-
mispora,  and  P. cinnabarinus  have been studied 
in more detail for their ligninolytic system 
(Table  1.3 ). Some strains of white-rot fungi 
produce all the three well-characterized enzymes, 
while others produce either two or one of them. 
For details, please see Table  1.3 . The model 
fungus for lignin degradation is  P. chrysosporium;  
however, recently certain other lignin-degrading 
fungi have also been studied for lignin degradation, 
viz., C . subvermispora ,  P. radiata ,  P. eryngii, 
C. bulleri, P. ostreatus, and T. versicolor  (Kirk 
 1990 ; Lundell  1993 ; Martinez et al.  1994 ; 
Hatakka  2001 ; Vasdev et al.  2005 ; Okano et al. 
 2009 ; Shrivastava et al.  2011  ) . 

 Lignin-degrading enzymes are produced dur-
ing the secondary metabolism of white rots. Since 
lignin oxidation does not provide net energy to 
the fungus, synthesis and secretion of these 
enzymes is often induced by limited nutrient lev-
els (mostly C or N). Production of LiP and MnP 
is generally optimal at high oxygen tension but is 
repressed by agitation in submerged liquid cul-
ture, while laccase production is often repressed 

by agitation; however, it varies from fungus to 
fungus (Vasdev and Kuhad  1994  ) . Production of 
laccase by solid-state fermentation has been 
reported for  P. cinnabarinus , which was grown 
on sugarcane bagasse packed in 250-mL columns 
(Lomascola et al.  2003  ) . Banana waste can also 
be used as a substrate for laccase production by 
 Aspergillus  sp. (Shah et al.  2005  ) .  P. sanguineus  
produced laccase on three more substrates under 
SSF conditions which are sago “hampas,” rub-
berwood sawdust, and oil palm from parenchyma 
tissue (OPFPt) (Vikineswary et al.  2006  ) . More 
recently production of LiP, MnP, and laccase has 
been reported using various substrates and organ-
isms, i.e.,  P. ostreatus  on wheat straw;  Aspergillus 
sclerotiorum ,  Cladosporium cladosporioides,  
and  Mucor racemosus     in salinity conditions with 
wheat bran; and  P. chrysosporium  on compost 
(Robertson et al.  2008 ; Bonugli-Santos et al. 
 2010 ; Zeng et al.  2010  ) . The ligninolytic enzymes 
have varied properties, and their discussion will 
be beyond the scope of this chapter; however, 
some properties are given in Table  1.5 .  

 Lignin-degrading enzymes are essential for 
lignin degradation; however, for lignin miner-
alization, the role of some additional enzymes 
is equally signi fi cant. Such auxiliary enzymes 
(by themselves unable to degrade lignin) are 
glyoxal oxidase and superoxide dismutase for 

   Table 1.4    Extracellular ligninolytic enzymes involved in lignin degradation   

 S. No.  Enzyme  Cofactor  Substrate/mediator  Main effect or reaction 

 1.  Lignin peroxidase (LiP)  H 
2
 O 

2
   Veratryl alcohol  Aromatic ring oxidized 

to cation radical 
 2.  Manganese peroxidase (MnP)  H 

2
 O 

2
  Mn 2+   Organic acids     Chelators, thiols and unsaturated 

lipids Mn 2+  oxidized to Mn 3+ ; 
further oxidation of phenolic 
compounds to phenoxy radicals 

 3.  Laccase (Lac)  O 
2
   Hydroxybenzotriazole, 

ABTS 
 Phenols are oxidized to phenoxyl 
radicals; mediator radicals 

 4.  Versatile peroxidases (VP)  H 
2
 O 

2
   Same or similar compounds 

as LiP and MnP. Same effect 
on aromatic and phenolic 
compounds as LiP and MnP 

 5.  Aryl alcohol oxidase (AAO)  –  Aromatic alcohols 
(anisyl, veratryl alcohol) 

 O 
2
  reduced to H 

2
 O 

2
  

 6.  Cellobiose quinone 
1-oxidoreductase (CBQ) 

 –  –  Cellobiose reduced to o- and 
p-quinones 
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intracellular production of H 
2
 O 

2
 , a cosubstrate of 

LiP and MnP, as well as glucose oxidase, aryl 
alcohol oxidase, and cellobiose dehydrogenase 
(CDH) involved in feedback circuits and linking 
ligninolysis with cellulose and hemicellulose 
degradation in nature (Leonowicz et al.  1999  ) . 
Lignin has been found to be partly mineralized in 
cell-free system of lignin-degrading enzyme, 
with considerably enhanced rates in the pres-
ence of co-oxidants such as fatty acids or thiols 
(Hofrichter et al.  1998  ) . 

   Lignin Peroxidase (LiP) 
 LiP (EC 1.11.1.14) is an extracellular heme-con-
taining peroxidase which is dependent on H 

2
 O 

2
  

and has an unusually high redox potential and 
low optimum pH (Bonugli-Santos et al.  2010  ) , 
typically showing little speci fi city toward sub-
strates and degrades a variety of lignin-related 
compounds (Barr and Aust  1994  ) . It has molecu-
lar masses between 38 and 47 kDa (Table  1.5 ) 
(Tien et al.  1986  ) . LiP is well known as part of 
the ligninolytic system both of aphyllophoralic 
and agaricalic fungi (Glenn et al.  1983 ; Hatakka 

et al.  1987 ; Hofrichter and Fritsche  1997  ) . Lignin 
peroxidases (LiP) of  P. chrysosporium  are 
encoded by a family of six closely related genes 
(Stewart et al.  1992  ) . More than ten heme 
proteins displaying ligninolytic activity have 
been detected in the extracellular  fl uid of cultures 
of  P. chrysosporium  BKM-F-1767, and they are 
designated H1–H10 (Rothschild et al.  1997  )  

 LiP preferably oxidizes methoxylated aromatic 
ring without a free phenolic group, such as the 
model compound dimethoxybenzene (Kersten 
et al.  1990  ) . Thus, the cleavage of C a –C a  bonds 
is catalyzed preferentially in dimeric nonpheno-
lic lignin model compounds (Kuhad et al.  1997  ) . 
LiP oxidizes target substrates by two one-electron 
oxidation steps with intermediate cation radical 
formation (Sánchez  2009 ; Dashtban et al.  2010  )  
(Fig.  1.1 ). The simplest aromatic substrates for 
LiP are methoxylated benzenes and benzyl alco-
hols, which have been used extensively by enzy-
mologists to study LiP reaction mechanisms. The 
H 

2
 O 

2
 -dependent oxidation of veratryl alcohol (3, 

4-dimethoxybenzyl alcohol) to veratraldehyde is 
the basis for the standard assay used to detect LiP 

   Table 1.5    Some properties of MnP, LiP, and Laccase   

 E.C. No:  MnP 1.11.1.13  LiP 1.11.1.14  Lac 1.10.3.2 

 Cofactor  Mn(II): H 
2
 O 

2
   Diarylpropan O 

2
 , H 

2
 O 

2
   p-Benzendiol: O 

2
 - 

 Class  Oxidoreductases  Oxidoreductases  Oxidoreductases 
 Prosthetic group  Heme  Heme  type 1 Cu, type 2 Cu, 

type 3 Cu 
 MW (kDa)  32–62.5 (122)  38–47  59–110 (tetramers V 390c) 
 Glycosylation  N-type  N-type  N-type 
 Isoforms  Monomers; up to 11  Monomers; up to 15  Mono-, di-, tetramers; several 
 p I   2.8–7.2  3.2–4.7  2.6–4.5 
 pH range  2.6–4.5  2.0–5.0  2.0–8.5 
  E ° (mV)  1,510  1,450  500–800 
 C–C cleavage  Yes  Yes  No 
 H 

2
 O 

2
  regulated  Yes  Yes  No 

 Stability  + + +  +  + + + 
 Native mediators  Mn 2+ ; Mn 3+  Mn 2+   VA, 2Cl-14DMB  3-HAA 
 Speci fi city  Mn 2+   Broad, aromatics, 

including nonphenolics 
 Broad, phenolics 

 Secondary 
and synthetic mediators 

 Thiols, unsaturated 
fatty acids 

 No  ABTS, HBT, syringaldazine 

  Modi fi ed from Fakoussa and Hofrichter  (  1999  )  
  ABTS  2 ¢ ,2 ¢ -azino-bis(3-ethylbenzothiazoline-6-sulfonate),  VA  veratryl alcohol,  HAA  3-hydroxy-antranilic acid,  DMB  
2,6-dimethyl-1,4-benzoquinone,  HBT  1-hydroxybenzotriazole  
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in fungal cultures (Kirk  1990  ) . The role of LiP in 
ligninolysis could be further transformation of 
lignin fragments which are initially released by 
MnP. Studies have shown that LiP may not be 
essential for the attack on lignin, as several highly 
active WRF and litter-decaying fungi (e.g.,  C. 
subvermispora, Dichomitus squalens, P. tigri-
nus, R. lignosus ) do not excrete this enzyme 
(Galliano et al.  1991 ; Maltseva et al.  1991 ; Périé 
and Gold  1991 ; Hatakka  1994  ) . LiP has been 
used to mineralize a variety of recalcitrant aro-
matic compounds, such as three- and four-ring 
polyaromatic hydrocarbons, polychlorinated 
biphenyls, and dyes (Chivukula et al.  1995 ; 
Gunther et al.  1998 ; Krcmar and Ulrich  1998  ) . 
2-Chloro-1, 4-dimethoxybenzene, a natural 
metabolite of white-rot fungi, is reported to act as 
a redox mediator in the LiP-catalyzed oxidations 
(Teunissen and Field  1998  ) .   

   Manganese Peroxidase (MnP) 
 MnP (EC 1.11.1.13), an extracellular heme-
containing peroxidase with a requirement for 
Mn 2+  as its reducing substrate, was  fi rst discov-
ered shortly after LiP from  P. chrysosporium  by 

Kuwahara et al.  (  1984  )  and simultaneously 
described by Glenn and Gold  (  1985  ) . MnP is one 
of the most common lignin-degrading peroxidases 
produced by the majority of wood-decaying fungi 
and by many litter-decomposing fungi (Hofrichter 
 2002  ) . These are glycosylated proteins with an 
iron protoporphyrin IX (heme) prosthetic group 
(Glenn and Gold  1985  ) . The molecular weights 
range between 32 and 62.5 kDa, and these are 
secreted in multiple isoforms (Table  1.5 ) (Urzúa 
et al.  1995 ; Hofrichter  2002 ; Boer et al.  2006  ) . 
MnP oxidizes Mn 2+  to Mn 3+ , which in turn 
oxidizes phenolic structures to phenoxyl radicals 
(Gold et al.  1989  ) . Mn 3+  formed is highly reactive 
and complexes with chelating organic acids such 
as oxalate or malate (Cui and Dolphin  1990 ; 
Kishi et al.  1994  ) , which are produced by  P. radi-
ata  (Galkin et al.  1998 ; Hofrichter et al.  1999b  ) . 
With the help of these chelators, Mn 3+  ions are 
stabilized and can diffuse into materials such as 
wood. The redox potential of the MnP-Mn 
system is lower than that of LiP, and these prefer-
ably oxidizes phenolic substrates (Vares  1996  ) . 
The phenoxyl radicals produced can further react 
with the eventual release of CO 

2
 . 

  Fig. 1.1    Catalytic cycle of lignin peroxidase (Source: Wong  2009  )        
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 The catalytic cycle of MnP is reviewed in 
detail by Kuhad et al.  (  1997  ) , and is very similar 
to that of LiP, differing only in that compound II 
is readily reduced by Mn 2+  to its native form 
(Fig.  1.2 ) (Wariishi et al.  1989 ; Sánchez  2009  ) . 
The phenoxyl radicals formed subsequently 
cleave C a -C a  or alkyl-phenyl bonds causing 
depolymerization to smaller intermediates includ-
ing quinones and hydroxyl quinones (Kuhad et al. 
 1997  ) . Puri fi ed or crude MnP has been used in 
cell-free systems (in vitro) and shown to oxidize 
not only lignin (Hofrichter et al.  1999a,   2001  )  but 
also chlorolignins (Lackner et al.  1991  )  and syn-
thetic lignin compounds (Hofrichter et al.  1999b, 
  c ; Cullen and Kersten  2004  ) .   

   Laccase 
 Laccases (EC 1.10.3.2) are widespread in nature, 
and in fungi they are implicated in pigmentation 
(Clutterbuck  1972 ; O’Hara and Timberlake  1989  ) , 
fruit body formation (Leatham and Stahman 
 1981  ) , and pathogenicity (Choi et al.  1992  ) , as 
well as in lignin degradation (Sigoillot et al. 
 2005 ; Dashtban et al.  2010  ) . Fungal laccases as 
part of the ligninolytic enzyme system are pro-
duced by almost all wood and litter-transforming 
Basidiomycetes and some Ascomycetes; how-
ever, their levels differ (Claus  2003  ) . This group 

of N-glycosylated extracellular blue oxidases 
with molecular mass of 40–90 kDa contains four 
copper atoms in the active site that are distributed 
among different binding sites and are classi fi ed 
into three types with differential speci fi c charac-
teristic properties one type 1, one type 2, and two 
type 3 (Table  1.5 ) (Reinhammar  1984 ; Call and 
Mucke  1997 ; McGuirl and Dooley  1999 ; Claus 
 2003 ; Claus and Decker  2006  ) . All these copper 
ions are apparently involved in the catalytic 
mechanism. Fungal laccases of different origin 
have shown some divergence in copper atom 
number and their spectrum character. Type 3 
binuclear copper is absent in both L2 from 
 P.  fl orida  and the laccase from  P. eryngii  (Munoz 
et al.  1997a,   b  ) , while type 1 copper is absent in 
laccase from  Phellinus ribis  and  P. ostreatus  
(Palmieri et al.  1997  ) . 

 Laccases catalyze the oxidation of a variety of 
aromatic hydrogen donors with concomitant 
reduction of oxygen to water (Fig.  1.3 ). Moreover, 
laccases do not only oxidize phenolic and meth-
oxyphenolic acids but also decarboxylate them 
and attack their methoxy groups (demethylation). 
Until 1990, laccase had been considered to be 
able to degrade only phenolic compounds 
(Higuchi  1989  ) . However, Bourbonnais and 
Paice  (  1990  )  reported  fi rst time that laccase can 

  Fig. 1.2    The catalytic cycle of MnP (Redrawn from Wariishi et al.  1989 ; Hofrichter  2002  )        
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also oxidize nonphenolic compounds in the 
presence of a suitable redox mediator such as 
ABTS 2 ¢ ,2 ¢ -azino-bis(3-ethylbenzothiazoline-6-
sulphonate). Recently, Riva  (  2006  )  has shown 
the laccase-catalyzed redox cycles for substrate 
oxidation in the presence and absence of media-
tors (Fig.  1.4 ).   

 Several fungal laccases have been compared 
for the oxidation of a nonphenolic lignin dimer, 
1-(3,4-dimethoxyphenyl)-2-(2-methoxyphe-
noxy) propan-1,3-diol (I), and a phenolic lignin 
model compound, phenol red, in the presence 
of the redox mediators 1-hydroxybenzotriazole 
(1-HBT) and violuric acid (Li et al.  1998  ) . 
Laccases have been reported to oxidize many 
recalcitrant substances, such as chlorophenols 
(Ricotta et al.  1996 ; Grey et al.  1998 ; Fahr et al. 
 1999  ) , polycyclic aromatic hydrocarbons (PAHs) 
(Majcherczyk et al.  1998 ; Duran and Esposito 
 2000 ; Pointing  2001  ) , lignin-related structures 
(Bourbonnais et al.  1996  ) , and organophospho-
rous compounds (Amitai et al.  1998 ; Couto and 
Herrera  2006  ) , probably following one of the 
reactions shown in Fig.  1.4 . Recently, laccase 
production has been successfully reported using 

distillery spent wash and lignocellulosic biomass 
by  Aspergillus heteromorphus  (Singh et al.  2010  ) . 

 However, commercial application of laccase 
faces major obstacles such as the lack of suf fi cient 
enzyme stocks and the cost of redox mediators. 
Heterologous expression of the enzymes with 
protein engineering may allow for the cost-
effective creation of more robust and active 
enzyme (Dashtban et al.  2010  ) . The development 
of molecular techniques applied in the fungus 
has now allowed the identi fi cation of regulators 
of laccase by methods such as insertional muta-
genesis and complementation of mutants (Sharma 
and Kuhad  2010  ) .  

   Other Lignin-Degrading Enzymes 
 For complete decomposition and partial mineral-
ization of plant lignocellulose, additional fungal 
enzymes are required. On the contrary to cellu-
lose, lignin does not supply a carbon or energy 
source for the wood-decaying fungi (Kirk and 
Farrell  1987  ) . Another    important enzyme called 
versatile peroxidase (VP) has been recently rec-
ognized that can be regarded as hybrid between 
MnP and LiP, since it can oxidize not only Mn 2+  

  Fig. 1.3    Typical reaction of laccase (Source: Wong  2009  )        
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but also phenolic and nonphenolic aromatic 
compounds including dyes. It has been suggested 
that VPs can oxidize substrate spanning a wide 
range of potentials, including low- and high-
range potentials (Dashtban et al.  2010  ) . This is a 
result of their hybrid molecular structures which 
provide multiple binding sites for the substrates 
(Camarero et al.  1999  ) . VP has been reported in 
species belonging to  Pleurotus  and  Bjerkandera  
(Hein fl ing et al.  1998 ; Mester and Field  1998  ) . 
White-rot fungi possess a variety of oxidative 
enzymes (Table  1.4 ), which are capable of gener-
ating H 

2
 O 

2
  (required by peroxidases), through the 

oxidation of different substrates. Glyoxal oxidase 
(GLOX; EC 1.2.3.5) and aryl alcohol oxidase 
(AAO; EC 1.1.3.7) are both extracellular enzymes 
which were  fi rst described by Kersten and Kirk 
 (  1987  )  and later by others (Waldner et al.  1988 ; 
Muheim et al.  1990  ) . They use either glyoxal or 
aromatic alcohols as substrate (Hatakka  2001  ) . 
In particular AAO is involved in the selective 
degradation of lignin by  Pleurotus  species 
(Martinez et al.  1994  ) . 

 Moreover, intracellular enzymes such as 
glucose oxidase and pyranose oxidase are also pro-
duced by various basidiomycetous fungi, which 
in turn make H 

2
 O 

2
  available to the fungus for 

lignin degradation (Kuhad et al.  1997 ; Volc et al. 
 2001  ) . For control of the organic acid metabo-
lism, the mainly intracellular, Mn-containing 
enzymes oxalate decarboxylase (ODC, EC 4.1.1.2) 
and oxalate oxidase (EC 1.2.3.4), and the 
NAD + -dependent enzyme formate dehydroge-
nase (EC 1.2.1.2) play important roles in the 
wood-decaying fungi (Micales  1997 ; Mäkelä et al. 
 2002,   2009  ) . One fungal enzyme connecting 
cellulose decomposition to lignin decay is the 
extracellular cellobiose dehydrogenase (CDH, 
EC 1.1.99.18), of which the quinone-reducing 
cellobiose oxidase is a proteolytical cleavage 
product (Henriksson et al.  2000  ) . This enzyme 
was early on described in, e.g.,  P. chrysosporium,  
and is able to use cellobiose as reducing substrate 
while donating electrons to quinones and oxidized 
phenolic intermediates, which may be formed 
during lignin decomposition (Bao et al.  1993  ) .    

Laccase

a

b

Oxidized substrate

Substrate
Oxidized Laccase

Laccase

Oxidized Laccase

Oxidized Mediator

Mediator
Oxidized substrate

Substrate

  Fig. 1.4    Laccase-catalyzed redox cycles for substrates oxidation in the absence ( a ) or in the presence ( b ) of mediator 
(Modi fi ed from Kunamneni et al.  2008  )        
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   Deligni fi cation of Lignocellulosic 
Materials and Their Bioconversion in 
Digestible and Nutritive Animal Feed 

 Lignocellulosic materials are the most abundant 
renewable organic compounds. Since they are 
major products from agriculture, forestry, urban 
refuge, and food wastes, tremendous quantities 
of inexpensive materials are potentially available 
for use as substrates in fermentation media 
(Akinyele et al.  2011  ) . Crop residues constitute 
about 123 × 10 6  t year −1  of this renewable resource, 
containing approximately 60% cellulose and 
hemicellulose and 30% lignin on dry mass basis 
(Bhatnagar et al.  2008  ) . The close association 
of hemicellulose and cellulose with lignin makes 
the carbohydrates of plant materials less accessi-
ble to microorganisms and enzymes. 

 Methods to remove lignin partially or com-
pletely would offer a means of increasing 
palatability, digestibility, and nutritional value of 
plant residues. Several physical treatments, such 
as pelleting, grinding, steaming, and irradiation 
as well as physical and chemical treatments, 
particularly use of ammonia  fi ber expansion and 
alkali, have been tested to improve the dry matter 
digestibility and intake of straw (Walker  1984 ; 
Sundstol and Owen  1984 ; Yadav and Tripathi 
 1991 ; Sirohi and Rai  1999 ; Abdullah et al.  2004 ; 
Kristensen et al.  2008 ; Bals et al.  2010  ) . The 
practical use of the treatments is limited by safety 
concern, costs, and serious environmental con-
cerns (Kuhar et al.  2008  ) . The biological treat-
ment may offer a practical and environment 
friendly alternative to nutritionally upgrade the 
low-quality roughage. Lignin    is degraded to 
different extents by various microorganisms, of 
which wood-rot fungi are the most effective, 
white-rot fungi in particular (Kirk and Farrell 
 1987 ; Eriksson et al.  1990 ; Kuhad et al.  1997 ; 
Villas-Boas et al.  2002 ; Okano et al.  2005,   2009 ; 
Shrivastava et al.  2011  ) . The common pattern of 
attack on plant material by white-rot fungi is 
simultaneous decay of polysaccharides (cellulose 
and hemicellulose) and lignin, but preferential 
degradation of lignin may also occur (Blanchette 
et al.  1992 ; Akin et al.  1993b ; Kuhad et al.  1997 ; 

Eggert et al.  1998 ; Dhawan and Kuhad  2002 ; 
Okano et al.  2005 ; Kuhar et al.  2008 ; Shrivastava 
et al.  2011  ) . Pattern and extent of lignin removal 
vary, however, for different fungal species and 
even for strains of a species. Some white-rot 
fungi selectively degrade lignin without affecting 
much of the carbohydrates, thus exposing pro-
tected and available carbohydrates, which is a 
prerequisite for animal feed development (Basu 
et al.  2002  ) . 

 Considering the availability of the crop resi-
dues and grasses, considerable efforts have been 
made to upgrade their nutritive value (Flachowsky 
et al.  1999 ; Basu et al.  2002 ; Okano et al.  2005 ; 
Shrivastava et al.  2011  ) . 

 Since more than a century, wood deligni fi ed 
by  Ganoderma australe  and other microorgan-
isms was traditionally used as cattle feed in 
Southern Chile and is called Palo Podrido  
(Phillippi  1893  ) . Moreover, most of the reported 
research has dealt with deligni fi cation of wood 
by white-rot fungi, of which  P. chrysosporium  is 
most studied (Eriksson et al.  1990 ; Kirk and 
Cullen  1998 ; Basu et al.  2002 ; Kumar and Gomes 
 2008 ; Gassara et al.  2010  ) . However, many inves-
tigations have been carried out simultaneously to 
microbially delignify herbaceous plants biomass 
to improve the utilization of lignocellulosics by 
ruminating animals. In the similar context a great 
amount of work has been done at laboratory scale 
for the utilization of lignocellulosic residues for 
microbial protein and feed production using fungi 
such as  Chaetomium cellulolyticum, Aspergillus 
terreus, Trichoderma viride, Aspergillus niger, 
Sporotrichum pulverulentum (Phanerochaete 
chrysosporium), Fusarium oxysporum, T. koningii, 
Agrocybe aegerita, Ganoderma lucidum, 
Fusarium concolor, Volvariella volvacea, and 
Pleurotus ostreatus  (Moo-Young et al.  1979 ; 
Chahal et al.  1979 ; Ek and Eriksson  1975, 
  1980 ; Garg and Neelakantan  1982 ; Hatakka 
and Pirhonen  1985 ; Kahlon  1986 ; Singh et al. 
 1991 ; Zadrazil and Puniya  1995 ; Adamovic et al. 
 1998 ; Han et al.  2005 ; Li et al.  2008 ; Akinyele 
et al.  2011  ) . 

 Research initiated in 1970 at the Central 
American Research Institute, Guatemala, on 
utilization of coffee wastes, was later evaluated 
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in a pilot plant with two 20,000 L fermenters 
(Aguirre et al.  1976  ) . By growing two fungal 
strains,  Trichoderma harzianum  and a  Verticillium  
sp. under non-sterile conditions, an average 62% 
reduction of COD of the waste was achieved. The 
dry mass yield was about 0.4 g g −1  carbohydrate, 
with a net increase of 3–3.5 g of cell mass L −1  
attained after 24 h. Amino acid analysis of the 
product revealed a typical fungal protein pro fi le, 
with limited methionine and high lysine content. 

 A process for a direct conversion of solid 
lignocellulosic wastes to protein by the white-rot 
fungus  Sporotrichum pulverulentum  ( P. chrys-
osporium ) was developed at the Swedish Pulp 
and Paper Research Institute (STFI) (Ek and 
Eriksson  1980  ) . The fungus chosen for the STFI 
process is particularly well suited for the purpose 
of protein production from wood components 
since it produces enzymes for degradation of all 
the components in lignocellulosic materials. 
However, the STFI process was not found to be 
economically feasible on evaluation, since the 
protein produced could not compete on a cost 
basis with soybean protein, unless the substrate 
used in the fermentation had a negative value. 

 The STFI approach to protein production 
based on lignocellulosic material was thus 
changed to a water puri fi cation process, in which 
dissolved substances in the white water from 
mechanical pulp production were used as 
substrates (Eriksson et al.  1990  ) . The water 
puri fi cation and protein production process were 
operated on a 25-m 3  scale using wastewater from 
a board factory (Ek and Eriksson  1980  ) . The 
resulting protein was tested in feeding trials at 
the Swedish Agricultural University, Uppsala. 
The feeding trials were essentially positive with 
ruminants, but monogastric animals could not 
easily digest the fungal cell walls (Thomke et al. 
 1980  ) . In spite of the positive feeding trials with 
ruminants, the production of fodder protein by 
S.  pulverulentum  ( P. chrysosporium ) was eco-
nomically feasible only if the cost of alternative 
water puri fi cation is taken into account (Eriksson 
et al.  1990  ) . 

 The “Waterloo” process for the production of 
microbial protein from waste biomass was devel-
oped at the University of Waterloo, Ontario, 

Canada (Moo-Young et al.  1979  ) . The process is 
based on the cellulolytic fungus  Chaetomium 
cellulolyticum  and utilizes agricultural residues 
such as straw, corn stoves, bagasse, and forestry 
residues such as wood sawdust and pulp mill 
sludges (Moo-Young et al.  1978  ) . The process 
uses a three-stage operation involving:
    1.    Thermal and/ or  Chemical Pretreatment of 

Lignocellulosic substrate  
    2.    Aerobic Fermentation of the Pretreated 

Material with Nutrient Supplement  
    3.    Recovery of the microbial protein product     
 The pretreated substrate is fed (2% w/v) continu-
ously (dilution rate of 0.24 h −1 ) into a 1,000-L 
fermenter operating at pH 5.5 and 37 °C. Recovery 
of fungal mycelium is accomplished by  fi ltration, 
and the dried product contains about 45% crude 
protein. Nutrition trials conducted with rats, 
chicks, and piglets indicated that the product is 
satisfactory as an animal feed protein in terms of 
its safety, digestibility, and nutritive value 
(Touchburn et al.  1986  ) . The process employs 
low-technology operations and ef fi cient mass and 
energy exchanges between processing streams. 
Capital and operational expenditures required for 
the manufacture of fungal protein product are 
relatively small compared to those for other 
microbial protein production processes. This 
could allow for an economic operation of rela-
tively small-size plants in medium-size villages 
in developing countries (Moo-Young et al.  1978  ) . 
Agosin and his coworkers (Agosin et al.  1985  )  
found that nonselective degradation of plants by 
 P. chrysosporium  resulted in small increase in 
in vitro digestibility by ruminating microorgan-
isms, while other two fungi tested improved the 
digestibility by 63 and 94%. 

 A research group at NDRI, Karnal, India, 
attempted to study the effect of urea treatment 
and followed by fermentation of urea-pretreated 
wheat straw by a white-rot fungus,  Coprinus 
 fi metarius  (now called as  C. cinereus ). This treat-
ment, the so-called Karnal process, was charac-
terized by a 30-day ensiling of rice straw sprayed 
with urea, inoculated with 30%  C.  fi metarius,  and 
treated for 14 days at 35–45 °C (Gupta  1987  ) . 
Fungal-treated straw was degraded to a lesser 
extent than untreated and urea-treated straw. 
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However, this process could not be improved and 
commercialized. 

 Zadrazil  (  1985  )  evaluated 235 strains of fungi 
for their ability to delignify wheat straw and 
reported extreme variations in activity, with sub-
stantial in fl uences by temperature and gases 
(Zadrazil and Puniya  1995  ) . Jung et al.  (  1992a  )  
reported both increased and decreased in vitro 
digestibility of oat straw after pretreatment with 
different fungi. Further work by these workers 
with  P. chrysosporium  to delignify grass and 
legume cell walls resulted in loss of more poly-
saccharides than lignin and did not result in 
increase in digestibility by rumen microorgan-
isms under their conditions (Jung et al.  1992b  ) . 
In    the similar context, Moyson and Verachtert 
 (  1991  )  reported  Pleurotus pulmonarius  as the 
best organism for animal feed production while 
compared with well-studied organisms, i.e., 
 Pleurotus sajor-caju  and  Lentinus edodes,  due 
to its potential for degrading higher lignin in 
comparison to carbohydrate content. 

 Similarly, Karunanandaa et al.  (  1992  )  have 
tested various fungi and reported increases and 
decreases in in vitro ruminal digestibilities of 
corn and rice straw. They further reported the 
improvement in the digestibility when the fungi 
selectively used hemicellulose rather than cellu-
lose. Akin et al.  (  1993b  )  have also studied the 
deligni fi cation ability of three wild-type fungi and 
two cellulase-less mutants of  P. chrysosporium  
K-3, and among them  C. subvermispora  caused 
greatest losses in lignin and improved the bio-
degradation of Bermuda grass over the control 
substrates. 

 “Ideal organisms” for converting agricultural 
crop residues into animal feed should have a 
strong lignin metabolism with poor degradation 
of cellulose and hemicellulose, so that biological 
treatment could lead to produce cellulose-rich 
material for the utilization of ruminating 
micro fl ora as an energy source in ruminants 
(Moyson and Verachtert  1991 ; Zadrazil et al. 
 1996 ; Basu et al.  2002 ; Okano et al.  2005 ;  2009 ; 
Shrivastava et al.  2011  ) . 

 Table  1.6  depicts the ability of various white-
rot fungi for upgrading  fi brous animal feed. It is 
apparent from the above-mentioned works that 

white-rot fungi generally require longer duration 
to maximize the degradation of lignin. The major 
problem of biological conversion of lignocellu-
losics into nutritionally improved animal feed is 
to select microorganisms capable of degrading 
the lignin selectively. Suitable microorganism 
should metabolize lignin ef fi ciently and selec-
tively without much degradation of cellulose 
(Villas-Boas et al.  2002  ) .  

 Keeping in view the importance of selective 
lignin degradation and higher digestibility 
improvement, SSF process was further attempted 
to be optimized for obtaining the best possible 
conditions for animal feed production by various 
workers. Among them, initially, Tripathi and 
Yadav  (  1992  )  optimized SSF of wheat straw into 
animal feed by  Pleurotus ostreatus  in terms of its 
cultural and nutrition conditions, i.e., pH, initial 
moisture, temperature, incubation period, form 
of inoculum, substrate turning, urea level, etc.; the 
fungus behaved optimally under the following 
set of fermentation conditions: initial pH, 5.5; 
initial moisture, 55%; temperature, 22 °C; period, 
21 days; form of inoculum-grain culture 
(spawn); substrate-turning frequency, once at 
mid-incubation; urea (nitrogen source) level, 1% 
(sterile) or 2% (unsterile); single superphosphate 
(phosphorus + sulfur source), 0.3%; and no addi-
tion of free carbohydrates (as whey or molasses). 
A maximum (10.4%) increase in IVDMD accom-
panied by a 2.7% degradation of lignin was 
attained in the optimized SSF under the above 
conditions. Furthermore Basu et al.  (  2002  )  also 
studied the effect of seed culture on solid-state 
bioconversion of wheat straw by  Phanerochaete 
chrysosporium  for animal feed production under 
statistical designs based on a central composite 
experimental design. The conditions of the seed 
culture most suitable for rapid induction of the 
ligninolytic activity of the fungus were deter-
mined. When the seed culture with an initial pH 
of 5.8 was grown under agitated conditions at 
130 rpm in baf fl ed  fl asks at 38 °C, it was pre-
dicted to give lignin degradation of 19.5% and 
cellulose degradation of 17.8%. A time pro fi le 
study of the solid-state bioconversion of wheat 
straw indicated that the highest lignin and lowest 
cellulose degradation levels occurred on the sixth 
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day of cultivation. The desirability coef fi cient for 
this process also passed through a maximum of 
0.705 on the sixth day, which was predicted to be 
the best time for harvesting the batch. 

 Several strains of white-rot fungi, i.e.,  
P. chrysosporium ,  T. versicolor ,  C. stercoreus, 
C. subvermispora , and  P. cinnabarinus,  have been 
largely used as model systems to study lignin 
degradation. To the best of our knowledge the 
 C. subvermispora  have been found an ef fi cient 
lignin degrader when tested under laboratory 
scale. Kakkar and Dhanda  (  1998  )  fed  Pleurotus -
fermented wheat and rice straw to buffalo, and 
fermentation caused an increase in CP up to 80%, 
lignin reduction up to 12%, and improvement in 
dry matter intake and nutrient digestibility in ani-
mals. Whereas, Okano et al.  (  2005  )  fermented 
wheat straw, bagasse, and Konark oak with 
 Pleurotus  and  Lentinus  spp. up to 96 days and 4 
years, respectively, and reported both increase 
and decrease in organic matter digestibility. 
Recently, in Nigeria, Belewu  (  2006  )  has con-
verted Masonia tree sawdust and cotton plant 
by-product (CBP) into feed by  P. sajor-caju . The 
lignin content decreased from 44.36 to 25.53% 
for sawdust and from 20 to 14.2% for CBP. The 
nitrogen vis-a-vis proteins were also increased 
signi fi cantly, i.e., 0.35 to 1.25% in sawdust and 
1.52 to 2.48% in CBP. 

 Similarly various  Pleurotus  sp. have been 
tested for bioconversion of citrus bagasse and 
rice straw into animal feed. Out of four species 
of  Pleurotus ,  P. ostreatus  814 was found to be 
ef fi cient in improving the protein level (Albores 
et al.  2006  ) , and a scale-up process, using rice 
straw bales in the open, is under progress. Thus, 
globally there are constant efforts to develop 
fastest method, where lignin is preferentially 
degraded without touching much of the cellulose. 
Such ef fi cient method eventually will boost biop-
ulping as well as animal feed production tech-
nologies. Li et al.  (  2008  )  successfully screened 
 Fusarium concolor  as an ef fi cient organism for 
selective lignin degradation, and it was found to 
degrade 13% of lignin with only 7% loss of 
holocellulose after 5 days. In another distinct 
attempt, our group characterized the  Pleurotus 
ostreatus-  and  Trametes versicolor -fermented 

wheat straw using in vitro gas production for 
its metabolizable energy and digestibility 
(Shrivastava et al.  2011  ) . The 10th day was found 
to be best to attain the maximum ef fi ciency of 
SSF based on the nutritive value and selective 
lignin degradation. 

 In a very recent report Sharma and Arora 
 (  2010a  )  have optimized conditions for produc-
tion of lignocellulolytic enzymes by  Phlebia 
 fl oridensis  during solid-state fermentation of 
wheat straw along with enhancement of in vitro 
digestibility, and response surface methodology 
(RSM)-based experiment was performed. Effect 
of moisture content, inorganic nitrogen source 
(NH 

4
 Cl) and malt extract on lignocellulolytic 

enzymes, changes in chemical constituents, and 
digestibility of wheat straw was evaluated. With 
increase in moisture content, laccase production 
was found to increase up to 34-fold, while 
Manganese peroxidase was optimally produced 
in the presence of almost equal amount (50–
55 mg g −1  of WS) of NH 

4
 Cl and malt extract. 

These supplements also signi fi cantly ( p  < 0.05) 
enhanced the production of CMCase and xyla-
nase. In vitro digestibility was increased by 
almost 50% with a loss of 27.6 and 14.6% in 
lignin and total organic matter, respectively. The 
 fi ndings revealed that  P.  fl oridensis  was an 
ef fi cient organism for lignocellulolytic enzymes 
production and simultaneous enhancement in 
in vitro digestibility of wheat straw. However, 
despite having such kind of studies, complete 
optimization of the process is yet to be done and 
is in progress in our laboratory. In another recent 
report, Arora et al.  (  2011  )  tested various fungi for 
bioconversion process, and among them  Phlebia 
brevispora  degraded maximum lignin (30%) and 
enhanced digestibility from 172 to 287 g kg −1  
along with an increase in antioxidant property of 
fermented straw. 

 Only a few processes reached pilot plant scale 
and none so far to commercial scale. Among 
them, pilot scale semisolid fermentation of 
ryegrass straw was carried out in a pilot plant 
at 100-kg scale using  Candida utilis,  and the 
fermentation was found to increase protein 
content, crude fat, and in vitro rumen digestibility 
(up to 50%) (Grant et al.  1978  ) . For the large-scale 
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animal feed production in a reactor, Kumar and 
Gomes  (  2008  )  elaborated the chronology of reac-
tors’ design from lab to pilot scale for the biocon-
version of wheat straw into animal feed using 
 P. chrysosporium . Performances of designs were 
compared between horizontal,  fl uidized, and 
vertical based on engineering and bioconversion 
parameters. During scale-up of solid-state bio-
conversion process, poor conductivity of ligno-
cellulosic substrate, the metabolic heat generated 
causing spatial temperature gradient, and mass 
transfer were  fi gured out as major problems. The 
staged vertical reactor (design V-G2b) was 
studied in detail. The response surface generated 
from the data showed that the maximum value of 
the desirability coef fi cient obtained was 0.752 for 
an inoculum size of 0.35 g/100 g of dry wheat 
straw, a wheat straw loading of 1.5 kg per stage, 
and an air  fl ow rate of 15.0 L min −1 . The lignin 
and cellulose degradation achieved was 27 and 
29%, respectively. No single reactor design can 
solve all the problems faced in solid-state biocon-
version processes and can provide solutions only 
to particular problems. Finally, a vertical deep 
bed reactor was designed with special impellers 
that ensured the circulation of the solid substrate. 
The average mixing characteristic time is 3 min. 
The 1,200-L reactor, a steam generator, sterile air 
supply system, and seed culture tank together 
constituted a complete design, and it is capable of 
stand-alone operation. 

 Alternatively, various other strategies, involv-
ing single or simultaneous organisms and 
sequential consortia, have been tried (Adamovic 
et al.  1998 ; Nigam  1998  ) . Currently,  C. utilis  and 
 P. ostreatus  have been evaluated for conversion 
of apple pomace into nutritionally enriched and 
digestible animal feed, either individually or in 
sequential order (Villas-Boas et al.  2003  ) . The 
increase in crude protein obtained almost 100%, 
which was accompanied by 8.2% rise in the 
digestibility when apple pomace fermented with 
 C. utilis  alone. While the crude protein increased 
by 10.5% (wt dry wt −1  of the sample), when 
substrate was fermented in sequential manner. 
However, no lignin degradation was observed. 
More recently, Chi et al.  (  2007  )  have cocultured 
various white-rot fungi to study the degradation 

of aspen wood. They have reported  fi rst time that 
coculture of  P. ostreatus  with  C. subvermispora  
signi fi cantly stimulated more laccase production 
and had shown that cocultivation of wood 
increases wood degradation and alters the lignin 
degradation pattern toward a more recalcitrant 
part of lignin; however, no signi fi cant increase in 
total lignin removal was obtained 

 Based    on the literature, lignin degradation and 
mineralization largely appears to be exclusive 
domain of white-rot fungi. This selecting ability 
of white-rot fungi to degrade lignin preferably 
from agricultural crop waste and agro-industrial 
waste could be exploited for their conversion into 
nutritional-rich animal feed. Based on the large-
scale screening program carried to select better 
deligni fi er, the most selective fungi were  D. 
squalens ,  Phlebia  sp.,  Ceriporiopsis subver-
mispora,  and  C. rivulosa  (Otjen et al.  1988 ; 
Akhtar et al.  1997 ; Hakala et al.  2004,   2005 ; 
Okano et al.  2009  ) . However, the mechanism of 
selective degradation of lignin has not been eluci-
dated. Thus, if selective lignin-degrading white-
rot fungi are grown under optimized conditions 
and by manipulating the culture condition or 
lignin-degrading genes using modern molecular 
biological tools, it would be possible to tackle the 
feed problem round the corner of the world.  

   Molecular Biology of Lignin 
Degradation 

 Lignin depolymerization system constitutes 
multiple isozymes and corresponding genes of 
laccase, lignin peroxidase (LiP), manganese-
dependent peroxidase (MnP), and versatile 
peroxidases (Have and Teunissen  2001  ) . As men-
tioned earlier, robust investigations have been 
made on fungal system of lignin degradation, 
viz., biochemical and biophysical characteriza-
tion of enzymes and their production. It has been 
observed in literature that the production of these 
enzymes from various microbial sources is too 
low for commercial applications. To overcome 
this hurdle, molecular cloning and characteriza-
tion of fungal laccases as well as improvement of 
the expression level using homologous as well as 
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heterologous expression systems have been 
carried out (Kunamneni et al.  2008  ) . 

 Research has been carried out concerning the 
molecular genetics of lignin degradation by 
white-rot fungi, particularly with  P. chrysospo-
rium . Tien and Tu  (  1987  )  were the  fi rst to report 
the cloning of the cDNA-encoding lignin peroxi-
dase H8. Since then much reports have been 
published about the number, structure, and orga-
nization of the  P. chrysosporium  peroxidase 
genes. However, there is still uncertainty about 
the exact number and structure of LiP genes 
(Highley and Dashek  1998  ) . The LiP genes in 
 P. chrysosporium  have been reported to vary from 
5 to 15 (Gaskell et al.  1994  ) . An RFLP-based 
genetic map localized LiP genes of  P. chrysospo-
rium  isolate ME446 to two linkage groups 
(Raeder et al.  1989  ) . Following chromosome 
separation by clamped homogenous electrical 
 fi eld (CHEF) electrophoresis,  fi ve LiP genes were 
assigned to a single chromosome. In agreement 
with the RFLP map, another LiP clone (GLG4) 
was assigned to the same chromosome as a cbhl 
cluster (Gaskell et al.  1994  ) . Cullen and Kersten 
 (  1992  )  have shown that at least one MnP gene 
resides on the same chromosome as do  fi ve LiP. 
Thereafter, Stewart and his team  (  1996  )  reported 
the successful expression of MnP in  Aspergillus 
oryzae . Moreover, occurrence of multiple LiPs has 
been reported in  Bjerkandera adusta ,  C. versi-
color,  and  Fomes lignosus  (Huoponen et al.  1990  ) . 

 Several LiP genes have been characterized 
from other fungal species, including four  T. versi-
color  clones LPGI (Jonsson and Nyman  1992  ) , 
LPGII (Jonsson and Nyman  1994  ) , VLGI (Black 
and Reddy  1991  ) , LPGVI,  Bjerkandera adusta  
clone LPO-1, and  Phlebia radiata lpg3  
(Saloheimo et al.  1989  ) . On the basis of Southern 
blot hybridization to the  P. chrysosporium  genes, 
LiP-like sequences also appear to be present in 
the genomes of  Fomes lignosus  (Huoponen et al. 
 1990  ) ,  P. brevispora,  and  C. subvermispora  
(Rajakumar et al.  1996  ) . PCR ampli fi cation of 
LiP-like sequences also suggests the existence of 
functional LiP genes in  C. subvermispora  and 
 P. sordida,  species that lack detectable lignin 
peroxidase activity (Rajakumar et al.  1996  ) . 
Sugiura et al.  (  2009  )  have successfully cloned 

LiP genes from  Phanerochaete sordida  and their 
homologous expression system constructed. They 
used promoter of glyceraldehyde-3-phosphate 
dehydrogenase to drive the expression of cloned 
LiP genes. 

 Similar to LiP, the multiple isozymes of MnP 
have been reported from  P. chrysosporium.  Alic 
et al.  (  1997  )  have reported four MnP genes from 
this fungus. There are also numerous reports on 
the MnPs of white-rot fungi such as  P. ostreatus  
(Kamitsuji et al.  2004  ) ,  T. versicolor  (Johansson 
et al.  2002  ) , and others (Manubens et al.  2003 ; 
Hakala et al.  2006  ) . MnPs in white-rot fungi have 
conserved amino acid sequences for metal 
binding regions, and the nucleotide sequences in 
those regions can be used as the PCR primers for 
gene cloning (Kim et al.  2005  ) . More recently, 
MnP-encoding genes have been successfully 
cloned and characterized (Yeo et al.  2007 ; Nagai 
et al.  2007 ; Sakamoto et al.  2009  ) . 

 Multiple sequence alignment reveals features 
that help to distinguish MnP and LiP; putative 
Mn 2+ -biding residues have been identi fi ed in MnP 
genes (Sundaramoorthy et al.  1994  ) . Excluding 
 T. versicolor,  the MnP gene can be distinguished 
by the presence of 7–11 amino acid surface loop 
(Sundaramoorthy et al.  1994  )  and an extended 
terminus. The loop contains a  fi fth disul fi de bond, 
which is not found in LiP genes. Heterologous 
gene expression of MnP and LiP genes has been 
reviewed by Pease and Tien  (  1992  ) . Baculovirus 
system has been used to produce active recombi-
nant MnP isozyme H4. The recently sequenced 
enzymes MnPL1 and MnPL2 from cultures of 
 P. eryngii  exhibit high sequence and structural 
similarities with LiP from  P. chrysosporium  
(Moreira et al.  2005  ) . 

 Discovery of the ligninolytic peroxidases 
leads to the isolation of the responsible genes 
from various white-rot fungi (Gold and Alic 
 1993 ; Asada et al.  1995 ; Johansson and Nyman 
 1996 ; Kimura et al.  1990 ; Lobos et al.  1998  ) . 
Several regulatory elements have been described 
in the promoter regions of LiP and MnP. Promoter 
regions of LiP or MnP genes studied so far 
contain cAMP response elements (CRE) to notice 
starvation. Aside from starvation, the presence 
of Mn 2+ is essential for MnP gene expression in 
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 P. chrysosporium  and  Dichomitus squalens  (Périé 
and Gold  1991 ; Brown et al.  1991  ) . The observa-
tion is in agreement with the general  fi nding that 
elevated manganese levels are bene fi cial for the 
production of MnP in many white-rot fungi. 
Fifty-eight putative metal response elements 
(MRE) were found in  P. chrysosporium  which 
are similar to a gene that encodes for a mouse 
metalloprotein (Gold and Alic  1993 ; Alic et al. 
 1997  ) . There are two different laccases which 
have been distinguished on the basis of gene 
expression: constitutive and inducible (Bollag 
and Leonowicz  1984 ; Yaver et al.  1996  ) . Induction 
of laccase has been observed at the level of tran-
scription and translation upon addition of copper, 
xylidine, veratric acid, etc. (Bollag and Leonowicz 
 1984 ; Palmieri et al.  2000  ) . 

 Genome sequence of the most intensively 
studied white rot,  P. chrysosporium,  is now unrav-
eled by Martinez et al.  (  2004  )  .  Since LiP and 
MnP require extracellular H 

2
 O 

2
  for their in vivo 

catalytic activity, likely source for this is the six 
sequences of copper radical oxidase (cro1 through 
cro6), glyoxal oxidase GLOX, and extracellular 
FAD-dependent oxidases (Kersten and Kirk 
 1987 ; Kersten et al.  1990 ; Kersten and Cullen 
 2007  ) . Genes encoding FAD oxidases in related 
white-rot fungi include aryl alcohol oxidases 
(AAO) from  P. eryngii  and pyranose oxidase 
from  C. versicolor . Four distinct AAO-like 
sequences, a pyranose oxidase-like sequence, and 
a glucose oxidase-like sequence have been 
identi fi ed in the genome data. The precise roles 
and interactions of these genes in lignin degrada-
tion still remain to be determined (Ander and 
Maezullo  1997  ) . Production of H 

2
 O 

2
  by AAO 

through aromatic-aldehyde redox cycling pro-
vides a continuous source of oxidative power for 
lignin degradation. H 

2
 O 

2
  participates in reactions 

catalyzed by ligninolytic peroxidases and acts 
as a precursor of hydroxyl-free radical (OH • ). 

 In addition to H 
2
 O 

2
  production, AAO also pre-

vents the repolymerization of products released 
from enzymatic degradation of lignin. Genome 
searches revealed no conventional laccases in 
 P. chrysosporium . Instead, four multicopper 
oxidase (MCO) sequences are found clustered 
within a 25-kb segment on scaffold 56. Thus, it 

appears that  P. chrysosporium  does not have the 
capacity to produce laccases although distantly 
related multicopper oxidases may have a role in 
extracellular oxidations. In addition to lignin, 
 P. chrysosporium  completely degrades all major 
components of plant cell walls including cellu-
lose and hemicellulose. The genome harbors the 
genetic information to encode more than 240 
putative carbohydrate-active enzymes (Henrissat 
 1991  )  (  http://afmb.cnrs-mrs.fr/CAZY/    ) including 
166 glycoside hydrolases, 14 carbohydrate 
esterases, and 57 glycosyltransferases, comprising 
at least 69 distinct families. 

 The progress in research work on the tran-
scriptional regulation of peroxidases has been 
hampered by dif fi culties in distinguishing closely 
related genes (Cullen and Kersten  1992  ) . However   , 
it is obvious that LiP genes are transcriptionally 
regulated and that expression of MnP genes is 
Mn 2+  dependent (Brown et al.  1991  ),  although 
the speci fi city of the transcripts observed on 
Northern blots is questionable (Cullen and 
Kersten  1992  ) . 

 Versatile peroxidases (VPs) are heme enzymes 
that combine catalytic properties of lignin per-
oxidases and manganese peroxidases, being able 
to oxidize Mn (II) as well as phenolic and 
nonphenolic aromatic compounds in the absence 
of mediators. The catalytic process, initiated by 
hydrogen peroxide, is the same of classical per-
oxidases with the involvement of two oxidizing 
equivalents and the formation of the so-called 
Compound I. This latter state contains an oxo-
ferryl center and an organic cation radical which 
can be located either on the porphyrin ring or on 
a protein residue (Pogni et al.  2006  ) . 

 Two genes encoding VP isoenzymes VPL and 
VPS1, expressed in liquid and solid-state fermen-
tation cultures, respectively, have been cloned 
from  P. eryngii  (Ruiz-Dueñas et al.  1999  ) . The 
deduced amino acid sequences for both isoen-
zymes were used to build molecular models by 
homology modeling, taking advantage from 
sequence identity with  P. chrysosporium  LiP and 
MnP and  Coprinopsis cinerea  peroxidase (CIP). 
The structure of the peroxidase from  C. cinereus  
(CiP) has been determined in three different 
space groups and crystalline environments 

http://afmb.cnrs-mrs.fr/CAZY/
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(Houborg et al.  2003  ) . By combining a homolo-
gous recombinant gene expression system and 
optimization of the culture conditions, hyper 
overproduction of  Pleurotus ostreatus  versatile 
peroxidase MnP2 has been achieved (Tsukihara 
et al.  2006  ) . They have reported 7,300 U L −1  of 
MnP from recombinant strain TM2-18, more 
than a 30-fold overproduction as compared to the 
previous reports. Ruiz-Duenas et al.  (  2001  )  have 
reported two versatile peroxidases from  Pleurotus  
and  Bjerkandera  spp., which have been cloned, 
sequenced, and characterized. They have reported 
to show their high af fi nity for Mn 2+ , hydroquino-
nes, and dyes and also oxidize veratryl alcohol, 
dimethoxybenzene, and lignin dimers. Huang 
et al.  (  2009  )  have cloned and characterized a 
novel ligninolytic peroxidase gene (ACLnP) 
from a poroid brown-rot fungus,  Antrodia cin-
namomea . ACLnP that was cloned into vector 
pQE31 and successfully expressed in  E. coli  
strain M15 under the control of the T5 promoter 
produced a non-glycosylated protein of about 
38 kDa, p I  5.42. 

 Literature survey indicates that various 
strategies have been used to isolate and clone the 
laccase coding sequences from fungal wild type. 
The laccase genes have been isolated, cloned, 
and characterized based on the sequence infor-
mation of puri fi ed protein of  Coriolus hirsutus  
(Kojima et al.  1990  ) ,  P. ostreatus  (Giardina et al. 
 1995 ; Giardina et al.  1999  ) ,  T. versicolor  (Jonsson 
et al.  1995  ) , and  Neurospora crassa  (Germann 
et al.  1988  )  by screening of genomic or cDNA 
libraries using probes designed on the basis of 
partial amino acid sequence of fungal laccases. 
To clone laccase genes, similar PCR methods 
based on conserved Cu-binding regions have also 
been used (D’Souza et al.  1996 ; Temp et al.  1999 ; 
Ducros et al.  1998 ; Hoshida et al.  2001  ) . In a 
novel approach, Joo et al. ( 2008 ) have reported to 
isolate the laccase-speci fi c genomic sequence 
applying inverse PCR and subsequently, cloned 
and expressed the laccase in  Pichia pastoris . The 
cDNA corresponding fungal laccase comprise of 
1,554–1,563 nucleotides encoding a protein of 
518–520 amino acids with about 21–23 signal 
peptide. The gDNA of laccase reported to date 

has variable number of introns ranging from 10 
to 12 interrupting the coding sequence. 

 Homologous expression systems for extracel-
lular proteins of Basidiomycetes have been 
reported for several enzymes including laccase 
(May fi eld et al.  1994 ; Sollewijn Gelpke et al. 
 1999 ; Irie et al.  2001 ; Ma et al.  2003 ; Kajita et al. 
 2004  ) . Similarly, the heterologous expression of 
fungal genes for laccases has been achieved in 
 fi lamentous fungi (Saloheimo et al.  1991 ; Yaver 
et al.  1996 ; Cassland and Jönssson  1999 ; Liu 
et al.  2003 ; Record et al.  2002 ; Kiiskinen et al. 
 2004 ; Rodríguez et al.  2008  ) . In this regard, 
several approaches have also been described in 
order to successfully express basidiomycetous 
laccases using yeast (Jönsson et al.  1997 ; Hoshida 
et al.  2001 ; Piscitelli et al.  2005 ; Jolivalt et al. 
 2005 ; Guo et al.  2005 ; Bohlin et al.  2006 ; Faraco 
et al.  2008 ; Kim et al.  2010 ; López et al.  2010 ; 
Huang et al.  2011  ) . Survey of literature clearly 
indicates that both homo- and heterologous 
expression systems have been used in laccase 
cloning and expression. 

 Kilaru et al.  (  2006  )  reported the homologous 
expression of  C. cinerea  laccase gene under non-
inductive conditions using various homologous 
and heterologous promoters. They observed that 
irrespective of promoter used, addition of Cu to 
the medium increased enzymatic activity by 
10–50-fold. However, promoter ef fi ciency for 
heterologous expression needs extensive evalua-
tion. O’Callaghan et al.  (  2002  )  studied optimiza-
tion of the expression of a  Trametes versicolor  
laccase gene in  Pichia pastoris  under shake  fl ask 
culture. They described the development of a 
medium that allows convenient pH control of 
 P. pastoris  without the need for continuous 
neutralization. Quite recently, López et al.  (  2010  )  
studied growth kinetics of  Pichia pastoris  and 
heterologous expression of  Trametes versicolor  
laccase under solid-state (SSF) and submerged 
fermentations (SmF). For the  fi rst time, they used 
polyurethane foam (PUF) for solid-state yeast 
cultures and observed that this system may be a 
promising and simple way to produce heterolo-
gous proteins with  P. pastoris . The results showed 
the strong inhibition of laccase production in the 
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SmF experiments, compared with the high laccase 
titer in the SSF experiments. They observed that 
oxygen mass transfer is more ef fi cient in SSF 
which is related to the higher area/volume ratio 
compared with SmF. 

 We have been working on molecular genetics 
of the lignin degradation in our laboratory and 
have reported the ef fi cient and convenient 
 Agrobacterium -mediated gene transformation 
system in fungi (Sharma et al.  2006  ) . We suc-
cessfully delivered the T-DNA carrying the 
genes coding for  b -glucuronidase (uidA), green 
 fl uorescent protein (gfp), and hygromycin 
phosphotransferase (hpt) to the nuclear genome 
of lignin-degrading white-rot fungi such as 
 Phanerochaete chrysosporium, Ganoderma  sp. 
RCKK-02,  Pycnoporus cinnabarinus, Crinipellis  
sp. RCK-1,  Pleurotus sajor-caju,  and fungal 
isolate BHR-UDSC. This methodology will 
provide a rapid and reproducible transformation 
method without external addition of acetosyrin-
gone, which could be useful for improving 
white-rot fungi for their various biotechnological 
applications (Sharma and Kuhad  2010  ) .  

   Conclusion 

 The mechanism of lignin degradation by fungi 
has been understood to a larger extent; however, 
knowledge about the mechanism that promotes 
selective deligni fi cation of plant cell wall is lim-
ited. This necessitates the need to understand 
the culture conditions promoting deligni fi cation, 
such as effect of (1) pure oxygen than in presence 
of air, (2) manganese in the culture medium, 
(3) nitrogen and its concentration, and (4) certain 
inducers. Lignocellulose bioconversion by SSF 
will have an important role in future biotechnol-
ogies, and animal feed production will be one of 
them, mainly because of its favorable economy, 
larger availability, and ease of on-site operation 
in agricultural facilities. For faster conversion of 
lignocellulosic material into digestible and 
protein-rich animal feed, there is need to design 
an appropriate bioreactor to run solid-state 
fermentation by selective lignin-degrading fungi. 
There is further need to improve the white-rot 

fungi for their lignin-degrading ability, which 
could be achieved following rDNA technology. 

 Despite the good level on knowledge of bio-
chemistry and genetics of microbial degradation, 
still there are limitations to achieve complete 
exploitation of plant-based resources to value-
added products, especially animal feed. Several 
aspects of lignin degradation still remain 
unsolved. Among them is the knowledge about 
the mechanism of lignin degradation occurring in 
the environment and to what extent there are dif-
ferent microorganism, especially white-rot fungi, 
involved in this process. Moreover, the produc-
tion level from the best known culturable white-
rot fungi is low, which is the matter of concern in 
improving deligni fi cation of plant material and 
eventually economization of the bioconversion 
process. Thus, to overcome the existing prob-
lems, the effort should be to analyze total DNA 
from various environments and to hunt for the 
robust ligninolytic gene(s) or biocatalyst(s). If we 
succeed getting a robust system, which fastens 
lignin degradation in lesser duration, the problem 
of animal feed can be solved to a larger extent.      
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   Introduction 

 Lignocellulosic residue is a vast renewable 
energy resource abundantly available. About 
2 × 10 11  metric tons of carbon and 3 × 10 13  J of 
energy (ten times the total energy presently 
consumed in the world) are  fi xed annually by 
photosynthesis in green plants. Agricultural resi-
dues comprise a substantial component of this in 

the form of cellulose, hemicellulose, and lignin. 
Lignocellulosic residues contain about 70% 
carbohydrates that can be used effectively and 
economically in animal feed preparations, 
provided some measures are taken to improve 
its utilization. Lignocellulose in wood may be 
transformed into paper products with the help of 
solid-state bioconversion (SSB), biopulping, and 
biobleaching processes.    Agricultural residues 
may be converted into animal feed enriched with 
microbial biomass, enzymes, and biopromoters 
and made more digestible by SSB (Villas-Bôas 
et al.  2002 ). Lignocellulosic waste may be 
composted for the manufacture of bioferti-
lizer, biopesticide, and biopromoter products. 
Postharvest residue may be decomposed on site 
by  fi lamentous fungi and recycled into the soil 
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with improved biofertilizer and bioprotective 
properties. In this chapter, the state of the art of 
lignocellulose bioconversion has been pre-
sented—the microbes used in the process, the 
fermentation technology with its engineering 
aspects, the main products of the bioconversion, 
and future trends in practical applications. 

 Most of the carbohydrates fractions in ligno-
cellulosic residues are not available for utiliza-
tion because of the presence of the recalcitrant 
lignin molecule. Physical or mechanical treat-
ments, such as milling, grinding, chopping, and 
steaming, have long been used to improve the 
feed value (digestibility) of lignocellulosic res-
idues (da Costa Souza et al.  2009 ; Bhatnagar 
et al.  2008  ) . However, the small effect in improving 
digestibility by physical treatment is mainly due 
to the increase in surface area. Chemical methods 
have also been used, but with limited success, 
to improve the digestibility of lignocellulosic 
residues (Sahoo et al.  2002 ; Kumar and Gomes 
 2008  ) . Alkaline agents can chemically break the 
ester bonds between lignin and hemicellulose 
and cellulose. Alkali makes the structural  fi bers 
swell thus enabling rumen microbes to attack the 
structural carbohydrates more easily, thereby 
improving digestibility. However, chemical 
methods require large volumes of water for 
removal of chemicals after treatment and add to 
the already existing problems of chemical pollut-
ants and treatment cost. In addition, it increases 
the risk of exposing cattle to the danger of latent 
chemicals in the feed. Among the methods 
employed, the most promising results have been 
obtained from biological methods of degrading 
lignin. The use of intact microorganisms or 
enzymes produced by them, for the conversion of 
lignocellulosic residues into animal feed, has 
been an active area of research (Howard et al. 
 2003 ; Shrivastava et al.  2011 ; Goff et al.  2012  ) . 

 Solid substrate bioconversion (SSB) is an 
important process applicable to most kinds of 
plant biomass. Lignocellulose, the primary con-
stituent of plant biomass, is a feedstock that has 
been exploited for the production of biofuels, 
enzymes, and other biochemical products. Crop 
residues (straw, corn by-products, bagasse, etc.) 
are particularly suitable for this purpose, since 

they are available in large quantities in processing 
facilities. SSB may be de fi ned as a process where 
microorganisms or enzymes act upon insoluble 
solid materials derived from natural resources, in 
the absence of free  fl owing liquid. Due to low-
moisture content, bioconversion can only be 
effectively carried out by a limited number of 
microorganisms, mainly yeasts and fungi, although 
some bacteria have also been used (Singhania 
et al.  2009  ) . As a major research topic, however, 
SSB process has not received much attention in 
the past, and the major efforts were focused on 
submerged fermentation (SmF). A closer evalua-
tion of these two processes in recent years in sev-
eral research centers throughout the world has 
revealed that for certain processes, there are 
enormous economical and practical advantages 
of SSB over SmF (Gamarra et al.  2010  ) . These 
include non-aseptic conditions, use of econo-
mical raw materials as substrates, use of a wide 
variety of matrices (varied composition, size, 
mechanical resistance, porosity, and water holding 
capacity), low capital cost, low energy expenditure, 
lesser solvent for downstream processing, lesser 
water usage and lower wastewater output, and 
higher product concentration.  

   Solid-State Bioconversion for Animal 
Feed Production 

 The utilization of solid-state bioprocesses for 
converting lignocellulosic materials to animal 
feed has been practiced for more than  fi ve 
decades. However, the literature reveals that 
development of processes in this  fi eld has not 
integrated the microbiological and engineering 
sciences to yield what may be called  animal feed 
production technology . A recent review restates 
this problem (Ajila et al.  2012  ) . Other reviews 
also acknowledge the existence of problem in 
the development of a viable technology for 
animal feed production and examine relevant 
issues (Chiesa and Gnansounou  2011  ) . There is a 
general agreement that the  fi rst period of devel-
opment of solid-state bioprocesses took place 
between 1970 and 1975 and the second period of 
development took place between 1990 and 1999. 
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There are many important issues related to 
nutrition, palatability, large-scale production, and 
process economics that have never been ade-
quately addressed in the literature. In particular, 
these issues are relevant, important, and of far-
reaching consequence in the context of Indian 
scenario. 

   Relevance to India 

 There has been a gradual depletion of grazing 
land for cattle in India because of the tremendous 
population pressure on agricultural land. Although 
the impact of this trend has not yet been felt by 
farmers holding cattle for irrigation and milk pro-
duction, a simple extrapolation shows that there 
will be insuf fi cient green fodder in the near 
future. This in turn will affect various industries 
dependent on cattle and cattle products. In par-
ticular, it is a matter of concern that the dairy 
industry may be adversely affected. Although the 
dairy industry has been generating substantial 
revenue, to maintain their present turnover, it 
would be necessary to ensure alternative sources 
and alternative methods of fodder production. 
Insuf fi cient fodder is already a problem in arid 
regions in India, especially in peak summer 
months. Therefore, developments in the technol-
ogy for large-scale production of animal feed are 
needed.   

   Current Status and Future Prospects 

   Methods of Analysis 

 The variables identi fi ed and measured to charac-
terize solid-state bioprocesses are lignin, cellu-
lose, and hemicellulose degradation; oxygen 
uptake rate; and the temperature and humidity of 
the inlet and exit gases from the reactor. The 
quantitative methods of analysis for lignin, 
cellulose, and hemicellulose degradation are 
the methods that were developed in the 1970s 
(Updegraff  1969 ; Morrison  1972  ) . These methods 
are cumbersome to carry out and are prone to 
large experimental errors. If these problems are 

addressed, and faster and accurate methods are 
developed, it will have a signi fi cant impact on 
scale-up and engineering improvements. Reports 
on the development of new methods of lignin 
and cellulose analysis show that researchers have 
recognized the magnitude of this problem 
(Agblevor et al.  1994 ; Dupont and Mortha  2004 ; 
Ohra-aho et al.  2005 ; Scarlata and Hyman  2010 ; 
Goff et al.  2012  ) . 

 The measurement of oxygen uptake rate is 
well established and may be carried as routinely 
as it is done in submerged cultivation. Analysis of 
inlet and exit gases using paramagnetic oxygen 
sensors and infrared carbon dioxide sensors can 
give accurate measurements of the oxygen and 
carbon dioxide concentrations and their rates of 
utilization and evolution, respectively. An impor-
tant precaution especially applicable in SSB is to 
ensure that all the moisture is removed from the 
sample gas before it reaches the probes. Humidity 
measurements of the inlet and exit gas streams 
may also be made using humidity probes. 
Since these probes are prone to giving saturated 
readings if condensation occurs on the active 
element, correct direction of the air fl ow stream 
is necessary to ensure that trouble-free online 
monitoring of humidity.  

   Process Optimization and Scale-Up 

 Solid-state bioprocesses are three-phase pro-
cesses and are dif fi cult to optimize experimen-
tally. Theoretical methods of optimization require 
 fi rst a detailed and accurate model of the process 
and extensive mathematical analysis to determine 
the optimum in terms of maximizing or minimiz-
ing a given objective function. Many practical 
problems can only be described qualitatively; 
hence, only partial solutions from the perspective 
of the individual researcher appear in the litera-
ture (Basu et al.  2002 ; Raghavrao et al.  2003 ; 
Kumar and Gomes  2008  ) . A complete optimiza-
tion would incorporate both experimental and 
mathematical treatments in reasonable detail and 
the application of statistical methods for the eval-
uation of performance of the optimization exer-
cise. The optimization exercise itself will depend 
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on the type of reactor and the scale of operation. 
Therefore, the future of this area of research in 
terms of underutilized information and its 
potential application in both existing and new 
processes is far reaching. What is required at this 
point is a proposition of an acceptable exhaustive 
optimization methodology and proof of its success 
in a process environment. 

 One such proposition outlined below considers 
the experimental plan in which the seed culture 
stage is also included and a theoretical plan that 
includes modeling and mathematical determina-
tion of the optimum. The reactor performance is 
analyzed statistically:
    1.    Design experiments based on statistical design 

methods for carrying out SSB in which the 
effect of a critical variable, for example, the 
biomass of inoculum, is accounted for.  

    2.    Write detailed models and identify parameters 
of the model (Mitchell et al.  2000  ) . Often sim-
ple models may give the required information 
being sought, and in such cases, the simpler 
model should be accepted. In addition, one 
may consider the development of the model 
based on variables, such as lignin degrada-
tions (or content) that can be directly mea-
sured and offer better process understanding.  

    3.    Describe an objective function for the process 
considering market forces. Compute either 
numerically or analytically the optimum 
conditions.  

    4.    Perform experiments and verify the predic-
tions from experimental and mathematical 
optimization.  

    5.    Analyze reactor or process performance based 
on productivity and pro fi t considerations.     
 Scale-up follows optimization and pertains to 

the exercise that converts production of small vol-
umes to large volumes. Normally, it is based on 
one of the variables to which the performance of 
the reactor exhibits high sensitivity. A detailed 
analysis has been presented by    Mitchell et al. 
( 2000  ) . In their analysis, temperature plays an 
important role. Clearly, other variables, such as 
lignin degradation, that also have an impact on 
performance cannot be included until issues 
related to accurate measurement of lignin are 
resolved. Bed height and particle size are physical 

variables that strongly in fl uence performance 
because of the effect these variables exert on mass 
and heat transfer (Mitchell et al.  2000 ; Valera 
et al.  2005  ) . Above all, scale-up and design must 
address practical issues of enabling conductive and 
convective heat transfer, adequate mass transfer, 
and material handling (loading and unloading) 
convenience (Suryanarayan and Mazumdar  2001 ; 
Valera et al.  2005  ) . Often, these cannot be achieved 
without sacri fi cing an advantage. Further, what is 
desirable is the development of a procedure using 
dimensionless variables and is a parallel of that 
which exists for submerged cultivation biopro-
cesses (Hardin et al.  2000  ) .   

   Engineering Problems Associated 
with Solid-State Bioconversion 

 The reasons why SSB has not yet found a broad 
use in India are related to the engineering issues, 
mainly the low amenability of the processes to 
standardization and the limited reproducibility 
of the results. Scale-up represents a particular 
bottleneck because several different parameters 
(e.g., temperature, humidity, substrate concen-
tration), which can arise during the course of the 
process, can have an adverse effect not only in 
static solid bed processes but also in processes 
involving reactor content mixing, such as those 
performed in rotating drums. Interacting rela-
tionships among environmental factors such as 
oxygen content, moisture level, and temperature 
contribute to the dif fi cult regulation of these 
parameters. The microbial growth under aerobic 
conditions in the bioreactor results in a consider-
able production of heat that causes rapid increase 
in temperature. This effect, which results in 
hotspots, is undesirable in bioconversion because 
the normal temperature of operation is below 
40 ° C, and there exists a danger of products being 
heat denatured. In the absence of a free aqueous 
phase, the produced heat is dif fi cult to remove, 
for example, via the bioreactor double walls. 
Instead, the cooling of the process takes place 
through evaporation. This requires very high 
aeration rates that increase with increasing meta-
bolic activity. Since the reactor contents in a SSB 
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processes are poor heat conductors, high aeration 
rates needed for heat removal usually overcom-
pensate for the heat produced within the reactor. 
This results in loss of humidity, and the water 
lost must be replenished by spray or mist devices. 
In a large-scale reactor, water replenishment can 
cause local condensation that adversely affects 
reactor performance. In semi-sterile processes, 
increased water activity can in turn facilitate the 
growth of bacterial contaminants, whereas in 
sterile fermentations, it may create local anoxic 
zones detrimental to the proliferation of micro-
organisms. Substrate mixing may help, but it is 
not recommended because many microorganisms 
respond very sensitively to the shear stress caused 
by it. Another factor that is dif fi cult to account 
for is the production of metabolic water by aero-
bic microorganisms, which can cause problems 
especially in the formation of conidiospores 
(Rahardjo et al.  2006  ) . 

   Reactor Designs 

 The design of an ef fi cient industrial-scale reactor 
for SSB is of signi fi cance because it produces less 
ef fl uent than SmF. However, it shows considerable 
drawbacks such as heat and mass transfer resis-
tance, steep gaseous concentration, and thermal 
gradients that develop within the medium bed, 
which may adversely affect solid-state fermenter 
performances. Agitation and rotation in SSF were 
often carried out to improve mass and heat trans-
fers, but the shearing force caused by agitation and 
rotation has adverse effects on medium porosity 
and disrupts fungal mycelia. 

 There are four types of reactors used in SSB 
processes, and each of these designs possesses 
features that favor certain types of SSB process 
conditions. The bioreactors commonly used, 
which can be distinguished by the type of aera-
tion or the mixing system employed, include the 
following:

    Tray:  It consists of an ensemble of  fl at trays. 
The substrate is spread onto each tray forming a 
thin layer, only a few centimeters deep. The 
reactor is kept in a chamber at constant tempera-

ture through which humidi fi ed air is circulated. 
The main disadvantage of this con fi guration is 
that numerous trays and large  fl oor area are 
required, making it an unattractive design for 
large-scale production.  

   Packed bed:  It is usually composed of a column 
made of plastic, glass, or steel with the solid sub-
strate retained on a perforated base. Through the 
bed of substrate, humidi fi ed air is continuously 
forced (Durand et al.  1993 ; Raimbault  1998 ; 
Rodríguez Couto et al.  2000  ) . It may be  fi tted 
with a jacket for circulation of water to control 
the temperature during fermentation. This is the 
con fi guration usually employed in commercial 
koji production. The main drawbacks associated 
with this con fi guration are the following: dif fi culties 
in obtaining the product, nonuniform growth, poor 
heat removal, and scale-up problems.  

   Horizontal drum:  This design allows adequate 
aeration and mixing of the substrate, whilst limit-
ing the damage to the inoculum or product. Mixing 
is performed by rotating the entire vessel or by 
various agitation devices such as paddles and 
baf fl es (Domínguez et al.  2001 ; Nagel et al.  2001a,   b ; 
Prado et al.  2004 ; Stuart et al.  1999  ) . Its main dis-
advantage is that the drum is  fi lled to only 30% 
capacity; otherwise, mixing is inef fi cient.  

   Fluidized bed:  In order to avoid the adhesion and 
aggregation of substrate particles, this design 
provides continuous agitation with forced air. 
Although the mass heat transfer, aeration, and 
mixing of the substrate are increased, damage to 
inoculum through a sheer forces and lower 
 fl uidity of material under high humidity condi-
tions may affect the  fi nal product yield.    

 The production of animal feed from lignocel-
lulosic residues in various types of bioreactors 
has been studied at the laboratory scale and pilot 
scale (Dasthban et al.  2009 ; Kumar and Gomes 
 2008 ; Bhatnagar et al.  2008  ) . Designing of large-
scale bioreactors for solid-state bioconversion 
(SSB) is different from the design of submerged 
reactors due to difference in physical character-
istics of the medium. It is important to carry out 
the bioconversion under conditions such that 
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lignin is degraded as much as possible with 
minimum utilization of cellulose. In this way, 
the energy content of the residue is preserved, 
and the cellulose is exposed for easy digestion in 
the rumen of the animal. The heat transfer with 
the solid substrate is one of the major problems 
of the SSB due to poor conductivity of the ligno-
cellulosic residues (Ashley et al.  1999 ; Raghavrao 
et al.  2003 ; Singhania et al.  2009  ) . The metaboli-
cally generated heat during growth creates spatial 
temperature gradients. Mass transfer is another 
problem of the SSB process. During scale-up of 
bioreactors for animal feed production by SSB 
process, heat and mass transfer problems are 
major considerations. 

 The history of design of reactors for biocon-
version of lignocellulosic residues to various 
value products is more than 50 years old. The 
current status of industrial implementation is 
constrained to a maximum processing of only a 
few tons of raw materials. Traditionally, rotary 
drum reactors have been used for solid-state 
bioconversion. However, problems of material 
handling, nonuniform mixing, and low overall 
yield in these reactors are well known. This had 
initiated the research for new designs more than 
two decades ago. Several new designs have also 
been implemented by the industry, among which 
the Plafractor designed by Biocon Ltd., India, 
has been particularly successful (Suryanaryan 
and Mazumdar  2001  ) . Bhatnagar et al.  (  2008  )  
developed operating conditions for a 200 L staged 
vertical reactor for bioconversion of wheat straw 
by  Phanerochaete chrysosporium . Kumar and 
Gomes  (  2008  )  and    Gomes et al.  (  2006  )  developed 
a vertical reactor, and its performance evaluation 
was reported for animal feed production. No sin-
gle reactor design can solve all the problems faced 
in solid-state bioconversion processes and can 
provide solutions only to particular problems. 

 Among the many engineering considerations, 
the ones that strongly in fl uence the design and 
performance analysis of reactors are (1) provisions 
for material handling, (2) accuracy of tempera-
ture control, (3) accuracy of humidity control, 
(4) ef fi ciency of in situ sterilization, (5) ef fi ciency 
of air circulation and nutrient supply, and (6) ease of 
reactor cleaning and maintenance. An example 

of chronology of reactor design from laboratory 
scale to pilot scale for the bioconversion of ligno-
cellulosic residues to animal feed can take years of 
development (see Fig.  2.1 ).    

   Instrumentation and Control 
of Solid-State Bioprocesses 

 The primary dif fi culty that faces an engineer 
implementing instrumentation and control for SSB 
is the heterogeneity of the solid matrix and the 
poor conductivity of lignocellulosic materials. 
Along with these dif fi culties, the three-phase SSBs 
cannot be provided with instrumentation to mea-
sure directly variables such as lignin and cellulose 
content. The only variables that seem to be ame-
nable to instrumentation are humidity and tem-
perature. Consequently, control of SSBs will 
continue to be a challenge to the control engineer. 

 Temperature and humidity, along with mix-
ing (agitation speed) and air fl ow rate, can be 

  Fig. 2.1    1,200 L packed bed bioreactor. The reactor is a 
stand-alone unit and operates in all weather conditions       
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independently controlled by feedback PID 
(proportional-integral-derivative) controllers, 
and at best, cascade controllers may be imple-
mented (Fig.  2.2 ). Although the classical PID 
controllers can be used for controlling simple 
loops, it is not possible to implement goal-ori-
ented time-varying trajectories in solid-state 
bioprocesses. Advanced control strategies are 
required. Considering the complexity of model-
ing three-phase systems in which partial deriva-
tives appear as a regular feature, the application 
of nonlinear control strategies may not be 
straightforward, and considerable theoretical 
developments will be required. However, it will 
de fi nitely be easier to develop Arti fi cial Neural 
Networks for prediction and control of solid-
state bioprocesses (Nayak and Gomes  2006  ) . In 
particular, the development of continuous solid-
state bioprocesses will mean that this area of 
research can no longer be ignored.   

   Systems Analysis for Screening 
and Strain Improvement 

 The environment contains a myriad of microor-
ganisms, few of which may be satisfactory with 
respect to a desired purpose. The diversity of 
microorganisms may be exploited by searching 
the strains from the natural environment, which 
are capable of producing the product of interest. 
Useful microorganisms performing desired 
reactions or producing desired products are the 

unique subsets of all the microorganisms that 
are available. Microorganism isolated from 
nature exhibits cell growth as their main physio-
logical property. However, in order to survive in 
special environments to which they are adapted, 
then evolve and acquire special characteristics 
that may be exploited for commercial applications. 
Some of the commonly used conventional methods 
for screening of useful microorganisms include 
the following: (1) isolation of microorganisms in 
the neighborhood of habitats with enhanced con-
centration of the substrates, (2) selection of 
strains based on taxonomic closeness to prior 
successful strains, and/or (3) enrichment culture. 
Such screening strategies are empirical, labor 
intensive, and have low success rate. Screening 
becomes more dif fi cult in the absence of suitable 
selection criterion such as antibiotic resistance or 
production of any speci fi c distinguishable char-
acteristic (such as pigment production). Screening 
becomes more tedious if one has to search for an 
organism carrying out a particular type of reaction 
to give a particular product without any observ-
able property. There are innumerable possibilities 
with no guaranteed assurance of obtaining the 
desired organism. In addition, every organism 
has different culture conditions that may not be 
provided during initial isolation and screening 
experiments (due to lack of knowledge of speci fi c 
growth conditions), and this may lead to non-
cultivability of some of the organisms. 

 Since extensive databases of suitable microor-
ganism are available, it is possible to conceive 
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  Fig. 2.2    A general cascade control loop applied to solid-state bioprocesses       
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that a preliminary search may be possible to target 
a set of candidate organisms (Malviya and Gomes 
 2009  ) . This preliminary theoretical analysis based 
on data-mining techniques may reduce time, 
effort, and cost of isolating new microorganisms 
with unknown potential for solid-state bioprocesses. 
Later successful candidate microorganisms can 
be improved via modern molecular protocols. 
Here again, it is possible to carry out a systems 
based (systems biology) analysis whereby key 
genes and enzymes can be determined and 
targeted.  

   Concluding Comments 

 Research in solid-state bioprocesses has gained 
renewed vigor. The trend now is to bring in quan-
titative analysis and accuracy in characterizing 
solid-state bioprocesses. Various aspects of this 
 fi eld have opened up a series of research issues 
that must be addressed to advance this  fi eld into 
the next stage. The progress in the 1990s has 
been tremendous and has brought solid-state 
bioprocesses to a threshold of new milestones. It 
may be expected the coming decade of research 
will address and solve many bottleneck problems 
presented in this chapter.      
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   Introduction    

 Sustainable agriculture involves designing farm 
system employing nature as a model. In most natu-
ral ecosystem, the greater the diversity, the more 
resistant an ecosystem to change and is better able 
to recover from disturbances. In an agricultural 
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  Abstract 

 Agriculture has a long history of research targeted at understanding how to 
improve the effectiveness of root symbionts, viz., rhizobia and mycor-
rhiza. A promising approach has been employed to understand how natu-
ral selection regulates changes in mutualistic interactions. A descriptive 
knowledge of basic evolutionary processes can be employed to develop 
agricultural management practices that favor the most effective symbionts. 
Mutually bene fi cial interactions between plant and associated rhizospheric 
microorganisms are ubiquitous which is important for ecosystem func-
tioning. Plant-mediated mineralization for nutrient acquisition in agroeco-
system would reduce the potential for nutrient losses because of tight 
coupling between net mineralization of N and P and plant uptake in the 
rhizosphere. Microorganisms and their products in the rhizosphere react to 
the many metabolites that are released by plant roots in a variety of posi-
tive, negative, and neutral ways. Such interactions can in fl uence plant 
growth and development, change nutrient dynamics, and alter plant’s sus-
ceptibility to biotic and abiotic stresses. This bene fi t can either persist or 
lost in well-fertilized agricultural soils where nutrients are readily avail-
able to plants and symbionts that reduce growth.  
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ecosystem or the so-called agroecosystems (AESs), 
disturbance is much more frequent, regular, and 
intense. The ecological concepts of disturbance 
and their recovery through succession play an 
important role in AESs management. AESs are 
undergoing disturbances in the form of cultivation, 
soil preparation, sowing, planting, irrigation, fer-
tilizer application, pest management, pruning, har-
vesting, and burning. AESs are limited in earliest 
stages of succession when disturbance is frequent, 
widespread, and intense as it is in conventional 
agriculture. 

 The diversity and intensity of AESs in devel-
oping (Kassam et al.  2009  )  and developed 
(Izaurralde et al.  2003  )  countries have been 
changing over time in response to a number of 
interacting biophysical and social factors at the 
local, regional, and global levels. The impact of 
increased spatiotemporal climate variability on 
AESs is likely to be intensi fi ed by climate 
change, which will disrupt many ecosystem 
functions, altering their capacity to provide 
goods and services and rendering them more 
susceptible to degradation (IPCC  2007 ; Friend 
 2010  ) . In addition, the security of food supply to 
an increasing world population has turned into a 
pressing issue worldwide (Friend  2010  ) . 
Sustainable food production can be achieved by 
avoiding excessive disturbance and allowing 
successional processes to generate greater AESs 
stability. One can enhance the ability of AESs to 
maintain both fertility and productivity through 
appropriate management of disturbance and 
recovery. 

 Plant productivity is often limited by soil 
nutrient availability and the interface between 
living roots and soils, i.e., rhizosphere, which is a 
central commodity of exchange where organic C 
 fl ux from root fuels and microbial decomposers 
that can provide nutrients available to roots. It is 
virtually impossible to investigate the intricacies 
of potential rhizosphere interaction in every envi-
ronmental condition by virtue of tremendous 
diversity of soil microbes, soil fauna, and plants. 
An understanding of controls over belowground 
function constitutes an important challenge as 
natural and AESs around the globe are exposed 
to anthropogenic pressures (Pregitzer et al.  2006  ) . 

In addition, the physicochemical and structural 
properties of soils including development have 
been strongly affected by the action of rhizo-
sphere over consecutive evolutionary time frame, 
and the evolution of true plant roots along with 
their extension deep into substrate is consider-
ably hypothesized to have led to a revolution in 
planetary C and water cycling that re fl ects on the 
biogeochemical functions of the rhizosphere on 
Earth today (Beerling and Berner  2005 ; Richter 
et al.  2006  ) . 

 Understanding the complex microbial com-
munity in the rhizosphere environment has 
proven to be a challenging task because of the 
vast diversity and the enormity of the population 
inhabiting this unique habitat. Extensive studies 
have investigated perturbation of microbial com-
munity equilibrium population by changes in 
environmental conditions and soil management 
practices (Sun et al.  2004  ) . It has long been rec-
ognized that the activity of soil microorganisms 
plays an intrinsic role in residue decomposition, 
nutrient cycling, and crop production. Any shift 
in microbial community structure can be re fl ected 
in implementation of various land use and man-
agement systems that lead to development of 
best management practices for an AES (Peacock 
et al.  2001  ) . 

 In subsistence AESs, crop yields are directly 
dependent on the inherent soil fertility and on 
microbial processes that govern the mineraliza-
tion and mobilization of nutrients required for 
plant growth. In addition, the impact of different 
crop species that are used in various combina-
tions is likely to be an important factor in deter-
mining the structure of plant bene fi cial microbial 
communities that function in nutrient cycling, the 
production of plant growth hormones, and sup-
pression of root diseases (Alvey et al.  2003  ) . 
Microorganisms represent a substantial portion 
of the standing biomass in terrestrial ecosystem 
and contribute in regulation of C sequestration, 
N availability and losses, and P dynamics. The size 
and physiological state of the standing microbial 
biomass is in fl uenced by management practices 
including rotational diversity, tillage, and the 
quality and quantity of C inputs to the soils 
(Fliessbach and Mader  2000  ) . 
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 A key premise in AES preservation that has 
been globally accepted is derived from the con-
cept of sustainability and sustainable ecosystem 
that can be achieved by means of the rationale 
use of natural resources. In AES, sustainability is 
dependent on biological balance in the soils that 
is governed by the activity of microbial commu-
nities. Soil microbial populations are immersed 
in a framework of interactions known to affect 
plant  fi tness and soil quality; thereby, the stability 
and productivity of both AES and natural ecosys-
tem are enhanced (Barea et al.  2005  ) . The global 
necessity to increase agricultural productivity 
from steadily decreasing and degrading land 
resources base has placed signi fi cant strain on the 
fragile agroecosystems. Therefore, it is necessary 
to adopt strategies to maintain and improve agri-
cultural productivity employing high-input prac-
tices. Improvement in agricultural sustainability 
requires optimal use and management of soil fer-
tility and soil physical properties and relies on 
soil biological processes and soil biodiversity. It 
is necessary to understand perspectives of micro-
bial diversity in agricultural context that is impor-
tant and useful to arrive at measures that can act 
as indicators of soil quality and plant productivity 
(Tilak et al.  2005  ) . 

 In this chapter, particular stress has been given 
on the role of microbial diversity, including rhizo-
spheric action, in securing crop protection and 
soil fertility because of their persistence upon the 
maintenance of biological integrity and diversity 
together with management in AESs.  

   Nutrients in Agroecosystems: 
Management Paradigm 

 Sustainability of agroecosystems (AESs) cannot 
be understood using any single dimension or 
criterion (Belcher et al.  2004  ) , and the feedback 
between crop production and each of crop rota-
tion, soil characteristics, and several management 
practices is an important driver of AES sustain-
ability (Hobbs et al.  2008  ) . The biophysical 
characteristics of any AES are critical determi-
nants of its overall performance and sustainability 
(Belcher et al.  2004  ) . There are unintended con-

sequences of modern agriculture that extend well 
beyond agricultural landscapes. Biogeochemical 
cycles have been profoundly altered at multiple 
scales and exceed soil loss over soil formation. 
Nitrogen (N) and phosphorus (P) are the two 
most important nutrients that limit biological 
production and are the most extensively applied 
nutrients in managed agroecosystem in the form 
of soluble inorganic fertilizers (F 

i
 ). Nutrient 

enrichment re fl ects detrimental effects in agro-
ecosystem wherein global N and P  fl uxes are 
projected to increase substantially with concom-
itant inorganic fertilizers production capacity 
(Galloway  2000  ) . Therefore, a new approach to 
nutrient supply in intensively managed ecosys-
tem is required to control their process of 
eutrophication wherein an integrated nutrient 
management (INM) strategy based on ecological 
concepts has been applied. As a result, nutrient 
management research continues to emphasize 
improved delivery of F 

i
  to the root zone during 

the period of crop uptake through several 
modi fi cation, viz., banding, fertigation    (method 
of applying fertilizers, soil amendments, and 
other water soluble products required by the 
plants during its growth stages through drip/
sprinkler irrigation system), and split fertilizer 
applications (Cassman et al.  2002  ) .  

   Functioning and Assessment 
of Biodiversity in Agroecosystem: 
Ecological Role 

 Biodiversity has become a central concept in 
agronomical research that is considered being a 
complex entity which can be spread over several 
levels, viz., genes, species, ecosystem, and eco-
logical processes, that relate to three main func-
tions: (1) patrimonial    (concerns conservation of 
the landscape aesthetic and threatened species) 
function, (2) agronomical function, and (3) eco-
logical function. The patrimonial function 
involves conservation of the landscape aesthetic 
and threatened species. The biodiversity func-
tion concomitantly with agricultural activities 
describes resistance to biotic and abiotic stresses 
and the production of cultivated ecosystem. 
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Biodiversity is also involved in ecological 
functioning through the existence of special 
habitats with particular species (Clergue et al. 
 2005  ) . Gurr et al.  (  2003  )  described bene fi ts of 
biodiversity for agricultural production, e.g., 
pest management that favors enhancement of 
natural enemies. These workers have proposed a 
hierarchy of biodiversity bene fi ts based on the 
different scales of biodiversity (Fig.  3.1 ).   

   Plant Diversity Employed to Restore 
Ecosystem Function 

 Ef fi cient application of plant diversity to restore 
agroecosystem functions re fl ects a more sophisti-
cated approach than simply reinstating traditional 
rotations. Plants and their associated microbes 
regulate myriad of processes that ultimately con-
trol ecosystem  fl uxes of C, N, and P (Eviner and 

Chapin  2001  ) . The capacity of plant species to 
contribute to ecosystem processes will help 
restore desired agroecosystem functions and 
increase yields in systems where fertilizers are 
currently under applied. A signi fi cant contribu-
tion of plant species effects has been reported for 
decomposition dynamics and mineralization of N 
and P, aggregate formation, ability to access 
nutrients, e.g., Ca, Mg, and P from mineral 
sources, and microbial community composition 
and function (Kent and Triplett  2002 ; Cheng 
et al.  2003 ; Vance et al.  2003  ) . An appropriate 
use of cover crops instead of bare fallows has 
been considered as foremost priority for nutrient 
management program. It has been reported that 
cover cropping reduced nitrate leaching by an 
average of 70% without incurring any sacri fi ce in 
yield compared to conventional rotations where 
gaps between crops were maintained as bare 
fallows.  

  Fig. 3.1    The hierarchy of scale for potential bene fi ts of 
multifunctional agricultural biodiversity (Clergue et al. 
 2005 ; Reproduced with permission)    (Yes! permission for 

this  fi gure was taken and submitted to editor with soft and 
hard copy of chapter when book was proposed for publi-
cation in the year 2006 or 2007)       
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   Restoration of Agroecosystem 
Function Through Plant-Microbe 
Interactions 

 Agriculture has a long history of research targeted 
at understanding how to improve the effective-
ness of root symbionts, viz., rhizobia and mycor-
rhiza. A promising approach has been employed 
to understand how natural selection regulates 
changes in mutualistic interactions (Kiers et al. 
 2002 ; De   nison et al.  2003b  ) . A descriptive knowl-
edge of basic evolutionary processes can be 
employed to develop agricultural management 
practices that favor the most effective symbionts. 
Mutually bene fi cial interactions between plant 
and associated rhizospheric microorganisms are 
ubiquitous which is important for ecosystem 
functioning. Symbiotic nitrogen  fi xation by bacte-
ria, e.g.,  Rhizobium, Bradyrhizobium, Mesorhizo-
bium, Sinorhizobium , and  Azorhizobium  spp. that 
collectively known as rhizobia or by  Frankia  
spp., is the major N input to many natural and 
agricultural ecosystems in the root nodules of 
legumes or actinorhizal plants, respectively. In 
addition, mycorrhizal fungi supply their host 
plants with mineral nutrients, viz., P and other 
bene fi ts. Several rhizospheric microorganisms 
cause severe infection to roots and so-called root 
pathogens that can be suppressed by  Pseudomonas 
 fl uorescens  after colonization of the roots, thereby 
improving plant health (Denison et al.  2003a,   b  ) . 
Plant-mediated mineralization for nutrient acqui-
sition in agroecosystem would reduce the potential 
for nutrient losses because of tight coupling between 
net mineralization of N and P and plant uptake in 
the rhizosphere. Microorganisms and their products 
in the rhizosphere react to the many metabolites 
that are released by plant roots in a variety of 
positive, negative, and neutral ways. Such inter-
actions can in fl uence plant growth and develop-
ment, change nutrient dynamics, and alter plant’s 
susceptibility to disease and abiotic stresses. 
Overall the general rhizosphere effect could help 
the plant by maintaining the recycling of nutri-
ents through the production of hormones that 
help provide resistance to microbial diseases and 

to aid tolerance to toxic compounds. This bene fi t 
can either persist or lost in well-fertilized agricul-
tural soils where nutrients are readily available to 
plants and symbionts that reduce growth (Morgan 
et al.  2005  ) .  

   Microbial-Mediated Processes 
Bene fi ting Sustainable 
Agroecosystem Development 

 Microorganisms represent a substantial portion 
of the standing biomass in terrestrial ecosystem 
that contributes to the regulation of C sequestra-
tion, N availability and losses, and P dynamics. 
Microbial biomass P turnover is rapid which is 
approximately twice as fast as C, suggesting the 
potential for microbial P pools to support plant P 
requirements (Kouno et al.  2002  ) . Heterotrophs 
in soils with larger plant species diversity con-
vert a greater proportion of metabolized C to 
biomass (Aoyama et al.  2000  ) . The intentional 
management of the microbial community to 
enhance N retention in soils makes it possible to 
characterize abundance and activity of microbial 
functional groups. Denitri fi ers in agricultural 
soils are more sensitive to O 

2
  levels that produce 

a greater proportion of N 
2
 O compared to 

denitri fi ers recovered from an early successional 
plant community. The rate of denitri fi cation and 
the proportion of N 

2
 O to N 

2
  produced affect the 

denitri fi er community composition (Cavigelli and 
Robertson  2001  ) . 

 There is an increasing interest in understand-
ing the cooperative activities among microbial 
populations because of current public concerns 
about the adverse effect of agrochemicals and 
how do they affect agroecosystem when applied 
in agricultural soils (Lucy et al.  2004  ) . Two types 
of interactions in the rhizosphere are recognized 
mainly wherein one is based on dead plant mate-
rial (the detritus-based interactions) and other 
involves living plant roots. Both types of interac-
tions are relevant to agronomy and ecology. 
Microbial activity in the rhizosphere affects root-
ing pattern and the supply of available nutrients to 
plants thereby modifying the quality and quantity 
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of root exudates (Gryndler  2000  ) . The speci fi c 
structure and diversity of the rhizosphere bacterial 
community vary between plant species and over 
time, and the different root zones present on the 
same plant can support distinct bacterial commu-
nities that re fl ect on the qualitative and quantitative 
differences in root exudation (Smalla et al.  2001 ; 
Yang and Crowley  2000  ) . In addition, function-
ing of bacterial communities in agroecosystem 
is affected by soil type that plays a key role in 
determining the speci fi c dominant bacteria colo-
nizing the rhizosphere (Marschner et al.  2001  ) . 
The development of sustainable agroecosystem 
is, therefore, affected by the type of interactions 
in the rhizosphere that include (1) the coopera-
tion between PGPR and  Rhizobium  for improv-
ing N 

2
   fi xation, (2) microbial antagonism for the 

biocontrol of plant pathogen, and (3) interaction 
between rhizospheric microbes and AM fungi to 
develop functional mycorrhizosphere milieu. 

 Rhizosphere supports bacterial communities 
that stimulate growth of plants and the so-called 
plant growth-promoting rhizobacteria (PGPR). 
Such PGPR operate by a wide variety of mecha-
nisms that include N 

2
   fi xation, enhanced solubi-

lization of P, and phytohormone production; among 
these, pseudomonads are considered an important 
rhizosphere organism (Vessey  2003 ; Lugtenberg 
et al.  2001  ) . Over 80% of the terrestrial ecosys-
tem is able to form mycorrhizal association 
wherein there is bidirectional  fl ow of nutrients, 
i.e., carbon  fl ows from the plant host to the fun-
gus and mineral nutrient  fl ow from the fungus 
to the plant. In addition, mycorrhizal fungi are 
able to provide protection to the host plant 
against root and shoot pathogens (Whipps  2004  ) . 
Mycorrhizosphere inhabitants include intra-hyphal 
bacteria in ectomycorrhizal fungi and intra-
spore bacteria in several arbuscular fungi. 
Several mycorrhizosphere bacteria can promote 
mycorrhiza formation wherein a variety of 
Gram-positive and Gram-negative strains are 
involved (Bertaux et al.  2003  ) . In natural agro-
ecosystem, the diversity of AM fungi is considered 
as a key contributor to the diversity and produc-
tivity of plant community. The composition of 
root-inhabiting AM community shows seasonal 
variation within individual host plants, and this 

can change with plant maturity (Heinemeyer et al. 
 2004  ) . 

 Many farming practices, viz., fertilizer input, 
cultivation, and fumigation, exert deleterious 
effects on communities of AM fungi that are 
known to be less diverse and abundant in conven-
tional agricultural system as compared to organi-
cally managed and seminatural areas (Oehl et al. 
 2004  ) . The AM-fungus communities recovered 
from organic practices are more bene fi cial for 
crop yield than those from intensive conventional 
practices, and there is availability of commercial 
inocula of AM fungi for use in degraded habitats 
and agricultural systems, but application of these 
products has been relatively limited to date 
(Gianinazzi and Vosatka  2004  ) . 

 It is a well-accepted view that symbiotic legumes 
bene fi t companion and subsequent plant species in 
intercrop and rotation system. Rhizobia (species of 
 Rhizobium, Bradyrhizobium, Azorhizobium, 
Allorhizobium, Sinorhizobium,  and  Mesorhizobium ) 
produce chemical molecules that in fl uence plant 
development including phytohormones, lipo-chito-
oligosaccharides, Nod factors, lumichrome, 
ribo fl avin, and H 

2
  evolved by nitrogenase. Nod fac-

tor stimulates seed emergence, promotes plant 
growth, and increases grain yield when they reside 
in the soil. Rhizobia are known to suppress the 
population of soil pathogens in agricultural and 
natural ecosystem, viz., a strain of  Bradyrhizobium 
japonicum  can cause up to a 75% decrease in spo-
rulation of  Phytophthora megasperma,  65% in 
 Pythium ultimum , 47% in  Fusarium oxysporum , 
and 35% in  Ascochyta imperfecta . From an agri-
cultural point of view, the most signi fi cant interac-
tions are those of the Fabaceae- Rhizobium  
spp./ Bradyrhizobium  spp. root nodule symbioses 
(Squartini  2003  ) . Recent work on root nodule bac-
teria has demonstrated that this interaction is not 
restricted to  Rhizobium / Bradyrhizobium  but 
includes N 

2
 - fi xing strains of  Ralstonia, 

Burkholderia , and  Methylobacterium  that have 
been recovered from the nodules of several tropical 
Fabaceae (Dakora  2003  ) . The plant-bacterial asso-
ciation has been commercially exploited wherein 
seed and soil inoculants of rhizobia are employed 
for many crops that include soybean, bean, peanut, 
and clover (Deaker et al.  2004  ) . 
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 Considerable research efforts have been placed 
globally to exploit the potential of  fl uorescent 
pseudomonads (FLPs) in maintenance of soil 
health and as crop protectants wherein antifungal 
compound 2, 4-diacetylphloroglucinol (DAPG) 
produced by FLPs did not in fl uence AM fungi in 
wheat rhizosphere (Gaur et al.  2004  ) . In addition, 
these workers reported that 50–60% of FLPs 
recovered from rhizosphere, and endorhizosphere 
of wheat grown in Indo-Gangetic plains was 
antagonistic toward  Helminthosporium sativum . 
Johri  (  2001  )  emphasized that  fi eld trials of 
pseudomonad strain GRP 

3
  enhanced crop yield 

increase from 5.6 to 18%.  

   Tillage Effects and Resilience 
of Agroecosystem 

 Tillage is considered the most effective farm 
activity for the purpose of developing a desired 
soil structure. It improves the physical conditions 
of soil and favors the rooting characteristics of 
plants, which lead to an enhanced nutrient uptake 
and better yield of crops. Weeds are probably the 
most ever-present class of crop pests and on the 
odd occasion cause massive crop failures over 
vast areas. They reduce the crop yield and dete-
riorate the quality of produce and hence reduce 
the market value of the turnout (Arif et al.  2006  ) . 
They use the soil fertility, available moisture, and 
nutrients and compete for space and light with 
crop plant, which result in yield reduction (Khan 
et al.  2002,   2004  ) . If left uncontrolled, the weeds 
in many  fi elds are capable of reducing yields by 
more than 80% (Karlen et al.  2002  ) . 

 The composition of weed communities is 
greatly affected by tillage, but it is dif fi cult to 
control weeds in reduced tillage (RT). The disad-
vantages of RT are infestations by several annual 
and perennial species and rapid increase of the 
seed bank near the soil surface. Hence, occasional 
or rotational use of RT may be a practical way to 
adopt RT into conventional tillage (CT) systems. 
Changes between tillage practices, from CT to 
RT and vice versa, were effective in suppressing 
weed growth and preventing seed accumulation 
(Nakamoto et al.  2006  ) . 

 Arbuscular mycorrhizal fungi (AMF) are 
obligate symbiont fungi, which have a wide 
distribution in the terrestrial ecosystems and in a 
vast diversity of climate and soil types, forming 
symbiotic associations with the majority of plants 
(Jeffries et al.  2003  ) . In an ecosystem context, 
the AMF activity affects the carbon dynamics by 
different mechanisms (Zhu and Miller  2003  ) , 
among them, the protection of organic matter into 
soil aggregates by means of the AMF mycelium 
and the production of glomalin. This compound 
has been operationally de fi ned and extracted 
from soil as glomalin-related soil protein GRSP 
(Rillig  2004  )  of a proteic nature (Gadkar et al. 
 2006  )  and highly recalcitrance compound 
(Driver et al.  2005  ) . Previous studies have linked 
the GRSP content with the aggregate stability 
(Wright et al.  2007  )  and soil C accumulation 
(Treseder and Turner  2007  ) . 

 Soil management, in special, the tillage sys-
tems, affects all soil properties, including AMF 
activity, diversity (Alguacil et al.  2008 ; Borie et al. 
 2008 ; Cornejo et al.  2009  ) , and GRSP production 
(Wright et al.  2007  ) , being important factors con-
trolling organic C storage in soils. They may also 
change the relative importance of different mecha-
nisms of soil organic matter (SOM) stabilization 
(John et al.  2005  ) . On the other hand, no-tillage 
agriculture, which returns organic residues to soil, 
can produce a positive effect on soil characteris-
tics. Thus, the study of AMF role and glomalin is 
important for evidencing soil C dynamics and its 
contribution to the stabilization of soil C in the 
agricultural systems with the goal of improving 
the sustainability of agroecosystems.  

   Biodiversity Bene fi ts 
for Agroecosystem 

 While species extinction is a matter of increasing 
concern, changes in biodiversity in the world’s 
agricultural landscapes have largely escaped 
attention. Yet, agriculture is fundamentally linked 
to biodiversity. “Biological diversity” or biodi-
versity has formed the basis for human food pro-
duction systems for millennia and plays an 
important role in the provisioning services, i.e., 
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production of foods, fuels, and  fi bers, that agriculture 
supplies. Biodiversity in agriculture also provides 
cultural services that form key elements of the 
agricultural knowledge base and de fi nes spiritual, 
religious, and aesthetic values for human societ-
ies. In a wider context, biodiversity serves impor-
tant functions that enhance the environmental 
resource base upon which agriculture depends, 
e.g., regulating and supporting services such as 
water puri fi cation, nutrient cycling, and soil 
formation. 

 Soil biota regulates many ecological pro-
cesses, viz., litter decomposition, nutrient cycling, 
pathogen control, and mineral weathering. The 
processes of decomposition, immobilization, and 
mineralization release nutrients in soil that affect 
plant growth. In addition, symbiotic association 
with mycorrhizal fungi enhances nutrient (P) 
availability and increases plant water uptake. 
The biodiversity of soil organisms and their 
abundance are involved with processes that affect 
soil structure. Soil structuring increases the 
growth of plant, root anchorage, and  fl uid circu-
lation (air and soil solution). The farming prac-
tices (fertilization, pesticides, and tillage) affect 
the population size and the dynamics of several 
group, viz., microbes, protozoa, vascular plant, 
nematodes, arthropods, annelids, and vertebrates 
(Smeding and de Snoo  2003  ) . In agricultural sys-
tems, biodiversity performs ecosystem services 
beyond production of food,  fi ber, fuel, and income 
that includes nutrient recycling, control of local 
microclimate, regulation of the abundance of 
undesirable organisms, and detoxi fi cation of nox-
ious chemicals. These renewal processes and 
ecosystem services are largely biological, and 
therefore, their persistence depends upon mainte-
nance of biological diversity. The economic and 
environmental costs can be quite signi fi cant when 
these natural services are lost because of biologi-
cal simpli fi cation. 

    There are two distinct components of biodi-
versity recognized in an agroecosystem wherein 
the  fi rst component, which is the so-called 
planned biodiversity, is the biodiversity associ-
ated with the crops and livestock that are 
included in the agroecosystem by the farmer 
and vary depending on the management inputs 

and crop spatial/temporal arrangements, whereas 
the second component, which is called associ-
ated biodiversity, includes all soil  fl ora and 
fauna, herbivores, carnivores, and decomposers 
that colonize the agroecosystem from surround-
ing environment and that will thrive in the agro-
ecosystem depending on its management and 
structure. There are many agricultural practices 
and designs that have the potential to enhance 
biodiversity, whereas other practices negatively 
affect it (Fig.  3.2 ).  

 This is required for the management practices 
in order to enhance the kind of biodiversity that 
cannot only subsidize the sustainability of agro-
ecosystem by providing ecological services. Thus, 
the main emphasis in agroecology is to exploit the 
complementarities and synergisms that result 
from combinations of crops, trees, and animals in 
spatial and temporal arrangements. Besides, we 
have to adopt those agricultural practices that 
increase the abundance and diversity of above- 
and belowground organisms thereby providing 
key ecological services to agroecosystems.  

   Epilogue 

 Agroecosystems and agrobiodiversity contribute 
to sustainable livelihood securities at the local, 
national, and global levels. They provide a range 
of goods and services including food, fodder, cli-
mate change mitigation, biodiversity conserva-
tion, and water quality options. Farmers and 
farming communities have a signi fi cant role to 
play in the preservation and conservation of these 
resources and ecosystems. The role of agriculture 
in the provision of ecosystem services depends, 
however, on the incentives available to it. At pres-
ent incentives are designed to pay for the goods 
rather than the services provided by agricultural 
ecosystems. Payments for ecosystem services 
interventions often do not re fl ect correctly. 

 We are in an era of rapid ecological, social, 
and economic change, and the pace of this change 
will accelerate during the next several decades. 
The world’s population of 6.3 billion people is 
projected to grow to 7.5 billion by the year 2020 
and to 9 billion by 2050 (Tilman et al.  2002  ) . 



633 Rhizobacteria in Management of Agroecosystem

By 2050, food consumption must double to meet 
human needs. To meet this increasing demand for 
food, production systems are expected to become 
increasingly dependent on inputs of fertilizers, 
pesticides, and water. Irrigated lands will likely 
increase by 1.3-fold by 2020 and 1.9-fold by 
2050. Pasture lands are also increasing, with an 
expected doubling in area by 2050. In 50 years, 
global agricultural land area is projected to 
increase by 18%, with a loss of 10 9  ha of natural, 
wild land ecosystems. 

 Biologically, there is much potential for 
increasing the utilization of agrobiodiversity for 

sustainable agriculture. The agricultural sciences 
have shown for decades that plant breeding can 
introduce genes to increase the quality of agricul-
tural production, though recent advances with 
genetically modi fi ed organisms (GMOs) are very 
controversial. Crop diversity can clearly enhance 
nutrient use ef fi ciency, and a diverse soil com-
munity may govern tighter nutrient cycling, con-
trol pests and diseases, and improve soil structure 
(“let the soil work for us”). Ecological research 
has shown that biodiversity can increase the pro-
ductivity of ecosystems. The structure of agricul-
tural landscapes, i.e., mosaics of agricultural and 

  Fig. 3.2    The effects of agroecosystem management and asso-
ciated cultural practices on the biodiversity of natural enemies 
and the abundance of insect pests (Altieri  1999 ; Reproduced 

with permission)    (Permission for this  fi gure was taken and 
submitted to editor with soft and hard copy of chapter when 
book was proposed for publication in the year 2006 or 2007)       
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nonagricultural ecosystems, now is recognized as 
important for the utilization and conservation 
of both on-farm and off-farm biodiversity. 
Economists have shown how investment in agro-
biodiversity reduces both the environmental and 
market risks faced by agricultural producers, and 
so enhances well-being. 

 Research and institutional and policy settings 
for technological innovations in agriculture are, 
however, changing rapidly. Innovations now 
require plurality of systems and multiple sources 
(Janssen and Braunschweigg  2003  ) . Linking 
technological progress with institutional and 
market changes is the need of the hour. Some key 
recent conclusions emanating from technological 
innovations include that genetic improvements 
are successful, but not everywhere; there is a need 
for management and system technologies to 
complement genetic improvement; more invest-
ments are needed into research and development; 
the use of available technologies such as infor-
mation and communication technology has still 
not permeated some parts of the world to improve 
the ef fi ciency of agricultural systems; and inno-
vative partnerships are key. Sharing of data and 
information and infrastructural developments and 
deployment will help to ensure better reach and 
impacts of available innovations. 

 The search for self-sustaining, low-input, 
diversi fi ed, and energy-de fi cient agricultural sys-
tem is now a major concern of many researchers, 
farmers, and policy makers. It is necessary to 
restore functional biodiversity of the agricultural 
landscape in sustainable agriculture. Now there 
are different options available to diversify crop-
ping system depending on the monoculture sys-
tem. Rotation and multiple cropping systems are 
effective management strategies considered for 
monocultures. There is economic and ecological 
sustainability of the agroecosystem which is a 
result of agroecological design with proposed 
management system that can be improved 
employing available biodiversity and with the 
existing environmental and socioeconomic 
condition. 

 Plant health is intimately linked to the health 
of the agroecosystem in which the plant  fl ourishes. 
Instead of rotating and diversifying crops regularly 

and promoting soil organic matter buildup, farmers 
choose crops that require less labor or receive 
higher prices, thus disrupting the self-regulatory 
mechanism between bene fi cial and detrimental 
organisms above- and belowground. Inappropriate 
agricultural practices, such as extensive mechani-
cal tilling, also change the physical and chemical 
nature of the soil and hence alter the sound 
ecological balance of different soil organisms, 
affecting long-term agricultural productivity and 
sustainability. 

 Compared to the integrated management of 
speci fi c pest organisms above ground, relatively 
little research has been conducted on the inte-
grated management of soil health as an approach 
to control soilborne pests and diseases and to 
improve nutrient availability and water uptake for 
optimum crop growth. Soil ecosystems are among 
the most complex of all terrestrial communities, 
and the role of soil biota in maintaining plant 
health is not fully understood. Improved resil-
ience together with increased deployment of bio-
diversity is necessary to achieve the goals of 
sustainability and productivity. Agroecosystems 
have to be managed in ways that conserve and 
enhance functional agrobiodiversity, including 
abundance of soil biota and diversity, even with 
further intensi fi cation of agricultural production. 
Diverse soil communities will not only help to 
prevent losses through soilborne pests but will 
also increase the rate of decomposition of organic 
matter and toxic compounds and improve nutri-
ent recycling and soil structure. Increasing the 
resilience of agroecosystems helps farmers to 
deal better with the impact of climate change. 

 Plant growth in agricultural soils is in fl uenced 
by a myriad of abiotic and biotic factors. While 
growers routinely use physical and chemical 
approaches to manage the soil environment to 
improve crop yields, the application of microbial 
products for this purpose is less common. An 
exception to this is the use of rhizobial inoculants 
for legumes to ensure ef fi cient nitrogen  fi xation. 
The region around the root, the rhizosphere, is 
relatively rich in nutrients, due to the loss of as 
much as 40% of plant photosynthates from the 
roots. Consequently, the rhizosphere supports 
large and active microbial populations capable of 
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exerting bene fi cial, neutral, or detrimental effects 
on plant growth. The importance of rhizosphere 
microbial populations for maintenance of root 
health, nutrient uptake, and tolerance of environ-
mental stress is now recognized. These bene fi cial 
microorganisms can be a signi fi cant component 
of management practices to achieve the attain-
able yield, which has been de fi ned as crop yield 
limited only by the natural physical environment 
of the crop and its innate genetic potential. 

 The rhizosphere or the zone of in fl uence 
around roots harbors a multitude of microorgan-
isms that are affected by both abiotic and biotic 
stresses. Among these are the dominant rhizobac-
teria that prefer living in close vicinity to the root 
or on its surface and play a crucial role in soil 
health and plant growth. Both free-living and 
symbiotic bacteria are involved in such speci fi c 
ecological niches and help in plant matter degra-
dation, nutrient mobilization, and biocontrol of 
plant disease. While the rhizosphere as a domain 
of  fi erce microbial activity has been studied for 
over a century, the availability of modern tools in 
microbial ecology has now permitted the study of 
microbial communities associated with plant 
growth and development, in situ localization of 
important forms, as well as the monitoring of 
introduced bacteria as they spread in the soil and 
root environment. This interest is linked to envi-
ronmental concerns for reduced use of chemicals 
for disease control as well as an appreciation for 
utilization of biologicals and organics in 
agriculture. 

 Indian researchers have studied the diversity 
of rhizobacteria in a variety of plants, cereals, 
legumes, and others along with assessment of 
their functionality based on the release of 
enzymes (soil dehydrogenase, phosphatase, 
nitrogenase, etc.), metabolites (siderophores, 
antifungals, HCN, etc.), and growth promoters 
(IAA, ethylene) and as inducers of systemic 
disease resistance (ISR). Based on such primary 
screening protocols, effective rhizobacteria have 
been  fi eld tested with success stories from vari-
ous agroecological zones of the country, as 
re fl ected in the control of root- and soilborne 
diseases, improved soil health, and increased 
crop yields. Several commercial formulations, 

mostly based on dry powder (charcoal, lignite, 
farmyard manure, etc.), have been prepared and 
 fi eld tested; however, problems of appropriate 
shelf life and cell viability are still to be solved. 
Also, inherent in such low-cost technologies are 
the problems of variability in  fi eld performance 
and successful establishment of introduced inoc-
ulants in the root zone. In addition, most prod-
ucts available in the market are not properly 
monitored for quality before they reach the 
farmer. As a consequence, the acceptance of 
rhizobacterial formulations in the country is lim-
ited. However, several laboratories have now 
developed protocols for the rapid characteriza-
tion of effective isolates based on molecular 
 fi ngerprinting and other similar tools. Also, the 
use of molecular markers ( gus, lux, gfp , etc.) 
makes it easy to monitor introduced inoculants 
in situ in soil and rhizosphere environments. 

 The prospect of manipulating crop rhizosphere 
microbial populations by inoculation of bene fi cial 
bacteria to increase plant growth has shown con-
siderable promise in laboratory and greenhouse 
studies, but responses have been variable in the 
 fi eld. The potential environmental bene fi ts of this 
approach, leading to a reduction in the use of 
agricultural chemicals and the  fi t with sustainable 
management practices, are driving this technol-
ogy. Recent progress in our understanding of the 
biological interactions that occur in the rhizo-
sphere and of the practical requirements for inoc-
ulant formulation and delivery should increase 
the technology reliability in the  fi eld and facili-
tate its commercial development. The govern-
ment initiative in integrated nutrient management 
and pest management systems has provided addi-
tional incentives to relate rhizobacterial science 
to other ongoing activities so that the bene fi t of 
this research leads to technologies that are envi-
ronmentally and socially acceptable. 

 The success of soil ecosystem management 
does not rely simply on the choice of agricultural 
practices. The history of farming site affects the 
outcome of soil ecosystem management. An 
important practice that enhances soil health is the 
use of OM, the decomposition rate, and the prod-
ucts of organic material in the soil that depend on 
their nature and C:N ratio along with time course 
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of decomposition. Monitoring of the soil ecosystem 
prior to the cropping will help in determining the 
practices that are selected. Finally, the concept of 
soil ecosystem management is still at a develop-
mental stage, and there is a need to have more 
information that must still be added to advance 
our understanding of soil health for agroecosys-
tem management. Interdisciplinary approaches 
are necessary to broaden the application of micro-
organisms in ecosystem management.      
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  Abstract 

 The recent developments in enzyme technology have raised the interest 
of researchers toward developing cost-effective enzyme-based techniques 
against various pollutants in our environment. Enzyme-based biosensors 
have diversity of industrial relevance in environmental monitoring. A variety 
of laboratory sample biosensors have been described recently which 
moderately measure variety of environmental pollutants. It is envisaged 
that many reports on biosensor development are directed toward their 
medical use, so the need of biosensor development for environmental 
applications and monitoring is growing. The present appraisal highlights 
recent major research  fi ndings on enzyme-based biosensors for determina-
tion of environmental pollutants and toxic chemicals.  
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   Introduction 

 A biosensor is de fi ned as an analytical device com-
prising of a biological catalyst or receptor in inti-
mate contact with a suitable transducer such as an 
electrode and optical  fi ber (Brooks et al.  1991  ) . The 
biological component is usually immobilized at or 
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near to the surface of the transducer, which converts 
the particular biochemical event into a quanti fi able 
and readily processable signal (Sethi  1994  ) . 
According to IUPAC, it is a compact analytical 
device incorporating a biological or biologically 
derived sensing element either integrated within or 
intimately associated with a physicochemical trans-
ducer. The aim of a biosensor is to produce either 
discrete or continuous digital electronic signals, 
which are proportional to a single analyte. 

 Biosensor devices may have the capability to 
provide an analytically powerful and inexpensive 
alternative to conventional technologies by iden-
tifying the target analyte in the presence of inter-
fering species. Reagent-less continuous real-time 
analysis is also one of the potent advantages 
offered by these devices. Microbial sensors are 
devices where microorganisms are used as a sens-
ing element that can speci fi cally recognize the 
species of interest either intimately connected or 
integrated within a suitable transducing system 
(Karube and Nakaniki  1994  ) . Two major types of 
microbial sensors are being applied, one which 
involves the respiratory activity, while other 
uses the metabolites released by the microbes 
(Reidel et al.  1989  ) . The best example of respira-
tory activity measurement is with DO probe and 
metabolite measurement with CO 

2
  electrode, fuel 

cell, NH 
4
  electrode, pH electrode, etc. The advan-

tages of microbial sensors include less sensitivity 
to inhibition, tolerance to suboptimal pH and 
temperature of enzyme electrode, longer shelf 
life, and cheaper in manufacturing, while the 
disadvantages include speci fi city due to multien-
zyme system in cells and longer response time 
due to mass transfer resistance. Moreover, a 
noteworthy update about development of a new 
antibody-based small and sturdy “biosensor” devel-
oped to detect marine pollutants like oil much faster 
and more cheaply than current technologies is 
also quite impressive toward  fi nding solutions to 
environmental problems (Spier et al.  2011  )  

 Phenolic compounds are major pollutants in 
ground and surface water as they are widely used 
in many industrial processes such as plastic man-
ufacture, resins, wood industry, construction 
industry, abrasives, plasticizers, cleaning prod-
ucts, pesticide manufacturing, and detergent 

industries (Lin et al.  2008 ; Gardziella et al.  2010 ; 
Apetrei et al.  2011  ) . Taking into consideration 
their high toxicity and persistence in the environ-
ment, the determination of phenolic compounds 
becomes an important subject. 

 Since biosensor technology development 
demands rapid, inexpensive, and continuous 
monitoring capabilities, research endeavors to 
harmonize these issues are important. Biosensors 
currently developed or in the process of develop-
ment are for detection of environmental pollutants, 
viz. ,  phenols, genotoxins, and pesticides such as 
organophosphates and 2, 4-D. 

 This chapter highlights the advances in the rap-
idly developing area of microbial biosensors with 
particular emphasis to the developments since 
2000 as a number of reports on biosensor develop-
ment have been published during the last decade.  

   Classi fi cation of Biosensor 

 A biosensor is an analytical device for the detection 
of an analyte that combines a biological compo-
nent with a physicochemical detector component 
with three parts:
    (a)    Sensitive biological material (e.g., tissue, 

microorganisms, organelles, cell receptors, 
enzymes, antibodies, nucleic acids)  

    (b)    Biomimic or biomaterial  
    (c)    Transducer as the detector that can be more 

easily measured and quanti fi ed     
 There are two main categories of biosensors 
described in literature (Amine et al.  2006  ) .  

   Immobilization-Based Biosensors 

 In this method, the whole cells are used as the bio-
chemical component (Rekha et al.  2000 ; Durrieu 
et al.  2004 ; Chouteau et al.  2005  ) . This category 
of biosensor can increase the sensor steadiness 
and provide enzyme regeneration, where the 
sensing device is attached with matrix of immo-
bilized enzyme (Lee et al.  2002  ) . The lasting 
activity of the enzyme is estimated by quantifying 
the product. Nevertheless, these may have prob-
lems due to parallel reactions of several enzymes.  
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   Transducer-Based Biosensors 

 They are based on direct enzyme immobilization 
on a transducer device. The enzyme and transducer 
elements are in close contact with each other and 
incorporated in a single unit. Some biosensors 
based on enzyme inhibition have been reported 
in the literature (Tran-Minh  1985 ; Evtugyn et al. 
 1999 ; Luque de Castro and Herrera  2003  ) . 

 In such biosensors, the enzyme (element) reacts 
with substrate, and biosensor response is assessed 
by the product concentration (P) of enzymatic 
reaction on sensor surface (Guilbault et al.  2004  ) . 
The reaction is controlled by the rate of two syn-
chronized processes, viz., enzymatic conversion 
of substrate (S) and diffusion of product. A simple 
setup is represented in Fig.  4.1  explaining the 
working principle of a biosensor.   

   Parameters for Development 
of Biosensor 

 The stability and reproducibility of the biosensor 
are the most important parameters that depend 
on the response rate limiting step, substrate con-
centration, pH, strength of buffer, temperature, 
organic solvents, addition of additives and dry or 
wet storage, etc. Although some biosensors have 
been reported usable under laboratory conditions 
for periods of more than 1 year, their practical life-
time when incorporated into industrial processes 
or to biological tissue, such as glucose biosensors 
implanted in vivo, is either unknown or limited to 
days or weeks. It is necessary to emphasize that 
some precise conditions are required to be met for 
each environmental monitoring  fi eld (Table  4.1 ).   

 While it is relatively easy to determine the 
stability of biosensors at the laboratory scale, 
both during storage and operation in the presence 

of analyte, procedures for assessing their behavior 
during several days of introduction into industrial 
reactors are much more complex to handle. In 
both cases, it is advisable to specify the storage 
(shelf) or operational (use) lifetime and the storage 
and operating conditions in terms of buffer 
composition, presence of additives and substrate 
concentration (K 

m
 ), initial sensitivity, upper limit 

of concentration range for calibration, accuracy, 
and repeatability. The lifetime (LT) of a biosensor 
is de fi ned as a comparative sensitiveness of different 
biosensors, developed from the same production 
batch of homogeneous patterns, after different 
storage conditions. Alternatively, biosensor stability 
is also measured as drift rate and useful for 
biosensors in which sensitivity evolution is either 
very slow or studied for short periods of time. The 
various advantages and disadvantageous of enzyme-
based biosensor are summarized in Table  4.2 .  

ENZYME

ANALYTE
SENSING
ELEMENT
+ 
TRANSDUCER

SIGNAL

  Fig. 4.1    A biosensor setup       

   Table 4.1    General requirements for environmental 
biosensors   

 Requirement  Speci fi cation range 

 Cost  $1–15 per analysis 
 Equipment 
portability 

 Can be carried by one person; no 
external power 

 Assay time  1–60 min 
 Personnel 
training 

 1–2-h training period is suf fi cient 

 Format  Reversible, continuous, in situ 
 Matrix  Minimal preparation for groundwater, 

soil extract, blood, and urine 
 Sensitivity  Parts per million (ppm) to parts per 

billion (ppb) concentration 
 Dynamic range  At least two orders of magnitude 
 Speci fi city   Enzymes/receptors/nucleic acids:  

speci fi c to one or more groups 
of related compounds 
  Antibodies:  speci fi c to one compound 
or closely related group of 
compounds 

  Adapted from Rogers and Gerlach  (  1996  )   
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   Recent Trends in Biosensor 
Technology 

 Various novel developments in biosensor technol-
ogy and their applications in the  fi eld of biotech-
nology are summarized in this section (Table  4.3 ). 
   Abdelwahab et al.  (  2010  )  have described a nitric 
oxide nano-composite biosensor immobilizing 
microperoxidase (MP) toward determination of 
NO released from rat liver, stomach (AGS), and 
intestinal (HT-29) cancer cells. A notable work by 
Apetrei et al.  (  2011  )  was based on detection of phe-
nolic compounds using amperometric tyrosinase-
based biosensor. Further, for detection of 
organophosphate pesticides, Crew et al.  (  2011  )  
developed an amperometric biosensor based on six 
acetylcholineste-rase enzymes through neural net-
work program. In addition, there are prominent 
reports on development of tyrosinase-based bio-
sensor for determination of o-diphenols (   Daniela 
et al.  2010 ), air toxicity monitoring where biolumi-
nescent bacteria were used as bioreporter through 
bioluminescence assay (Evgeni et al.  2011 ), algae-
based biosensor for determination of environmen-
tal impurities of water (Dieter et al.  1998 ), and 
DNA biosensor for detection of mercury ions 
(Long et al.  2011  ) . Recently application of nano-
biotechnological tools has been reported for the 
evaluation of pollutants, e.g., development of a 
glucose biosensor using covalent cross-linking 
technique through carbon nanotubes hybrids for 
glucose estimation (Fu et al.  2011  ) , and a nucleic 
acid biosensor (NAB) based on horseradish per-
oxidase (HRP) enzyme for diagnosis of genetic 
diseases and detection of infectious agents (He et al. 
 2011  ) . Interestingly, Masojidek et al.  (  2011  )  have 
reported a novel method for measurement of her-
bicide toxicity and have successfully used this 
technique for detection of photosynthetic herbi-
cides, e.g., diuron, atrazine, and isoproturon. In 

this series, other notable biosensors reported are 
the following: microbial biosensor for detection of 
methyl parathion (Kumar and D’Souza  2010  ) , 
determination of hydrogen peroxide (Zhang et al. 
 2009 ; Li et al.  2009  ) , amperometric polyphenol 
biosensor based on covalent immobilization of lac-
case onto copper nanoparticles for measurement 
of total polyphenolic content in plant extracts 
(Chawla et al.  2011  ) , antibody-based KinExA 
Inline biosensor for estimation of dissolved poly-
cyclic aromatic hydrocarbons (PAHs) (Spier et al. 
 2011  ) , electrochemical detection of  a -ketoglutarate 
(Poorahong et al.  2011  ) , and amperometric fruc-
tose biosensor based upon the D-fructose dehydro-
genase (FDH) toward determination of fructose in 
the real samples of fruit juice, soft drinks, and 
honey (Trivedi et al.  2009  ) .  

 Moreover, few diversi fi ed remarkable studies 
like enzyme-ampli fi ed electrochemical biosen-
sor through detection of PML–RAR a  fusion 
gene for diagnosis of promyelocytic leukemia 
(Lin et al.  2011  ) , electrochemical DNA bio-
sensor for screening of chlorinated benzene 
pollutants (Wu et al.  2011  ) , enzyme biosensor 
based on chemiluminescence system, and using 
 fl owerlike ZnO crystals and nano-sized gold 
particles (Zhang et al.  2009 ; Yu et al.  2010 ) are 
prominent examples of recent knowledge 
revelation in biosensor development, making 
signi fi cant contribution for emergent biosensor 
industry for monitoring of pollutants and toxic 
compounds. Nevertheless, for ef fi cient develop-
ments in sustainable enzyme technology, much 
of the efforts are needed for designing low-
cost, ultrasensitive, selective, and quick-response 
biosensors. Considering above facts and with 
current advances in enzyme-based biosensor 
technology, we understand that such biosensors 
will have strong and momentous role in future 
development in biotechnology.      

   Table 4.2    Advantages and disadvantages of enzyme-based biosensors   

 Advantages  Disadvantages 

 More speci fi c than cell-based sensors  More expensive to produce due to the additional steps involved in 
isolating the enzyme  Faster response due to shorter diffusion paths 

(no cell walls)  Enzymes are often unstable when isolated 
 Many enzymes need cofactors for their activity and detection of 
substances 
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  Abstract 

 The rapidly changing economic and environmental needs of the society 
are putting ever-increasing pressure on the forest-based industry “To do 
more with less.” This means increasing an ef fi cient use of the available 
 fi ber resources producing more  fi ber on a shrinking land base using envi-
ronmentally friendly processes and technologies and also more use of the 
nonwoody lignocellulosic  fi bers for industrial products. Continuously 
increasing demand and rising cost of traditionally used cellulosic raw 
materials by handmade paper industry like hosiery waste/cotton rags has 
forced the industry to look for alternate and locally available nonwoody 
lignocellulosic raw materials with the application of environmental-
friendly processes. As a part of promotion of the green and clean technolo-
gies, Kumarappa National Handmade Paper Institute (KNHPI) focused its 
research and development activities in the area of identi fi cation of alter-
nate lignocellulosic raw materials with integration of biotechnological 
approach, employing identi fi ed microorganisms and/or enzymes suitable 
for speci fi c applications.  Calotropis procera , locally known as ankra, 
which is available as a wild shrub in the desert area of Rajasthan and 
Gujarat, has proved one such potential lignocellulosic raw material,  fi nding 
usefulness for making specialty handmade paper and products. Extensive 
research carried out at the institute indicated a good possibility of extrac-
tion of good quality bast  fi ber with the application of identi fi ed enzymes 
(bioretting process), making the process easier, productive, and less pol-
luting while improving the yield and quality of the  fi ber obtained. The 
initiatives taken at KNHPI for utilization of  Calotropis procera  in the area 
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   Introduction    

 The Indian handmade paper industry has been 
identi fi ed as one of the village industry. And the 
industry has seen signi fi cant growth in the last 
one decade because of the improved demand not 
only on national level but also at the international 
arena. As per estimates, there are nearly more 
than 450 handmade paper units scattered all over 
India, producing nearly 50,000 tonnes of hand-
made paper and board. The Indian handmade 
paper industry had grown remarkably in the 
recent past, wherein the production of handmade 
paper industry has reached a turnover of US $ 50 
million. 

 Due to increased literacy, industrialization, and 
modernization, the per capita consumption of the 
paper and paperboard has increased remarkably 
from 4.5 kg in the year 2000 to nearly 6.5 kg in the 
recent past. Around 10,000 persons are employed 

with the handmade paper industry. Most of them 
are located in rural areas. The remarkable point to 
be noted here is that the per capita consumption of 
paper and paper-board in India is low compared to 
the developed countries like USA (350 kg), China 
(58 kg), Japan (222 kg) and world average (55 kg) 
but the total quantity of paper produced in India is 
quite signi fi cant with a total production of nearly 
7 million tonnes per annum. 

 Indian handmade paper industry contributes 
to less than 0.5% of the total country’s produc-
tion of paper and paperboard till the year 2005–
2006, and this share has recently increased to 
nearly 0.7% in the recent year since the produc-
tion of handmade paper which was nearly 25,000 
tonnes in the year 2005–2006 and now stands at 
nearly 50,000 tonnes (Table  5.1 ). Although the 
country is self-suf fi cient in the manufacturing of 
handmade paper and board, however, a little 
quantity of specialty paper is imported.  

   Table 5.1    An overview of the Indian handmade paper industry   

 Particulars  2005–2006  2006–2007 

 Estimated production (tonnes)  25,000  50,000 
 Contribution in total P&B production %  0.4  0.6 
 Turnover, total P&B (Rs. Lakhs)  1,800,000  2,100,000 
 Turnover HMP (Rs. Lakhs)  12,500  20,000 
 Total export P&B (tonnes)  323,000  350,000 
 Exports HMP (tonnes)  20,906  42,000 
 Contribution of exports of HMP in P&B % (qty)  6.4  12 
 Value of exports total P&B (Rs. Lakhs)  124,639  147,500 
 Value of exports of HMP (Rs. Lakhs)  7,723  15,717 
 Contribution of exports of HMP in P&B % (value)  6.2  10.7 
 Imports HMP (tonnes)  3,755  2,800 
 Value of imports of HMP (Rs Lakhs)  847.7  518.6 

of  fi ber extraction using bioretting process developed at the institute and 
utilization of the extracted  fi ber for making handmade paper and products 
should prove to be a potential employment-generating and income-generating 
opportunity among the rural masses. Proper utilization of the waste biomass, 
majority of which is presently utilized as a domestic fuel, could also improve 
the environmental status besides addressing the problem of global warming.  

  Keywords 

 Handmade paper  •   Calotropis procera   •  Lignocellulosic raw material  
•  Plant  fi bers  •  Bast  fi bers  •  Retting  •  Enzymatic retting  •  Pectinases      
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 Handmade paper production requires low 
capital investments. Thus, it is easy for small and 
local entrepreneurs to establish this industry in 
rural areas. This industry helps in generating 
employment at the local level. Since the hand-
made paper is tree-free, its manufacture does not 
result in the depletion of natural resources and 
causes much less pollution than factories making 
conventional paper. Handmade paper industry 
helps create sustainable livelihoods in rural areas. 
It employs unskilled workers, who are trained in 
these plants. 

 Thus, this enables the local population, espe-
cially women, to get employment in these pro-
duction units. The industry produces numerous 
types of handmade paper including watermark, 
 fi lter paper and drawing sheets.  

   Need of Alternative Lignocellulosic 
Raw Materials for Handmade Paper 
Industry 

 In view of the scarce availability and rising cost 
of the traditionally used cellulosic raw materials 
and to meet the immediate requirement of the 
Indian handmade paper industry, the institute 
has focused its R&D activities in the areas of 
identi fi cation of low-cost alternate lignocellu-
losic raw materials and promotion of cleaner 
production techniques to improve competitive-
ness of the Indian handmade paper industry. 
These efforts of the institute have also helped in 
the generation of employment among the rural 
masses. For sustainability of the handmade paper 
industry in the long run, the use of locally avail-
able lignocellulosic raw materials may be essen-
tial. Further, some of these raw materials have 
been found to impart special characteristics to 
the paper like strength, smoothness, which is an 
essential requirement of some of the varieties of 
handmade paper. The use of these raw materials 
may also result in increased production at a 
lower cost. 

 With a small investment, a number of handmade 
papermaking clusters could be developed based on 
locally available lignocellulosic raw materials, 
namely, jute, sunn hemp, ankra, bhimal, banana 

stem, thus solving problem of unemployment and 
meeting future demand of paper without affecting 
the environment. Agro- fi bers like jute, straw, and 
banana are added to the primary  fi ber to create 
mottled handmade paper. Handmade paper has 
greater tensile, bursting, tearing, and double-fold 
strength when compared with conventional mill-
made paper. It does not become brittle as it ages. 
The paper is available in a saga of rich varieties, 
designs, shapes, and colors. 

 Kumarappa National Handmade Paper 
Institute since its inception has been engaged in 
the research and development activities for the 
bene fi t of Indian handmade paper industry. After 
exhaustive research and development work at the 
institute, KNHPI has identi fi ed a number of 
locally available raw materials and evaluated 
their potential for handmade paper by developing 
suitable process technologies for producing vari-
eties of specialty grades of handmade paper. 
Some of the important lignocellulosic raw mate-
rials studied are banana  fi ber, jute  fi ber, sisal 
 fi ber, silk mulberry, bhimal  fi ber, pineapple, etc. 
Suitability of handmade paper from these  fi bers 
has been evaluated on bench as well as pilot scale. 
Now it is time that these technologies developed 
by KNHPI are transferred to the handmade paper 
industry to create con fi dence among the entrepre-
neurs and to take full advantage of the technolo-
gies developed at KNHPI. 

 Use of these alternative lignocellulosic raw 
materials, which basically involve bast and leaf 
 fi bers, may include chemicals during pulping and 
bleaching processes for effective deligni fi cation 
required for producing quality handmade paper. 
In contrary to this, the traditionally used raw 
materials like cotton hosiery waste and cotton 
rags do not require any chemicals during pulping, 
thereby retaining ecofriendly status. In order to 
retain the ecofriendly credentials of the hand-
made paper industry, there is an urgent need to 
develop ecologically compatible processes for 
pulping and bleaching these alternative lignocel-
lulosic raw materials. In pursuit of developing 
such techniques by KNHPI, biotechnology cov-
ering enzymatic prebleaching of pulp using xyla-
nase and laccases, enzymatic retting, bio-re fi ning 
and biopulping could be found to be one of the 



80 S. Chauhan et al.

potential options for its applications in handmade 
paper sector. 

 The present paper narrates about the process of 
bioretting in the speci fi c context of handmade 
paper industry. Bioretting is highly signi fi cant in 
the present scenario because with the inclination 
of consumers towards handmade papers made out 
of natural  fi bers, there is a need of the consistent 
supply of the natural  fi bers in an economical way. 
Since the quality of handmade paper produced 
from the  fi ber extracted from the lignocellulosic 
raw materials is found to be superior in terms of 
physicochemical and strength properties, which 
could  fi nd applications in value-added products, 
the extraction of  fi ber from these plant materials is 
an important process in the present context. 

 Looking into the wide availability of ankra 
plant in the desert areas of Rajasthan, KNHPI 
evaluated it as an alternate source of raw material 
for handmade papermaking and found it to be 
having a very good potential. Therefore, further 
studies were started on the aspects of  fi ber extrac-
tion from the stem and twigs of ankra plant using 
enzymes. This paper presents all the details about 
the bioretting of ankra with the pulping charac-
teristics of the extracted  fi ber for making hand-
made paper.  

   Plant Material and the Fibers 

   Plant Cell Wall Polysaccharides 

 Plant cell walls consist of three types of layers: 
middle lamella, primary cell wall, and secondary 
cell wall. The middle lamella is the  fi rst layer 
formed during cell division and can also be seen 
as the space between the cell walls and as the 
connecting region between adjacent cells, bind-
ing cells together. It is composed mainly of pectic 
compounds and protein. In later stages of wood 
cell growth, middle lamella becomes highly 
ligni fi ed. This lignin works as an ef fi cient and 
resistant glue to keep different cells together, 
while in many herbs and in the nonwoody tissues, 
pectin performs this function. The primary cell 
wall, a thin layer, is formed after the middle 
lamella and consists of a rigid skeleton of cellu-

lose micro fi brils embedded in a gel-like matrix 
composed of pectic compounds, hemicelluloses, 
and glycoprotein. 

 Plant cell walls consist of a matrix of cellulose 
micro fi brils, in most cases cross-linked by hemi-
cellulose, pectin, and extension. Wood cells also 
contain lignin, a non-polysaccharide polymer. 
The composition of the noncellulose polysaccha-
rides varies highly between different plants, cell 
types, and even cell wall layers. Polysaccharides 
in plant cell walls are the most abundant organic 
compounds found in nature and are the most 
important renewable natural resources. They 
constitute up to 90% of the plant cell wall and can 
be divided into three groups – cellulose, hemicel-
lulose, and pectin. 

 In addition to cellulose and hemicellulose, 
pectin is an important component of dicotyledon-
ous plant cell walls. Pectins belong to a class 
of complex, heterogeneous, and multifunctional 
polysaccharides, forming a hydrated cross-linked 
three-dimensional network in the matrix of pri-
mary plant cell walls, and play diverse roles in 
cell physiology, growth, adhesion, and separa-
tion. This interlinked network of pectin and hemi-
cellulose helps adjacent cells to bind each other 
and cushion them. The pectin-rich region of the 
plant cell wall, the middle lamella, acts as a glue 
to hold adjacent cells together.  

   Calcium Ions 

 The calcium ions mainly function as constituents 
of the cell wall, the middle lamella of which con-
sists largely of calcium pectate. The interactions 
between calcium ions and cell walls play a key 
role in plant physiology. Calcium ions are involved 
in many mechanisms, for example, stabilization 
of cell wall structures by cross-linking pectin 
chains, ion exchange properties, and control of the 
activities of wall enzymes. Grant and coworkers 
(    1973 ) have proposed an eggbox type of model 
for calcium coordination in middle lamella, in 
which two helical PolyGalA fragments interact 
with each other via ionic interactions and coordi-
nation of calcium ions between chains. Calcium 
ion binding of pectic components has been found 
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to be a cooperative mechanism as the initial bind-
ing of a few calcium ions is responsible for the 
chains falling into lines, thus facilitating further 
calcium ion  fi xation. Thus, calcium ions connect 
two acidic polysaccharides, that is, cross-linking. 
Thus the so-called “calcium egg boxes” cross-
linking smooth regions in pectin chains play an 
important role for keeping the middle lamella 
together in many non-ligni fi ed plant tissues. It has 
been reported that removal of these calcium 
ions may increase the susceptibility of pectin to 
enzymatic attack (Rihouey et al.  1995 ). Calcium 
chelators such as EDTA and Oxalic Acid have 
reported to be used successfully by Henriksson 
et al. ( 1997 ).  

   Plant Fibers 

 Plant  fi bers are long, narrow, thick-walled, and 
ligni fi ed sclerenchymatous cells, which are dead 
and therefore serve the purely mechanical function 
of giving strength and rigidity to the plant body. 
Plant  fi bers are classi fi ed into three main types 
according to their origin and structure: surface  fi ber, 
which is produced on the surface of stems, leaves, 
etc., for example, cotton ( Gossypium  sp.); hard or 
structural  fi bers, which are supportive and conduc-
tive  fi brovascular bundles, chie fl y found in mono-
cots, for example, Manila hemp ( Musa textilis ); and 
soft or bast  fi bers, formed in groups outside xylem 
in the cortex, phloem, or pericycle, for example, 
Ramie, jute, paper mulberry, and sunn hemp.  

   Bast Fibers 

 Bast  fi ber or skin  fi ber is the  fi ber collected from 
the phloem (the “inner bark” or the skin) or bast 
surrounding the stem of certain, mainly dicotyle-
donic, plants. Most of the technically important 
bast  fi bers are obtained from herbs cultivated in 
agriculture, as, for instance,  fl ax, hemp, or ramie, 
but also bast  fi bers from wild plants, as stinging 
nettle and trees as the lime tree, have been used to 
some extent. Since the valuable  fi bers are located 
in the phloem, they must often be separated from 
the xylem material (woody core) and sometimes 

also from epidermis. The process for this is called 
retting and can be performed by microorganisms 
either on land or in water (Allen  1946 ), or by 
chemicals (for instance high pH and chelating 
agents), or by pectinolytic enzymes. In the 
phloem bast  fi bers occur in bundles that are glued 
together by pectin and calcium ions. More intense 
retting separates the  fi ber bundles into elemen-
tary  fi bers that can be several cm long. The bast 
 fi bers have often higher tensile strength than 
other kinds and are therefore used for textiles, 
ropes, yarn, paper, composites, and burlap. 

 In retting, bast  fi ber bundles are separated 
from the core, the epidermis, and the cuticle. This 
is accomplished by the cleavage of pectins and 
hemicellulose in the  fl ax cell wall, a process 
mainly carried out by the plant pathogens like 
 fi lamentous fungi. The remaining bast  fi bers are 
mainly composed of cellulose and lignin. The 
transgenic  fl ax plants have been generated with 
increased polygalacturonase and rhamnogalactu-
ronase activities through constitutive expression 
of  Aspergillus aculeatus  genes in tissue-cultured 
and  fi eld-grown plants (   Musialak et al.  2008  ) . 
This resulted into a reduction in the pectin content, 
thereby showing a signi fi cantly higher retting 
ef fi ciency of the transgenic plant  fi bers without 
affecting the  fi ber composition.   

   Extraction of Fibers 

   Conventional Process of Fiber 
Extraction 

    The process of extracting  fi ber from non fi brous 
tissue is called retting. Retting is a microbial 
process that breaks the chemical bonds holding 
the stem together and allows separation of the 
bast  fi bers from the woody core. The process of 
retting is being utilized for centuries in traditional 
ways for extracting the  fi ber. There are mainly 
four kinds of retting processes which are (Van 
Sumere  1992 ):
    1.    Dew or  fi eld retting  
    2.    Pool retting  
    3.    Stream retting  
    4.    Water retting     
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   Dew or Field Retting 
 This is the oldest technique as retting of green 
and dried  fl ax was used by the Egyptians thou-
sands of years ago. Under this technique, plant 
stems are cut or pulled up and left in the  fi eld to 
rot by exposure to dew, rain, wind, and sunlight. 
The process is to be monitored closely to ensure 
that the bast  fi bers separate from the inner core 
without much deterioration in quality. Moisture 
is needed for the microbial breakdown to occur 
but then the weather must be dry for bailing. It is 
an inexpensive, mechanized procedure and does 
not use water. But it causes large variations in 
 fi ber quality; coarser and lower quality of  fi ber 
than with water retting, it has limitation to geo-
graphical regions with appropriate temperature 
and moisture, high labor costs, and occupation of 
agricultural land for several weeks.  

   Pool Retting (Blue Ret/Green Ret) 
 This method was also used by ancient Egyptians 
and described by Pliny in 79 A.D. It is one of the 
most rapid natural retting procedures. According 
to this method,  fl ax, tied up as beets, was used to 
be lowered into the pool, weighed down with 
sods to keep it under water, and the microorgan-
isms retted the  fl ax within 1–3 weeks. This 
method was in use until 1920 and produced  fi bers 
with a grayish-blue appearance. So, it is also 
known as blue ret or green ret.  

   Stream Retting (Analogous To Pool 
Retting) 
 In this type of retting,  fl ax was used to be sub-
merged in slow running water, which does not con-
tain as many bacteria as stagnant water. The method 
was used in the Netherlands and Germany. Due to 
the negative side effects, it was abandoned in 
1937–1943. Despite the enormous economic 
bene fi ts, it has disadvantages of river pollution, a 
sour, unpleasant smell, and navigational problems.  

   Water Retting 
 In principle, the method is analogous to stream 
retting, but the stems are retted for 4–7 days depend-
ing on the quality of the plant used in heated tanks 
or pits maintained at 40°C. Warm water retting, 
which can be used all year round, results normally 
in  fi ner  fi bers of better quality than those produced 

by dew retting. Although it produces more uni-
form and high-quality  fi ber, the stench from fer-
mentation by anaerobic bacteria and the resulting 
stench-tainted  fi bers and high labor costs prevent it 
from being used widely today. It has been largely 
abandoned in countries where strict environmental 
regulations exist because of the environmentally 
unacceptable fermentation waste. 

 Thus, the traditional retting process is quite 
tedious which involves treatment of the woody 
raw material under water in submerged condi-
tions over a long period of 15–30 days and which 
also results in inferior quality  fi ber and creates 
problem of water pollution besides concern for 
global warming. So, an alternative method of 
 fi ber extraction is the need of the hour. 

 The bast  fi bers like ramie thus obtained are 
good natural textile material or papermaking raw 
materials but decorticated ramie or other such 
 fi bers contain 20–30% ramie gum, which con-
sists mainly of pectic and hemicelluloses, and 
degumming is necessary to meet textile or other 
industrial requirements (Kashyap et al.  2001 ). 
Therefore, prior to industrial utilization of the 
processed bast  fi bers, removal of heavily coated, 
noncellulosic gummy material from the cellu-
losic part of  fi bers, that is, “degumming” is nec-
essary. In a classical degumming process, the 
heavy coating of gums, waxes and pectin that 
remains on the processed bast  fi bers is removed. 
On an industrial scale, the degumming of bast 
 fi bers is carried out by treating the crude  fi bers 
with dilute lye solutions (12–20% NaOH and 2% 
NaOH in case of ramie and sunn hemp, respec-
tively) containing wetting and reducing agents. 
Following a 24-h soaking period, the  fi bers are 
boiled for 1–4 h, rinsed, neutralized, washed, and 
centrifuged several times. The  fi bers are then 
dried over charcoal  fi re and treated with softeners 
such as gylcerine, wax, and soap to prevent the 
 fi bers from becoming brittle. The cleaned  fi bers 
are further graded and processed. 

 The chemical treatment of  fi bers is believed to 
produce pollution, toxin, and nonbiodegradable 
ef fl uents and causes serious environmental threats 
and biological disturbances, not to mention the 
high consumption of energy. With rising energy 
costs due to scarcity of energy resources and 
deterioration of the environment beyond a toler-
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able level, there is an urgent need to develop 
alternate, environmentally friendly processes for 
degumming and processing of bast  fi bers. Kapoor 
et al. ( 2001 ) have reported a comparative study of 
conventional chemical degumming process and 
enzymatic process of degumming for the bast 
fi bers of ramie and sunn hemp.   

   Enzymatic Retting Process 
for Extraction of Fibers 

 To overcome the handicaps of dew and water ret-
ting, a new method of enzymatic retting or bioret-
ting has been developed. It produces a better 
quality of  fi ber in higher yield and consistent 
quality. Moreover, it is faster than traditional ret-
ting, readily controlled, and produces fewer 
odors. But detailed study is required to make it 
competitive with the traditional methods. 

 Bioretting process, which involves the use of 
pectinase-based enzymes, holds greater promise 
for extraction of  fi ber. In the process of bioret-
ting or enzymatic retting, the microbial enzymes 
produced by the retting agents during dew ret-
ting or in warm water retting are replaced by the 
industrially obtained enzymes mainly pectinases. 
Polygalactu ronase plays a key role in the enzy-
matic retting of  fl ax because a strong correlation 
has been found between the ability to perform 
retting and degradation of sparsely esteri fi ed 
pectin, a substrate of polygalacturonase. An 
extracellular polygalacturonase produced by 
 Rhizopus oryzae , a very potent retting organism, 
has been puri fi ed and characterized. The enzyme 
is reported to be the single active component in 
retting and shown to have non-methylated poly-
galacturonan as its preferred substrate. It was 
further reported that the puri fi ed polygalactu-
ronase (EC 3.2.1.15) belongs to glycosyl hydro-
lase family 28 to which most of the known 
polygalacturonases belong. However, it was 
reported to carry an N-terminal sequence that 
does not occur in other fungal pectinases, but is 
present in a polygalacturonase from the phyto-
pathogenic bacterium, Ralstonia solanacearum, 
a parasite that causes severe damage (brown rot) 
to several plants including potato and ginger. 
(Zhang  2006 ; Henrissat  1991  ) . 

 Pectic substances are ubiquitous in the plant 
kingdom and form the major components of 
middle lamella, a thin layer of adhesive extracel-
lular material found between the primary cell 
walls of adjacent young plant cells. The enzymes 
hydrolyzing these pectic substances are broadly 
known as pectinases and include polygalactu-
ronases, pectin esterases, pectin lyases and 
pectate lyases depending on their mode of 
action. Pectinolysis is one of the most important 
processes for plants as it plays a role in cell 
elongation and growth as well as in fruit ripening. 
Pectolytic enzymes are widespread in nature and 
are produced by bacteria, fungi, yeasts, insects, 
nematodes and protozoa. Microbial pectolysis    is 
important in plant pathogenesis, symbiosis, and 
plant deposits. Thus, by breaking down pectin 
polymer for nutritional purposes, microbial 
pectolytic enzymes play a hugely important role 
in nature (Hoondal et al.  2002 ). Pectinases can 
modify and degrade pectins, a class of heteroge-
neous and multifunctional polysaccharides 
present in middle lamella and primary cell walls 
of plants. Pectins have been shown to play diverse 
roles in cell physiology, growth, adhesion, and 
separation. Pectinases are used technically in the 
processing of  fi ber production and fruit juice or 
wine making. 

   Pectinases 
 Due to the complex structure of pectin, the pectin 
degrading enzymes, pectinases are actually a 
diverse group of enzymes that can modify and 
degrade pectin. Pectinases are classi fi ed into vari-
ous groups as given below:
    (a)    According to their site of cleavage, pectinases 

are classi fi ed as endo or exo (if they cleave 
within or at the end of the substrate chain, 
respectively) on the basis of the mode by 
which they cleave the glycosidic bond; they 
are classi fi ed as hydrolase or lyase and on the 
basis of the substrate (pectin or pectate).  

    (b)    According to the cleavage site, pectinases 
can be further divided into two groups, those 
acting on the main chain (endo- and exopoly-
galacturonase, pectin and pectate lyases, 
pectin and pectate lyases, rhamnogalactur-
onan hydrolases and lyases, pectin methyl 
and acetyl esterases, and rhamnogalacturonan 
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acetyl esterase) and those acting on side chains 
of the pectin hairy regions (arabinofuranosi-
dases, endoarabinanase,  β -galactosidase, 
endogalacta nases, and feruloyl esterases).  

    (c)    Depending on which part of the pectin chain is 
attacked, pectinases are classi fi ed as rham-
nogalacturonase for the rhamnogalacturonic 
segment or polygalacturonase for the smooth 
region. The latter enzyme might be specialized 
on methylated or non-methylated regions, and 
it is probably the most studied pectinase and is 
produced by many organisms.      

   Role of Pectinases in Bioretting Process 
 The biotechnological potential of pectinolytic 
enzymes from microorganisms has drawn a great 
deal of attention from various researchers world-
wide as likely biological catalysts in a variety of 
industrial processes. Alkaline pectinases are 
among the most important industrial enzymes 
and are of great signi fi cance in the current bio-
technological arena with wide ranging applica-
tions in textile processing, degumming of plant 
bast  fi bers, treatment of pectic wastewaters, 
papermaking, and coffee and tea fermentations. 

 The most upcoming application of pectinolytic 
enzymes is their use in the degumming and 
extraction of plant  fi bers such as ramie, sunn 
hemp, jute,  fl ax, and hemp. Polysaccharide-
degrading microorganisms and enzymes such as 
pectinases or a combination of pectinases and 
xylanases could be used to remove the gummy 
material from plant  fi bers. The processing of  fi ber 
is fast and degumming is much more speci fi c. 

 Pectins, which are chemically complex-binding 
substances in plants, hold  fi bers in bundles and the 
bundles between non fi brous tissues in the outer 
region of the stems. While most enzymes for ret-
ting purpose are mixtures of polysaccharidases, 
pectinases are essential for effective retting and 
constitute a large proportion of successful retting 
formulation. Pectinases are believed to play a lead-
ing role in the processing of  fi bers, since 40% of 
dry weight of plant cambium cells is comprised of 
pectin. Pectinases effectively assist in degumming, 
maceration, and retting of jute,  fl ax, hemp, and 
ramie bast  fi bers by degrading the pectin located in 
the middle lamella and primary cell wall. 

 Among these enzymes are hydrolases and 
lyases, represented, respectively, by polygalac-
turonase (EC 3.2.1.15) and pectate lyase (EC 
4.2.2.2.). Retting by hydrolases in particular has 
been reported and is still applied in industrial pro-
cesses. The retting by the hydrolases investigated 
to date proceeds normally either in neutral or acidic 
conditions. Alkaline conditions, on the other hand, 
allow the plant tissues to swell, and the alkali brings 
about degradation of pectic substances by a non-
enzymatic  β -eliminative splitting reaction. Such 
modi fi cations of tissue structures would be expected 
to enhance the substrate accessibility for pectolytic 
enzymes active at high pH. Pectate lyase (PAL) 
excreted by  Erwinia  species has an optimum pH 
for activity in the range of 8.0–9.5 and was shown 
to be of potential use for enzymatic pulping 
(Horikoshi  1990 ; Yoshihara and Kobayashi  1982 ). 

 Commercial cellulases, hemicellulases, pecti-
nases, and other polysaccharidases have been 
applied to  fl ax at various levels and compared to 
traditional retting methods (Sharma  1987  ) . 
Pectinolytic enzymes secreted by soft-rot bacteria 
also cause maceration of woody fabrics that are 
long, strong, and usually stiff. Pectinolytic and 
xylanolytic enzymes help in softening of these 
 fi bers. The combined alkali and enzyme treatment 
improves  fi ber quality (Bajpai  1999 ; Beg et al.  2001 ; 
Kirk and Jeffries  1996 ; Hoondal et al.  2002  ) . 

 There are several essential factors determining 
the ef fi cacy of a potential pectinase producer to 
be used for degumming of plant  fi bers. In addi-
tion to the complete removal of pectic substances 
by the pectinase preparation from the potential 
degumming enzyme-producing strains, there 
should not be any reduction in the tenacity and 
strength of plant  fi bers during enzymatic retting, 
that is, strain should be cellulase negative. The 
pectinase enzyme should be active at neutral or in 
alkaline pH range (7–10).   

   Measurement of Retting Ef fi ciency    

 The Fried test method which is basically used to 
determine the retting degree, is empirical (Dujardin 
 1942 ) and rather subjective in the hands of inex-
perienced operators. Therefore, a modi fi ed version 
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of the Fried test has been suggested to monitor 
the  fi ber separation. This modi fi ed procedure 
partly diminishes the subjective nature of the 
Fried test by introducing a “blind test” with an 
“independent” examiner and a relatively “objec-
tive” measurement.

According to this method, retting ef fi ciency 
can be measured on a scale from 0–6 as explained 
by Zhang 2006. Therefore, the samples are visu-
ally graded on a scale from 0–6 on the basis of 
the degree of  fi ber release and separation from 
the stem twigs.

   “0” The value of “0” indicates negligible ret-
ting implying that  fi bers can’t be released at all.  

  “1” The value of “1” implies that bast  fi bers 
can be separated from 0–10 mm of the 10 cm 
long twigs.  

  “2” shows that  fi bers are released from 
10–25 mm.  

  “3” shows  fi ber release from 25–50 mm.  
  “4” shows  fi ber release from 50–75 mm.  
  “5” implies that more than 75 mm of the  fi ber is 

released, but still connected via at least one point.  
  “6” means that all  fi bers are released totally.    
 To avoid bias, all samples are given random 

numbers and the grading is done by an examiner 
without knowledge of the exact treatment of the 
individual sample.  

   Extraction of Ankra Fiber 

 The enzymatic retting ef fi ciency of the available 
pectinase enzyme sample (Meshzyme) was 
studied using the green stem of ankra plant, and a 
comparison was made with the traditional pro-
cess of water retting. Besides, the effect of recy-
cling of the retting liquor was also studied. 

 The pretreatment methods like acidic pretreat-
ment or the boiling of ankra twigs was also stud-
ied to see their effect on retting ef fi ciency of the 
pectinase enzyme in comparison with the water 
retting of the dried twigs of ankra. 

 The ankra  fi ber was extracted on bench scale 
utilizing the treatment conditions optimized with the 
dried twigs of ankra plant with sample pretreatment. 

 The ankra  fi ber obtained from bench-scale 
operation of the enzymatic retting process was 

used to study its pulping characteristics under 
different conditions. For this, a comparison of the 
pulp quality was made with the pulp obtained 
under similar conditions from the commercially 
available  fi ber of ankra. 

 The banana pulp obtained from APP process 
with 8% NaOH and 2% H 

2
 O 

2
  was used to see the 

effect of its blending n the ankra pulp. 
 The green ankra twigs were used to evaluate 

the  fi ber extraction possibilities using the enzy-
matic retting process and its comparison to the 
conventional process of water retting. It was 
observed that it takes a period of 10–12 days to 
extract the  fi ber from ankra twigs immersed in 
water at ambient temperature. While a period of 
1 day only was suf fi cient in the enzymatic route 
when the fresh retting liquor was used for the  fi rst 
time. But during the recycling of the same retting 
liquor for the second time, it took 2 days, and 
during recycling for the third time, it took 3 days 
for the similar softening of the ankra twigs. The 
 fi ber yield was found to be in the similar range 
for the enzymatically and nonenzymatically 
extracted  fi ber. But the point to be emphasized 
here is that the higher yield in the third case was 
found due to the direct wet harvesting of the  fi ber. 
So, it was found that the recycling is possible 
without any loss in  fi ber yield and that higher 
yield could be obtained when  fi ber is harvested 
immediately under wet conditions (Table  5.2 ).  

 While evaluating the  fi ber extraction possibili-
ties from dried stem of ankra, it was found that 
slightly lower yields could be obtained both 
through the enzymatic and nonenzymatic route 
as compared to the green ankra twigs. Besides, 
the pretreatment of ankra twigs either through 
acid to a pH of 3–4 or through boiling for about 
an hour proved to be bene fi cial because it resulted 
into a better process of the enzymatic retting both 
in terms of  fi ber yield and the ease to extract  fi ber 
from the twigs (Table  5.3 ). It was further observed 
that the addition of EDTA could be omitted by 
the acidic pretreatment step at a pH of 3–4.  

 With the optimized conditions as given in 
Table  5.4 , ankra  fi ber was extracted at the bench 
scale using the dried twigs after a slight hammering 
action. A  fi ber yield of 15% could be obtained. A 
slight lower yield was because among the dried 
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twigs used, there were much of the highly matured 
twigs which could give less  fi ber. So, it was 
observed that the twigs of medium age are best for 
extracting good amount of  fi ber.  

 The ankra  fi ber thus extracted enzymatically on 
bench scale was used further to study its pulping 
characteristics in comparison to that obtained from 
the commercial  fi ber. Both the open hot digestion 

and alkaline pulping process (APP) was used to 
pulp both the types of  fi bers. Pulp yield and black 
liquor properties of the pulps obtained are given in 
Table  5.5 . The physical strength properties of the 
pulps thus obtained are listed in Table  5.6 .   

 The pulp obtained from APP of the enzymati-
cally extracted ankra  fi ber was used to see the 
in fl uence of blending of banana pulp (APP). It 

   Table 5.2    Ankra  fi ber extracted from green stem through water and enzymatic retting   

 Particulars  Water retting 

 Enzymatic retting 

 Fresh retting liquor 
 Retting liquor recycled 
II time 

 Recycled liquor 
III time 

  Incubation time   12 days  1 day  2 days  3 days 
  Fiber yield   26%  27.8% (green  fi ber harvested 

after rewetting) 
 26.97% ( fi ber harvested 
after drying) 

 35% ( fi ber 
harvested wet 
directly) 

  Total solids in retting 
liquor  

 0.54%  0.4%  0.77%  1.82% 

   Table 5.3    Ankra  fi ber extracted from dried stem through enzymatic retting process   

 Particulars 

 A  B  C  D 

 Enzymatic retting 
with EDTA (%) 

 Enzymatic retting with 
pH adjustment and 
without EDTA (%) 

 Boiling then 
enzymatic retting 
with EDTA (%) 

 Boiling then enzymatic 
retting with pH adjustment 
& without EDTA (%) 

  Fiber yield   21  25  18.4  20 
  Total solids    1.1   1.18   1.07   0.94 

   Table 5.4    Optimized treatment conditions for  fi ber 
extraction   

 Parameters  Values 

 Acidic pretreatment  pH of 3–4 for a period 
2–3 h 

 Surfactant  0.1% 
 Enzyme (Meshzyme)  0.5% 
 pH after enzyme addition  5–6 
 Incubation period at ambient 
temp. (i.e., 25°C) 

 2–3 days 

   Table 5.5    Pulp yield and black liquor of ankra pulp from open digestion and APP   

 Particulars 

 Ankra pulp from open 
digestion -6% NaOH 

 Ankra pulp from 
APP- 5 + 3%  Ankra pulp from APP-6 + 3% 

 Commercial 
 fi ber (%) 

 Enzyme-retted 
 fi ber (%) 

 Commercial 
 fi ber (%) 

 Enzyme-retted 
 fi ber (%) 

 Commercial 
Fiber (%) 

 Enzyme-retted 
 fi ber (%) 

 Pulp yield  79  81.5  73  75  76  78 
 Total solids 
in black liquor 

  2.57   1.54   4.81  3.2   4.61   3.6 
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was observed that the ankra pulp has the qualities 
equivalent to that obtained from banana  fi ber and 
its properties could be improved further by blend-
ing banana pulp (Ta   ble  5.7 ).    

   Conclusion 

 The process of enzymatic retting has proved to be 
a very useful process with the following bene fi ts:

   A slightly higher yield of  fi ber through enzy-• 
matic route  
  Reduction in the problem of water pollution  • 
  Reduction in the time required to extract  fi ber • 
conventionally  
  Possibility to use the same enzyme/retting • 
liquor twice or thrice for extracting the  fi ber 
from fresh lots of plant parts used  
  A good quality handmade paper    • 
 The process of bioretting thus developed 

might help in providing a sustainable and consis-
tent supply of natural  fi bers to the handmade 
paper industry besides creating a good employ-
ment potential in the rural areas of the country   .      
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   Introduction 

 Cellulose is one of the most abundant, renewable 
and sustainable source of feedstock, which can be 
utilised for the development of various value-added 
products (   Kuhad and Singh  1993,   2007 ; Kung 

et al.  1997 ; Kuhad et al.  2011 ; Gao et al.  2008  ) . 
The annual production of cellulose has been 
estimated to be approximately 15 × 10 12  t per year 
of the total biomass produced through photosyn-
thesis. Structurally, cellulose is a  fi brous, insoluble 
and a major crystalline polysaccharide constitu-
ent of plant cell walls, composed of repeating 
cellobiose units linked by  b -1,4-glucosidic bonds 
(   Jagtap and Rao  2005 ). 

 In nature, cellulose is used as a food source by 
a wide variety of organisms including fungi, bacte-
ria, plants and protists as well as a wide range of 
invertebrate animals, such as insects, crustaceans, 
annelids, mollusks and nematodes (Watanabe 
and Tokuda  2001 ; Davison and Blaxter  2005 ). 
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  Abstract 

 For a long-range solution to the global issues of energy, chemical and 
food, the most abundant, renewable and sustainable bioresource cellulose 
could be a feasible solution. The depolymerisation of cellulose by a group 
of enzyme cellulases could potentially lead to the development of various 
value-added products. Due to their immense potential, cellulases are 
involved in various industrial and biotechnological applications related to 
pulp and paper, textile, fuel and other organic chemical synthesis indus-
tries. However, to further economise the cellulase production, extensive 
research is being carried out using various approaches including genetic 
manipulation and process engineering. In this chapter, a brief overview of 
cellulases and their potential applications are being discussed.  
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The complete cellulase system includes exo- b -1,
4-glucanases (EC 3.2.1.91), endo- b -1,4-glucanases 
(EC3.2.1.4) and  b -1,4-glucosidase (EC 3.2.1.21) 
(Wilson and Irwin  1999 ). These enzymatic com-
ponents act sequentially in a synergistic system 
to facilitate the breakdown of cellulose and the 
subsequent biological conversion to a utilisable 
energy source, glucose (Beguin and Aubert  1994  ) . 

 Due to their immense potential, cellulases 
have been used in various industrial and technologi-
cal applications. These include use of cellulases 
in deinking of paper waste, paper industry, textile 
industry, biopolishing and biostoning of denim 
jeans, food and feed industry, sugar and oligosac-
charides production, biofuel production and pro-
duction of other value-added commodities. 

 In recent years, fundamental and applied 
researches on cellulase enzyme have not only gen-
erated signi fi cant scienti fi c knowledge but also 
have revealed their enormous potential in bio-
technology, making signi fi cant advances towards 
the production and alteration technology of 
cellulase enzyme using several biotechnological 
approaches. A brief overview about cellulases, 
cellulolytic microbial strain improvement and 
their various biotechnological applications has 
been provided here.  

   Structure of Cellulose 

 Cellulose is a glucan polymer of D-glucopyranose 
units, which are linked together by  b -1,4-glucosidic 
bonds. The cellulose has an average degree of 
polymerisation (DP) of at least 9,000–10,000 and 
possibly as high as 15,000. An average DP of 
10,000 would correspond to a linear chain length 
of approximately 5  m m in wood. An approximate 
molecular weight for cellulose ranges from about 
10,000 to 150,000 Da. Anhydrocello biose is the 
repeating unit of cellulose. Coupling of adjacent 
cellulose chains and sheets of cellulose by hydro-
gen bonds and van der Waals forces results in 
a parallel alignment and a crystalline structure 
with straight, stable supramolecular  fi bres of great 
tensile strength and low accessibility (Demain et al. 
 2005 ; Nishiyama et al.  2003 ; Notley et al.  2004 ; 
Zhang and Lynd  2004 ). The cellulose molecule is 

very stable, with a half-life of 5–8 million years 
for  b -glucosidic bond cleavage at 25°C. There 
are several types of cellulose in wood: crystalline 
and noncrystalline and accessible and non-
accessible. Most wood-derived cellulose is highly 
crystalline and may contain as much as 65% 
crystalline regions. The remaining portion has a 
lower packing density and is referred to as amor-
phous cellulose. Accessible and non-accessible 
refer to the availability of the cellulose to water, 
microorganisms, etc. The surfaces of crystalline 
cellulose are accessible but the rest of the crystal-
line cellulose is non-accessible, whereas most 
of the noncrystalline cellulose is accessible but 
part of the noncrystalline cellulose is so covered 
with both hemicelluloses and lignin that it 
becomes non-accessible. Concepts of accessible 
and non-accessible cellulose are very impor-
tant in moisture sorption, pulping, chemical 
modi fi cation, extractions and interactions with 
microorganisms.  

   Cellulases and Their Mechanism 

 Cellulases are generally de fi ned as enzymes which 
hydrolyse the  b -1, 4 glycosidic bonds within the 
chain that comprise the cellulose polymer. Fungal 
and bacterial cellulases signi fi cantly differ in 
their structure and functions. Fungal cellulases 
are composed of a carbohydrate-binding module 
(CBM) at the C-terminal joined by a short poly-
linker region to the catalytic domain at the 
N-terminal. The CBM is comprised of approxi-
mately 35 amino acid residues, and the linker 
region is a highly glycosylated region unusually 
rich in serine, threonine and proline amino acid 
residues (Divine et al. 1988). This linker region is 
also the site of proteolytic cleavage accomplished 
by several general serine proteases. Broadly, there 
are three types of cellulases:
    1.    Endoglucanase or carboxymethyl cellulase 

(E.C. 3.2.1.4)  
    2.    Exoglucanase or cellobiohydrolase or  fi lter 

paper cellulase (E.C. 3.2.1.91)  
    3.     b -glucosidase or cellobiase (E.C. 3.2.1.21)     

 Unlike noncomplexed fungal cellulase, anaer-
obic bacteria possess complexed cellulase systems, 
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called cellulosomes (Doi and Tamaru  2001 ; Demain 
et al.  2005 ). The functional unit of cellulosome 
is scaffoldin   , which contains cohesins, a cellulose- 
binding domain (CBD) or CBM; a dockerin, 
X modules of unknown function and an S-layer 
homology (SLH) module (Doi and Kosugi  2004 ). 
The cohesins are modules made up of ~150 amino 
acid residues and usually present as tandem repeats 
in scaffoldins. It has been demonstrated that 
the cohesins speci fi cally show the interaction to 
the noncatalytic dockerin modules identi fi ed in 
cellulosomal complex (B´eguin et al. 1990, 1994; 
Ding et al.  2008 ; Fontes and Gilbert  2010 ). While 
dockerins consist of approximately 70 amino 
acids containing two duplicated segments (~22 
amino acid residues). Dockerins are usually present 
in a single copy at the C terminus of cellulosomal 
enzymes. The  fi rst 12 amino acid residues in each 
segment resemble the calcium-binding loop of 
EF-hand motifs (helix-loop-helix motif) in which 
the calcium-binding residues, aspartate or aspar-
agine, are highly conserved (Fontes and Gilbert 
 2010 ). These enzymatic subunits are bound to 
the scaffoldin through the interaction of the 
cohesins and dockerins to form the cellulosomes. 
The arrangement of the modules on the scaffoldin 
subunit and the speci fi city of the cohesin(s) 
and/or dockerin for their modular counterpart 
dictate the overall architecture of the cellulosome. 
This interaction (cohesion- dockerin) is species 
speci fi c, i.e. the dockerins that are found in 
 Clostridium cellulolyticum  cellulosomal enzymes 
do not show interaction with the cohesins that 
are found in  C. thermocellum  and vice versa 
(Pages et al.  1997  ) . Moreover, both cohesins and 
dockerins are highly homologous within the same 
species, and the residues directly involved in 
protein: protein recognition are highly conserved 
within a species. 

   Mechanism of Cellulases 

 As discussed in previous section, the structure 
and function of fungal and bacterial cellulases 
are quite different. The fungal cellulase system 
contains three major enzyme components: endo-
glucanase, cellobiohydrolase and  b -glucosidase. 

The exoglucanase acts on the reducing ends of 
the cellulose chain and release cellobiose as the 
end product; endoglucanase randomly attacks 
the internal o-glycosidic bonds, resulting in glucan 
chains of different lengths; and the  b -glucosidases 
act speci fi cally on the  b -cellobiose disaccharides 
and produce glucose (Beguin and Aubert  1994 ; 
Kuhad et al.  1997,   2010a,   b,   c  )  (Fig.  6.1 ).  

 There is a high degree of synergy between 
cellobiohydrolases (exoglucanases) and endogluca-
nases, which is required for the ef fi cient hydrolysis 
of cellulose (Din et al. 1994; Teeri et al.  1998 ; 
Boraston et al.  2004 ; Gupta et al.  2009  ) . The 
products of endoglucanases and cellobiohydro-
lases, which are cellodextrans and cellobiose, 
respectively, are inhibitory to the enzyme’s activity. 
Thus, ef fi cient cellulose hydrolysis requires the 
presence of  b -glucosidases which cleaves the  fi nal 
glycosidic bonds producing glucose (end product). 
Typically, cellobiose and cellodextrins are taken 
up by the microorganism and internally cleaved 
via cellodextrin phosphorylases or cellobiose 
phosphorylases to create glucose monophosphate, 
which is energetically favoured. Some bacteria 
also produce intra- or extracellular  b -glucosidases 
to cleave cellobiose and cellodextrins and produce 
glucose to be taken up by or assimilated by the 
cell. Mechanism of cellulose degradation by 
aerobic bacteria is similar to that of aerobic fungi, 
but it is clear that anaerobic bacteria operate a 
different system. 

 The major difference between fungal enzymes 
and cellulosomal enzymes is that the fungal 
enzymes usually contain a CBM for guiding the 
catalytic domain to the substrate, whereas the 
cellulosomal enzymes carry a dockerin domain 
that incorporates the enzyme into the cellulosome 
complex. Otherwise, both the free and cellulo-
somal enzymes contain very similar types of 
catalytic domains (Bayer et al.  2004 ). 

 The cellulosomes contain substrate-binding 
sites, which bind the cellulosome tightly to the 
substrate and concentrate the hydrolytic enzymes 
to speci fi c sites (Doi  2008  ) . CBMs play a key role 
in the deconstruction of complex insoluble 
composites exempli fi ed by the plant cell wall. 
Initial studies by Bayer and their colleagues 
 (  1998  )  showed that the CBD contained a planar 



92 R. Gupta et al.

con fi guration that interacted with the cellulose 
and involved the amino acids tryptophan, aspartic 
acid, histidine, tyrosine and arginine in binding 
the scaffoldin protein to cellulose. Upon binding 
to the substrate, the cellulosome complex under-
goes a supramolecular reorganisation so that the 
cellulosomal subunits redistribute to interact with 
the different target substrates. For this purpose, 
the various cellulosomal enzymes include differ-
ent types of CBMs from different families that 
exhibit appropriate speci fi cities that complement 
the action of the parent enzyme (Bayers et al. 
 2004  ) . The presence of a large variety of cellulo-
somal enzymes allows the cellulosome to degrade 
a wide variety of lignocellulosic materials (Maki 
et al.  2009  ) . 

 Mechanistically, the reactions catalysed by 
all cellulases are suggested to involve general 
acid–base catalysis by a carboxylate pair at the 
enzyme active site, though different in structure. 
One residue acts as a general acid and protonates 
the oxygen of the o-glycosidic bond; at the same 

time, the other residue acts as a nucleophile. 
Depending on the distance between the two car-
boxylic groups, either inverting (~10 Å distances) 
or retaining (~5 Å-distances) mechanisms are 
observed in cellulases. Moreover, the involvement 
of multiple enzymes with a wide range of substrate 
speci fi cities enables constant enzymatic actions 
on lignocellulosics.   

   Sources of Cellulases 

 Exploitation of cellulose depends on their ef fi cient 
microbial degradation. A broad spectrum of 
 cellulolytic microorganisms mainly fungi and 
bacteria have been identi fi ed over the years 
(Kuhad and Singh  2007 ). Moreover, the genetic 
material recovered directly from environmental 
samples has also shown the potential to exploit 
the novel cellulases trapped in the genomes of 
unculturable microbes. Different sources of cellu-
lases are brie fl y described in this section. 

  Fig. 6.1    Schematic representation of enzymatic hydrolysis of cellulose       
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   Cellulases from Fungi 

 Fungi are well-known agents of decomposition 
of organic matter in general and of cellulosic sub-
strate in particular; however, it is still unclear 
how broadly and deeply cellulolytic capability 
extends through the fungal world. Cellulase-
producing fungi are widespread among fungi 
and include species from the ascomycetes 
( Trichoderma reesei ), basidiomycetes ( Fomitopsis 
palustris ) and also few anaerobic species 
( Orpinomyces  sp.) (Kuhad et al.  1994 ; Hodrova 
et al.  1998 ; Wyk et al.  2000 ; Srinivasan et al. 
 2001 ; Leite et al.  2008  ) . Few cellulase-producing 
fungi are listed in Table  6.1 .  

 Among fungi, soft rot are the best known 
for producing cellulases, and among them, 
 Trichoderma  has been the best characterised 
(Juhasz et al.  2005 ; Wen et al.  2005 ; Kovacs et al. 
 2008  ) . Other well-known cellulase-producing 
soft rots are  Aspergillus niger, Fusarium oxyspo-
rum, Neurospora crassa,  etc. (Kuhad et al.  1997 ; 
Daroit et al.  2007 ; Gao et al.  2008 ; Sun et al. 
 2008  ) . Besides soft rots, brown rot and white rot 
fungi are also actively involved in the cellulose 
degradation; however, both of these classes of 
fungi degrade wood by distinctly different mech-
anisms (Kuhad et al.  1994  ) . Brown rot fungi 
depolymerise cellulose rapidly during the early 

decay of wood, and one reason may be the lack 
of exoglucanase (Kuhad et al.  1997  ) . However, 
there are also few contrasting reports of exoglu-
canases-producing microbes. Recently, Deswal 
and coworkers  (  2011  )  have reported a brown 
rot fungus     Fomitopsis  sp. RCK 2010 having a 
good amount of all the three enzymes and have 
also shown the hydrolysis ef fi ciency of pretreated 
lignocellulosic substrates. Besides  Fomitopsis  sp., 
other well-known cellulase-producing brown rots 
are  Poria placenta, Lenzites trabea, Coniophora 
puteana  and  Tyromyces palustris . The cellulase-
producing ability in white rots is heterogeneous. 
These microbes are most commonly known for 
lignin degradation. The common examples of 
cellulase-producing white rots are  Phanerochaete 
chrysosporium, Sporotrichum thermophile  and 
 Trametes versicolor . 

 Anaerobic fungi also play a key role in the 
degradation of plant cell wall materials. They 
have the ability to degrade plant cellulose because 
they can produce an array of all the cellulolytic 
enzymes. Anaerobic fungi can only degrade the 
structural polysaccharides but cannot utilise the 
lignin moieties. Among anaerobic fungi, the most 
studied are  Neocallimastix frontalis  (Srinivasan 
et al.  2001  )  , Piromyces  ( Piromonas )  communis  
(Kim et al.  2008  )  , Orpinomyces  sp .  (Hodrova 
et al.  1998  ) , etc.  

   Table 6.1    Cellulase-producing fungi   

 Microorganism  Reference  Microorganism  Reference 

  Acremonium 
cellulolyticus  

 Fang et al.  (  2008  )    Paecilomyces in fl atus   Kluczek-Turpeinen et al. 
 (  2007  )  

  Agaricus arvensis   Jeya et al.  (  2010  )    Penicillium echinulatum   Camassola and Dillon  (  2009  )  
  Aspergillus niger  NIAB 
280 

 Hanif et al.  (  2004  )    Penicillium decumbens   Sun et al.  (  2008  )  

  Aspergillus terreus M11   Gao et al.  (  2008  )    Penicillium brasilianum   Jorgensen and Olsson  (  2006  )  
  Daldinia eschscholzii   Karnchanatat et al.  (  2008  )    Pleurotus ostreatus   Membrillo et al.  (  2008  )  
  Humicola grisea   Mello-De-Sousa et al.  (  2011  )    Phlebia gigantea   Niranjane et al.  (  2007  )  
  Lentinus tigrinus   Lechner and Papinutti  (  2006  )    Piromyces communis   Kim et al.  (  2008  )  
  Melanocarpus  sp.  Kaur et al.  (  2006  )    Sclerotium rolfsii   Ludwig and Haltrich  (  2003  )  
  Monascus purpureus   Daroit et al.  (  2007  )    Scytalidium thermophilum   Kaur et al.  (  2006  )  
  Myceliophthora  sp.  Badhan et al.  (  2007  )    Thermoascus      aurantiacus   Leite et al.  (  2008  )  
  Mucor circinelloides   Saha  (  2004  )    Trichoderma atroviride   Kovacs et al.  (  2008  )  
  Neocallimastix frontalis   Srinivasan et al.  (  2001  )    Trichoderma reesei  RUT 30  Juhasz et al.  (  2005  )  
  Orpinomyces  sp.  Hodrova et al.  (  1998  )  
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   Bacteria 

 Cellulolytic bacteria often produce cellulases in 
small amounts, and degradation of cellulose 
seems to take place by a cluster of multienzyme 
complexes, which are dif fi cult to disrupt without 
the loss of total activity (Kuhad et al.  1997 ; Doi 
 2008  ) . Most of the bacterial cellulolytic enzymes 
are reported from  Bacillus  (Lee et al.  2008 ; Arif fi n 
et al.  2008 ; Rastogi et al.  2010  ) ,  Acinetobacter  
(Ekperigin et al. 2007; Lo et al.  2010  ) , 
 Cellulomonas  (Rajoka and Malik  1997 ; Lo 
et al.  2009  )  and  Clostridium  (Chinn et al.  2008 ; 
Desvanux et al.  2000 ; Dharmagadda et al.  2010  ) . 
Typically, aerobic bacteria play predominant roles 
in natural systems, accounting for 90–95% of 
bacterial cellulose degradation, the remaining 
10% or less is degraded by diverse bacteria under 
anaerobic conditions (Carere et al.  2008  ) . In addi-
tion to these, rumen bacteria have also shown to 
be producers of cellulase enzymes that can 
degrade structural components of cell walls 
(Kuhad et al.  1994  ) . Among these,  Fibrobacter     
 succinogenes  (Bera-Maillet et al.  2009  )  and 
 Ruminococcus albus  (Ohara et al.  2000  )  are most 
extensively studied. Recently, cellulolytic activity 
has been reported from thermophilic bacteria 
 Anoxybacillus  sp. (Liang et al.  2009  ) ,  Bacillus  

sp. (Rastogi et al.  2010  ) ,  Geobacillus  sp. (Rastogi 
et al.  2010  )  and  Bacteroides  sp. (Ponpium et al. 
 2000  ) . The list of few cellulase-producing bacteria 
is shown in Table  6.2 .   

   Metagenomic Cellulolytic Genes 

 In addition to the culturable microbes, several 
metagenomic studies have also been carried out 
for the isolation of cellulase gene from various 
environmental samples (Ferrer et al.  2005 ; Palackal 
et al.  2007 ; Duan et al.  2009 ; Liu et al.  2009 ; 
Shedova et al.  2009 ; Wang et al.  2009  ) . Ferrer 
et al.  (  2005  )  isolated seven new clones encoding 
 b -1, 4-endoglucanase activity from cow rumen. 
Pottkamper et al.  (  2009  )  identi fi ed three novel 
cellulases that can degrade cellulose even in the 
presence of ionic liquids. Duan and coworkers 
 (  2009  )  isolated a novel endoglucanase C67-1, gene 
from buffalo rumen, which is very stable under 
both acidic (up to pH 3.5) and alkaline (up to pH 
10.5) conditions. In another report, an endoglu-
canase Umcel5G, derived from rabbit cecum, 
was isolated which has the property to hydrolyse 
a wide range of substrates (Feng et al.  2007  ) . 
Few studies on isolation of cellulase gene from 
metagenomic approaches are listed in Table  6.3 .    

   Table 6.2    Cellulase-producing bacteria   

 Source  Reference  Source  Reference 

  Acinetobacter junii F6-02   Lo et al.  (  2010  )    Butyrivibrio  fi brisolvens A 
46  

 Hazlewood et al.  (  1990  )  

  Anoxybacillus  sp.  527   Liang et al.  (  2009  )    Cellulomonas ANS-NS2   Lo et al.  (  2009  )  
  Acinetobacter anitratus   Ekperigin  (  2007  )    Cellulomonas biazotea   Rajoka and Malik  (  1997  )  
  Bacillus subtilis   Heck et al.  (  2002  )  

and Kim et al.  (  2009  )  
  Clostridium thermocellum   Chinn et al.  (  2008  )  and 

Dharmagadda et al.  (  2010  )  
  Bacillus subtilis CBTTK 106   Krishna  (  1999  )    Clostridium cellulolyticum   Desvaux et al.  (  2000  )  
  Bacillus pumilus EB3   Arif fi n et al.  (  2008  )    Clostridium acetobutylium   Sabathe et al.  (  2002  )  
  Bacillus amyloliquefaciens 
DL-3  

 Lee et al.  (  2008  )    Clostridium papyrosolvens   Thirumale et al. ( 2001 ) 

  Bacillus licheniformis   Bischoff et al.  (  2006  )    Eubacterium cellulosolvens   Moon and Anderson  (  2001  )  
  Bacillus  sp.  AC-1   Li et al.  (  2008  )    Fibrobacter succinogenes S 

85  
 Bera-Maillet et al.  (  2009  )  

  Bacillus  sp.  DUSELR 13   Rastogi et al.  (  2010  )    Geobacillus  sp.  WSUCF1   Rastogi et al.  (  2010  )  
  Bacillus circulans   Hakamada et al.  (  2002  )    Paenibacillus 

curdlanolyticus  
 Waeonukul et al.  (  2009  )  

  Bacillus  fl exus   Trivedi et al.  (  2011  )    Salinivibrio  sp.  NTU-05   Wang et al.  (  2009  )  
  Bacteroides  sp. P-1   Ponpium et al.  (  2000  )    Ruminococcus albus F-40   Ohara et al.  (  2000  )  
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   Industrial Application of Cellulases 

 Cellulases    have biotechnological potential in 
various industries, including food, brewery and 
wine, industrial waste to chemical feedstock, 
animal feed, textile and laundry, pulp and paper 
and agriculture, as well as in research and develop-
ment of single-cell protein (Poutanen  1997 ; Bhat 
and Bhat  1997 ; Bajpai  1999 ; Bergqvist et al.  2005 ; 
Bamforth  2009 ; Kuhad et al.  2011  ) . 

   Role of Cellulases in Food Industry    

 Cellulases play a prominent role in extraction of 
juice from a wide range of fruits and vegetables 
(Humpf and Schrier  1991 ; Sreenath et al.  1994 ; 
Bhat  2000 ; Bergqvist et al.  2005 ; Kuhad et al. 
 2011  )  (Table  6.4 ). Cellulases are used not only to 
improve the cloud stability and texture of nectars 

and purees but also to decrease their viscosity 
(Grassin and Fauquembergue  1996 ; Bhat  2000 ; 
Hui  2006  ) . Cellulases are also used for food 
colouring agents production and in the extraction 
of olive oil and carotenoids (Grohman and 
Baldwin  1992 ; Faveri et al.  2008 ; Belitz et al. 
 2009  ) . Moreover, cellulase is also used to alter 
the sensory properties of fruits and vegetables, by 
increasing their aroma and volatile characteristics 
(Humpf and Schrier  1991 ; Krammer et al.  1991 ; 
Dauty  1995 ; Bhat  2000 ; Hui  2006  ) .   

   Role of Cellulases in Beer Industry 

 Beer brewing involves malting of the barley in 
a malt house followed by the preparation and 
fermentation of the wort in the brewery. Malting 
depends mainly on germination of seed, which 
initiates the biosynthesis and activation of 

   Table 6.3    List of metagenomic sources of cellulases   

 Cellulase type  Source  Library type  Insert (kb)  Substrate  Reference 

 Endoglucanase  Anaerobic digester  Plasmid  12-Feb  CMC,MUC  Healy et al.  (  1995  )  
 Endoglucanase  Lake sediment   l  phage  10-Feb  CMC  Rees et al.  (  2003  )  

 Endoglucanase  Soil  Cosmid  25–40  CMC  Voget et al.  (  2003  )  
 Endoglucanase  Lake sediment   l  phage  2.0–5.5  CMC  Grant et al.  (  2004  )  

 Endoglucanase  Cow rumen   l  phage  5.5  OBR-HEC  Ferrer et al.  (  2005  )  

  b -glucosidase  Soils from wetland  Fosmid  35  MUC  Kim et al.  (  2007  )  

 Endoglucanase  Rumen  fl uid   l  phage  3  Dye-linked 
azo-xylan 

 Palackal et al.  (  2007  )  

 Endoglucanase/ b -
glucosidase 

 Rabbit cecum  Cosmid  35.1  CMC,MUC, 
EH-FAC 

 Feng et al.  (  2007  )  

 Endoglucanase  Hindgut of
 higher termite 

 Fosmid and 
plasmid 

 –  PASC  Warnecke et al.  (  2007  )  

 Endoglucanase  Soil  Fosmid  –  CMC  Kim et al.  (  2008  )  

 Endoglucanase/ b -
glucosidase 

 Soil, rumen   l  phage  5.3  CMC,MUC, 
EH-FAC 

 Wang et al.  (  2009  )  

 Endoglucanase  Cow rumen  Plasmid  15  CMC  Shedova et al.  (  2009  )  

 Endoglucanase/ b -
glucosidase 

 Compost  Cosmid  33  CMC  Pang et al.  (  2009  )  

 Endoglucanase/ b -
glucosidase/
Cellodextrinase 

 Buffalo rumen  Cosmid  35  CMC,MUC, 
EH-FAC 

 Duan et al.  (  2009  )  

 Endoglucanase  Buffalo rumen  Cosmid  46.1  MUC  Liu et al.  (  2009  )  

  b -glucosidase  Alkaline polluted soil  Plasmid  3.5  EH-FAC  Jiang et al.  (  2009  )  

 Endoglucanase  Aquatic community 
and soil 

 Cosmid  –  CMC  Pottka¨mper et al.  (  2009  )  

  b -glucosidase  Sludge  Cosmid  35  EH-FAC  Jiang et al.  (  2010  )  

 Endoglucanase  Pot soil  Fosmid  40  CMC  Sita  (  2010  )  
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   Table 6.4    Role of cellulases in food biotechnology   

 S. no.  Function  Application  Reference 

 1.  Hydrolysis of cell wall 
components; decreasing the 
viscosity and maintaining the 
texture of fruit juice 

 Improvement in pressing and extraction 
of juice from fruits and oil from olives; releasing 
 fl avour, enzymes, proteins, polysaccharides, 
starch and agar 

 Galante et al.  (  1998  ) , 
Bergqvist et al.  (  2005  ) , and 
Kuhad et al.  (  2011  )  

 2.  Infusion of pectinase and 
glucosidase for easy 
peeling/ fi rming of fruits and 
vegetables 

 Alteration of the sensory properties 
of fruits and vegetables 

 Krammer et al.  (  1991  )  

 3.  Partial or complete hydrolysis 
of cell wall polysaccharides 
and substituted celluloses 

 Improvement in soaking ef fi ciency; homogeneous 
water absorption by cereals; the nutritive quality 
of fermented foods; the rehydrability of dried 
vegetables and soups; the production of oligosac-
charides as functional food ingredients and 
low-calorie food substituents and biomass 
conversion; extract of olive oil, Purees 

 Beguin and Aubert  (  1994  ) , 
Bhat and Bhat  (  1997  ) , Cinar 
 (  2005  ) , and Faveri et al. 
 (  2008  )  

 4.  Hydrolysis of arabinoxylan 
and starch 

 Separation and isolation of starch and gluten 
from wheat  fl our 

 Bhat  (  2000  )  

 5.  Release of antioxidants from 
fruit and vegetable pomace 

 Controlling coronary heart disease and 
atherosclerosis; reducing food spoilage 

 Bhat  (  2000  )  

amylases, carboxypeptidase and cellulases 
which act in synergy under optimal conditions 
to produce high-quality malt. Therefore, the 
addition of cellulases is known to improve not 
only the beer qualities but also their overall 
production ef fi ciency (Galante et al.  1998  ) .  

   Role of Cellulases in Animal 
Feed Industry 

 Cellulases have a wide range of potential appli-
cations in animal feeding (Lewis et al.  1996 ; 
Bhat  2000 ; Knowlaton et al.  2007 ; Pariza and 
Cook  2010  ) . Cellulases are the main class of 
enzymes used in monogastric feed and ruminant 
feed (Graham and Balnave  1995 ; Lewis et al. 
 1996 ; Kung et al.  1997  ) . They can be used either 
to eliminate anti-nutritional factors present in 
raw materials or to degrade certain cereal com-
ponents in order to improve the nutritional value 
of feed.  

   Role of Cellulases in Textile 
and Laundry Industry 

 The cellulases in textile industry are most commonly 
used for biostoning, biopolishing and bio fi nishing 

(Kirk et al.  2002 ; Lima et al.  2005 ; Ibrahima et al. 
 2010  ) . The advantages of using cellulase-based 
biostoning are less labour-intensive, worn look, 
reduce damage, and create the possibility to auto-
mate the process (Galante et al.  1998 ; Pazarlioglu 
et al.  2005  ) . While during biopolishing, the 
cellulases act on small  fi bre ends that protrude 
from the fabric surface, where the mechanical 
action removes these  fi bres and polishes the 
fabrics (Sukumaran et al.  2005  ) . The cellulases 
remove short  fi bres and surface fuzziness, smoothen 
the appearance, remove the soil, improve colour 
brightness and increase hydrophilicity and mois-
ture absorbance (Sukumaran et al.  2005 ;   http://
www.mapsenzymes.wm/enzymes_detergent.asp    ).  

   Role of Cellulases in Pulp and Paper 
Industry 

 Cellulase has been used in the pulp and paper indus-
try for various purposes. The effect of enzymatic 
modi fi cation of coarse mechanical pulp using 
cellulase led to signi fi cant energy saving (Pere 
et al.  1996  ) . Cellulases have also been used for 
the modi fi cation of  fi bre properties to improve 
drainage, beatability and runnability of the paper 
industry (Noe et al.  1986 ; Pommier et al.  1989, 
  1990  ) . The cellulases have also been observed to 

http://www.mapsenzymes.wm/enzymes_detergent.asp
http://www.mapsenzymes.wm/enzymes_detergent.asp
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be the most effective for recycling the waste 
papers from books, magazines and newspaper 
which could have value addition via deinking 
and reuse of  fi bre either in manufacturing of 
newspaper or ethanol production (Kuhad et al. 
 2010a,   b,   c  ) . The main advantage of enzymatic 
deinking is the avoidance of the use of alkali. 
Deinking, using enzymes at acidic pH, also 
prevents the alkaline yellowing, simpli fi es the 
deinking process, changes the ink particle size 
distribution and reduces the environmental pollu-
tion (Kirk et al.  2002 ; Kuhad et al.  2010a,   b,   c ; 
Liu et al.  2010  ) . In addition, the enzymatic deinking 
improves the  fi bre brightness, strength properties, 
pulp freeness and cleanliness as well as reduces 
 fi ne particles in the pulp (Liu et al.  2009 ; Kuhad 
et al.  2010a,   b,   c  ) .  

   Role of Cellulases in Agriculture 
Industry 

 Many cellulolytic fungi such as  Trichoderma  sp., 
 Geocladium  sp.,  Chaetomium  sp. and  Penicillium  
sp. are known to facilitate enhanced seed germi-
nation, rapid plant growth and  fl owering and 
increased crop yields (Bailey and Lumsden  1998 ; 
Harman and Bjorkman  1998 ; Bhat  2000 ; Fontaine 
et al.  2004 ; Wei et al.  2009  ) .  b -1,3-glucanase 
from  T. harzianum  CECT 2413 induced morpho-
logical changes such as hyphal tip swelling, leakage 
of cytoplasm and the formation of numerous 
septae and inhibited the growth of  Rhizopus solani  
and  Fusarium  sp. (Benitez et al.  1998  ) . Besides, 
they are also capable of degrading the cell wall of 
plant pathogens and controlling the plant disease. 
Cellulase is also used to improve soil quality and 
reduce dependence on mineral fertilisers (Escobar 
and Hue  2008 ; Han and He  2010  ) .  

   Role of Cellulases in R&D Industries 

 Cellulases and related enzymes can also be used 
as potential tools for generating new strains 
capable of producing high levels of enzymes of 
commercial interest. Mixture of cellulases and 
other enzymes results in the solubilisation of 

fungal or plant cell wall to produce protoplast 
(Beguin and Aubert  1994  ) . Cellulose-binding 
domains (CBD) of cellulases, which function 
normally when fused to heterologous proteins, 
have been successfully used either as an af fi nity 
tag for the puri fi cation of proteins or immo-
bilisation of fusion proteins (Assouline et al. 
 1993 ; Greenwood et al.  1992 ; Tomme et al. 
 1995 ). Similarly, using the scaffoldin CBD of the 
 C. thermocellum  cellulosome, a novel af fi nity 
column was prepared for the puri fi cation of anti-
bodies (Bayer et al.  1995  ) .  

   Role of Cellulases in Biofuel Industry 

 A potential application of cellulases is the conver-
sion of cellulosic material to glucose and other 
fermentable sugars, which in turn can be, used as 
microbial substrate for the production of single-
cell protein or fermentation products like ethanol 
(Sukumaran et al.  2005 ; Kuhad et al.  2010a,   b,   c  ) . 
Production of ethanol from renewable resources 
via fermentation represents an important process 
for production of alternative fuels (Sukumaran 
et al.  2005 ; Kuhad et al.  2010a,   b,   c,   2011  ) . 
Ethanol has a unique combination of attributes 
including low life-cycle greenhouse gas emis-
sions, a high level of sustainability, and seamless 
integration into the existing transport system 
with potential to have a large-scale impact (Ward 
and Singh  2002 ; Gupta et al.  2009 ; Kuhad et al. 
 2010a,   b,   c  ) .  

   Cellulase in Pharmaceutical Industries 

 Since humans poorly digest cellulose  fi bre, taking 
a digestive enzyme product, like digestin, that 
contains cellulase enzymes could be important 
for healthy cells. Fungal hemicellulase and cel-
lulase enzyme system helps in rapid hydrolysis 
of cellulose, hemicellulose and beta-glucan 
polymers in food. The gummy substances take up 
a lot of water and swell up to about ten times, 
thus hindering the action of enzymes on other 
biomolecules (  http:/www.expresspharmaonline.
com/20041028/biochemicals01.html    ).   

http://http:/www.expresspharmaonline.com/20041028/biochemicals01.html
http://http:/www.expresspharmaonline.com/20041028/biochemicals01.html
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   Strategies for Cellulase Improvement 

 The use of cellulases for various applications 
demands their cost-effective production. Therefore, 
to improve cellulases titer and their ratios, various 
approaches like mutagenesis, genetic engineering 
and protein engineering have been used. 

 Mutation is one of the most commonly used 
approaches for the cellulase improvement (Durand 
et al.  1988 ; Anwar et al.  1996 ; Chand et al.  2005 ; 
Adsul et al.  2007  ) . There are several reports where 
mutagenised strains have shown better properties 
over their parent strain. Chand et al.  (  2005  )  gave 
ETBr and 1-methyl −3-nitro-1-nitrosoguanidine 
treatment to  A. niger,  and the resultant strain 
 A. niger  CMV5-A10 exhibited twofold enhanced 
cellulase production. Similarly Adsul et al.  (  2007  )  
increased the cellulase production twofold from 
EMS and UV-mutated  P. janthinellum  NCIM 
1171. Though mutagenesis has improved the 
cellulase quality, but the instability of mutants 
due to reversion remains a big hurdle. 

 Moreover, cloning and expression of both 
bacterial and fungal cellulase genes in various 
hosts have also been attempted to improve the 
cellulase production (Kataeva et al.  1999 ; Abdeev 
et al.  2003 ; Park et al.  2005 ; Hong et al.  2009 ; 
Mekoo et al.  2010  )  (Table  6.5 ). Cloning of cellu-
lases (endoglucanase and cellobiohydrolase) from 
 Clostridium  has been reported by several workers 
(Shima et al.  1989 ; Wang et al.  1993  ) . A hyperther-
mophile cellulase from  Pyrococcus horikoshii  

was successfully cloned and overexpressed in 
the  B. brevis  host vector system and enhanced the 
cellulase production by 20-fold (Kashima and 
Udaka  2004  ) . Similarly, Park and coworkers 
 (  2005  )  have cloned a thermostable exoglucanase 
gene from  Streptomyces  sp. M23 in  S. lividans  
TK-24 which was stable up to 100°C. In another 
report, Li et al.  (  2008  )  cloned a thermostable 
endoglucanase gene from  B. subtilis  in  E. coli  
successfully with threefold increase in activity. 
   While recently a novel, acid-tolerant endogluca-
nase from  Martelella mediterranea  a marine 
bacterium cloned and expressed in  E. coli  with 
unchanged properties (T   able  6.6 ).   

 Similar to bacterial cellulases, cloning of fungal 
cellulases and expression in appropriate host 
have also been carried out since long (Table  6.5 ). 
Hamada and Hirohashi  (  2000  )  successfully 
cloned and characterised the exocellulase gene 
from white rot fungus  Irpex lacteus  using northern 
hybridisation. Haakana et al.  (  2004  )  cloned three 
genes (two endoglucanase and one CBH) from 
 Melanocarpus albomyces  and expressed in  T. reesei  
under the control of the  T. reesei  CBHI promoter 
increasing the production level several times. 
While Hong et al.  (  2007  )  reported cloning of 
thermostable  b -glucosidase from  T. aurantiacus  
and expressed the  b -glucosidase gene in  Pichia 
pastoris  and as a result, they developed recombi-
nant yeast strain able to utilise cellobiose as a 
carbon source. Further, to improve the  b -glucosi-
dase yield and total cellulase activity of  T. reesei , 

   Table 6.5    Applications of plant cell-wall-degrading enzymes and cellulolytic microorganisms in research and 
development as well as in agriculture   

 S. no.  Function  Application  Reference 

 1.  Solubilisation of plant 
or fungal cell walls 

 Production of plant or fungal protoplasts, 
hybrid and mutant strains 

 Beguin and Aubert  (  1994  )  

 2.  Inhibition of spore germina-
tion, germ tube elongation 
and fungal growth 

 Biocontrol of plant pathogens and diseases  Lorito et al.  (  1994  ) , Benitez et al. 
 (  1998  ) , and Harman and Kubicek 
(1998) 

 3.  Af fi nity tag, af fi nity 
systems, conjugation 
and gene fusion 

 Af fi nity puri fi cation, immobilisation and 
fusion of proteins, enzymes and antibodies; 
production of hybrid molecules for various 
applications 

 Bayer et al.  (  1995  )  

 4.  Exogenous cellulase 
accelerated decomposition 
of cellulose in soil 

 Soil fertility, plant growth  Han and He  (  2010  )  
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extracellular  b -glucosidase was overexpressed 
under the control of the modi fi ed four-copy CBHI 
promoter (Zhang et al.  2010  ) . 

 In addition to genetic engineering strategies, 
protein-engineering approaches have also been used 
to improve cellulase quality. Escover-Kousen et al. 
 (  2004  )  observed 40% increase in cellulase activity 
on amorphous cellulose or soluble cellulose 

using integration of computer modelling and 
site-directed mutagenesis. Moreover, by com-
bining 2 CBDs, one from  T. reesei  and other 
from  C. stercorarium,  Mahadeven et al.  (  2008  )  
increased the activity by 14–18 folds. Recently, 
Scott et al.  (  2010  )  modi fi ed the linker peptides 
of cellulase to reduce its binding to lignin for 
enhanced cellulose hydrolysis.  

   Table 6.6    List of some recombinant cellulase-producing microorganisms   

 Microorganisms  Type 
 Cloning/expression 
vector  Cloning host  Reference 

  A. Bacteria  
  Pectobacterium 
chrysanthemi  

 Glycosyl hydrolase  pBluescript II SK +   E. coli   Cho et al.  (  2002  )  

  Sinorhizobium meliloti   CMCase  pUC 18, pet 22b   E. coli   Michaud et al.  (  2002  )  
  Clostridium thermocellum   Endoglucanase  E35S-L-lic B   Tobacco   Abdeev et al.  (  2003  )  
  Bacillus licheniformis   Endoglucanase  pBluescript SK(+)   E. coli   Liu et al.  (  2004  )  
  Xylella fastidiosa   Endoglucanase  pet 20(b)   E. coli   Wulff et al.  (  2006  )  
  Pseudomonas DY 3   –  pGEMT   E. coli   Zeng et al.  (  2006  )  
  Cytophaga hutchinsonii   Endoglucanase  pGEM/pet 28 a   E. coli XLB- Gold   Louime et al.  (  2007  )  
  Bacillus subtilis   Endocellulase  pGEMT/pet 28 a   E. coli   Li et al.  (  2008  )  
  Myxobacter  sp.  AL-1   Cellobiohydrolase  pCR-Blunt II-TOPO   E. coli   Ramírez et al.  (  2008  )  
  Bacillus subtilis   Cel L 15, Cel L73  pet 28 a   E. coli   Li et al.  (  2009  )  
  Caldicellulosiruptor 
saccharolyticus  

  b -glucosidase  pet 28 a   E. coli ER 2566   Hong et al.  (  2009  )  

  Martelella mediterranea   Endoglucanase  pUC 18/pGEX-6p-1   E. coli   Dong et al.  (  2010  )  
  B. Fungi  
  Thermoascus aurantiacus   CBH   l gt10 vector   S. cerevisiae   Hong et al.  (  2003  )  

     Aspergillus aculeatus   Cellobiohydrolase   A. oryzae   Kanamasa et al. ( 2003 ) 
  Thermobi fi da fusca   Endoglucanase  pIJ699   S. lividans   Posta et al.  (  2004  )  
  Melanocarpus albomyces   Endoglucanase  pALK1231   T. reesei   Haakana et al.  (  2004  )  
  Talaromyces emersonii    b -glucosidase  lGEM-11   E. coli   Collins et al.  (  2007  )  

  Penicillium chrysogenum   CBH  pGEM-T vector   E. coli   HOU et al.  (  2007  )  
  Thermoascus aurantiacus    b -glucosidase  pPICZ a vector   P. pastoris   Hong et al.  (  2007  )  

  Irpex lacteus   Cellobiohydrolase  pUC119/PT7-Blue   E. coli   Toda et al. ( 2008 ) 
  Rhizopus stolonifer   CMCase  –   E. coli   Tang et al.  (  2009  )  
  Chaetomium thermophilum   Cellobiohydrolase  –   P. pastoris   Li et al.  (  2008  )  
  Penicillium  sp.  Endoglucanase  pJAL721   A. oryzae   Krogh et al.  (  2009  )  
  Neocallimastix  sp.  pCT/pTRW10   Lactococcus lactis   Ozkose et al.  (  2009  )  
  Penicillium echinulatum   Endoglucanase  pPIC9   P. pastoris   Rubini et al.  (  2009  )  
  Oenococcus oeni   Phosphoglucosidase  pet 14 b   E. coli   Capaldo et al.  (  2011  )  
  Penicillium decumbens   Endoglucanase  pMD18-T/ pAJ401   S. cerevisiae   Xiao- Min et al. 

( 2010 ) 
  Trichoderma reesei   CBH,  pMI519   Ashbya gossypii   Ribeiro et al.  (  2010  )  
  Trichoderma reesei    b -glucosidase, CBH  pMD18-T   T. reesei   Zhang et al.  (  2010  )  

  Penicillium occitanis   CBH   pMOSblue T-vector    Penicillium 
occitanis  

 Bhiri et al.  (  2010  )  
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   Conclusion 

 In a world with a rapidly increasing population 
and approaching exhaustion of many natural 
resources, enzyme technology offers a great 
potential for many industries to help meet the chal-
lenges they will face in years to come. As outlined 
above, cellulases are used in several different 
industrial products and processes, and new areas 
of application are constantly being added. The 
use of recombinant gene technology has further 
improved manufacturing processes and enabled 
the commercialisation of enzymes that could 
previously not be produced. Furthermore, the latest 
developments within modern biotechnology, intro-
ducing protein engineering and directed evolu-
tion, have further revolutionised the development 
of industrial enzymes, which are opening new 
avenues for utilisation of various agrowastes as a 
source of renewable resources and could solve 
the problem of waste management as well.      
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   Introduction    

 Recent years have seen a great increase in indus-
trial applications of pectinases owing to their 
signi fi cant biotechnological potential. Pectinases 
are a heterogenous group of related enzymes 
that hydrolyse the pectic substances present in 
the plant cell wall (Whitaker  1990  ) . In nature, a 
wide variety of microorganisms, e.g. bacteria, 
yeasts, actinomycetes and  fi lamentous fungi have 

been reported to produce pectinases (Kapoor 
et al.  2001 ; Hoondal et al.  2002 ; Kuhad et al. 
 2004 ; Jayani et al.  2005 ; Torres et al.  2006 ; 
Gupta et al.  2008 ;    Murad and Azzaz  2011 ; 
Maleki et al.  2011  ) . The pectinases have been 
used more commonly in the extraction and 
clari fi cation of fruit juices and in wine produc-
tion (Ribiero et al.  2010 ; Prathyusha and 
Suneetha  2011 ; Sandri et al.  2011  ) , while they 
are also of great signi fi cance in other industrial 
applications as well, such as textile processing, 
degumming and retting of plant  fi bres, paper 
making and coffee and tea fermentations 
(Kashyap et al.  2001 ; Hoondal et al.  2002 ; Jayani 
et al.  2005 ; Aggarwal et al.  2008  ) . At present there 
are several companies worldwide for producing 
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commercial pectinases to be used in various 
industrial applications (Table  7.1 ).   

   Pectic Substances: Substrate 
of Pectinase 

 Pectic substances are glycosidic macromolecules 
of high molecular weight, which form the largest 
component of the middle lamella of higher plants 
(Alkorta et al.  1998 ; Kashyap et al.  2001 ; Jayani 
et al.  2005 ; Almeida et al.  2005 ; Pedrolli et al. 
 2009  ) , accounting approximately 0.1–3.0% of 
the fresh weight of plants (Table  7.2 ). Chemically, 
they are a complex colloidal acidic polysaccha-
rides composed of galacturonic acid residues 
linked by  a -1,4-glycosidic bonds (Fig.  7.1 ), 
partially esteri fi ed by methyl ester and partially 
or completely neutralised by one or more basic 
ions such as sodium, potassium or ammonium 
(Limberg et al.  2000 ; Kuhad et al.  2004  ) .   

 American Chemical Society classi fi ed pectic 
substances into four main types as follows 
(Alkorta et al.  1998  ) :
    Protopectin : It is the water-insoluble pectic sub-
stance present in intact plant tissue. Protopectin 
on restricted hydrolysis yields pectin or pectic 
acids.  
   Pectic acid : It is the soluble polymer of galac-
turonans that contains negligible amount of 
methoxyl groups. Normal or acid salts of pectic 
acid are called pectates.  
   Pectinic acids : It is the polygalacturonan chain 
that contains up to 75% methylated galacturonate 
units. Normal or acid salts of pectinic acid are 
referred to as pectinates.  
   Pectin  ( polymethylgalacturonate ): It is poly-
meric material in which, at least, 75% of the 
carboxyl groups of the galacturonate units are 
esteri fi ed with methanol. It confers rigidity on 
cell wall when it is bound to cellulose in the 
cell wall.     

   Table 7.1    Some 
commercial pectinases   

 Supplier  Location  Brand name 

 C.H. Boehringer Sohn  Ingelheim, Germany  Panzym 
 Ciba-Geigy, A.G.  Basel, Switzerland  Ultrazyme 
 Kikkoman Shoyu, Co.  Tokyo, Japan  Sclase 
 Schweizerische Ferment, A.G.  Basel, Switzerland  Pectinex 
 Wallerstein, Co.  Des Plaines, USA  Klerzyme 
 Rohm, GmbH  Darmstadt, Germany  Pectinol, Rohament 
 Grinsteelvaeket  Aarthus, Denmark  Pectolase 
 Societe Rapidase, S.A  Seclin, France  Rapidase 
 Clarizyme Wallerstein, Co.  Des Plaines, USA  Klerzyme 
 Biocon Pvt. Ltd.  Bangalore, India  Pectinase 
 Novozyme  Denmark  Pectinex Mash 
 Lyven  France  Ly Peclyve PR 
 Danisco  Denmark  MaxLiq 
 AB Enzymes  Finland  Rohapect® MA Plus 

   Table 7.2    Composition 
of pectin in different fruits 
and vegetables (fresh 
weight)   

 Fruit  Pectic substance (%)  Fruit  Pectic substance (%) 

 Apple  0.5–1.6  Blackcurrant  0.8–1.1 
 Banana  0.7–1.2  Cranberry  0.8–1.2 
 Peaches  0.1–0.9  Grape  0.1–0.5 
 Strawberries  0.6–0.7  Lemon  1.8–2.2 
 Cherries  0.2–0.5  Carrot  1.2–1.5 
 Peas  0.9–1.4  Mango  0.3–0.5 
 Apricot  0.8–1.0  Pineapple  0.04–0.1 
 Oranges  0.5–3.5  Plum  0.7–0.9 
 Citrus peel  25–30  Raspberry  0.4–0.6 
 Blackberry  0.7–0.9 
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   Pectinolytic Enzymes 

 Pectic substances are ubiquitous in the plant 
kingdom, and their ef fi cient utilisation could 
enhance the economic competitiveness of bio-
conversion processes intended to compete with 
conventional industrial processes (Kapoor et al. 
 2001 ; Kapoor and Kuhad  2002  ) . Therefore, 
nowadays a signi fi cant interest in the degrada-
tion of pectic substances with pectinases has 
been generated. Pectinases based on their mode 
of action (Fig.  7.2 ) can be divided into three 
broad groups: 

    (a)     Protopectinases : Protopectinases or pectinosi-
nases (PPase) are the enzymes that catalyse the 
solubilisation of protopectin to produce highly 
polymerised soluble pectin (Brinton et al. 
 1927  ) . On the basis of their reaction mecha-
nism, protopectinases are classi fi ed into two 
types, i.e. A type and B type. A type protopec-
tinase reacts with the inner site, i.e. the polyga-
lacturonic acid region of protopectin, whereas 
the B type protopectinase reacts on the outer 
site, i.e. on the polysaccharide chains that may 
connect the polygalacturonic acid chain and 
cell wall constituents (Sakai et al.  1993  ) .  

  Fig. 7.1    Primary structure of pectic substances (Rexova-Benkova and Markovic  1976  )        

COOR

O

O

a

b

c

OOH

OH COOR

OH

O

OH

O HO

COOR

OH

O

OH

OH

OH

HO
O

OH

OH

PMG/PG

COOCH3

O

O

OH

OH

O

PE OH

OH O

O
COOCH3

COOH

O

O

OOH

OH COOH

OH

OH

O

O

PL/PGL

COOR

O

O

OOH

OH COOR

OH

O

OH

O HO

COOR

OH

O

OH

OH

OH

O

OH

OH

COOR

  Fig. 7.2    Different types of pectinases and their mode of 
action on pectic substances ( a ) R=H for PG and CH 

3
  for 

PMGL ( b ) PE and ( c ) R=H for PGL and CH 
3
  for PL. The 

 arrow  indicates the place where the pectinases reacts with 

pectic substances.  PMGl  polymethylgalacturonate lyase, 
 PG  polygalacturonase,  PE  pectinesterase,  PL  pectin lyase 
(Pedrolli et al.  2009  )        

 

 



110 A. Sharma et al.

    (b)     Depolymerising enzymes  which break  a -1, 4, 
linkages in the principal pectin chain such as:

    (i)     Polygalacturonase : Polygalacturonases 
(PGases) are the pectinolytic enzymes that 
catalyse the hydrolytic cleavage of the 
polygalacturonic acid chain with the intro-
duction of water across the oxygen bridge. 
The PGases involved in the hydrolysis of 
pectic substances are of two types, i.e. 
endo-polygalacturonases and exo-polyga-
lacturonases. Endo-PG also known as 
poly(1,4- a -D-galacturonide) glycanohy-
drolase catalyses random hydrolysis of 
 a –1,4-glycosidic linkages in the pectic 
acid, while exo-PG also known as poly(1,4-
 a -D-galacturonide) galacturonohydrolases 
catalyses hydrolysis in a sequential fashion 
of  a -1,4-lycosidic linkages on pectic acid 
(Kashyap et al.  2001  ) .  

   (ii)     Polymethylgalacturonases : Polymethyl-
galacturonases (PMGL) catalyses the 
hydrolytic cleavage of  a -1,4-glycosidic 
bonds in pectin backbone, preferentially 
highly esteri fi ed pectin-forming 6-methyl-
D-galacturonate (Jayani et al.  2005 ; Pedrolli 
et al.  2009  ) .  

   (iii)     Lyases : Lyases or transeliminases are 
the enzymes that perform non-hydrolytic 
breakdown of pectates or pectinates by a 
transeliminative split of the pectic polymer 
(Sakai et al.  1993 ; Kashyap et al.  2001 ; 
Jayani et al.  2005 ; Pedrolli et al.  2009  ) . 
They are classi fi ed as endo-pectate transe-
liminase (pectate lyase, PGL) and endo-
pectin transeliminase (pectin lyase, PL). 
Pectate lyase cleaves glycosidic linkages 
preferentially on polygalacturonic acid 
forming unsaturated product through 
transelimination reaction. Pectate lyases 
are classi fi ed as endo-PGL that acts towards 
substrate in a random way and exo-PGL 
that catalyse the substrate cleavage from 
nonreducing end. Pectin lyase (PL) cataly-
ses the random cleavage of pectin, prefer-
entially high-esteri fi ed pectin, producing 
unsaturated methyloligogalacturonates 
through transelimination of glycosidic 
linkages      

    (c)     Demethoxylating  enzymes such as  pectinest-
erase : Pectinesterase (PE) often referred to as 
pectin methylesterase, pectase, pectin meth-
oxylase, pectin demethoxylase and pectoli-
pase is a carboxylic acid esterase and belongs 
to the hydrolase group of enzymes (Whitaker 
 1990  ) . It catalyses the de-esteri fi cation of 
methyl ester linkages of galacturonan back-
bone of pectic substances to release acidic 
pectins and methanol (Cosgrove  1997 ; 
Kashyap et al.  2001 ; Malvessi and Silveira 
 2004 ; Jayani et al.  2005 ; Pedrolli et al.  2009  ) .     

 The action of polygalacturonase, pectin 
methyl esterase and pectin lyase leads to exten-
sive degradation of middle lamella and cell 
wall pectin, and this property of pectinases 
makes them useful in various industrial applica-
tions (Ribiero et al.  2010  ) .  

   Properties of Pectinases 

 During the last few decades, pectinases from 
various microorganisms have been studied 
extensively for their use in various industries. 
Various properties of pectinases, viz .  molecular 
weight, pH and temperature optima and stability 
have been summarised in Table  7.3 .   

   Applications of Pectinases 

 Acidic pectinases are mainly used for the 
extraction and clari fi cation of fruit juices and 
wines. Alkaline pectinases are employed for the 
processing and degumming of plant  fi bres, in 
paper making, etc. (Gupta et al.  2008  ) . Some of 
the industrial applications of pectinases have 
been discussed as follows: 

   Fruit Juice Industries 

 The juices from a wide variety of fruits such as 
apple, pear, plum, mango, banana, grape, apricot, 
orange, guava, papaya, strawberry, raspberry 
and blackberry can be extracted to produce 
natural beverages. However, the most important 
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   Table 7.3    Characterisation of some microbial pectinases   

 Pectinase producer  Nature 
 Molecular 
weight (kDa)  pI 

 Optimum 
temperature (°C) 

 Optimum 
pH  References 

  P. italicum   PMGL  22  8.6  40  6.0–7.0  Alana et al.  (  1990  )  
  B. macerans   PGL  35  10.3  60  9.0  Miyazaki  (  1991  )  
  A. japonicas   PMGL  –  7.7  55  6.0  Dinnella et al.  (  1994  )  
  A. carbonarius   Endo-PG  61 (PG I)  –  55  4.0  Devi and Rao  (  1996  )  

 42 (PG II)  –  50  4.1 
 47 (PG III)  –  55  4.3 

  Pythium splendens   PMGL  23  8.0  –  8.0  Chen et al.  (  1998  )  
  Bacillus  sp .   PGL  38  –  69  11.0  Singh et al.  (  1999  )  
  Bacillus  sp. KSM-P7  PGL(Pel 7)  33  10.5  60–65  10.5  Kobayashi et al.  (  1999  )  
  S. cerevisiae   Endo-PG  39  –  45  5.5  Ganivors et al.  (  2000  )  
  Bacillus  sp. DT7  PL  106  –  60  8.0  Kashyap et al.  (  2000  )  
  A. japonicas   PE  46(PE I)  3.8  –  4.0–5.5  Hasunuma et al.  (  2003  )  

 47(PE II)  3.8  –  4.0–5.5 
  A. japonicas   Endo-PG  38 (PG I)  5.6  30  4.0–5.5  Semenova et al.  (  2003  )  

 Endo-PG  38 (PG II)  3.3  30  4.0–5.5 
  A. Japonicas   PL  50  3.8  40–50  4.5–5.5  Semenova et al.  (  2003  )  
  A. japonicas   Pectin 

esterase I 
 46  3.8  40–50  4.5–5.5  Semenova et al.  (  2003  )  

 Pectin 
esterase II 

 47  3.8  40–50  4.5–5.5 

  Mucor  fl avus   Endo-PGL  40  8.3  45  3.5–5.5  Gadre et al.  (  2003  )  
     F. moniliforme   PGL  –  –  –  8.5  Dixit et al.  (  2004  )  
  A. kawachii   Endo-PG  60  –  37  4.0  Esquvel and Voget  (  2004  )  
  R. oryzae   Endo-PG  31  –  45  4.5  Saito et al.  (  2004  )  
  B. macerans   PGL  –  –  63–67  8.0–8.5  Morozova et al .   (  2006  )  
  B. pumilus   PGL  37.3  8.5  70  8.5  Klug-Santner et al.  (  2006  )  
  B. subtilis   PGL(Pel C)  42  7.8  65  10.0  Soriano et al.  (  2006  )  
  A.  fl avus   –  –  50  8.0  Yadav et al.  (  2008  )  
  Streptomyces lydicus   Exo-PG  43  50  6  Jacob et al.  (  2008  )  
  A. giganteus   Exo-PG  –  –  55  6.0  Pedrolli et al.  (  2008  )  
  A. giganteus   PL  –  –  50  8.5  Pedrolli et al.  (  2008  )  
  P. citrinum   PL  31  –  50  6.5  Rasheedha Banu et al.  (  2010  )  
  B. pumilus   PL  25  –  60  6  Nadaroglu et al.  (  2010  )  
  B. subtilis  RCK  Exo-PG  54  9.1  60  10.5  Gupta et al.  (  2008  )  
  A. niger  URM4645  Endo-PG  –  –  50  5   Maciel et al.  (  2011  )  

 PL  50  5 
 Exo-PG  40  7 

characteristic affecting the extraction of juice is 
the fruit cell wall, which is a complex structure 
of interwoven polymers composed of bundles of 
crystalline cellulose micro fi bres embedded in an 
aqueous gel of hemicellulose and pectin (Alkorta 
et al.  1998  ) . 

 As a result, application of pectinases, cellu-
lases and hemicellulases (collectively called 
macerating enzymes) has been observed useful in 

the extraction and clari fi cation of fruit and vege-
table juices (Kaur and Satyanarayana  2004 ; 
Unejo and Pastore  2007 ; Ribiero et al.  2010 ; 
Prathyusha and Suneetha  2011  ) . Pectinases 
degrade pectin and other high molecular weight 
components in the cell wall, resulting in increased 
juice yield and decreased viscosity, thus giving 
a crystalline appearance to the  fi nal product 
with reduction in  fi ltration time up to 50% 
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(Sandri et al.  2011 ; Maleki et al.  2011  ) . Figure  7.3  
depicts various steps of fruit juice processing 
with pectinases, which are as follows:  

   A. Peeling 
 Peeling is the  fi rst step in the processing of fruits 
and vegetables for juice extraction. Conventional 
methods of peeling (chemical, mechanical, steam 
and freeze peeling) cause high peeling losses and 
damage the  fl esh, affecting the quality of the fruit. 
Enzymatic peeling is thus suggested a more 
recent alternative (Pagan et al.  2006  ) . The main 
advantages of enzymatic peeling are good quality 
of the  fi nal product, as well as reduced heat treat-
ment and industrial waste. 

 It is an advantageous fact that the process 
does not require extensively harsh treatments 
(high temperatures), and as a result, the peeled 
fruits retain their structural integrity and fresh 
fruit properties. Pectin, cellulose and hemicel-
lulose are the polysaccharides responsible for 
the adherence of the peel to the fruit. Therefore, 
treating the fruit with the corresponding 
enzymes provides the peeling of the fruit. 
Toker and Bayindirli  (  2003  )  used commercial 
enzymes (concentrated enzyme with pectinase, 
hemicellulase and cellulase activities) for 

enzymatic peeling of apricots, nectarines and 
peaches (stone fruits) and observed that enzy-
matic peeling was successful at moderately 
high temperatures concluding that the enzymatic 
peeling could thus be an alternative to mechanical 
or chemical peeling of stone fruits. Similarly, 
Pagan and co-workers  (  2006  )  optimised the 
conditions of temperature and concentration of 
the enzymatic preparation (polygalacturonases, 
hemicellulases and arabinases) for peeling of 
oranges and concluded that by treating the fruit 
with pectinase concentration of 5.0 ml/30 g 
peel for 28 min at 40.4°C produced the maxi-
mum weight loss, indicating a good peeling 
ef fi ciency. In yet another report, Pretel and 
group  (  2007a,   b  )  observed that peeling of dif-
ferent varieties of orange can be achieved with 
pectinases at 40°C.  

   B. Enzymatic Maceration 
 In the process of extracting juice, pectinases can 
be used to obtain a higher yield of sugar and 
soluble solids, resulting in a higher juice yield 
(Ribiero et al.  2010  ) . In the production of white 
grape and red grape juice, pectinases have an 
important role in depectinisation to increase 
juice yield with the highest extraction of the 

Washing

Peeling

Enzymatic maceration

Pectinase

Pectinase

Pressing Residual solids 

Initial extract Enzymatic maceration

Depectinization and clarification

Filtration

Clear stable juice

Pectinase

Fruit

a

b

c

  Fig. 7.3    Figure illustrating various steps in enzymatic processing of fruit juice       
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pigment that is naturally present in the grape. In 
general, more than 95% of the soluble solids 
from the fruit can be extracted by enzymatic 
treatment that would otherwise cause haze. By 
reducing fruit mash viscosity and improving 
solid/liquid separation, pectinases also increase 
colour extraction and juice volume (Rashmi 
et al.  2008  ) . Moreover, the enzymatic macera-
tion also results in subtle but generally bene fi cial 
changes in fruit juice  fl avour. Demir and co-
workers  (  2001  )  observed that pectinase treat-
ment of carrot puree decreased its viscosity from 
90 to 6.5 poise, while the dry matter content and 
the total yield were found to be increased due to 
polysaccharide degradation. In the production 
of white grape and red grape juice, pectinases 
have an important role in depectinisation to 
increase juice yield. Signi fi cant improvements 
were obtained  in the extraction, colour intensity 
and stability of wine treated with the recombi-
nant yeast strains expressing pectate lyase and 
polygalacturonase genes by Louw and group 
 (  2006  ) . Dzogbe fi a and Djokoto  (  2006  )  treated 
200 g of papaya mash with different doses of the 
pectic enzyme extract and observed a rapid 
increase in  fl ow rate of the free-run juice. 
Interestingly, Oliviera and co-authors  (  2006  )  
observed that apple juice processing by enzy-
matic liquefaction yielded 83.5% sugars with 
16.5% of pomace, while processing by pressing 
resulted in a yield of 64.5% sugars with 35.5% 
of pomace, thereby demonstrating that the enzy-
matic liquefaction process presents practical 
advantage over the process of extraction by 
pressing by minimising the production of pom-
ace, the main factor that accounts for the high 
water retention in the conventional extraction 
systems, thereby providing a clean technology 
for apple juice processing. In another report, 
Lieu and Le  (  2010  )  observed that enzymatic 
treatment after sonication treatment of grape 
mash increased extraction yield by 7.3% and 
shortened the treatment time four times. 
Similarly, there are also several reports on the 
enhanced recovery and clari fi cation of juices 
from dates, peach, plum, apricot and pineapple 
(Abbes et al.  2011 ; Joshi et al.  2011 ; Tran and 
Lee  2011  ) .  

   C. Clari fi cation 
 One of the major problems encountered in the 
preparation of fruit juices and wine is the cloudi-
ness which is primarily due to the presence of 
pectins. Several authors have successfully used 
pectinolytic enzymes for clari fi cation of fruit 
juices and wine. Singh and Gupta  (  2003  )  clari fi ed 
apple juice using pectinolytic enzyme and gelatin. 
Lee and co-workers  (  2006  )  optimised conditions 
for enzymatic clari fi cation of banana juice and 
achieved better clarity (decreased viscosity 
and turbidity) in the enzyme-treated juice. Sin and 
group  (  2006  )  used pectinase enzyme for 
clari fi cation of sapodilla juice and recommended 
0.1% enzyme concentration at 40°C for 120 min 
optimum for ef fi cient clari fi cation. In another 
report, Rai and co-workers  (  2007  )  studied the 
effect of various pretreatment methods on the 
clari fi cation of mosambi juice and observed that 
maximum permeate  fl ux during ultra fi ltration was 
observed with enzymatic treatment followed by 
adsorption using bentonite. Similarly, Kareem 
and Adebowale  (  2007  )  clari fi ed orange juice using 
crude fungal pectinase and obtained 51% reduc-
tion in the viscosity of the treated juice with a 
yield of 97% compared to the 73% yield in the 
untreated juice. Liew Abdullah and group  (  2007  )  
established the optimum conditions for the enzy-
matic treatment of carambola fruit juice and 
reported that 0.1% enzyme concentration at 30°C 
for 20 min gave the highest clarity of the juice 
compared to the control. Cheirslip and Umsakul 
 (  2008  )  achieved fourfold higher clarity in the 
enzyme-treated banana wine compared with the 
control. Pinelo and co-authors  (  2010  )  concluded 
that pectin contributes to turbidity development 
during cold storage of cherry juice. Thus, the use 
of pectinases will help in increasing clarity of 
cherry juice. Vijayanand and group  (  2010  )  opti-
mised clari fi cation of litchi pulp with different 
doses of pectinase. The enzyme facilitated removal 
of insoluble solids and increased juice extraction. 
Nakkeeran and co-authors  (  2011  )  used polygalac-
turonase produced from  Aspergillus carbonarius  
for the extraction and clari fi cation of apple juice 
and achieved better yields and clarity (decreased 
viscosity) in enzymatically treated juice than the 
untreated juice. While, Yuan and  co-workers 
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 (  2011  )  showed that the addition of endo-PG 1 
from  Penicillium  sp. CGMCC 1669 and a com-
mercial pectate lyase increased the ef fi ciency of 
juice clari fi cation reducing the intrinsic viscosity 
of apple juice by 33.1% (Yuan et al.  2011  ) . In 
another report, Diaz and group  (  2011  )  used exo-
polygalacturonase for clari fi cation of grape must 
and achieved decrease in turbidity by 97.5%. A 
signi fi cant improvement in colour and clarity 
scores of plum, peach, pear and apricot juices was 
achieved using pectinase from  A. niger  (Joshi 
et al.  2011  ) . Sandri and co-workers  (  2011  )  used 
fungal pectinases for clari fi cation of apple, butia 
palm fruit, blueberry and grape juices and obtained 
greater clari fi cation in enzyme-treated juice than 
in untreated juice.   

   Degumming of Plant Fibre 

 The removal of heavily coated, noncellulosic 
gummy material from the cellulosic part of plant 
 fi bres is called degumming and is necessary 
prior to the utilisation of  fi bres for textile mak-
ing (Said et al .   1991  ) . In a classical degumming 
process, this gum is removed by treatment of 
decorticated  fi bres with hot alkaline solution 
with or without application of pressure (Cao 
et al.  1992  ) . In addition to the high consumption 
of energy, this process also results in serious 
environmental pollution. Biotechnological 
degumming using pectinases presents an ecof-
riendly and economic alternative to the conven-
tional chemical process (Jayani et al.  2005  ) . The 
use of pectinases in industrial processes is usu-
ally linked to a reduced consumption of energy 
as well as chemicals and thus bene fi cial for the 
environment (Demarche et al.  2011  ) . Several 
authors have successfully used pectinolytic 
enzymes for degumming of plant  fi bres. Sharma 
and Satyanarayana  (  2006  )  applied pectinase 
produced from  B. pumilus  dcsr1 for treatment of 
ramie  fi bres and observed that the enzyme selec-
tively degraded only the noncellulosic gummy 
material of the  fi bre, making the enzyme choice 
for degumming process. Jacob and co-workers 
 (  2008  )  treated handstripped sun-dried  fi bres 
with crude pectinase obtained from   Streptomyces 

lydicus  and observed that the  fi bre cells were 
intact in the control, while the cells were sepa-
rated in the enzyme-treated sample when 
observed under scanning electron microscope. 
Sharma and group  (  2011  )  used pectinase from 
 Pseudozyma  sp. for degumming of  fl ax  fi bres 
and achieved 4471 ± 19.5  m g g −1  dry  fi bre galac-
turonic acid with maximum weight loss of 
11 ± 1.2% after 12 h of incubation. 

 A combined microbial and enzymatic process 
can also be used to reduce the consumption of 
energy and chemicals and achieve a better 
degumming (Deshpande and Gurucharanam 
 1985  ) . Kapoor and co-workers  (  2001  )  observed 
that neither of the two treatments (chemical and 
enzymatic) alone is suf fi cient for an ef fi cient 
degumming process. When chemically treated 
 fi bres were subsequently treated with polygalac-
turonase from  Bacillus  sp. MG-cp-2, a complete 
removal of gummy material was observed in 
ramie and sunn hemp  fi bre. The reason to this 
effect may be that when the  fi bre was treated 
with chemical, it would have caused greater 
porosity, softness, swelling and separation of the 
 fi bre, thus rendering it more accessible to enzy-
matic attack. Similarly, Kashyap and co-authors 
 (  2001  )  used combined (chemical and enzymatic) 
treatment to degum buel bast  fi bres and observed 
that the chemically treated buel  fi bres when sub-
sequently treated with optimised (400 U/ml) 
doses of crude pectinase resulted in the release 
of maximum amount of galacturonic acid 
(575  m mol/g dry  fi bres) and a decrease in dry 
weight (43%) of the  fi bres. Basu and group 
 (  2009  )  also used combined degumming (enzy-
matic and chemical) process with  B. pumilus  
strain DKS1 to degum ramie bast  fi bres on a 
large scale (400 kg) and achieved more than 
20.81% increase of single  fi bre tenacity.  

   Retting of Plant Fibres 

 Retting is a fermentation process in which certain 
bacteria and fungi decompose the pectin of the 
bark and release  fi bre to be used for linen making 
in textile industry. Commercially, retting is done 
by one of the two basic forms (anaerobic retting 
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and dew retting). Anaerobic retting or water 
retting is achieved by submerging straw sheaves 
in water pits, in concrete tanks or in running 
freshwater. However, the process produces envi-
ronmentally unacceptable fermentation waste 
(Sharma and Van Sumere  1992  )  and was therefore 
discontinued in western countries. While in dew 
retting (an aerobic process), plant straw is thinly 
spread on the ground and exposed to the action of 
the fungi and aerobic bacteria for 2–10 weeks. 
However, there are also several major disadvan-
tages of dew retting such as dependence on geo-
graphical regions, coarser and lower-quality  fi bre, 
less consistency in  fi bre characteristics and occu-
pation of agricultural  fi elds for several weeks 
(Van Sumere  1992  ) . Dew retting further results in 
a heavily contaminated  fi bre that is particularly 
disadvantageous in cotton textile mills. Enzyme 
retting was thus evaluated as a replacement for 
traditional microbial retting methods. Enzymatic 
retting is faster, readily controlled and produces 
fewer odours. Van Sumere and Sharma  (  1991  )  
evaluated Flaxzyme, a commercial enzyme mix-
ture from Novo Nordisk (Denmark) which con-
sists of pectinases, hemicellulases and cellulases, 
at a concentration of 3 g/l for enzyme retting and 
produced  fi bre  fi neness, strength, colour and 
waxiness comparable to the best water-retted  fi bre. 
Akin and co-workers  (  2001  )  used Viscozyme L, a 
pectinase-rich commercial enzyme product, and 
ethylenediaminetetraacetic acid (EDTA) for 
treating Ariane  fi bre  fl ax and North Dakota seed 
 fl ax straw residue and produced the best test 
yarns. Evans and group  (  2002  )  compared enzyme 
retting of  fl ax  fi bres with the water-retted  fi bre 
and achieved 62% increase in enzyme-retted  fi bre 
yield, while  fi bre strength did not differ between 
the two treatments. Akin and co-authors  (  2007  )  
optimised enzyme retting of  fl ax with pectate 
lyase and observed that enzymatic treatment at 
for 1 h at 55°C followed by treatment with EDTA 
for 24 h provided the best  fi bres. Saleem and co-
workers  (  2008  )  observed that treating bast  fi bres 
with pectinases also improves mechanical char-
acteristics of reinforced polypropylene in terms 
of decreased tensile strength and reduced cross-
sectional area. Alix et al.  (  2012  )  compared 
mechanical properties of pectate lyase treated 

green  fl ax  fi bres with dew-retted  fi bres and 
observed improvement in the properties of 
enzyme-treated  fi bres. Thus, apart from being 
environment-friendly, enzymatic method also 
improves the properties of the retted  fi bre.  

   Bioscouring of Cotton Fibres 

 Pectinases have been used in conjunction with 
amylases, lipases, cellulases and hemicellulases 
to remove sizing agents from cotton in a safe 
and ecofriendly manner, replacing toxic caustic 
soda used for the purpose earlier (Hoondal et al. 
 2002 ; Sawada and Ueda  2001  ) . An additional 
asset of this process is that besides being energy 
conservative and more environmental friendly, 
pectinolytic enzymes do not affect the cellulose 
backbone, thus drastically limiting  fi bre dam-
age. Klug-Santner and co-workers  (  2006  )  
reported up to 80% of pectin removal from 
the outer layer of cotton by a puri fi ed endo-pectate 
lyase from  B. pumilus   BK2. Wang and 
co-authors  (  2007  )  optimised bioscouring con-
dition of cotton-knitted fabrics with an alkaline 
pectinase from  B. subtilis  WSHB04-02 by using 
response surface methodology and achieved a 
desired pectin removal percentage companied 
with adequate wettability. In another report, 
Aggarwal and group  (  2008  )  employed cutinase 
and pectinase for cotton bioscouring and 
reported that the treatment is effective in the 
degradation of cotton waxes and pectin, allow-
ing the design and introduction of a competitive 
innovative enzymatic scouring process. Hebeish 
and co-workers  (  2009  )  investigated conditions 
for effective bioscouring of cotton-based fabrics 
and observed that the bioscoured substrates 
exhibit fabrics performances comparable to the 
conventional alkali scouring. Recently, Abdel-
Halim and co-authors  (  2010  )  carried out bio-
scouring of cotton fabrics with combinations of 
different pectinase preparations and different 
surfactants followed by emulsi fi cation posttreat-
ment and achieved higher hydrophilicity along 
with smooth and clear  fi bre surface in the treated 
 fi bre when visualised under scanning electron 
microscopy.  
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   Paper Making 

 Pectinases depolymerise polymers of galacturonic 
acids, subsequently reducing the cationic demand 
of pectin solutions and the  fi ltrate resulting from 
the peroxide bleaching, thereby solving retention 
problems in pulp bleaching (   Reid and Ricard 
 2000 ; Viikari et al.  2001  ) . During paper making, 
it has also been found that bleached pulp contains 
a substantial amount of undesired pectins. By 
incorporating pectinase in the bleached or alkali-
treated pulp, such harmful pectins in the aqueous 
phase of the pulp are degraded. Ahlawat and 
co-workers  (  2007  )  investigated the suitability of 
pectinase produced from  B. subtilis  SS in pulp 
bleaching for paper making and showed an 
increase in brightness (4.3%), whiteness (14.8%) 
and  fl orescence (65.3%) and reduction in kappa 
number (15%), permanganate number (6.1%) 
and chemical oxygen demand in the treated pulp. 
In another study, the enzymatic prebleaching of 
kraft pulp with xylano-pectinolytic enzymes from 
the same bacterial isolate resulted in 25% reduc-
tion in active chlorine consumption in subsequent 
bleaching stages without any decrease in bright-
ness along with improvement in pulp properties 
(Kaur et al.  2010 ).  

   Extraction of Vegetable Oils 

 Canola, coconut, sun fl ower seed, palm and olive 
oil are traditionally produced by extraction with 
organic solvents, most commonly hexane that is a 
potential carcinogen. Addition of cell wall 
degrading enzymes also improves the oil quality 
in terms of increased phenolic compounds with 
high antioxidant activities (Vierhuis et al.  2001  ) . 
Cell wall degrading ability of pectinolytic 
enzymes also allows their use for vegetable oil 
extraction in aqueous process (Kashyap et al. 
 2001  ) . The mild conditions during the process 
ensure the stability of the extracted components, 
resulting in better oil quality in terms of oxidative 
stability parameters. As the process takes place in 
water, degumming of the extracted oil is unnec-
essary since the phospholipids are retained in the 

residual solid phase (Latif et al.  2008  ) . Moreau 
and co-workers  (  2004  )  achieved corn oil yields of 
about 35% using commercial pectinase as against 
27% in hexane-extracted sample, while the 
chemical composition of oil obtained by both 
the treatments was similar. Latif and group  (  2008  )  
concluded that an aqueous enzyme-assisted 
extraction process for canola oil has the potential 
to be an environment-friendly alternative to sol-
vent extraction and has the added bene fi t that it 
can simultaneously recover high-quality protein 
for human consumption.  

   Functional Foods 

 Pectin and pectic polysaccharides are emerg-
ing as bioactive food ingredients. Grapefruit 
pectin used industrially as a stabiliser and as a 
supplement to baby food improves nutrition 
and physical development of children. These 
oligogalacturonides and their breakdown prod-
ucts by pectinolytic enzymes are classi fi ed as 
‘probiotics’ because they are not hydrolysed in 
the upper gastrointestinal tract and can be used 
as health promoters in human and animal nutri-
tion, stimulating selective growth of species of 
resident bacteria in the intestinal lap (Lang and 
Dornenburg  2000  ) .  

   Coffee and Tea Fermentation 

 Fermentation of tea and coffee with pectinases 
accelerates the fermentation process. Enzymatic 
treatment removes mucilagenous coat from cof-
fee beans and destroys the foam-forming prop-
erty of instant tea powders by destroying pectins, 
thus improving the quality of the  fi nal product 
(Jayani et al .   2005 ; Pedrolli et al.  2009  ) . According 
to Angayarkanni and co-workers  (  2002  ) , adding 
pectinases in association with cellulases and 
hemicellulases to the tea-leaf fermenting bath 
raises the tea quality index by 5%. Masaud and 
Jespersen  (  2006  )  concluded that pectinolytic 
enzymes of yeast are involved in the degradation 
of pectin during coffee fermentation.  
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   Improvement in the Extraction 
of Cassava Starch 

 Cassava pulp, the solid residue produced after 
extraction of starch, contains a signi fi cant pro-
portion of starch granules (68%, dry basis) and 
 fi bre (27%, dry basis). The high  fi bre content 
probably reduces the extraction of remaining 
starch keeping the beads together and stuck in a 
 fi brous network. This network can be disrupted 
by enzymatic methods, based on the application 
of a mixture of pectinases and cellulases that 
destroy the structural integrity of the matrix 
responsible for trapping of beads, exposing and 
releasing the starch (Sriroth et al .   2000  ) .  

   Improvement in Antioxidant Property 
of Juices 

 Treatment with pectinases also increase the phe-
nolic and antioxidant content of fruit juices whose 
potential bene fi ts for human health have been rec-
ognised in recent years. The addition of commer-
cial pectolytic enzymes is a common practice in 
winemaking to increase phenolic content of wines, 
especially anthocyanins. These enzymes may also 
improve the stability, taste and structure of red 
wines, because not only anthocyanins are released 
from the skins but also tannins bound to cell walls 
may be extracted because of enzymatic action. 
Landbo and Meyer  (  2004  )  reported that the yield, 
anthocyanin level, level of total phenolics as well 
as clarity of black currant juice were improved by 
using pectinolytic enzymes. Similarly, Kelebek 
and co-workers  (  2007  )  observed that the wines 
produced by pectinase treatment were higher in 
total phenolics, tannins and colour intensity and 
concluded that the increase in colour intensity 
may be due to an increase in polymeric anthocya-
nin content and/or due to co-pigmentation effects 
caused by the enhanced extraction of other pheno-
lic fractions by pectinase treatment. In another 
report, Markowski and co-authors  (  2009  )  applied 
two commercial pectinolytic enzymes in apple 
juice processing and found an increase in the con-
tent of phenolic compounds. Armada and co-
workers  (  2010  )  observed that the wines obtained 

from the enzymatic maceration showed highest 
content of varietal compounds and other desirable 
compounds such as ethyl esters or phenylethyl 
acetate.   

   Cloning of Pectinase Genes 

 In the light of economic bene fi ts and biotechno-
logical applications of pectinolytic enzymes, 
screening and designing of new pectinases with 
higher ef fi ciency and speci fi city via genetic 
manipulations has become a major focus of 
researchers. Use of recombinant DNA technol-
ogy facilitates the economic production of large 
quantities of pure pectinases and the engineering 
of tailor-made enzymes for speci fi c applications. 
Many microbial pectinase genes have been cloned 
over the past years and still the research is focused 
in this area. A few of them have been listed in 
Table  7.4 .  

 The advantages of use of recombinant DNA 
technology in pectinase production are listed as 
follows:
    (a)     Increased Yield of Enzyme : There are several 

reports where mutagenesis and protoplast 
fusion had shown signi fi cant improvement in 
the yield of pectinase production. Cao and co-
workers  (  1992  )  identi fi ed two mutants of 
alkalophilic  Bacillus  sp. NTT33 resistant to 
catabolic repression, producing polygalactu-
ronase activities up to 82.4% higher than wild 
type. Po16, a  P. occitanis  mutant presented 
improved cellulase and pectinase production 
as compared to wild type strain (Jain et al. 
 1990  ) . A prototrophic hybrid was developed 
after protoplast fusion of auxotrophic mutants 
of  Aspergillus  sp. CH-Y-1043 and  A.  fl aviceps  
ATCC 16795, which showed 15-fold increase 
in endo-PGase production than the wild strain 
of  Aspergillus  sp. Similarly, interspeci fi c pro-
toplast fusion of  A. niger  and  A. carbonaria  
resulted in hybrids with higher production 
of both endo- and exo-pectinases (sixfold 
higher than the wild type strain) and improved 
growth on SSF with wheat bran as a sole 
source of nutrients (Kavitha and Kumar  2000  ) . 
Antier and group  (  1993  )  isolated pectinase 
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hyperproducing UV mutants of  A. niger  by 
looking for a deoxyglucose resistance phe-
notype. Sieiro and co-workers  (  2003  )  
reported that the recombinant endopolyga-
lacturonase produced by heterologous 
expression of the  Saccharomyces  PGU1 
gene in  Schizosaccharomyces pombe  had 
higher Km value, thermostability and pH 
stability than native enzyme and was more 
ef fi cient in reducing the viscosity of polyga-
lacturonic acid.  

    (b)     Production of Pure Enzymes : Large varieties 
of industrial applications of the pectinases 
require action of a single pectic enzyme of 
high purity or that of several enzymes in the 
appropriate proportions (Ceci and Lozano 
 1998  ) . Accordingly, it would be of consider-
able use to produce the different pectic enzyme 
individually, and in large quantities, so that 
they can be mixed as required. Pure pectin 
lyases are suitable for reducing viscosity of 
cloud stable fruit juices rather than conven-
tional enzymes which contain interfering 
enzyme activities such as pectinesterase, which 
leads to production of methanol. Using the 
pure enzyme avoids this problem. In certain 
instances the use of enzymes becomes feasible 
only when they are pure like in production of 
low esters pectins using pure pectinesterase. 

 Single component retting enzyme, endopoly-
galacturonase such as one from  Rhizopus 
oryzae , has been used effectively by Zhang 
and co-workers  (  2005  )  for retting  fl ex  fi bres.  

    (c)     Evolutionary Links : On the basis of cloning of 
polygalacturonase genes and other proteomic 
tools, Schiott and co-workers  (  2010  )  sug-
gested that the pectinolytic enzymes from 
fungal symbionts of  Acromyrmex echinatior  
leaf-cutting ants represent secondarily evolved 
adaptations that are convergent to those nor-
mally found in phytopathogens.      

   Conclusion 

 There are a number of industrial processes to 
which pectinases can be applied to improve the 
quality and yield of  fi nal products. Thus, it is 

important to investigate the production conditions 
and physicochemical characteristics of new 
pectinolytic enzymes for speci fi c industrial 
process. Screening a large number of microor-
ganisms for high active enzymes combined with 
protein engineering, direct evolution and metag-
enome approaches can lead to more ef fi cient and 
stable enzymes. Moreover, research on the develop-
ment of novel bioreactors to carry out ef fi cient 
hydrolysis of pectic substrates by pectinases has 
not received much attention. In order to develop 
novel bioreactors, an understanding of the stability 
characteristics of pectinases is required. This 
poses a challenging task for protein and biochem-
ical engineers. In the near future, biochemical 
techniques and innovative experiments in cellular 
and molecular biology could offer real break-
through in pectinase research.      
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   Introduction 

 The constant increase in the utilisation of energy 
in transport and industrial sectors has led to an 
ever increasing pressure on the availability and 
cost of existing fossil fuels system. Also, increase 
in general awareness of environmental issues 
such as global warming and consequences of 
greenhouse gas (GHG) emissions, and continu-
ous depletion of fossil fuel reserves have further 
initiated exploration of alternative resources of 
energy. Several agencies are looking upon biofu-
els, the environment-friendly alternative energy 
carriers to the petrochemical-based transporta-
tion fuels. 
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  Abstract 

 Escalating globalisation, high demand for energy, increasing greenhouse 
gas emissions and depleting fossil fuel reserves have necessitated the 
search for alternative and sustainable energy carriers such as biofuels. 
Worldwide, the laboratories are engaged in extensive research for the 
development of different biofuels such as bioethanol, biodiesel, biohydro-
gen, biogas and advanced bioalcohols. This chapter provides an overview 
of bioprocessing of various types of biofuels.  
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 Biofuel, any fuel made from organic matter 
resulting from agriculture or forestry, is a multi-
ple objective sustainable resource, promising to 
substitute fossil fuels with energy from agricul-
tural sources while providing a range of other 
bene fi ts (Lovett    et al.  2011 ). Currently, several 
types of biofuels, viz. bioethanol, biodiesel, bio-
hydrogen, biomethane, biomethanol, biopropanol 
and biobutanol, are under consideration as poten-
tial alternative to fossil fuels. 

 Earlier, the main feedstocks for biofuels were 
food crops ( fi rst-generation biomass); however, 
the complete dependence of  fi rst-generation bio-
fuels on food crops has caused food vs. fuel com-
petition. However, shifting the dependence on 
secondary agriculture biomass has shown poten-
tial to be used as a feedstock for the production of 
biofuels, which otherwise would be treated as 
waste. Thus, biofuels can also help to reduce 
waste as well as providing a source of fuel. As 
second-generation biofuels technologies advance, 
it will become a preferable source of energy to 
both  fi rst-generation biofuels and fossil fuels, 
because of its wide range of bene fi ts (Table  8.1 ). 
Second-generation biofuels does not depend on a 
particular feedstock and does not require highly 

fertile land for agriculture. As biofuels begin to 
enjoy growing acceptance around the world and 
in international markets, they could lower down 
the problems of energy supply as well as GHG 
emissions.   

   Bioethanol 

 Bioethanol is the most widely accepted biofuel to 
be used as an alternative to the gasoline. Currently, 
the major producers of ethanol are Brazil and the 
United States, where it is produced from sugar-
cane juice and corn grain, respectively. In India, 
ethanol is mainly produced from sugarcane 
molasses. 

 The bioconversion of secondary agricultural 
biomass to ethanol consists of two main pro-
cesses: hydrolysis of lignocellulosic carbohy-
drate to fermentable reducing sugars and 
fermentation of the sugars to ethanol (Fig.  8.1 ). 
The hydrolysis of biomass is usually catalysed 
by cellulase, and the fermentation is carried out 
by yeasts or bacteria. The main factors that 
affects cellulose hydrolysis are porosity, crystal-
linity, and lignin and hemicellulose content 

   Table 8.1    Bene fi ts of biofuels   

 Economic impacts  Sustainability 
 Fuel diversity 
 Increased number of rural manufacturing jobs 
 Increased income  
 Increased investments in plant and equipment 
 Agricultural development 
 International competitiveness 
 Reducing the dependency on imported petroleum 

 Environmental impacts  Greenhouse gas reductions 
 Reducing of air pollution 
 Biodegradability 
 Higher combustion ef fi ciency 
 Improved land and water use 
 Carbon sequestration 

 Energy security  Domestic targets 
 Supply reliability 
 Reducing use of fossil fuels 
 Ready availability 
 Domestic distribution 
 Renewability 
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(Margeot et al.  2009 ; Alvira et al.  2010 ; Kuhad 
et al.  2011  ) . The presence of lignin and hemicel-
lulose in lignocellulosic materials reduces the 
hydrolysis ef fi ciency (Himmel et al.  2007 ). 
Pretreatment of lignocellulosic biomass before 
hydrolysis can signi fi cantly improve the hydro-
lysis ef fi ciency by removal of lignin and hemi-
cellulose, reduction of cellulose crystallinity and 
increase in porosity (Mosier et al.  2005 ; Kumar 
et al.  2009 ; Kuhad et al.  2011  ) . Pretreatment can 
be carried out in different ways such as mechani-
cal comminuting, steam explosion, ammonia 
 fi bre explosion, and acid or alkaline and biologi-
cal pretreatments (Gupta et al.  2009,   2011 ; 
Kumar et al.  2009 ; Kuhad et al.  2010a  ) .  

 Enzymatic hydrolysis of cellulose by cellu-
lases is highly speci fi c, and the major product of 
the hydrolysis is glucose. The utility cost of 
enzymes is lower than acid or alkaline hydrolysis 
because it is usually conducted at mild conditions 
and has no corrosion of equipment (Kuhad et al. 
 2010b  ) . Both bacteria and fungi can produce cel-
lulases for the hydrolysis of lignocellulosic mate-
rials. Of all these organisms,  Trichoderma  has 
been the most widely studied for cellulase pro-
duction. The cellulase system contains three 
major enzyme components: endoglucanase (EC 

3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and 
 b -glycosidase (EC 3.2.1.21). All these cellulase 
components act in a synergistic manner (Boraston 
et al.  2004 ; Kuhad et al.  2010b  ) . The exogluca-
nase (CBH) acts on the ends of the cellulose 
chain and releases  b -glucosidase as the end-
product; the EG randomly attacks the internal 
 O -glycosidic bonds, resulting in glucan chains of 
different lengths; and the  b -glycosidases act 
speci fi cally on the cellobiose disaccharides and 
produce glucose (Kuhad et al.  2010b  ) . 
Hemicellulases are another group of polysaccha-
ride-degrading enzymes that are speci fi c to the 
hemicellulose substrate. 

 Biological ethanol fermentation is a process in 
which sugars are fermented by microorganisms to 
produce ethanol and CO 

2
 . Compared to starch and 

molasses, the fermentation of lignocellulosic 
hydrolysates is a more complicated process. Two 
major steps of ethanol fermentation from lignocel-
lulosic biomass involve chemical and enzymatic 
hydrolysis, where the enzymatic hydrolysis of bio-
mass releases the hydrolysate that contains mostly 
hexose sugars, but the acid hydrolysis yields not 
only pentose and hexose sugars but also a few fer-
mentation inhibitors, such as furans and phenolics. 
Thus, detoxi fi cation methods are required to 

  Fig. 8.1    Schematic overview of bioethanol production process ( a  pretreatment,  b  enzymatic sacchari fi cation, 
 c  fermentation,  d  distillation,  e  blending)       
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improve the fermentability of acid hydrolysate, for 
example, overliming, ion-exchange adsorption, acti-
vated carbon adsorption, solvent extraction, steam 
stripping and enzymatic (laccase) treatments 
(Chandel et al.  2007 ; Mosier et al.  2005 ; Palmqvist 
and Hahn-Hägerdal  2000a,   b  ) . 

 A variety of microorganisms ranging from 
bacteria, fungi and yeasts are known to ferment 
hexose sugars (Table  8.2 ). The most common and 
ef fi cient microbe used for hexose fermentation is 
 Saccharomyces cerevisiae  (Hahn-Hägerdal et al. 
 2007  ) . Various studies have been carried out 
using  S. cerevisiae  for the fermentation of ligno-
cellulosic hydrolysates (Lee et al.  1999 ; Wang 
et al.  2004 ; Chen et al.  2007 ; Rocha et al.  2009 ; 
Gupta et al.  2009 ; Kuhad et al.  2010a  ) . As an 
additional approach, simultaneous sacchari fi-
 cation and fermentation (SSF) process has also 
been used for improved ethanol production. In the 

SSF process, the stages are virtually the same as 
in separate hydrolysis and fermentation systems, 
except that both are performed in the same reactor. 
It has been shown that SSF reduces the process-
ing time, which, in turn, leads to an increase in 
the productivity of ethanol (Alfani et al.  2000 ; 
Soderstrom et al.  2005 ; Ohgren et al.  2007  ) . 
Further, in order to economise the ethanol pro-
duction, both pentose and hexose sugars must be 
converted to ethanol; however, even the most 
promising fermenting microbes do not ef fi ciently 
ferment pentoses. Among the most common 
yeast species identi fi ed so far for the pentose fer-
mentation are  Candida shehatae ,  Pichia stipitis  
and  Pachysolen tannophilus  (Abbi et al.  1996a, 
  b ; Hahn-Hägerdal et al.  2007 ; Mosier et al.  2005 ; 
Palmqvist and Hahn-Hägerdal  2000a ; Talebnia 
et al.  2008 ). Some other microorganisms that can 
ferment pentose sugars are listed in Table  8.2 .  

   Table 8.2    Ethanol-producing microorganisms from hexose and pentose sugars   

 Pentose-fermenting microbes  References 
 Hexose-fermenting 
microbes  References 

  Aeromonas hydrophila   Singh and Mishra  (  1993  )    Candida shehatae   Abbi et al.  (  1996a  )  
  Bacillus macerans   Dien et al. ( 2003 )   Fusarium sporium   Mamma et al.  (  1995  )  
  Bacillus polymyxa   Singh and Mishra  (  1993  )    Kloeckera apiculata   Aguilera et al.  (  2006  )  
  Bacteroides polygramatis   Patel  (  1984  )    Kluyveromyces marxianus   Ballesteros et al.  (  2004  )  
  Clostridium acetobutylicum   El Kanouni et al.  (  1998  )    Mucor indicus   Abdenifar et al.  (  2009  )  
  Clostridium thermocellum   Herrero and Gomez  (  1980  )    M. hiemalis   Millati et al.  (  2005  )  
  Escherichia coli   Yomano et al.  (  1998  )    M. corticolous   Millati et al.  (  2005  )  
  Klebsiella oxytoca   Ingram et al.  (  1999  )    Neurospora crassa   Mamma et al.  (  1995  )  
  Lactobacillus pentosus   Chaillou et al.  (  1999  )    Pachysolen tannophillus   Abbi et al.  (  1996a  )  
  Lactobacillus casei   Roukas and Kotzekidou 

 (  1998  )  
  Pichia stipitis   Gupta et al.  (  2009  )  

  Lactobacillus pentoaceticus   Chaillou et al.  (  1999  )    Pichia membranifaciens   Aguilera et al.  (  2006  )  
  Lactobacillus plantarum   Sreenath et al.  (  1999  )    Rhizopus oryzae   Abdenifar et al.  (  2009  )  
  Lactobacillus xylosus   Sreenath et al.  (  1999  )    Rhizopus miehei   Millati et al.  (  2005  )  
  Candida boidinii   Vandeska et al.  (  1996  )    Rhizomucor pusillus   Millati et al.  (  2005  )  
  Candida shehatae   Abbi et al.  (  1996a  )    Saccharomyces cerevisiae   Kuhad et al.  (  2010b  )  
  Fusarium oxysporum   Jeffries and Jin  (  2004  )    S. bayarus   Belloch et al.  (  2008  )  
  Mucor corticolous   Millati et al.  (  2005  )    S. paradoxus   Belloch et al.  (  2008  )  
  Mucor hiemalis   Millati et al.  (  2005  )       S. kudriavzevii   Belloch et al.  (  2008  )  
  Mucor indicus   Millati et al.  (  2005  )    S. cariocanus   Belloch et al.  (  2008  )  
  Neurospora crassa   Deshpande et al.  (  1986  )    S. mikatae   Belloch et al.  (  2008  )  
  Pachysolen tannophilus   Schneider et al.  (  1981  )    S. pastorianus   Belloch et al.  (  2008  )  
  Paecilomyces  sp.  NF1   Mountfort and Rhodes 

 (  1991  )  
  Schizosaccharomyces 
pombe  

 Hu et al.  (  2005a,   b  )  

  Pichia stipitis   Gupta et al.  (  2009  )    Torulaspora delbrueckii   Aguilera et al.  (  2006  )  
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 Although  Candida shehatae ,  Pichia stipitis  
and  Pachysolen tannophilus  can ferment pentose 
sugars, their commercial exploitation for ethanol 
production is limited because of their low ethanol 
tolerance, slow rates of fermentation, dif fi culty in 
controlling the rate of oxygen supply and sensi-
tivity to inhibitors generated during pretreatment 
and hydrolysis of lignocellulosic substrates 
(Hahn-Hägerdal et al.  2007 ; Kumar et al.  2009  ) . 
In mixed sugar fermentation, the pentose uptake 
is inhibited by hexoses, and thus, the pentose fer-
mentation is only possible at very low glucose 
concentrations. In the last decade, genetic engi-
neering of microorganisms used in ethanol pro-
duction has shown signi fi cant progress (Jeffries 
and Jin  2004  ) . Besides  S. cerevisiae , bacteria 
such as  Zymomonas mobilis  and  Escherichia coli  
have been targeted through metabolic engineer-
ing for ethanol production from lignocellulosic 
biomass (Jeffries  2006 ; Karhumaa et al.  2005, 
  2007 ; Liu and Hu  2010 ; Matsushika et al.  2008 ; 
Runquist et al.  2009 ; Yang et al.  2009  ) . Few 
potent recombinant microbes with bioethanol 
potential are listed in Table  8.3 .  

 The  fi rst techno-economic study was carried 
out in 1987 by the US National Renewable 
Energy Laboratory (NREL). The second eco-
nomical study was carried out in  2002  by Aden 
and coworkers. As an estimation by the Energy 
Information Administration (EIA  2009 ), the 
wholesale price of gasoline in 2012 will be $2.62/
gal of gasoline (US$ of 2007). Assuming a con-
version factor of 0.67 gal of gasoline per gallon 
of ethanol, the projected cost of ethanol is set at 
$1.76/gal of ethanol (US dollar of 2007). 
However, the ethanol cost projection of the  n th 
ethanol plant is at $1.49/gal of ethanol (US dollar 
of 2007). 

 Besides the USA, European research institu-
tions, mainly in Sweden, the Netherlands and 
Denmark, have also evaluated the economics of 
bioethanol production. In the REFUEL project, 7 
European institutes have analysed biofuels in 
terms of resource potential, costs and impacts. 
The data for bioethanol production from cellu-
losic materials based on the enzymatic hydrolysis 
strategy was procured from the Energy Research 
Centre of the Netherlands (Kuijvenhoven  2006  )  

and the Copernicus Institute for Sustainable 
Development and Innovation of Utrecht 
University (Hamelinck  2004  ) . The evaluation 
(Londo et al.  2008  )  resulted in a net production 
cost (including the sales of electricity as a by-
product) of €0.62/L in 2010, €0.59/L in 2020 and 
€0.50/L in 2030. 

 Now it has been understood that the increas-
ing production capacity to commercial scale can 
only be done with con fi dence when a process is 
shown to be robust at an intermediate, pilot scale. 
An ideal pilot plant needs to be fully integrated 
and should be able to evaluate the complete sys-
tem (e.g., enzymes and yeasts) while having 
suf fi cient  fl exibility to investigate alternative pro-
cess con fi gurations and test opinions for better 
heat integration and recycling of process 
streams.  

   Biodiesel 

 Biodiesel is de fi ned as the alkyl esters of vegeta-
ble oils or animal fats. The vegetable oils and fats 
can be considered as alternative source of trans-
portation fuels with viscosities ranging from 10 
to 17 times higher than the existing fossil fuel. 
Biodiesels have properties closer to gasoline and 
can be blended at high levels in certain vehicles. 
Currently, biodiesel-powered  fl exible-fuel vehi-
cles are widely available in many countries 
(Carraretto et al.  2004  ) . 

 Biodiesel is produced by transesteri fi cation of 
plant oil or fat to achieve a viscosity close to that 
of petroleum diesel. The conversion has two main 
steps, transesteri fi cation and hydrogenation. 
Transesteri fi cation refers to a reaction between 
triglyceride of one alcohol and a second alcohol 
to form an ester of the second alcohol (methyl 
ester). Transesteri fi cation of oils and fats to gen-
erate esters and glycerin is a well-established 
process. The purpose of the transesteri fi cation 
process is to lower the viscosity of the oil. While 
hydrogenation produces renewable diesels of 
superior quality and free of particulates and by-
products (Gerhard  2010  ) . 

 Various studies have been investigated using 
several oils as well as different catalysts such as 



130 R. Gupta et al.

   Table 8.3    List of pentose utilising recombinant yeasts and bacterial strains   

 Strain 
 Ethanol yield 
(g/g sugar) 

 Ethanol productivity 
(g/L/h)  References 

  E. coli  KO11  102  0.87  Ohta et al.  (  1991  )  
  E. coli  KO11  89  0.85  Yomano et al.  (  1998  )  
  E. coli  FBR5  90  0.59  Dien et al.  (  2000  )  
  E. coli  FBR5  90  0.92  Dien et al.  (  2000  )  
  E. coli  LY01  88  0.66  Yomano et al.  (  1998  )  
  K. oxytoca  M5A1  95  0.96  Ohta et al.  (  1991  )  
  K. oxytoca  P2  84  0.35  Bothast et al.  (  1994  )  
  Z. mobilis  CP4  86  0.57  Zhang et al.  (  1995  )  
  Z. mobilis  CP4  95  0.81  Zhang et al.  (  1995  )  
  Z. mobilis  ATCC 39767  82–84  0.82–0.65  Chou et al.  (  1997  )  
  S. cerevisiae  A4  38  NA  Zaldivar et al.  (  2002  )  
  S. cerevisiae  1400  6  NA  Ho et al.  (  1998  )  
  S. cerevisiae  RBW 202-AFX  84  NA  Kuyper et al.  (  2004  )  
  S. cerevisiae  RBW 202-AFX  78  NA  Madhavan et al.  (  2009  )  
  S. cerevisiae  RWB 217  86  NA  Kuyper et al.  (  2005  )  
  S. cerevisiae  H158  44  NA  Johansson et al.  (  2001  )  
  S. cerevisiae  H158  54  NA  Johansson et al.  (  2001  )  
  S. cerevisiae  H 2673  46  NA  Verho et al.  (  2003  )  
  S. cerevisiae  H 2723  48  NA  Verho et al.  (  2003  )  
  S. cerevisiae  H 2684  82  NA  Verho et al.  (  2003  )  
  S. cerevisiae  ZU-10  75.6  0.50  Zhao and Xia  (  2010  )  
  S. cerevisiae  LEK 122  24.5  0.025  Liu and Hu  (  2010  )  
  S. cerevisiae  LEK 122  25.4  0.064  Liu and Hu  (  2010  )  
  S. cerevisiae  LEK 513  32.5  0.113  Liu and Hu  (  2010  )  
  S. cerevisiae  TMB 3001  25  0.15  Eliasson et al.  (  2000  )  
  S. cerevisiae  TMB 3001  62  0.22  Jeppsson et al.  (  2002  )  
  S. cerevisiae  TMB 3008  76  0.27  Jeppsson et al.  (  2002  )  
  S. cerevisiae  TMB 3030  56  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3037  68  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3050  58  NA  Karhumaa et al.  (  2005  )  
  S. cerevisiae  TMB 3057  66  0.13  Karhumaa et al.  (  2007  )  
  S. cerevisiae  TMB 3066  86  0.073  Karhumaa et al.  (  2007  )  
  S. cerevisiae  TMB 3251  68  0.24  Jeppsson et al.  (  2002  )  
  S. cerevisiae  TMB 3253  56  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3254  56  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3255  82  0.29  Jeppsson et al.  (  2002  )  
  S. cerevisiae  TMB 3256  72  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3261  68  NA  Jeppsson et al.  (  2003  )  
  S. cerevisiae  TMB 3270  72  0.32  Jeppsson et al.  (  2006  )  
  S. cerevisiae  TMB 3271  62  0.28  Jeppsson et al.  (  2006  )  
  S. cerevisiae  TMB 3400  36  NA  Wahlbom et al.  (  2003  )  
  S. cerevisiae  TMB 3400  50  NA  Wahlbom et al.  (  2003  )  
  S. cerevisiae  TMB 3400  68  0.12  Karhumaa et al.  (  2007  )  
  P. stipitis  FPL UC7  76  0.41  Shi et al.  (  1999  )  
  P. stipitis  FPL-shi 21  96  0.43  Shi et al.  (  1999  )  
  P. stipitis  FPL-shi 31  62  0.15  Shi et al.  (  2002  )  
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NaOH, KOH, H 
2
 SO 

4
  and supercritical  fl uids and 

lipase enzyme (Marchetti et al.  2007  ) . Among 
various oil-bearing crops, only soybean, palm, 
sun fl ower, saf fl ower, cottonseed, rapeseed and 
peanut oils are considered as potential for 
bio diesel (Goering et al.  1982 ; Pryor et al. 
 1982  ) . However, any vegetable oil could be 
used for biodiesel production (Demirbas  2006  ) . 
Moreover, other sources for biodiesel include 
fats and waste oils. Efforts have also been made 
to exploit various algal species that produce oils 
(Nagel and Lemke  1990 ). In addition to oils, 
fatty acids can also serve as a potential reactant 
for biodiesel production. Since fatty acid bio-
synthesis is a natural energy storage molecule 
in micro organisms, it can be further esteri fi ed 
in vivo to form fatty acid ethyl esters (FAEEs) 
known as microdiesels with similar properties 
to bio diesels (Kalscheuer et al.  2006  ) . Such a 
pro duction pathway has been demonstrated at 
pilot scale (Elbahloul and Steinbohel  2010 ; 
Steen et al.  2010  ) . 

 Similar to  fi rst-generation feedstocks for bio-
ethanol, though production of biodiesel from 
vegetable oils is a potential and inexhaustible 
source of energy with energy content close to 
diesel fuel, the extensive use of vegetable oils 
may cause its shortage in developing coun-
tries. Alternatively, a variety of biolipids can 
also be used for biodiesel production. These are 

(a) vegetable oil plants, (b) waste vegetable oil 
and (c) nonedible oils. In few countries like 
Malaysia and Indonesia, palm oil has been used 
for biodiesel production. While, in Europe, Rape 
seed is the main oil resource, in India and 
Southeast Asia, the Jatropha seeds have been 
used for biodiesel production. 

 In addition to the land oil crops, algae repre-
sent an important and novel platform used for 
biodiesel production. The algae have several 
advantages such as rapid growth rate, high photo-
synthetic ef fi ciency and high biomass production. 
The use of waste nutrients is an important factor 
for sustainable production of algal biodiesel. 
Wastewater rich in N and P can be used for algae 
cultivation (Demirbas and Demirbas  2011  ) . The 
use of residual algal biomass after lipid extrac-
tion, for example, as feed (because of the high 
vitamin content), is a key factor in biore fi nery 
concepts in order to improve economic feasibility 
(Table  8.4 ). Therefore, the R&D efforts should be 
focused on the improvement of cost-effectiveness 
and sustainability for the production of biodiesel. 
There are numerous algal species which have 
potential to be used as suitable candidate for oil 
production (Table  8.5 ).   

 The most signi fi cant difference between algal 
oil and other oils is in their yield. The yield (per 
acre) of algae oil is approximately 200-folds 
higher than the plant/vegetable oils (Sheehan 
et al.  1998  ) . It has been estimated that a diatom 
algae can produce 46 t of oil/ha/year. However, 
no commercial scale plant has been developed on 
algal biodiesel so far in India and should be seri-
ously considered by the government and the pri-
vate industry. 

 Similar to bioethanol, the cost of biodiesel 
production varies signi fi cantly, depending on 
the feedstock source and the scale of the plant. 
A review of several economic evaluation studies 
showed that the costs of biodiesel ranged from 
US$0.30–0.69/L. Rough estimations of the cost 
of biodiesel from vegetable oil and waste grease 
are US$0.54–0.62/L and US$0.34–0.42/L, 
respectively. With pre-tax diesel priced at 
US$0.18/L in the US and US$0.20–0.24/L in 
some European countries, biodiesel is thus currently 
not economically feasible, and more research 

   Table 8.4    Lipid content of selected microalga species   

 Microalgae species 
 Lipid content 
(% dw) 

  Botryococcus braunii   25–75 
  Chlorella  sp.  28–32 
  Crypthecodinium cohnii   20 
  Cylindrotheca  sp.  16–37 
  Dunaliella primolecta   23 
  Isochrysis  sp.  25–33 
  Monallanthus salina   >20 
  Nannochloris  sp.  20–35 
  Nannochloropsis  sp.  31–68 
  Neochloris oleoabundans   35–54 
  Nitzschia  sp.  45–47 
  Phaeodactylum tricornutum   20–30 
  Schizochytrium  sp.  50–77 
  Tetraselmis sueica   15–23 
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and technological development will be needed 
(Bender  1999 ; Demirbas  2003  ) . 

 There are still many technical challenges to 
be overcome for the large-scale production of 
biodiesel. In particular, genetic tools may lead 
to the construction of strains with desired char-
acteristics, such as high oil contents. Neverthe-
less, the economic feasibility of biodiesel 
might be achieved progressively by combining 
the fuel production with high-value by-products 
for food and feed ingredients to hopefully 
meet the growing energy demand in the future 
(   Brennan and Owende  2010 ; Wijffels and 
Barbosa  2010  ) . 

   Biohydrogen 

 Hydrogen can serve as a signi fi cant alternate 
energy carrier to fossil fuel with high energy con-
tent per unit mass of any known fuel (143 GJ t −1 ) 
and easily converted to electricity by fuel cells 
and on combustion it gives water as the only by-
product. However, hydrogen is gaseous even at 
very low temperatures, so the storage density is 
an issue in any potential vehicular fuel applica-
tion. Hydrogen can be produced from different 
methods, but biological methods of hydrogen 

production are preferable as they utilise CO 
2
 , 

sunlight and organic wastes as substrates under 
moderate conditions and considered environ-
mentally benign conversions (Redwood et al. 
 2009  ) . On the other hand, chemical methods for 
hydrogen production are energy intensive pro-
cesses requiring high temperatures (>850°C) 
(Kapdan and Kargi  2006  ) . 

 Direct biophotolysis of H 
2
  production is a bio-

logical process which utilises solar energy and 
photosynthetic systems of algae to convert water 
into chemical energy.        

 Photosystem I (PSI) and photosystem II 
(PSII) are used in process of photosynthesis. PSI 
produces reductant for CO 

2
 , and PSII splits water 

to evolve O 
2
  or the reductant generated by photo-

synthesis directly transferred to hydrogenase via 
reduced ferredoxin (2H +  + 2Fd → H 

2
  + 2Fd) 

(Schnackenberg et al.  1996  ) . The green algae 
and cyanobacteria (blue-green algae) contain 
hydrogenase and thus have the ability to produce 
H 

2
  (Ni et al.  2006  ) . In these organisms, electrons 

are generated when PSII absorbs light energy, 
which is then transferred to ferredoxin. A reversible 
hydrogenase accepts electrons directly from the 

2 2 22H O solar energy 2H O+ → +

   Table 8.5    List of algae used for the production of biodiesel   

 Name  References 

  Chlorella protothecoides   Nigam and Singh  (  2011  ) , Mata et al.  (  2010  )  
and Brennan and Owende  (  2010  )  

  Spirulina platensis   Mata et al.  (  2010  )  and Brennan and Owende  (  2010  )  
  Botryococcus braunii   Frac et al.  (  2010  )  and Scott et al.  (  2010  )  
  Nannochloropsis oculata   Mata et al.  (  2010  )  and Frac et al.  (  2010  )  
  Chlamydomonas  sp.  Nigam and Singh  (  2011  )  and Scott et al.  (  2010  )  
  Dunaliella salina   Scott et al.  (  2010  )  
  Scenedesmus  sp.  Mata et al.  (  2010  )  and Sathish and Sims  (  2012  )  
  Haematococcus pluvialis   Brennan and Owende  (  2010  )  and Scott et al.  (  2010  )  
  Crypthecodinium cohnii   Brennan and Owende  (  2010  )  
  Anabaena  sp.  Brennan and Owende  (  2010  )  
  Galdieria sulphuraria   Brennan and Owende  (  2010  )  
  Arthrospira platensis   Brennan and Owende  (  2010  )  
  Chlorococcum  sp.  Brennan and Owende  (  2010  )  
  Schizochytrium  sp.  Frac et al.  (  2010  )  
  Porphyridium cruentum   Brennan and Owende  (  2010  )  
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reduced ferredoxin to generate H 
2
  in the pres-

ence of hydrogenase (Das et al.  2008  ) . The 
reversible hydrogenase and nitrogenase are sen-
sitive to the oxygen, which is a major barrier for 
sustained hydrogen evolution. In cyanobacteria 
(e.g.,  Anabaena  strains), heterocyst provides an 
oxygen-free environment to the oxygen-sensitive 
nitrogenase that reduces molecular nitrogen into 
NH3 as well as protons into H 

2
  (Smith et al. 

 1992  ) . Some green algae, for example, 
 Chlamydomonas reinhardtii,  deplete oxygen 
during oxidative respiration (Melis et al.  2000  )  
and converts up to 22% of light energy into 
hydrogen energy which is equivalent to 10% 
solar energy conversion ef fi ciency (Benemann 
 1996  ) . 

 The process of indirect biophotolysis is com-
pleted in two separate stages that are joined via 
CO 

2
   fi xation. CO 

2
  serving as an electron carrier 

between water splitting reaction and hydrogenase 
reaction. In  fi rst stage, CO 

2
  is  fi xed in the form 

of storage carbohydrates (starch or glycogen) 
followed by second stage in which carbohydrate 
convert to H 

2
  by reversible hydrogenase by both 

in dark- and light-driven anaerobic metabolic 
processes (Fig.  8.2 ).  

 The photosynthetic bacteria or non-sulphur 
bacteria are being used for long for H 

2
  production. 

They produce H 
2
  using light energy and organic 

acids (lactic, succinic and butyric acids or alcohols) 
as electron donors by mainly nitrogenase in anoxic 

condition. These bacteria have been found suit-
able for hydrogen production by using organic 
waste as substrate in batch processes and continu-
ous cultures or immobilised whole cell system 
using different solid matrices (agar, porous glass, 
and polyurethane foam) (Das et al.  2008  ) . The 
overall reaction is as follows: 

 Photofermentation has advantage over bio-
photolysis due to lack of PSII, which eliminates 
the dif fi culties of H 

2
  production by inhibitory 

action of oxygen. The major drawbacks of the 
process are low photochemical ef fi ciencies and 
non-homogeneity of light distribution in bioreac-
tor. The maximum reported production rate is 
6.55 mL H 

2
 /L h using malic acid as substrate 

(Tang et al.  2008  ) . 
 While dark fermentation is a process in which 

organic substrate is converted to hydrogen by 
diverse group of bacteria under anaerobic con-
ditions. The oxidation of substrate by bacteria 
generates electron which under anaerobic con-
dition accepted by protons and reduced to 
molecular H 

2
  (Das et al.  2008  ) . Although hydro-

gen production also reported by utilising glucose 
as substrate by pure cultures, but utilisation of 
industrial wastewater as a substrate has been 
drawing considerable interest in recent years due 
to simultaneous waste treatment and inexpensive 
energy generation from low-cost substrate. Dark 
fermentation by using mixed consortia is a com-
plex process in which hydrolytic microorganisms 

  Fig. 8.2    Production of biohydrogen via indirect photolysis method       

C6H12O ΔGO=+3.2 KJ6H2O 12H2 6COhv
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hydrolyze complex organic polymers to mono-
mers which further converted to a mixture organic 
acids and alcohols by H 

2
  producing acidogenic 

bacteria (Pandu and Joseph  2012  ) . Some of the 
hydrogen producing bacteria has been listed in 
Table  8.6 .  

 Interestingly, a hybrid fermentation technol-
ogy of dark fermentation and photofermentation 
in which light-independent bacteria and photo-
synthetic bacteria provide an integrated system 
for maximising hydrogen yield has also been used 
for hydrogen production (Eroglu et al.  2006  ) . It 
provides maximum substrate utilisation which was 
thermodynamically limited in single-stage pro-
cesses. It is a two-stage fermentation in which 
anaerobic fermentation of organic wastes produces 
low molecular weight intermediate (organic acids), 
which are then converted to hydrogen by photofer-
mentation in photo bioreactor. The maximum 
yield was reported with sucrose (14.2 mol/mol) 
by utilising  Caldicellulosiruptor  and photosyn-
thetic bacteria of  Rhodopseudomonas capsulata  
(Wang and Wan  2008  ) . 

 The main problem in the commercialisation of 
Biohydrogen is its high cost; therefore, novel 
strategies should be developed to make it more 
economically feasible. One of the ways to decrease 
the Biohydrogen production cost is to use ligno-
cellulosic biomass (Chang et al.  2011  ) . Several 
types of dedicated energy crops have been 

identi fi ed for biohydrogen production such as 
switchgrass, willow crops, hybrid poplar, alfalfa 
and corn stover. However, lignocellulosic biomass 
is usually not easily degraded by microorganisms 
due to their structural complexity. Pretreatment is 
thus necessary to lower down the lignin content, 
reduce the crystal structure and increase the sur-
face area of the substrate (Xia and Sheng  2004  ) . 

 A comparison of energy costs for different 
biological processes and the non-biological pro-
cesses has been made by several investigators. 
The direct production of H 

2
  from biomass elimi-

nates the need for electrolysis, resulting in higher 
system ef fi ciencies. The cost at ~€40/million of 
Btu of fermentative H 

2
  production at 10% 

conversion ef fi ciency is considered to be unat-
tractive. However, by adopting immobilised 
systems, an increase in the conversion ef fi ciency 
up to 28.34% has been proposed (Kumar and Das 
 1999 ,  2000 ). In contrast, photobiological H 

2
  pro-

duction at 10% conversion ef fi ciencies estimated 
to cost ~ €10/million Btu. It is attractive when 
compared with the fermentative ethanol produc-
tion that costs ~ €31.5/million Btu at 1–30% con-
version ef fi ciencies. In addition, lower costs due 
to fewer requirements for pretreatment in com-
parison to ethanol production from biomass offer 
a great advantage. 

 However, the diversion of biomass for H 
2
  

production by dark fermentation and/or electricity 

   Table 8.6    Hydrogen-producing microbes   

 Culture  References  Culture  References 

  Bacillus coagulans   Fascetti and Todini 
 (  1995  )  

  Lactobacillus delbrueckii   Xing et al.  (  2010  )  

  C. butyricum   Wang et al.  (  2011  )    Pseudomonas  sp.  GZ1   Logan  (  2004  )  
  C. pasteurianum   Wang and Wan  (  2008  )    Rhodobacter capsulatus     Su et al.  (  2010  )  
  C. acetobutylicum   Fan et al.  (  2006  )    Rhodobacter  sp.  M-19   Wang et al.  (  2011  )  
  Caldicellulosiruptor   Wang et al.  (  2003  )    R. sphaeroides   Sveshnikov et al.  (  1997  )  
  Clostridium  sp.  Ferchichi et al.  (  2005  )    Rhodopseudomonas   Su et al.  (  2009  )  
  C. bifermentans   Liu et al.  (  2011  )    R. capsulatus   Wang et al.  (  2003  )  
  E. coli HD701   Yokoyama et al.  (  2007  )    R. palustris   Zhao and Yu  (  2008  )  
  Enterobacter aerogenes HO-39   Yokoi et al.  (  2002  )    Thermoanaerobium 

kodakaraensis KOD1  
 Idania et al.  (  2005  )  

  E. cloacae IIT-BT 08   Kumar and Das  (  2001  )    T. cterium   Ghirardi et al.  (  2000  )  
  Enterobacter  sp.  HO-39   Wang et al.  (  2011  )    T. cterium   Ghirardi et al.  (  2000  )  
  Halobacterium salinarum   Zabut et al.  (  2006  )    Thermotoga neapolitana   Doi et al.  (  2010  )  
  Klebsiella oxytoca HP1   Federov et al.  (  1998  )  
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generation would greatly depend on the techno-
logical maturity and land availability. In addition 
short duration, high density, fast growing and 
easily biodegradable dedicated energy crops 
would be needed. Similarly, long-term R&D 
efforts would be essential for the better conver-
sion ef fi ciency.  

   Biogas and Biomethane 

 Uncontrolled waste dumping is a serious prob-
lem of contemporary human habitation today; its 
controlled land fi ll disposal and incineration of 
organic wastes are not even considered optimal 
practices. In this context, energy recovery and 
recycling of organic matter and its nutrients 
through anaerobic digestion has been prioritised 
nowadays as an economical, immensely useful 
and greener technology. Production of biogas 
through anaerobic digestion of animal manure 
and slurries as well as of a wide range of digest-
ible organic wastes including lignocellulosic 
wastes of agriculture is a process of signi fi cant 
environmental importance (Frigon and Guiot 
 2010  ) . Anaerobic digestion converts these sub-
strates into biogas, containing about 60% meth-
ane and 40% other gases, mainly carbon dioxide, 
and traces of nitrogen, hydrogen and hydrogen 
sulphide (Fig.  8.3 ). Resultant combustible gas-
eous product is usually termed as biogas, while 

biomethane is a term used to describe a gas 
mixture that is predominantly methane (>97%) 
obtained after upgrading biogas.  

 There are numerous bene fi ts associated with 
this renewable technology. It offers a clean and 
particulate-free source of energy. Biogas technol-
ogy is a particularly useful system in the rural 
economy of any developing country like India 
and can ful fi l several end uses. The gas is useful 
as a fuel substitute for  fi rewood, dung, agricul-
tural residues, petrol, diesel and electricity, 
depending on the nature of the task. Moreover, 
the slurry that is formed after methanogenesis is 
superior in terms of its nutrient content as the 
process of methane production serves to narrow 
the C:N, while a fraction of the organic N is min-
eralised to ammonium and nitrate, the form which 
is immediately available to plants. 

 The biogas process is a natural biological pro-
cess that requires cooperation between different 
microorganisms and groups of microorganisms 
to function properly. Biogas microbes consist of 
a large group of complex and differently acting 
microbe species, notable the methane-producing 
bacteria (Table  8.7 ). The whole biogas process 
can be divided into three steps: hydrolysis, 
acidi fi cation (fermentation and acetogenesis) and 
methane formation (Fig.  8.4 ). Methane and acid-
producing bacteria act in a symbiotically under 
anaerobic digestion process. On one hand, acid-
producing bacteria create an atmosphere with 
ideal parameters for methane-producing bacteria, 
while on the other hand, methane-producing 
microorganisms use the intermediates of the acid-
producing bacteria.   

 There are two prominent methods of biogas 
production: using anaerobic digester and land fi ll 
gas. 

 Anaerobic digestion is a biochemical process 
whereby organic biomass sources are broken 
down by a diverse population of microorganisms 
in a low-oxygen environment, thus producing 
biogas as a natural by-product. Since the micro-
organisms are already present in all organic mate-
rial, the process is triggered once the biomass is 
placed in a low-oxygen environment. Almost any 
organic material is a potential source of biomass 
feedstock to produce biogas using anaerobic 

  Fig. 8.3    Composition of biogas       
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digester (Nallathambi  1997  ) . Sewage, manure, 
forestry wastes, agricultural wastes, energy crops, 
and industrial food processing wastes may be the 
most common biomass feedstocks for biogas 

production (Chynoweth et al.  2001  ) . Biogas from 
sewage treatment plant digesters usually contains 
55–65% methane, 35–45% carbon dioxide and 
<1% nitrogen, while biogas from other organic 

  Fig. 8.4    Microbiology of biogas production during anaerobic digestion       

   Table 8.7    Methane-producing microorganisms   

 Microorganism  References  Microorganism  References 

  Methanobrevibacter gottschalkii  strain PG  Jin et al.  (  2011  )    Methanosphaera cuniculi, M. 
stadtmanae  

 Garcia 
 (  1990  )  

  Methanobrevibacter thaueri  CW  Jin et al.  (  2011  )   Methanothermus  fervidus, M. 
sociabilis  

 Garcia 
 (  1990  )  

  Methanobrevibacter  spp.  Jin et al.  (  2011  )    Methanococcus aeolicus, M. 
delme, M. halophilus, M. 
jannaschii, M. maripaludis, 
M. thermolithotrophicus, M. 
vannielii, M. voltae  

 Garcia 
 (  1990  )  

  Methanobrevibacter ruminantium   Tavendale et al.  (  2005  )    Methanomicrobium mobile   Garcia 
 (  1990  )  

  Ruminococcus  fl avefaciens   Mao et al.  (  2010  )    Methanolacinia paynteri   Garcia 
 (  1990  )  

  Fibrobacter succinogenes   Mao et al.  (  2010  )    Methanospirillum hungatei   Garcia 
 (  1990  )  

  Methanosarcina mazei   Green et al.  (  2008  )    Methanogenium annulus, M. 
bourgense, M. cariaci  

 Garcia 
 (  1990  )  

  Methanobacterium alcaliphilum, M. 
bryantii, M. espanolae, M. formicicum, 
M. ivanovii, M. palustre, M. thermoag-
gregans, M. thermoalcaliphilum, M. 
thermoautotrophicum, M. therrnoformici-
cum, M. uliginosum  

 Garcia  (  1990  )    Methanosarcina mazei, 
Methanosarcina lacustris, 
Methanocorpusculum  sp. , 
Methanomethylovorans 
hollandica  

 Simankova 
et al.  (  2003  )  

  Methanobrevibacter arboriphilus, 
M. ruminantium, M. smithii  

 Garcia  (  1990  )    Methanosarcina barkeri   Kadam et al. 
( 1989 ) 
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waste digesters usually contains 60–70% methane, 
30–40% carbon dioxide and <1% nitrogen (Ras 
et al.  2007  ) . 

 Land fi ll disposal is a predominant method of 
waste management. However, land fi lling is 
unsustainable due to its harmful effects on the 
environment and public health. Therefore, biode-
gradable municipal waste (BMW) from land fi lls 
is required to divert to be used for land fi ll gas 
production. This is prominent technology towards 
development of energy from waste and is func-
tional in Europe, the USA and other countries 
(Raven and Gregersen  2007  ) . Land fi ll gas is a 
water-saturated gas mixture containing about 
40–60% methane, with the remainder being 
mostly carbon dioxide (Asgari et al.  2011  ) . 
Land fi ll gas also contains varying amounts of 
nitrogen, oxygen, water vapour, sulphur and a 
hundreds of other contaminants. Inorganic con-
taminants like mercury are also known to be pres-
ent in land fi ll gas. 

 Biomethane production involves upgrading, 
or ‘cleaning-up’ of raw biogas to a higher-quality 
gas containing primarily biomethane. As a raw 
gas, biogas doesn’t contain the energy potential 
to be used for a number of applications such as 
gas grid injection or as a vehicle fuel (Fig.  8.5 ). 
Biogas upgrading involves removal of carbon 
dioxide, hydrogen sulphide, water vapour as well 
as trace gases. The resulting biomethane usually 
have a higher content of methane and a higher 

energy content making it essentially identical to 
conventional natural gas. There are number of 
different upgrading method which can be used to 
increase CH 

4
  concentration (Wellinger and 

Lindberg  1999 ; Ryckebosch et al.  2011  ) . The pri-
mary steps in the biogas upgrading process are as 
follows:  

 Since the CH 
4
  content is directly proportional 

to its energy content, increasing the methane con-
tent results in higher calori fi c value. Membrane 
separation, pressure swing adsorption (PSA) and 
water scrubbing are some of the prominent meth-
ods used to increase CH 

4
  by removing CO 

2
  from 

biogas (Wellinger and Lindberg  1999  ) . Scrubbing 
with water is one of the cheapest and most com-
mon techniques for this purpose. Organic physi-
cal scrubbing includes solvents such as 
polyethylene glycol instead of water. Membrane 
separation and pressure swing adsorption (PSA) 
are different to absorption scrubbing techniques. 
A membrane is used from which water, O 

2
  and 

CO 
2
  are able to permeate through while a very 

limited amount of CH 
4
  and nitrogen is able to 

pass (Wellinger and Lindberg  1999 ; Makaruk 
et al.  2010  ) . Activated carbon and other molecular 
sieves can be used where the gas is fed through a 
series of columns in pressure, by which the CO 

2
  

is adsorbed to column matrix and CH 
4
  reaches to 

the top of the vessel (Petersson and Wellinger  2009  ) . 
H 

2
 S is also a common contaminant present in 

biogas, which can be removed by in situ reduction 

  Fig. 8.5    Schematic diagram of biogas and biomethane production and their utilisation       
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of H 
2
 S within the digester vessel by adding metal 

ions. Removal of H 
2 
S can be carried out via metal 

oxides, oxidation with air, adsorption on acti-
vated carbon and biological approach (Wellinger 
and Lindberg  1999  ) . Chemical-oxidative scrub-
bing is also a promising technique for the removal 
of hydrogen sulphide from raw biogas (Miltner 
et al.  2012  ) . Raw biogas is saturated with water 
vapour. Since water is potentially damaging to 
natural gas pipeline equipment and engines, it 
needs to be removed. The removal of water is 
performed via a number of different methods at 
varying points in the biogas upgrading process. 
Refrigeration, adsorption and absorption are 
some of the most common methods used for 
removing water from biogas (Wellinger and 
Lindberg  1999  ) . In addition to H 

2
 S, H 

2
 O and 

CO 
2
 , there may be other trace contaminants pres-

ent in the biogas which are potentially harmful to 
equipment and/or people and must therefore be 
removed or reduced to acceptable levels. 

 There have also been new developments in 
upgrading process of biogas such as cryogenic 
separation which is based on the sublimation 
points of different gases. Compressing and cool-
ing the gas down to different temperatures, sepa-
ration of various contaminants occurs. For 
instance, at −25°C, sulphur dioxide, siloxanes, 
water and H 

2
 S are removed; between −50 and 

−59°C, up to 40% of the CO 
2
  is removed as a 

liquid; and  fi nally, the remaining CO 
2
  get removed 

in solid form when biogas cools further.   

   Advanced Energy Carriers 

   Furans 

 DMF is also emerging as a potential transporta-
tion fuel alternative, which have several proper-
ties such as 40% higher energy density, a boiling 
point 20°C higher than the ethanol and a lower 
solubility in water. DMF can be produced from 
the dehydration of HMF, a dehydration product of 
hexose sugars. HMF can be produced from sugars 
and lignocelluloses via dissolution and dehydra-
tion. Nevertheless, it is an intermediate, having a 
boiling point too high to be used directly as a 

transportation fuel. Thus, it should be derivatised 
to other compounds, such as furan derivatives, 
particularly dimethylfuran (DMF), which is a 
suitable compound for gasoline-range fuel (James 
et al.  2010  ) . HMF esters are considered as rela-
tively stable (Gruter et al.  2009  )  and, consequently, 
can be used as such or further derivatised. 

 Several noble metal catalysts were applied in 
the hydrogenolysis of HMF. Since these catalysts 
are degraded by acids, a neutralisation step is 
needed. Thus, a two-step method for the produc-
tion of DMF from glucose has been proposed 
(Chidambaram and Bell  2010  ) . Initially, 
12-molybdophosphoric acid (H 

3
 PMo 

12
 O 

40
 ) was 

used as the catalyst in a [C 
2
 MIM][Cl] ionic liq-

uid-acetonitrile for the dehydration of glucose to 
produce HMF. As the second step, hydrogenation 
and hydrogenolysis of HMF were carried out 
over Pd/C catalysts. However, before second step, 
the temperature of the reaction mixture was 
cooled down to 50°C and neutralised (Maki-
Arvela et al.  2012  ) .  

   Methanol 

 Similar to other conventional biofuels, biologi-
cally derived methanol has also garnered tremen-
dous interest. Although traditionally methanol is 
produced via a non-sustainable and cost-intensive 
chemical process involving catalytic steam reform-
ing of natural gas, it is possible to produce this fuel 
in an environmentally benign manner using bio-
mass resources (Demirbas  2008 ; Zinoviev et al. 
 2010  ) . The advantages of using methanol as a fuel 
were realised long time ago and were introduced 
into the fuel economy (Reed and Lerner  1973  ) . 
Thereafter, research and development on methanol 
production gained momentum applying various 
strategies. Before modern production technologies 
were developed, methanol was obtained from 
wood as a coproduct of charcoal production and, 
for this reason, it was commonly known as wood 
alcohol. It is produced from hydrogen and mixture 
of oxides of carbon by means of the catalytic reac-
tion. Biosynthesis gas (bio-syngas) is a gas rich in 
CO and H 

2
  obtained by gasi fi cation of biomass, 

which is available in renewable basis (Fig.  8.6 ). 
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Methanol is currently manufactured worldwide by 
conversion or derived from bio-syngas, natural 
gas, re fi nery off-gas, etc. (Demirbas and Gulu 
 1998 .), according to following reaction: 

          

 Biomethanol can be an indispensable fuel 
with multiple applications. First and foremost, 
it can be used as a motor fuel in conventional 
engines, in its pure form or as a blend with gaso-
line, with an excellent emission pro fi le. It is also 
possible to directly covert methanol to gasoline 
(Stelmachowski and Nowicki  2003 ; Demirbas 
 2008 ; Zinoviev et al.  2010  ) . Second, it can be 
converted to MTBE (methyl tert-butyl ether), 
an additive to gasoline. While MTBE is a formi-
dable fuel additive and enhancer, its production 
process involves using isobutylene, a product 
derived from fossil fuels. Third, it can be dehy-
drated to produce DME (dimethyl ether), a suit-
able replacement for natural gas. Lastly, it can be 
used as a raw material in the production of 
biodiesels (as FAMEs, fatty acid methyl esters) 
(Demirbas  2008 ; Zinoviev et al.  2010  ) . 

 A variety of catalysts are capable of causing 
the conversion, including reduced NiO-based 
preparations, reduced Cu/ZnO shift preparations, 
Cu/SiO 

2
  and Pd/SiO 

2
  and Pd/ZnO (Demirbas and 

Demirbas  2007  ) . Since the methanol production 
is a costly process, waste biomass should be con-
sidered for as potential cost-effective substrate. 
Biomass and coal have been considered as a 
potential fuel for gasi fi cation and eventually for 
syngas production and methanol synthesis. 
Adding suf fi cient hydrogen to the synthesis gas 
to convert all of the biomass into methanol can 
double the methanol produced from the same 
biomass base (Phillips et al.  1990  ) . The natural 
gas is converted to methanol in a conventional 
steam reforming/water gas shift reaction followed 
by high-pressure catalytic methanol synthesis:

          

 However, quite recently, efforts are being 
made to produces biomethanol from crude glyc-
erine, a renewable by-product of biodiesel 
synthesis.   

   Butanol 

 The four-carbon alcohols, ‘butanol’, are the lon-
gest chain alcohols found as natural major end-
products of microbial fermentation. With the 
exception of a relatively small proportion of 
butanol produced by fermentation in China and 
Brazil (Ni and Sun  2009 ), these alcohols are cur-
rently petrochemically synthesised. The annual 
production of butanol has been estimated to be 2.8 
million tons  (  2006  )  with continuous increase in 
demand and capacity. Butanol has many charac-
teristics that make it a better fuel than ethanol. 
Butanol has the following advantages over etha-
nol: (a) it has 25% more Btu per gallon, (b) it is 
less evaporative/explosive with a Reid vapour 
pressure (RVP) 7.5 times lower than ethanol, (c) it 
is safer than ethanol because of its higher  fl ash 
point and lower vapour pressure, (d) it has a higher 
octane rating, and (e) it is more miscible with 

2 32H CO CH OH+ =

4 2 2

2 2 2

2 3

CH H O CO 3H

CO H O CO H

Finally, CO 2H CH OH

+ = +
+ = +

+ =  Fig. 8.6    Biomethanol production from lignocellulosic 
waste       
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gasoline and diesel fuel but less miscible with 
water (Ramey and Yang  2004  ) . It is produced via 
acetone-butanol-ethanol fermentation (ABE fer-
mentation) with the strict anaerobic bacterium, 
 Clostridium acetobutylicum  and  C. beijerinckii  
(Qureshi and Blaschek  2001 ; Ramey and Yang 
 2004 ; Survase et al.  2011  ) . However, with a few 
exceptions, anaerobic fermentation processes for 
production of fuels and chemicals, including ABE 
fermentation, usually suffer from a number of 
serious limitations including low yields, low pro-
ductivity and low  fi nal product concentrations. 
Efforts are being made to make fermentation route 
competitive with petroleum-based solvent synthe-
sis because the limitations have also been over-
come (Chauvatcharin et al.  1998  ) . However, 
petrochemical route of butanol production is still 
dominated over ABE fermentation. Few butanol-
producing microbes are listed in Table  8.7 . 

   Isopropanol 

 Isopropanol is one of the simplest secondary 
alcohols which are produced by microbes. Several 
species of  Clostridium  have been evaluated for 
isopropanol production, including  Clostridium 

beijerinckii  and  Clostridium isopropylicum  IAM 
19239. However, the obtained isopropanol titres 
of these strains were very low, because clostridia 
produce isopropanol together with butanol 
(Table  8.8 ). Accumulation of isopropanol drasti-
cally reduced production yields. In this context, 
Inokuma et al.  (  2010  )  have recently applied a 
gas-stripping recovery method into the fed-batch 
culture system. Applying this method, they have 
successfully obtained production of 2,378 mM 
(143 g/L) of isopropanol from a recombinant 
clone of  E. coli  after 240 h with a yield of 67.4% 
(mol/mol) which is very close to the theoretical 
maximum yield (73.2% (mol isopropanol/mol 
glucose)).  

 Chemically, the isopropanol is primarily pro-
duced by combining water and propene in a 
hydration reaction at industrial level (Lee et al. 
 2003  ) . There are two routes for the hydration pro-
cess: indirect hydration via the sulphuric acid 
process and direct hydration. In the indirect process, 
propene reacts with sulphuric acid to form a mix-
ture of sulphate esters. Subsequent hydrolysis of 
these esters by steam produces isopropyl alcohol, 
which is puri fi ed after distillation. In direct hydra-
tion, propene and water react at high pressures in 
the presence of solid or supported acidic catalysts 

   Table 8.8    List of microbes producing butanol and isopropanol   

 Alcohols  Microorganism  References 

 Butanol   Clostridium beijerinckii   Survase et al.  (  2011  )  
 Metabolic engineered  E. coli   Atsumi et al.  (  2008  )  
  Clostridium beijerinckii   Formanek et al.  (  1997  )  
  Clostridium acetobutylicum   Ennis et al.  (  1987  )  and Qureshi and Maddoxm ( 1991 ) 
  Synechococcus elongatus   Lan and Liao (2012) 
  Bacillus  sp.  Wright et al. ( 1991 ) 

 2-Propanol   Thermoanaerobacter ethanolicus   Burdette et al.  (  1996  )  
  Thermoanaerobium brockii   Keinan et al.  (  1986  )  
  Clostridium beijerinckii   Chen  (  1995  )  and Jojima et al. (2008) 
  Clostridium isopropylicum   Inokuma et al.  (  2010  )  
  Clostridium ljungdahlii   Imkamp and Muller  (  2007  )  and Ramachandriya et al.  (  2011  )  
  Clostridium autoethanogenum   Imkamp and Muller  (  2007  )  and Ramachandriya et al.  (  2011  )  
  Butyribacterium methylotrophicum   Imkamp and Muller  (  2007  )  and Ramachandriya et al.  (  2011  )  
  Clostridium ragsdalei   Imkamp and Muller  (  2007  )  and Ramachandriya et al.  (  2011  )  
  Clostridium carboxidivorans   Imkamp and Muller  (  2007  )  and Ramachandriya et al.  (  2011  )  
  Escherichia coli   Hanai et al.  (  2007  )  and Atsumi and Liao  (  2008  )  
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either in gas or liquid phases. Higher purity 
propylene (>90%) tends to be required for this 
type of process. 

 Thermochemical conversion of lignocellulosic 
feedstock into various advanced primary and sec-
ondary alcohol is an emerging technology which 
is known as producer gas fermentation (also 
known as synthesis gas or bio-syngas fermenta-
tion). It involves the use of acidogenic biological 
catalysts (such as  Clostridium ljungdahlii, 
Clostridium autoethanogenum, Butyribacterium 
methylotrophicum, ‘Clostridium ragsdalei’  and 
 Clostridium carboxidivorans  P7, Table  8.8 ) 
which have an autotrophic mechanism of con-
verting syngas components (CO, CO 

2
  and H 

2
  pri-

marily) into solvents such as ethanol and butanol 
and commodity chemicals such as acetic acid and 
butyric acid (Imkamp and Muller  2007 ; 
Ramachandriya et al.  2011  ) .  

   Dimethyl Ether (DME) 

 DME (CH 
3
 OCH 

3
 ) is the simplest ether. It repre-

sents a new renewable fuel that still needs further 
exploration. It does not occur naturally in petro-
leum, hence is produced synthetically. The physi-
cal properties of DME are similar to LPG, as it 
can be transported and stored as a liquid at low 
temperature. DME is a clean fuel and contains no 
S or N compounds. Its energy content is ~65% 
that of CH 

4
 . When used as a replacement for die-

sel fuel, DME has a high cetane value, which 
makes it more suitable for application in CI ICE 
(compressed ignition internal combustion engine) 
rather than in SI ICE (spark ignited internal com-
bustion engine) (Semelsberger et al.  2006 ; Swaina 
et al.  2011  ) . 

 Originally DME has been manufactured via 
methanol dehydration, but more recently the direct 
DME production from syngas (mixture of CO and 
H 

2
 ). The direct production route involves one pro-

cess instead of two processes – methanol synthesis 
and methanol dehydration and appears to be more 
energy and cost ef fi cient. The cost of producing 
DME from methanol is in fl uenced by price and 
availability, as methanol itself is an expensive 

chemical feedstock. In contrast, producing DME 
directly from syngas has many economic and tech-
nical advantages over methanol dehydration. 
Thermodynamically, DME production from syn-
gas is more favourable than from methanol, and 
thus, in principle, the costs for DME production 
from syngas should be lower, provided a suitable 
catalyst can be found. Considering the exothermic 
characteristic of DME synthesis and the scale of 
production, we explored the feasibility of utilising 
a micro-channel reactor for DME synthesis, in 
conjunction with a combined methanol synthesis/
dehydration catalyst system (Hu CK  2005 ; Hu J 
 2005  ) . 

 Dimethyl ether can address energy security, 
energy conservation, environmental concerns and 
the pragmatic realisation of depleting petroleum 
reserves as an alternative fuel. Besides it can be 
exploited as a nontoxic, noncorrosive, environ-
mentally benign, produced from domestic 
resources.  

   Pyrolysis Oil 

 Biomass can be processed in a liquid media (typi-
cally water) under pressure and at temperatures 
between 300 and 400°C. The reaction yields oils 
and residual solids that have a low water content 
and a lower oxygen content than oils from fast 
pyrolysis (  www.nabcprojects.org    ). Upgrading of 
the so-called bio-crude is similar to that of pyrol-
ysis oil. Pyrolysis oil can be produced by fast 
pyrolysis, a process involving rapidly heating the 
biomass to temperatures between 400 and 600°C, 
followed by rapid cooling. Through this process, 
thermally unstable biomass compounds are con-
verted to a liquid product. The obtained pyrolysis 
oil is more suitable for long-distance transport 
than for instance straw or wood-chips. As a by-
product, bio-char is produced that can be used as 
solid fuel, or applied on land as a measure of car-
bon sequestration and soil fertilisation. The oil 
can be processed in ways similar to crude oil, and 
several research efforts are currently undertaken 
to upgrade pyrolysis oil to advanced biofuels 
(EBTP  2010  ) .  

http://www.nabcprojects.org
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   Microbial Batteries 

 Microbial fuel cells (MFCs) open up new horizons 
for the sustainable energy production from biode-
gradable organic matters. The microbial batteries 
convert energy of bio-convertible substrate into 
electricity. This can be achieved when bacteria 
switch from the natural electron acceptor to an 
insoluble acceptor, such as the fuel cell’s anode. 
MFCs have operational and functional advan-
tages over the technologies currently used for 
generating energy from organic matter such as 
high conversion ef fi ciency, operation at ambient 
temperature, does not require gas treatment, do 
not need energy input for aeration and have 
potential for widespread application. 

 Many organisms identi fi ed in microbial batteries 
possess hydrogenase enzyme, for example, 
 Enterobacter ,  Bacillus, Clostridium, Bacteroi-
detes ,  Actinobacteria  and 11 novel phylotypes 
closely related to  Ethanoligenens harbinense , 
 Clostridium thermocellum  and  Clostridium sacch-
aroperbutylacetonicum  were also there (Xing 
et al.  2008  ) . Hydrogenases could be directly 
involved in electron transfer towards electrodes. 
Hydrogenase is thought to become active in order 
to excrete excess reducing power under speci fi c 
conditions, such as anaerobic conditions. 
Although, hydrogenase enzyme is purely respon-
sible for this hydrogen production, which cataly-
ses the following reaction:
         

as illustrated in (Fig.  8.7 ).  
 Bacteria can use soluble components that 

physically transport the electron from an (intra)
cellular compound, which becomes oxidised, to 
the electrode surface. In many studies, redox 
mediators were added to the reactor, which often 
seemed to be essential. However, bacteria can 

also produce redox mediators themselves in two 
ways: through the production of organic, revers-
ibly reducible compounds (secondary metabo-
lites) and through the generation of oxidisable 
metabolites (primary metabolites).   

   Conclusion 

 The potential to use available residues from the 
agricultural and forestry sector to produce biofu-
els underscores the need for technology develop-
ment. The assessment of sustainable biomass 
potential and the evaluation of bene fi ts of biofu-
els are important key factors for increasing rural 
energy access. Moreover, the investment to help 
build capacities in the  fi eld for feedstock supply 
and handling can create favourable conditions to 
establishing a biofuel industry.      

      References 

    Abbi M, Kuhad RC, Singh A (1996a) Bioconversion of 
pentose sugars to ethanol by free and immobilized 
cells of  Candida shehatae  (NCL-3501): fermentation 
behavior. Process Biochem 31:555–560  

    Abbi M, Kuhad RC, Singh A (1996b) Fermentation of 
xylose and rice straw hydrolysate to ethanol by  Candida 
shehatae  NCL-3501. J Ind Microbiol 17:20–23  

    Abdenifar S, Karimi K, Khanahmadi M, Taherzadeh MJ 
(2009) Ethanol production by  Mucor indicus  and 
 Rhizopus oryzae  from rice straw by separate hydroly-
sis and fermentation. Biomass Bioenergy 33:828–833  

      Aden A, Ruth M, Ibsen K, Jechura J, Neeves K, Sheehan 
J, Wallace B, Montague L, Slayton A, Lukas J (2002) 
Lignocellulosic biomass to ethanol process design and 
economics utilizing co-current dilute acid prehydroly-
sis and enzymatic hydrolysis for corn stover. National 
Renewable Energy Laboratory Technical Report. 
NREL/TP-510-32438  

    Aguilera F, Peinado RA, Millan C, Ortega JM, Mauricio 
M (2006) Relationship between ethanol tolerance, 
H + -ATPase activity and the lipid composition of the 
plasma membrane in different wine yeast strains. Int J 
Food Microbiol 110:34–42  

    Alfani A, Gallifuoco F, Saporosi A, Cantarella M (2000) 
Comparison of SHF and SSF process for the biocon-
version of steam-exploded wheat straw. J Ind Microbiol 
Biotechnol 25:84–192  

    Alvira P, Tomás-Pejó E, Ballesteros M, Negro MJ (2010) 
Pretreatment technologies for an ef fi cient bioethanol 
production process based on enzymatic hydrolysis: a 
review. Bioresour Technol 101:4851–4861  

reduced 2 oxidised2H 2X 6H 2X+ + ↔ +

CODH 1
CO

CO2

e- Hyd-2

H+

H2

CODH 1
e- Hyd-2

  Fig. 8.7    Hydrogenase-mediated hydrogen production       

 



1438 Biofuels: The Environment-Friendly Energy Carriers

   Asgari MJ, Safavi K, Mortazaeinezahad F (2011) Land fi ll 
biogas production process. In: International confer-
ence on food engineering and biotechnology. IPCBEE, 
vol 9. IACSIT Press, Singapore.   http://www.ipcbee.
com/vol9/40-B10035.pdf       

    Atsumi S, Liao J (2008) Metabolic engineering for 
advanced biofuels production from  Escherichia coli . 
Curr Opin Biotechnol 19:414–419  

    Atsumi S, Cann AF, Connor MR, Shen CR, Smith KM, 
Brynildsen MP, Katherine JY, Chou-Hanai T, Liao JC 
(2008) Metabolic engineering of  Escherichia coli  for 
1-butanol production. Metab Eng 10:305–311  

    Ballesteros M, Oliva JM, Negro MJ, Manzanares P, 
Ballesteros I (2004) Ethanol from lignocellulosic 
materials by a simultaneous sacchari fi cation and 
fermentation process (SSF) with  Kluyveromyces 
marxianus  CECT 10875. Process Biochem 39:
1843–1848  

    Belloch C, Orlic S, Barrio E, Querol A (2008) Fermentative 
stress adaptation of hybrids within the  Saccharomyces  
sensu stricto complex. Int J Food Microbiol 
122:188–195  

    Bender M (1999) Economic feasibility review for com-
munity-scale farmer cooperatives for biodiesel. 
Bioresour Technol 70:81–87  

    Benemann JR (1996) Hydrogen biotechnology: progress 
and prospects. Nat Biotechnol 14:1101–1103  

   EBTP (European Biofuels Technology Platform) (2010) 
Biofuel production.   www.biofuelstp.eu/fuelproduc-
tion.html      

    Boraston AB, Bolam DN, Gilbert HJ, Davies GJ (2004) 
Carbohydrate-binding modules:  fi ne-tuning polysac-
charide recognition. Biochem J 382:769–781  

    Bothast RJ, Saha BC, Flosenzier VA, Ingram LO (1994) 
Fermentation of  l -arabinose,  d -xylose, and  d -glucose 
by ethanologenic recombinant  Klebsiella oxytoca  
strain P2. Biotechnol Lett 16:401–406  

    Brennan L, Owende P (2010) Biofuels from microalgae – 
a review of technologies for production, processing 
and extractions of biofuels and co-products. Renew 
Sustain Energy Rev 14:557–577  

    Burdette DS, Vieille C, Zeikus JG (1996) Cloning 
and expression of the gene encoding the 
 Thermoanaerobacter ethanolicus  39E secondary-
alcohol dehydrogenase and biochemical characteriza-
tion of the enzyme. Biochem J 316:115–122  

    Carraretto C, Macor A, Mirandola A, Stoppato A, 
Tonon S (2004) Biodiesel as alternative fuel: experi-
mental analysis and energetic evaluations. Energy 
29:2195–2211  

    Chaillou S, Pouwels PH, Postma PW (1999) Transport of 
D-xylose in  Lactobacillus pentosus, Lactobacillus 
casei,  and  Lactobacillus plantarum:  evidence for a 
mechanism of facilitated diffusion via the phosphoe-
nolpyruvate: mannose phosphotransferase system. J 
Bacteriol 181:4768–4773  

    Chandel AK, Kapoor RK, Singh A, Kuhad RC (2007) 
Detoxi fi cation of sugarcane bagasse hydrolysate 
improves ethanol production by  Candida shehatae  
NCIM 3501. Bioresour Technol 98:1947–1950  

    Chauvatcharin S, Siripatana C, Seki T, Takagi M, Yoshida T 
(1998) Metabolism analysis and on-line physiological 
state diagnosis of acetone-butanol fermentation. 
Biotechnol Bioeng 58:561–571  

    Chen J (1995) Alcohol dehydrogenase: multiplicity and 
relatedness in the solvent-producing clostridia. FEMS 
Microbiol Rev 17:263–273  

    Chen M, Xia L, Xue P (2007) Enzymatic hydrolysis of 
corncob and ethanol production from cellulosic hydro-
lysate. Int Biodeter Biodegr 59:85–89  

    Cheng C, Chung Y, Lee S, Lee DJ, Lin CY, Chang SJ 
(2011) Biohydrogen production from lignocellulosic 
feedstock. Bioresour Technol 102:8514–8523  

    Chidambaram M, Bell AT (2010) A two-step approach 
for the catalytic conversion of glucose to 2, 5-dime-
thylfuran in ionic liquids. Green Chem 12(7):
1253–1262  

   Chou Y-C, Zhang M, Mohagheghi A, Evans K, Finkelstein 
M (1997) Construction and evaluation of a xylose/ara-
binose fermenting strain of  Zymomonas mobilis . 
Abstracts in 19th symposium on biotechnology for 
fuels and chemicals, Colorado, Springs, 4–8 May  

    Chynoweth DP, Owens JM, Legrand R (2001) Renewable 
methane from anaerobic digestion of biomass. Renew 
Energy 22:1–8  

    Das D, Kanna N, Veziroglu TN (2008) Recent develop-
ments in biological hydrogen production processes. 
Chem Ind Chem Eng Q 14:57–67  

    Demirbas A (2003) Biodiesel fuels from vegetable oils via 
catalytic and non-catalytic supercritical alcohol 
transesteri fi cations and other methods: a survey. 
Energy Convers Manage 44:2093–2109  

    Demirbas A (2006) Biodiesel production via non-catalytic 
SCF method and biodiesel fuel characteristics. Energy 
Convers Manage 47:2271–2282  

    Demirbas A (2007) Importance of biodiesel as transporta-
tion fuel. Energy Policy 35:4661–4670  

    Demirbas A (2008) Biomethanol production from organic 
waste materials. Energy Source A 30:565–572  

    Demirbas A, Demirbas MF (2011) Importance of algae oil 
as a source of biodiesel. Energy Convers Manage 
52:163–170  

    Demirbas A, Gulu D (1998) Acetic acid, methanol and 
acetone from lignocellulosics by pyrolysis. Energy 
Educ Sci Technol 1:111–115  

    Deshpande V, Keskar S, Mishra C, Rao M (1986) Direct 
conversion of cellulose/hemicellulose to ethanol by 
 Neuro spora crassa . Enzyme Microb Technol 
8:149–152  

   Dien BS, Cotta MA, Jeffries TW (2003) Bacteria engi-
neered for fuel ethanol production: current status. 
Appl Microbiol Biotechnol 63:258–266  

    Dien BS, Nichols NN, O’Bryan PJ, Bothast RJ (2000) 
Development of new ethanologenic  Escherichia coli  
strains for fermentation of lignocellulosic biomass. 
Appl Biochem Biotechnol 84:181–196  

    Doi T, Matsumoto H, Abe J, Morita S (2010) Application 
of rice rhizosphere micro fl ora for hydrogen produc-
tion from apple pomace. Int J Hydrogen Energy 
35:7369–7376  

http://www.ipcbee.com/vol9/40-B10035.pdf
http://www.ipcbee.com/vol9/40-B10035.pdf
http://www.biofuelstp.eu/fuelproduction.html
http://www.biofuelstp.eu/fuelproduction.html


144 R. Gupta et al.

    EIA (2009) Energy Information Administration, Assum-
ptions to the annual energy outlook 2009, DOE/EIA-
0554.   http://www.eia.doe.gov/oiaf/aeo/assumption,     
  www.eia.doe.gov/oiaf/aeo/assumption      

    El Kanouni A, Zerdani I, Zaafa S, Znassni M, Lout fi  M, 
Boudouma M (1998) The improvement of glucose/
xylose fermentation by  Clostridium acetobutylicum  
using calcium carbonate. World J Microbiol Biotechnol 
14:431–435  

    Elbahloul Y, Steinbohel A (2010) Pilot-scale production 
of fatty acid ethyl esters by an engineered Escherichia 
coli strain harboring the p(Microdiesel) plasmid. Appl 
Environ Microbiol 76:4560–4565  

    Eliasson A, Christensson C, Wahlbom CF, Hahn-Hägerdal 
B (2000) Anaerobic xylose fermentation by recombi-
nant  Saccharomyces cerevisiae  carrying XYL1, 
XYL2, and XKS1 in mineral medium chemostat cul-
tures. Appl Environ Microbiol 66:3381–3386  

    Ennis BM, Qureshi N, Maddox IS (1987) Inline toxic 
product removal during solvent production by contin-
uous fermentation using immobilized  Clostridium 
acetobutylicum . Enzyme Microb Technol 9:672–675  

    Eroglu E, Eroglu I, Gunduz U, Turker L, Yucel M (2006) 
Biological hydrogen production from olive mill waste-
water with two stage processes. Int J Hydrogen Energy 
31:1527–1535  

    Fan YT, Zhang YH, Zhang SF, Hou HW, Ren BZ (2006) 
Ef fi cient conversion of wheat straw wastes into biohy-
drogen gas by cow dung compost. Bioresour Technol 
97:500–505  

    Fascetti E, Todini O (1995)  Rhodobacter sphaeroides  RV 
cultivation and hydrogen production in a one- and 
two-stage chemostat. Appl Microbiol Biotechnol 
22:300–305  

    Federov AS, Tsygankov AA, Rao KK, Hall DO (1998) 
Hydrogen photoproduction by  Rhodobacter sphaeroi-
des  immobilized on polyurethane foam. Biotechnol 
Lett 20:1007–1009  

    Ferchichi M, Crabbe E, Gwang GH, Hintz W, 
Almadidy A (2005) In fl uence of initial pH on hydro-
gen production from cheese whey. J Biotechnol 
120:402–409  

    Formanek J, Mackie R, Blaschek HP (1997) Enhanced 
butanol production by  Clostridium beijerinckii  BA101 
grown in semide fi ned P2 medium containing 6 percent 
maltodextrin or glucose. Appl Environ Microbiol 
63:2306–2310  

    Frac M, Jezierska-Tys S, Tys J (2010) Microalgae for 
biofuels production and environmental applications: a 
review. Afr J Biotechnol 9:9227–9236  

    Frigon JC, Guiot SR (2010) Biomethane production from 
starch and lignocellulosic crops: a comparative review. 
Biofuels Bioprod Biore fi n 4(4):447–458  

    Garcia JL (1990) Taxonomy and ecology of methanogens. 
FEMS Microbiol Rev 87:297–308  

    Gerhard K (2010) Biodiesel and renewable diesel: a com-
parison. Prog Energy Combust Sci 36:364–373  

    Ghirardi ML, Zhang L, Lee JW, Flynn T, Seibert M, 
Greenbaum E, Melis A (2000) Microalgae: a green 
source of renewable hydrogen. TIBTECH 18:506–511  

    Goering E, Schwab W, Daugherty J, Pryde H, Heakin J 
(1982) Fuel properties of eleven vegetable oils. Trans 
ASAE 25:1472–1483  

   Gruter G, Manzer LE, De Sousa Dias ASV, Dautzenberg 
F, Purmova J (2009) Hydroxymethyl furfural ethers 
and esters prepared in ionic liquids. WO2009/
030512  

    Gupta R, Sharma KK, Kuhad RC (2009) Separate hydro-
lysis and fermentation (SHF) of  Prosopis juli fl ora , a 
woody substrate, for the production of cellulosic etha-
nol by  Saccharomyces cerevisiae  and  Pichia stipitis-
 NCIM 3498. Bioresour Technol 100:1214–1220  

    Gupta R, Khasa YP, Kuhad RC (2011) Evaluation of pre-
treatment methods in improving the enzymatic 
sacchari fi cation of cellulosic materials. Carbohydr 
Polym 84:1103–1109  

    Hahn-Hägerdal B, Karhumaa K, Fonseca C, Spencer-
Martins I, Gorwa-Grauslund MF (2007) Towards 
industrial pentose fermenting yeast strains. Appl 
Microbiol Biotechnol 74:937–953  

   Hamelinck CN (2004) Outlook for advanced biofuels. 
PhD thesis, Department of Science, Technology and 
Society and the Copernicus Institute for Sustainable 
Development and Innovation of Utrecht University  

    Hanai T, Atsumi S, Liao J (2007) Engineered synthetic 
pathway for isopropanol production in  Escherichia 
coli . Appl Environ Microbiol 73:7814–7820  

    Herrero A, Gomez RF (1980) Development of ethanol tol-
erance in  Clostridium thermocellum : effect of growth 
temperature. Appl Environ Microbiol 40:571–577  

   Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos 
MR, Brady JW, Foust TD (2007) Biomass recalci-
trance: engineering plants and enzymes for biofuels 
production. Science 315:804–807  

    Ho NWY, Chen Z, Brainard AP (1998) Genetically engi-
neered  Saccharomyces  yeast capable of effective co-
fermentation of glucose and xylose. Appl Environ 
Microbiol 64:1852–1859  

    Hu CK, Bai FW, An LJ (2005) Effect of  fl occulence of a 
self- fl occulating yeast on its tolerance to ethanol and 
the mechanism. Chin J Biotechnol 21:123–128  

    Hu J, Wang YC, Chunshe E, Douglas CS, Don J, White JF 
(2005) Conversion of biomass syngas to DME 
using a microchannel reactor. Ind Eng Chem Res 
44:1722–1727  

    Idania VV, Richard S, Derek R, Noemi RS, Hector MPV 
(2005) Hydrogen generation via anaerobic fermenta-
tion of paper mill wastes. Bioresour Technol 
96:1907–1913  

    Imkamp F, Muller V (2007) Acetogenic bacteria. 
Encyclopedia of life sciences. Wiley, Malden  

    Ingram LO, Aldrich HC, Borges AC, Causey TB, Martinez 
A, Morales F, Saleh A, Underwood SA, Yomano IP, 
York SW, Zaldivar J, Zhou S (1999) Enteric bacterial 
catalysts for fuel ethanol production. Biotechnol Prog 
15:855–866  

    Inokuma K, Liao JC, Okamoto M, Hanai T (2010) 
Improvement of isopropanol production by metaboli-
cally engineered  Escherichia coli  using gas stripping. 
J Biosci Bioeng 110:696–701  

www.eia.doe.gov/oiaf/aeo/assumption
www.eia.doe.gov/oiaf/aeo/assumption


1458 Biofuels: The Environment-Friendly Energy Carriers

    James OO, Maity S, Usman LA et al (2010) Towards the 
conversion of carbohydrate biomass feedstocks to bio-
fuels via hydroxylmethylfurfural. Energy Environ Sci 
3:1833–1852  

    Jeffries TW (2006) Engineering yeasts for xylose metabo-
lism. Curr Opin Biotechnol 17:320–326  

    Jeffries TW, Jin Y-S (2004) Ethanol and thermo-tolerance 
in the bioconversion of xylose by yeasts. Adv Appl 
Microbiol 47:221–266  

    Jeppsson M, Johansson B, Hahn-Hägerdal B, Gorwa-
Grauslund MF (2002) Reduced oxidative pentose 
phosphate pathway  fl ux in recombinant xylose-utiliz-
ing  Saccharomyces cerevisiae  strains improves the 
ethanol yield from xylose. Appl Environ Microbiol 
68:1604–1609  

    Jeppsson M, Träff K, Johansson B, Hahn-Hägerdal B, 
Gorwa-Grauslund MF (2003) Effect of enhanced 
xylose reductase activity on xylose consumption and 
product distribution in xylose-fermenting recombi-
nant  Saccharomyces cerevisiae . FEMS Yeast Res 
3:167–175  

    Jeppsson M, Bengtsson O, Franke K, Lee H, Hahn-
Hägerdal B, Gorwa-Grauslund MF (2006) The expres-
sion of a  Pichia stipitis  xylose reductase mutant with 
higher Km for NADPH increases ethanol production 
from xylose in recombinant  Saccharomyces cerevi-
siae . Biotechnol Bioeng 93:665–673  

    Jin W, Cheng Y-F, Mao S-Y, Zhu W-Y (2011) Isolation of 
natural cultures of anaerobic fungi and indigenously 
associated methanogens from herbivores and their bio-
conversion of lignocellulosic materials to methane. 
Bioresour Technol 102:7925–7931  

    Johansson B, Christensson C, Hobley T, Hahn-
Hägerdal B (2001) Xylulokinase overexpression in 
two strains of  Saccharomyces cerevisiae  also 
expressing xylose reductase and xylitol dehydroge-
nase and its effect on fermentation of xylose and 
lignocellulosic hydrolysate. Appl Environ Microbiol 
67:4249–4255  

    Jojima T, Inui M, Yukawa H (2008) Production of isopro-
panol by metabolically engineered  Escherichia coli . 
Appl Environ Microbiol 77:1219–1224  

   Kadam PC, Godbole SH, Renade DR (1989) Isolation of 
methanogens from Arbian sea sediments and their salt 
tolerance. FEMS Microbiol Ecol 62:434  

    Kalscheuer R, Stoting T, Steinbohel A (2006) Microdiesel: 
 Escherichia coli  engineered for fuel production. 
Microbiology 152:2529–2536  

    Kapdan IK, Kargi F (2006) Bio-hydrogen production from 
waste materials. Enzyme Microb Technol 38:569–582  

    Karhumaa K, Hahn-Hägerdal B, Gorwa-Grauslund MF 
(2005) Investigation of limiting metabolic steps in the 
utilization of xylose by recombinant  Saccharomyces 
cerevisiae  using metabolic engineering. Yeast 
22:359–368  

    Karhumaa K, Fromanger R, Hahn-Hägerdal B, Gorwa-
Grauslund MF (2007) High activity of xylose reductase 
and xylitol dehydrogenase improves xylose fermenta-
tion by recombinant  Saccharomyces cerevisiae . Appl 
Microbiol Biotechnol 73:1039–1046  

    Keinan E, Hafeli E, Seth K, Lamed R (1986) Thermostable 
enzymes in organic synthesis. 2. Asymmetric reduc-
tion of ketones with alcohol dehydrogenase from 
 Thermoanaerobium brockii . J Am Chem Soc 
108:162–169  

    Kuhad RC, Gupta R, Khasa YP, Singh A (2010a) 
Bioethanol production from  Lantana camara  (Red 
sage): pretreatment, sacchari fi cation and fermentation. 
Bioresour Technol 101:8348–8354  

    Kuhad RC, Mehta G, Gupta R, Sharma KK (2010b) 
Fed batch enzymatic sacchari fi cation of newspaper 
cellulosics improves the sugar content in the hydro-
lysates and eventually the ethanol fermentation by 
 Saccharomyces cerevisiae . Biomass Bioenergy 
34:1189–1194  

    Kuhad RC, Gupta R, Khasa YP (2011) Bioethanol pro-
duction from lignocellulosics: an overview. In: Lal B, 
Sharma PM (eds) Wealth from waste, 3rd edn. TERI 
Press, New Delhi  

   Kuijvenhoven J (2006) Process design for an integrated 
lignocellulose to bioethanol production plant presen-
tation at Netherlands Process Technology Symposium, 
25 October 2006  

    Kumar N, Das D (1999) Enhancement of hydrogen pro-
duction by  Enterobacter cloacae  IIT-BT 08. Process 
Biochem 35:589–594  

   Kumar N, Das D (2000) Enhancement of hydrogen pro-
duction by  Enterobacter cloacae  IIT-BT 08. Proc 
Biochem 35:589–593  

    Kumar N, Das D (2001) Continuous hydrogen production 
by immobilized  Enterobacter cloacae  IIT-BT 08 using 
lignocellulosic materials as solid matrices. Enzyme 
Microb Technol 29:280–287  

    Kumar P, Barrett DM, Delwiche MJ, Stroeve P (2009) 
Methods for pretreatment of lignocellulosic biomass 
for ef fi cient hydrolysis and biofuel production. Ind 
Eng Chem Res 48:3713–3729  

    Kuyper M, Winkler AA, Dijken JPV, Pronk JT (2004) 
Minimal metabolic engineering of  Saccharomyces 
cerevisiae  for ef fi cient anaerobic xylose fermen-
tation: a proof of principle. FEMS Yeast Res 
4:655–664  

    Kuyper M, Hartog MM, Toirkens MJ, Almering MJ, 
Winkler AA, Dijken JPV (2005) Metabolic engineer-
ing of a xylose–isomerase-expressing  Saccharomyces 
cerevisiae  strain for rapid anaerobic xylose fermenta-
tion. FEMS Yeast Res 5:399–409  

    Lee WG, Lee JS, Shin CS, Park SC, Chang HN, Chang 
YK (1999) Ethanol production using concentrated oak 
wood hydrolysates and methods to detoxify. Appl 
Biochem Biotechnol 78:547–559  

    Lee GSJ, McCain JH, Bhasin MM (2003) Synthetic 
organic chemicals. In: Kent JA (ed) Riegel’s handbook 
of industrial chemistry, 10th edn. Kluwer Academic/
Plenum Publishers, New York, pp 851–854  

    Liu E, Hu Y (2010) Construction of a xylose-fermenting 
 Saccharomyces cerevisiae  strain by combined 
approaches of genetic engineering, chemical muta-
genesis and evolutionary adaptation. Biochem Eng J 
48:204–210  



146 R. Gupta et al.

    Liu IC, Whang LM, Ren WJ, Lin PY (2011) The effect of 
pH on the production of biohydrogen by  Clostridia : 
thermodynamic and metabolic considerations. Int 
J Hydrogen Energy 36:439–449  

    Logan BE (2004) Feature article: biologically extracting 
energy from wastewater: biohydrogen production and 
microbial fuel cells. Environ Sci Technol 
38:160A–167A  

   Londo HM, Lensink SM, Deurwaarder EP, Wakker A, de 
Wit MP, Junginger HM, Könighofer K, Jungmeier G 
(2008) Biofuels development in the EU27+ until 2030: 
full-chain cost assessment and implications of policy 
options REFUEL project, WP4  fi nal report  

   Lovett JC, Hards S, Clancya J, Snell C (2011) Multiple 
objectives in biofuels sustainability policy. Energy 
Environ Sci 4:261–268  

    Madhavan A, Tamalampudi S, Ushida K, Kanai D, 
Katahira S, Srivastava A, Fukuda H, Bisaria VS, 
Kondo A (2009) Xylose isomerase from polycentric 
fungus  Orpinomyces:  gene sequencing, cloning and 
expression in  Saccharomyces cerevisiae  for biocon-
version of xylose to ethanol. Appl Microbiol 
Biotechnol 82:1067–1078  

    Makaruk A, Miltner M, Harasek M (2010) Membrane 
biogas upgrading processes for the production of natu-
ral gas substitute. Sep Purif Technol 74(2010):83–92  

   Maki-Arvela P, Salminen E, Riittonen T, Virtanen P, 
Kumar N, Mikkola J (2012) The challenge of ef fi cient 
synthesis of biofuels from lignocellulose for future 
renewable transportation fuels. Int J Chem Eng. 
doi:  10.1155/2012/674761      

    Mamma D, Christakopoulos P, Koullas D, Kekos D, 
Macris BJ, Koukios E (1995) An alternative approach 
to the bioconversion of sweet sorghum carbohydrates 
to ethanol. Biomass Bioenergy 8:99–103  

    Mao H-L, Wang J-K, Zhou Y-Y, Liu J-X (2010) Effects of 
addition of tea saponins and soybean oil on methane 
production, fermentation and microbial population in 
the rumen of growing lambs. Livest Sci 129:56–62  

    Marchetti JM, Miguel VU, Errazu AF (2007) Possible 
methods for biodiesel production. Renew Sustain 
Energy Rev 11:1300–1311  

    Margeot A, Hahn-Hagerdal B, Edlund M, Slade R, Monot 
F (2009) New improvements for lignocellulosic etha-
nol. Curr Opin Biotechnol 20:372–380  

    Mata TM, Martins AA, Nidia S (2010) Caetano, microal-
gae for biodiesel production and other applications: a 
review. Renew Sust Energy Rev 14:217–232  

    Matsushika A, Inoue H, Watanabe S, Kodaki T, Makino K, 
Sawayama S (2008) Bioethanol production from xylose 
by recombinant  Saccharomyces cerevisiae  expressing 
xylose reductase, NADP + -dependent xylitol dehydroge-
nase and xylulokinase. J Biosci Bioeng 105:296–299  

    Melis A, Zhang LP, Forestier M, Ghirardi ML, Seibert M 
(2000) Sustained photobiological hydrogen gas 
production upon reversible inactivation of oxygen 
evolution in the green alga  Chlamydomonas reinhardtii . 
Plant Physiol 122(1):127–136  

    Millati R, Edebo L, Taherzadeh MJ (2005) Performance 
of  Rhizopus, Rhizomucor and Mucor  in ethanol pro-

duction from glucose, xylose and wood hydrolysates. 
Enzyme Microb Technol 36:294–300  

    Miltner M, Makaruk A, Krischan J, Harasek M (2012) 
Chemical-oxidative scrubbing for the removal of 
hydrogen sulphide from raw biogas: potentials and 
economics. Water Sci Technol 66(6):1354–1360  

    Mosier NS, Wyman C, Dale B, Elander R, Lee YY, 
Holtzapple M, Ladisch MR (2005) Features of prom-
ising technologies for pretreatment of lignocellulosic 
biomass. Bioresour Technol 96:673–686  

    Mountfort DO, Rhodes LL (1991) Anaerobic Growth and 
fermentation characteristics of  Paecilomyces lilacinus  
isolated from M ullet  gut. Appl Environ Microbiol 
57:1963–1968  

    Nagel N, Lemke P (1990) Production of methyl fuel from 
microalgae. Appl Biochem Biotechnol 24:355–361  

    Nallathambi GV (1997) Anaerobic digestion of biomass 
for methane production: a review. Biomass Bioenergy 
13:83–114  

   Ni Y, Sun Z (2009) Recent progress on industrial fermen-
tative production of acetone–butanol–ethanol by 
Clostridium acetobutylicum in China. Appl Microbiol 
Biotechnol 83:415–423    

    Ni M, Leung DYC, Leung MKH, Sumathy K (2006) An 
overview of hydrogen production from biomass. Fuel 
Process Technol 87:461–472  

    Nigam PS, Singh A (2011) Production of liquid biofuels 
from renewable resources. Prog Energy Combust Sci 
37:52–68  

    Ohgren K, Bura R, Lesnicki G, Saddler J, Zacchi G (2007) 
A comparison between simultaneous sacchari fi cation 
and fermentation and separate hydrolysis and fermen-
tation using steam-pretreated corn stover. Process 
Biochem 42:834–839  

    Ohta K, Beall DS, Mejia JP, Shanmugam KT, Ingram LO 
(1991) Genetic improvement of Escherichia coli for 
ethanol production: chromosomal integration of 
 Zymomonas mobilis  genes encoding pyruvate decar-
boxylase and alcohol dehydrogenase II. Appl Environ 
Microbiol 57:893–900  

    Palmqvist E, Hahn-Hägerdal B (2000a) Fermentation of 
lignocellulosic hydrolysates. I: inhibition and 
detoxi fi cation. Bioresour Technol 74:17–24  

    Palmqvist E, Hahn-Hägerdal B (2000b) Fermentation of 
lignocellulosic hydrolysates. II: inhibition and 
detoxi fi cation. Bioresour Technol 74:25–33  

    Pandu K, Joseph S (2012) Comparisons and limitations of 
biohydrogen production processes: a review. Int J Adv 
Eng Technol 2:342–356  

    Patel GB (1984) Ethanol production during o-xylose, 
L-arabinose, and D-ribose fermentation by  Bacteroides 
polypragmatus . Appl Microbiol Biotechnol 
20:111–117  

   Petersson A, Wellinger A (2009) Biogas upgrading tech-
nologies – developments and innovations.   http://
www.ieabiogas.net/Dokumente/upgrading_rz_
low_ fi nal.pdf      

    Phillips VD, Kinoshita CM, Neill DR, Takashi PK (1990) 
Thermochemical production of methanol from bio-
mass in Hawaii. Appl Energy 35:167–175  

http://dx.doi.org/10.1155/2012/674761
http://www.ieabiogas.net/Dokumente/upgrading_rz_low_final.pdf
http://www.ieabiogas.net/Dokumente/upgrading_rz_low_final.pdf
http://www.ieabiogas.net/Dokumente/upgrading_rz_low_final.pdf


1478 Biofuels: The Environment-Friendly Energy Carriers

    Pryor RW, Hanna MA, Schinstock JL, Bashford LL 
(1982) Soybean oil fuel in a small diesel engine. Trans 
ASAE 26:333–338  

    Qureshi N, Blaschek HP (2001) Recovery of butanol from 
fermentation broth by gas stripping. Renew Energy 
22:557–564  

    Qureshi N, Maddoxm IS (1991) Integration of continuous 
production and recovery of solvents from whey per-
meate: use of immobilized cells of  Clostridium aceto-
butylicum  in a  fl uidized bed reactor coupled with gas 
stripping. Bioprocess Eng 6:63–69  

    Ramachandriya KD, Wilkins MR, Delorme MJM, 
Zhu X, Kundiyana DK, Atiyeh HK, Huhnke RL 
(2011) Reduction of acetone to isopropanol using pro-
ducer gas fermenting microbes. Biotechnol Bioeng 
108:2330–2338  

   Ramey D, Yang ST (2004) Production of butyric acid and 
butanol from biomass. U.S. Department of Energy 
Morgantown, WV.   http://www.afdc.energy.gov/
pdfs/843183.pdf      

    Ras S, Veijanen A, Rintala J (2007) Trace compounds of 
biogas from different biogas production plants. J 
Energy 32:1375–1380  

    Raven RPJM, Gregersen KH (2007) Biogas plants in 
Denmark: successes and setbacks. Renew Sustain 
Energy Rev 11:116–132  

    Redwood MD, Paterson-Beedle M, Macaskie LE (2009) 
Integrating dark and light bio-hydrogen production 
strategies: towards the hydrogen economy. Rev 
Environ Sci Biotechnol 8:149–185  

    Reed TB, Lerner RM (1973) Methanol: a versatile fuel for 
immediate use. Science 182:1299–1304  

    Rocha MVP, Rodrigues TH, de Macedo GR, Gonçalves 
LR (2009) Enzymatic hydrolysis and fermentation of 
pretreated cashew apple bagasse with alkali and 
diluted sulfuric acid for bioethanol production. Appl 
Biochem Biotechnol 155:407–417  

    Roukas T, Kotzekidou P (1998) Lactic acid production 
from deproteinized whey by mixed cultures of free 
and coimmobilized  Lactobacillus casei  and 
 Lactococcus lactis  cells using fed-batch culture. 
Enzyme Microb Technol 22:199–204  

    Runquist D, Hahn-Hägerdal B, Bettiga M (2009) Increased 
expression of the oxidative pentose phosphate path-
way and gluconeogenesis in anaerobically growing 
xylose-utilizing  Saccharomyces cerevisiae . Microb 
Cell Fact 8:49  

    Ryckebosch E, Drouillon M, Vervaeren H (2011) 
Techniques for transformation of biogas to biomethane. 
Biomass Bioenergy 35:1633–1645  

    Sathish A, Sims RC (2012) Biodiesel from mixed culture 
algae via a wet lipid extraction procedure. Bioresour 
Technol 118:643–647  

    Schnackenberg J, Ikemoto H, Miyachi S (1996) Photo-
synthesis and hydrogen evolution under stress condi-
tions in a CO 

2
 -tolerant marine green alga,  Chlorococcum 

littorale . J Photochem Photobiol B Biol 34(1):59–62  
    Schneider H, Wang PY, Chan YK, Maleszka R (1981) 

Conversion of n-xylose into ethanol by the yeast 
 Pachysolen tannophilus . Biotechnol Lett 3:89–92  

    Scott SA, Davey MP, Dennis JS, Horst I, Howe CJ, 
 Lea-Smith DJ, Smith AG (2010) Biodiesel from 
algae: challenges and prospects. Curr Opin Biotechnol 
21:277–286  

    Semelsberger TA, Borup RL, Greene HL (2006) Dimethyl 
ether (DME) as an alternative fuel. J Power Sources 
156:497–511  

   Sheehan J, Cambreco V, Duf fi eld J, Garboski M, Shapouri 
H (1998) An overview of biodiesel and petroleum die-
sel life cycles. A report by US Department of 
Agriculture and Energy, pp 1–35  

    Shi NQ, Davis B, Sherman F, Cruz J, Jeffries TW (1999) 
Disruption of the cytochrome c gene in xylose-utiliz-
ing yeast  Pichia stipitis  leads to higher ethanol pro-
duction. Yeast 15:1021–1030  

    Shi NQ, Cruz J, Sherman F, Jeffries TW (2002) SHAM-
sensitive alternative respiration in the xylose-metabo-
lizing yeast  Pichia stipitis . Yeast 19:1203–1220  

    Simankova MV, Kotsyurbenko OR, Lueders T, 
Nozhevnikova AN, Wagner B, Conrad R, Friedrich 
MW (2003) Isolation and characterization of new 
strains of methanogens from cold terrestrial habitats. 
Syst Appl Microbiol 26:312–318  

    Singh A, Mishra P (1993) Microbial production of ethanol 
in: microbial pentose utilization: current application in 
biotechnology. Prog Ind Microbiol 33:147–196  

    Smith GD, Ewart GD, Tucker W (1992) Hydrogen pro-
duction by cyanobacteria. Int J Hydrogen Energy 
17:695–698  

    Soderstrom J, Galbe M, Zacchi G (2005) Separate versus 
simultaneous sacchari fi cation and fermentation of 
two-step steam pretreated softwood for ethanol pro-
duction. J Wood Chem Technol 25:187–202  

    Sreenath HK, Koegel RG, Moldes AB, Jeffries TW, Straub 
RJ (1999) Enzymic sacchari fi cation of alfalfa  fi bre 
after liquid hot water pretreatment. Process Biochem 
35:33–41  

    Steen EJ, Kang Y, Bokinsky G, Hu Z, Schirmer A, 
McClure A et al (2010) Microbial production of fatty-
acid-derived fuels and chemicals from plant biomass. 
Nature 463:559–562  

    Stelmachowski M, Nowicki L (2003) Fuel from the 
synthesis gas – the role of process engineering. 
Applied Energy 74:85–93  

    Su H, Cheng J, Zhou J, Song W, Cen K (2009) Combination 
of dark and photo-fermentation to enhance production 
and energy conversion ef fi ciency. Int J Hydrogen 
Energy 34:8846–8853  

    Su H, Cheng J, Zhou J, Song W, Cen K (2010) Hydrogen 
production from water hyacinth through dark 
and photo-fermentation. Int J Hydrogen Energy 
35:8929–8937  

    Survase SA, Jurgens G, van Heiningen A, Granström T 
(2011) Continuous production of isopropanol and 
butanol using Clostridium beijerinckii DSM 6423. 
Appl Microbiol Biotechnol 91:1305–1313  

    Sveshnikov DA, Sveshnikova NV, Rao KK, Hall DO 
(1997) Hydrogen metabolism of mutant forms of 
 Anabaena variabilis  in continuous cultures and under 
nutritional stress. FEMS Microbiol Lett 147:297–301  

http://www.afdc.energy.gov/pdfs/843183.pdf
http://www.afdc.energy.gov/pdfs/843183.pdf


148 R. Gupta et al.

    Swaina PK, Dasa LM, Naik SN (2011) Biomass to liquid: 
a prospective to challenge research and development 
in 21st century. Renew Sustain Energy Rev 
15:4917–4933  

     Talebnia F, Pourbafrani M, Lundin M, Taherzadeh MJ 
(2008) Optimization study of citrus wastes 
sacchari fi cation by dilute acid hydrolysis. BioResour 
3:108–122  

    Tang G, Huang J, Sun Z, Tang Q, Yan C, Liu G (2008) 
Biohydrogen production from cattle wastewater by 
enriched anaerobic mixed consortia: in fl uence of fer-
mentation temperature and pH. J Biosci Bioeng 
106:80–87  

    Tavendale MH, Meagher LP, Pacheco D, Walker N, 
Attwood GT, Sivakumaran S (2005) Methane produc-
tion from in vitro rumen incubations with  Lotus 
pedunculatus  and  Medicago sativa , and effects of 
extractable condensed tannin fractions on methano-
genesis. Anim Feed Sci Technol 123–124:403–419  

    Vandeska E, Amartey S, Kuzmanova S, Jeffries TW 
(1996) Fed-batch culture for xylitol production by 
 Candida boidinii . Process Biochem 31:265–270  

    Verho R, Londesborough J, Penttila M, Richard P (2003) 
Engineering redox cofactor regeneration for improved 
pentose fermentation in  Saccharomyces cerevisiae . 
Appl Environ Microbiol 69:5892–5897  

    Wahlbom F, Otero RRC, van Zyl WH, Hahn-Hägerdal B, 
Jonsson LJ (2003) Molecular analysis of a 
 Saccharomyces cerevisiae  mutant with improved abil-
ity to utilize xylose shows enhanced expression of pro-
teins involved in transport, initial xylose metabolism, 
and the pentose phosphate pathway. Appl Environ 
Microbiol 69:740–746  

    Wang J, Wan W (2008) Comparison of different pre-treat-
ment methods for enriching hydrogen producing cul-
tures from digested sludge. Int J Hydrogen Energy 
33:2934–2941  

    Wang CC, Chang CW, Chu CP, Lee DJ, Chang VV, Liao 
CS (2003) Using  fi ltrate of waste biosolids to effectively 
produce bio-hydrogen by anaerobic fermentation. Water 
Res 37:2789–2793  

    Wang D, Xu Y, Zhao G (2004) Fermentation kinetics of 
different sugars by apple wine yeast  Saccharomyces 
cerevisiae . J Inst Brew 110:340–346  

    Wang YY, Ai P, Hu CX, Zhang YL (2011) Effects of various 
pretreatment methods of anaerobic mixed micro fl ora on 
biohydrogen production and the fermentation pathway 
of glucose. Int Hydrogen Energy 36:390–396  

   Wellinger A, Lindberg A (1999) Biogas upgrading and 
utilization. IEA Bioenergy. Task 24: energy from 
 biological conversion of organic waste.   http://www.
energietech.info/pdfs/Biogas_upgrading.pdf      

    Wijffels RH, Barbosa MJ (2010) An outlook on microal-
gal biofuels. Science 329:796–799  

    Wright SJL, Linton CJ, Edwards RA, Drur E (1991) 
Isoamyl alcohol (3-methyl- l -butanol), a volatile 

anti-cyanobacterial and phytotoxic product of some 
 Bacillus  spp. Lett Appl Microbiol 1991(13):130–132  

    Xia LM, Sheng XL (2004) High-yield cellulase produc-
tion by  Trichoderma reesei  in ZU-02 on corncob resi-
dues. Bioresour Technol 91:259–262  

    Xing D, Ren N, Rittmann BE (2008) Genetic diversity of 
hydrogen-producing bacteria in an acidophilic etha-
nol-H2-coproducing system, analyzed using the [Fe]-
hydrogenase gene. Appl Environ Microbiol 
74(4):1232–1239  

    Xing Y, Li Z, Fan Y, Huo H (2010) Biohydrogen produc-
tion from dairy manures with acidi fi cation pre-treat-
ment by anaerobic fermentation. Environ Sci Pollut 
Res 17:392–399  

   Yang S, Tschaplinski TJ, Engle NL, Carroll SL, Martin 
SL, Davison BH, Palumbo1 AV, Rodriguez M Jr, 
Brown SD (2009) Transcriptomic and metabolomic 
pro fi ling of  Zymomonas mobilis  during aerobic and 
anaerobic fermentations. BioMed Cent Genomics. 
doi:  10.1186/1471-2164-10-34      

    Yokoi H, Maki R, Hirose J, Hayashi S (2002) Microbial 
production of hydrogen from starch-manufacturing 
wastes. Biomass Bioenergy 22:389–395  

   Yokoyama H, Waki M, Moriya N, Yasuda T, Tanaka Y, 
Haga K (2007) Effect of fermentation temperature on 
hydrogen production from cow waste slurry by using 
anaerobic micro fl ora within the slurry. Appl Microbiol 
Biotechnol 74:474–483  

    Yomano LP, York SW, Ingram LO (1998) Isolation and 
characterization of ethanol-tolerant mutants of 
 Escherichia coli  KO11 for fuel ethanol production. 
J Ind Microbiol Biotechnol 20:132–138  

    Zabut B, El-Kahlout K, Yucel M, Gunduz U, Turker I, 
Eroglu I (2006) Hydrogen gas production by com-
bined systems of  Rhodobacter sphaeroides  O.U.001 
and  Halobacterium salinarum  in a photobioreactor. 
Int J Hydrogen Energy 31:1553–1562  

    Zaldivar J, Borges A, Johansson B, Smits HP, Villas-Boas 
SG, Nielsen J, Olsson L (2002) Fermentation performance 
and intracellular metabolite patterns in laboratory and 
industrial xylose-fermenting  Saccharomyces cerevisiae . 
Appl Microbiol Biotechnol 59:436–442  

    Zhang M, Eddy C, Deanda K, Finkelstein M, Picataggio S 
(1995) Metabolic engineering of a pentose metabo-
lism pathway in ethanologenic  Zymomonas mobilis . 
Science 267:240–243  

    Zhao J, Xia L (2010) Ethanol production from corn stover 
hemicellulosic hydrolysate using immobilized recom-
binant yeast cells. Biochem Eng J 49:28–32  

    Zhao QB, Yu HQ (2008) Fermentative H2 production in an 
up- fl ow anaerobic sludge blanket reactor 
at various pH values. Bioresour Technol 99:1353–1358  

    Zinoviev S, Moler-Langer F, Das P, Bertero N, Fornasiero 
P, Kaltschmitt M et al (2010) Next-generation bio-
fuels: survey of emerging technologies and 
 sustainability issues. ChemSus Chem 3:1106–1133      

http://www.energietech.info/pdfs/Biogas_upgrading.pdf
http://www.energietech.info/pdfs/Biogas_upgrading.pdf
http://dx.doi.org/10.1186/1471-2164-10-34


    Part II             



151R.C. Kuhad and A. Singh (eds.), Biotechnology for Environmental Management 
and Resource Recovery, DOI 10.1007/978-81-322-0876-1_9, © Springer India 2013

   Introduction 

   Bioremediation 

 This has largely consisted of treating contaminated 
soil and water using biocatalysts. The discovery of 
oxygenase for being able to break aromatic ring 
has been a milestone (Hayashi  1963 ;    Glazer and 
Nikaido  1995  ) . In the soil, biodegradation of her-

bicides and pesticides has been an important 
focus (Parales et al.  2002  ) . It is whole cells which 
have been mostly used for real applications; 
enzymology/metabolism in such cases has been 
studied mostly to understand the molecular level 
picture of the microbial degradation. Also, this 
understanding enables one to aim for mutant 
microorganisms which can do the job more 
ef fi ciently. In that respect, directed evolution has 
emerged as a powerful tool. It should be pointed 
out that microbial oxygenases, in their own 
right, catalyse reactions which often have con-
siderable synthetic utility, for example, synthesis 
of trans-diols (Parales et al.  2002  ) . This is a good 
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  Abstract 

 The early thrust of applied biocatalysis was in the traditional areas of 
fermentation and food processing. Slowly, as enzymology developed, the 
applications of enzymes (or whole cells) extended to numerous other areas 
like textile, detergent, leather and oil and fat industries (Godfrey and West, 
Industrial enzymology. Macmillan Press Ltd., London, 634 p,  1996 ; Roy 
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Dordrecht,  2007 ). Given their twin virtues of higher rates and speci fi city, 
it was natural that biocatalysts started being used in environmental 
management. The concepts, techniques and some illustrative applications 
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example of close relationship between fundamental 
and applied aspects pro fi ting from progress in 
respective areas. 

 In the case of wastewater, ef fl uents from coal 
mines and textile industries have attracted early 
attention. Peroxidases have been widely studied 
for this application. In real life, because of cost 
considerations, microbes and microbial consortia 
have often proved to be the best option (Duran 
and Esposito  2000  ) .  

   Biosensors 

 The interface of a suitable biological catalyst 
with an appropriate transducer (e.g., an electrode, 
a chip) constitutes a biosensor (Danielsson and 
Mosbach  1988  ) . Large number of applications 
involving control and monitoring of environ-
ments have been described in the literature 
(Rogers and Mascini  1998 ; Sharpe  2003  ) . The 
fate of genetically engineered microorganisms in 
environment, for example, continues to be an 
important issue (Rogers and Mascini  1998  ) . Two 
areas, micro fl uidics (Polson and Hayes  2001  )  and 
nanofabrication (Wu and Payne  2004    ), are reduc-
ing the physical size of these devices. That, in 
turn, is opening up several novel opportunities 
for their uses in environmental management. 
Both isolated enzymes and whole cells 
(Danielsson and Mosbach  1988 ; Bousse  1996 ; 
Simpson et al.  1998  )  have been used for biosen-
sor applications.  

   White Biotechnology 

 This area has evolved out of what has been gener-
ally called industrial enzymology (Frazzetto 
 2003 ; Glaser  2005 ; Lorenz and Zink  2005 ; Ulber 
and Sell  2007  ) . The thrust here is not to develop 
‘end-of-the-pipe’ technologies for cleanup. 
Instead, the idea is to replace existing polluting 
manufacturing practices with greener options. 
So, rather than waste management, switchover to 
technology which does not produce waste is the 
concept. Use of biofuels and biodegradable 
materials are two well-de fi ned areas of extensive 

research work (  www.mckinsey.com/clientservice/
chemicals/pdf/BioVision_Booklet_ fi nal.pdf    ; 
Jenck et al.  2004 ). The concept of biore fi nery 
(wherein, all building blocks for synthesis of 
chemicals/drugs/materials would be derived from 
renewable sources) is one of the most powerful ideas 
(Gupta and Raghava  2007 ;   http://www.epobio.net/
pdfs/0611CellWallSacchari fi cationReport_c.pdf    ) 
to emerge in recent times and would impact the 
environmental sciences considerably. The use of 
biocatalysts instead of chemical catalysts is an 
important plank of white biotechnology. What is 
perhaps less well known is the importance of the 
use of microwaves (Roy and Gupta  2003a  )  instead 
of conventional heating in this context. The US 
technology vision document emphasises this 
importance (  http://www.ccrhq.org/vision/index.
html    ) .  

 There is an important aspect of white biotech-
nology which deserves greater attention than it 
gets in the context of environment management. 
There are cases where a particular product is 
required and produced in large amounts. Often, 
there is a by-product which is coproduced. It 
could be considered a waste or may not have 
suf fi cient applications. In such cases, biotech-
nology has sometimes turned this vexing problem 
into a tremendous opportunity.    Before we illus-
trate this idea with two important examples, 
some of the important concepts and develop-
ments which are impacting environmental 
managements are outlined. There is a need for 
environmental biotechnologists to be more 
familiar with these so that these can be applied 
more extensively.   

   Sourcing Biocatalysts 

 Both enzymes and whole cells have been used in 
environmental monitoring and control. Working 
with enzymes is comparatively a costlier busi-
ness since downstream processing costs consti-
tute a major share (60–90%) of the overall 
production costs. However, the speci fi c activity 
and hence overall rates/conversion factors are 
quite high. Using whole cells directly saves the 
cost of separating the enzyme (activity). There 

http://www.mckinsey.com/clientservice/chemicals/pdf/BioVision_Booklet_final.pdf
http://www.mckinsey.com/clientservice/chemicals/pdf/BioVision_Booklet_final.pdf
http://www.epobio.net/pdfs/0611CellWallSaccharificationReport_c.pdf
http://www.epobio.net/pdfs/0611CellWallSaccharificationReport_c.pdf
http://www.ccrhq.org/vision/index.html
http://www.ccrhq.org/vision/index.html
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may be an interference with other enzymes 
present in the cell. The rates obtained may be 
low especially if the mass transfer constraints 
dominate (this would be especially signi fi cant 
during biodegradation of biomass which is 
mostly macromolecular in nature). Whole cell 
biocatalysis is less predictable. Nevertheless, it 
has been the method of choice in bioremediation 
(Dua et al.  2002  ) . In the context of both types 
of biocatalysts, large diversity is available. 
Metagenomics makes it possible to source 
enzymes from the organisms which cannot even 
be cultivated (Handelsman  2004 ; Yun and Ryu 
 2005 ; Langer et al.  2006 ; Ferrer et al.  2007  ) . 
Protein engineering (Palackal et al.  2004 ), gene 
shuf fl ing (Stemmer  1994a,   b  )  and directed evo-
lution (Arnold et al.  2003 ; Otten and Quax  2004 ; 
Williams et al.  2004  )  allow one to modify a given 
biocatalyst to endow it with any desired prop-
erty. Thermal stability, stability towards organic 
solvents, substrate speci fi city, regioselectivity 
and enantioselectivity all can be engineered via 
molecular biology techniques. Metabolic engi-
neering now has come of age and cell factories 
have emerged as a powerful concept (Koffas and 
Cardayre  2005 ; Yun and Ryu  2005  ) . 

 As far as sourcing enzymes from natural 
sources is concerned, microbial sources domi-
nate the scene (even in the case of recombinant 
sources, microbes constitute most often used host 
systems for expression of recombinant DNA). 
There is an increasing emphasis on sourcing 
enzymes from extremophiles (Madigan  2000 ; 
Rossi et al.  2003 ; Podar and Reysenbach  2006  ) . 
Considering that their  milieu  for environmental 
applications is likely to be harsh, extremophiles 
constitute an ideal source for isolating the 
required biocatalysts. High temperature, high 
salinity or extreme pH conditions are some of the 
conditions which environmental applications are 
likely to encounter. 

 The separation and puri fi cation of enzymes is 
an area which has seen tremendous develop-
ments in recent years (Table  9.1 ). Traditional 
multistep protocols are being increasingly 
replaced by shorter and mostly af fi nity-based 
protocols. Today, the most often used puri fi cation 

approach uses af fi nity tags (like polyhistidine 
(Gaberc-Porekar and Menart  2001  ) , cellulose-
binding domain (Tomme et al.  1998  )  or maltose-
binding protein (Riggs  1990  ) ) to purify 
recombinant proteins. The interfacing of the 
af fi nity concept with precipitation (Roy and 
Gupta  2003b ; Mondal et al.  2006  ) , aqueous two-
phase extraction (Teotia et al.  2004  )  and 
expanded bed chromatography (Roy et al.  1999  )  
has given some very powerful and ef fi cient tech-
nologies. A new technique macro-(af fi nity 
ligand) facilitated three-phase partitioning 
(MLFTPP) has been recently described and has 
already found quite a few applications 
(Table  9.2 ). While chromatographic methods 
would continue to be used for high purity prepa-
rations (such as pharmaceutical proteins), most 
of the enzymes required for biosensors, biore-
mediation and bioconversions do not require 
high purity and can be easily and economically 
obtained by non-chromatographic methods. 
Currently, membrane-based separations are 
already used at industry level, but other non-
chromatographical methods also would ulti-
mately attain industrial maturity (Przybycien 
et al.  2004  ) . This would make enzyme-based 
technologies considerably cheaper.    

   Table 9.1    Summary of chromatographic and non-
chromatographic techniques used in protein puri fi cation 
(Roy et al.  2007  )       

 Technique  Examples 

 Chromatographic  Ion-exchange chromatography 
 Hydrophobic interaction 
chromatography 
 Af fi nity chromatography 
 Gel- fi ltration chromatography 
 Radial  fl ow chromatography 
 Perfusion chromatography 
 Expanded bed chromatography 
 Displacement chromatography 
 Monoliths 

 Non-chromatographic  Aqueous two-phase extraction 
 Three-phase partitioning 
 Reverse micellar extraction 
 Cross fl ow ultra fi ltration 
 Preparative electrophoresis 
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   Immobilisation and Reusability 

 Immobilisation of biocatalysts is carried out to 
obtain reusable biocatalysts. While large number 
of approaches (such as noncovalent methods, 
covalent methods, entrapment and encapsulation, 
bioaf fi nity immobilisation) have been described 
in the literature (Cao  2006 ; Guisan  2006  ) , few 
relatively less exploited and recent approaches 
are worth mentioning. 

 The technique of af fi nity layering exploits 
bioaf fi nity immobilisation (Mattiasson  1988 ; 
Saleemuddin  1999  )  and allows one to deposit 
large amount of biocatalytic activity over a small 
surface (Fig.  9.1 ). Its application to both biosen-
sors and biocatalysis area has been described 
(Farooqui et al.  1997a,   b ; Dalal and Gupta  2007  ) . 
Nanosized matrices especially nanotubes consti-
tute attractive matrices and offer some special 
advantages in biosensor applications (Davis et al. 

   Table 9.2    Enzymes puri fi ed by macro-(af fi nity ligand) facilitated three-phase partitioning (MLFTPP)   

 Enzyme  Macro-(af fi nity ligand) 
 Activity 
recovered (%) 

 Fold 
puri fi cation  Reference 

 Xylanase  Eudragit S-100  60  95  Sharma and Gupta  (  2002  )  

  a -amylase from 
porcine pancreas 

 Esteri fi ed alginate  92  10  Mondal et al.  (  2003a  )  

  a -amylase from  B. 
amyloliquefaciens  

 Esteri fi ed alginate  74  5.5  Mondal et al.  (  2003a  )  

 Wheat germ amylase  Esteri fi ed alginate  77  55  Mondal et al.  (  2003a  )  
 Glucoamylase  Esteri fi ed alginate/

alginate 
 83  20  Mondal et al.  (  2003b  )  

 Pullulanase  Esteri fi ed alginate  89  38  Sharma et al.  (  2003  )  
 Pectinase  Alginate  96  13  Sharma et al.  (  2003  )  
 Cellulase  Chitosan  92  16  Sharma et al.  (  2003  )  
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  Fig. 9.1    Preparation of af fi nity-layered horseradish peroxidase (HRP)          
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 1998 ; Sayler et al.  2004  ) . Hence, immobilisation 
on such surfaces has attracted considerable atten-
tion in recent years (Jiang et al.  2004 ; Shah and 
Gupta  2007a ; Shah et al.  2007  ) . Some recent 
designs such as CLEC (cross-linked enzyme 
crystals (St. Clair and Navia  1992  ) ) and CLEA 
(cross-linked enzyme aggregates (Wilson 
et al.  2004 ; Sheldon et al.  2005 ; Shah et al. 
 2006  ) ) do not use any matrices and hence lead 
to high space-time yields for bioconversions, 
biotransesteri fi cation and bioremediation. 
Combi-CLEAs (Dalal et al.  2006  )  and multipur-
pose CLEAs (Dalal et al.  2007  )  constitute some 
attractive emerging concepts in this regard.   

   Nonaqueous Enzymology 

 It is now well established that enzymes can be used 
in nearly anhydrous organic media (Gupta  1992, 
  2000 ; Gupta and Roy  2004  ) , ionic liquids (Sheldon 
 2001 ; Sheldon et al.  2002 ; van Rantwijk et al.  2003 ; 
Shah and Gupta  2007b,   c  ) , reverse micelles (Luisi 
 1985 ; Luisi et al.  1988 ; Martinek  1989  )  and even 
aqueous-organic cosolvent mixtures (Antonini 
et al.  1981  ) . This opens up several possibilities. To 
start with, many hydrophobic substrates can be dis-
solved in such media. Many hydrolases can be used 
for synthetic purposes. Most relevant to present 
discussion is the use of biosensors like thermistors 
in nonaqueous  milieu  (Ramanathan et al.  2000 ; 
Ramanathan and Danielsson  2001  ) .  

   Bioconversion/Biotransformation 
of a ‘Waste’ into a Value-Added 
Product 

   Whey Hydrolysis 

 Whey is a by-product in cheesemaking. It contains 
small amounts of high-quality proteins; otherwise, 
it is essentially a lactose solution (~4.7%, w/v). 
The enzyme lactase ( b - d -galactoside galacto-
hydrolase; E.C.3.2.1.23) occurs widely and has 
been known for a long time as an enzyme which 
hydrolyses lactose to glucose and galactose (Huber 
et al.  1994  ) . As early as 1950, isolation of lactase 
activity and microbial sources led to the proposal 

that the enzyme may be useful in dairy industry. 
Stimpson in  1957  patented application of lactose-
hydrolysed whey in animal feed. Around 1960s, 
lactose intolerance in humans was discovered 
(Dahlqvist and Lindquist  1971 ; Kretchmer  1972  ) . 
This led to intensi fi ed interest in lactose for pro-
ducing low-lactose milk. This coincided with 
signi fi cant rise in the price of sugar in Europe. 
This again led to resurgence in the interest in 
hydrolyzing whey lactose to the constituent sugars 
(Wigley  1996  ) . By 1976, 36.4 billion pounds of 
whey was being produced in the USA (Holsinger 
 1978  ) . In early years, disposal of whey constituted 
a huge problem. When discharged into water, it 
has a high biological oxygen demand (BOD) value 
and was considered a serious pollutant. Over the 
years, whey lactose and whey proteins both have 
emerged as rich sources of variety of industrial 
products. The proteins are hydrolysed by proteases 
and are used in sports drinks, etc. (Liese and Filho 
 1999  ) . The disaccharide is hydrolysed by lactases. 
The two most commonly used lactases at com-
mercial levels are from  Aspergillus oryzae  and 
 Kluyveromyces lactis . The importance of hydro-
lysis of constituent monosaccharides arises from 
the several disadvantages of using lactose as such 
as a sweetener. It is less sweet than the monosac-
charides, has sandy ‘mouthfeel’ if used as a sweet-
ener, has poor solubility (about 20 g/100 g water at 
room temperature) and has poor fermentability. 
The last feature means that not many microorgan-
isms can utilise this as an energy source. 

 One of the earliest pilot plants based upon 
lactase technology for treatment of whey was 
established at Connecticut/Lehigh Universities in 
the USA. It used an  A .  niger  lactase adsorbed to 
porous alumina carrier. The  fl uidised bed reactor 
used whey ultra fi ltered    permute as the feed. 
Industrial Keymen Laakso Dairy (Finland) used 
 A .  niger  lactase adsorbed on a phenol formalde-
hyde resin Duolite ES-762. A pilot plant in 
Germany (West) used covalently immobilised 
 A .  oryzae  enzyme for processing of acid whey. 
Similarly, Sumitomo (Japan) and Amerace Corp. 
(USA) pilot plants used covalently immobilised 
 A .  oryzae  lactase for processing of whey (Gekas 
and Lopez-Leiva  1985 ; Kosaric and Asher  1985  ) . 

 Two major applications of hydrolysed whey 
are as an industrial sweetener and for further 
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fermentation to alcohol and other valuable 
chemicals. While in the UK, whey syrup is 
mostly used to replace sweet condensed milk, in 
Finland, it  fi nds large applications in bakeries 
and into a  fl avoured whey drink! Various other 
applications reported are in confectionary prod-
ucts, desserts and ice creams, spreads, dressings, 
soft drinks and pet foods (Wigley  1996  ) . 

 While the above technology revolves around 
this hydrolytic activity of lactase, it should be 
added that lactose, using the same  b -galactosi-
dase (lactase), can also be used to synthesise oli-
gosaccharides. These galactooligosaccharides 
are used as probiotic food ingredients (Modler 
et al.  1990  ) . A probiotic substance is a nondigest-
ible food ingredient that selectively stimulates 
the growth of bene fi cial bacterial species already 
present in the colon (Modler et al.  1990  ) . The 
establishment of this  bi fi dus  micro fl ora is claimed 
to have tremendous health bene fi ts. Such sub-
stances have been legislated in Japan in 1991 as 
FOSHU (Foods for Speci fi ed Health Use) (Shortt 
 1999  ) . These are now beginning to attract consid-
erable attention in other parts of the world. Major 
companies involved in galactooligosaccharide 
production are Yakult Honsha, Nissin Sugar 
Products Manufacturing Company and Snow 
Brand Milk Products (all in Tokyo, Japan). 

 Hence, the utilisation of whey lactose constitutes 
one of the early and successful examples of biotech-
nology converting an environmental problem into 
a series of processes which can yield large number 
of value-added products and commodities.  

   Conversion of Glycerol 

 A large amount of glycerol is generated as a by-
product of biodiesel. Biodiesel consists of mono-
alkyl esters of fatty acids and is produced by 
transesteri fi cation of fats/oils with methanol or 
ethanol   .

 

H2COCOR1 ROCOR1 H2C   OH

HCOCOR2 + 3ROH ROCOR2 HC   OH

H2COCOR3 ROCOR3 H2C   OH

Triglyceride Alcohol Glycerol

Catalyst

Mixture of
Alkyl Ester

(BIODIESEL)

+

+
+

      

 Biodiesel is one of the biofuels and this 
technology has been developed to substitute 
petroleum products. Conventional diesel engines 
can run on biodiesel without any major 
modi fi cation of the engine. This is also an envi-
ronment-friendly fuel. Hence, in the USA alone, 
the production of biodiesel has increased from 
approximately 75 million gallons in 2005 to >250 
million gallons in 2006 and is expected to cross 
300 million gallons in 2007. The annual total 
production capacity in USA is projected to be 
approximately 2 billion gallons by 2009 (Johnson 
and Taconi  2007  ) . The starting oil could be any 
vegetable oil like soybean oil. In countries like 
India, wherein edible oils are in short supply, 
nonedible oil like from  Jatropha curcas  has been 
identi fi ed as the major starting material (Francis 
et al.  2005  ) . All this global emphasis on biodiesel 
production has led to the glycerol glut. For every 
3 moles of biodiesel, one mole of glycerol is 
produced. It is reported that the global glycerol 
market was 800,000 t in 2005, with 400,000 t 
from biodiesel alone (Pagliaro et al.  2007  ) . The 
situation is so serious that many plants which 
were producing glycerol (from propylene via 
epichlorohydrin) are closing. Again both chemists 
and biotechnologists are trying to convert this 
‘threat’ to an ‘opportunity’. A large variety of 
chemicals and biotechnological routes are being 
developed to convert glycerol into value-added 
products. Some value-added products which 
can be obtained from glycerol by biocatalytic/
fermentative approach are listed below:

   Dihydroxyacetone: A main ingredient of • 
sunscreen skin care products has a market of 
2,000 t/year. It is currently produced by 
microbial fermentation by  Gluconobacter 
oxydans  (Pagliaro et al.  2007  ) .  
  1,3-Propanediol: The new generation textile • 
 fi lms, Sonora TM  and Corerra TM , are produced 
from 1,3-propanediol (and terephthalic acid). 
Bacterial strains of  Citrobacter ,  Enterobacter , 
 Ilyobacter ,  Klebsiella ,  Lactobacillus , 
 Pelobacter  and  Clostridium  are able to convert 
glycerol into 1,3-propanediol (Papanikolaou 
et al.  2002 ; Lin et al.  2005  ) .  
  Butanol: This alcohol has a higher energy • 
yield per gallon as compared to ethanol. 
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 Clostridium pasteurianum  is reported to 
convert crude glycerin to butanol by anaerobic 
fermentation (Biebl et al.  1992 ; Biebl  2001  ) .  
  Ethanol: A start-up company called Glycos • 
Biotechnologies is already in place and uses 
 Escherichia coli  to convert glycerin to etha-
nol, again by anaerobic fermentation 
(Coombs  2007  ) .    
 While above products are already at commer-

cial level production stage, several other potential 
products are also possible. Species of  Yarrowia , 
 Candida  and  Rhodotorula  are capable of convert-
ing glycerol into citric acid (Papanikolaou and 
Aggelis  2002 ; Johnson and Taconi  2007  ) , 
sophorolipids (Ashby et al.  2005  )  and single cell 
oil (Johnson and Taconi  2007  ) . The acidogene-
sis + methanogenesis of glycerol can produce 
biogas.  Enterobacter aerogenes  is also reported 
to convert glycerol into H 

2
  and ethanol (Johnson 

and Taconi  2007  ) . Anaerobic fermentation of 
glycerol by  Clostridia  has been attracting consid-
erable attention. Variety of products, acetic acid, 
butyric acid, lactic acid, succinic acid, butanol, 
ethanol and acetone, are produced at various con-
centrations. Some of these are key platform 
chemicals (Johnson and Taconi  2007  ) . 

 It has been pointed out that price of crude 
glycerin (of the quality obtained during biodiesel 
production) is 600 €/t. Glycerol is fast emerging 
as an important raw material for chemical 
industries. 

 The utilisation of crude glycerol for producing 
industrial chemicals is likely to be an important 
component of the biore fi nery concept. This con-
cept seeks to replace existing petroleum-based 
industries by industries which would be ulti-
mately run by using chemicals desired from 
renewable plant resources (Clark et al.  2006  ) .   

   Conclusion 

 The interface between biology and environmen-
tal sciences is rather extensive and a rich one. 
In this chapter, an effort has been made to focus 
on developments/concepts in applied biocatalysis 
which workers in traditional areas of environ-
mental science tend to overlook. To go beyond 

where we are would require cross-fertilisation of 
ideas. Hopefully, this chapter would encourage 
some useful steps in that direction.      
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   Introduction    

 Microbes, being ubiquitous in nature, are 
essential for every part of human life. It is through 

the capacity of these tiny minuscules that our 
planet is replenished with the key elements of life, 
such as carbon, nitrogen, oxygen, phosphorous, 
and sulfur in accessible forms. All plants and animals 
have closely associated microbial communities 
that provide them necessary nutrients, growth 
factors, and vitamins. The billions of benign 
microbes that live in the human gut help us to digest 
food, break down toxins, and  fi ght off disease-
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  Abstract 

 The use of traditional microbiological culturing methods for the study of 
microbes had limited success since it has been estimated that 99% of microbes 
cannot be cultivated easily. Over the past decade, “metagenomics,” which is 
the culture-independent genomic analysis of microbes, has been developed to 
overcome these dif fi culties. Metagenomic analysis involves the basic steps 
like (1) the selection of an environmental niche, (2) the isolation of genetic 
material directly from an environmental sample, (3) manipulation of the 
genetic material, (4) library construction, and (5) the analysis of genetic 
material in the metagenomic library. The screening of clones can be done for 
phylogenetic markers or for other conserved genes by hybridization or mul-
tiplex PCR or for expression of speci fi c traits, such as enzyme activity or 
antibiotic production, or they can be sequenced randomly. This chapter gives 
an overview of metagenomics including its success as well as future biotech-
nological applications in pharmaceuticals, bioactive molecules, biocatalysts, 
biomaterials   , and others. There can be little doubt that the  fi eld of metage-
nomics gene discovery offers enormous scope and potential for both 
fundamental microbiology and biotechnological development.  

  Keywords 

 Metagenomics  •  Library construction  •  Screening  •  Sequence-based and 
function-based analysis      

      Metagenomics: Mining 
Environmental Genomes       

        Sheela   Srivastava   ,    Nitika   Ghosh   , and    Gargi   Pal      



162 S. Srivastava et al.

causing counterparts. We also depend on microbes 
to clean up pollutants in the environment, such as 
oil and chemical spills. Microbial communities 
not only play key role in maintaining environ-
mental quality and health but also participate 
in the upkeep of individual plants and animals. 
They can also live in extreme environments, at 
temperatures, pressure, and pH levels in which no 
other life forms can dare to tread.  

 Think about the countless jobs these tiny things 
do for us, starting from making antibiotics, many 
drugs in clinical use, enzymes, and other chemicals 
for industrial use to remediate pollutants in soil 
and water, to enhance crop productivity, to produce 
biofuels, to ferment Variety of foods, and to provide 
unique signatures that form the basis of microbial 
detection in disease diagnosis and forensic analysis. 
This is an endless list, and knowing them well not 
only includes all the processes involved and the 
genes responsible for all kinds of work they do but 
also tapping the vast genetic diversity existing in the 
microbial world. It is, therefore, no surprise that more 
than 900 genomes have already been sequenced. 

 We currently have little information (<1% of all 
bacterial species) on the vast majority of microor-
ganisms present in Earth’s different environments, 
mainly due to our inability to culture them in the 
laboratory. Historically, our inability to culture 
microorganisms is due to lack of knowledge of 
their physiology and environmental cues that 
may help in designing suitable culture medium. 
However, new cultivation techniques are begin-
ning to address this problem (Handelsman  2004  ) . 
Nonetheless, most of our knowledge has been 
gleaned from the relatively small number of pres-
ently culturable representatives. So miniscule is this 
representation that it gives no clues as to what 
constitutes a microbial world and what all can it do. 

 Going back to nature, therefore, what do we 
really want to know in microbial ecology and evolu-
tion? The fundamental questions include what types 
of species are present (phylogenetic questions), how 
many of each type are present at a given time and 
location (genomic questions), what are they doing 
there (metabolic and functional questions), and what 
resources are they using (biogeochemical ques-
tions)? The realization that most microorganisms 
cannot be grown readily in pure culture forced 

microbiologists to question their belief that the 
microbial world had been conquered. 

 Microbiology has experienced a number of 
transformations during its history of three and a 
half century. Each of these stages has altered 
microbiologists’ view of microorganisms and 
how to study them (Handelsman  2004  ) . The roots 
of microbiology are  fi rmly associated with the 
invention of microscope. The  fi rst record of a 
human being seeing a bacterial cell dates back to 
1663, when Antonie van Leeuwenhoek watched 
bacteria that he recovered from his own teeth 
through his homemade microscope. He was a 
keen observer and an outstanding combiner of 
ground glass pieces to obtain a magni fi ed view 
of a sample. His observations and detailed illus-
trations of microbial life prompted many other 
observers (both scientists and nonscientists) to 
take an interest in the microscopic world. His 
colorful descriptions of bacteria made their study 
compelling; in his descriptions of the many 
shapes of the bacteria he sampled from his teeth, 
he marveled that one “shot through the water like 
a pike does through water,”  fi rmly establishing 
that these tiny objects were indeed alive. For the 
next 200 years, re fi nement in microscopy enabled 
microbiologists to view heterotrophs, autotrophs, 
and obligate parasites alike with better details. 
Robert Koch’s postulates and his own innovation 
in developing culture media were instrumental in 
making another shift. From 1880s forward, the 
microbiological world was virtually restricted to 
the culture tubes of a microbiology laboratory. 

 Microbiologists were attracted to the power 
and precision of studies of bacteria in pure cul-
ture, and as a result, most of the knowledge that 
 fi lls modern microbiology textbooks today is 
derived from organisms maintained in pure cul-
ture. Because culturing provided the platform for 
building the depth and details of modern micro-
biological knowledge, for a long time microbi-
ologists ignored the challenge to identify and 
characterize uncultured organisms. They focused 
instead on the rich source of diversity found in 
the readily culturable model organisms, and this 
contributed to the explosion of knowledge in 
microbial physiology and genetics in the 1960s to 
mid-1980s. Meanwhile, the study of uncultured 
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microorganisms remained in the hands of a few 
persistent enthusiasts who began to accumulate 
hints that  fl itted at the edge of the microbiologi-
cal consciousness, suggesting that culturing did 
not capture the full spectrum of microbial diver-
sity. Many of the organisms could not be cultured 
on agar medium because their temperature 
requirements exceeded the melting point of the 
agar. Or that we did not, and still do not, under-
stand their growth requirements. Therefore, elu-
cidating the physiological function of 
microorganisms without culturing them required 
ingenuity. One of the indicators that cultured 
microorganisms did not represent much of the 
microbial world was the often observed “great 
plate count anomaly” – the discrepancy between 
the sizes of populations estimated by dilution 
plating and by microscopy. This discrepancy is 
particularly dramatic in some aquatic environ-
ments, in which plate counts and viable cells esti-
mated by acridine orange staining can differ by 
four to six orders of magnitude, and in soil, in 
which 0.1–1% of bacteria are readily culturable 
on common media under standard conditions. It 
is now widely accepted that the application of 
standard microbiological methods for the recov-
ery of microorganisms from the environment has 
had limited success in providing access to the 
true extent of microbial biodiversity. It follows 
that much of the extant microbial genetic diver-
sity (collectively termed the metagenome) 
remains unexplored and unexploited, an issue of 
considerable relevance to a wider understanding 
of microbial communities. Incessant quest of 
man for newer and newer chemicals, drugs, and 
other resources from microbes that may have 
important bearing to the biotechnology industry 
has provided further impetus to this line of study. 
The recent development of technologies designed 
to access this wealth of genetic information 
through environmental nucleic acid extraction 
has provided a means of avoiding the limitations 
of culture-dependent genetic exploitation. 

 The visualization of microbial world was 
changed radically in 1985 by Carl Woese, whose 
work re fl ected that rRNA gene provides evolution-
ary chronometers (Woese  1987  ) . A new branch of 
microbial ecology was created by Pace and his 

colleagues (Lane  1985 ; Stahl et al.  1985  )     by 
using direct analysis of 5S and 16S rRNA gene 
sequences from different environments. The anal-
ysis of these sequences was used to describe the 
diversity of microorganisms without culturing 
(Pace et al.  1986  ) . The early studies relied on 
sequencing of reverse transcription-generated 
cDNA copies or direct sequencing of RNA. The 
development of PCR technology was the next 
technical breakthrough as by designing the appro-
priate primers virtually any gene and almost the 
entire gene could be ampli fi ed (Giovannoni et al. 
 1990  ) . The new technique accelerated the discov-
ery of diverse taxa as habitats across the earth 
could be surveyed (Barns et al.  1994 ; Eden et al. 
 1991  ) . The application of PCR technology pro-
vided a view of microbial diversity that was not 
distorted by the culturing bias and revealed that 
the uncultured majority is unbelievably diverse 
and contains members that diverge deeply from 
the readily culturable minority. 16S rRNA gene 
sequences also provided an aid to culturing efforts 
in addition to providing a universal culture-
independent means to assess the diversity. 
Culturing efforts have intensi fi ed recently due to 
nucleic acid probes labeled with  fl uorescent tags 
providing such an assay, facilitating quantitative 
assessment of enrichment and growth. Successes 
have included pure cultures of members of the 
SAR11 clade, now termed the genus  Pelagibacter  
(Cho and Giovannoni  2004 ; Connon and Giovannoni 
 2002  ) , which represents more than one-third of 
the prokaryotic cell types in the surface of the ocean 
but was known only by its 16S rRNA signature 
until 2002 (Morris et al.  2002  ) . The Acidobacteria 
phylum (Janssen et al.  2002  )  is the corollary to 
SAR11 in terrestrial environments. Acidobacteria 
are abundant in soil, typically representing 20–30% 
of the 16S rRNA sequences ampli fi ed by PCR 
from soil DNA, but until recently only three 
members had been cultured (Barns et al.  1999  ) . 
Given that many organisms will not be coaxed 
readily into pure culture, a critical advance is to 
extend the understanding of the uncultured world 
beyond cataloging 16S rRNA gene sequences, 
and microbiologists have striven to devise meth-
ods to analyze the physiology and ecology of these 
diverse, uncultured, hitherto unknown organisms.  
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   Metagenomics 

 Among the methods designed to gain access to 
the physiology and genetics of uncultured micro-
organisms, metagenomics, or environmental 
genomics, the genome analysis of a population 
has emerged as a powerful centerpiece. Direct 
isolation of genomic DNA from an environment 
circumvents culturing the organisms under study, 
followed by cloning of genomic fragments into a 
culturable host that captures it for further study 
and preservation. With the feasibility of such a 
technique, numerous advances have been derived 
from sequence-based and functional analysis in 
samples from water and soil from diverse habitat 
and those associated with eukaryotic hosts.  

   De fi nition of Metagenomics 

 What is metagenomics? A review paper published 
in 2004 de fi nes “metagenomics” as functional and 
sequence-based analysis of the collective micro-
bial genomes contained in an environmental 
sample (Handelsman  2004  ) . The report from 
the American Institute of Microbiology (2002   ) 
de fi nes metagenomics as that “entails large-scale 
sequencing of pooled, community genomic mate-
rial, with either random or targeted approaches, 
assembly of sequences into unique genomes or 
genome clusters, determination of variation in 
community gene and genome content or expres-
sion over space and time, and inference of global 
community activities, function, differentiation, 
and evolution from community genome data.” 
Probably the oldest paper that used the term 
“metagenome” was published in 2000 (Woese 
 1987  ) . However, the concept that organisms could 
be identi fi ed without cultivation by retrieving and 
sequencing them directly from nature is much 
older. Metagenomic approaches to capture 
microbial diversity in natural habitats have been 
employed by many researchers for years. The 
terms used to describe such methods include envi-
ronmental DNA libraries, zoo libraries, soil DNA 
libraries, recombinant environmental libraries, 
whole genome treasures, community (environ-

mental) genome analysis, whole genome shotgun 
sequencing, random community genomics, and 
probably others. Among them, metagenomics 
seems to be the most commonly used term to 
describe such studies and was used for the title of 
the  fi rst International Conference titled 
 Metagenomics 2003  organized by Dr. Christa 
Schleper in Darmstadt, Germany. Metagenomics 
combines the power of genomics, bioinformatics, 
and systems biology. Operationally, it is novel in 
that it involves study of the genomes of many 
organisms simultaneously. 

 Metagenomics is employed as a means of sys-
tematically investigating, classifying, and manip-
ulating the entire genetic material isolated from 
environmental samples. This is a multistep process 
that relies on the ef fi ciency of  fi ve main steps. 
The procedure consists of (a) the selection of an 
environmental niche, (b) the isolation of genetic 
material directly from an environmental sample, 
(c) manipulation of the genetic material, (d) library 
construction, and (e) the analysis of genetic material 
in the metagenomic library. 

 A sample is  fi rst collected that represents 
the environment under investigation because the 
biological diversity will be different in different 
environments. The second step of the procedure 
is the isolation of the DNA. As the samples may 
contain many different types of microorganisms, 
the cells are broken open using chemical methods 
such as alkaline conditions or physical methods 
such as sonication. Once the DNA from the cells 
is free, it must be separated from the rest of the 
materials in the sample. This is accomplished by 
taking advantage of the physical and chemical 
properties of DNA. Some methods of DNA isola-
tion used include density centrifugation, af fi nity 
binding, and solubility/precipitation. Commercial 
kits are now available and are properly used 
for isolation of DNA from mixed samples (Lloyd-
Jones and Hunter  2001  ) . 

 Once the DNA is collected, it is manipulated 
so that it can be introduced in a chosen model 
organism. Genomic DNA is relatively large, so 
it is cut up into smaller fragments using enzymes 
called restriction endonucleases. These are spe-
cial enzymes that cut DNA at a particular 
sequence of base pairs. Depending upon the 
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enzyme used, this results in the smaller, linear 
fragments of DNA carrying either staggered or 
 fl ush ends. The fragments are then combined 
(ligated) with suitable vectors. Vectors are small 
units of DNA that can be transformed into cells 
where they can replicate and produce the proteins 
encoded on the introduced DNA using the 
machinery that the cells use to express normal 
genes. The vectors also contain a selectable 
marker. Selectable markers provide a growth 
advantage that the model organism would not 
normally have otherwise (such as resistance to a 
particular antibiotic) and are used to identify 
which cell contains vectors (transformed). The 
ones which do not contain vector (untransformed) 
are selected out. 

 The next step is to introduce the vectors with 
the metagenomic DNA fragments into the model 
organism, to generate metagenomic library. This 
allows the DNA from organisms that would 
not grow under laboratory conditions to be repli-
cated, expressed, and studied. DNA inserted in 
the vector is transformed into cells of a model 
organism, typically  Escherichia coli . Though the 
 fi rst choice always falls on  E. coli,  it is becoming 
clear that this bacterium cannot express all the 
genes. A search for an alternative host has to be 
kept in mind and should become a part of all 
such protocols. Transformation is the physical 
insertion of foreign DNA into a cell, followed by 
stable expression of proteins. It can be done by 
chemical, electrical, or biological methods. The 
method of transformation is determined based 
on the type of sample used and the required 
ef fi ciency of the reaction. The metagenomic 
DNA in the vectors represents the entire DNA in 
the same sample initially, but the vectors are 
designed such that only one kind of DNA frag-
ment from the sample will be maintained in each 
individual cell. The transformed cells are then 
grown on selective media so that only the cells 
carrying vectors will survive. Each group of cells 
that grows in a unit is called a colony. Each col-
ony consists of many cloned cells that origi-
nated from one single cell. The population of 
cells containing all of the metagenomic DNA 
samples in vectors constitutes what is called 
metagenomic library. Each colony can be used to 

create a stock of cells for future study of a single 
fragment of the DNA from the environmental 
sample. 

 The clones can be then screened for expres-
sion of speci fi c traits, such as enzyme activity or 
antibiotic production (function-based approach), 
or they can be sequenced randomly (sequence-
based approach). The clones can also be screened 
for phylogenetic markers or “anchors,” such as 
16S rRNA and  recA , or for other conserved 
genes by hybridization or multiplex PCR. This 
helps in taxonomic delineation of the source of 
the DNA (uncultured microbe). Each approach 
has strengths and limitations; together these 
approaches have enriched our understanding 
of the uncultured world, providing insight into 
groups of prokaryotes that are otherwise entirely 
unknown.  

   Metagenomic DNA Libraries 

 The basic steps of DNA library construction 
include generation of suitably sized DNA frag-
ments, cloning of fragments into an appropriate 
vector, and screening for the gene of interest 
(Fig.  10.1 ). DNA fragmentation is a signi fi cant 
problem in constructing metagenomic libraries. 
Mainly vigorous extraction methods from envi-
ronmental samples often result in excessive DNA 
shearing particularly when a higher yield is 
desired. An alternative approach uses blunt-end 
or T–A ligation to clone randomly sheared meta-
genomic fragments (Wilkinson et al.  2002  ) .  

 Cosmid and bacterial arti fi cial chromosome 
(BAC) libraries have been widely used for the 
construction of metagenomic libraries because of 
their ability to carry large DNA fragments (Beja 
 2004  ) . Cloning such fragments of metagenomic 
DNA allows entire functional operons to be 
targeted with the possibility of recovering entire 
metabolic pathways. This approach has success-
fully been applied for the isolation of several 
multigenic pathways such as that responsible for 
the synthesis of the antibiotic violacein (Brady 
et al.  2001  ) . Cosmid-sized (35–45 kbp) inserts 
in  E. coli  can also be stably maintained using 
fosmid vectors (Beja  2004  ) . 
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 The limitation of  E. coli  as a host for compre-
hensive mining of metagenomic samples is 
highlighted by the low number of positive clones 
obtained during a single round of screening (typi-
cally less than 0.01%). This suggests that without 
sample enrichment, the discovery of speci fi c 
genes in a complex metagenome is technically 
challenging. 

 The assumption that expression in an  E. coli  
host will not impose a further bias is largely 
untested. Although the  E. coli  transcriptional 
machinery is known to be relatively promiscuous 

in recognizing foreign expression signals, a bias 
in favor of  Firmicutes  genes has been established. 
The further development of host screening systems 
is therefore a fruitful approach for the more effec-
tive future exploitation of metagenomes.  

   Screening of Metagenomic Clones 

 Two strategies are generally used to screen and 
identify novel genes from metagenomic libraries: 
sequence-based analysis and function-based 

  Fig. 10.1    Essential steps to explore and exploit the genomic diversity of microbial communities by metagenomics       
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analysis (Table  10.1 ). Both sequence- and function-
based screenings have individual advantages 
and disadvantages, and they have been applied 
successfully to discover genes from metagenome 
(Table  10.2 ).  

   Sequence-Based Analysis 

 Sequence-based analysis can involve complete 
sequencing of cloned DNAs. As described earlier, 
clones containing phylogenetic anchors indicate 
the probable taxonomic group and identify the 
source of the DNA fragment. Alternatively, random 
sequencing can be conducted, and its function 
could be deduced by comparing it with the entries 
available in databases. Once a gene of interest is 
identi fi ed, phylogenetic anchors can be sought in 
the  fl anking DNA to provide a link of phylogeny 
with the functional gene. Identi fi cation of phylo-
genetic markers is a powerful approach guided 
by sequence analysis. It was  fi rst proposed by the 
DeLong group, which produced the  fi rst genomic 
sequence linked to a 16S rRNA gene of an uncul-
tured archaeon (Stein et al.  1996  ) . Subsequently, 
they identi fi ed an insert from seawater bacteria 
containing a 16S rRNA gene that af fi liated with 

the Proteobacteria. The sequence of  fl anking 
DNA revealed a bacteriorhodopsin-like gene. Its 
gene product was shown to be an authentic 
photoreceptor, leading to the insight that bac-
teriorhodopsin genes are not limited to Archaea 
but are in fact abundant among the Proteobacteria 
of the ocean (Black et al.  1995 ; Bohlool and 
Brock  1974  ) .  

 Sequencing random clones is an alternative 
to phylogenetic marker-driven approach, which 
has produced dramatic insights, especially when 
conducted on a massive scale. Sequence-based 
analysis can infer the distribution and redundancy 
of functions in a community, linkage of traits, 
genomic organization and detect horizontal gene 
transfer. The recent monumental sequencing 
efforts, which include reconstruction of the 
genomes of uncultured organisms in a commu-
nity in the Sargasso Sea (Venter et al.  2004  )  and 
acid mine drainage (Tyson et al.  2004  ) , illustrate 
the power of large-scale sequencing efforts to 
enrich our understanding of uncultured commu-
nities. These studies have made new linkages 
between phylogeny and function, indicated the 
surprising abundance of certain types of genes, 
and reconstructed the genomes of organisms that 
have not yet been cultured. 

 The power of this approach is likely to increase, 
as the collection of phylogenetic markers is 
growing. With the diversity of such markers, it 
became possible to assign more and more frag-
ments of anonymous DNA to the organisms 
from which they could have likely been derived. 
There is limited utility of use of phylogenetic 
markers either as the initial identi fi ers of DNA 
fragments under study or as indicators of taxo-
nomic af fi liation for DNA fragments carrying 
genes of interest because their function is limited. 
Hence, the small number of available markers 
is a deterrent to provide reliable placement of the 
DNA source in the “Tree of Life” (Henne et al. 
 1999 ).  

   Function-Based Analysis 

 In function-based screening, clones expressing 
desired traits are selected from libraries, and 

   Table 10.1    Sequence   -driven versus function-driven 
analysis   

 Sequence-driven analysis  Function-driven analysis 

 Environmental sample  Extract metagenomic DNA 

            
 Construction of gene 
library using PCR 

 Clone into a vector 

            
 Sequencing  Introduce into a speci fi c host 

      
 Metagenomic library 
construction 

      
 Functional screening for 
particular phenotype 
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molecular and biochemical aspects of active clones 
are analyzed. Identi fi cation of clones that express 
a function is a powerful yet challenging approach 
to metagenomic analysis. Faithful transcription 
and translation of the gene or genes of interest and 
secretion of the gene product is required for its 
success, if the screen or assay requires it to be 
extracellular. Functional analysis has identi fi ed 
novel antibiotics (Courtois et al.  2003 ; Gillespie 
et al.  2002  ) , antibiotic resistance genes (Diaz-
Torres et al.  2003 ; Riesenfeld et al.  2004  ) , Na + (Li + )/
H +  transporters (Majernik et al.  2001  ) , and degra-
dative enzymes (Healy et al.  1995 ; Henne et al. 
 1999    ,  2000a,   b     ) , to name a few. The power of the 
approach is that it does not require the gene(s) of 
interest be recognizable by sequence analysis, 
making it the only approach to metagenomics 
that has the potential to identify entirely new 
classes of genes for new or known functions. 
However, function-based screening has several 
limitations. This method requires expression of 
the function of interest in the host cell (e.g.,  E. coli ), 
as well as clustering of all the genes required for 
the said function. Heterologous expression still 
remains a barrier in extracting the maximum infor-
mation from functional metagenomics analyses. 

 When the functions of interest do not provide 
the basis for selection, high-throughput screens 
can substitute them. For example, active clones 
display a characteristic and easily distinguishable 
appearance on certain indicator media, even 
when plated at high density. Henne et al.  (  1999 ) 
detected clones that utilize 4-hydroxybutyrate 
in libraries of DNA derived from agricultural or 

river valley soil with the indicator dye tetrazolium 
chloride (Henne et al.  1999 ). Very rare lipolytic 
clones in the same libraries were detected by 
production of clear halos on media containing 
rhodamine and either triolein or tributyrin Henne 
et al.  (  1999 ). Catabolic enzyme genes can also be 
screened by substrate-induced gene expression 
(SIGEX). 

 High-throughput screening can also be done 
to identify compounds that induce the expression 
of genes under the control of a quorum-sensing 
promoter. This is a very powerful approach as the 
screen is intracellular, thus detecting that metag-
enomics DNA which is in the same cell as the 
sensor for quorum-sensing induction (Handelsman 
 2004  ) . One of the very good examples of such a 
sensor comprises  lux R promoter, which is induced 
by acylated homoserine lactones, linked to  gfp.  
Promoter  lux R resides on a plasmid in an  E. coli  
strain that cannot induce quorum sensing. However, 
if an inducer of the luxR-mediated transcription 
of  gfp  is expressed from metagenomics DNA, the 
cell  fl uoresces and can be captured by  fl uorescence 
microscopy. 

 This sensor system can also detect inhibitors 
of quorum sensing, if acylated homoserine lactones 
are added to medium and  fl uorescence-activated 
cell sorting is set to collect the non fl uorescent 
cells. Arrays of genes have been identi fi ed from 
the metagenomics libraries of mid gut of the 
gypsy moth and microbiota of the soil. 

 The discovery of new biological motifs is depen-
dent in part on functional analysis of metagenomic 
clones. Assignment of functions to numerous 

   Table 10.2    Merits and demerits of sequence- and function-based analysis   

 Sequence-driven analysis  Function-driven analysis 

  Merits  
 (1) Sequence-driven analysis overcomes the limitation 
of heterologous expression 

 (1) Function-driven analysis secures a complete form of 
gene or gene cluster required for desired traits 

 (2) Similar screening strategies can be used for different 
targets, for example, colony hybridization and PCR 

 (2) Completely novel genes can be recovered 

  Demerits  
 (1) Sequence-driven analysis requires a database to 
analyze the DNA sequence, and it does not guarantee 
the acquisition of complete forms of gene 

 (1) Function-driven analysis must satisfy the expression 
conditions like transcription, translation, folding, and 
secretion 

 (2) Recovered genes are related to known genes  (2) It requires production of a functional gene product by 
the bacterial host 
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“hypothetical proteins” in the databases has been 
done through functional screens of metagenomic 
libraries. To identify and overcome the barriers to 
heterologous gene expression and to detect rare 
clones ef fi ciently in the immense libraries that 
represent all of the genomes in complex environ-
ments, further innovations in the techniques will 
be required. An emerging and powerful direction 
for metagenomic analysis is the use of functional 
anchors, which are the functional analogs of 
conventional phylogenetic anchors. Functional 
anchors de fi ne the functions that can be assessed 
rapidly in all of the clones in a library. When a 
collection of clones with a common function is 
assembled, they can be sequenced to identify 
phylogenetic anchors and genomic structure in 
the  fl anking DNA. Such an analysis can provide 
a slice of the metagenome that cuts across clones 
with a different selective tool, determining the 
diversity of genomes containing a particular func-
tion that can be expressed in the host carrying the 
library. Technological developments that promote 
functional expression and screening are bound to 
advance this new frontier of functional genomics 
(Handelsman  2004  ) . Although function-driven 
screens usually result in identi fi cation of full-length 
genes (and therefore functional gene products), 
one limitation of this approach is its reliance on 
the expression of the cloned gene(s) and the func-
tioning of the encoded protein in a foreign host. 

 Metagenomic studies have also been applied 
to environmental transcriptomes, where direct 
retrieval and analysis of microbial transcripts is 
done. In this approach, environmental mRNA 
is isolated. These mRNAs were then reverse tran-
scribed, ampli fi ed with random primers, cloned, 
and functionally analyzed. This is a means of 
exploring functional gene expression within nat-
ural microbial communities without bias towards 
known sequences and provides a new approach 
for obtaining community speci fi c variants of key 
functional genes (Pace et al.  1986  ) . 

 Phage-display expression libraries provide a 
means for isolating DNA sequences by af fi nity 
selection of the surface-displayed expression prod-
uct. This method is ef fi cient and amenable to high-
throughput screening, offering the potential to enrich 
even rare DNA sequences in the metagenome. 

Phage display was pioneered by George Smith in 
1985, and it leads to full realization of the value 
of protein–ligand interaction. Phage display is 
used for many purposes. As a natural selection 
procedure, it is useful for generating targets 
for drug discovery (Benhar  2001   ; Trepel et al. 
 2002 ; Gnanasekar et al.  2004   ), epitope mapping 
(Matthews et al.  2002 ), and for screening anti-
bodies (Prinz et al.  2004 ). Antibodies were one 
of the  fi rst proteins to be displayed on a phage 
surface (McCafferty et al.  1990 ), and the isolation 
of monoclonal antibodies has been one of the most 
successful applications of phage display to date 
(Hoogenboom et al.  1998 ). 

 Bacteriophages are estimated to total 1,031 
virus particles (Brussow and Hendrix  2002 ). Due 
to the bacteria-killing activity of some phages, 
and to the diminishing power of antibiotics to 
treat disease, phage therapy is becoming commer-
cially popular (Alisky et al.  1998 ; Miedzybrodzki 
et al.  2007 ; Capparelli et al.  2007 ; Easton  2009 ), 
and several important studies have been carried 
out on the possibility of developing phage as an 
alternative to antibiotics (Weber-Dabrowska et al. 
 2000 ; Wagenaar et al.  2005 ). Bacteriophages are 
used for phage display due to their natural ability 
to infect bacterial cells and because they can 
incorporate foreign DNA into their circular 
genome and transport them into a bacterial cell 
during infection (Smith and Petrenko  1997 ). 
However, phage display is limited by the expres-
sion capacity of the bacteriophage, a protein size 
with an upper limit of around 50 kDa (Crameri 
and Suter  1993  ) . Filamentous phage display 
allows assembly in, and secretion from, an infected 
bacterium without compromising the host cell 
membrane (Mullen et al.  2006 ).  E. coli  cells 
infected with such bacteriophage become a fac-
tory for phage production, as the host machinery is 
commandeered to generate phage virions.   

   SIGEX 

 In 2005, Uchiyama et al. introduced a third type 
of function-based screen, which was termed as 
SIGEX. It has been developed for isolating novel 
catabolic genes from environmental metagenomes, 



170 S. Srivastava et al.

particularly genes that are dif fi cult to obtain using 
conventional gene cloning methods. This high-
throughput screening approach employs an operon-
trap  gfp  expression vector in combination with 
 fl uorescence-activated cell sorting. In SIGEX, 
restriction enzyme-digested metagenome frag-
ments are ligated into an operon-trap vector 
(e.g., p18GFP), and a library is constructed and 
grown in a liquid culture by transforming a clon-
ing host (e.g.,  E. coli ). The library is subjected to 
a substrate-dependent gene-induction assay, and 
positive cells are selected by detecting activity of 
a co-expressed marker (e.g., GFP) encoded in the 
vector. High-throughput screening is possible if 
FACS is used to select GFP-expressing cells 
(Fig.  10.2 ).  

 In this way,    Uchiyama and Miyazaki isolated 
aromatic hydrocarbon-induced genes from a 
metagenomic library derived from groundwater 
(Uchiyama et al.  2005 ). 

 Limitations of this method are (1) only genes 
homologous to known genes can be obtained, 
(2) genes obtained may be partial, (3) many enzymes 
are dif fi cult to be expressed in a heterologous 
host as an active form, (4) catabolic genes that 

are distant from a relevant transcriptional regula-
tor cannot be obtained, and (5) it is sensitive to 
the orientation of genes with desired traits (Yun 
and Ryu  2005  ) .  

   METREX 

 A similar type of screen, designated metabolite-
regulated expression (METREX), has been 
published by Williamson et al.  (  2005  ) . The goal 
of this study was to design and evaluate a rapid 
screen to identify metagenomic clones that 
produce biologically active small molecules. To 
identify clones of interest, biosensor detecting 
small, diffusible signal molecules that induce 
quorum sensing is placed inside the same cell 
as the vector harboring a metagenomic DNA 
fragment. If the clone produces a quorum-sensing 
inducer, the cell produces GFP and can be identi fi ed 
by  fl uorescence microscopy or captured by 
 fl uorescence activated cell sorting. METREX 
detected quorum-sensing inducers among metag-
enomic clones that a traditional overlay screen 
would not. One inducing clone carrying a LuxI 

  Fig. 10.2    Schematic representation of SIGEX       
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homologue has been identi fi ed. This way, later, 
Guan et al.  (  2007  )  identi fi ed a new structural class 
of quorum-sensing inducers from the mid-gut 
bacteria of gypsy moth larvae by employing this 
method. A monooxygenase homolog which pro-
duced small molecules that induced the activities 
of LuxR from  Vibrio  fi scheri  and CviR from 
 Chromobacterium violaceum  has been detected 
(Williamson et al.  2005 ; Guan et al.  2007  ) .  

   PIGEX 

 In 2010, Uchiyama and Miyazaki introduced 
another screening based on inducer gene expres-
sion known as product-induced gene expression. 
It is a reporter assay-based screening method for 
enzymes, which was used to screen metagenomic 
library containing large number of clones. In this 
case, enzyme activities are detected by expres-
sion of  gfp , which is triggered by product forma-
tion. In their study, transcriptional activator BenR 
was replaced upstream of  gfp. E. coli  cells 
harboring the benR-gfp cassette would  fl uoresce 
in the presence of a benzoate precursor compound 
if they expressed an enzyme capable of actively 
transforming the precursor into benzoate. This 
reporter assay system would allow the identi fi cation 
of desired enzymatic activities by linking product 
formation to reporter gene expression. Using this 
system, amidases were targeted which can con-
vert benzamide to benzoate. Ninety-six thousand 
clones were screened, and 11 amidase genes were 
recovered from 143  fl uorescent wells, 8 of which 
were homologous to known bacterial amidase 
genes, while 3 were novel genes (Uchiyama and 
Miyazaki  2010  ) . 

   Sample Enrichment 

 In a metagenomic screening process (e.g., expres-
sion screening of metagenomic libraries), the target 
gene(s) represent a small proportion of the total 
nucleic acid fraction. Pre-enrichment of the sample 
thus provides an attractive means of enhancing 
the screening hit rate. The discovery of target 
genes can be signi fi cantly improved by applying 

one of several enrichment options, ranging from 
whole-cell enrichment to the selection and enrich-
ment of target genes and genomes (Miller et al. 
 1999  ) . 

 Culture enrichment on a selective medium 
favors the growth of target microorganisms. The 
inherent selection pressure can be based on nutri-
tional, physical, or chemical criteria, although 
substrate utilization is most commonly employed. 
For example, a fourfold enrichment of cellulase 
genes in a small insert expression library was 
obtained by culture enrichment on carboxym-
ethyl cellulose (Miller et al.  1999  ) . Although 
culture enrichment will inevitably result in the 
loss of a large proportion of the microbial diver-
sity by selecting fast-growing culturable species, 
this can be partially minimized by reducing the 
selection pressure to a mild level after a short 
period of stringent treatment.  

   Nucleic Acid Extraction and Enrichment 
Technology 

 Numerous community nucleic acid extraction 
methods have been developed. Mainly two prin-
cipal strategies for the recovery of metagenomes 
are (a) cell recovery and (b) direct lysis. Extraction 
of total metagenomic DNA is essentially a com-
promise between the vigorous extraction required 
for the representation of all microbial genomes 
and the minimization of DNA shearing and the 
co-extraction of inhibiting contaminants as isola-
tion of individual cell is rather a dif fi cult process. 
Chemical lysis is a gentler method in comparison 
to mechanical bead beating, recovering higher 
molecular weight DNA. Chemical lysis can also 
select for certain taxa by exploiting their unique 
biochemical characteristics. 

 Total DNA extraction does not typically con-
tain an even representation of the population’s 
genome within a given environmental sample. 
The dominant organism overshadows the rare 
organisms. This could lead to bias towards conclu-
sion and downstream manipulations such as PCR. 
This can be overcome by means of experimental 
normalization. Separation of genomes can be done 
by caesium chloride gradient centrifugation in 



172 S. Srivastava et al.

the presence of intercalating agent, such as bisben-
zimide, for the buoyant density separation. The 
separation of genome is based on their %G + C 
content. Equal amount of each band on the gradient 
is combined to represent a normalized metagenome. 
Normalization can also be achieved by denatur-
ing the fragmented genomic DNA  fi rst, then 
reannealing them under very stringent conditions 
(68°C for 12–36 h). The concept being, abundant 
ssDNA will anneal more rapidly as their number 
is higher than the rare dsDNA species. The ssDNA 
strands will be separated from dsDNA, resulting 
in enrichment of rarer sequences within the envi-
ronmental sample.  

   Genome Enrichment Strategies 

 Many strategies are being employed for genome 
enrichment. One strategy is to target the active 
component of microbial populations. Such a 
strategy is aimed to tell us which species are 
functionally active in speci fi c processes (Miller 
et al.  1999  ) .   

   Stable-Isotope Probing (SIP) 

 Genome enrichment strategies can be used to 
target the active components of microbial popu-
lations. Stable-isotope probing (SIP) techniques 
involve the use of a stable-isotope-labeled sub-
strate and density gradient centrifugal separation 
of the “heavier” DNA or RNA. After growing a 
mix of different microbial species on a simple 
 13 C-labeled substrate like  13 C-methanol, the  13 C 
DNA produced by methanol-utilizing species can 
be clearly separated from the  12 C DNA originating 
from species unable to utilize methanol. After 
DNA extraction from the growth medium, the 
newly formed (“heavy”)  13 C DNA can be separated 
from the (“light”)  12 C DNA by density-gradient 
centrifugation. The  13 C DNA can then be identi fi ed 
by comparing with DNA libraries and subse-
quently linked to the active microbial species. 
This method is called stable-isotope probing 

(DNA-SIP). Actively growing microorganisms 
can also be labeled with 5-bromo-2-deoxyuridine 
(BrdU), and the labeled DNA or RNA is separated 
by immunocapture or density gradient centrifu-
gation (Urbach et al.  1999  ) .  

   Suppressive Subtractive 
Hybridization (SSH) 

 This technique identi fi es the differences between 
different DNAs derived from microorganisms. 
Adaptors are ligated to the DNA populations, 
and subtractive hybridization is carried out to 
select for DNA fragments unique to each DNA 
sample. It is completely PCR based and elimi-
nates the step of single-stranded tester cDNA 
puri fi cation by streptavidin–biotin or hydroxy-
apatite. For cDNA subtraction, the tester pool is 
divided in two fractions, and a different adaptor 
is ligated to each fraction. An excess of driver 
cDNA, without linkers (adapters), is denatured 
and hybridized with each tester (with linkers) 
cDNA pools ( fi rst hybridization). Both samples 
are mixed together with addition of more single-
stranded driver (second hybridization). The 
resulting pool is a mixture of single stranded, 
double stranded with only one linker, double 
stranded like the original pools, and double 
stranded with both linkers corresponding to the 
tester-speci fi c fragments. Filling the ends of the 
linkers allows creating templates to be ampli fi ed 
by PCR. Conception of the adaptors is such that 
the cDNA possessing the same kind of adaptor 
on both sides will form a hairpin preventing 
ampli fi cation. Only the ones possessing both 
linkers will be ampli fi ed exponentially. The 
resulting PCR product is enriched in tester-
speci fi c cDNAs. The products are cloned and 
characterized to con fi rm their speci fi city by 
cDNA microarray. This is a powerful tool for 
genome enrichment, but the complexity of meta-
genomes makes this detection dif fi cult. Using 
multiple rounds of subtractive hybridization can 
increase the sensitivity of the process (Green 
et al.  2001  ) .  
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   Gene Enrichment Strategies 

 To selectively enrich for a speci fi c target gene 
within a metagenome, a more practical approach 
would be to use one of several differential 
expression technologies that rely on the isolation 
of mRNA to target transcriptional differences in 
gene expression. For example, differential expres-
sion analysis (DEA) is a very effective tool for 
gene enrichment (Ochman et al.  1993  ) . 

   Differential Expression Analysis (DEA) 

 In this approach, the expression of genes upregu-
lated for the speci fi c activity can be identi fi ed. 
DEA targets transcriptional differences in gene 
expression. Many variations in the basic concept 
exist today which include selective ampli fi cation 
via biotin and restriction-mediated enrichment 
(SABRE), integrated procedure for gene identi-
 fi cation (IPGI), serial analysis of gene expression 
(SAGE), tandem arrayed ligation of expressed 
sequence tags (TALEST), and total gene expres-
sion analysis (TOGA). These techniques have been 
effectively applied for eukaryotic gene discovery, 
but none have been applied in a metagenomic con-
text. Their high sensitivity and selectivity should 
enable small differences in expression of single 
copy genes to be detected (Futamata et al.  2001  ) .  

   Gene Targeting 

 A number of PCR-based approaches designed to 
recover the  fl anking regions of a DNA fragment 
once its sequence is known have been reported 
(Futamata et al.  2001  ) . Although suitable for 
use at a single-genome level, these methods are 
technically more dif fi cult to apply at the metage-
nomic level due to the increased complexity of a 
multigenomic DNA sample. A desire to simplify 
this process led us to look at the development of 
other novel approaches. 

 One potentially powerful approach is based on 
in vitro hybridization of a genomic DNA sample 
with the target gene fragment acting as a probe. 

Genomic DNA is fragmented, and priming sites 
are introduced by ligation of adapters. The gene-
speci fi c PCR product is then used as a driver to 
selectively hybridize to full-length gene fragments 
in the DNA sample. These partially double-
stranded full-length gene fragments can then 
be selectively separated from the single-stranded 
background (genomic DNA). To remove any 
residual background, the adapters are removed; 
because the full-length gene fragments are only 
partially double stranded, the priming sites will 
remain intact as the restriction enzyme can only 
act on double-stranded DNA within the priming 
site. The full-length gene can then be ampli fi ed. 
This method is particularly powerful for multig-
enomic cloning as the use of degenerate gene-
speci fi c primers on a metagenomic sample 
typically yields a population of target gene frag-
ments. Genes coding for catabolic enzymes such 
as methane monooxygenase, ammonia monoox-
ygenase, catechol dioxygenase, and phenol 
hydroxylase have been retrieved from the envi-
ronment in order to gain insight into the genetic 
diversity of catabolic populations. It is currently 
expected that such genetic information could aid 
in understanding and advancing bioremediation 
(Daniel  2005  ) . 

 However, as a tool for biocatalyst discovery, 
gene-speci fi c PCR has two major drawbacks. 
First, the design of primers is dependent on exist-
ing sequence information and skews the search 
in favor of known sequence types. Functionally 
similar genes resulting from convergent evolu-
tion are not likely to be detected by a single gene-
family-speci fi c set of PCR primers. Second, only 
a fragment of a structural gene will typically 
be ampli fi ed by gene-speci fi c PCR, requiring 
additional steps to access the full-length genes. 
Amplicons can be labeled as probes to identify 
the putative full-length gene(s) in conventional 
metagenomic libraries.   

   Environment Niche Selection 

 The microbial diversity of both cultured and 
uncultured microorganisms is a direct re fl ection 
of the environment from where they are derived. 
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Though highly variable, two major communities 
taken into consideration are soil and marine 
ones. To this is added another community that 
exists in association with or parasitic to eukaryotic 
organisms.  

   Metagenomics of Soil 

 Phylogenetic surveys of soil ecosystems have 
shown that the number of prokaryotic species 
found in a single sample exceeds that of known 
cultured members. Soil metagenomics, which 
comprises isolation of soil DNA and the produc-
tion and screening of clone libraries, can pro-
vide a cultivation-independent assessment of 
the largely untapped genetic reservoir of soil 
microbial communities. This approach has 
already led to the identi fi cation of novel biomol-
ecules. However, owing to the complexity and 
heterogeneity of the biotic and abiotic compo-
nents of soil ecosystems, the construction and 
screening of soil-based libraries is dif fi cult and 
challenging. This review describes how to con-
struct complex libraries from soil samples and 
how to use these libraries to unravel functions of 
the resident microbial communities (Dunbar 
et al.  1999  ) . 

 The recovery of microbial soil DNA that 
represents the resident microbial community 
and is suitable for cloning or PCR is still an 
important challenge, considering the diversity 
of microbial species (both cultured and uncul-
tured), the large populations of soil microor-
ganisms, and the complex soil matrix, which 
contains many compounds (such as humic 
acids) that bind to DNA and interfere with the 
enzymatic modi fi cation of DNA. By using uni-
versal primers for bacteria and archaea, phylo-
genetic surveys can be carried out by PCR 
ampli fi cation of 16S rRNA genes from soil 
DNA. These results have allowed cataloging 
and comparison of the microbial diversity in 
different soil habitats and the comparative anal-
ysis of changes in community structure owing 
to altered environmental factors (Ovreas  2000 ; 
Dunbar et al.  2002 ; Zhou et al.  2002 ; Yeager 
et al.  2004 ; Henne et al.  1999 ).  

   Construction of Soil DNA Libraries 

 Same steps are involved in constructing soil-based 
libraries, as the cloning of genomic DNA of 
individual microorganisms, that is, fragmentation 
of the soil DNA by restriction-enzyme digestion 
or mechanical shearing, insertion of DNA frag-
ments into an appropriate vector system, and 
transformation of the recombinant vectors into a 
suitable host. 

 Construction of libraries from soil DNA and 
screening of these libraries by functional and 
sequence-based approaches was the major break-
through in soil metagenomics. This technology 
paved the way for elucidating the functions of 
organisms in soil communities, for genomic anal-
yses of uncultured soil microorganisms, and for 
the recovery of entirely novel natural products 
from soil microbial communities. In landmark 
studies, novel genes that encoded useful enzymes 
and antibiotics were recovered by direct cloning 
of soil DNA into plasmid, cosmid, or BAC vectors 
and screening of the generated libraries (Brady 
and Clardy  2000 ; Rondon et al.  2000 ; Ogram 
et al.  1987  ) . The genes were identi fi ed using 
functional screens, and some having little homology 
to known genes were identi fi ed. This illustrates 
the enormous potential of the analysis of soil-based 
metagenomic libraries. 

 Several factors are important for the success of 
projects to generate and screen soil derived metage-
nomic libraries. For example, composition of the 
soil sample, collection and storage of the soil sam-
ple, the DNA extraction method used for high qual-
ity DNA recovery, representation of the isolated 
DNA from the microbial community present in the 
original sample, the host vector systems used for 
cloning, maintenance and screening and the 
screening strategy, all may affect the fi nal outcome. 

 Many soil DNA extraction protocols have 
been published, and commercial soil DNA extrac-
tion kits are available (Lloyd-Jones and Hunter 
 2001  ) . Two main methods are known for the 
DNA extraction from soil: direct lysis of cells 
contained in the sample matrix followed by sepa-
ration of DNA from the matrix and cell debris, 
pioneered by Ogram et al. (Gabor et al.  2003  ) , or 
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separation of the cells from the soil matrix 
followed by cell lysis. The crude DNA recovered 
by both methods is puri fi ed by standard procedures. 
The amounts of DNA isolated from different soil 
types using a selection of protocols range from 
less than 1  m g to approximately 500  m g of DNA 
per gram of soil (Brady and Clardy  2000  ) . More 
DNA is recovered using the direct lysis approaches, 
perhaps because of the loss of biomass during 
separation. For example, Gabor et al. (Delong  2005  )  
recorded a 10- to 100-fold reduction in the DNA 
yield using the cell separation approach compared 
with the direct lysis approach.  

   Metagenomics of Marine Microbial 
Community 

 Marine microbial communities were among the 
 fi rst microbial communities to be studied using 
cultivation-independent genomic approaches. 
Ocean-going genomic studies are now providing 
a more comprehensive description of the organisms 
and processes that shape microbial community 
structure, function, and dynamics in the sea. 
Through the insight of microbial community 
genomics, a more comprehensive view of uncul-
tivated microbial species, genes and biochemical 
pathways, distributions, and naturally occurring 
genomic variability is being brought into sharper 
focus. Besides providing new perspectives on 
oceanic microbial communities, these new studies 
are now poised to reveal the fundamental principles 
that drive microbial ecological and evolutionary 
processes (Béjà et al.  2000  ) .  

   Marine Microbial Case Studies 

 Several studies have used either large-insert DNA 
cloning techniques or whole genome shotgun 
(WGS) approaches or both to characterize marine 
microbial assemblages. The outcomes of these 
studies include the discovery of unsuspected 
mechanisms of light-driven energy generation 
in the ocean (Béja et al.  2002 ; Preston et al.  1996  ) , 
a massive survey of the gene complement of Sar-
gasso Sea microorganisms, and the characterization 

of metabolic pathways of methane-oxidizing 
archaea in deep-sea sediments (Hallam et al.  2004 ; 
Falkowski and de Vargas  2004 ; Kruger et al. 
 2003 ; Teeling et al.  2004  ) .  

   Photobiology of Marine Picoplankton 

 Early forays into environmental genomics demon-
strated the feasibility of obtaining informative 
genomic “snapshots” from uncultivated marine 
microorganisms (Beja et al.  2000 ; Nelson et al. 
 1999  ) . Several surprising discoveries have come 
to light through recent surveys of genome frag-
ments from bacterioplankton that were archived 
in BAC libraries. To identify genome fragments 
containing phylogenetic markers (for instance, 
rRNAs) and sequence  fl anking the genomic 
regions, a type of phylogenetically anchored 
chromosome walking (Kawarabayasi et al.  1999 ; 
Stein et al.  1996  )  has been one of the important 
approaches. A 130-kb BAC clone was isolated 
from an uncultivated SAR86 bacterium (Zhou 
et al.  2002  )  (an abundant component of  a -pro-
teobacteria in ocean surface waters) using this 
method. Sequencing of the 130-kb fragment 
revealed a new class of genes of the rhodopsin 
family (named proteorhodopsin) that had never 
before been observed in bacteria as a whole or in 
the ocean community. The new genes have simi-
larities to the known genes called rhodopsins that 
capture light energy from the sun and couple this 
with carbon cycling in the ocean through non-
chlorophyll based pathways. When the bacterial 
proteorhodopsin was expressed in  E. coli , it func-
tioned as a light-driven proton pump (Zhou et al. 
 2002  ) . So this genomic survey of uncultivated 
marine bacteria led directly to the discovery of 
a new type of light-driven energy generation in 
oceanic bacteria. Later studies con fi rmed the 
presence of retinal-bound proteorhodopsin in 
the ocean and showed that optimized spectral 
“tuning” of bacterial rhodopsins matches depth-
speci fi c light availability. Shotgun sequencing 
from the Sargasso Sea has now veri fi ed both the 
abundance and diversity of this new class of 
photoproteins. The emerging understanding of 
proteorhodopsin taxonomic and environmental 
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distributions is providing new insights into gene 
and genome evolution in microbial populations 
(Tamas et al.  2002  ) .  

   Sargasso Sea Metagenomics 

 The Sargasso Sea is a part of the North Atlantic 
Ocean, lying roughly between the West Indies 
and the Azores. Here, the heart of the Bermuda 
Triangle is covered by the strongest and most 
notorious sea on the planet – the Sargasso Sea so 
named because there is a kind of seaweed, which 
lazily  fl oats over its entire expanse, called 
 Sargassum . Environmental investigations in the 
nutrient-poor waters near Bermuda in the 
Sargasso Sea led to the discovery of 1,800 new 
species of bacteria and more than 1.2 million new 
genes. Scientists used a whole-genome shotgun 
sequencing technique to clone random DNA 
fragments from the many microbes present in 
the sample, generating a treasure-house of new 
information. 

 The Sargasso Sea is a complex and physically 
sprawling ecosystem. The phylogeny of the com-
munity members of this diversity has not been 
exhaustively surveyed, and the inputs and outputs 
are more dif fi cult to quantify. Craig Venter, who 
pioneered the Human Genome Project, led a 
group of scientists who embarked on the largest 
metagenomics project to date, in which they 
sequenced over 1 billion bp and claim to have 
discovered 1.2 million new genes (Venter et al. 
 2004  ) . They placed 794,061 genes in a conserved 
hypothetical protein group, which contains genes 
to which functions could not be con fi dently 
assigned. The next most abundant group contained 
69,718 genes apparently involved in energy trans-
duction. Among these were 782 rhodopsin-like 
photoreceptors, increasing the number of sequenced 
proteorhodopsin genes by almost 10-fold. Linkage 
of the rhodopsin genes to genes that provide 
phylogenetic af fi liations, such as genes encoding 
subunits of RNA polymerase, indicated that the 
proteorhodopsins were distributed among taxa 
that were not previously known to contain light-
harvesting functions, including the  Bacteroides  
phylum (Venter et al.  2004  ) . 

 An intriguing initial observation is that many 
of the genomes in the Sargasso Sea contain genes 
with similarity to those involved in phosphonate 
uptake or utilization of polyphosphates and pyro-
phosphates, which are present in this extremely 
phosphate-limited ecosystem. The phosphorus 
cycle is not well understood, and this collection 
of genomes provides a new route for discovery of 
the mechanisms of phosphorus acquisition and 
transformation. The resulting data represent the 
largest genomic data set for any community on 
earth and offer a  fi rst glimpse into the broad 
ensemble of adaptations underlying diversity in 
the oceans. Because microbes generally are not 
preserved in the fossil record, genomic studies 
provide the key to understanding how their bio-
chemical pathways evolved (Vezzi et al.  2005  ) . 

 Future studies will allow more insights into 
how these molecules function as well as oppor-
tunities for mining and screening the data for 
speci fi c applications. The vast data set provides 
a foundation for many new studies by other 
researchers. Analyses using iron-sulfur proteins 
as benchmarks led one group, for example, to 
conclude that these data re fl ect diversity equal 
to that in all the currently available databases, 
suggesting that microbial diversity thus far has 
been vastly underestimated (Beja et al.  2000  ) .  

   Practical Approach 

   Large-Insert Bacterial Arti fi cial 
Chromosome and Fosmid Libraries 

 Several strategies for cultivation-independent 
genomic survey of marine microbial communi-
ties have been used. More recently, fosmids and 
bacterial arti fi cial chromosomes (BACs) have been 
applied in genomic analyses of naturally occurring 
marine microorganisms (Béja et al.  2002 ; Preston 
et al.  1996  ) . These vectors are particularly useful 
for stable, high- fi delity propagation of large DNA 
inserts. DNA fragments of up to 200 kb can be 
stably cloned in these vectors; therefore, one 
clone could represent 5–10% of the entire genome 
of a small bacterium. BAC clones prepared from 
microbial assemblage DNA can be easily screened 
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to identify and characterize the cloned gene 
fragments for functions or to evaluate phylogeny. 
The  fi rst example of characterization of a micro-
organism using this approach examined an abun-
dant but uncultivated group of planktonic marine 
archaea (Stein et al.  1996  ) . Several studies have 
expanded the characterization of uncultivated 
archaeal species using this general approach. 
BAC libraries are repositories of genomic mate-
rial and can also serve as a valuable reference 
resource for further sequencing and in vitro bio-
chemical experimentation.  

   Small-Insert Whole-Genome Shotgun 
Libraries 

 Another approach for cultivation-independent 
microbial genome characterization is a variant of 
whole-genome shotgun (WGS) sequencing. For 
pure bacterial cultures, the WGS approach has 
been important for obtaining complete genome 
sequences, including those of several marine bac-
teria and archaea. WGS sequencing has also been 
used to sequence microbial symbionts and, in 
one case, an extremely simple microbial bio fi lm 
assemblage (Chen et al.  2003  ) . WGS sequencing 
relies on the preparation and end sequencing 
of small-DNA-insert libraries and subsequent 
sequence assembly  in silico . The high-throughput 
nature of this approach makes it extremely attrac-
tive. Variations on this theme, using linker liga-
tion and subsequent ampli fi cation techniques, 
have also been used to generate shotgun libraries 
from naturally occurring viral populations. 

 Till now, it seems that WGS approaches alone 
cannot adequately deconvolute whole genome 
sequences from complex microbial assemblages. 
As with the human genome sequencing effort, 
the most complete and reliable datasets will prob-
ably result from a combination of sequencing 
and analysis strategies. These will also probably 
include front-end cell puri fi cation strategies to 
reduce inherent complexity, followed by combined 
WGS and large-insert sequencing strategies. In 
combination, these approaches could enhance 
the accuracy, coverage, and reliability of genomics-
based efforts to understand complex microbial 

communities. Nevertheless, WGS sequencing of 
microbial communities represents a powerful, even 
if expensive, approach for high-volume, single-
pass gene survey and sampling (Delong  2005  ) .  

   Viral Metagenomics 

 Viruses, most of which infect microorganisms, 
are the most abundant biological entities on the 
planet. Identifying and measuring the community 
dynamics of viruses in the environment is com-
plicated more so, because less than 1% of micro-
bial hosts have been cultivated. Also, there is no 
single gene that is common to all viral genomes, 
so total uncultured viral diversity cannot be moni-
tored using approaches analogous to ribosomal 
DNA pro fi ling. Metagenomic analyses of uncul-
tured viral communities circumvent these limita-
tions and can provide insights into the composition 
and structure of environmental viral communities. 

 Viral metagenomes mostly comprise novel 
sequences. Viral metagenomics, which also 
focuses on shotgun sequencing of metagenomes, 
gives insight into the vast and previously untapped 
diversity of viral communities in, for example, 
near-shore marine water samples (Breitbart et al. 
 2004  ) , marine sediment sample (Breitbart et al. 
 2003  ) , human fecal sample (Cann et al.  2005  ) , 
and other fecal sample (Pedulla et al.  2003  ) . 
When the marine sequences were  fi rst published, 
approximately 65% of them had no signi fi cant 
similarity to any sequence in the GenBank nonre-
dundant database. Analyses 2 years later revealed 
that most of the viral sequences are still unique, 
despite the fact that the GenBank database has 
since more than doubled in size. Likewise, in the 
equine fecal metagenome, 68% of the sequences 
have no similarity to any sequence in GenBank 
(Pedulla et al.  2003  ) . Genomic analyses of cultured 
phages also show that most of the open reading 
frames (ORFs) are novel (Wommack et al.  1999  ) . 
By contrast, only about 10% of the sequences 
from environmental microbial metagenomes 
(Homann et al.  2004  )  and cultured microbial 
genomes (Tyson et al.  2004  )  are novel when analyzed 
in similar ways. These observations indicate that 
while much of the global microbial metagenome 
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is being sampled, the global viral metagenome is 
still relatively uncharacterized. That there is an 
even greater amount of biodiversity than that 
attributed to prokaryotic communities allows 
further hypotheses to be developed about the role 
of viral communities. Daubin and Ochman have 
gone on to hypothesize that the unique genes in 
microbial genomes in fact were acquired from 
the phage genomic pool (Wommack et al.  1999  ) . 

 Isolation of viral community DNA representa-
tive for metagenomic analyses is complicated by 
the presence of free and cellular DNA. If the free 
DNA is not removed, the viral DNA signal will 
be lost. Similarly, at ~50 kb long, the average 
viral genome is about 50 times smaller than the 
average microbial genome (2.5 Mb), so any 
cellular contamination will overwhelm the viral 
signal (Homann et al.  2004  ) . By an estimate, 
200 L of seawater or 1 kg of solid material is a 
typical starting sample consisting of fecal, soil, 
and sediment samples suspended in osmotically 
neutral solutions before  fi ltration. To separate the 
intact viral particles from the microorganisms 
and free DNA, a combination of differential 
 fi ltration with tangential  fl ow  fi lters (TFF), DNase 
treatment, and density centrifugation in cesium 
chloride (CsCl) is used. Viruses sensitive to CsCl 
will disintegrate in this step, and very large or 
very small viruses will be lost in the  fi ltration 
step. As assessed by pulse- fi eld gel electrophoresis 
(Stahl et al.  1985  )  and epi fl uorescence micros-
copy, this protocol seems to capture most of the 
viral community. Once intact virions have been 
isolated, the viral DNA is extracted and cloned. 
Cloning of viral metagenomes representative is 
challenging, due to low DNA concentrations 
(~10–17 ng DNA per virion), modi fi ed DNA 
bases, for example, 5-(4-aminobutylaminomethyl) 
uracil and 5-methyl cytosine, and the presence of 
lethal viral genes such as holins and lysozymes. 
In order to circumvent these problems, it is 
necessary to concentrate virions from several 
hundred liters, in most water samples, to obtain 
enough DNA for cloning. The linker-ampli fi ed 
shotgun library (LASL) technique includes a 
PCR ampli fi cation step, which makes it possible 
to clone small amounts of DNA (1–100 ng). The 
PCR step also converts modi fi ed DNA into 

unmodi fi ed DNA. A shearing step disrupts lethal 
virus genes by shearing DNA into small fragments 
(~2 kb) and provides the random fragments 
necessary for cloning. It is possible to make 
representative metagenomic libraries, using this 
protocol, that contain viral fragments that are 
proportional to their concentrations in the original 
sample. LASLs typically contain millions of 
random clones. RNA and single-stranded DNA 
(ssDNA) viruses, however, cannot be cloned using 
this approach. Preliminary studies with random-
primed reverse transcriptase and random-primed 
strand-displacement DNA polymerases indicate 
that these viral groups could be analyzed using 
metagenomic approaches (Homann et al.  2004  ) .  

   Host-Associated Bacteria: Genomic 
Insights into Pathogenesis and 
Symbiosis 

   Pathogenesis 
 The amenability of host-associated microbes to 
physical separation makes them well suited to 
this approach, which is in contrast to organisms 
that reside in complex environmental communi-
ties. The  fi rst complete genome of an uncultured 
bacterium, the syphilis spirochaete,  Treponema 
pallidum , was published in 1998 – a landmark in 
genome sequencing. Although the bacterial origin 
of syphilis was recognized a century ago, the 
infectious agent could not be isolated in continuous 
culture. The DNA that was used for sequencing 
the intracellular pathogen was obtained from the 
testes of infected rabbits by a series of lysis and 
centrifugation steps that eventually resulted in an 
essentially pure bacterial preparation. Sequence 
analysis immediately identi fi ed potential contrib-
utors to virulence and aided the development of 
DNA-based diagnostics (Piel  2004  ) . 

 A year and a half of painstaking growth in 
coculture with human  fi broblasts was necessary 
to obtain suf fi cient DNA to sequence the genome 
of the Whipple disease bacterium,  Tropheryma 
whipplei . The sequence revealed de fi ciencies 
that indicated an explanation for the failure to 
propagate in culture. Based on these genomic 
insights, Renesto et al. ( 2003 ) used a standard 
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tissue-culture medium, supplemented with amino 
acids that were implicated by the sequence analysis, 
to successfully cultivate  T. whipplei  in the absence 
of host cells, shortening their doubling time by an 
order of magnitude. This is one of many cases in 
which DNA sequence information has been used 
to improve culture techniques, diagnostics, and 
therapies for fastidious organisms (Wommack 
et al.  1999  ) .  

   Symbiosis 
 Many bacterial symbionts that have highly spe-
cialized and ancient relationships with their hosts 
do not grow readily in culture. Many of them live 
in specialized structures, often in pure or highly 
enriched state, in host tissues, making them ideal 
candidates for metagenomic analysis because the 
bacteria can be separated readily from host tissue 
and other microorganisms. This type of analysis 
has been conducted with  Cenarchaeum symbiosum , 
a symbiont of a marine sponge, a  Pseudomonas -
like bacterium that is a symbiont of  Paederus  
beetles,  Buchnera aphidicola , an obligate symbi-
ont of aphids, the Actinobacterium,  Tropheryma 
whipplei , the causal agent of the rare chronic 
infection of the intestinal wall, and the  Proteo-
bacterium  symbiont of the deep-sea tube worm 
 Riftia pachyptila . These systems provide good 
models for metagenomic analysis of more com-
plex communities and thus warrant further atten-
tion in this review, although the term metagenomics 
typically connotes the study of multispecies 
communities (Handelsman  2004  ) .    

   Tube Worm Symbiosis: 
 Proteobacterium  

  Riftia pachyptila , the deep-sea tubeworm, lives 
2,600 m below the ocean surface, near the thermal 
vents that are rich in sul fi de and reach tempera-
tures near 400 °C. The tube worm does not have 
a mouth or digestive tract, and therefore it is 
entirely dependent on its symbiotic bacteria, 
which provide the worm with food. The bacteria 
live in the trophosome, a specialized feeding 
sac inside the worm (Piel  2004  ) . The bacteria 
and trophosome constitute more than half of the 

animal’s body mass. The bacteria oxidize hydrogen 
sul fi de, thereby producing the energy required to 
 fi x carbon from CO 

2
 , providing sugars and amino 

acids (predominantly as glutamate) that nourish 
the worm (Piel  2004  ) . The worm contributes to 
the symbiosis by collecting hydrogen sul fi de, 
oxygen, and carbon dioxide and transporting 
them to the bacteria. 

 The bacterium is a member of the  g -Proteobac-
teria, as identi fi ed by 16S rRNA gene sequence. 
The bacteria have not been grown in pure culture 
in laboratory media, but they provide an excellent 
substrate for metagenomics because they reach 
high population density in the trophosome and 
exist there as a single species. Hughes et al. 
( 1997 ) isolated DNA from the bacterial symbiont 
and constructed fosmid libraries that were used 
to understand the physiology of the bacteria. 
Robinson et al. ( 1998 ) identi fi ed a gene with sim-
ilarity to ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO) from the same fosmid 
library. All the residues associated with the active 
site are conserved in the protein sequence deduced 
from the DNA sequence, and it has highest simi-
larity with the RubisCO from  Rhodospirillum 
rubrum . The characterization of this gene lends 
further support to the premise that the chemoau-
totrophic bacterial symbiont in  R. pachyptila   fi xes 
carbon for its host. The libraries were also screened 
for two-component regulators with a labeled 
histidine kinase gene as a probe. They identi fi ed 
a two-component system whose components 
complemented an  env Z and a  pho R  cre C double 
mutant, respectively. 

 The discovery of a functional  env Z homologue 
indicates that the symbiont carries a response 
regulator that is typical of  g -Proteobacteria, 
although the signals eliciting responses from these 
proteins have not yet been functionally identi fi ed 
(Handelsman  2004  ) . 

   Gut Microbiome 

 Our body surfaces are home to microbial commu-
nities whose aggregate membership outnumbers 
our human somatic and germ cells by at least an 
order of magnitude. The majority of microbes 
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that reside in the gut, have a profound in fl uence 
on human physiology and nutrition, and are cru-
cial for human life   . Furthermore, the gut microbes 
contribute to energy harvest from food, and 
changes of gut microbiome may be associated 
with bowel disease or obesity. They synthesize 
essential amino acids and vitamins and process 
components of otherwise indigestible contribu-
tions to our diet such as plant polysaccharides 
(Qin et al.  2010  ) . 

 To understand and exploit the impact of the 
gut microbes on human health and well-being, it 
is necessary to decipher the content, diversity, 
and functioning of the microbial gut community. 
16S ribosomal RNA gene sequence-based 
methods revealed that two bacterial divisions, 
Bacteroidetes and the Firmicutes, constitute over 
90% of the known phylogenetic categories and 
dominate the distal gut microbiota. Metagenomic 
sequencing represents a powerful alternative to 
rRNA sequencing for analyzing complex micro-
bial communities (Gill et al.  2006  ) . 

 Illumina-based metagenomic sequencing has 
been used by Qin et al. ( 2010 ), where assembling 
and characterization of 3.3 million nonredundant 
microbial genes, derived from 576.7 gigabases of 
sequence, have been done from fecal samples 
of 124 European individuals. The gene set, ~150 
times larger than the human gene complement, 
contains an overwhelming majority of the preva-
lent microbial genes of the cohort and includes a 
large proportion of the prevalent human intestinal 
microbial genes. The genes are largely shared 
among individuals of the cohort. Over 99% of 
the genes are bacterial, indicating that the entire 
cohort harbors between 1,000 and 1,500 prevalent 
bacterial species and each individual at least 
160 such species, which are also largely shared. 
It has been found that gut microbiome has signi fi -
cantly enriched metabolism of glycans, amino 
acids, and xenobiotics; methanogenesis; and 
2-methyl-erythritol 4-phosphate pathway-medi-
ated biosynthesis of vitamins and isoprenoids. 

 The application of metagenomics to the medi-
cal  fi eld has led to a highly productive integration 
of clinical, experimental, and environmental 
microbiology. The functional roles played by 
human microbiota are closely looked into either 

through animal models or studies of human 
populations. Of particular interest is the fact that 
several human diseases have been linked to alter-
ations in the composition and dynamics of human 
microbiota. The inputs from human microbiome 
and these based on human gene expression and 
variability and their application are a subject 
of great scienti fi c challenge and interest (Frank 
et al.  2011  ) .  

   Biogeochemical Cycles 

 Metagenomics provides an important insight into 
the community-wide assessment of metabolic 
and biogeochemical function. Analysis of speci fi c 
functions across all members of a community can 
generate integrated models about how organisms 
share the workload of maintaining the nutrient 
and energy budgets of the community in an envi-
ronment. The models can then be tested with 
genetic and biochemical approaches. An example 
of such an analysis is the nearly complete sequenc-
ing of the metagenome of a community in acid 
drainage of the Richmond mine. This mine is 
known to be representing one of the most extreme 
environments on Earth. The microbial community 
forms a pink bio fi lm that  fl oats on the surface of 
the mine water. The drainage water below the 
bio fi lm has a pH between 0 and 1 and high levels 
of Fe, Zn, Cu, and As. The temperature around 
the bio fi lm water is 42 °C and is microaerophilic, 
having no source of carbon or nitrogen other than 
the gaseous forms in the air. Few of the most 
prominent bacterial members of the community 
are  Leptospirillum ,  Sulfobacillus , and sometimes 
 Acidimicrobium , one archaeal species,  Ferro-
plasma acidarmanus , and other members of its 
group, the Thermoplasmatales. The mine is rich 
in sul fi de minerals, including pyrite (FeS 

2
 ), which 

is dissolved as a result of oxidation, and is cata-
lyzed by microbial activity. Tyson et al.  (  2004  )  
were able to clone total DNA, because of its 
simple community structure, and sequenced most 
of the community with high coverage. The G + C 
content of the genomes of the dominant taxa in 
the mine differs substantially, thus providing the 
good indicator of its source. Sequence alignment 
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of 16S rRNA and tRNA synthetase genes 
con fi rmed the organismal origins of the clones. 
Nearly complete genomes of  Leptospirillum  
group II and  Ferroplasma  type II were recon-
structed, and substantial sequence information 
for the other community members could be 
obtained (Tyson et al.  2004  ) . 

 The metagenomic sequence substantiated a 
number of signi fi cant hypotheses. First, it appears 
that  Leptospirillum  group III contains genes with 
similarity to those known to be involved in nitro-
gen  fi xation, suggesting that it provides the com-
munity with  fi xed nitrogen. This was a surprise 
because the previous supposition was that a 
numerically dominant member of the community, 
such as  Leptospirillum  group II, would be respon-
sible for nitrogen  fi xation. However, no genes for 
nitrogen  fi xation were found in the  Leptospirillum  
group II genome, leading to the suggestion that 
the group III organism is a keystone species that 
has a low numerical representation but provides a 
service that is essential to community function. 
 Ferroplasma  type I and II genomes contain no 
genes associated with nitrogen  fi xation but con-
tain many transporters that indicate that they 
likely import amino acids and other nitrogenous 
compounds from the environment. 

 Energy appears to be generated from iron oxi-
dation by both  Ferroplasma  and  Leptospirillum  
spp. The genomes of both groups contain elec-
tron transport chains, but they differ signi fi cantly. 
The genomes of  Leptospirillum  group II and III 
contain putative cytochromes that typically have 
a high af fi nity for oxygen. The cytochromes may 
play a role in energy transduction as well as in 
maintaining low oxygen tension, thereby protect-
ing the oxygen-sensitive nitrogenase complex. 
All of the genomes in the acid mine drainage are 
rich in genes associated with removing poten-
tially toxic elements from the cell. Proton ef fl ux 
systems are likely to be responsible for maintain-
ing the nearly neutral intracellular pH, and metal 
resistance determinants pump metals out of the 
cells, maintaining nontoxic environment in the 
interior of the cells (Tyson et al.  2004  ) . 

 The acid mine drainage community provides a 
model for the analysis of other communities. 
Determining the origin of DNA fragments and 

assigning functions may be more dif fi cult for 
communities that are phylogenetically or physi-
ologically more complex and variable, but the 
approach will be generally useful for all commu-
nities (Tyson et al.  2004  ) .   

   Metagenomics and Industrial 
Application 

 Besides the vast academic output, one of the major 
interests in metagenome analysis is its immense 
economic potential. Different industries have 
different motivations to explore the enormous 
resource that constitute the uncultivated microbial 
diversity. Currently, there is a global political 
drive to promote white (industrial) biotechnology 
as a central feature of the sustainable economic 
future of modern industrialized societies. This 
requires the development of novel enzymes, pro-
cesses, products, and applications. Metagenomics 
promises to provide new molecules with diverse 
functions, but ultimately, expression systems 
are required for any new enzymes and bioactive 
molecules to become an economic success. 

 Metagenomics (Barns et al.  1999  )  has the 
potential to substantially impact industrial 
production. The dimensions of the enormous 
biological and molecular diversity, as shown by 
Torsvik and Venter (Lorenz and Eck  2005  )  and 
their coworkers, are truly astonishing. A pristine 
soil sample might contain in the order of 10 4  dif-
ferent bacterial species. More than one million 
novel open reading frames, many of which may 
encode putative enzymes, could be identi fi ed in a 
single effort such that sampled marine prokary-
otic plankton retrieved from the Sargasso Sea. 

 Different industries are interested in exploiting 
the resource of uncultivated microorganisms 
that has been identi fi ed through large-scale envi-
ronmental genomics for several reasons detailed 
below. 

   The Ideal Biocatalyst 

 For any industrial application, enzymes need to 
function suf fi ciently well according to several 
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application-speci fi c performance parameters. With 
the exception of yeasts and  fi lamentous fungi, 
access to novel enzymes and biocatalysts has 
largely been limited by the comparatively small 
number of cultivable bacteria.  

   Novelty 

 For industries that produce bulk commodities 
such as high-performance detergents, a single 
enzyme backbone with superior functionality that 
has an entirely new sequence would be useful to 
avoid infringing competitors’ intellectual prop-
erty rights.  

   Maximum Diversity 

 The pharmaceutical and supporting  fi ne-chemicals 
industries often seek entire sets of multiple, 
diverse biocatalysts to build in-house toolboxes 
for biotransformations (Lorenz and Eck  2005  ) . 
These toolboxes need to be made rapidly accessible 
to meet the strict timelines of a biosynthetic-
feasibility evaluation in competition with tradi-
tional synthetic chemistry.  

   Elusive Metabolites 

 Many pharmacologically active secondary 
metabolites are produced by bacteria that live in 
complex consortia or by bacteria that inhabit 
niches that are dif fi cult to reconstitute in vitro. So 
although there are reports on how to circumvent 
this general problem of microbial cultivation 
either by mimicking natural habitats (Lorenz and 
Eck  2005  )  or by allowing for interspecies com-
munication after single cell microencapsulation 
(Kaeberlein et al.  2002  ) , the cloning and heterol-
ogous expression of biosynthetic genes that 
encode secondary metabolites (usually present as 
gene clusters) is the most straightforward and 
reproducible method of accessing their biosyn-
thetic potential.  

   White Biotechnology 

 “Industrial” or white biotechnology is currently a 
buzzword in the European biobusiness commu-
nity. The term was coined in 2003 by the European 
Association for Bioindustries (EuropaBio), based 
on a case study report, and it denotes all indus-
trially harnessed bio-based processes that are 
not covered by the red biotechnology (medical) 
or green biotechnology (plant) labels. White 
biotechnology has its roots in ancient human 
history, and its products are increasingly a part of 
everyday life, from vitamins, medicines, biofuel, 
and bioplastics to enzymes in detergents or dairy 
and bakery products. It is the belief of industrial 
promoters, analysts, and policy makers that white 
biotechnology has the potential to impact indus-
trial production processes on a global scale. 
The main long-term applications of white bio-
technology will be focused on replacing fossil 
fuels with renewable resources (biomass conver-
sion), replacing conventional processes with 
bioprocesses (including metabolic engineering), 
and creating new high-value bioproducts, including 
nutraceuticals, performance chemicals, and bioac-
tives. While the possibilities are immense, some 
success stories are already being cited (Zengler 
et al.  2002  ) .  

   Screening Enzymes for Industrial Use 

 Diversa, the largest and most prominent spe-
cialist biotech company for the commercializa-
tion of metagenome technologies, has described 
several approaches to access “uncultivable” 
microorganisms. Applying a classical growth-
selection-based expression strategy, diverse 
environmental libraries were constructed in  E. coli  
using phage  l  or Bac vectors. After growth in media 
containing nitriles as the sole nitrogen source, 
more than 100 new and diverse nitrilase genes 
were recovered (Zengler et al.  2002  ) . The resulting 
enzyme library is marketed to serve the  fi ne-
chemical and pharmaceutical industries (Robertson 
et al.  2004  ) . 
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 In addition to new technologies to amplify 
DNA from limited resources using random prim-
ers and strand-displacing DNA polymerase from 
phage  F 29 (DeSantis et al.  2002  ) , a strategy pro-
moted by Lucigen (Middleton, Wisconsin, USA), 
it is clear that current mass-sequencing efforts 
in several laboratories will facilitate the  in silico  
identi fi cation of open reading frames that might 
encode potentially useful enzymes (Zhou et al. 
 2002  ) . 

 Once new genes are cloned and screened for 
activity, the main stumbling block is the expression 
of pure protein in suf fi cient amounts at reasonable 
costs. A cheap and ef fi cient enzyme, usually 
produced in ef fi cient expression systems like 
bacilli or  fi lamentous fungi, is a key factor for 
success, particularly when the enzyme functions 
as part of the  fi nal (bulk) product such as in deter-
gents. In the  fi ne-chemical industry, there might 
be a similar consideration for bulk product synthe-
sis. Particularly in the pharmaceutical industry, 
the time taken for a target compound to come to 
the market is decisive, and in these applications, 
it might be even more important for a company 
to have a large collection of biochemically diverse 
catalysts, even if these molecules are not 
expressed in large amounts. 

 There is ample demand for novel enzymes and 
biocatalysts, and metagenomics is currently 
thought to be one of the most likely technologies 
to provide the candidate molecules required 
(Detter et al.  2002  ) . The diversity of potential 
substrates for enzymatic transformations in the 
 fi ne-chemical industry and the short time that is 
usually available to propose viable synthetic 
routes (particularly for the pharmaceutical indus-
try) make it useful to produce pre-characterized 
enzyme libraries using generic substrates, before 
screening for a speci fi c enzyme that is required 
for biotransformation of a particular substrate of 
interest (Lorenz et al.  2002  ) . 

 Since the inception of two pioneering com-
mercial metagenomics ventures in the late 1990s 
(Recombinant Biocatalysis Ltd of La Jolla and 
TerraGen Discovery Inc. of Vancouver), these 
technologies have been taken up by several of the 
biotechnology giants and have been the focal area 
of several start-up companies. Recombinant 

Biocatalysis Ltd, now Diversa Corporation, is the 
acknowledged leader in the  fi eld with impressive 
lists of libraries derived from global biotopes and 
of cloned enzymes in a range of enzyme classes. 
Several other smaller biotechnology companies 
appear to be competing in the same market 
sector, and others are obviously knocking at the 
door. The relatively small size of the industrial 
enzyme market compared with the pharmaceuti-
cals market suggests that a switch in product 
focus might not be unexpected. Although the 
authors are unaware of any successfully commer-
cialized therapeutics derived from metagenomic 
screening programs, the normal timelines for 
the identi fi cation, development, evaluation, and 
approval of products for the pharmaceuticals 
market are longer than the existence of metage-
nomics as a research  fi eld (Vakhlu et al.  2008  ) .   

   Next-Generation Sequencing 
Approaches to Metagenomics 

 Next-generation sequencing approaches enable 
us to gather many more times sequence data 
than was possible a few years ago. The  fi rst next-
generation high-throughput sequencing technology, 
the 454 GS20 pyrosequencing platform, which 
was developed by Roche, became available in 
2005. The GS20 platform has now been replaced 
by GSFLX platform. Illumina released Solexa 
GA in early 2007, and more recently, SOLiD and 
Heliscope were released by Applied Biosystems 
and Helicos. Rapid advances in sequencing tech-
nology are fueling a vast increase in the number 
and scope of metagenomics projects. Most meta-
genome sequencing projects so far have been based 
on Sanger or Roche-454 sequencing, as only these 
technologies provide long enough reads, while 
Illumina sequencing has not usually been consid-
ered suitable for metagenomic studies due to a 
short read length of only 35 bp. However, now 
that reads of length 75 bp can be sequenced in 
pairs, Illumina sequencing has become a viable 
option for metagenome studies as well. A new soft-
ware MEGAN has been evolved for metagenome 
analysis that allows one to process sequencing 
reads in pairs and makes assignments of such 
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reads based on the combined bit-scores of their 
matches to reference sequences. By using next-
generation sequence data in metagenomics 
experiments, a wide range of new analyses are 
possible. Metagenomic study has an increasingly 
powerful partner in the next-generation sequence 
technology, and this partnership is likely to get 
more productive as softwares and hardwares 
mature (MacLean et al.  2009 ; Mitra et al.  2010  ) . 

   Metatranscriptomics 

 As metagenomic DNA-based analyses cannot 
differentiate between expressed and non-expressed 
genes, it is unable to re fl ect the actual metabolic 
activity. To identify RNA-based regulation 
and expressed biological signatures in complex 
ecosystems, sequencing and characterization of 
metatranscriptomics have been employed. There 
are several dif fi culties associated with the pro-
cessing of environmental RNA sample mainly 
due to the recovery and enrichment of high qual-
ity mRNA by the removal of other RNA species. 
Short half-lives of mRNA and low yield of cDNA 
include technical challenges in the isolation pro-
cedure. Initially, metatranscriptomics had been 
limited to the microarray and high-density array 
technological analysis of mRNA derived cDNA 
cloning. Detection sensitivity of microarray is 
not equal for all imprinted sequences as it can 
give information about those sequences for which 
it was designed and the result is also dependent 
on chosen hybridization condition. Transcript 
cloning avoids some of the problems, but it intro-
duces other biases associated with cloning sys-
tem and library construction. Substantial progress 
for the ef fi cient analysis of more complex 
expression pro fi les has become available with 
the development of next-generation sequencing 
technologies like Roche’s 454, Illumina’s SOLEXA, 
and ABI’S SOLiD (Schloss and Handelsman 
 2003 ; Warnecke and Hess  2009  ) . 

 In 2006, Leininger and colleagues were the 
 fi rst employing pyrosequencing to unravel active 
genes of soil microbial communities. This study 
has revealed that archaeal transcripts of key enzyme 
for ammonia oxidation were several magnitudes 

higher in soil than the bacterial version of it. 
In 2008, Friaz-Lopez et al. produced  ³ 50 Mbp by 
454 pyrosequencing – still using  fi rst generation 
of this technology (MacLean et al.  2009  ) . Gilbert 
et al. followed shortly afterwards with  ³ 300 Mbp 
of sequence data using second generation called 
GS-FLX (Gilbert et al.  2008 ). Other metatran-
scriptomic studies employing direct sequencing 
of cDNA have targeted the ocean surface water 
from North Paci fi c subtropic gyre, a phytoplankton 
bloom in the Western English Channel, coastal 
waters of a fjord close to Bergen, Norway, 
etc. All these studies demonstrated successful 
application of high-throughput sequencing tech-
nologies to exploit unknown transcripts that have 
been isolated directly from complex environment 
(Simon and Daniel  2011  ) .  

   Metaproteomics 

 With the availability of metagenomic sequences, it 
is now possible to apply postgenomic techniques – 
particularly proteomics – to complex microbial 
communities as well. In 2004, Wilmes and Bond 
coined the term “metaproteomics” as a shotgun 
for large-scale characterization of the entire 
protein complement of environmental microbiota 
at a given time point. Protein expression is a 
re fl ection of speci fi c microbial communities. 
Elucidation of metaproteomic expression is 
supposed to be central to functional studies of 
microbial consortia. In this study, an outer mem-
brane protein and an acetyl coenzyme A acyl 
transferase were produced by a microbial com-
munity derived from activated sludge. These are 
highly expressed and putatively originated from 
an unculturable polyphosphate-accumulating 
 Rhodocyclus  strain dominating in the activated 
sludge (Mitra et al.  2010 ; Simon and Daniel  2011  ) . 

 The landmark metaproteomic investigation 
successfully combined “shotgun” MS proteomics 
with the community genome analyses. This study 
analyzed the protein complement of a low-
complexity natural bio fi lm, growing inside the 
Richmond Mine at Iron Mountain, CA (USA), 
having very low pH (0.8), a temperature of 42°C, 
and high level of heavy metals (Detter et al.  2002  )    . 
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It was found that sampled bio fi lm was dominated 
by  Leptospirillum  group II along with the pres-
ence of  Leptospirillum  group III,  Sulfobacillus , 
and Archaea related to  Ferroplasma acidar-
manus.  Using the genome dataset, a total of 
12,148 protein sequences were constructed. 
Challenges for metaproteomic analysis include 
uneven species distribution, large heterogeneity 
within microbial community, and broad range of 
protein expression levels within microorganisms. 
Despite these hurdles, metaproteomics will pro-
vide a new dimension of environmental catalysis 
(Simon and Daniel  2011 ; Leininger et al.  2006  ) . 

 Metagenomics is a burgeoning  fi eld with new 
challenges encountered at every step in each 
instance. The gamut of challenges runs from 
inef fi ciencies in sampling, DNA extraction meth-
ods, and construction of libraries to inadequacies 
in data analysis and visualization tools. Added to 
this are limited computational power and data 
storage constraints due to the huge amounts of 
genomic data  fl ooding in from initiatives world-
wide. Some of these intricacies will have to be 
kept in mind, while garnering the full advantages 
of the metagenomic analyses, both from aca-
demic and application point of view (Leininger 
et al.  2006  ) .  

   Low Abundance Species Overlooked 

 The high complexity environment of the Sargasso 
Sea comprising ~1,800 different species was 
daunting in terms of metagenome assembly and 
analysis. Many current assembly software are 
befuddled by the large numbers of complex, poly-
morphic metagenomic data, as are the annotation 
software, which are designed for use on “closed” 
(completely assembled) microbial genomes. 
Assembly is also hampered by shallow sequence 
coverage resulting from failures to sample uni-
formly, particularly in high-complexity environ-
ments where relative abundance of individual 
species varies. Most of the sequences obtained 
may be from the most predominant species in 
the environment, while sequences from low-
abundance species may go undetected. These 
low-abundance species may well play a critical 

role in the ecophysiology of the habitat (Leininger 
et al.  2006 ; Wilmes and Bond  2004  ) .  

   Lack of Reference Genomes 

 Sometimes, assembly can be assisted by the 
availability of a preexisting reference genome 
that can serve as a blueprint for piecing environ-
mental genomic data together. Of course, such 
reference genomes are presently only available 
for a subset of cultured species, so assembling 
genomes of more divergent or novel species is 
not always an easy task. Finally, intraspecies 
heterogeneity or polymorphisms, or high levels 
of sequence conservation between phylogeneti-
cally unrelated genomes, all can confound 
the assembly software and result in false or 
chimeric assemblies (  http://web.camera.calit2.
net/cameraweb    ).  

   Standardizing Metadata 

 Metadata refers to the temporal, spatial, and 
physicochemical data associated with the sam-
pling site from which organisms were derived for 
the metagenomics study. Typical examples are 
time, date, latitude, longitude, temperature, pH, 
salinity, etc. The purpose of making such metadata 
available is to enable correlation of deciphered 
ecology with the environmental conditions that 
may favor one population structure over another. 
Presently, there are no established standards 
for submission of metadata, and a Genomics 
Standards Consortium is involved in soliciting 
opinions from the research community to de fi ne 
a minimal set of metadata required for every 
genomic and metagenomic project (  http://web.
camera.calit2.net/cameraweb    ).   

   Conclusions 

 It is perhaps too early to state that metagenomic 
gene discovery is a technology that has “come of 
age.” New approaches and technological innova-
tions are pouring in on a regular basis and many 
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of the technical dif fi culties still waiting to be 
fully resolved. However, there can be little doubt 
that the  fi eld of metagenomics gene discovery 
offers enormous scope and potential for both fun-
damental microbiology and biotechnological 
development. 

 The genomes of the total microbiota found in 
nature contain huge untapped genetic information, 
which is accessible by metagenomic approaches. 
Yet the surface of this resource has been barely 
scratched as far as microbial genomes are concerned. 
The awareness of the real scope of microbial 
genome diversity and growing interest in biotech-
nological application of microbial products as 
pharmaceuticals, bioactive catalysts, biomaterials, 
and so forth must prompt the development of new 
research techniques for the direct and indirect 
acquisition of these genomes. Although there 
is unarguably a great need for future leaps in 
techniques for isolating and culturing novel 
microorganisms, the recent development of meta-
genomics, a  fi eld that effectively circumvents 
the microbial isolation and culturing, has been a 
major breakthrough.      
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  Abstract 

 The increasing amount of pollutants in the environment is an alarming 
concern to the ecosystem. A number of organic pollutants, such as poly-
chlorinated biphenyls (PCBs), polyaromatic hydrocarbons (PAHs), and 
pesticides, are resistant to degradation, which represent toxological 
threat to wildlife as well as human beings. Various physiological and 
biological measures have been employed globally to degrade these hydro-
carbons to improve environment quality. Out of these, bioremediation is 
the most promising strategy where microorganisms are harnessed to 
degrade the organic and inorganic pollutants. There are many naturally 
existing microbes, which are routinely employed in bioremediation process. 
At instances, these consortia of microorganisms in various environmental 
conditions provide an insight about the interrelation of metabolic path-
ways involved in biodegradation process. Various metabolic techniques 
are employed to produce genetically engineered microorganisms (GEMs) 
with better bioremediation ef fi ciency. Majorly biomolecular engineering 
approaches such as rational designing and directed evolution have been 
developed to genetically modify microorganisms and their enzymes for 
the degradation of persistent organic pollutants (POPs) like PAHs, PCBs, 
and pesticides. Recently, several developments in the  fi eld of recombinant 
DNA technologies such as development of “suicidal-GEMs” (S-GEMs) 
have also been carried out to achieve safe and ef fi cient bioremediation of 
contaminated sites. In this chapter, we describe various techniques for the 
development of genetically modi fi ed microorganisms along with different 
examples of recombinant produced. Harmful impact of the engineered 
microorganisms on environment and economic consideration of viable 
processes development are critically discussed.  

      Genetically Modi fi ed 
Microorganisms (GMOs) 
for Bioremediation       

     Sandeep   Kumar   ,    Vikas   Kumar   Dagar   ,    Yogender  
 Pal   Khasa   , and    Ramesh   Chander   Kuhad         
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   Introduction 

 Accumulated toxic and persistent compounds 
especially xenobiotics in the environment cannot 
be degraded ef fi ciently by the natural metabolic 
diversity of the autochthonous microbes. The 
novel nature of these pollutants which includes 
unusual chemical bonding or substitutions with 
halogens or other functional groups makes them 
resistant to natural degradation by the inhabiting 
microorganisms (MOs), due to the lack of appro-
priate metabolic pathway. Hydrophobic nature of 
various toxic contaminants in environment such 
as toluene, organochlorides, and polyaromatic 
hydrocarbons accumulates in the microbial cell 
and disrupts their cell membrane (Pieper and 
Reineke  2000  ) . The prolonged persistence of 
these compounds is due to the inef fi cient trans-
port systems and their limited bioavailability 
because of their hydrophobic nature. However, 
the natural inhabiting consortia at various physi-
ological environmental conditions provide the 
genetic sources of novel metabolic capabilities 
(Pieper and Reineke  2000  )  and the possibilities 
of degrading these recalcitrant chemicals using 
genetically modi fi ed bacterial strains through the 
introduction of different enzyme activities from a 
number of bacteria into a desired microorganism 
(Chen and Mulchandani  1998  ) . Microorganisms 
have been evolving since last 3.8 billion years and 
inhabit virtually in all environmental conditions 
like extremes of nutrient concentration, salinity, 
pH, pressure, and temperature (DeLong and Pace 
 2001  )    . During the long evolutionary process, dif-
ferent microorganisms gained unique abilities to 
degrade persistent compounds at contaminated 
sites by the physiochemical pressure in those 
environmental conditions. The potential of this 
natural micro fl ora can be utilized by identifying 
and engineering catabolic gene pool. The use of 

indigenous micro fl ora instead of exotic strains is 
always naturally advantageous for the construc-
tion of recombinant microorganisms because the 
indigenous microorganisms are more prone to 
interact with total population and can withstand 
to the complex stressful environmental condi-
tions (Singh et al.  2011  ) . Catechol 1,2-dioxyge-
nase, toluene dioxygenase-iron-sulfur protein 
component, benzene dioxygenase, naphthalene 
dioxygenase (Moharikar et al.  2003  ) , dioxin 
dioxygenase of  Sphingomonas  sp. strain RW1 
(Armengaud et al.  1998  ) , carbazole-1,9-dioxyge-
nase (Sato et al.  1997  ) , and many ring-activating 
dioxygenases (Fuenmayor et al.  1998  )  are some 
of the examples of novel enzymes, identi fi ed for 
recombinant DNA technology to improve strains 
for better bioremediation capabilities. 

 A multidisciplinary involvement of microbiol-
ogy, molecular biology, biochemistry, bioinfor-
matics, and genomics is required to produce 
genetically engineered microorganisms (GEMs) 
to overcome various bottlenecks in the cleanup of 
contaminated sites. There are very few reports 
where GEMs have been applied and proven to be 
more ef fi cient than natural MOs in elimination of 
recalcitrant compounds under natural conditions 
(de Lorenzo  2009  ) . However, efforts are made to 
expand the range of compounds that can be 
degraded by applying the principles of recombi-
nant DNA technology (Keasling and Bang  1998 ; 
Timmis and Pieper  1999 ; Ryu and Nam  2000 ; 
Ang et al.  2005 ; Liu et al.  2006 ; Kapley and 
Purohit  2009  ) . For bioremediation purpose, the 
 fi rst test release of genetically engineered micro-
organisms was commenced by the US 
Environmental Protection Agency (EPA) in 1996 
(Ryan et al.  2000  ) . The successful application of 
genetically MOs for bioremediation is based 
upon the successful establishment of the engi-
neered microorganisms in the environmental 
conditions and after the completion of the desired 
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objectives; there should be an appropriate mecha-
nism for their removal from the site of action 
(Carlos and Alkorta  1999  ) . The potential risks 
associate with the release of GEMs into the envi-
ronment has originated the necessity to construct 
the biological containment systems by which 
bacteria are killed in a controlled suicide process 
(Carlos and Alkorta  1999  ) . The mechanisms 
designed by various research groups to develop 
GMOs are discussed in detail in this chapter.  

   Recombinant DNA Technologies Used 
for Microorganism Modi fi cations 

 The strategies used for engineering any micro-
bial cell capable of degrading speci fi c com-
pounds and also to make it able to remain viable 
for many generations are very different from 
the techniques used to develop recombinant 
strains for protein overproduction. A balance 
between the organism growth and energy con-
sumption for the macromolecule synthesis, 
capability of the genetic vector to carry the 
large foreign DNA, ability of the cell to repli-
cate the DNA exactly, and maintenance of the 
plasmid by the cell are some of the issues which 
must be kept in mind during designing any 
strategy (Keasling and Bang  1998  ) . To develop 
an ef fi cient microorganism, the number of 
expression systems containing various promot-
ers and their regulators has been discovered by 
different groups (de Lorenzo et al.  1993 ; Endo 
and Silver  1995  ) . Carrier and Keasling  (  1997  )  
designed a technique to enhance the stability of 
mRNA by introduction of DNA cassettes at 5 ¢  
untranslated region of a desired gene. The 
incorporated DNA cassette forms hairpin at the 
5 ¢  end of the mRNA and increased the ΔG of 
formation of that mRNA, which in turn 
increased mRNA stability by threefolds. As far 
as cloning of the genes responsible for recalci-
trant compounds degradation is concerned, the 
broad-host-range cloning vectors such as RK2 
(Kolatka et al.  2010  ) , TFK (Kalyaeva et al. 
 2002  ) , and pPP8 (Holtwick et al.  2001  )  and the 
narrow-host-range plasmids cloning vectors 
such as pDK1, pFME4, pFME5, pNK33 

(Izmalkova et al.  2005 ; Shintani et al.  2005  ), 
and pPS10 (Nieto et al.  1990  )  for  Pseudomonas  
and other bacteria have been designed. 

 The modi fi cation of enzyme af fi nity and 
speci fi city, bioprocess development, pathway 
construction and regulation, bioactivity biore-
porter sensor development for chemical sensing, 
end-point analysis, and toxicity reduction are the 
main approaches to develop GEMs. The com-
monly used strategies to develop recombinant 
microorganisms for bioremediation applications 
(Fig.  11.1 ) have been discussed in detail in the 
following sections.  

   Rational Designing 

 The rational designing involves the construction 
of a single microorganism having the assembly 
of desirable biodegradation pathways or enzymes 
from different organisms to perform speci fi c 
reactions using recombinant DNA technology 
(Ang et al.  2005  ) . Prior information on the mech-
anistic, dynamic, and structural properties of pro-
tein is required to successfully modify it by 
rational design for the speci fi c purposes as deli-
cate folding kinetics of any protein is highly 
prone to disrupt its con fi rmation leading loss of 
catalytic activity. Nonetheless, there is rapid 
improvement in the capabilities of rational design 
techniques due to the involvement of more 
ef fi cient X-ray crystallography and functional 
bioinformatics techniques. There are many 
reports which are concerned with the improve-
ment in the properties of different enzymes and 
other proteins. Kellner et al.  (  1997  )  modi fi ed 
P450 monooxygenase systems in order to improve 
its substrate speci fi city and catalytic ef fi ciency. 
The knowledge of the structural and functional 
relationships in various cytochrome P45Os pro-
vided the basis for the rational design of P45Os 
to catalyze desired biodegradation reactions. It was 
found that modulations in the substrate binding 
pocket even by single amino acid provided 
enhancement in the  fl exibility of the binding 
af fi nity of this enzyme. In another report, nitric 
oxide reductase (NOR), which is the key enzyme 
of nitrogen cycle that is critical for all life forms, 
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  Fig. 11.1    Different approaches to develop genetically modi fi ed microorganisms for bioremediation       

was rationally modi fi ed by the introduction of 
three histidine and one glutamate, predicted as 
ligands in the active site of NOR, into the distal 
pocket of myoglobin (Natasha et al.  2009  ) . 
Similarly, haloalkane dehalogenase enzyme which 
hydrolyzes halogenated aliphatics was engi-
neered for mutational analysis by studying the 
kinetics of the reaction catalyzed after replac-
ing Phe172 by tryptophan. Phe172 is located in 
helix-loop-helix structure that covers the active 
site cavity of the enzyme, and it is believed to 
stabilize the structure of the enzyme. The engi-
neered enzyme showed tenfold higher Kcat/Km 
than the wild type (   Schanstra et al.  1996 ). 

 An encouraging example of the rationally 
designed catabolic pathway was represented by 
Mattozzi et al. A strain of  Pseudomonas putida  
was constructed to degrade an organophosphorus 
compound paraoxon which was capable to utilize 
this compound as a sole carbon and nitrogen 
source after the mutations. The  pnp  operon from 
 Pseudomonas  sp. strain ENV2030 encoding 
enzymes that transform p-nitrophenol into 
 b -ketoadipate was inserted into the organism 

with a simultaneous expression of a synthetic 
operon encoding a phosphodiesterase (encoded 
by  pde ) from  Delftia acidovorans , an organo-
phosphate hydrolase (encoded by  opd ) from 
 Flavobacterium  sp. strain ATCC 27551, and an 
alkaline phosphatase (encoded by  phoA ) from 
 Pseudomonas aeruginosa  HN854 (Mattozzi et al. 
 2006  ) . This whole assembly was programmed to 
be regulated by a constitutive promoter. The 
recombinant strain was able to utilize about 
275 g/l of paraoxon as energy source (Mattozzi 
et al.  2006  ) . The general mechanism of modify-
ing a microorganism or an enzyme by rational 
modi fi cation is depicted in Fig.  11.2 .   

   Directed Evolution 

 Darwinian principles of mutation and selection 
are the basis for the improvement of biocatalysis 
and cellular properties by  directed evolution  
(Chatterjee and Yuan  2006  ) . This technology 
involves the engineering of the enzymes with desired 
characteristics using site-directed mutagenesis 
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(Fig.  11.3 ). In vitro directed evolution mimics 
natural processes like random mutagenesis and 
sexual recombination, and it does not require 
detailed understanding of the structure and 
properties of the target protein (Hibbert and 
Dalby  2005  ) . This strategy uses PCR methodol-
ogy without primers to reassemble a gene from 
DNA fragments of variable lengths of about 
10–300 bps generated by predigestion of the 

gene with nucleases (Stemmer  1994  ) . After 
assembly of different size fragments by homol-
ogous recombinations and further extensions 
with polymerase using dNTPs, a nested PCR 
strategy is applied to yield full length mutated 
gene (Wood  2008  ) .  

 Despite various technical advancements in the 
 fi eld, there are still some constraints such as 
dif fi culty in optimizing ligation steps for making 
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  Fig. 11.3    Schematic representation for development of genetic variants using directed evolution approach       

 



19711 Genetically Modi fi ed Microorganisms (GMOs) for Bioremediation

large size libraries and library screening (Hibbert 
et al.  2005  )  which makes the process of directed 
evolution impractical in many cases. Adopting 
PCR-based approaches and directing in vivo 
hyper-mutation with B cells to target genes deliv-
ered by retroviral infection are the improvements 
to circumvent the ligation-related issues (Wang 
et al.  2004  ) . Improvement in the proportion of 
nonredundant or degenerate variants in libraries 
could be a solution for practical limitation to 
library size (Hamamatsu et al.  2005  ) . A more 
recent  fi nding has shown that the majority of 
mutations for the enhancement in the enantiose-
lectivity of enzymes occur within 10 A° of the 
enzyme active site (Hibbert and Dalby  2005  ) . 
With incorporation of such observations, focused 
mutagenesis approaches are being used to obtain 
more ef fi cient enzymes (Reetz et al.  2005 ; Parikh 
and Matsumura  2005 : Morley and Kazlauskas 
 2005  ) . Further, enhancement in the property of 
enzyme has been achieved by using consensus 
sequence data for library construction (Amin et al. 
 2004  ) . By aligning the target gene with the con-
sensus sequence from the homologues, some 
potential residues had been identi fi ed. Furthermore, 
these sites were mutated to produce a combinato-
rial library with a good success pro fi le.  

   Saturation Mutagenesis 

 Engineered catalysts having mutations at key 
sites are developed using this technique. Key 
sites are targeted for iterative cycles of muta-
genesis until the gene for the desired level of 
enhancement in the gene property is achieved. 
The choice of target site depends upon the prop-
erty which needs to modify to obtain better 
characteristics (Reetz and Carballeira  2007  ) . 
Focused libraries are generated by random 
changes in amino acids sequence where changes 
can be incorporated at one position or simulta-
neously at different positions. The main advan-
tage of saturation mutagenesis or cassette 
mutagenesis is that the libraries produced using 
this technique are easy to screen because the 
modi fi ed sequence space is small (Reetz and 
Carballeira  2007 ; Ang et al.  2007,   2009  ) . For 

example, enhancement in the activity of aniline 
dioxygenase (AtdA) isolated from  Acinetobacter  
sp. strain YAA was achieved in order to degrade 
aromatic amines more ef fi ciently. Modi fi cation 
in the activity was obtained by one round of 
saturation mutagenesis followed by three rounds 
of random mutagenesis. The activity of the  fi nal 
mutant was found to be enhanced by 8.9-, 98.0-, 
and 2.0-fold for aniline, 2,4-dimethylaniline 
(2,4-DMA), and 2-isopropylaniline (2-IPA), 
respectively (Ang et al.  2009  ) . Signi fi cant 
increase in the activity towards m-nitrophenol 
(34 times), o-nitrophenol (47 times), and 
o-methoxyphenol (174 times) as well as an 
expanded substrate range in comparison to wild-
type organism was achieved by producing 
V350F 2,4-dinitrotoluene dioxygenase mutant 
of  Burkholderia cepacia  R34 by saturation 
mutagenesis (Keenan et al.  2004  ) . Similarly, 
another mutant V350M of the same enzyme dis-
plays enhanced activity towards o-nitrophenol 
(20 times) and o-methoxyphenol (162 times) as 
well as novel activity towards o-cresol (Keenan 
et al.  2004  ) . Saturation mutagenesis relies on 
the detailed analysis of the region of the protein 
crucial for the desired catalytic property. In this 
prospect, it constitutes a symbiosis between 
rational design and combinatorial randomiza-
tion. The general scheme of saturation mutagen-
esis is detailed as shown in Fig.  11.4 .  

 A combination of DNA shuf fl ing and satura-
tion mutagenesis has been used to engineer the 
gene for catalyst toluene-o-xylene monooxyge-
nase from  P. stutzeri  OX1 to enhance the degra-
dation of chlorinated ethane and also to discover 
new residues for accelerating  p- nitrophenol deg-
radation (Vardar and Wood  2005 ; Radice et al. 
 2006  ) . Similarly, nitrophenolic pollutants such 
as dinitrotoluenes, 4-methyl-5-nitrocatechol, and 
aminonitrotoluenes were degraded by evolving 
monooxygenases and dioxygenases (Leungsakul 
et al.  2006  ) . Bacterial systems have also been 
created which can utilize 1,2,3-trichloropropane 
(TCP) as a source of carbon and energy. 
Haloalkane dehalogenase from  Rhodococcus  sp. 
M15-3 has been evolved to allow more productive 
binding of TCP in the active site, and the gene for 
this enzyme was expressed in  Agrobacterium 
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radiobacter  AD1, which helped in fast degrada-
tion of TCA at contaminated sites (Bosma et al. 
 2002  ) . 

 Protein engineering by  genomic shuf fl ing  is 
the process of recombination of the chromosomes 
from several bacteria to produce a bacterium 
which has the improved activity of a desired trait. 
The degradation of the pesticide pentachlorophe-
nol by  Sphingobium chlorophenolicum  ATCC 
39723 has been improved by genomic shuf fl ing 
up to tenfold in comparison to wild-type strain 
(Zhang et al.  2002 ; Dai and Copley  2004  ) . 
In contrast to genome shuf fl ing,  family shuf fl ing  
involves the shuf fl ing of the DNA of the related 
groups of the genes to accelerate the directed 
evolution. The evolution of the hybrid enzymes 
with enhanced polychlorobiphenyls (PCBs) deg-
radation potential by the family shuf fl ing of the 
genes for the large subunit of biphenyl dioxyge-
nase ( bphA ) from  P. pseudoalcaligenes  KF707 
and  B. cepacia  LB400 is one of the pioneer appli-
cations of protein engineering for bioremediation 
(Kumamaru et al.  1998  ) .  

   Metabolic Engineering 

 The process of the enhancement in the produc-
tion of a speci fi c cellular compound by the opti-
mization of genetic and regulatory means is 
regarded as metabolic engineering. In this indus-
trialized world, the ultimate goal of engineering 
any pathway in a microorganism is to change 
the properties of a cell in order to achieve desir-
able cellular traits for bio-processing. However, 
if the metabolic engineering for the purpose of 
the degradation of harmful pollutants is consid-
ered, then one of the ways could be the enhance-
ment in the metabolic capability of a 
microorganism by combining the metabolic 
pathways from different organisms in a single 
bacterium. One of the  fi nest examples of meta-
bolic engineering was the degradation of chloro- 
and methylaromatics, where  fi ve different 
catabolic pathways from three different bacteria 
were made to combine in order to degrade meth-
ylphenols and methylbenzoates in a bacterium 
(Rojo et al.  1987  ) . 
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 Oxygenases are having signi fi cant impact on 
the degradation of various xenobiotic pollutants 
present in the soil. Nowadays, these enzymes are 
being considered as potential target enzymes for 
metabolic engineering. This class of biocatalysts 
simply incorporates oxygen from the environ-
mental O 

2
  in the structure of the organic com-

pounds in order to oxidize them (Fetzner  2007  ) . 
Dioxygenase of the toluene dioxygenase system 
of  Pseudomonas putida  F1 which transforms 
2-chlorotoluene into 2-chlorobenzaldehyde by 
virtue of its residual methyl-monooxygenase 
activity on o-substituted substrates, benzyl alco-
hol dehydrogenase (encoded by xylB), and benz-
aldehyde dehydrogenase (xylC) present in 
pWWO plasmid of  P .  putida  mt-2 was assembled 
in separate mini-Tn5 transposon vectors. This 
gene cassette was inserted in the chromosome of 
the 2-chlorobenzoate degraders  Pseudomonas 
aeruginosa  PA142 and  P .  aeruginosa  JB and 
expressed under toluene-responsive Pu promoter 
of the TOL plasmid and the cognate XylR regula-
tor (Haro and deLorenzo  2001  ) . Although the 
mineralization ef fi ciency of this assembly was 
not found to be as expected, but the resultant 
strain possessed the genetic information and 
functional capabilities to mineralize the target 
pollutant (Haro and deLorenzo  2001  ) . Though, 
further optimization strategies need to be done. 

 The degradation of  cis -1,2-dichloroethylene 
( cis -DCE) has been enhanced by metabolically 
engineered  E. coli  strain .  The modi fi ed strain 
expressed six genes of an evolved toluene ortho-
monooxygenase (TOM) from  Burkholderia cepa-
cia  G4 with either gamma-glutamylcysteine 
synthetase (GSHI) or the glutathione S-transferase 
IsoILR1 from  Rhodococcus  AD45 or with an 
evolved epoxide hydrolase from  Agrobacterium 
radiobacter  AD1 which converts the reactive  cis -
DCE epoxide to a diol. The impact of this metabolic 
engineering on bioremediation was accessed by 
observing the changes in the proteome through a 
quantitative shotgun proteomics technique (iTRAQ) 
by the sequential addition of TOM-Green, IsoILR1, 
and GSHI when the comparison was made with the 
wild-type strain. This technique leads to increased 
aerobic degradation of  cis -DCE and reduced toxic-
ity from  cis -DCE epoxide (Lee et al.  2006  ) . 

 Whole-transcriptome pro fi ling is another 
molecular technique that has also been employed 
by various research groups to determine mutual-
istic interactions in the rhizosphere for strains 
relevant for bioremediation. Some primitive stud-
ies in this regard have been done in order to 
understand the metabolism of bacteria in the 
rhizosphere (Okinaka et al.  2002 ; Attila et al. 
 2008  ) . As an example,  Shewanella oneidensis,  
which is an important model organism for biore-
mediation due to its diverse respiratory capabil-
ity, has been subjected to whole genome pro fi ling 
by microarray analysis. The purpose of this anal-
ysis was to  fi nd the molecular basis for the change 
in the expression level of the temporal genes 
when the cells were subjected to heat stress. It 
was found that majority of the genes which were 
homologous to the chaperones and heat shock 
proteins in other organisms were highly induced 
(Gao et al.  2004  ) . 

 Even after considering all the above tech-
niques, the problem still persists with regard to 
programming any microorganism physiologi-
cally and genetically to express the desired trait 
at expected level and at the right time under phys-
iological circumstances. Although plasmids are 
playing lead role in the production of recombi-
nant microorganisms, but they are having their 
own limitations such as their instability in the 
absence of selective pressure and their potential 
for lateral transfer of recombinant genes to indig-
enous bacteria (de Lorenzo  1994  ) . These 
dif fi culties with plasmids have resulted in the 
enhanced use of mini-transposons as engineering 
tools where it allows very stable recombinant 
phenotypes to be engineered with very less num-
ber of manipulations (de Lorenzo  1994  ) . 

 Although the transposon system is generally 
used as a mean to upgrade the feasibility of the 
expression of a gene in heterologous environment, 
even then, sometimes there come the issues like the 
different behavior of translation initiation regions 
(TIRs)   . These issues are covered by the use trans-
lational enhancers, which are 40–50 bp sequences 
and generally substitute functionality of Shine-
Dalgarno (SD) sequence. These sequences can 
enhance the translation of a particular sequence 
in a wide variety of hosts. As an example, the 
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expression of chloramphenicol acetyl transferase 
(CAT) in various microbes has been enabled by a 
translational enhancer from tobacco mosaic 
virus, when it was placed at different distances 
upstream of the initiator AUG codon (Gallie and 
Kado  1989  ) . 

 A bit apart from all these above strategies, the 
use of regulated promoters of the biodegradative 
pathways is very attractive for designing heterol-
ogous expression system in the  fi eld. The  Pm, Pu , 
and  Psal  are some of the best characterized pro-
moters of catabolic plasmids TOL and NAH of 
 Pseudomonas  sp. (Burlage et al.  1989  ) . The 
speci fi c properties of these promoters are that 
they can be induced cost effectively; they all have 
a broad range and can function in a number of 
genera (Schweizer  2001  ) . For example, 1 ppm of 
benzoate can activate the  Pm  promoter of the 
TOL plasmid pWW0 of  P. putida  at reasonable 
levels (de Lorenzo  1994  ) . 

 The mRNA instability is also an obstacle in 
the heterologous expression of a sequence. 
Bacteriophage T4 gene 32 exhibits an interesting 
property related to structure and processing of its 
leader untranslated 5 ¢  end which is responsible 
for the increased stability of its mRNA (Anderson 
and Dunman  2009  ) . So the hybrid constructed by 
composing the native promoter/TIR region of 
genes 32 and  xylE  (which encodes catechol 
2,3-dioxygenase) was expressed at high levels in 
gram-negative bacteria.   

   Recombinant Bacteria 

 The combination of ecological and microbiological 
knowledge with biochemical mechanisms and  fi eld 
engineering design is essential for successful in situ 
bioremediation. Besides the ethical issues, there 
are more factors hampering a successful designing 
of recombinant strain. Competition of the engi-
neered microorganism with the other natural 
inhabitants for nutrients and other resources and 
selection pressure offered by the biotic and abi-
otic factors are two signi fi cant hurdles (Singh 
et al.  2011  ) . Therefore, choosing a right bacterial 
strain with respect to growth potential and nutrient 
response is must to achieve desirable results. 

 There are numerous reports for the development 
of recombinant bacterial systems for the degrada-
tion of various pollutants. The  fi rst genetically 
engineered microbe was created by Chakrabarty 
group in 1971. The patent was approved in 1980 
by the United States Supreme Court. The microbe 
was a variant of the genus  Pseudomonas  and was 
capable of degrading crude oil constituents 
(Ezezika and Singer  2010  ) . 

   Biodegradation of Heavy Metals 

 Heavy metals such as mercury (Hg), arsenic (As), 
cadmium (Cd), nickel (Ni), cobalt (Co), and lead 
(Pb) accumulated in the environment due to rapid 
industrialization are known to cause severe dam-
age to the vital organs in living organisms (Singh 
et al.  2011  ) . Detoxi fi cation machinery of genetic 
engineered bacteria has been considered useful 
for metal bioremediation. In response to high Hg 
toxicity, bacterial world has evolved surprising 
array of resistance mechanisms. A cluster of Hg 
resistance genes ( mer ) in an operon encourage 
the bacteria to detoxify Hg 2+  into volatile Hg by 
Hg reductase (Barkay et al.  2003  ) . The narrow 
Hg resistance  mer  operon has been found to 
degrade mercury in a series of three consecutive 
steps, that is, transportation of Hg 2+  into the cell, 
enzymatic NADPH-dependent conversion of the 
ionic mercury into less toxic elementary mercury 
(Hg 0 ), and  fi nally the regulation of the functional 
genes for the transport and transformation (Singh 
et al.  2011  ) . This operon consists of various genes 
which are functionally differentiated such as 
 merA  and  merB  for reduction,  merT  and  merP  as 
transporter,  mer R  and  merD  for regulation, and 
recently discovered  merE  and  merH  also for 
membrane transport (Ruiz and Daniell  2009 ; 
Kiyono et al.  2009 ; Schue et al.  2009  ) . Genetically 
engineered  E. coli  harboring simultaneously 
 merT-merP  and MT genes is found to be capable 
to remove Hg 2+  effectively from electrolytic waste 
water (Deng and Wilson  2001  ) .  Deinococcus 
radiodurans,  the most radiation-resistant bacterium 
known, was modulated by expressing  merA  gene 
from  E. coli  BL308. The recombinant produced was 
found to grow in the presence of radiations as 
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well as high concentration of ionic mercury. 
It was able to reduce Hg ions to less toxic volatile 
elemental mercury ef fi ciently (Brim et al.  2006  ) . 

 Phytochelatins and metallothioneins, which 
are metal-binding peptides, have been reported to 
contribute in the enhancement of heavy metal-
binding capabilities of microorganisms (Bae et al. 
 2001  ) . Genes for these proteins have been cloned 
in  E. coli  from plants and fungi. Recombinant 
bacteria with high bioaccumulation capacity and 
high af fi nity for target metal selectively accumu-
late the metal ions from multicomponent pollut-
ants (Sauge-Merle et al.  2003  ) . Use of genetically 
engineered  E. coli  JM109 for bioaccumulation 
of Cd 2+  from a heavy metals polluted site was 
developed by Deng et al.  (  2007  ) . Similarly, there 
are reports on the accumulation of Cd 2+  by vari-
ous genetically engineered bacteria such as 
 Mesorhizobium huakuii, Pseudomonas putida,  
and  Caulobacter crescentus  by the expression of 
fusion proteins for phytochelatin (PC), metal-
binding peptide (EC20), and RsaA-6His, respec-
tively (Sriprang et al.  2003 ; Wu et al.  2010 ; Patel 
et al.  2010  ) . 

 Arsenic (As) possesses high animal health 
risks because of its af fi nity to accumulate in the 
plants edible parts, soil, and contaminated water. 
Through these sources, this inorganic compound 
 fi nds its way to the food chain. Keeping in mind 
the urgent need to remove As from the contami-
nated site, arsenite S-adenosylmethionine meth-
yltransferase gene ( arsM ) which is taken from 
 Rhodopseudomonas palustris  has been cloned in 
 E. coli  (Qin et al.  2006  ) . This enzyme methylated 
inorganic As to less toxic and volatile trimethy-
larsine (TMA). Volatilization of As is found to be 
an ef fi cient way for its removal from contami-
nated soil by recombinant bacteria which are 
modulated by  arsM  gene (Liu et al.  2011  ) . The 
recombinant bacteria were capable to bioaccu-
mulate As at very high concentration compared 
to control strain. Expression of another metallo-
regulatory protein ArsR in  E. coli  also promises 
high af fi nity to remove As from the contaminated 
sites (Kostal et al.  2004  ) . 

 In many organisms, the metallothionein pro-
tein (MT), glutathione S-transferase fusion pro-
tein (GST-MT), and  nixA- encoded membrane 

transport protein exhibited high af fi nity for 
membrane transport of Ni 2+ (Singh et al.  2011  ) . 
It is presumed that overexpression of these trans-
port proteins would accumulate large amount of 
Ni 2+  in the modi fi ed bacteria.  

   Recombinant Microorganisms for Oil 
and Organic Compounds Degradation 

 First breakthrough in the biodegradation of oil 
was observed with the involvement of four strains 
of  Pseudomonas.  The genes for the degrading 
enzymes were located on the extrachromosomal 
part, that is, on the plasmid. The plasmids were 
isolated and put into a single strain of 
 Pseudomonas.  These strain showed a capability 
to degrade oil by 10–100 times faster than the 
wild type (Time Magazine  1975  ) .  Deinococcus 
radiodurans , which is the most radiation-resistant 
organism known, was genetically engineered for 
toluene degradation. However, it has not been 
applied for commercialized bioremediation pur-
poses due to anticipated risks and regulatory con-
trols associated with it (Ezezika and Singer 
 2010  )  .  

 Agent Orange is a toxic defoliant used by the 
United States military during the Vietnam War. 
This compound is 1 : 1 mixture of two phenoxy 
herbicides, 2,4-dichlorophenoxyacetic acid (2,4-
D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-
T), and it is linked to increased incidences of 
cancer (Ezezika and Singer  2010  ) . In order to 
degrade this pollutant, an engineered microbe 
was produced from a strain of  Burkholderia 
cepacia , and it was  fi rst tested for the removal of 
Agent Orange at the US Air Force site in 
Pensacola, northwestern Florida, where it was 
stored prior to its shipment to Vietnam (Marwick 
 2003 ;    Chauhan et al.  2008  ) . 

 Organophosphate- and carbamate-degrading 
recombinant strain of  Sphingomonas  sp. CDS-1 
was developed by Liu et al. The methyl parathion 
hydrolase encoding gene ( mpd ) was cloned with 
cognate regulator of a methyl parathion (MP)-
degrading strain  Pseudomonas putida  DLL-1 
using shotgun method. Broad-host vector 
pBBR1MCS-2 was used to produce pBBR- mpd  
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recombinant plasmid which was transformed in 
 Sphingomonas  sp. CDS-1 to  fi nally produce 
CDS-pBBR- mpd  recombinant. The methyl para-
thione-degrading capacity of the recombinant 
organism was about 7 times higher than the wild-
type strain (Liu et al.  2006  ) .  

   Degradation of Persistent Organic 
Compounds Using Recombinant Bacteria 

 Laccase is a widely used enzyme in many indus-
trial applications. Its capabilities have been used in 
the degradation of pollutants like polyaromatic 
hydrocarbons. Directed evolution approach has 
been used to engineer this enzyme to make it able 
to degrade 2,2-azinobis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) much more ef fi ciently 
than the native one. The laccase gene from 
 Myceliophthora thermophila  ( MtL ) was trans-
formed into  Saccharomyces cerevisiae  and sub-
jected to 10 rounds of directed evolution which in 
turn resulted in eightfold increase in its expression 
with 22-folds in Kcat value (Bulter et al.  2003  ) . 

 Naphthalene,  fl uorine, acenaphthalene, 
acenaphthylene, and 9-methylanthracene are some 
of the most harmful pollutants which are 
ef fi ciently degraded by the cytochrome P450 
monooxygenases (CYPs). Different research 
groups have demonstrated the enhancement in 
the activities of this enzyme by modifying its 
active site by rational designing. In  Pseudomonas 
putida,  mutations in CYP101 at F87 and Y96 
ampli fi ed the oxidation ef fi ciency of these 
enzymes by threefolds (Harford-Cross et al. 
 2000  ) , while in  Bacillus megaterium  enzyme 
CYP102, mutations at R47L and Y51F enhanced 
the oxidation activity of the enzyme for phenan-
threne and  fl uoranthene with an order of magni-
tude of 40-folds and tenfolds, respectively 
(Carmichael and Wong  2001  ) . Triple mutations 
in CYP at A74G/F87V/L188Q sites enhanced its 
polyaromatic hydrocarbons degrading ability up 
to 30-folds with simultaneous increase in NADPH 
consumption rate when compared to control 
organism (Liu et al.  2006  ) . 

 Polychlorinated biphenyls (PCBs) are collec-
tively known as congeners which are consisting 
of 209 member compounds (Das and Adholeya 

 2012  ) . Their applications vary from extender in 
insecticidal to an insulator in transformer produc-
tion. PCBs are also well-known environment pol-
lutants. Biphenyl dioxygenase enzyme has the 
af fi nity to degrade these organic pollutants by 
aerobic biodegradation (Ang et al.  2005  ) , that is, 
by the incorporation of two hydroxyl groups into 
the aromatic ring of a PCB congener. The degra-
dation of PCBs by biphenyl dioxygenase leads to 
the production of tricarboxylic acid cycle inter-
mediated. This enzyme complex is composed of 
a terminal dioxygenase (made up of a large  a  and 
a small  b  subunit), ferredoxin, and ferredoxin 
reductase encoded by the  bph  operon (Erickson 
and Mondello  1992  ) . By targeting a part of  bphA  
taken from various sources like  Burkholderia 
cepacia  strain LB400,  C. testosteroni  B-365, and 
 Rhodococcus globerulus  P6, variants were gener-
ated with superior PCBs degradation capabilities 
using family shuf fl ing approach (Barriault et al. 
 2002  ) . The 2,6-dichlorobiphenyl, which is a very 
persistent PCB congener, has also been oxygen-
ated by hybrid  BphA , II-9 genes up to 58% in 
comparison to controls which were able to oxy-
genate only up to 10% (Suenaga et al.  2002  ) . 

 The plasmids pE43 and pPC3, which carry the 
oxygenolytic  ortho -dechlorination  ohb  gene and 
the hydrolytic  para- dechlorination  fcb  gene, 
respectively, were used to produce two transfor-
mants of PCB-cometabolizing  C. testosteroni  
VP44 [VP(pE43) and VP(pPC3)] by individually 
transforming both the plasmids. The recombinant 
showed the capability of using  ortho-  and  para -
chlorobiphenyls (CBs) as sole carbon sources up 
to 95% concentrations of 2- and 4-CBs (Hrywna 
et al.  1999  ) . 

  Pseudomonas  sp. ADP harbors the genes for 
the enzymatic hydrolysis of harmful pesticides 
like 2-chloro-4-ethylamino-6-isopropylamino-
1,3,5- s -triazine (atrazine). The directed evolu-
tion holds promises of accomplishing in the 
laboratory what nature may not have had time to 
accomplish in the environment. Atrazine is used 
for weed control, and it has been reported to 
have a half-life of around 170 days.  Pseudomonas  
sp. produces two forms of atrazine-degrading 
enzymes which are Atz (A, B, and C) and TriA. 
It has been observed that these proteins have 
different mechanism of action, but cyanuric acid 
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is the  fi nal product of degradation. Atz and TriA 
are enzymes that have likely evolved to degrade 
atrazine only recently (Wackett  1998  ) . 

 Paraoxon, parathion, chlorpyrifos, disulfoton   , 
ruelene, carbophenothion, and dimeton are some 
of the organophosphates which are potent neuro-
toxins (Das and Adholeya  2012  ) . These com-
pounds prevent the breakdown of acetylcholin 
esterase at synaptic junction, and there are also 
reports that these compounds are responsible for 
chromosomal breakdown and bladder cancer 
(Webster et al.  2002  ) . Bacterial phosphotri-
esterase (PTE) and organophosphorus hydrolase 
(OPH) are the enzymes which are capable to 
hydrolyze organophosphates by cleavage of P–O, 
P–F, or P–S bonds. The Sp-enantiomers of 
organophosphate are generally preferred over the 
Rp-enantiomers. PTE from  Pseudomonas 
diminuta  was analyzed for its three-dimensional 
study with a structural analogue diethyl 4-meth-
ylbenzylphosphonate which con fi rmed three 
hydrophobic binding pockets for the orientation 
of substrate in the active site (   Chen-Goodspeed 
et al.  2001a,   b  ) . Chen-Goodspeed et al. carried out 
site-directed mutagenesis at three key sites, that 
is, Ile106, F132G, and His257. Substitution of 
Ile106 by Ala resulted in the elimination of 
20–90-fold preference for Sp-enantiomers for 
some chiral substrates, while a combined muta-
tion at I106G/F132G resulted in up to 270 
enhancements in Kcat for Rp-enantiomers without 
any change in the Kcat for Sp-enantiomers. This 
property is desirable for the bioremediation of 
racemic mixture of pollutants. And  fi nally, the 
mutation at third key site by tyrosine resulted in 
the reduced kinetic parameters of PTE on all 
tested Sp-enantiomers and thus modi fi cation in 
sterioselectivity (Chen-Goodspeed et al.  2001a  ) . 
There are some more examples of the genetically 
modi fi ed microorganisms which degrade persis-
tent organic compounds (Table  11.1 ).    

   Recombinant Fungi and Bioremediation 

 Some of the naturally occurring fungi are 
employed for the degradation or transformation 
of complex contaminants such as organic pollut-
ants and heavy metals to simpler forms for proper 

recycling and further uses. However, at many 
instances, naturally occurring fungi cannot 
degrade the organic pollutants completely. 
Enhancement in biological activities of geneti-
cally manipulated organisms has attracted con-
siderable attention for bioremediation strategies. 
Fungal strains can be improved by genetic recom-
bination through interspeci fi c and intraspeci fi c 
DNA hybridization. 

 There are several reports on the degradation 
of environmental pollutants by different fungi 
(Das and Chandran  2011  ) . Recombinant 
 Saccharomyces cerevisiae  cells expressing 
mammalian CYP1A (family of cytochrome 
P450 complexes) gene are able to degrade diox-
ins (Sakaki et al.  2002  ) .  Saccharomyces cerevi-
siae  cells were transformed with expression 
plasmids containing rat CYP1A1 and rat 
CYP1A2 with yeast NADPH-P450 reductase to 
create recombinant strains, higher metabolism 
of DD, MCDDs, DCDDs, and Tri-CDDs as 
compared to the naturally occurring microor-
ganisms (Sakaki et al.  2002  ) . However, none of 
the strain was found suitable to degrade 
2,3,7,8-tetra-CDD (most toxic PCDD, polychlo-
rinated dibenzo- p -dioxins) (Sakaki et al.  2002  ) . 
To overcome with this problem, Shinkyo et al. 
 (  2003  )  attempted to make a CYP1A1 enzyme 
capable of degrading 2,3,7,8-tetra-CDD. It was 
assumed that CYP1A1 could bind to 
2,3,7,8-tetra-CDD if the binding pocket of the 
enzyme was enlarged, which was developed by 
the site-directed mutagenesis of modifying rat 
CYP1A1. Several mutant strains were devel-
oped for producing these enzymes. Two mutants 
(F240A and F240S) showed higher activity 
towards 2,3,7,8-tetra-CDD degradation (Shinkyo 
et al.  2003  ) . The modi fi ed 2,3,7,8-tetra-CDD 
metabolizing enzyme could be employed for the 
bioremediation of dioxin from contaminated 
sites, dioxin elimination from food items, and 
clinical treatment for people who accidentally 
take dioxin into their systems (Shinkyo et al. 
 2003 ; Simon  2006  ) . 

 Naturally occurring  Fusarium solani  present 
in soil are poor degraders of DDT, and several 
theories were put forward earlier regarding their 
poor performance in soil (Rao et al.  1982 ; 
Bumpus and Aust  1987  ) . Strains of  Fusarium 



204 S. Kumar et al.

   Ta
b

le
 1

1
.1

  
  Pe

rs
is

te
nt

 o
rg

an
ic

 c
om

po
un

ds
 d

eg
ra

di
ng

 G
E

M
s   

 Sr
. n

o.
 

 O
rg

an
is

m
 

 Po
llu

ta
nt

 
 St

ra
te

gy
 u

se
d 

 A
pp

lic
at

io
n 

 R
ef

er
en

ce
s 

 1.
 

  E
. c

ol
i  

 C
ad

m
iu

m
 

 Ph
yt

oc
he

la
tin

 s
yn

th
as

e 
ge

ne
 f

ro
m

    
 Sc

hi
zo

sa
cc

ha
ro

m
yc

es
 p

om
be

  o
ve

re
xp

re
ss

ed
 in

  E
. 

co
li

  a
lo

ng
 w

ith
 C

d 
tr

an
sp

or
te

r 
M

nt
 A

 p
ro

te
in

 
ex

pr
es

si
on

 

 C
d 

re
m

ov
ed

 f
ro

m
 s

oi
l a

nd
 w

at
er

 
w

ith
 h

ig
h 

ef
 fi c

ie
nc

y 
 Se

un
g 

et
 a

l. 
 (  2

00
7  )

  

 2.
 

  D
ei

no
co

cc
us

 
ra

di
od

ur
an

s  
 To

lu
en

e 
  to

d  
an

d 
 xy

l  g
en

es
 o

f 
 P

se
ud

om
on

as
 p

ut
id

a  
w

er
e 

cl
on

ed
 a

nd
 e

xp
re

ss
ed

 in
  D

ei
no

co
cc

us
 r

ad
io

du
ra

ns
  

w
hi

ch
 c

au
se

d 
in

co
rp

or
at

io
n 

of
 c

ar
bo

n 
fr

om
 

14
C

-l
ab

el
le

d 
to

lu
en

e 
in

to
 c

el
lu

la
r 

m
ac

ro
m

ol
ec

ul
es

 
an

d 
ca

rb
on

 d
io

xi
de

 

 To
lu

en
e 

an
d 

ot
he

r 
fu

el
 h

yd
ro

ca
r-

bo
ns

 o
cc

ur
ri

ng
 to

ge
th

er
 w

ith
 

C
r(

V
I)

 a
nd

 o
th

er
 h

ea
vy

 m
et

al
s 

co
ul

d 
be

 d
eg

ra
de

d 
fr

eq
ue

nt
ly

 

 B
ri

m
 e

t a
l. 

 (  2
00

6  )
  

 3.
 

  D
ei

no
co

cc
us

 
ra

di
od

ur
an

s  
 M

er
cu

ry
 

 H
g 

(I
I)

 r
es

is
ta

nc
e 

ge
ne

 (
m

er
A

) 
fr

om
  E

sc
he

ri
ch

ia
 c

ol
i  

st
ra

in
 B

L
30

8 
cl

on
ed

 a
nd

 e
xp

re
ss

ed
 in

 te
st

 o
rg

an
is

m
 

 R
ed

uc
tio

n 
of

 H
g 

(I
I)

 to
 th

e 
le

ss
 

to
xi

c 
vo

la
til

e 
el

em
en

ta
l m

er
cu

ry
 

 B
ri

m
 e

t a
l. 

 (  1
99

9  )
  

 4.
 

  B
ur

kh
ol

de
ri

a 
ce

pa
ci

a  
 O

rg
an

ic
 c

om
po

un
ds

 li
ke

 
to

lu
en

e 
 N

at
ur

al
 e

nd
op

hy
te

  o
f  y

el
lo

w
 lu

pi
ne

,  B
. c

ep
ac

ia
  

L
.S

.2
.4

 w
as

 tr
an

sf
or

m
ed

 w
ith

 to
lu

en
e-

de
gr

ad
in

g 
pl

as
m

id
 p

T
O

M
 f

ro
m

  B
. c

ep
ac

ia
  G

4 

 E
f fi

 ci
en

t p
hy

to
re

m
ed

ia
tio

n 
of

 
vo

la
til

e 
or

ga
ni

c 
co

m
po

un
ds

 w
ith

 
th

e 
he

lp
 o

f 
m

ic
ro

or
ga

ni
sm

 

 B
ar

ac
 e

t a
l. 

 (  1
99

9  )
  

 5.
 

  P
se

ud
om

on
as

 
pu

ti
da

  0
69

09
 

 C
ad

m
iu

m
 

 E
xp

re
ss

io
n 

of
 m

et
al

-b
in

di
ng

 p
ep

tid
e 

(E
C

20
) 

in
 th

is
 

rh
iz

ob
ac

te
ri

um
 d

ue
 to

 w
hi

ch
 im

pr
ov

ed
 c

ad
m

iu
m

 
bi

nd
in

g 
an

d 
en

ha
nc

ed
 c

el
lu

la
r 

to
xi

ci
ty

 o
f 

ca
dm

iu
m

 

 R
em

ed
ia

tio
n 

of
 m

ix
ed

 m
et

al
-

or
ga

ni
c 

po
llu

ta
nt

 s
ite

s 
 W

u 
et

 a
l. 

 (  2
00

5  )
  

 6.
 

  E
sc

he
ri

ch
ia

 
co

li
  

 H
ea

vy
 m

et
al

s 
  A

ra
bi

do
ps

is
 th

al
ia

na
  g

en
e 

en
co

di
ng

 P
C

 s
yn

th
as

e 
(A

tP
C

S)
 e

xp
re

ss
ed

 in
  E

sc
he

ri
ch

ia
 c

ol
i  

 B
io

re
m

ed
ia

tio
n 

an
d 

ph
yt

or
em

ed
ia

-
tio

n 
of

 h
ea

vy
 m

et
al

s 
fr

om
 s

oi
l 

 Sa
nd

ri
ne

 e
t a

l. 
 (  2

00
3  )

  

 7.
 

  E
sc

he
ri

ch
ia

 
co

li
  

 M
er

cu
ry

 
 T

he
 te

st
 o

rg
an

is
m

 g
en

et
ic

al
ly

 e
ng

in
ee

re
d 

to
 e

xp
re

ss
 

m
er

cu
ry

 tr
an

sp
or

t s
ys

te
m

 a
nd

 o
rg

an
om

er
cu

ri
al

 ly
as

e 
en

zy
m

e 
sy

st
em

 a
nd

 o
ve

re
xp

re
ss

ed
 p

ol
yp

ho
sp

ha
te

, a
 

st
ro

ng
 c

he
la

to
r 

of
 d

iv
al

en
t m

et
al

 io
ns

 

 B
io

re
m

ed
ia

tio
n 

of
 m

et
al

 io
ns

 f
ro

m
 

so
il 

an
d 

w
at

er
 

 K
iy

on
o 

an
d 

H
id

em
its

u 
 (  2

00
6  )

  

 8.
 

  D
ei

no
co

cc
us

 
ra

di
od

ur
an

s  
 U

ra
ni

um
 

  ph
oN

  g
en

e 
en

co
di

ng
 a

 p
er

ip
la

sm
ic

 n
on

sp
ec

i fi
 c 

ac
id

 
ph

os
ph

at
as

e 
in

  S
al

m
on

el
la

 ty
ph

i  w
as

 c
lo

ne
d 

an
d 

ov
er

ex
pr

es
se

d 
in

 te
st

 o
rg

an
is

m
 

 B
io

re
m

ed
ia

tio
n 

of
 u

ra
ni

um
 f

ro
m

 
hi

gh
ly

 r
ad

io
ac

tiv
ity

 p
ol

lu
te

d 
si

te
s 

 A
pp

uk
ut

ta
n 

et
 a

l. 
 (  2

01
0  )

  



20511 Genetically Modi fi ed Microorganisms (GMOs) for Bioremediation

 9.
 

  P
ic

hi
a 

pa
st

or
is

  
 A

zo
 d

ye
s,

 a
nt

hr
aq

ui
no

ne
 

dy
es

 
  lc

c1
  c

D
N

A
 is

ol
at

ed
 f

ro
m

 th
e 

w
hi

te
-r

ot
 f

un
gu

s 
 Tr

am
et

es
 tr

og
ii

  a
nd

 e
xp

re
ss

ed
 in

  P
ic

hi
a 

pa
st

or
is

  to
 

pr
od

uc
e 

fu
ng

al
 la

cc
as

e 

 B
io

re
m

ed
ia

tio
n 

of
 v

ar
io

us
 

xe
no

bi
ot

ic
 c

om
po

un
ds

 
 M

ar
ia

 e
t a

l. 
 (  2

00
6  )

  

 10
. 

  N
ic

ot
ia

na
 

ta
ba

cu
m

  
 C

ad
m

iu
m

 
  M

T-
I  

ge
ne

 f
ro

m
  M

us
 m

us
cu

lu
s  

tr
an

sf
or

m
ed

 in
 ta

rg
et

 
pl

an
t 

 Ph
yt

or
em

ed
ia

tio
n 

of
 C

d 
io

ns
 

 Pa
n 

et
 a

l. 
 (  1

99
4  )

  

 11
. 

  A
. t

ha
li

an
a  

 M
er

cu
ry

 
  m

er
P

  g
en

e 
fr

om
  B

ac
il

lu
s 

m
eg

at
er

iu
m

  tr
an

sf
or

m
ed

 in
 

th
e 

te
st

 p
la

nt
 

 A
cc

um
ul

at
io

n 
of

 H
g 

io
ns

 f
ro

m
 s

oi
l 

an
d 

w
at

er
 

 H
si

eh
 e

t a
l. 

 (  2
00

9  )
  

 12
. 

  B
. j

un
ce

a  
 Se

le
ni

um
 

  SM
T

 a
nd

 A
P

S1
  g

en
es

 f
ro

m
  A

. b
is

ul
ca

tu
s  

an
d 

 A
. 

th
al

ia
na

  tr
an

sf
or

m
ed

 a
nd

 e
xp

re
ss

ed
 in

 ta
rg

et
 p

la
nt

 
 H

yp
er

ac
cu

m
ul

at
io

n 
of

 S
e 

in
 p

la
nt

 
 L

eD
uc

 e
t a

l. 
 (  2

00
4  )

  

 13
. 

  Po
pu

lu
s 

tr
em

ul
a  

 T
N

T
 

 Ta
rg

et
 p

la
nt

 w
as

 e
ng

in
ee

re
d 

w
ith

  N
it

ro
re

du
ct

as
e  

ge
ne

 ta
ke

n 
fr

om
  P

. p
ut

id
a  

 E
xp

lo
si

ve
 p

ol
lu

ta
nt

 2
,4

,6
-t

ri
ni

tr
ot

-
ou

le
ne

 d
eg

ra
da

tio
n 

by
 tr

an
sg

en
ic

 
pl

an
t p

ro
du

ce
d 

 va
n 

D
ill

ew
ijn

 e
t a

l. 
 (  2

00
8  )

  

 14
. 

  Tr
ic

ho
de

rm
a 

at
ro

vi
ri

de
  

 D
ic

hl
or

vo
s 

pe
st

ic
id

e 
 L

in
ea

ri
ze

d 
D

N
A

 o
f 

pl
as

m
id

 p
V

2 
be

ar
in

g 
th

e 
hy

gr
om

yc
in

 B
 p

ho
sp

ho
tr

an
sf

er
as

e 
(h

ph
) 

ge
ne

 w
as

 
in

se
rt

ed
 in

to
 c

hr
om

os
om

es
 o

f 
w

ild
 s

tr
ai

n 
T

23
 

 Im
pr

ov
ed

 d
ic

hl
or

vo
s 

de
gr

ad
at

io
n 

ca
pa

bi
lit

y 
of

 th
e 

tr
an

sf
or

m
ed

 
fu

ng
us

 

 Ta
ng

 e
t a

l. 
 (  2

00
9  )

  

 15
. 

  G
li

oc
la

di
um

 
vi

re
ns

  
 Pa

ra
ox

on
 a

nd
 d

iis
op

ro
py

l-
 fl u

or
op

ho
sp

ha
te

 
  pC

L
1  

de
ri

ve
d 

fr
om

  p
JS

29
4  

by
 p

la
ci

ng
 th

e 
fu

ng
al

 
pr

om
ot

er
  (

pr
om

1)
  f

ro
m

  C
oc

hl
io

bo
lu

s 
he

te
ro

st
ro

ph
us

  
up

st
re

am
 a

nd
 th

e 
 tr

pC
  te

rm
in

at
or

 f
ro

m
  A

sp
er

gi
ll

us
 

ni
du

la
ns

  d
ow

ns
tr

ea
m

 o
f 

th
e 

op
d 

ge
ne

 w
as

 tr
an

s-
fo

rm
ed

 a
nd

 e
xp

re
ss

ed
 in

 ta
rg

et
 f

un
gu

s 

 D
eg

ra
da

tio
n 

of
 o

rg
an

op
ho

sp
ha

te
 

po
llu

ta
nt

s 
 D

av
e 

et
 a

l. 
 (  1

99
4  )

  

 16
. 

  F
us

ar
iu

m
 

so
la

ni
  

 D
D

T
 

 G
en

et
ic

al
ly

 e
ng

in
ee

re
d 

st
ra

in
s 

w
ith

 im
pr

ov
ed

 
de

ha
lo

ge
na

se
 a

ct
iv

ity
 w

er
e 

ra
is

ed
 b

y 
pa

ra
se

xu
al

 
 Su

pe
ri

or
 D

D
T

 d
eg

ra
da

tio
n 

ca
pa

bi
lit

y 
of

 th
e 

re
co

m
bi

na
nt

 
fu

ng
us

 in
 c

om
pa

ri
so

n 
to

 p
ar

en
ta

l 
pr

og
en

y 

 M
itr

a 
et

 a
l. 

 (  2
00

1  )
  



206 S. Kumar et al.

solani  with improved dehalogenase activity were 
raised by parasexual hybridization of two such 
complementary isolates, viz., isolate 1(P−1) 
(genetically Kel + BenRDBP − Lin − ) and 4(P−2) 
(genetically Kel − BenrDBP + Lin +  ), showing high-
est complementation and are compatible for 
hyphal fusion inducing heterokaryosis. 
Recombinants with mixed genotype, that is, 
Kel + BenRDBP + Lin +  showing superior biodegra-
dation capabilities for DDT, were selected for the 
bioremediation study (Mitra et al.  2001  ) . 

 Recombinant strain of thermotolerant methy-
lotrophic yeast,  Hansenula polymorpha , was used 
for chromate bioremediation, which expressed FC 
b2 ( fl avocytochrome b2) enzyme, showing six-
fold increased activity compared to the parental 
strain (Smutok et al.  2011  ) . Flavocytochrome b2 
(FC b2) has absolute speci fi city for  l -lactate yet is 
nonselective with respect to its electron acceptor. 
These properties are responsible for the activity of 
this enzyme as a potential biomolecule for chro-
mate reduction by living cells in the presence of 
 l -lactate. In addition, FC b2-overproducing 
recombinant cells of  H. polymorpha  are used for 
the construction of cell-based biosensor (Smutok 
et al.  2011  ) .  

   Recombinant Algae and 
Bioremediation 

 Natural as well as anthropogenic pollution of 
various marine ecosystems is global environmen-
tal issue which requires immediate attention 
(Bird et al.  1997  ) . Algae are the large group of 
autotrophic, eukaryotic, and unicellular to multi-
cellular level of organization mostly found in 
aquatic habitats with more than 20,000 species. 
The capability to produce large-scale algae popu-
lations could possibly provide cost-effective 
technologies for preventing dissemination and 
sequestering of waterborne pollutants. These 
contaminants may include high sewage-based 
nutrient concentrations, heavy metals, radionu-
clides, and microbial pathogens (Bird et al.  1997  ) . 
Algae bioaccumulate a wide variety of heavy 
metals such as lead, copper, nickel, zinc, cad-
mium, gold, silver, manganese, tin, chromium, 
aluminum, and cobalt (Burdin  1985  ) . 

 Marine algae, particularly brown seaweeds 
such as  Durvillaea potatorum, Ecklonia radiata , 
and  Laminaria japonica , have much higher 
adsorption capacity for many heavy metal ions in 
comparison to the absorption of activated carbon 
and natural zeolites (Matheickal and Yu  1996 ; Yu 
et al.  1998  ) . Marine alga  Tetraselmis suecica  
removed cadmium (Perez-Rama et al.  2002  ) , red 
marine alga  Gracilaria  fi sheri  was used as the 
hyperaccumulator of cadmium (II) and copper 
(II) (Chaisuksant  2003  ) , and marine brown alga 
 Laminaria japonica  was chemically modi fi ed by 
cross-linking with epichlorohydrin (EC 

1
 , EC 

2
 ), or 

oxidized by potassium permanganate was used to 
remove Pb from the wastewaters (Luo et al. 
 2006  )    . Green alga  Chlorella sorokiniana  ANA9 
was used for the bioremediation of heavy metals 
and useful in preventing Cd 2+  diffusion in to the 
soil environment (Yoshida et al.  2006  ) . 

 The microalga  Dunaliella salina  is one of the 
most tolerant species to cadmium. Nevertheless, 
it is not a good candidate to be used in processes 
of cadmium removal from contaminated seawa-
ters (Folgar et al.  2009  ) . Gomes and Asaeda 
 (  2009  )  reported the decreased toxicity of Cr (VI) 
contaminated in water bodies by employing 
 Nitella pseudo fl abellata     .  Algae can evolve 
various strategies to decrease the toxicity of 
contaminants of heavy metal environment. The 
species of  Chlamydomonas  synthesizes heavy 
metal-binding phytochelatins. Further, to increase 
the heavy metal-binding capacity of the algae, a 
foreign metallothionein (MT-II) was expressed in 
 C. reinhardtii  which is aquatic or lives in damp 
habitats on land. Cultures that expressed the 
MT-II were found to be absorbing twofold more 
Cd as compared to wild-type cultures (Cai et al. 
 1997 ; Perales-Vela et al.  2006  ) .  

   Recombinants in Environmental 
Pollution Monitoring 

 The growing awareness about the impacts of 
environmental pollution has triggered a number 
of global remediation actions in recent years. In 
order to apply a technique to mitigate the effect 
of a pollutant on the environment, the  fi rst require-
ment is to have a    fair idea about the presence of a 
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particular target pollutant. Although there are 
numerous traditional methods for pollutant moni-
toring, for example, to monitor heavy metals such 
as cadmium (Cd), zinc (Zn), lead (Pb), arsenic 
(As), and copper (Cu) in the territory of Poland 
and the Warsaw (Warszawa) district, the chemi-
cal analysis of the Scots pine ( Pinus sylvestris  L.) 
needles was done by collecting the needles from 
randomly chosen sites (Wojciech and Andrzej 
 1995  ) . In another report, the bark of  Quercus 
robur  and  Quercus petraea  was used for deter-
mining the distribution of air pollution by heavy 
metals in the western part of the Czech Republic. 
The samples were analyzed using instrumental 
neutron activation analysis (INAA) and radionu-
clide X-ray  fl uorescence analysis (RXRFA) for 
different heavy metals (Böhm et al.  1998  ) . 

 The drawbacks of these approaches are time 
consumption and efforts with utilization of large 
amount of  fi nancial input. These approaches 
also fail to provide information on the bioavail-
ability of the analyzed compounds or their 
effects on biological systems. So, to circumvent 
these issues, more reliable and cost-effective 
approaches are being used. The use of biosen-
sors and the deployment of bioluminescent 
microorganisms for the monitoring of pollution 
are two different technologies. Mulchandani 
et al.  (  1998  )  developed a biosensor for the detec-
tion of organophosphorus by immobilizing 
recombinant  E. coli  which expressed organo-
phosphorus hydrolase on the cell surface. The 
reaction mechanism of the detection of the tar-
get molecule was based upon the optical trans-
duction system as the signal produced by the 
hydrolysis of organophosphorus molecules. 
This detection system was cost effective in the 
sense that it obviates the need of the puri fi ed 
enzyme. Also the presence of the enzyme mol-
ecules on the surface of the microorganism 
neglected the problem of inhibition by mass 
transfer. In another approach by Kumar and 
D’Souza, a whole-cell biosensor was developed 
to detect organophosphorus pesticides using the 
 Sphingomonas  sp. This organism produces 
enzyme that hydrolyzes the methyl parathion to 
a chromophoric product, p-nitrophenol (PNP). 
This chromophoric product is detected using 
electrochemical and colorimetric methods, and 

the extent of the composition of pesticides in the 
soil could be observed (Kumar and D’Souza 
 2010  ) . 

 Monitoring of environmental changes has 
been facilitated using reporter genes fused to pro-
moters that respond to speci fi c environmental 
pollutants (Paitan et al.  2004  ) . As the promoters 
are capable to regulate the expression of a gene 
under the in fl uence of physical parameters like 
temperature, pH, and ionic concentration as well 
as under the effect of repressor or enhancer so, it 
is possible to have an idea about the environmen-
tal concentration of a pollutant by measuring the 
activity of the promoter. A sensing element and a 
reporter gene are the essential components of a 
microbial cell which is tamed to function as 
microbial bioreporter. A sensing element is gen-
erally a promoter or a group of genes activated in 
presence of an environmental signal. Normally, 
when the sensing element gets activated, it pro-
duces the protein by the action of which the haz-
ardous condition is sensed, while in the 
recombinant strain, in addition to this function, 
the selected promoter also drives the synthesis of 
the reporter protein(s) (Köhler et al.  2000  ) . 

 Bacterial  b -galactosidase, luciferase, 
 b -glucuronidase (GUS), alkaline phosphatase, 
and  b -lactamase are some of the most studied 
reporter proteins. The speci fi city of all these pro-
teins lies in the sense that they all are either read-
ily detectable or are capable of an easily measured 
activity. The assembly of promoter and reporter 
genes can be established in the bacterial cell 
either in a plasmid or can be permanently incor-
porated in chromosome; however, the latter strat-
egy is lengthier but more stable (Köhler et al. 
 2000  ) . Recombinant  Pseudomonas  fl uorescens  
strain HK44 was the  fi rst  fi eld-released GEM for 
the bioremediation of polyaromatic hydrocarbons 
(PAHs). This strain was transformed with naph-
thalene catabolic plasmid pUTK21. As the 
modi fi ed strain also contains a transposon-based 
bioluminescence-producing  lux  gene fused within 
a promoter for naphthalene catabolic gene, so the 
exposure of the recombinant strain to naphtha-
lene resulted in the increased catabolic gene 
expression, naphthalene degradation, and simul-
taneous bioluminescent response (King et al. 
 1990 ; Sayler et al.  1999 ; Ripp et al.  2000  ) .  



208 S. Kumar et al.

   Microbial Cell-Surface Display 
Engineering and Bioremediation 

 Cell-surface display of heterologous proteins by 
genetic engineering has emerged as a novel and 
economic approach for the bioremediation of 
various organic and inorganic contaminants 
(Saleem et al.  2008  ) . In this approach, the func-
tional proteins are expressed on the surface of the 
microbial cell through a translational fusion with 
the naturally occurring target protein, which 
endows intact cells with new functionalities 
(Ueda and Tanaka  2000a,   b  ) . There are many 
reports on the heterologous surface expression of 
proteins for the enhanced bioremediation of dif-
ferent contaminants such as heavy metals, xeno-
biotics, and rare metals (Chen and Georgiou 
 2002 ; Dong et al.  2006 ; Narita et al.  2006 ; Kuroda 
and Ueda  2010,   2011  ) . 

 Many gram-positive and gram-negative bacte-
ria have been reported to be engineered for the 
display of various heavy metal-binding proteins 
such as phytochelatins, metallothioneins, hexa-
histidine, mercury-responsive metalloregulatory 
protein, cysteine-rich peptide (Gly-Cys-Gly-Cys-
Pro-Cys-Gly-Cys-Gly, CP), histidine-rich peptide 
(Gly-His-His-Pro-His-Gly, HP), and bioadsor-
bents, for the bioremediation of heavy metal from 
contaminated sites (Sousa et al.  1998 ; Kotrba 
et al.  1999 ; Bae et al.  2001,   2003 ; Samuelson 
et al.  2000 ; Kuroda et al.  2001 ; Kuroda and Ueda 
 2010  ) . Adsorption of several heavy metals such as 
cadmium, nickel, and copper by genetically engi-
neered yeast cells displaying metal-binding pro-
teins has already been reported (Fig.  11.5 ). 
Genetically engineered yeast cells have been 
found to tolerate a higher level of heavy metal 
concentration as compared to wild-type strain 
(Kuroda et al.  2001  ) . The engineering of microor-
ganisms for protein surface expression may also 
functions to alter the cellular metabolism to make 
the cell survive at the higher concentration of 
heavy metals (Kuroda and Ueda  2011  ) . Takayama 
et al.  (  2006  )  reported the expression of hydrolase 
(OPH) from  Flavobacterium  species on the sur-
face of  Saccharomyces cerevisiae  cells for 
detoxi fi cation of organophosphorus compounds.   

   Anticipated Risks with Genetically 
Engineered Microorganisms 

 No doubt, the deployment of the recombinant 
DNA technology for the production of GEMs 
and to use these modi fi ed microorganisms is a 
very cost-effective way of neutralizing the envi-
ronmental pollutant. If the reports of last decade 
are analyzed, a negligible number of transgenic 
microorganisms have been used in the  fi eld; in 
fact no true  fi eld releases have been performed. 
An increased interest in the development of trans-
genic microorganisms for different environmen-
tal applications during 1980s has ignited an 
ethical argument related to possible risks of using 
the genetically modi fi ed microorganisms in open 
(Singh et al.  2011  ) . 

 The slow progress in the GEMs release is 
attributed to some safety concerns, legislative 
constraints, and potential risks perceived by the 
general public which results in tight regulation 
(Paul et al.  2005  ) . United Nations Environmental 
Programme (UNEP) and the Organization for 
Economic Co-operation and Development 
(OECD) are two international organizations 
which are keeping close eyes on the regulation of 
genetically modi fi ed organisms (GMOs) or liv-
ing modi fi ed organisms (LMOs) (OECD  1992, 
  1994  ) . Generally, the experimental work in the 
risk assessment does not always  fi t in all the 
norms provided by regulatory agencies. It has 
been suggested by the regulatory agencies that 
before the release of a mutated microorganism, 
its genetic fate has to be determined in compari-
son to the wild-type strain in the containment 
system with all the necessary  fi eld conditions. 
Localization of the heterologous gene in the host 
genome must have to be determined, and the 
transfer of this element should not occur at large 
extent (Smith et al.  1992  ) . Other than above-
mentioned dif fi culties, the determination of the 
possible impacts on the ecosystem diversity and 
function is the most challenging process. As a 
whole, we can say that the main concern is the 
designing of GE microorganism for  fi eld release 
in bioremediation with an adequate af fi nity of 
environmental certainty. 
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 There are reports on the harmful impacts of 
many microorganisms that are commonly being 
used as ideal bioremediation agents.  Burkholderia 
cepacia  which has signi fi cant capabilities to 
bioremediate harmful nitro compounds is a 
pathogen for cystic  fi brosis disease in humans, 
and also this organism shows multiple resistances 
to antibiotics. Environmental Protection Agency 
has led to the inhibition of its use as environmen-
tal protection agent. Toluene degradation by 
 Pseudomonads  is also accomplished by unregu-
lated functioning of ef fl ux pumps, and some of 
the pumps are responsible for the pumping out of 
various antibiotics and biocides. Thus, the effect 
of selecting this organism as environment reme-
diator may be accomplished by the production of 
antibiotic resistance progeny (Davison  2005  ) . 

 Horizontal transfer of recombinant genes from 
the host organism to the other microorganisms in 
its neighborhood is spontaneous process that 
occurs by transduction, conjugation, or by other 

means. Even the interspecies gene transfer has 
also been observed for many speci fi c bacteria at 
different ecological conditions (Maria et al. 
 2011  ) . The analysis of the prokaryotic genome 
has revealed that the horizontal gene transfer 
continues to be an important factor contributing 
to the innovation of the bacterial genome (Patricia 
and Jonna  2009  ) . This type of the transfer of 
genetic information between bacterial worlds is a 
potential hurdle in the development of geneti-
cally engineered microbial systems. However, if 
suitable techniques are applied during designing 
a bacterial system for bioremediation, the possi-
bilities of the reduction of these issues can be 
increased up to a great extent. 

 If the environment safety is a concern, the 
construction of transposition vectors is required 
which do not harbor antibiotic resistance genes as 
antibiotic vectors are undesirable for environmental 
safety. Bacterial containment systems for designing 
suicidal genetically engineered microorganisms 

  Fig. 11.5    Yeast cell-surface display technology and bioremediation (Modi fi ed from Kuroda and Ueda  2011 )       
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are one of the most promising strategies as far as 
mitigation of the risks associated with environ-
mental release of recombinant microorganisms is 
concerned. This approach is discussed in detail in 
next section.  

   Suicidal Genetically Engineered 
Microorganisms (S-GEMs) 

 There can be two fates of the genetically engi-
neered microorganisms: the preferred one is the 
completion of the prescribed work by the organ-
ism and then its complete elimination from the 
environment. The alternative way, which is gen-
erally not supported, is that the organism will not 
be eliminated but will survive and proliferate. 
The  fi rst option is the best suited as if the recom-
binant microorganisms will remain in the envi-
ronment, there may arise undesirable effects in the 
ecosystems (Paul et al.  2005 ). So, to minimize 
the undesirable affects in the environment, the 
survival ability of the strains should be limited by 
the construction of special containment systems. 
Some of the systems that have been developed by 
various research groups are discussed in detail. 

   Plasmid Addiction System 

 In case of bacterial plasmids, which possess a 
high degree of stability even in the absence of 
selective pressure, it has been reported that even 
the low copy-number plasmids are properly dis-
tributed and maintained in bacterial cells (Kues 
and Stahl  1989 ; Thomas  2000  ) . Plasmid addic-
tion system is the technique  fi rst devised by 
Koyama et al. in 1975 in order to regulate the dis-
crepancy in plasmid distribution (Koyama et al. 
 1975  ) . This approach is based upon the principle 
that any bacterial cell would not be capable to 
survive if it loses the established plasmid. Various 
nomenclatures have been given to this system 
according to the type of proteins involved in the 
process such as toxin-antitoxin, poison-antidote, 
post-segregation killing, or programmed cell 
death. Generally, this system contains at least two 
genes, one specifying for a stable toxin which is 

certainly a protein and another gene is for the 
production of a factor (protein or antisense RNA) 
that provides resistance to the cell against this 
toxin (Paul et al.  2005  ) . Functioning of this sys-
tem is based on the differential decay rate of both 
the products, that is, killer protein is in excess 
and more stable than its rival factor. The survival 
ability of the cell depends upon the presence of 
the antidote factor. As long as the cell bears its 
plasmid, the cell death is prevented. In plasmid-
free cells, the concentration of the antidote 
quickly falls, and the toxic action of lethal pro-
tein causes cell death (Pieper and Reineke  2000  )  
(Fig.  11.6 ).  

 The killing mechanism of toxin is not well 
explored; in fact only a few techniques are char-
acterized completely. Liu et al.  (  2008  )  determined 
the mode of action of the Doc toxin of the Phd-
Doc toxin-antitoxin system. In this report, it was 
found that Doc did not cleave mRNA as do other 
addiction-module toxins whose activities result 
in translation inhibition. Instead, the Doc induc-
tion mechanism showed interaction with 30S 
ribosomal subunits, stabilized polysomes, and 
resulted in a signi fi cant increase in mRNA half-
life. In this sense, Doc was mimicking the action 
of hygromycin B. In another report, killing mech-
anism of action of Ccd, PemK, and Kid toxins 
was revealed, which are encoded by  ccd  and  pem/
parD  located on plasmids F and R100/R1, respec-
tively. CcdB toxin inhibits the gyrase by forming 
a complex with the free GyrA subunit. However, 
CcdA antidote prevents the formation of this 
complex and also releases CcdB by forming inac-
tive complexes, that is, CcdA-CcdB (Mario et al. 
 2009  ) . The PemK and Kid toxins act on DnaB 
helicase and inactivate replication. The replica-
tion is restored when cognate antitoxins are pres-
ent in the cell (Jensen et al.  1995  ) . 

 Use of antisense RNA instead of protein as anti-
dote factor has been encouraged in some reports. 
As an example, the three genes system, that is,  hok 
(host killing), sok (suppressor of killing), and mok 
(modulation of killing)  located on  parB  locus of 
plasmid R1, has been used as containment strategy. 
The product of  hok  killer gene which is a hydro-
phobic peptide of 52 amino acids associated with 
the cellular membrane is lethal to the cell when 
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overexpressed. The product of  mok  gene is required 
for the expression and regulation of  hok  translation. 
In this system,  sok  encodes an antisense RNA 
which is complementary to  hok  mRNA leader 
region and acts as antidote. Again the difference in 
the decay rate of  hok  and  sok  RNA is the basis of 
this plasmid addiction system (Paul et al.  2005  ) .  

   Other Mechanisms of Containment 
Systems 

 The killer gene and the regulatory circuit are the 
two key parts of a bacterial containment system. 
The regulatory circuits contain inducible promot-
ers and regulators that control the activity of the 
promoters in the presence of suitable effector 
molecules. The expression of the killer gene is 
controlled by the regulatory circuit in response to 
the environmental signals. Several containment 
systems have been developed by incorporating 
promoters such as  Pm, Ptrp,  and  Ptac  and tran-
scription regulators such as those belonging to 
the LysR and AraC families (Gallegos et al. 
 1997  ) . Nonspeci fi c nature of these transcriptional 
regulators could facilitate their use in construc-
tion of containment systems that respond to a 
variety of substrates (Paul et al.  2005  ) . 

 One of the simplest examples of the suicide 
mechanisms is regulation of the cell survival by 
the presence or absence of the environmental 
signals, that is, the pollutant against which the 
system was developed.    As a best investigated 
example, the lethal  gef  gene is carried by a mini-
Tn5 transposon, placed under the control of 
 LacI  repressor. In this assembly, transcription of 
the  lacI  gene itself depends on the XylS positive 
activator, which is active only in the presence of 
3-methylbenzoate. Thus, the cell remains viable 
as long as the signal of 3-methylbenzoate is 
present. As this chemical signal becomes 
depleted, may be due to degradation or due to 
escape in the environment, the cell gets killed 
by the action of lethal gene  gef  (Davison  2002 ; 
Torres et al.  2003  ) . 

 The containment systems have one disadvan-
tage where the effect of the lethal gene gets lost 
due to mutation in some cases. To be on safer 
side, doubly contained strains have been designed. 
One de fi ned example is based on the  asd  gene for 
diaminopimelic acid synthesis which is essential 
for cell wall synthesis (Qin and Wu  2009  ) . 
 Pseudomonas putida  carrying a deletion of the 
 asd  gene was provided with an external  asd  gene 
under the positive control of XylS activator, the 
same activator which also negatively controls  gef  
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  Fig. 11.6    Plasmid addiction system       
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expression as described above. Thus, a strain 
deprived of 3-methylbenzoate would die due to 
killing by Gef protein and also due to diamin-
opimelic acid deprivation (Ronchel and Ramos 
 2001  ) .    All the above-mentioned suicide mecha-
nisms provide a reliable system to prohibit the 
horizontal transfer of genes between bacteria 
via various sexual means. Alternatively few 
more approaches have been developed based 
upon the protein colicin E3 encoded by  colE3  
gene which cleaves 16S rRNA and kills the 
bacterial cell. Normally, the killing effect of 
this gene is neutralized by the antidote effect by 
an immunity function which is encoded by 
 immE3  gene. In one approach,  colE3  gene was 
clone in the plasmid, and  immE3  was placed in 
the chromosome of  E. coli.  It was observed 
that the transfer of the plasmid to other cells 
resulted in the death of the recipient (Torres 
et al.  2003  ) . To circumvent the problem related 
to mutation in the killing function, a second 
approach was used in which two independent 
systems were designed, both of which were 
based on two different toxins, the killing mech-
anism of which was different and mutation in 
one system could not be affective for the sec-
ond. Two lethal genes,  colE3  for colE3 toxin 
and  ecoRIR  for  Eco RI restriction endonu-
cleases, were cloned in different plasmid, and 
the gene coding for antidotes ( immE3  and 
 ecoRM ) against the toxins was placed on the 
bacterial genome. This system showed superior 
properties compared to single containment 
approach (Torres et al.  2003  ) .   

   Conclusion and Future Challenges 

 Designing a recombinant microorganism accord-
ing to the hostile  fi eld condition is the main limit-
ing factor governing the success pro fi le in the 
area of bioremediation. Particularly, both techni-
cal and ethical obstacles lead to constraints to the 
effective release of GEMs. However, with the 
recent advancements in the biomolecular engi-
neering, it is possible to shorten the process of 
natural evolution to degrade xenobiotic pollut-
ants. It can be concluded from the above-discussed 

literature that despite various advancements in 
the  fi eld of the development of pollution monitoring 
system using microbial biosensors, there are cer-
tain limitations in their uses. Large variability in 
sensitivity, response times, detection thresholds, 
signal relaxation lengths, and stability is a major 
obstacle. In some cases, there is also a de fi cit of 
information concerned with the functionality of 
the microbial biosensors in “real” samples to 
which they may be subjected. More dedicated 
efforts are needed in order to understand the 
molecular control of the designed system. Also, 
the identi fi cation of the factors that enhance the 
in situ bioremediation by engineered bacteria 
could be a target for the future research. 

 Moreover, uncontrolled growth of the GEMs 
and their high potential to spread new genetic 
information to recipients is a major obstacle in 
the validation of a recombinant under  fi eld condi-
tions. Therefore, designing of novel bacteria sui-
cidal systems in order to control the growth and 
prevention of horizontal transfer of genes and 
therefore to avoid the appearance of undesirable 
genetic traits can provide the further direction in 
developing novel recombinants.      
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   Introduction 

 Fungi are an important and diverse component of 
soil microbial communities. They provide essen-
tial ecosystem functions, such as decomposing 
organic matter, nutrient cycling, and in the case 
of mycorrhizal species, also nutrient transfer 
to plants. In forest ecosystems they are largely 

    K.  K.   Sharma   (*) •     D.   Singh   •       Sapna   •     B.   Singh  
     Department of Microbiology ,  Maharshi Dayanand 
University ,   Rohtak   124001 ,  Haryana ,  India
e-mail: kekul_sharma@yahoo.com  

      R.  C.   Kuhad  
     Lignocellulose Biotechnology Laboratory, Department 
of Microbiology ,  University of Delhi South Campus ,
  Benito Juarez Road ,  New Delhi   110021 ,  India    

  12

  Abstract 

 By producing lignocellulose-degrading enzymes, saprotrophic litter-
decomposing Basidiomycetes can signi fi cantly contribute to the turnover 
of soil organic matter. The production of lignin- and polysaccharide-
degrading enzymes helps in converting the waste litter into value-added 
compost. White-rot fungi (WRF) have tremendous potential for biodegra-
dation of a variety of industrial pollutants. The capability of WRF for bio-
degradation of xenobiotics and recalcitrant pollutants has generated a 
considerable research interest in this area of environmental biotechnology. 
The broad spectrum for biodegradation of pollutants is due to the extracel-
lular and nonspeci fi c nature of the enzyme system of fungi, comprising 
mainly of lignin peroxidase (LiP), manganese peroxidase (MnP), versatile 
peroxidase, and laccase along with other ancillary enzymes. Differential 
biodegradation capabilities of WRF are mainly due to physiological dif-
ferences among them, difference in their genetic makeup, and variable 
pattern and expression of complex lignin-modifying enzymes (LMEs). 
The activities of the LMEs can be increased by the addition of different 
low-molecular-mass mediators, mostly secreted by white-rot fungi 
themselves.  

  Keywords 
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responsible for breakdown of the abundant large 
biopolymers cellulose, hemicellulose, lignin, and 
chitin (Dighton et al.  2005 ;    Kellner and Vandenbol 
 2010 ). Recent report suggests the importance 
of both ascomycetes, as well as Basidiomycetes, 
in key biogeochemical cycles (Kellner and 
Vandenbol  2010 ). 

 In terrestrial environments, Basidiomycetes 
are one of the most ecologically signi fi cant 
groups of fungi involved in the breakdown of 
litter components. They constitute a major 
fraction of the living biomass responsible for 
ef fi cient degradation of many recalcitrant organic 
compounds in soil litter and the humic layer 
(Dix and Webster  1995 ; Steffen et al. ( 2007a,   b     ) . 
An ef fi cient group of litter-degrading organisms 
are litter-decomposing Basidiomycetes, which 
produce a wide variety of oxidoreductases and 
hydrolytic enzymes and are also able to degrade 
lignin, the most recalcitrant litter component 
(Steffen et al.  2000  ) . In contrast, Benner et al. 
 (  1986  ) , in a study of lignocellulose degradation 
by microbial samples from two freshwater and 
two marine habitats, stated that bacteria rather 
than fungi were the predominant degraders of 
lignocellulose in aquatic habitat. 

 Basidiomycetes also have tremendous potential 
for biodegradation of a variety of industrial 
pollutants. The broad spectrum for biodegradation 
of pollutants is due to the extracellular and 
nonspeci fi c nature of the enzyme system of white-
rot fungi (WRF), comprising mainly of lignin 
peroxidase (LiP), manganese peroxidase (MnP), 
versatile peroxidase (VP), and laccase along with 
other accessory enzymes (Table  12.1 ). The biodeg-
radation capabilities of WRF for different pollut-
ants are variable, mainly due to physiological 
differences among them and variable pattern and 
expression of complex lignin-modifying enzymes 
(LMEs) in the presence of chemically different 
compounds (Asgher et al.  2008  ) .  

 Extracellular hydrolases and oxidoreductases 
are involved in the breakdown of lignocellulose 
and are produced by many known bacteria, actin-
omycetes, and ligninolytic fungi. Lignocellulytic 
enzymes and their biotechnological application 
have already been discussed in earlier papers, 
but there is still an ongoing interest, especially in 

their occurrence and environmental signi fi cance. 
Cellulases, in particular the complex consisting 
of endoglucanase, cellobiohydrolase, and beta-
glucosidase, hydrolyze the long chains of cellu-
lose, resulting in the liberation of cellobiose and 
 fi nally glucose. Hemicelluloses, such as endo-
1,4- b -xylanase or mannanase, are involved in the 
breakdown of different heterogeneous polysac-
charide chains such as xylans and mannans. 

 Lignin, polysaccharides, and nitrogenous 
compounds contribute in the formation of humus 
(Varadachari and Ghosh  1984 ; Fustec et al.  1989 ; 
Inbar et al.  1989 ). The chemical pathway from 
organic matter to humus involves complex degra-
dative and condensation reactions. According 
to Varadachari and Ghosh ( 1984 ), lignin is  fi rst 
degraded by extracellular enzymes to smaller 
units, which are then absorbed into microbial 
cells where they are partly converted to phenols 
and quinones. Thereafter, the substances are dis-
charged together with oxidizing enzymes into 
the environment, where they get polymerized by 
a free-radical mechanism. Composting is a dynamic 
process carried out by a rapid succession of mixed 
microbial consortia including bacteria, actinomy-
cetes, and fungi (Tuomela et al.  2000 ; Kellner 
and Vandenbol  2010 ). 

 A wide range of bacteria have been isolated 
from different compost environments, including 
species of  Pseudomonas, Klebsiella,  and  Bacillus,  
e.g.,  B. subtilis ,  B. licheniformis,  and  B. circulans  
(Nakasaki et al.  1985 ; Strom  1985a ,  b ; Falcon 
et al.  1987 ). Actinomycetes appear during the 
thermophilic phase as well as the maturation 
phase of composting and can occasionally become 
so numerous that they are visible on the surface 
of the compost. The genera of the thermophilic 
actinomycetes isolated from compost include 
 Nocardia ,  Streptomyces ,  Thermoactinomyces , 
and  Micromonospora  (Waksman et al.  1939 ; 
Strom  1985a ).  

   Lignin Degradation 

 Lignin-degrading Basidiomycetes, collectively 
referred to as white-rot fungi, are common inhab-
itants of forest litter and fallen trees. These are 
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the only microbes that have been convincingly 
shown to ef fi ciently depolymerize, degrade, and 
mineralize all components of plant cell walls 
including cellulose, hemicellulose, and the more 
recalcitrant lignin. As such, white-rot fungi play 
an important role in the carbon cycle (Kersten 
and Cullen  2007  ) . 

 From the chemical point of view, lignin is a 
heterogeneous, optically inactive polymer 
consisting of phenylpropanoid interunits, which 
are linked by several covalent bonds (e.g., aryl-
ether, aryl-aryl, carbon-carbon bonds) (Hofrichter 
 2002  ) . The polymer arises from laccase- and/or 
peroxidase-initiated polymerization of phenolic 
precursors via the radical coupling of their cor-
responding phenoxy radicals. It is synthesized 
by higher plants, reaching levels of 20–30% of 
the dry weight of woody tissue. Because of the 
bond types and their heterogeneity, lignin cannot 
be cleaved by hydrolytic enzymes as most other 
natural polymers. Therefore, lignin is degraded 
with the help of different nonspeci fi c oxi-
doreductases which speci fi cally attack the aro-
matic moieties, preferably phenolic structures. 
The most widely studied enzymes in this group 
are laccase, LiP, MnP, and several other peroxi-
dases such as VP (Sharma and Kuhad  2008  ) . 

   Lignolytic Enzymes and Their 
Occurrence 

 Extracellular oxidative enzymes involved in 
lignin depolymerization include an array of oxi-
dases and peroxidases. These enzymes are 
responsible for generating highly reactive and 
nonspeci fi c free radicals that affect lignin degra-
dation. The nonspeci fi c nature and extraordinary 
oxidation potential of the peroxidases have 
attracted considerable interest in the development 
of several bio-processes. 

   Laccase 
 Laccase (benzenediol, oxygen oxidoreductases, 
EC1.10.3.2) is one of the few lignin-degrading 
enzymes that have been extensively studied since 
the eighteenth century. Laccases are majorly 
reported from eukaryotes, e.g., fungi, plants, and 
insects (Mayer and Staples  2002  ) . However, 

some evidences for its existence in prokaryotes, 
with typical features of multicopper oxidase 
enzyme family, have also been reported (Alexandre 
and Zulin  2000  ) . The  fi rst bacterial laccase was 
detected in the plant root-associated bacterium, 
 Azospirillum lipoferum  (Givaudan et al.  1993  ) , 
where it was shown to be involved in melanin 
formation (Faure et al.  1994  ) . A typical laccase 
containing six putative copper binding sites was 
discovered in marine bacterium  Marinomonas 
mediterranea , but no functional role was assigned 
to this enzyme (Solano et al.  1997 ; Sanchez-
Amat et al.  2001  ) . In insects, laccases have been 
suggested to be active in cuticle sclerotization 
(Dittmer et al.  2004  ) . Two isoforms of  laccase 2  
gene have been found to catalyze larval, pupal, 
and adult cuticle tanning in  Tribolium castaneum  
(Arakane et al.  2005  ) , and a novel laccase has 
been isolated and characterized from a bovine 
rumen metagenome library that neither exhibited 
any sequence similarity to known laccases nor 
contained hitherto identi fi ed functional laccase 
motifs (Beloqui et al.  2006  ) . 

 Recently,    Sharma and Kuhad  (  2009  ) , has 
reported 22 COGs from Archaea, bacteria, 
and eukaryotes (  http://img.jgi.doe.gov    . and   http://
www.ncbi.nlm.nih.gov/cog    ). Genome-speci fi c best 
hit resulted in very exhaustive genomic informa-
tion of diverse multicopper oxidases. Laccase 
(CotA) from  B. subtilis  168 and  B. pumilus  
SAFR-032 was found to share a common clade 
and close ancestry with multicopper oxidase from 
 Pyrobaculum aerophilum , an Archaea. Moreover, 
 P. aerophilum  was also found to be evolutionary 
related to  E. coli  APEC O1 (laccase) and  Yersinia 
pestis  KIM (hypothetical protein). Well-known 
laccases from  T. versicolor  were found to be 
closely related to  Neurospora crassa  OR74A, 
 C. neoformans  var.  neoformans  JEC21, and 
 Drosophila melanogaster , a common fruit  fl y. 
Multicopper oxidases from different yeast, i.e., 
FET3_Yeast,  Pichia stipitis  CBS6054 (FET3.1), 
and  Saccharomyces cerevisiae  (FET5), share a 
common phylogenetic position. An unusual evo-
lutionary history was also established between 
pathogenic Proteobacteria, i.e.,  Burkholderia mallei  
and  Burkholderia pseudomallei , and an archaeal 
species, i.e.,  Haloarcula marismortui  ATCC 43049 
and  Natronomonas pharaonis  DSM2160 (Sharma 

http://img.jgi.doe.gov
http://www.ncbi.nlm.nih.gov/cog
http://www.ncbi.nlm.nih.gov/cog
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and Kuhad  2009  ) . Moreover, laccase has been 
extensively examined since the mid-1970s, and a 
number of reviews have appeared on the subject 
(Malkin et al.  1969 ; Malmstrom et al.  1975 ; 
Holwerda et al.  1976 ; Mayer and Harel  1979 ; 
Reinhammar  1984 ; Thurston  1994 ; Eriksson 
 2000 ; Xu  2005 ; Morozova et al.  2007 ; Sharma 
et al.  2007 ; Sharma and Kuhad  2008  ) .  

   Lignin Peroxidase 
 Lignin depolymerization is catalyzed by extra-
cellular peroxidases of white-rot Basidiomycetes 
such as  Phanerochaete chrysosporium  (Tien and 
Kirk  1983  ) . Lignin peroxidase (LiP) was  fi rst 
discovered based on the H 

2
 O 

2
 -dependent C 

 a 
 –C 

 b 
  

cleavage of lignin model compounds and subse-
quently shown to catalyze the partial depolymer-
ization of methylated lignin in vitro (Glenn 
et al.  1983 ; Tien and Kirk  1983 ; Gold et al.  1984 ; 
Tien and Kirk  1984 ). Due to their high redox 
potentials and their enlarged substrate range in 
the presence of speci fi c mediators, LiPs have 
great potential for application in various industrial 
processes (Paice et al.  1995  ) . LiP, being a heme-
containing glycoprotein with an unusually low 
pH optimum (Glumoff et al.  1990 ), is able to cata-
lyze the oxidation of a variety of compounds with 
reduction potentials exceeding 1.4 V (vs. normal 
hydrogen electrode) (Steenken  1998 ). Contrary to 
other heme peroxidases, ferric LiP is  fi rst oxidized 
by H 

2
 O 

2
  to compound I, a two-electron-oxidized 

intermediate, which is then reduced by one 
substrate molecule to the second intermediate, 
compound II. Further reduction back to the resting 
enzyme can be accomplished either by the same 
substrate molecule or a second one.  

   Manganese Peroxidase 
 Manganese peroxidase (MnP) is considered to be 
the most common lignin-modifying peroxidase 
produced by almost all wood-colonizing Basidio-
mycetes (Tien and Kirk  1983 ; Martínez et al. 
 2005  ) . Multiple forms of this glycosylated heme 
protein with molecular weights normally at 
40–50 kDa are secreted by ligninolytic fungi into 
their microenvironment. There, MnP preferentially 
oxidizes manganese (II) ions (Mn 2+ ), always present 
in wood and soils, into highly reactive Mn 3+ , 
which is stabilized by fungal chelators such as 

oxalic acid. Chelated Mn 3+  in turn acts as 
low-molecular-weight, diffusible redox mediator 
that attacks phenolic lignin structures resulting 
in the formation of instable free radicals that 
tend to disintegrate spontaneously (Kuwahara 
et al.  1984 ; Hofrichter  2002  ) .  

   Versatile Peroxidase 
 Versatile peroxidase (VP) has been recently 
described as a new family of ligninolytic peroxi-
dases, together with lignin peroxidase (LiP) and 
manganese peroxidase (MnP), both reported for 
 P. chrysosporium  for the  fi rst time. The complete 
genome of this model fungus has been recently 
sequenced revealing two families of LiP and MnP 
genes together with a “hybrid peroxidase” gene. 
Till date, VP has been reported from the genera 
 Pleurotus, Bjerkandera, Lepista, Trametes,  and 
 Panus  (Honda et al.  2006 ; Rodakiewicz-Nowak 
et al.  2006  ) . The most noteworthy aspect of VP is 
that it combines the substrate speci fi city charac-
teristics of the three other fungal peroxidase 
families. In this way, it is able to oxidize a variety 
of (high and low redox potential) substrates includ-
ing Mn 2+ , phenolic, and non-phenolic lignin 
dimers,  a -keto- g -thiomethylbutyric acid (KTBA), 
veratryl alcohol, dimethoxybenzenes, different 
types of dyes, substituted phenols, and hydroqui-
nones (Ruiz-Dueñas et al.  2009  ) .  

   Glyoxal Oxidases 
 An important component of the ligninolytic 
system of  P. chrysosporium is  the H 

2
 O 

2
  that is 

required as oxidant in the peroxidative reactions. 
Glyoxal oxidases have been proposed to play a 
role in this regard (Kirk and Farrell  1987 ). The 
temporal correlation of glyoxal oxidase, peroxi-
dase, and oxidase substrate appearances in cultures 
suggests a close physiological connection between 
these components (Kersten and Kirk  1987 ; Kersten 
 1990 ). It is a glycoprotein of 68 kDa with two 
isozymic forms (pI 4.7 and 4.9). The active site of 
the enzyme has not been characterized, but Cu 2+  
appears to be important in maintaining activity of 
puri fi ed enzyme. Glyoxal oxidase is produced in 
cultures when  P. chrysosporium  is grown on 
glucose or xylose, the major sugar components 
of lignocellulosics. The physiological substrates 
for glyoxal oxidase, however, are not these 
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growth-carbon compounds, but their intermediates. 
A number of simple aldehyde,  a -hydroxycarbonyl, 
and  a -dicarbonyl compounds are the known 
substrates (Cullen and Kersten  1996 ). 

 The reversible inactivation of glyoxal oxidase 
is a property perhaps of considerable physiologi-
cal signi fi cance (Kersten  1990 ; Kurek and Kersten 
 1995 ). Glyoxal oxidase becomes inactive during 
enzyme turnover in the absence of a coupled 
 peroxidase system. The oxidase is reactivated, 
however, by lignin peroxidase and non-phenolic 
peroxidase substrates. Conversely, phenolics pre-
vent the activation by lignin peroxidase. This 
 suggests that glyoxal oxidase has a regulatory 
mechanism in the presence of peroxidases, their 
substrates, and their products (e.g., phenolics 
resulting from ligninolysis). Notably, lignin 
will also activate glyoxal oxidase in the cou-
pled reaction with LiP (Cullen and Kersten  1996 ). 
Cellobiose oxidase (Ayers et al.  1978 ) and 
 cellobiose: quinone oxidoreductase (CBQase) 
(Westermark and Eriksson, 1974) may be involved 
in both lignin and cellulose degradation. Limited 
proteolysis of cellobiose oxidase indicates that 
CBQase is probably a breakdown product 
(Henriksson et al.  1991 ; Wood and Wood  1992 ). 
Cellobiose oxidase has two domains, one contain-
ing a  fl avin and the other containing a heme group. 
The  fl avin-containing domain binds cellulose and 
is functionally similar to CBQase. A role proposed 
for these oxidoreductases is to prevent repolymer-
ization of phenoxy radicals produced by peroxi-
dases and laccases during lignin oxidation 
(Eriksson and Goldman  1993 ; Cullen and Kersten 
 1996 ). Moreover the peroxide-generating enzyme, 
i.e., pyranose oxidase (glucose-2-oxidase), which 
is intracellular in liquid culture condition of  P. 
chrysosporium , plays an additional important role 
in wood decay (Daniel et al.  1994 ).    

   Environmental Signi fi cance 

 Bioremediation technology utilizes the metabolic 
potential of microorganisms to clean up the envi-
ronment (Watanabe  2001  ) . Lignin peroxidase 
(LiP), manganese peroxidase (MnP), laccase, and 
versatile peroxidase (VPs) are the major LMEs of 

WRF involved in lignin and xenobiotic degradation 
by white-rot fungi (Pointing  2001  )  (Table  12.1 ). 
Accessory enzymes such as H 

2
 O 

2
 -forming glyoxal 

oxidase, aryl-alcohol oxidase, oxalate producing 
oxalate decarboxylase (ODC), NAD-dependent 
formate dehydrogenase (FDH), and P450 monoox-
ygenase have also been isolated from many 
white-rot fungal strains (Doddapaneni et al.  2005 ; 
Aguiar et al.  2006 ). Lignin peroxidases (LiPs) are 
capable of mineralizing a variety of recalcitrant 
aromatic compounds (Srivastava et al.  2005 ). 
Due to nonspeci fi c nature, lignin-oxidizing enzyme 
is capable of mineralizing a wide variety of toxic 
xenobiotics and recalcitrant substrates. In recent 
years, a lot of work has been done on the devel-
opment and optimization of bioremediation 
processes using WRF, with emphasis on the study 
of their enzyme systems involved in biodegrada-
tion of industrial waste (Thurston  1994 ; Eriksson 
 2000 ; Baldrian  2006 ; Sharma and Kuhad  2008  )  
(Table  12.1 ). 

   Bioremediation of Industrial Pollutant 

 Bioremediation process employs microorganisms 
or plants to remove the contaminating organic 
compounds by metabolizing them to carbon 
dioxide and biomass (Alexander  1994  ) . The pur-
pose of bioremediation is to degrade pollutants to 
undetectable concentrations or to concentrations 
that are below the limits established by regula-
tory agencies. Bioremediation has been used to 
degrade contaminants in soils, ground water, 
wastewater, sludges, industrial waste, and gases 
(Alexander  1994  ) . 

   Biodegradation of Synthetic Dye 
 Large amounts of structurally diverse dyestuffs are 
used for textile dyeing as well as other applications. 
Based on the chemical structure of the chromophoric 
group, dyes are classi fi ed as azo dyes, anthraqui-
none dyes, phthalocyanine dyes, etc. (Kuhad et al. 
 2004 ). Different dyes and pigments are extensively 
used in the textile, paper, plastic, cosmetics, 
pharmaceutical, and food industries (Levin et al. 
 2005  ) . The involvement of LMEs in the dye decol-
orization process has been con fi rmed in several 



22512 Ligninolytic Enzymes in Environmental Management

independent studies using puri fi ed cell-free 
enzymes (Table  12.2 ). LiP of  P. chrysosporium  has 
been shown to decolorize azo, triphenylmethane, 
and heterocyclic dyes in the presence of veratryl 
alcohol and H 

2
 O 

2
  (Cripps et al.  1990 ; Ollikka et al. 

1993). Selected Basidiomycetes have been 
observed to decolorize PolyR-478 (Vasdev and 
Kuhad  1994 ) and various triphenylmethane dyes 
(Vasdev et al.  1995 ). Laccase can act on chro-
mophoric compounds such as Remazol Brilliant 
Blue R or triphenylmethane dyes and suggests a 
potential application in bleaching or decolorization 
industrial processes (Vasdev et al.  1995 ).  

 Further, interest in the biodegradation of syn-
thetic dyes has primarily been prompted by con-
cern over their possible toxicity and carcinogenicity 
(Maas and Chaudhari  2005 ; Revankar and Lele 
 2007  ) . White-rot fungi are better dye degraders 
than prokaryotes due to their extracellular 
nonspeci fi c LME system capable of degrading a 
wide range of dyes (Christian et al. 2005). Most of 
the earlier dye decolorization studies were based 
mainly on  P. chrysosporium  and  T. versicolor  
(Toh et al.  2003 ). However, other white-rot fungi 
including  Phellinus gilvus ,  Pleurotus sajor-caju , 
 Pycnoporus sanguineus  (Balan and Monteiro 
 2001 ),  Dichomitus squalens , Irpex  fl avus, 
 Daedalea  fl avida ,  Polyporus sanguineus  (Chander 
et al.  2004 ; Eichlerová et al.  2006 ; Chander and 
Arora  2007 ),  Funalia trogii  ATCC200800 (Ozsoy 
et al.  2005 ),  Ischnoderma resinosum  (Eichlerová 
et al.  2006 ), and  Ganoderma  sp. WR-1 (Revankar 
and Lele  2007  )  have been demonstrated to have 
higher dye decolorization rates than  P. chrysospo-
rium  and  Trametes versicolor  (Table  12.2 ).  

   Biodegradation of Polycyclic Aromatic 
Hydrocarbon 
 Polycyclic aromatic hydrocarbons (PAHs) are 
ubiquitous environmental pollutants that occur in 
soils, sediments, airborne particles, freshwater, 
and marine environments (Bumpus  1989  ) . PAHs 
are nonpolar, neutral, organic molecules that com-
prise two or more fused benzene rings arranged in 
various con fi gurations, including linear, angular, 
and clustered alignments (Collins et al.  1996  ) . 

 There have been several reports to use biore-
mediation of PAHs. Eukaryotic microorganisms, 

such as fungi, cannot use PAHs as a sole carbon 
source for growth but usually co-metabolize 
the PAH to dead-end metabolites. In contrast, 
bacteria can completely degrade many PAHs and 
use them as the sole carbon and energy source for 
growth (Sutherland  1992 ). At present, many 
microorganisms are known to metabolize the 
lower-molecular-weight PAHs, but these PAHs 
tend not to be highly carcinogenic. Less is known 
about the potential for biodegradation of higher-
molecular-weight PAHs, which tend to be more 
carcinogenic. A microorganism’s ability to degrade 
PAHs is dependent on the bioavailability of the 
compound (Vandertol-Vanier  2000  ) . 

 White-rot fungi can completely mineralize 
some polycyclic aromatic hydrocarbons (PAHs), 
indicating that complete oxidation of PAHs occurs. 
However, there are few examples of in vitro 
oxidation of PAHs by culture supernatants and 
puri fi ed enzymes. The oxidation of anthracene 
and pyrene by lignin and manganese peroxidases 
from  P .  chrysosporium  and oxidation of many 
PAHs by the laccases of  T. versicolor  have been 
reported (Bumpus  1989 ; Collins et al.  1996  ) . 
Pickard et al.  (  1999  )  have shown that previously 
uncharacterized fungal strains could metabolize 
selected PAHs in vivo.  C .  gallica  was one of the 
strains studied and was found to degrade several 
PAHs. Anthracene concentration decreased by 
up to 90%; pyrene, up to 20%; and phenanthrene, 
up to 40% (Vandertol-Vanier  2000  )  (Table  12.2 ).  

   TNT and Other Explosives 
 The explosives TNT, HMX, and RDX are integral 
components of many armaments. Degradation 
of TNT was studied by Donnelly et al. in  1997 , 
using four different strains of white-rot fungi  P. 
chrysosporium ,  Phanerochaete sordida ,  Phlebia 
brevispara , and  Cyathus stercoreus  in liquid 
medium (Donnelly et al.  1997  ) . They found that 
within 21 days of incubation, all fungi were able 
to reduce the TNT concentration (from 90 mg/L) 
in the liquid medium to below detection limits. 
 P. sordida  showed a relatively high growth rate 
and the fastest rate of TNT degradation. White-rot 
fungi were also found to degrade monoamino-
dinitrotoluenes, the major chemical metabolites 
in the initial transformation of TNT. The studies 
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   Table 12.2    Applications of ligninolytic enzyme producing organism in treatment of environmental pollution   

 Application  Organism  References 

 Decolorization 
of dyes 

  Aspergillus  (recombinant)  Soares et al.  (  2001a  )  
  Aspergillus  (recombinant)  Soares et al.  (  2001b  )  
  A. niger   Soares et al.  (  2002  )  
  Cerrena unicolor   Michniewicz et al.  (  2003  )  
  Coriolopsis gallica   Reyes et al.  (  1999  )  
  C. rigida   Gómez et al.  (  2005  )  
  Funalia trogii   Ünyayar et al.  (  2005  )  
  Ganoderma  sp. WR-1  Revankar and Lele  (  2007  )  
  Irpex lacteus   Kasinath et al. ( 2003 ) 
  Laetiporus sulphureus  and  Coriolus 
versicolor  

 Mazmanci et al.  (  2009  )  

  Myceliophthora thermophila , 
 Polyporus pinsitus ,  Trametes 
versicolor  

 Claus et al.  (  2002  )  

  Pleurotus eryngii ,  Pycnoporus 
cinnabarinus ,  T. versicolor  

 Camarero et al.  (  2004  )  

  Pleurotus ostreatus   Hou et al.  (  2004  ) , Palmieri et al.  (  2005  )  
  P. cinnabarinus   McCarthy et al. ( 1999 ) and Schliephake et al. ( 2000 ) 
  Sclerotium rolfsii ,  Trametes hirsute   Campos et al.  (  2001  )  
  Streptomyces cyaneus   Arias et al.  (  2003  )  
  Stereum ostrea   Viswanath et al.  (  2008 ) 
  S. maltophilia  AAP56  Dube et al.  (  2008  )  
  T. hirsuta   Abadulla et al.  (  2000  ) , Domínguez et al.  (  2005  ) , Moldes 

et al.  (  2003  ) , Rodríguez Couto et al.  (  2004b ,  2005 ,  2006 ), 
Rodríguez Couto and Sanromán  (  2006  ) , Couto and 
Toca-Herrera  (  2006a,   b  ) , Minussi et al.  (  2007  ) , Nyanhongo 
et al.  (  2002  ) , Levin et al.  (  2005  ) , and Maceiras et al.  (  2001  )  

  T. modesta   Rodríguez Couto et al.  (  2002  )  
  T. trogii   Kulys et al.  (  2003  )  and Peralta-Zamora et al.  (  2003  )  
  T. versicolor   Maceiras et al.  (  2001  ) , Lorenzo et al.  (  2002  ) , and Blánquez 

et al.  (  2004  )  
  T. villosa   Potin et al.  (  2004  ) , Saito et al.  (  2004  ) , Tavares et al.  (  2004  ) , 

Zille et al.  (  2003  ) , Knutson and Ragauskas  (  2004  ) , 
Yamanaka et al.  (  2008  ) , Ciullini et al.  (  2008  ) , and Yang 
et al.  (  2009  )  

  Trametes  sp.  strain SQ01   Pickard et al.  (  1999  )  
 Strain I-4 of the family 
 Chaetomiaceae  

 Vandertol-Vanier et al.  (  2002  )  

 Degradation of 
xenobiotics 

  Cladosporium sphaerospermum   Cho et al.  (  2002  )  

  Coprinus cinereus ,  Myceliophthora 
thermophila ,  P. pinsitus ,  Rhizoctonia 
solani  

 Itoh et al.  (  2000  )  

  C. gallica   Okazaki et al.  (  2002  ) , Nicotra et al.  (  2004  ) , and Casa et al. 
 (  2003  )  

  Coriolus hirsutus   Zavarzina et al.  (  2004  )  
  Coriolus versicolor   Eggen  (  1999  )  and Hublik and Schinner  (  2000  )  
     Myceliophthora thermophila , 
 Trametes pubescens  

 Keum and Li  (  2004  )  

  Panus tigrinus   Mougin et al.  (  2002  )  

(continued)
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 Application  Organism  References 

  P. ostreatus   Lante et al.  (  2000  )  and Carunchio et al.  (  2001  )  
  P. ostreatus ,  T. versicolor   Moeder et al.  (  2004  )  
  P. cinnabarinus   Niku-Paavola and Viikari  (  2000  )  
  Pyricularia oryzae   Böhmer et al.  (  1988  )  and Tanaka et al.  (  2001  )  
  Rhus vernicifera   Tanaka et al.  (  2003  )  
  T. hirsute   Collins et al.  (  1996  )  and Johannes et al.  (  1998  )  
  Trametes  sp.  Majcherczyk et al.  (  1998  )  and Johannes and Majcherczyk 

 (  2000  )  
  T. versicolor   Majcherczyk and Johannes  (  2000  )  and Castro et al.  (  2003  )  
  T. villosa   Dodor et al.  (  2004  ) , Fabbrini et al.  (  2001  ) , Fukuda et al. 

 (  2001  ) , Kang et al.  (  2002  ) , Cantarella et al.  (  2003  ) , and 
Jung et al. ( 2003  )  

  Trichophyton  sp. LKY-7  Steffen et al.  (  2007a,   b  ) , Cabana et al.  (  2007  ) , and Cambria 
et al.  (  2008  )  

  Stropharia rugosoannulata   Calvo et al.  (  1998  )  
  Stropharia coronilla   Murugesan  (  2003  )  
  Coriolopsis polyzona   D’Annibale et al.  (  1999  )  
  Rigidoporus lignosus   D’Annibale et al.  (  2000  )  
  Gliocladium virens   D’Annibale et al.  (  2004  )  

 Ef fl uent treatment   Lentinula edodes   Tsioulpas et al.  (  2002  ) , Aggelis et al.  (  2003  ) , and Jaouani 
et al.  (  2005  )  

  P. tigrinus   Durante et al.  (  2004  )  
  Pleurotus  spp.  Jolivalt et al.  (  2000  )  
  Pycnoporus coccineus   Edwards et al.  (  2002  )  
  R. vernicifera   Lucas et al.  (  2003  )  
  Trametes  sp. strain AH28-2  Pedroza et al.  (  2007  )  
  T. versicolor   Cordi et al.  (  2007  )  
  Lentinula edodes   Cordi et al.  (  2007  )  
  Botrytis cinerea   Ellouze et al.  (  2008  ) , Bourbonnais et al.  (  1997  ) , and Call 

and Mücke  (  1997  )  
  Trametes trogii   Archibald et al.  (  1997  )  
  Lentinus tigrinus   Crestini and Argyropoulos  (  1998  )  
  Fomes fomentarius ,  Ganoderma 
callosum ,  Lentinus edodes ,  Merulius 
tremellosus ,  Phlebia radiata , 
 P. ostreatus ,  T. versicolor  

 Kandioller and Christov  (  2001  )  

  C. versicolor   Cordi et al.  (  2007  )  
  T. versicolor   Cordi et al.  (  2007  )  

 Biopulping   T. versicolor   Paice et al.  (  1995  )  and Cordi et al.  (  2007  )  
  Peniophora  sp.,  Pycnoporus san-
guineus ,  T. hirsuta ,  T. versicolor  

 Oudia et al.  (  2008  )  

  T. versicolor, T. villosa   Balakshin et al.  (  2001  )  
  Lentinula edodes   Camarero et al.  (  2004  )  
  Botrytis cinerea   Georis et al.  (  2003  )  
  C. versicolor   Archibald et al.  (  1997  )  
  P. eryngii, P. cinnabarinus, 
T. versicolor  

 Bastos and Magan  (  2009  )  

  P. cinnabarinus   D’Souza-Ticlo et al.  (  2009  )  
 Biobleaching   T. versicolor   Molina-Guijarro et al.  (  2009  )  

  T. versicolor   Punnapayak et al.  (  2007  )  and Zhao et al.  (  2010  )  

Table 12.2 (continued)
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established that white-rot fungi are capable of 
metabolizing and detoxifying TNT under aerobic 
conditions in a non-ligninolytic liquid medium. 
The degradation of TNT by white-rot fungi is a 
two-step process: the  fi rst step was to be degraded 
to OHADNT and ADNT, and the second step 
was to DANT (Aken et al.  1999  ) . As reported by 
Axtell et al.  (  2000  ) , the strains of  P. chrysosporium  
and  P. ostreatus  adapted to grow on high concen-
trations of TNT thus were able to cause extensive 
degradation of TNT, HMX, and RDX.  

   Bioremediation of Contaminated Sites 
 Many pesticides, xenobiotics, coal substances, 
and industrial products derived from polycyclic, 
aromatic, halogenated hydrocarbons, and other 
organic compounds are hazardous environment 
pollutants. Using oxidoreductases to detoxify and 
remove them is attracting active research efforts. 
Laccase and peroxidase have been used to transform 
(often in the presence of redox mediators) various 
xenobiotics, polycyclic aromatic hydrocarbons, 
and other pollutants found in industrial waste and 
contaminated soil or water (Xu  2005  ) . 

 Contrary to most of the research on bioreme-
diation using bacterial strains, fungal bioremedi-
ation has attracted in the past few years. White-rot 
fungi have potential to withstand toxic levels of 
most organopollutants. Five main genera of white-
rot fungi have shown potential for bioremedia-
tion,  viz .,  Phanerochaete, Trametes, Bjerkandera, 
Pleurotus,  and  Cyathus  (Table  12.2 ). These fungi 
cannot use lignin as a sole source of energy, how-
ever, instead require substrates such as cellulose 
or other carbon sources. Thus, carbon sources 
such as corncobs, straw, and sawdust can be easily 
used to enhance degradation rates by these 
organisms at polluted sites. Also, the branching, 
 fi lamentous mode of fungal growth allows for 
more ef fi cient colonization and exploration of 
contaminated soil. The main mechanism of 
biodegradation employed by this group of fungi, 
however, is the use of lignin degradation system 
of enzymes. The enzymes LiP, MnP, and laccase 
involved in lignin degradation are highly nonspeci fi c 
with regard to their substrate range; this is not 
surprising considering their mode of action via 
the generation of radicals (Reddy and Mathew 
 2001 ; Kapoor et al.  2005  ) .  

   Degradation of Medical Waste 
 Exposure to alkyl-substituted polynuclear aromatic 
hydrocarbons, stilbenes, genistein, methoxychlor 
and endocrine-disrupting chemicals (EDC), 
nonylphenol (NP) and bisphenol A (BPA), and 
the personal care product ingredient triclosan 
(TCS) (Asgher et al.  2008  )  has been associated 
with a variety of reproductive responses in  fi sh 
(Kiparisis et al.  2003  ) . Degradation of genistein 
by  Phanerochaete sordida  YK-624 and detection 
of the activities of ligninolytic enzymes, MnP, 
and laccase during treatment show the involvement 
of WRF extracellular lignolytic system in disap-
pearance of genistein (Tamagawa et al.  2005  ) . 
MnP, laccase, and the laccase-HBT systems of 
WRF are also effective in removing the estrogenic 
activities of bisphenol A (BPA), nonylphenol (NP), 
17b-estradiol (E2), and ethinylestradiol (EE2) with 
production of high-molecular-weight oligomeric 
metabolites (Asgher et al.  2008 ; Lee et al.  2005 ). 
Further, removal of NP and BPA is associated 
with the production of laccase by  T. versicolor  
and  Bjerkandera  sp. BOL13 (Soares et al.  2005, 
  2006  ) . The enhanced biocatalytic elimination 
of nonylphenol (NP), bisphenol A (BPA), and 
triclosan (TCS) by  Coriolopsis polyzona  by 
the addition of ABTS (Cabana et al.  2007  )  also 
suggested the involvement of laccase-mediator 
system. 

 The ligninolytic enzymes of white-rot fungi 
catalyze the degradation of pollutants by using 
a nonspeci fi c free-radical mechanism. When an 
electron is added or removed from the ground 
state of a chemical, it becomes highly reactive, 
allowing it to give or take electrons from other 
chemicals. This provides the basis for the nonspeci-
 fi city of the enzymes and their ability to degrade 
xenobiotics, chemicals that have never been 
encountered in nature (Pointing  2001  ) .  

   Biodegradation of Rubber Industry Waste 
 Recycling of spent rubber material is problematic 
due to the vulcanization, which creates strong 
sulfur bonds between the rubber molecules (Liu 
et al.  2000  ) . Different processes for desulfuriza-
tion of rubber material and to facilitate the reuse 
of waste rubber have been developed, including 
biotechnological processes (Bredberg et al.  2002  ) . 
Microbial devulcanization is a promising way 
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to increase the recycling of rubber materials. 
However, several microorganisms tested for 
devulcanization are sensitive to rubber additives 
(Christiansson et al.  2000 ; Asgher et al.  2008  ) . 
Most of the common rubber additives are aro-
matic compounds and can be effectively removed 
by LMEs of WRF.  Resinicium bicolor  is the most 
effective fungus for detoxi fi cation of rubber 
material, especially the ground waste tire rubber 
(Bredberg et al.  2002  ) . Treatment of aromatic 
rubber additives with  R. bicolor  enhances the 
growth of  Thiobacillus ferrooxidans  bacterium as 
well as desulfurization compared to the untreated 
rubber (Asgher et al.  2008  ) .   

   Control of Pitch in Paper Pulp 
Manufacturing 

 Wood extractives cause production and environ-
mental problems in pulp and paper manufacturing. 
The lipophilic compounds, which form the 
so-called wood resin, are the most problematic, 
and they include free fatty acids, resin acids, 
waxes, fatty alcohols, sterols, sterol esters, glyc-
erides, ketones, and other oxidized compounds. 
During wood pulping and re fi ning of paper pulp, 
the lipophilic extractives in the parenchyma cells 
and softwood resin canals is released, forming col-
loidal pitch. These colloidal particles can coalesce 
into larger droplets that deposit in pulp or machin-
ery forming “pitch deposits” or remain sus-
pended in the process waters. Pitch deposition 
has a detrimental environmental impact when 
released into wastewaters (Gutiérrez et al.  2001  ) . 

 The ability to colonize ligni fi ed plant material 
is a characteristic of wood decay fungi, which 
include white-rot, brown-rot, soft-rot, and sapstain 
species. The fungi that cause white rot and brown 
rot are Basidiomycetes and are characterized by 
their ability to degrade lignin and cellulose, 
respectively, resulting in white, i.e., cellulose or 
brown-colored, i.e., lignin-enriched decayed 
substrates. The typical sapstain fungi, also called 
“blue-staining fungi,” colonize wood vessels and 
rays (as well as softwood resin canals) penetrating 
through the cell-wall pits. The growth of sapstain 
fungi is supported by easily degradable extractives 
and causes discoloration and minimal weight 

loss. Wood discoloration is caused by the presence 
of melanin that has a role in the protection of 
fungal hyphae against harmful radiation. Because 
most lipophilic compounds involved in the for-
mation of pitch deposits are concentrated in wood 
rays and resin canals, the sapstain fungi were the 
 fi rst candidates for the biological control of pitch 
during wood pulping. Wood-rotting Basidiomycetes 
have also been investigated for biotechnological 
application in paper pulp manufacturing. Brown-
rot fungi are of little applied interest because they 
degrade cellulose, the most valuable wood con-
stituent for industrial utilization. Biopulping, 
in combination with chemical and mechanical 
treatments, represents an attractive alternative to 
reduce the consumption of pulping chemicals 
and energy. White-rot fungi and their enzymes 
are also of biotechnological interest for pulp bleach-
ing. The advantages of WRF in the degradation 
of lipophilic extractives have also being realized. 
The main purpose of biobleaching is to reduce 
the consumption of the chlorinated reagents 
traditionally used to bleach pulp, which have a 
detrimental impact in the water environment 
(Gutiérrez et al.  2001  ) .  

   Enzymatic Pulp Bleaching 

 New environmentally benign, elemental chlorine-
free (ECF), and totally chlorine-free (TCF) 
bleaching technologies are necessary for mini-
mizing the hemicellulose content in dissolving 
pulp, adjusting the brightness at a high level 
and improving, simultaneously, the quality of 
the ef fl uent in terms of toxicity and absorbable 
organic halogen (AOX). Biological methods of 
pulp prebleaching using xylanases (Taneja et al. 
 2002 ) provide the possibility of selectively 
removing up to 20% of xylan from pulp and 
saving up to 25% of chlorine-containing bleach-
ing chemicals. Alternatively, pulp can be bleached 
with white-rot fungi and their ligninolytic enzymes, 
enabling chemical savings to be achieved and a 
chlorine-free bleaching process. 

  Bjerkandera  sp. strain BOS55,  Polyporus cil-
iatus ,  Stereum hirsutum ,  Phlebia radiata,  and 
 Lentinus tigrinus  have been found to be ef fi cient 
biobleachers (Akhtar et al.  1992 ). Kirk and Yang 
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( 1979 ) were the  fi rst to attempt to bleach pulp 
with  P. chrysosporium  and some other white-rot 
fungi. This could lower the kappa number of 
unbleached softwood kraft pulp up to 75%, lead-
ing to reduced requirement for chlorine during 
the subsequent chemical bleaching.  T. versicolor  
could markedly increase the brightness of hard-
wood kraft pulp. The fungal treatment was 
carried out in agitated, aerated cultures for 5 days. 
The kappa number was decreased from 12 to 8, 
and the brightness increased by 34–48%.  P. cin-
nabarinus  was found to produce laccase and also 
its own laccase redox mediator, 3-hydroxy anthra-
nilic acid (3-HAA) (Eggert et al.  1996 ). The pres-
ence of laccase is essential for lignin degradation 
by  P. cinnabarinus  and that in its absence pulp 
bleaching is greatly reduced. The biobleaching of 
kraft with laccase mediator continues to receive 
strong interest, in part due to the discovery of 
new mediators for laccase. A number of media-
tors have recently been used for the use of laccase 
enzyme in biobleaching, e.g., ABTS    2,2 ¢ -azino-
b i s (3 -e thy lbenz th iazo l ine -6-su l fona te ) 
(Bourbonnais and Paice  1996 ), HBT,  N -acetyl- N -
phenylhydroxylamine (NHA) and violuric acid 
(VA) (Chakar and Ragauskas  2004 ). HBT oxida-
tion leads to the discovery of a new class of medi-
ators with NOH as the reactive species (R-NO). 
Kraft pulp treatment with laccase and ABTS was 
found to effectively demethylate and delignify 
hardwood kraft pulp when the mediator ABTS is 
present (Bourbonnais and Paice  1996 ). 

 Laccase, like other phenol-oxidizing enzymes, 
such as peroxidases (Huttermann et al.  1980 ; 
Haemmerli et al.  1986 ; Kern and Kirk  1987 ), 
preferentially polymerizes lignin by coupling of 
the phenoxy radicals produced by the oxidation 
of lignin phenolic groups. When laccase is used 
alone, the only reaction that can be observed on 
kraft lignin is polymerization. The fact that ABTS 
prevents polymerization of kraft lignin by laccase 
cannot be explained only by inhibition or reduc-
tion of the lignin phenoxy radicals produced 
by laccase, because when ABTS was added after 
lignin polymerization by laccase, the lignin was 
effectively depolymerized. It seems likely that 
ABTS functions as a diffusible electron carrier, 

because laccase is a large molecule and therefore 
cannot enter the secondary wall to contact the 
lignin substrate directly.   

   Conclusion 

 The ligninolytic enzymes of white-rot fungi 
catalyze the degradation of pollutants by using a 
nonspeci fi c free-radical mechanism. The enzymes 
LiP, MnP, laccase, and other ancillary enzymes 
involved in lignin degradation are highly 
nonspeci fi c with regard to their substrate range. 
This is not surprising considering their mode 
of action via the generation of radicals. This 
provides the basis for the nonspeci fi city of the 
enzymes and their ability to degrade xenobiotics 
and other industrial waste that have never been 
encountered as a natural substrate and are delete-
rious to ecosystem. Lignolytic enzyme system 
holds potential for cleaning the degraded and 
contaminated sites, using combinatorial, holistic, 
and ecofriendly approaches.      
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  Abstract 

 Phytases are acid phosphatases which catalyze the hydrolysis of phytic 
acid ( myo -inositol hexakis(dihydrogen phosphate)) to inorganic phosphate 
and  myo -inositol through a series of  myo -inositol phosphate intermediates 
and making insoluble and unavailable phytic acid available for animal 
assimilation. Phytic acid is a major stored form of organic phosphorus in 
plants such as cereal grains, legumes and oilseeds. The accumulation of 
phosphorus at intensive livestock production area has raised serious con-
cerns of environmental pollution. Phytases are of signi fi cant value in 
effectively combating environmental phosphorus pollution. The microbial 
sources of phytases include bacteria, moulds and yeasts. The supplemen-
tation of animal feeds with microbial phytases increases the bioavailability 
of phosphorus and minerals, besides reducing the aquatic phosphorus 
pollution in the areas of intensive livestock production. 

 Microbial phytases are produced by solid state and submerged fermen-
tations. The molecular masses of microbial phytases are in the range of 
35–500 kDa depending upon the source, and they are active within a pH 
and temperature ranges of 4.5–7.5 and 45–70°C. Phytases not only degrade 
phytic acid but also ameliorate the nutritional status of the foods by mak-
ing minerals such as iron, magnesium, zinc, phosphorus and proteins 
available for monogastric animals. This chapter describes the sources, pro-
duction, characterization and applications of microbial phytases in phos-
phorus pollution management.  

  Keywords 

 Phytase  •  Phytic acid  •  Anti-nutritional factor  •  Phosphorus  •  Environmental 
pollution  •  Peroxidase      

      Microbial Phytases in Skirmishing 
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   Introduction 

 Phosphorus is a major constituent in biosyn-
thesis of nucleic acids and cell membranes 
with an important role in regulation of a num-
ber of enzymes. Phosphorus de fi ciency in soil 
is a major problem for agricultural production 
as most soils contain signi fi cant amounts of 
total soil phosphorus that occurs either as inor-
ganic or organic fractions. Phytic acid as 
phytate (salts of phytic acid) is the major stor-
age form of organic phosphorus in soil, and it 
is not readily available to plants as a source of 
phosphorus because of its complex with cat-
ions or adsorption to various soil components. 
Phosphorus is an important and essential nutri-
ent to both plant and animal life but in excess 
can cause pollution. Phytic acid is the princi-
pal storage form of phosphorus which com-
prises 1–5% by weight in cereals, legumes, 
oil, seeds and nuts (Wodzinski and Ullah  1996 ; 
Vohra and Satyanarayana  2003 ; Vats and 
Banerjee  2004 ; Greiner and Konietzny  2006 ; 
Rao et al.  2009 ; Singh et al.  2011 ; Singh and 
Satyanarayana  2011a ,  b  ) . This phytate phos-
phorus is largely unavailable to monogastric 
animals (chicken, swine,  fi shes, human) due to 
either the absence or insuf fi cient secretion of 
phytase in their gastrointestinal tract (Maenz 
and classen  1998 ; Boling et al.  2000 ; Singh 
and Satyanarayana  2011a ,  b  ) . Therefore, phytic 
acid cannot be absorbed in the digestive tract 
and released in to the environment and cause 
pollution. 

 Excess amount of phosphorus causes rapid 
growth of phytoplanktons, algae, creating dense 
population of blooms (Richard et al.  1998  ) . Due 
to these blooms plants cannot photosynthesize 
and produce food which they need to survive. 
Phytic acid can be removed by some physical 
(autoclaving, cooking) and chemical (ion 
exchange, acid hydrolysis) methods, but these 
methods decrease the nutritional value of the 
food (Vohra and Satyanarayana  2003 ; Singh 
et al.  2011  ) . Therefore, the reduction of phytic 
acid content in food and feed by enzymatic 
action using phytase is desirable as it improves 

the nutritional value of the food (Wodzinski and 
Ullah  1996 ; Vohra and Satyanarayana  2003 ; 
Vats and Banerjee  2004 ; Greiner and Konietzny 
 2006 ; Rao et al.  2009 ; Singh and Satyanarayana 
 2011a ,  b ; Singh et al.  2011  ) . This enzyme also 
has potential applications in other  fi elds and is 
of immense commercial value primarily in feed 
and food industries. The annual sale of commer-
cial supplemental phytase is estimated as 150 
million euro, which is one third of the entire 
feed enzyme market and is still increasing 
(Greiner and Konietzny  2006  ) . Phytate phos-
phorus is an alternative economical source that 
can be effectively converted to available phos-
phate by phytases. Feeds for pigs and poultry 
are commonly supplemented with inorganic 
phosphate in order to ful fi l their phosphorus 
requirement for optimal growth of animals (Lei 
and Stahl  2001 ; Singh et al.  2011  ) . 

 Phytic acid is degraded by phytase that was 
 fi rst reported by Suzuki et al. in  1907 . The  fi rst 
commercial preparation of phytase came to 
market in Europe in 1994 via Gist Brocades. 
Phytase hydrolyses phytic acid to  myo -inositol 
and inorganic phosphate through a series of 
 myo -inositol phosphate intermediates (Mitchell 
et al.  1997  ) . Phytases are generally found in 
plants and microorganisms, whereas phytase 
activity of animals is negligible as compared to 
microbes (Wodzinski and Ullah  1996 ; Vohra 
and Satyanarayana  2003 ; Vats and Banerjee 
 2004 ; Greiner and Konietzny  2006 ; Rao et al. 
 2009 ; Singh and Satyanarayana  2011a ,  b ; Singh 
et al.  2011  ) . Most of the scienti fi c work has 
been done on microbial phytases, especially on 
those originating from  fi lamentous fungi such 
as  Aspergillus niger  and  Mucor piriformis  (Vats 
and Banerjee  2005 ; Vats et al.  2009  ) ; bacteria 
such as  Clostridium  spp.,  Bacillus subtilis , 
 Bacillus  sp. KHU-10,  B. laevolacticus  and 
 Klebsiella aerogenes  (Kerovuo et al.  1998 ; 
Gulati et al.  2007  ) ; and yeasts such as  Pichia 
anomala ,  Arxula adeninivorans  and  Candida 
krusei  (Sano et al.  1999 ; Vohra and 
Satyanarayana  2001 ; Quan et al.  2001 ; Kaur 
et al.  2010  ) . Phytase supplementation in ani-
mal feed will not only improve the nutritive 
value of feed but will also reduce environmental 



24113 Microbial Phytases in Skirmishing and Management of Environmental Phosphorus Pollution

phosphorus pollution (Singh and Satyanarayana 
 2011a ,  b ; Singh et al.  2011  ) .  

   Phytic Acid in Nutrition 

 Phytic acid is the major storage form of phospho-
rus in cereals, legumes and oilseeds which affects 
the functional and nutritional properties of food 
ingredients (Maga  1982 ; Tyagi and Verma  1998 ; 
Singh et al.  2011  )  Phytic acid is  myo -inositol 
1,2,3,4,5,6-hexakis(dihydrogen phosphate) 
which occurs primarily as salts of mono- and 
divalent cations in cereal grains and legumes 
(Table  13.1 ). It acts as an anti-nutrition factor by 
chelating metal ions, forming complexes with 
protein, making them unavailable and inhibiting 

the activity of some enzymes (Maga  1982  )  
(Fig.  13.1 ). It accumulates in seeds and grains 
during ripening along with other storage sub-
stances such as starch and lipids. In cereals and 
legumes, phytic acid accumulates in the aleurone 
particles and globoid crystals, respectively 
(Reddy et al.  1982 ; Tyagi and Verma  1998  ) . 
Phytate also acts as a strong chelator for divalent 
metal cations and exists as metal-phytate com-
plex in plants (Asada et al.  1969 ; Reddy et al. 
 1982  ) . In seeds and grains, phytic acid plays an 
important role in phosphorus storage, as an 
energy store, as a source of cations and as a 
source of  myo -inositol and also helps in initiating 
dormancy (Singh et al.  2011  ) . Graf et al.  (  1987  )  
suggested that phytic acid in seeds acts as a 
natural antioxidant during dormancy.   

   Table 13.1    Phytate content in plant-derived food ingredients   

 S. no.  Plant food/ingredients  Phytate (%) 

  Cereals  
 1.  Rice (polished, cooked)  0.12–0.37 
 2.  Maize bread  0.43–0.82 
 3.  Wheat bread  0.32–0.73 
 4.  Rye bread  0.19–0.43 
 5.  Sourdough rye bread  0.01–0.03 
 6.  French bread  0.02–0.04 
 7.  Flour bread (70% wheat, 30% rye)  0.04–0.11 
 8.  Corn fl akes  0.04–0.15 
 9.  Oat  fl akes  0.84–1.21 
 10.  Sorghum  0.59–1.18 
 11.  Oat porridge  0.69–1.02 
  Legume-based food  
 12.  Green peas (cooked)  0.18–1.15 
 13.  Black beans (cooked)  0.85–1.73 
 14.  Soybeans  0.92–1.67 
 15.  Lentils (cooked)  0.21–1.01 
 16.  Peanuts  0.92–1.97 
 17.  Chickpea (cooked)  0.29–1.17 
 18.  Cowpea (cooked)  0.39–1.32 
 19.  Kidney beans (cooked)  0.83–1.34 
 20.  White beans (cooked)  0.96–1.39 
  Miscellaneous  
 21.  Amaranth grain  1.12–2.34 
 22.  Buckwheat  0.92–1.62 
 23.  Soy protein isolate  0.24–1.31 
 24.  Sesame seeds (toasted)  3.93–5.72 
 25.  Soy protein concentrate  1.12–2.34 
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 Phytic acid has been shown to exert an anti-
neoplastic effect in animal models of both colon 
and breast carcinomas. Undigested phytic acid 
present in the colon may protect against the 
development of colonic carcinoma (Iqbal et al. 
 1994  ) . The inositol phosphate intermediates 
play an important role in the transport of mate-
rials into the cell, and inositol triphosphates 
play a role in signal transduction and regulation 
of cell functions in plant and animal cells 
(Wodzinski and Ullah  1996 ; Vohra and 
Satyanarayana  2003 ; Greiner and Konietzny 
 2006 ; Rao et al.  2009 ; Singh and Satyanarayana 
 2011a ,  b  ) . Besides these functions, phytic acid 
also acts as an anti-nutritional factor in several 
ways due to the interactions with metal ions, 
proteins and enzymes.  

   Phytases 

 Phytases ( myo -inositol hexaphosphate phos-
phohydrolase) hydrolyze phytic acid to  myo -
inositol and inorganic phosphates through a 
series of  myo -inositol phosphate intermediates 
and eliminate its anti-nutritional properties 
(Mitchell et al.  1997 ; Vats and Banerjee  2004 ; 
Kaur et al.  2007 ; Fu et al.  2008 ; Rao et al. 
 2009 ; Singh et al.  2011  ) . Phytase has been 
reported in microorganisms, plants and some 
animals (Wodzinski and Ullah  1996 ; Vohra and 
Satyanarayana  2003 ; Angelis et al.  2003 ; Vats 
and Banerjee  2004 ; Kaur et al.  2007 ; Fu et al. 

 2008 ; Rao et al.  2009 ; Raghavendra and Halami 
 2009 ; Singh and Satyanarayana  2011a ,  b ; 
Singh et al.  2011  ) . A large number of fungi, 
bacteria and yeasts have been reported to pro-
duce phytase extra- and intracellularly as well 
as in the cell-bound form (Shieh and Ware 
 1968 ; Wodzinski and Ullah  1996 ; Pandey et al. 
 2001 ; Vohra and Satyanarayana  2003 ; Vats and 
Banerjee  2004 ; Kaur et al.  2007 ; Fu et al.  2008 ; 
Rao et al.  2009 ; Raghavendra and Halami 
 2009 ; Singh and Satyanarayana  2011a ,  b ; Singh 
et al.  2011  ) . There are two types of phytases as 
classi fi ed by Nomenclature Committee of the 
International Union of Biochemistry and 
Molecular Biology (NC-IUBMB) in consulta-
tion with the IUPAC-IUBMB Joint Commission 
on Biochemical Nomenclature (JCBN):
    (a)     Myo -inositol-hexakisphosphate 3-phos-

phohydrolase, i.e. 3-phytase (EC 3.1.3.8), 
that  fi rst hydrolyses the ester bond at the 
3 position of  myo -inositol hexakisphos-
phate (Johnsen and Tate  1969 ) and is 
mainly reported in microorganisms.  

    (b)     Myo -inositol-hexakisphosphate 6-phos-
phohydrolase, i.e. 6-phytase (EC 3.1.3.26), 
that  fi rst hydrolyses the ester bond at the 6 
position of  myo -inositol hexakisphosphate 
(Cosgrove  1969,   1970  )  and is mostly 
reported in plants. This had also been 
reported in some basidiomycetous fungi 
(Lassen et al.  2001  ) . But an alkaline 
5-phytase from lily pollen was found to 
start phytate hydrolysis at the  D -5 position 
(Barrientos et al.  1994  ) . On the basis of 
pH for activity, phytases can be broadly 
categorized into two major classes: acid 
phytases and alkaline phytases (Kaur et al. 
 2007 ; Singh et al.  2011  ) . More focus has 
been on acidic phytases because of their 
applicability in animal feeds and broader 
substrate speci fi city than those of alkaline 
phytases. Recently, phytases have also 
been classi fi ed on the basis of their cata-
lytic properties such as CP (cysteine phos-
phatase), BPP ( b -propeller phytase), HAP 
(histidine acid phosphatase) and PAP (purple 
acid phosphatase) (Mullaney and Ullah 
 2003 ; Singh et al.  2011  ) .      

  Fig. 13.1    Structure of phytic acid       
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   Sources and Production of Phytases 

 Phytases can be derived from various sources, 
including plants, animals and microorganisms. 
However, microbial sources are more promising 
for the production of phytases on a commercial 
scale (Vohra and Satyanarayana  2003 ; Vats and 
Banerjee  2004 ; Kaur et al.  2007 ; Fu et al.  2008 ; 
Rao et al.  2009 ; Singh and Satyanarayana  2011a ,  b ; 
Singh et al.  2011  ) . The phytases of  fi lamentous 
fungi are extracellular in nature (Mitchell et al. 
 1997 ; Singh and Satyanarayana  2006a,   b,   2008a, 
  b,   c,   2011  )  unlike bacterial and yeast phytases, 
which are intracellular and cell-bound (Vohra and 
Satyanarayana  2002 ; Kaur and Satyanarayana 
 2010  ) . A list of microbial sources and production 
conditions are given in Table  13.2 .  

   Bacterial Phytases 

 Bacterial phytases have been reported in  Citrobacter 
freundii ,  Aerobacter aerogenes ,  Bacillus subtilis , 
 Escherichia coli ,  Pseudomonas  sp.,  Selenomonas 
ruminantium ,  Enterobacter  sp.,  Klebsiella oxytoca  
MO-3 (Wodzinski and Ullah  1996 ; Choi et al. 
 2001 ; Vohra and Satyanarayana  2003 ; Vats and 
Banerjee  2004 ; Fu et al.  2008 ; Singh et al.  2011  ) . 
Only  B. subtilis  (Powar and Jagannathan  1967 )  and 
B. subtilis var. natto  (Shimizu  1992  )  were shown to 
produce extracellular phytase. The phytase produc-
tion by  B. subtilis  was induced by phytate in the 
cultivation medium. It required Ca 2+  ions for its 
activity (Powar and Jagannathan  1982  ) . Also cyto-
plasmic phytase from  Klebsiella terrigena  is induc-
ible in the presence of phytate under carbon 
limitation (Greiner et al.  1997  ) . The activity of 
intracellular  E. coli  phytase was remarkably 
increased in the stationary phase and under anaero-
bic conditions (Greiner et al.  1993  ) .  

   Mould Phytases 

 Microbial phytase activity was most frequently 
detected in  fi lamentous fungi (Vohra and 
Satyanarayana  2003 ; Vats and Banerjee  2004 ; 

Kaur et al.  2007 ; Rao et al.  2009 ; Singh and 
Satyanarayana  2011a ,  b ; Singh et al.  2011  ) . Both 
solid-state fermentation (SSF) and submerged 
fermentation (SmF) have been used for phytase 
production by these microbes (Chadha et al. 
 2004 ; Singh and Satyanarayana  2006a,   b,   2008a, 
  b,   c  )  (Table  13.2 ). Submerged fermentation is 
commercially used for phytase production, but 
recently scientists all over the world have focused 
their attention on SSF because of its advantages 
over SmF (Pandey et al.  1999,   2001  ) . Among all 
the thermophilic fungal isolates,  R. pusillus  pro-
duced phytase maximally on wheat bran supple-
mented with basal medium, containing asparagine 
and corn steep liquor as nitrogen sources (Chadha 
et al.  2004  ) . Shieh and Ware  (  1968  )  tested over 
2,000 microorganisms isolated from soil but 
extracellular phytase activity was observed in 
only 30 isolates. All phytase producers were 
 fi lamentous fungi belonging to the genera of 
 Aspergillus ,  Penicillium  and  Mucor . Howson and 
Davis  (  1983  )  con fi rmed  A. niger  strains as the 
best producers of extracellular phytase while 
bacterial cultures produced only intracellular 
enzyme. The phytase from  Thermomyces lanugi-
nosus  was also cloned and over-expressed (Berka 
et al.  1998  ) .  Chaetomium thermophilum  ATCC 
58420,  Rhizomucor miehei  ATCC22064, 
 Thermomucor indicae-seudaticae  ATCC28404, 
 Myceliophthora thermophila  ATCC48102 
(Mitchell et al.  1997  ) ,  A. fumigatus  (Pasamontes 
et al.  1997b  ) ,  Thermoascus aurantiacus  
(Nampoothiri et al.  2004  ) ,  T. lanuginosus  (Berka 
et al.  1998 ; Gulati et al.  2007  )  and  Sporotrichum 
thermophile  (Singh and Satyanarayana  2006a,   b, 
  2008a,   b,   c ,) are also known to produce extracel-
lular phytases. Thermophilic mould  S. thermo-
phile  produces phytase optimally at 45°C and at a 
pH of 6.0. The mould also secreted phytase in 
solid-state fermentation in 120 h at 45°C, at the 
initial substrate to moisture ratio of 1:2.5 and a 

w
  

of 0.95 (Singh and Satyanarayana  2006a  ) , and 
2.6-fold improvement was further achieved due 
to statistical optimization (Singh and 
Satyanarayana  2008b  ) . The moulds also secreted 
phytase optimally in synthetic medium after 
5 days at 45°C and 250 rpm. Starch, glucose, 
sodium phytate and peptone were identi fi ed as 
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   Table 13.2    Microbial sources and production of phytate-degrading enzyme   

 Microorganisms 
  T  

opt
  

(°C)  pH opt   Location a   Fermentation b   References 

  Bacteria  
  Aerobacter aerogenes   27  6.8  CB  SmF  Greaves et al.  (  1967  )  
  Bacillus subtilis   37  7.0  EX  SmF  Kerovuo et al.  (  1998  )  
  Bacillus  sp . DS11   37  6.5  EX  SmF  Kim et al.  (  1998  )  
  B. amyloliquefaciens   37  6.8  EX  SmF  Idriss et al.  (  2002  )  
  Escherichia coli   37  7.0  CB  SmF  Sunita et al.  (  2000  )  
  Lactobacillus sanfranciscensis   37  5.5  IN  SmF  Angelis et al.  (  2003  )  
  L. amylovorus   37  6.5  EX  SmF  Raghavendra and Halami  (  2009  )  
  L. rhamnosus   37  6.5  IN  SmF  Raghavendra and Halami  (  2009  )  
  Klebsiella aerogenes   30  7.0  CB  SmF  Tambe et al.  (  1994  )  
  Pediococcus pentosaceus   37  6.5  IN  SmF  Raghavendra and Halami  (  2009  )  
  Fungi  
  Aspergillus niger van Tieghem          30    5.5   EX    SmF    Vats and Banerjee  (  2005  )    
  A. oryzae   37  6.4  EX  SmF  Shimizu  (  1993  )  
  A. carneus   30  6.0  EX  SmF  Ghareib  (  1990  )  
  A. fumigatus  SRRC 322  37  5.0  EX  SmF  Mullaney et al.  (  2000  )  
  Thermomyces lanuginosus   37  6.0  EX  SSF  Berka et al.  (  1998  )  
  Thermoascus aurantiacus   45  5.5  EX  SmF  Nampoothiri et al.  (  2004  )  
  Rhizomucor pusillus   50  8.0  EX  SSF  Chadha et al.  (  2004  )  
  Myceliophthora thermophila   45  5.5  EX  SmF  Mitchell et al.  (  1997  )  
  Rhizopus oryzae   30  5.5  EX  SSF  Ramachandran et al.  (  2005  )  
  R. oligosporus   27  5.5  EX  SmF  Casey and Walsh  (  2004  )  
  Sporotrichum thermophile   45  5.0  EX  SmF and SSF  Singh and Satyanarayana  (  2006a,   b, 

  2008a,   b,   c  )  
  Yeast  
  Arxula adeninivorans   28  5.5  EX  SmF  Sano et al.  (  1999  )  
  Candida krusei   40  4.6  CB  SmF  Quan et al.  (  2001  )  
  Hanseniaspora guilliermondii   30  6.5  –  SmF  Hellstrom et al.  (  2010  )  
  Pichia anomala   25  6.0  CB  SmF  Vohra and Satyanarayana  (  2001  )  
  P. spartinae   75  4.5  –  SmF  Nakamura et al.  (  2000  )  
  P. rhodanensis   70  4.5  –  SmF  Nakamura et al.  (  2000  )  
  Schwanniomyces occidentalis   60  4.5  EX  SmF  Nakamura et al.  (  2000  )  
  S. castellii   77  4.4  EX  SmF  Segueilha et al.  (  1992  )  

   a  IN  Intracellular,  EX  Extracellular,  CB  Cell-bound 
  b  SSF  Solid-state fermentation,  SmF  Submerged fermentation  

most signi fi cant factors by Plackett–Burman 
design and these were further optimized by 
response surface methodology (Singh and 
Satyanarayana  2008a  ) .  Thermoascus aurantiacus  
TUB F43 synthesized phytase in a medium con-
taining glucose and starch as carbon sources and 
peptone as a nitrogen source at 45°C, 150 rpm 
and pH 5.5 after 72 h of fermentation (Nampoothiri 
et al.  2004  ) .  Aspergillus fumigatus  secreted a 

heat-stable phytase that was able to withstand 
temperatures up to 100°C over a period of 20 min 
(Pasamontes et al.  1997b  ) . Pasamontes et al. 
 (  1997a  )  reported the cloning of a phytase gene 
from  Talaromyces thermophilus  that showed 61% 
sequence homology with that of  A. niger . 
Hassouni et al.  (  2006  )  studied phytase produc-
tion by  M. thermophila  in solid-state fermenta-
tion using sugarcane bagasse, and maximum 
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phytase production was achieved at 45°C and pH 
6.0, after 36 h of incubation at a moisture level of 
70%. Phytase production by the thermophilic 
mould  T. lanuginosus  TL-7 was optimized using 
wheat bran as a substrate in SSF using a Box–
Behnken factorial design of response surface 
methodology, which resulted in maximum 
phytase production (Gulati et al.  2007  ) . 
 Phytase production by  A. niger  NCIM 563 was 
affected by inorganic phosphate content of agri-
culture (Bhavsar et al.  2008  ) . The agriculture resi-
dues containing less than 4 mg/g inorganic 
phosphate along with 1% rice bran supported high 
phytase production on the 11th day of fermenta-
tion. Addition of glucose up to 5% in fermenta-
tion medium further enhanced phytase production. 
Pretreatment of agriculture residues with water 
has signi fi cantly enhanced the phytase activity in 
various agro-residues. A hyper-producing strain 
of  A. niger  van Tieghem isolated from wood logs 
produced 184 nkat/ml phytase activity in minimal 
medium at 30°C and pH 6.5 (Vats and Banerjee 
 2002  ) . Among the different carbon sources, a 
combination of glucose and starch supported high 
phytase production. Biopeptone and ammonium 
nitrate supported maximum enzyme yield while 
the speci fi c activity of phytase was comparatively 
higher when ammonium nitrate was used as sole 
source of nitrogen. Regulation of the  A. niger  var. 
  fi cuum  NRRL 3135 phytase production was  fi rst 
described by Shieh et al.  (  1969  ) , and the culture 
medium was subsequently optimized by Han and 
Gallagher  (  1987  ) . Kujawski and Zyła ( 1992 ) 
observed a correlation of the ability of  A. niger  to 
produce citric acid by the solid surface method 
with its ability to synthesize intracellular phytase 
and acid phosphatase.  A. niger  phytase was pro-
duced extracellular during active cell growth 
(Volfova et al.  1994 ). Chelius and Wodzinski 
 (  1994  )  increased extracellular  A. niger  NRRL 
3135 phytase activity by a method involving irra-
diation of cell suspension.  

   Yeast Phytases 

 Phytase production by yeasts has also been stud-
ied and reviewed (Table  13.2 ) earlier (Vohra and 

Satyanarayana  2001,   2002,   2003,   2004 ; Vats and 
Banerjee  2004 ; Kaur et al.  2007 ; Vohra et al. 
 2011 ; Singh et al.  2011  ) . Both conventional and 
nonconventional yeasts are known to secrete 
phytases (Nayini and Markakis  1984 ; Segueilha 
et al.  1992 ; Lambrechts et al.  1993 ; Vohra and 
Satyanarayana  2001  ) .  Saccharomyces cerevisiae  
was found to produce phytase (Nayini and 
Markakis  1984  ) , and further  Candida tropicalis, 
Torulopsis candida, Debaryomyces castellii, 
Kluyveromyces fragilis  and  Schwanniomyces cas-
tellii  were able to hydrolyze phytate (Lambrechts 
et al.  1992  ) . Yeast  S. castellii,  which secreted the 
highest phytase, was chosen for further study 
(Segueilha et al.  1992 ; Lamberchts et al.  1993  ) . 
 Pichia anomala , a yeast, isolated from dried 
 fl owers of  Woodfordia fruticosa , produces a cell-
bound phytase. The enzyme productivity was 
very high in fed-batch fermentation in air-lift fer-
menter as compared to that in stirred-tank fer-
menter. When the yeast cells were permeabilized 
with Triton-X-100, amelioration in the cell-bound 
phytase activity was observed (Vohra et al.  2011  ) . 
Phytase from baker’s yeast was  fi rst extracted by 
Nayini and Markakis  (  1984  )  at 45°C and pH 4.6. 
Interestingly, Vohra and Satyanarayana  (  2001  )  
and Quan et al.  (  2001,   2002  )  reported the produc-
tion of a cell-bound phytase from  Pichia anomala  
and  Candida krusei  WZ-001, respectively. 
Recently, there was a report on phytase-producing 
marine yeasts (Li et al.  2008  ) . 

  Arxula adeninivorans , a nonconventional 
yeast like  Pichia anomala , was shown to assimi-
late phytate as a sole source of carbon and phos-
phate (Sano et al.  1999  ) . This ability was 
associated with a high phytate activity secreted 
into the medium. A high level of phytase produc-
tion was attained when the inoculum was raised 
on phytate minimal agar plate. Galactose was a 
preferred carbon source instead of glucose which 
increased phytase titers several folds. The phytase 
production was high when yeast was grown at 
44°C (Sano et al.  1999  ) . Phytase production by  
S. cerevisiae  was achieved at 40°C and pH 3.6 
(In et al.  2009  ) . Hellstrom et al.  (  2010  )  isolated 
yeast like  Issatchenkia orientalis  and 
 Hanseniaspora guilliermondii , which produce 
phytase at 30°C and pH 6.5.   
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   Puri fi cation and Characterization 
of Phytases 

 Separation of a protein from the biological 
environment requires a series of puri fi cation 
steps, each step removing some of the impurities 
and bringing the product closer to the  fi nal 
speci fi cation. The choice of procedure for enzyme 
puri fi cation depends on their location. Initial pro-
cesses for phytase puri fi cation include crude 
fractionation, clari fi cation and concentration of 
crude enzyme using centrifugation, ultra fi ltration 
and salt precipitation (Singh and Satyanarayana 
 2011a  ) . The concentrate is then further puri fi ed 
using high-resolution techniques based on chro-
matographic and electrophoretic separations. 
Puri fi cation of enzymes are needed for studying 
their structure–function relationships and bio-
chemical properties. Phytase of a thermophilic 
mould  S. thermophile  was puri fi ed to homogene-
ity using acetone precipitation followed by ion 
exchange and gel  fi ltration chromatography 
(Singh and Satyanarayana  2009  ) . The molecular 
mass of the native enzyme was ~456 kDa and it 
was a homopentameric protein. Phytases from  M. 
thermophila, T. thermophilus  and  E. nidulans  
were puri fi ed by using ultra fi ltration followed by 
gel  fi ltration and ion exchange chromatography 
(Wyss et al.  1999b  ) . Phytase of  R. pusillus  was 
partially puri fi ed using ion exchange and gel 
 fi ltration chromatography (Chadha et al.  2004  ) . 
Phytase produced by  T. lanuginosus  was also 
puri fi ed by a two-step process using ion exchange 
and gel  fi ltration chromatography (Gulati et al. 
 2007  ) .  Aspergillus fumigatus  WY-2 phytase 
expressed in  P. pastoris  was puri fi ed by ammo-
nium sulphate precipitation followed by ion 
exchange chromatography using DEAE-
Sepharose column (Wang et al.  2007  ) . A phytase 
with a high af fi nity for phytic acid was found in 
 A. niger  SK-57 and was puri fi ed by using ion 
exchange chromatography, gel  fi ltration and 
chromatofocusing (Nagashima et al.  1999  ) . 
Phytase of  A. oryzae  NRRL was puri fi ed by acetone 
fractionation, gel  fi ltration, followed by DEAE-
cellulose chromatography (Wang et al.  1980  ) . 
Phytase from  P. anomala  was puri fi ed by acetone 

precipitation and anion exchange chromatogra-
phy  ( Vohra and Satyanarayana  2002  ) . Phytase 
isolated from bacteria such as  B. subtilis  by 
using phenyl-sepharose Superose 12 and column 
chromatography  ( Powar and Jagannathan  1982  ) . 
A novel phytase was puri fi ed from  A.  fi cuum  
NTG-23 by ion-exchange chromatography on 
DEAE-cellulose, CM-cellulose and FPLC-gel 
 fi ltration on Superdex 75 which exhibited a 
molecular mass of 65.5 kDa (Zhang et al.  2010  ) . 
It was optimally active at pH of 1.3 and 67°C 
with a  K  

m
  and  V  

max
  values of 0.295 mM and 

55.9 nmol (phosphate)/min, respectively. Phytase 
activity was not signi fi cantly affected by metal 
ions. The enzyme exhibited a broad substrate 
speci fi city and showed strong resistance towards 
pepsin and trypsin. The puri fi cation strategies for 
different microbial phytases have been given in 
Table  13.3 . Phytase from  B. subtilis  (natto) was 
puri fi ed by gel  fi ltration and DEAE chromatogra-
phy (Shimizu  1992  ) . Phytase of  Bacillus  sp. 
DS11 was puri fi ed by acetone precipitation and 
phenyl-sepharose chromatography (Kim et al. 
 1998  ) .  

 Phytase activity is usually measured by the 
amount of inorganic phosphate released per min-
ute from a selected substrate under certain pH 
and temperature. Just like other enzymes, phytase 
activity is affected by the inherent properties of 
the enzyme and the reaction conditions. Properties 
of enzymes are important in determining their 
potential applications in different industries. The 
following properties of phytase are of practical 
signi fi cance: 

   pH 

 Most microbial phytases, especially from fungal 
origin, show the optimum pH between 4.5 and 
5.5; some bacterial ones have optimum pH at 
6.5–7.5 (Table  13.2 ). For phytase of  A. aerogenes  
(Greaves et al.  1967  ) ,  Pseudomonas  sp. (Irving 
and Cosgrove  1971  ) ,  E. coli  (Greiner et al.  1993  ) , 
 S. ruminantium  (Yanke et al .   1999 ) and  L. amylo-
vorus  (Sreeramulu et al.  1996  ) , the optimum pH 
ranged from 4 to 5.5. The pH optimum of 
 Enterobacter  sp. 4 (Yoon et al.  1996  )  and  Bacillus  
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sp. DS11 (Kim et al.  1998  )  phytase was in the 
neutral range.  Aspergillus niger  NRRL 3135 
produced two different phytases,  fi rst phyA with 
pH optima at 5.5 and 2.5 and the other phyB at 
pH 2.0 (Howson and Davis  1983  ) . Nakamura 
et al.  (  2000  )  studied a number of yeast isolates 
for extracellular phytase activity. All the yeast 
phytases were optimally active at pH of 4–5 with 
temperature optima of 50–60°C.  

   Temperature 

 Phytases with optimal activity at elevated tem-
perature are desirable in animal feed industry 
because feed pelleting involves a step at 80–85°C 
for few seconds. Microbial phytases show 
diversity in their temperature optima (Table  13.2 ). 
Phytases from bacteria such as  B. subtilis  (Powar 
and Jagannathan  1982  ) ,  E. coli  (Greiner et al. 
 1993  ) ,  K. aerogenes  (Tambe et al.  1994  ) , 
 Enterobacter  sp. 4 (Yoon et al.  1996  ) ,  K. oxytoca  
MO-3 (Jareonkitmongkol et al.  1997  ) ,  Bacillus  
sp. DS11 (Kim et al.  1998  )  and  S. ruminantium  
(Yanke et al.  1998  )  were optimally active in the 
range of 50–70°C, while phytase of  A. aerogenes  
had an optima at 25°C (Greaves et al.  1967  ) . 
Phytase of  S. castellii  showed optimum activity 
at 77°C (Segueilha et al.  1992  )  and that of  A. 
adeninivorans  at 75°C (Sano et al.  1999  ) . 
Phytases from  P. rhodanensis  and  P. spartinae  
were optimally active in the range of 70–80°C 
(Nakamura et al.  2000  ) . Among the thermophilic 
moulds,  T. lanuginosus  exhibited optimum 
phytase activity at 65°C (Berka et al.  1998  )  and 
 S. thermophile  at 60°C (Singh and Satyanarayana 
 2009  ) . Phytase of  A. fumigatus  and  A. niger  
NRRL 3135 showed optimum activity at 37°C 
(Pasamontes et al.  1997b  )  and at 55°C (Howson 
and Davis  1983  ) , respectively.  

   Proteolysis Resistance 

 Under normal conditions phytase is degraded by 
proteases present in the digestive tract of the test 
animals. Therefore, an effective phytase needs to 
be resistant to the action of these proteases. 

Microbial phytases showed different sensitivities 
to pepsin and trypsin (Kerovuo et al.  1998 ; 
Rodriguez et al.  1999  ) . Phytase from a thermo-
philic mould  A. fumigatus  WY-2 was insensitive 
to pepsin and it retained about 90.1% residual 
activity (Wang et al.  2007  ) . HAP-phytase from 
 S. thermophile  was also resistant to the action of 
proteases (Singh and Satyanarayana  2006b  ) .  

   Effect of Metal Ions 

 Phytases from microbes differed in their require-
ment of metal ions for their activity. The bacterial 
phytases are mostly metal dependent as com-
pared to yeasts and  fi lamentous fungal phytases 
(Kaur et al.  2007 ; Rao et al.  2009 ; Gulati et al. 
 2007 ; Singh et al.  2011  ) . Phytase of  S. castellii  
was slightly inhibited in the presence of 5 mM 
Ca 2+  and Mg 2+ , Mn 2+  and Fe 2+  (Segueilha et al. 
 1992  ) . Phytase of  Bacillus  sp. DS11 was strongly 
inhibited by EDTA, Cd 2+  and Mn 2+  and moder-
ately inhibited by Hg 2+ , Mg 2+ , Ba 2+  and Cu 2+  at 
5 mM (Kim et al.  1998  ) .  

   Molecular Weight 

 Microbial phytases are high-molecular-weight 
proteins ranging from 40 to 500 kDa (Table  13.3 ). 
Zymogram study of phytase of  S. ruminantium  
suggested that its phytase had molecular mass of 
46 kDa (Yanke et al.  1999  ) . The molecular mass 
of  Bacillus  sp. DS11 phytase was estimated by gel 
 fi ltration and electrophoresis (Kim et al.  1998  ) . 
The electrophoresis under denaturation conditions 
revealed a single protein band of 44 kDa whose 
size corresponded well with the molecular mass 
of 40 kDa obtained by Superose 12 column chro-
matography. An extracellular phytase from  B. 
subtilis  (natto) N-77 was puri fi ed 322-fold by gel 
 fi ltration and DEAE chromatography (Shimizu 
 1992  ) . The molecular mass of the active mono-
meric form was determined as 36 kDa by SDS-
PAGE. Phytase from  S. castellii  was puri fi ed by 
anion exchange and gel  fi ltration chromatography 
(Segueilha et al.  1992  ) . The phytase of  S. thermo-
phile  was a 456 kDa homopentameric and 
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glycosylated enzyme (Singh and Satyanarayana 
 2009  ) . The molecular masses of phytases of  E. 
nidulans  and  T. thermophilus  were 51.785 kDa 
and 51.45 kDa, respectively (Pasamontes et al. 
 1997a  ) . The molecular mass of the phytase of  A. 
fumigatus  was 48.27 kDa while that of  T. lanugi-
nosus  was 60 kDa (Berka et al.  1998  ) .   

   Current and Potential Applications 
of Microbial Phytases 

 Up to now, phytases have been mainly used as a 
feed supplement in diets largely for swine and 
poultry, and to some extent for  fi shes. Numerous 
laboratory experiments and  fi eld trials have 
shown that addition of phytase can replace inor-
ganic phosphorus supplementation and reduce 
total phosphorus excretion by 30–50% (Yi et al. 
 1996 ; Kemme et al.  1997  ) . Thus, the bene fi ts of 
phytase are manyfold:
    1.    Saving the expensive and nonrenewable inor-

ganic phosphorus resource by reducing the 
need for its inclusion in animal diets  

    2.    Protecting the environment from pollution of 
excessive manure phosphorus runoff  

    3.    Improving the nutritional status of feeds by 
making metals and proteins available for the 
animals     

 Several dietary factors may reduce or enhance 
phytase-feeding ef fi cacy. High levels of dietary 
calcium or calcium and phosphorus ratios reduce 
the effectiveness of phytase (Lei et al.  1994 ; 
Sandberg et al.  1993  ) . Moderate to high levels of 
inorganic phosphorus may inhibit the full func-
tion of phytase. Although phytase was initially 
shown to hydrolyze phytate phosphorus in diets 
for chicks 30 years ago (Nelson et al.  1971  ) , the 
commercial application had not been feasible for 
many years, due to the low enzyme yield and the 
high cost of the conventional phytase fermenta-
tion system. A large portion of world population 
ingests a high level of phytate from the plant sta-
ple foods, suffering from iron and zinc de fi ciencies 
(Tatala et al.  1998  ) . Effectiveness of supplemen-
tal phytases in reducing the phytate content of 
legume-derived food products (Greiner and 
Konietzny  1999 ; Fredrikson et al.  2001  )  and 

improving nutritional availability of zinc and iron 
from plant-based diets to animals have been 
investigated and reviewed in detail (Stahl et al. 
 1999 ; Selle and Ravindran  2007 ; Pillai et al. 
 2009  ) . 

   Terrestrial Pollution Management 

 Phosphorus is a necessary ingredient for animal 
and plant productivity. Too much or too little 
phosphorus can be a problem both for animal 
production and the environment. Scientists and 
researchers all over the world are  fi nding ways 
for better utilization of phosphorus by monogas-
tric animals, thus to increase its productive 
ef fi ciency and at the same time to protect the 
environment. The poultry industry, which con-
tributes more than $12 billion annually to the 
economy, generate enormous amount of manure 
annually, which must be disposed off in an eco-
friendly manner. Generally this waste is used as a 
fertilizer in agriculture production. But the unuti-
lized and excess phosphorus can enter into rivers 
and lakes by running water causing severe health, 
environmental and economic problems 
(Murugesan et al.  2005 ; Pillai et al.  2009  ) . 

 Ruminant animals sustain the micro fl ora that 
hydrolyzes phytic acid. However, monogastric 
animals such as humans, chickens and pigs pro-
duce little or no phytase in their digestive tract. 
Hence, the phytic acid phosphorus is unavailable 
and is excreted unutilized (Mullaney et al.  2000  ) . 
Phytic acid present in the manure of these ani-
mals is enzymatically degraded by soil- and 
water-borne microorganisms. This phosphorus is 
transported into the water bodies causing eutro-
phication which is responsible for oxygen deple-
tion in the water bodies. Pretreatment of animal 
feed with phytases would increase the availability 
of inorganic phosphorus, thereby improving the 
nutritional status of food and also help in combat-
ing phosphorus pollution (Singh et al.  2006, 
  2011  ) . High-density livestock production has led 
to the leakage of pollutants into the environment, 
resulting in public concern about their effects. 
The global livestock population is estimated to be 
close to 4 billion animals that produced around 
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500 million tons of manure annually (Graham 
et al.  2003  ) . This is expected to increase in the 
future due to increase in demand of meat by 
human population. The problem of manure dis-
posal is also increasing day by day due to this 
increment. Manure volume, manure nitrogen and 
phosphorus contents, methane production and 
odour are the primary environmental factors 
(Jongbloed and Lenis  1998  ) . Legislation in many 
regions has restricted the amount of manure that 
has to be applied per hectare in order to prevent 
environmental pollution (Graham et al.  2003  ) . 
The number of strategies which the animal pro-
duction industry should take into consideration to 
reduce environmental impact includes improving 
the ef fi ciency of conversion of feed into edible 
products, reducing feed wastage and formulating 
diets that more closely satisfy the need of an ani-
mal. About 50–80% of the nitrogen and phospho-
rus are not utilized by animals but are excreted 
into the environment (Graham et al.  2003  ) . 

 Mainly pigs and chickens are used in studies 
to improve nutrient ef fi ciency to reduce excretion 
of environmental contaminants (Selle and 
Ravindran  2007  ) . Addition of feed supplements 
and modifying feeding programmes to improve 
nutrient ef fi ciency can result in signi fi cant 
decreases in the nitrogen, phosphorus, odour and 
dry matter weight of manure. The excretion of 
phosphorus can be reduced by 30% by replacing 
feed phosphate with phytase and by equally cal-
culated digestible phosphorus content (Selle and 
Ravindran  2007  ) . Application of phytase in all 
the pig and poultry feed in the Netherlands has 
resulted in reduced phosphate content in the 
manure. Microbial phytase also improves the 
apparent absorption of magnesium, zinc, copper 
and iron in pigs (Selle and Ravindran  2007  ) . 
Phytase addition improved the concentration of 
magnesium, phosphorus, calcium, manganese 
and zinc in plasma, bone and the whole body 
(Vielma et al.  2004  ) . Yan and Reigh  (  2002  )  dem-
onstrated that the phytase supplementation 
increased the retention of calcium, phosphorus 
and manganese by cat fi sh. The phytase supple-
mentation in the diets signi fi cantly improved the 
digestibility of minerals, total phosphorus, 
phytate phosphorus and gross energy (Cheng and 

Hardy  2002  ) . The experimental studies in animals 
and human have shown that phytic acid-rich diets 
can cause zinc de fi ciency. Phytic acid does not 
inhibit copper absorption, but has a modest inhib-
itory effect on manganese absorption. The inclu-
sion of phytase to broiler diets increased the 
coef fi cient of phosphorus retention and reduced 
the presence of this element in poultry birds, thus, 
indicating a favourable environmental effect 
(Ahmad et al.  2000 ; Brenes et al.  2003 ; Vohra 
and Satyanarayana  2003 ; Juanpere et al.  2004 ; 
Murugesan et al.  2005 ; Vohra et al.  2006 ; Ahmadi 
et al.  2008 ; Pillai et al.  2009  ) .  

   Aquatic Pollution Management 

 Water quality of the world is threatened by con-
tamination with nutrients, primarily nitrogen and 
phosphorus which have been excreted by mono-
gastric animals. Animal manure can be a valu-
able resource for farmers, providing nutrients, 
improving soil structure and increasing vegeta-
tive cover to decrease erosion potential. At the 
same time, application of manure nutrients in 
excess of crop requirements can result in envi-
ronmental contamination. Environmental con-
cerns with phosphorus are primarily associated 
with pollution of rivers and lake water. This pol-
lution may be caused by runoff of phosphorus 
when application to land is in excess of crop 
requirements. The environmental impact assess-
ment of the aquaculture industry is getting 
increasing attention all over the world. Farmers 
engaged in freshwater aquaculture and coastal 
marine operations are facing increasing pressure 
from various organizations to control farm dis-
charge into the surrounding ecosystems. This dis-
charge, particularly phosphorus loading, leads to 
eutrophication. The phosphorus in the feed ingre-
dients occurs in a number of forms. It occurs in 
the inorganic form as well as phosphate com-
plexes of protein, lipid and carbohydrate. These 
forms are available to the  fi sh. Organic phosphorus 
(phytic acid) present in most grain and seed by-
products is generally unavailable to  fi shes and 
monogastric animals as mentioned earlier. Fish 
excrete this organic phosphorus in soluble and 
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particulate forms. The water quality is directly 
affected by soluble and organic forms of phos-
phorus. However, the particulate forms accumu-
late in the sludge and the phosphorus is released 
slowly to the water. Dissolved form of phospho-
rus is the most important factor affecting water 
quality, because it is most available for phyto-
plankton growth. Microbial phytase supplemen-
tation in the diet of  fi sh can overcome this 
problem. It makes the chelated phosphorus avail-
able to  fi sh and hence there is less faecal excre-
tion, thereby reducing environmental pollution. 
The feeding experiments have shown an improve-
ment in the growth of  fi shes fed on phytase sup-
plemented feeds (Sajjadi and Carter  2004 ; Singh 
et al.  2006,   2011  ) . The environmental bene fi ts of 
using this enzyme in  fi sh feeds will be reduced 
requirement of mineral supplements, thereby 
reducing chances of excess inorganic phospho-
rus getting into the aquatic environment. The 
feeding trials with the animals have showed an 
improvement in their growth with phytase sup-
plemented feeds (Baruah et al.  2005 ; Revy et al. 
 2006 ; Singh et al.  2006,   2011  ) . Dietary phytase 
also improves the nutritive value of canola pro-
tein concentrate and decreases phosphorus out-
put in a study performed with rainbow trout 
(Forster et al.  1999  ) . Similar reports have been 
documented for different species like rainbow 
trout (Rodehutscord and Pfeiffer  1995 ), channel 
cat fi sh (Li and Robinson  1997  ) , African cat fi sh 
(Van Weerd et al.  1999  ) , common carp (Schafer 
et al.  1995  )  and  Pangasius pangasius  (Debnath 
et al.  2005  ) . Robinson et al.  (  2002  )  reported that 
250 units of phytase per kilogram of diet could 
effectively replace dicalcium phosphate supple-
ment in the diet of channel cat fi sh without affect-
ing growth, feed ef fi ciency or bone phosphorus 
deposition. The treatment of  fi sh feed with 
phytase was found to improve protein digestibility 
and retention in  fi shes (Boling et al.  2001 ; Cheng 
and Hardy  2002 ; Usmani and Jafri  2002 ; Vielma 
et al.  2004 ; Sajjadi and Carter  2004 ; Debnath 
et al.  2005 ; Baruah et al.  2005 ; Ai et al.  2007 ; 
Altaff et al.  2008 ; Hassan et al.  2009  ) . Use of 
phytase in feeds reduces or sometimes eliminates 
the necessity of mineral supplementation, which 
also decreases the cost of feeds.  

   Transgenic Approaches for Skirmishing 
Environmental Phosphorus Pollution 

 The high phosphorus content of manure from 
monogastric animals is a leading source of phos-
phorus pollution in the areas of intensive live-
stock production. Thus, using phytase as a feed 
additive is a more practical and environmentally 
sound approach, but its use is limited by the pro-
duction cost, inactivation at high temperatures 
required for feed pelleting and loss of activity 
during storage. Golovan et al.  (  2001  )  approached 
this problem by an idea that if phytase is endog-
enously produced in the digestive tract of poultry, 
it may increase the bioavailability of plant phytate 
besides reducing the phosphorus output from ani-
mal production. Theoretically, an ‘ideal’ phytase 
should be catalytically ef fi cient, proteolysis resis-
tant, thermostable, cheap and broad substrate 
speci fi c with longer shelf life (Lei and Stahl 
 2001  ) . But, to the best of our knowledge none of 
the phytases studied so far have all these desired 
properties. However, single or multiple traits of 
phytases have been successfully improved by 
genetic manipulations. Some examples for trans-
genic modi fi cations are:
    1.    Transgenic mice expressed  E. coli  phytase in 

salivary gland and secreted a biologically 
active 55-kDa, with low pH optimum, pro-
tease-resistant, glycosylated protein in saliva. 
The transgenes were regulated either by the 
inducible rat R15 proline-rich protein (PRP) 
promoter or by the constitutive mouse parotid 
secretory protein (PSP) promoter. Expression 
of salivary phytase leads to signi fi cant reduc-
tion of faecal phosphorus, which suggested it 
to be a promising approach to reduce require-
ments for dietary phosphorus supplementa-
tion and phosphorus pollution from animal 
manure.  

    2.    Golovan et al.  (  2001  )  developed phytase trans-
genic pigs expressing salivary phytase to 
address the problem of manure-based environ-
mental pollution in the pork industry. The sali-
vary phytase has resulted in complete digestion 
of dietary phytate with concomitant omission 
of the inorganic phosphate supplementation 
and reduction of faecal phosphorus as compared 
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to wild pigs. Thus, this offered a unique 
biological approach for the management of 
phosphorus nutrition and environment pollu-
tion in the pork industry.  

    3.    With the development of heterologous micro-
bial expression systems, large amounts of the 
enzyme could be produced for animal feed use 
at relatively low costs. Submerged or solid-
state fermentation of phytase over produces 
good yields of phytase at low cost (Pandey 
et al.  2001 ; Singh and Satyanarayana  2006a, 
  2008b  ) . Recently, a great research effort has 
been made towards the use of methylotrophic 
yeast ( Pichia pastoris, Hansenula polymor-
pha ) (Han and Lei  1999 ; Wyss et al.  1999a,   b ; 
Rodriguez et al.  2000  ) . Phytase has also been 
expressed in  Streptomyces lividans  (Stahl 
et al.  2003 ) and  L. plantarum  (Kerovuo and 
Tynkkynen  2000  ) . The latter expression sys-
tem offers a possibility of combining phytase 
with the bene fi cial probiotic lactic acid bacte-
ria. A fungal phytase has been successfully 
expressed in seeds of soybean and alfalfa (Li 
et al.  1997 ; Ullah et al.  2002  ) .      

   Miscellaneous Application of Phytases 

     (a)     Food and Feed Industry  
 Phytase has degraded phytic acid during the 
manufacture of roller dried complementary 
foods based on  fl ours from rice, wheat, maize, 
oat, sorghum, and a wheat–soy  fl our blend 
(Hurrell et al.  2003  ) . Haros et al. ( 2001 ) 
investigated the possible use of phytases in 
the process of bread making. Different 
amounts of fungal phytase were added in 
whole wheat breads which proved phytase as 
an excellent bread-making improver. The fer-
mentation period was shortened without 
affecting the bread dough pH. An increase in 
bread volume and an improvement in crumb 
texture were also observed.  

    (b)     Preparation of myo-Inositol Phosphates  
 Inositol phosphates are known to play an impor-
tant role in transmembrane signalling and mobi-
lization of calcium from intracellular reserves 
resulted in the need for various  myo- inositol 

phosphate preparations (Billington  1993  ) . 
Phytases from microbial sources are known to 
produce different inositol phosphate interme-
diates.  d - myo -inositol 1,2,6-triphosphate, 
 d - myo -inositol 1,2,5-triphosphate,  l - myo -
inositol 1,3,4-triphosphate and  myo -inositol 
1,2,3-triphosphate were produced by hydrolysis 
of phytic acid by phytase of  S. cerevisiae  (Siren 
 1986a  ) . Greiner and Konietzny  (  1996  )  prepared 
 myo -inositol 1,2,3,4,5-pentakisphosphate,  myo -
inositol 2,3,4,5-tetrakisphosphate,  myo -inositol 
2,4,5-triphosphate and  myo -inositol 2,5-biphos-
phate using immobilized phytase from  E. coli.  
Inositol phosphate derivatives can be used as 
enzyme stabilizers (Siren  1986b  ) , enzyme sub-
strates for metabolic investigation, as enzyme 
inhibitors and therefore potential drugs and as 
chiral building blocks (Laumen and Ghisalba 
 1994  ) . Phytase for converting phytic acid to 
lower  myo -inositol phosphate derivatives or free 
 myo -inositol and inorganic phosphate was sug-
gested for the industrial production of  myo -
inositol or  myo -inositol phosphates (Brocades 
 1991  ) . Among the advantages of enzymatic 
hydrolysis are the stereo speci fi city and mild 
reaction conditions.  

    (c)     Plant Growth Promotion  
 Phosphorus de fi ciency in soil is a major world-
wide problem for agricultural production (Singh 
and Satyanarayana  2011b  ) . Microorganisms 
play an important role in the acquisition and 
transfer of nutrients in soil. Soil phosphorus is 
present in inorganic and organic forms. The 
major organic form is phytates, i.e. salts of phytic 
acid. These salts are insoluble and are not avail-
able for assimilation by plants (Singh and 
Satyanarayana  2011b  ) . However, microorgan-
isms can solubilize and mineralize phosphorus 
from inorganic and organic source (Singh and 
Satyanarayana  2011b  ) . There are a large number 
of reports on the role of phytase in improving the 
growth of plants and reducing the phosphorus 
pollution. Several  Bacillus  strains belonging to 
the  B. subtilis / amyloliquefaciens  isolated from 
rhizospheric soil were able to degrade phytate 
(Krebs et al.  1998  ) . The highest extracellular 
phytase activity was detected in strain FZB45, 
and diluted culture  fi ltrates of this strain 
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stimulated growth of maize seedlings under 
phosphate limitation in the presence of phytate. 
Both phytase and mould promote the growth of 
wheat seedlings when phytic acid was supplied 
as sole source of phosphorus (Singh and 
Satyanarayana  2010  ) . The growth and inorganic 
phosphate content of plants were better than 
control plants supplied with inorganic phos-
phate. The enzyme dose of 20 U per plant was 
suf fi cient to support plant growth. Plant growth, 
root/shoot length and the inorganic phosphate 
content of test plants were higher than control 
(Singh and Satyanarayana  2010  ) . Yip et al. 
 (  2003  )  showed that the phytase transgenic 
tobacco plants showed phenotypic changes in 
 fl owering, seed development, and response to 
phosphate de fi ciency. The transgenic line 
showed an increase in number of  fl ower and 
fruit, lesser seed IP6/IP5 ratio, and enhanced 
growth under phosphate-starvation conditions as 
compared to the wild type. Phytase and phos-
phatases producing fungi were used as seed 
inoculants to help attain higher phosphorus 
nutrition of plants in the soils containing high 
phytate phosphorus (Yadav and Tarafdar  2003  ) . 
Transgenic  Arabidopsis  harbouring phytase 
gene of  Medicago truncatula  led to signi fi cant 
improvement in organic phosphorus utilization 
and plant growth (Xiao et al.  2005  ) . Using 
phytate as the sole source of phosphorus, dry 
weight and total phosphorus content of the trans-
genic  Arabidopsis  lines were many fold higher 
than the control plants.  

    (d)     Peroxidase Activity of Phytases  
 Microbial phytases share some active site 
homology with each other. If a vanadium ion is 
incorporated in the active site of a phytase, it 
behaves like a peroxidase (Singh et al.  2011  ) . 
A semisynthetic peroxidase was designed by 
exploiting the structural similarity of the active 
sites of vanadium-dependent peroxidases and 
acid phosphatases. Under reaction conditions, 
the semisynthetic vanadium peroxidase is sta-
ble for over 3 days with only a slight decrease 
in turnover frequency (de Velde et al.  2000  ) . 
Phytases from  A.  fi cuum ,  A. fumigatus  and  A. 
nidulans  catalyzed enantioselective oxygen 
transfer reactions when incorporated with 
vanadium. However, phytase from  A.  fi cuum  

was unique in also catalyzing the enantioselective 
sulphoxidation, but at a lower rate, in the 
absence of vanadate ion. A cross-linked 
enzyme aggregate of 3-phytase was trans-
formed into peroxidase by vanadate incorpora-
tion in the active site of the enzyme (Correia 
et al.  2008  ) .       

   Conclusions and Future Perspectives 

 Phosphorus pollution in the area of intensive live-
stock production is the main area of concern for 
both food industrialist and bio-entrepreneurs. 
The livestock animals mainly feed on plant-
derived ingredients which contain high amount 
of anti-nutritional factor, i.e. phytic acid. This 
anti-nutritional factor can be degraded by physi-
cal and chemical methods, but these methods 
results in loss of nutritional quality of food and 
feed. The non-ruminant animals do not sustain 
intestinal micro fl ora which can degrade phytic 
acid; therefore, there is a necessity of supplemen-
tation of animal feed with microbial phytases. 
Microbial phytases not only degrade phytic acid 
but also improve the nutritional quality of food 
and feed by making minerals, phosphorus and 
proteins available to the animals. 

 Modern-day technology of molecular and 
genetic engineering has helped the scientist to 
develop transgenic microbes, animals and plants 
harbouring foreign genes of interest. 
Supplementation of microbial phytase to animal 
feed and generation of transgenic animals such as 
pigs and rats as well as plants maize and 
Arabidopsis-containing phytase gene have helped 
in the management of aquatic and terrestrial phos-
phorus pollution due to the reduction of phytic acid 
content and excretion to the environment. Therefore, 
supplementation of animal feed with microbial 
phytases will help in the skirmishing and manage-
ment of environmental phosphorus pollution 
caused by the excess phosphorus and nitrogen pres-
ent in the excreta of non-ruminant animals.      
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   Introduction 

 Alcohol distilleries are one of the most polluting 
industries generating an average of 8–15 L of 
ef fl uent, which is termed as distillery spent wash 

per litre of alcohol produced (Saha et al.  2005  ) . 
Several important industrial applications of 
alcohol such as in pharmaceuticals, food and 
perfumery as well as its use as an alternative fuel 
have promoted extensive growth of alcohol 
distilleries all over the world, and this industrial 
growth has also led to generation of massive 
quantities of the ef fl uent. There are 319 distill-
eries in India alone producing 3.25 billion litres of 
alcohol and generating 40.4 billion litres of waste-
waters annually (Pant and Adholeya  2007a  ) . 
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  Abstract 

 Distillery spent wash from alcohol manufacturing units such as breweries 
is highly polluted with organic components and is amongst the most 
polluting agroindustrial waste. Despite stringent standards imposed on 
ef fl uent quality, untreated or partially treated ef fl uents very often  fi nd 
access to watercourses. The distillery wastewater poses a serious threat to 
water quality in several regions around the globe. Lowering of pH values 
of the stream, increasing organic load, depletion of dissolved oxygen 
content, destruction of aquatic life and odour are some of the major pollu-
tion problems due to distillery wastewaters. Increasing number of biological 
clean-up technologies is being described, and novel bioremediation 
approaches for treatment of distillery spent wash are being worked out. 
Potential microbial processes (anaerobic and aerobic) for developing fea-
sible remediation technologies to combat environmental pollution due to 
distillery spent wash are in progress.  
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 Alcohol production in distilleries consists of 
four main steps, i.e. feed preparation, fermenta-
tion, distillation and packaging (Satyawali and 
Balakrishnan  2007  ) . Ethanol can be prepared 
from various biomass materials, but the potential 
for use of these materials as feedstock for indus-
trial scale ethanol production depends on their 
cost, availability, their carbohydrate contents and 
the ease by which they can be converted to alco-
hol (Ogbonna  2004  ) . Nearly 61% of world etha-
nol production is from sugar crops (Berg  2004  ) . 

 Most Indian distilleries exclusively use cane 
molasses as raw material for fermentation (Handa 
and Seth  1990  ) . Molasses is suitably diluted in 
order to have desired sucrose level in it. It is then 
supplemented with assimilable nitrogen source 
like ammonium sulphate or urea. It is also sup-
plemented with phosphate if necessary. The pH 
of the fermentation broth is adjusted below  fi ve 
using sulphuric acid. Fermentation is carried out 
for about 50 h by using 5% active culture of 
 Saccharomyces cerevisiae . Ethanol accumulates 
to 8–10% in the fermented mash. The fermented 
mash is then distilled, fractionated and recti fi ed 
after the removal of yeast sludge (Pathade  2003  ) . 
Apart from yeasts, a bacterial strain,  Zymomonas 
mobilis , has been demonstrated as a potential 
candidate for ethanol production (Chandraraj and 
Gunasekaran  2004  ) . The residue of the fermented 
mash which comes out as liquid waste is termed 
as spent wash (Pathade  2003 ; Singh et al.  2004 ; 
Nandy et al.  2002  ) . 

 The complex, caramelised and cumbersome 
agroindustrial wastewater generated from distil-
lation of fermenter mash is in the temperature 
range of 70–80°C, deep brown in colour and 
acidic in nature (low pH) with high concentration 
of organic materials, and solids. However, the 
pollution load of the distillery ef fl uent depends 
on the quality of molasses, unit operations for 
processing of molasses and process recovery of 
alcohols (Pandey et al.  2003  ) . 

 With government policies on pollution control 
becoming more stringent, distillery industries 
have been forced to look at more effective treat-
ment technologies, which would not only be 
bene fi cial to environment, but also reduce capital 
costs. Consequently, extensive treatment is 

required before the treated wastewater can meet 
the stipulated environmental demands. 

 This chapter presents the state of art and the 
experiences gained so far on different technolo-
gies and implementation strategies for promotion 
of treatment of distillery spent wash.  

   Pollution Potential of Distillery 
Spent Wash 

 The production and the characteristics of the 
spent wash are highly variable and dependent on 
the raw material used and various aspects of the 
ethanol production process (Satyawali and 
Balakrishnan  2007 ; Pant and Adholeya  2007a  ) . 
Wash water used to clean the fermenters, cooling 
water blowdown and broiler water blowdown 
further contributes to its variability (Pant and 
Adholeya  2007a  ) . Distillery spent wash has very 
high BOD (biological oxygen demand), COD 
(chemical oxygen demand) and high amounts of 
nitrogen, potassium, phosphates, calcium, sul-
phates and other solids (Table  14.1 ). Its recalci-
trant nature is due to presence of brown polymers 
melanoidins, which are formed by Maillard 
amino carbonyl reaction. These compounds have 
antioxidant properties, which render them toxic 
to many microorganisms typically present in 
wastewater treatment processes (Kumar et al. 
 1997  ) . The de fi ance of melanoidins to degrada-
tion is apparent from the fact that these com-
pounds escape various stages of wastewater 
treatment plants and  fi nally enter into the envi-
ronment. Apart from melanoidins, the other 
recalcitrant compounds present in the waste are 
caramel, variety of sugar decomposition prod-
ucts, anthocyanins and tannins and other xenobi-
otic compounds formed during yeast growth 
and processing of alcohol (Pandey et al.  2003  ) . 
Spent wash disposal into the environment is 
hazardous and has high pollution potential. 
Its high COD, total nitrogen and total phosphate 
means that its disposal into natural water bodies 
may result in eutrophication (Kumar et al.  1997  ) . 
The highly coloured components of the spent 
wash lead to a reduction of sunlight penetration 
in rivers, lakes or lagoons which in turn decreases 
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both photosynthetic activity and dissolved oxy-
gen concentration causing harm to aquatic life. 
Saxena and Chauhan  (  2003  )  investigated the 
effect of in fl uence of distillery ef fl uent on oxygen 
consumption in freshwater  fi sh  Labeo rohita  and 
concluded that presence of inorganic and organic 
salts in the ef fl uent interfered with the respiration 
in the  fi sh by coagulating gill mucous and caused 
asphyxiation, inhibition of mitochondrial enzyme 
and thus decreased dissolved oxygen consump-
tion. Matkar and Gangotri  (  2003  )  observed con-
centration-dependent toxicity of distillery ef fl uent 
on the freshwater crab  Barytelphusa guerini.  
Impact of distillery ef fl uent on carbohydrate 
metabolism of  Cyprinus carpio , a freshwater  fi sh, 
was studied by Ramakritinan et al.  (  2005  ) . Stress 
due to distillery ef fl uent caused defunct respira-
tory processes in the  fi sh resulting in anaerobio-
sis at organ level during sublethal intoxication.  

 Disposal on land is equally hazardous caus-
ing a reduction in soil alkalinity and manganese 
availability, inhibition of seed germination and 
ruin of vegetation (Kumar et al.  1997  ) . In a study 
carried out by Dhembare and Amin  (  2002  ) , indi-
ces indicating soil quality like sodium absorp-
tion ratio (SAR), soluble sodium percentage 
(SSP) and Kelly’s ratio were adversely affected 
in the soil which was amended with distillery 
ef fl uent. Constant disposal/irrigation of the soil 
with ef fl uent led to deleterious effect on the soil 

properties. Use of distillery ef fl uent in agriculture 
is controversial as researchers have reported its 
bene fi cial as well as its detrimental effect on crop 
yield and soil properties (Pathak et al.  1999  ) .  

   Treatment Technologies 

 A number of technologies have been explored for 
the reduction of pollution load of distillery 
ef fl uent. Various physico-chemical methods have 
been put into practice for treatment of distillery 
ef fl uent such as adsorption, coagulation–
 fl occulation, and oxidation processes such as 
Fenton’s oxidation, ozonation, electrochemical 
oxidation using various electrodes and electro-
lytes, nano fi ltration, reverse osmosis, ultrasound 
and different combinations of these methods. 
Majority of these methods remove colour by 
either concentrating the colour into sludge or by 
partial or complete breakdown of the colour mol-
ecules. Nevertheless, the disadvantages associ-
ated with these methods are excess usage of 
chemicals, sludge generation with subsequent 
disposal problems, high installation as well as 
operational costs and sensitivity to variable 
wastewater input. 

 Despite the existence of a variety of chemical 
and physical treatment processes, bioremediation of 
distillery ef fl uent is seen as an attractive solution due 

   Table 14.1    Characteristics of raw and anaerobically treated distillery ef fl uent a    

 Parameters 
 Values of distillery 
spent wash 

 Values of anaerobically 
treated ef fl uent 

 pH  3.0–4.5  7.5–8 
 BOD 

5
  (mgL −1 )  50,000–60,000  8,000–10,000 

 COD (mgL −1 )  1,10,000–1,90,000  45,000–52,000 
 Total solid (TS) (mgL −1 )  1,10,000–1,90,000  70,000–75,000 
 Total volatile solid (TVS) (mgL −1 )  80,000–1,20,000  68,000–70,000 
 Total suspended solid (TSS) (mgL −1 )  13,000–15,000  38,000–42,000 
 Total dissolved solids (TDS) (mgL −1 )  90, 000–1,50,000  30,000–32,000 
 Chlorides (mgL −1 )  8,000–8,500  7,000–9,000 
 Phenols (mgL −1 )  8,000–10,000  7,000–8,000 
 Sulphate (mgL −1 )  7,500–9,000  3,000–5,000 
 Phosphate (mgL −1 )  2,500–2,700  1,500–1,700 
 Total nitrogen (mgL −1 )  5,000–7,000  4,000–4,200 

   a Adapted from Acharya et al.  (  2008  )  and Mohana et al.  (  2007  )   
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to its reputation as a low-cost, environment-friendly 
and socioeconomically acceptable technology. The 
level of technology used and its effectiveness depend 
on the distillery and ultimately by national and 
international legislations. 

 Biological treatment of distillery spent wash is 
either aerobic or anaerobic but in most cases a 
combination of both. A typical COD/BOD ratio 
of 1.8-1.9 indicates the suitability of the ef fl uent 
for biological treatment (Singh et al.  2004  ) . 
Aerobic treatment of high organic load such as 
molasses is associated with operational dif fi culties 
of sludge bulking, inability of the system to treat 
high BOD or COD loads economically, relatively 
high biomass production and high cost in terms 
of energy (Jimnez et al.  2003  ) . Moreover, a 
BOD:N:P ratio of 100:2.4:0.3 suggests that 
anaerobic treatment methods will be more effec-
tive than aerobic treatment methods for reducing 
the pollution potential of distillery ef fl uent. 

 Anaerobic treatment of distillery ef fl uent is an 
accepted practice, and various high-rate reactor 
designs have been tried at pilot and full-scale 
operation (Lata et al.  2002  ) . 

   Anaerobic Treatment 

 Anaerobic digestion is viewed as a complex eco-
system in which physiologically diverse groups of 
microorganisms operate and interact with each 
other in a symbiotic, synergistic, competitive and 
antagonistic association in the process generating 
gas, which is mainly methane and carbon dioxide. 
The overall biochemistry of the process involves 
de fi ned carbon and electron  fl ow pathways for the 
metabolism of diverse organic substrates into sim-
ple carbon products. The use of C 14  tracer studies 
and the isolation of prevalent species and bacterial 
characterisation studies have resulted in a good 
quantitative picture of carbon  fl ow in biomethana-
tion. The anaerobic microbial food chain consists 
of mainly three functionally different groups of 
organism, namely, hydrolytic fermentative, syn-
trophic acetogenic and methanogenic bacteria 
(Jain et al.  1990  ) . 

 Methanogens posses very limited metabolic 
repertoire, using only acetate or C 

1
  compounds 

(H 
2
  and CO 

2
 , formate, methanol, methylamines 

or CO), with methane being end product of 
the reaction (Fig.  14.1 ). Of the methanogenic 
genera,  Methanosarcina  sp. and  Methanosaeta  
sp. form methane by the acetoclastic reaction. 
Fast-growing  Methanosarcina  sp. is predominant 
in high-rate, shorter retention digesters where in 
acetate concentration is higher.  Methanosaeta  sp. 
is predominant in low-rate slow turn over digest-
ers. Both carbon dioxide-reducing and acetoclas-
tic methanogens play an important role in 
maintaining stability of the digester. The failure 
in an anaerobic digester can occur if carbon diox-
ide-reducing methanogens fail to keep pace with 
hydrogen production (Nagamani and Ramasamy 
 1999  ) .  

 Wastewater treatment using anaerobic process 
is a very promising re-emerging technology 
which presents extremely interesting advantages 
compared to classical aerobic treatment: it has 
high capacity of degrading concentrated and 
resilient substances, produces very little sludge 
and requires little energy, and it can become 
pro fi table by cogenerating useful biogas 
(Mailleret et al.  2003  ) . However, these processes 
have been sensitive to organic shock loadings, 
have low pH and show slow growth rates of 
anaerobic microbes which lead to longer hydrau-
lic retention times (HRT). This often results in 
poor performance of in conventional mixed reac-
tors. In order to solve these problems, several 
high-rate con fi gurations have been developed for 
treating soluble wastewater at relatively shorter 
HRTs (Patel and Madamwar  2000  ) . 

 Realising the importance of minimum cell 
residence time (MCRT) as a process control fac-
tor, a number of anaerobic processes are available 
today depending in the way microbial biomass is 
retained in the reactor. Attempts to overcome the 
disadvantages of treating different industrial 
waste have led to development of various kinds 
of anaerobic processes (Joshi  1999  ) .  

   Single-Phasic and Biphasic Anaerobic 
Systems 

 Anaerobic systems can be operated as single-
phase or two-phase systems. Single-phase sys-
tems involve only one reactor for the 
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microorganisms to digest the organic matter, 
whereas two-phase systems separate the hydroly-
sis and acidogenic and methanogenic organisms 
into two separate reactors. A biphasic system is 
capable of optimising the fermentation steps of 
each stage in separate fermenters with a result that 
overall biphasic process ef fi ciency and kinetics 
are higher than those of conventional single-stage 
processes in which all primary and secondary 
organisms and associated fermentations are con-
ducted under the same identical environmental 
conditions of a single-stage digester. In primary 
phase fermentation step, the fermentation end 
products are formate, acetate and C 

3
  and higher 

volatile fatty acids, lactate, ethanol, carbon diox-
ide and hydrogen. It is basically acid fermentation 
phase. The secondary phase is acetotrophic meth-
ane fermentation where the end products are 
methane and carbon dioxide (Ghosh  1990  ) . 
Biomethanation using biphasic system is most 
appropriate treatment method for high-strength 
wastewater because of its reported advantages, 
namely, possibility of maintaining optimal conditions 
for buffering of imbalances between organic acid 
production and consumption, stable performance 

and higher methane concentration in the biogas 
produced (Seth et al.  1995  ) .  

   Anaerobic Lagooning 

 Anaerobic lagoons are the simplest choice for 
anaerobic treatment of distillery waste. Rao 
 (  1972  )  studied the applicability of anaerobic 
lagoon treatment of distillery waste in two pilot-
scale lagoons in series to offer overall BOD 
removals ranging from 82 to 92%. 

 However, the lagoon systems are seldom oper-
ational, souring being a frequent phenomenon. 
The groundwater contamination cannot be pre-
vented as these lagoons are generally unlined. 
They require large area to treat large volumes of 
waste, and they also lead to odour nuisance 
(Handa and Seth  1990 ; Singh et al.  2004  ) .  

   Conventional Anaerobic Reactors 

 The conventional digesters such as continuous 
stirred tank reactors (CSTR) are the simplest form 

  Fig. 14.1    Metabolic route for conversion of organic matter to the methanogenic substrates (acetate carbon dioxide and 
hydrogen) and  fi nally to methane and carbon dioxide       
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of closed reactors with supervision of gas collection. 
Treatment of distillery ef fl uent in CSTR has been 
reported in single as well as biphasic operations, 
resulting in 80–90% COD reduction in 10–15 days 
(Pathade  2003  ) . The hydraulic retention time 
(HRT) in CSTR-type reactor is determined by the 
speci fi c growth rate of the slowest growing micro-
organism in the system. This generally means that 
very high HRT values are required to achieve an 
acceptable level of degradation. The high HRT 
values make the CSTR concept less feasible and 
unattractive for treatment of the wastewaters 
(Kleerebezem and Macarie  2003  ) .  

   High-Rate Reactors 

   Anaerobic Fixed Film Reactors 
 In  fi xed  fi lm reactors, the reactor has a support 
structure (media) for biomass attachment. Fixed 
 fi lm offers the advantages of simplicity of con-
struction, elimination of mechanical mixing, bet-
ter stability even at higher loading rates and 
capability to withstand larger toxic shock loads. 
The reactors can recover very quickly after a 
period of starvation (Rajeshwari et al.  2000  ) . 
Amongst numerous anaerobic reactors developed 
for biomethanation, anaerobic  fi xed  fi lm reactors 
(AFFR) have emerged as the most popular one 
compared to other reactors due to availability of 
large biomass in the reactor (Patel and Madamwar 
 2002  ) . The colonisation process proceeds in three 
consecutive phases: lag phase (primary cellular 
attachment), bio fi lm production (bacterial accu-
mulation with production of biopolymer matrix) 
and steady-state establishment (establishment of a 
mature bio fi lm) (Michaud et al.  2002  ) . The nature 
of the media used for bio fi lm attachment has a 
signi fi cant effect on reactor performance. A wide 
variety of materials have been used as non-porous 
support media at laboratory and pilot scale, includ-
ing glass bead, red drain clay, sand and a number 
of different plastics and porous materials such as 
needle-punched polyesters, polyurethane foam 
and sintered glass (Perez et al.  1997  ) , waste tyre 
rubber (Borja et al.  1996  ) , poly(acrylonitrile–
acrylamide) (Lalov et al.  2001  )  and corrugated 
plastic (Perez-Garcia et al.  2005  ) . 

 Jhung and Choi  (  1995  )  performed a comparative 
study of UASB (Up fl ow Anaerobic Sludge 
Blanket) and anaerobic  fi xed  fi lm reactors for 
treatment of molasses waste. The  fi xed  fi lm reac-
tor was fabricated with a total volume of 5.4 L, 
 fi lled with Koch plastic media having a porosity 
of 93–95%, a diameter of 1.6 cm and a speci fi c 
area of 345 m 2 m −3 , and the total volume of the 
UASB reactor was 4.4 L. The  fi xed  fi lm reactor 
was found to be more ef fi cient than the UASB 
reactor as it could be operated at higher OLR 
(organic loading rates) (19 kg COD m −3 d −1 ) than 
UASB (12.5 kg COD m −3  d −1 ), and it produced 
higher COD removal ef fi ciencies at OLR of 10 kg 
COD m −3  d −1 . The better performance of the  fi xed 
 fi lm reactor was attributed its ability to retain 
higher biomass even at higher OLR. Seth et al. 
 (  1995  )  carried out comparative studies on the 
performance of two different support material, 
namely, granular activated carbon (GAC) and 
clay brick granules (CBG) on biomethanation of 
distillery spent wash in a biphasic  fi xed  fi lm reac-
tor. The maximum OLR achieved with GAC was 
21.3 kg COD m −3  d −1 , corresponding to a HRT of 
4 d with COD and TVA reductions of 67 and 
82%, respectively, whereas OLR achieved with 
CBG was 22 kg COD m −3  d −1 , corresponding to a 
HRT of 3d with COD and TVA reductions of 71.8 
and 88.5%, respectively. The better performance 
of CBG over GAC as support material was attrib-
uted to its better support characteristics which 
were con fi rmed by SEM analysis. 

 Thermophilic stability of the  fi xed  fi lm reac-
tors was investigated by Perez et al . (  1997  )  using 
anaerobic  fi xed  fi lm reactor packed with porous 
sintered glass support. This carrier was termed as 
SIRAN and was produced by sintering of a mix-
ture of glass and salt powder. The resulting 
sponge had a well-de fi ned pore size distribution 
(double pore structure) which resulted in 80% 
COD reduction at a COD loading rate of 3.81 kg 
COD m −3 d −1  within 75 days. Thus the study 
revealed that under thermophilic anaerobic 
conditions, the support material enabled fast 
attachment of the microorganisms resulting in 
short start-up and stable operation. In another 
study, Perez-Garcia et al.  (  2005  )  studied the 
in fl uent pH conditions in  fi xed  fi lm reactors for 
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anaerobic thermophilic treatment of wine distillery 
 wastewaters. The results obtained showed that 
the pH of the in fl uent in fl uences the performance 
of the biodegradation process and the depurative 
ef fi ciency is higher for the operation with alka-
line in fl uent. The operation with acid in fl uent 
allowed the reactor to operate at organic loading 
rates (OLR) around 5.6 kg COD m −3 d −1  (hydraulic 
retention time: 1.5 days), maintaining total chem-
ical oxygen demand (COD) removal of 77.2%; 
the operation with alkaline in fl uent allowed total 
COD removal of 76.8% working at OLR around 
10.5 kg COD m −3  d −1 . The greatest ef fi ciency of 
substrate removal was 87.5% for OLR 3.2 kg 
COD m −3 d −1  and hydraulic retention time of 
4 days operating with alkaline in fl uent. Therefore, 
the operation with alkaline in fl uent implicates 
senior levels of purifying ef fi ciency for similar 
organic load rate. Acharya et al.  (  2008  )  performed 
a comparative study of low-cost packing materi-
als for the treatment of distillery spent wash using 
anaerobic  fi xed  fi lm reactors. They found coco-
nut coir as the best supporting material, as the 
system supported the treatment at very high 
organic loading rate of 31 kg COD m −3 d −1  with 
50% COD reduction. Charcoal and nylon  fi bres 
were other packing materials used in the study. 
Charcoal was able to retain the active biomass at 
the OLR of 15.5 kg COD m −3 d −1  resulting in more 
than 60% COD reduction, but nylon  fi bres failed 
to support the bio fi lm development even at higher 
HRT and lower OLR.  

   Up fl ow Anaerobic Sludge Blanket (UASB) 
Reactors 
 In the recent years, the UASB process has been 
successfully used for the treatment of various 
types of wastewaters (Lettinga and Hulshoff Pol 
 1991  ) . UASB reactor systems belong to the cat-
egory of high-rate anaerobic wastewater treat-
ment, and hence it is one of the most popular and 
extensively used for treatment of distillery waste-
waters globally. The success of UASB depends 
on the formation of active and settleable gran-
ules (Fang et al.  1994  ) . These granules consist of 
aggregation of anaerobic bacteria self-immobil-
ised into compact forms. This enhances the set-
tleability of biomass and leads to an effective 

retention of bacteria in the reactor (Akunna and 
Clark  2000  ) . Particularly attractive features of the 
UASB reactor design include its independence 
from mechanical mixing of digester contents, 
recycling of sludge biomass (Kalyuzhnyi et al. 
 1997  )  and ability to cope up with perturbances 
caused by high loading rates and temperature 
 fl uctuations (Sharma and Singh  2000  ) . The 
UASB technology is well suited for high-strength 
distillery wastewaters only when the process has 
been successfully started up and is in stable 
operation. To achieve successful start-ups, the 
reactors must be operated at a low loading rate of 
between 4 and 8 kg COD m −3 d −1 , and the COD 
removal ef fi ciency must be monitored carefully. 
Once the COD removal ef fi ciencies are above 
90%, then the loading rate can be increased 
(Wolmarans and Villiers  2002  ) . Malt whisky dis-
tillery pot ale, a liquid waste product from the 
malt whisky industry, treated in a laboratory-
scale UASB reactor (Goodwin and Stuart  1994  )  
indicated the importance of dilution and pH con-
trol in attaining a high COD reduction. There is 
normally a rise in the pH due to ammonia pro-
duction during the process of digestion. The 
maximum loading rate for a stable operation was 
15 kg COD m −3 d −1  at a retention time of 2.1 days. 
Florencio et al .   (  1997  )  investigated the environ-
mental factors that are of importance in the pre-
dominance of methylotrophic methanogens over 
acetogens in a natural mixed culture during 
anaerobic treatment in UASB reactors. An 
increased growth rate of the methanogens at 
higher temperatures makes the thermophilic 
anaerobic digestion process a suitable alternative 
to mesophilic digestion (Rajeshwari et al.  2000  ) . 
Harada et al .   (  1996  )  investigated the feasibility 
of UASB reactors at thermophilic temperatures. 
A 140-L UASB reactor was studied for a period 
of 430 days. Organic loading rate was applied 
up to 28 kg COD m −3 d −1  by reducing hydraulic 
retention time at a  fi xed in fl uent concentration 
of 10 kg COD m −3 d −1 . COD removal was about 
67%, while BOD removal was more satisfactory 
(>80%). Successful operation of the UASB 
reactors treating distillery waste at psychrophilic 
temperatures (4–10°C) was studied by operating 
one- and two-stage UASB reactors. The organic 
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loading rate varied from 4.7 to 1.3 g COD at 
hydraulic retention times of 6–7 days for one-
stage reactor and 2 days for the two-stage reac-
tor. The average total COD removal for vinasses 
wastewaters was 60% in the one-stage reactor 
and 70% in the two-stage reactors. In situ deter-
minations of kinetic sludge characteristics 
(apparent V 

m
  and K 

m
 ) revealed the existence of 

substantial mass transfer limitations for the solu-
ble substrates inside the reactor sludge bed. 
Therefore, application of higher recycle ratios is 
essential for enhancement of UASB pretreat-
ment under psychrophilic conditions (Kalyuzhnyi 
et al .   2001  ) . The conventional UASB reactors 
concept showed severe limitations mainly owing 
to problems related to mass transfer resistance or 
the appearance of concentration gradients inside 
the systems (van Lier et al.  2001  ) . 

 Some other disadvantages of the process are 
primary start-up which requires several weeks; 
granulation process is dif fi cult to control and 
depends on a large number of parameters, and as 
organic load increases, a proper monitoring of 
the process needs to be done especially to main-
tain requisite alkalinity to counter excessive acid 
accumulation (Ghangrekar et al.  2003  ) . In last 
decades, the system-speci fi c parameters of UASB 
reactors have been modi fi ed to increase the load-
ing potentials and/or to widen the applicability of 
anaerobic reactor systems for various types of 
wastewaters (van Lier et al.  2001  ) . By making 
use of the high settleability of the methanogenic 
sludge granules (40–60 mh −1 ), expanded granular 
sludge bed (EGSB) systems were developed, 
which are operated at up fl ow velocities exceed-
ing 8 mh −1 , brought about by an increased height/
diameter ratio and external circulation pump. In 
contrast to the conventional UASB reactor, the 
EGSB systems are not equipped with an internal 
settler but with an advanced gas–liquid–solid 
separation device (van Lier et al.  2001  ) . As a 
result of the excellent contact between wastewa-
ters and sludge, these systems can handle higher 
organic loading rates, while they are also less 
sensitive for negative effects of suspended solids 
present in the wastewaters than conventional 
UASB systems (Lettinga  1990  ) . Anaerobic treat-
ment of low-strength brewery wastewater, with 

in fl uent total chemical oxygen demand (CODin) 
concentrations ranging from 550 to 825 mg/L, 
was investigated in a pilot-scale 225.5-L expanded 
granular sludge bed (EGSB) reactor. At 20°C, 
COD removal ef fi ciencies exceeding 80% were 
obtained at an OLR up to 12.6 kg COD m −3 d −1 , 
with CODin between 630 and 715 mgL −1 . The 
values of HRT and liquid up fl ow velocity applied 
were 2.1–1.2 h and 4.4–7.2 mh −1 , respectively. 
The acidi fi ed fraction of the CODin was above 
90%, but sludge washout was not signi fi cant. 
These results indicate that the EGSB potentials 
can be further explored for the anaerobic treat-
ment of low-strength brewery wastewater, even at 
lower temperatures (Kato et al.  1999  ) . 

 A signi fi cant improvement in UASB system 
was achieved by modifying the reactor and by 
operating these modules in series. Akunna and 
Clark  (  2000  )  proposed a hybrid reactor, which 
was a combination of UASB and an anaerobic 
baf fl ed reactor for treatment of high-strength 
wastewaters, referred to as granular bed anaero-
bic baf fl ed reactor (GRABBR). GRABBR, which 
combined advantages of a baf fl ed reactor, and a 
UASB treated whisky distillery waste. Up to 80% 
of chemical oxygen demand (COD) and 90% of 
biological oxygen demand (BOD) removal were 
observed for organic loading rate of 4.75 kg 
COD m −3 d −1 . Biogas production increased with 
increasing loading rates from 10 to 22 Ld −1  for 
loading rates 0.99 and 4.75 kg COD m −3 d −1 . The 
methane content was 60–70%. The effectiveness 
of the reactor stemmed from the process stability 
created by phase separation provided by reactor 
con fi guration. The system also showed very high 
solid retention with ef fl uent suspended solid con-
centration of about 80 mg/L for all organic and 
hydraulic conditions. This was attributed to the 
occurrence of granular methanogens in zones 
downstream of zone occupied by non-granular 
acidogens. 

 Upon realising the potential advantages of 
biphasic biomethanation, Uzal et al.  (  2003  )  inves-
tigated the anaerobic treatment of whisky distill-
ery waste in two-stage UASB reactors and 
concluded that the system worked ef fi ciently 
even at OLRs as high as 39 kg COD m −3 d −1  result-
ing in 95–96% COD reduction.  
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   Anaerobic Fluidised Bed Reactors 
 In the anaerobic  fl uidised bed reactor, the media 
for bacterial attachment and growth are kept in 
the  fl uidised state by drag forces exerted by the 
up fl owing wastewater. The media used are small 
particle size sand, activated carbon, etc. Under 
 fl uidised state, each medium provides a large sur-
face area for bio fi lm formation and growth. It 
enables the attainment of high reactor biomass 
hold-up and promotes system ef fi ciency and sta-
bility. This provides an opportunity for higher 
organic loading rates and greater resistance to 
inhibitors. Fluidised bed technology is an effec-
tive anaerobic technology for treatment of high-
strength wastewater as it favours the transport of 
microbial cells from the bulk to the surface and 
thus enhances the contact between the microor-
ganisms and the substrate (Perez et al.  1998  ) . 
Kida et al.  (  1995  )  studied the biological treat-
ment of Shochu distillery wastewater using an 
anaerobic  fl uidised bed reactor. By addition of 
nickel and cobalt, diluting the waste, maximum 
TOC loading rate of 22 kg TOC m −3 d −1  could be 
achieved resulting in 70% TOC reduction. Ability 
of anaerobic  fl uidised bed reactor to treat high-
strength wastewaters like distillery waste under 
thermophilic temperatures was studied by Perez 
et al.  (  1997  ) . It was con fi rmed that AFB systems 
can achieve >82.5% COD reduction at a COD 
loading of 32.3 kg COD m −3 d −1  corresponding to 
hydraulic retention time (HRT) of 0.46 day. The 
greatest ef fi ciency of substrate removal was 97% 
for an organic loading rate of 5.9 kg COD m −3 d −1  
and HRT of 2.5 days. The food-to-microorganism 
(F:M) ratio can be used as a parameter for treat-
ment performance evaluation of AFB. For 
vinasses, excellent COD reduction and methane 
production were achievable at the F:M ratio of 
0.55 kg COD kg −1  VSatt d −1  (more than 80% of 
feed COD was removed, and 9 m 3 m −3 d −1  of meth-
ane was produced). Perez-Garcia et al.  (  2005  )  
compared the performance of two high-rate tech-
nologies – up fl ow anaerobic  fi xed  fi lm reactor 
and anaerobic  fl uidised bed reactor – and con-
cluded that the  fl uidised bed reactor, operated on 
open-pore sintered glass media, gives total COD 
removal of 96% at OLR 

0
  of 5.88 kg COD m −3 d −1 . 

The anaerobic  fl uidised bed technology is more 

effective than the up fl ow anaerobic  fi xed  fi lm 
technology, fundamentally as this technology 
favours the transport of microbial cells from the 
bulk to the surface and thus enhancing the con-
tact between the microorganism-substrate phases. 
Application of  fl uidised bed reactor in principle 
overcomes mass transfer limitations, but these 
systems are dif fi cult to manage because of prob-
lems of bio fi lm stability, due to shear stresses or 
to bed segregation from the inert support mate-
rial. Moreover, in order to obtain complete 
 fl uidisation, the energy requirements of  fl uidised 
bed reactors are relatively very high (van Lier 
et al.  2001  ) .   

   Anaerobic Batch Reactors 

 Treatment of distillery waste using batch reactors 
has not been widely attempted, and potentials, 
operational feasibility and scaleup of such reac-
tors need to be explored. Treatment of winery 
wastewater was investigated using an anaerobic 
sequencing batch reactor (ASBR). The reactor 
was operated at an organic loading rate (ORL) 
around 8.6 kg COD m −3 d −1  with soluble chemical 
oxygen demand (COD) removal ef fi ciency 
greater than 98%, hydraulic retention time (HRT) 
of 2.2d (Ruiz et al.  2002  ) . Banerjee and Biswas 
 (  2004  )  designed a semi-continuous batch digester 
to investigate biomethanation of distillery waste 
in mesophilic and thermophilic range of tempera-
tures. The study revealed that there is enormous 
effect of digestion temperature and substrate con-
centration in terms of BOD and COD loading on 
yield of biogas as well as methane content of bio-
gas. Maximum BOD reduction (86.01%), total 
gas production and methane production (73.23%) 
occurred at a BOD loading rate of 2.74 kg m −3  at 
50 °C digestion temperature.  

   Novel Anaerobic Reactors 

 Innovative research into bioreactor designs for 
treatment of high-strength waste like distillery 
ef fl uent has led to development of novel 
bioreactors. 
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 To overcome the dif fi culties of substrate feeding 
during start-up and to prevent excessive accumula-
tion of volatile fatty acids, Uyanik  (  2003  )  devel-
oped the split fed anaerobic baf fl ed reactor 
(SFABR). The potential advantage of the SFABR 
over the normally fed ABR includes reduction in 
the severity of conditions (toxicity) in the initial 
compartments. Split feeding prompted balanced 
gas production between compartments and 
improved mixing pattern in the reactor. Distillery 
ef fl uent was fed into the reactor at an OLR of 
10.5 kg COD m −3 d −1  and after 70 days operation 
resulted in 90% COD reduction. Arnaiz et al. 
 (  2005  )  designed an invert turbulent bed reactor for 
treatment of wine distillery waste using pre-colo-
nised bioparticles. The reactor was a modi fi cation 
of inverse  fl uidised bed showing advantages in 
terms of better sludge recovery, better liquid recy-
cling, reducing clogging problems and lower 
energy requirements due to low  fl uidisation rates. 
The maximum OLR achieved by the reactor was 
28.2 kg COD m −3 d −1  corresponding to an HRT of 
11.2 h and resulting in about 92% COD reduction. 
Kumar et al .   (  2007  )  carried out the biomethanation 
of distillery spent wash in an anaerobic hybrid 
reactor (combining sludge blanket and  fi lter) in a 
continuous mode. The study demonstrated that at 
optimum HRT of 5 days and at OLR of 8.7 kg 
COD m −3 d −1 , the COD removal ef fi ciency of the 
reactor was 79% and concluded that anaerobic 
hybrid reactor could be successfully employed for 
treatment of distillery spent wash. 

 Research into advancing anaerobic treatment 
technology has been going on for many years. 
The research has produced many patented sys-
tems that provide a variety of advantages in terms 
of system ef fi ciency, size, capital cost, treatment 
 fl exibility, process stability and operating costs. 
The research into anaerobic digestion continues 
with efforts to bring into practice outstanding 
technologies for ecological restoration.  

   Aerobic Treatment 

 Anaerobically treated distillery spent wash still con-
tains high concentrations of organic pollutants and 
as such cannot be discharged directly. Partially 

treated spent wash has high biological oxygen 
demand (BOD), chemical oxygen demand (COD), 
suspended solids and high C:N ratio (>20). It can 
reduce the availability of important mineral nutrients 
by trapping them into immobile organic forms and 
may produce phytotoxic substances during decom-
position. It is thus unsuitable for irrigation. Treatment 
comprising physico-chemical methods, adsorption 
and advanced chemical oxidation processes basi-
cally adopted for colour removal in addition to trace 
organics involves high operational cost. Stringent 
regulations on discharge of coloured ef fl uent impede 
direct discharge of anaerobically treated ef fl uent 
(Nandy et al.  2002  ) . Colourants encountered in sug-
arcane processing are normally biopolymeric colloi-
dal materials that are negatively charged. All 
colourants, except caramel, contain phenolics groups 
in their structures, and phenolics groups contribute 
to the formation of colourants. IR spectra of alkaline 
degradative products indicate the presence of ionis-
able, high molecular weight amino acids. It has been 
suggested that most of the phenolic colourants are 
derived from benzoic and cinnamic acid that are pre-
cursors of  fl avonoids, the yellow plant pigments 
responsible for colour formation. The phenolic acids 
which form coloured complexes with iron or get oxi-
dised to polymeric colourants are o-hydroxy or 
o-dihydroxy acids (Mane et al.  2006  ) . During heat 
treatment, the Maillard reaction takes place resulting 
in formation of melanoidins, one of the  fi nal prod-
ucts of Maillard reaction. 

 Aerobic treatment of anaerobically treated 
distillery spent wash has been attempted for the 
decolourisation of the major colourant, melanoi-
dins, and for further reduction of the organics and 
thus reducing the chemical oxygen demand 
(COD) and biological oxygen demand (BOD) 
further. A large number of microorganisms such 
as bacteria (pure and mixed culture), cyanobacte-
ria, yeast and fungi have been isolated in recent 
years that are capable to degrade melanoidins and 
thus decolourise the waste.  

   Fungal Treatment 

 Fungi are recognised by their superior aptitude to 
produce a large variety of extracellular proteins, 
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organic acids and other metabolites and for 
capacity to adapt to severe environmental con-
straints (Coulibaly et al.  2003  ) . Increasing atten-
tion has been directed towards utilising microbial 
activity for decolourisation of molasses spent 
wash, and several reports have indicated that 
some fungi in particular have potential for use in 
this purpose (Kumar et al.  1998  ) . Some of the 
most studied fungi having the ability to degrade 
and decolourise distillery ef fl uent are  Aspergillus 
fumigatus  G-2–6,  A. niger, A. niveus  and  A. 
fumigatus  U 

B2
 60 which brought about an average 

of 69–75% decolourisation along with 70–90% 
COD reduction (Ohmomo et al.  1987 ; Miranda 
et al.  1996 ; Jimnez et al.  2003 ; Shayegan et al. 
 2005 ; Angayarkanni et al.  2003 ; Mohammad 
et al.  2006  ) . Treatment of distillery spent wash 
with ascomycetes group of fungi such as 
 Penicillium  spp. , Penicillium decumbens  and 
 Penicillium lignorum  resulted in about 50% 
colour and COD reduction and 70% phenol 
removal (Jimnez et al.  2003  ) . Sirianuntapiboon 
et al.  (  1995  )  reported an absorption mechanism 
for decolourisation of melanoidins by  Rhizoctonia  
spp .  D-90. The fungal culture decolourised the 
molasses medium as well as the synthetic mel-
anoidin medium by absorption of melanoidin 
pigment by the cells as a macromolecule and its 
intracellular accumulation in the cytoplasm and 
around the cell membrane as melanoidin com-
plex, which was then gradually decolourised by 
intracellular enzymes. 

 White-rot fungi is another group of one of the 
most widely exploited microorganism in distill-
ery ef fl uent bioremediation. White-rot fungi pro-
duce various isoforms of extracellular oxidases 
including laccases, manganese peroxidases and 
lignin peroxidase, which are involved in the deg-
radation of lignin in their natural lignocellulosic 
substrate. This ligninolytic system of white-rot 
fungi is directly involved in the degradation of 
various xenobiotic compounds and dyes 
(Wesenberg et al.  2003  ) . Table  14.2  gives details 
about different white-rot fungi employed in 
decolourisation of distillery ef fl uent and the role 
of different enzymes in the process.  

 Recently, Pant and Adholeya  (  2007b  )  isolated 
three fungal cultures and identi fi ed them by using 

molecular approaches as  Penicillium pinophilum  
TERI DB1,  Alternaria gaisen  TERI DB6, and 
 Pleurotus  fl orida  EM 1303. These cultures were 
found to produce ligninolytic enzymes and 
decolourised the ef fl uent up to 50, 47, and 86%, 
respectively.  

   Bacterial Treatment 

 Different bacterial cultures have been isolated 
capable of both bioremediation and decolourisa-
tion of anaerobically treated distillery spent wash. 
Kumar and Viswanathan  (  1991  )  isolated bacterial 
strains from sewage, and these strains were able 
to reduce the COD of the distillery ef fl uent by 
80% after 4–5 days. Carbon dioxide, volatile acids 
and biomass were the products of biodegradation 
of the ef fl uent. Kumar et al . (  1997  )  isolated a fac-
ultative anaerobic pure bacterial culture L-2, a 
Gram-positive nonmotile rod belonging to genus 
Lactobacilli, which was able to decolourise the 
ef fl uent by 31% and remove 57% COD of 12.5% 
diluted wastewater supplemented with 10gL −1  
glucose in 7 days. Nakajima-Kambe et al.  (  1999  )  
isolated a  Bacillus  sp. which decolourised molas-
ses wastewater up to 35.5% within 20 d at 55 °C 
(thermophilic conditions) under anaerobic condi-
tions. The molecular weight distribution as deter-
mination by gel permeation chromatography 
revealed that there was decrease in colour contrib-
uting small molecules as well as large molecules. 
Some researchers carried out melanoidin 
decolourisation by using immobilised whole cells. 
Ohmomo et al.  (  1988  )  used calcium alginate-
immobilised cells of  Lactobacillus hilgardii  to 
decolourise melanoidin solution which resulted in 
40% decolourisation. Decolourisation of molas-
ses wastewater by immobilised cells of 
 Pseudomonas  fl uorescens  on porous cellulose 
carrier was attempted achieving 76% decolourisa-
tion in 24 h at 30°C. Cellulose carrier coated with 
collagen was found to be most ef fi cient carrier, 
which could be reused with 50% decolourisation 
activity retained until the seventh day (Dahiya 
et al.  2001a  ) . Jain et al.  (  2001  )  isolated three bac-
terial cultures from the activated sludge of a dis-
tillery wastewater plant identi fi ed as  Xanthomonas 
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fragariae ,  B. megaterium  and  B. cereus  which 
were found to remove COD and colour from the 
distillery ef fl uent in the range of 55–68% and 
38–58%, respectively. Two bacterial strains 
 Pseudomonas putida  U and  Aeromonas  strain 
Ema, in a two-stage bioreactor, were used to 
bioremediate anaerobically treated distillery spent 
wash. In the  fi rst stage,  P. putida  reduced the COD 
and colour by 44.4 and 60%. The  Aeromonas 
strain Ema , in the second stage, reduced the COD 
by 44%. Algal bioassay was used to evaluate the 
quality of the spent wash before and after treat-
ment. The spent wash was eutrophic before exper-
imental treatment, but, after treatment, it showed 
poor algal growth (Ghosh et al.  2002  ) . In another 
study, Ghosh et al .   (  2004  )  isolated various bacte-
rial strains capable of using recalcitrant com-
pounds of molasses spent wash as sole carbon 
source and thus reducing the COD of the waste. 
The microorganisms were identi fi ed by molecular 
methods like 16S rRNA sequencing, and their 
phylogenetic relationship elucidated. Six strains, 
namely,  Pseudomonas ,  Enterobacter ,  Aeromonas , 
 Stenotrophomonas ,  Acinetobacter  and  Klebsiella  
brought about 44% COD reduction of the distill-
ery ef fl uent; however, no decolourisation was 
observed. Sirianuntapiboon et al.  (  2004  )  isolated 
an acetogenic strain from vegetable and juice 
samples which decolourised the molasses pig-
ment medium and anaerobically treated distillery 
ef fl uent to 73–76% within 5 days when supple-
mented with glucose and nitrogen sources. In 
replacement culture system involving six replace-
ments, the strain showed constant decolourisation 
and decrease in BOD and COD values of 58.5–
82.2% and 35.5–71.2%, respectively. 

 Sangave and Pandit  (  2006a  )  proposed a com-
bined treatment technique consisting of enzy-
matic hydrolysis by cellulases followed by 
aerobic oxidation with a Gram-positive culture 
ASN 6. The rate of aerobic oxidation was 
enhanced by 2.3-fold for pretreated sample as 
compared to untreated sample. In another study, 
Sangave and Pandit  (  2006b  )  used a combination 
of irradiation with ultrasound and hydrolysis with 
cellulase prior to aerobic oxidation with ASN 6 
which resulted in fourfold increase in the initial 
oxidation rate over the untreated batch of 
ef fl uent. 

 Mixed culture studies have been carried out by 
several researchers for degradation of different 
ef fl uents such as textile ef fl uents. As the catabolic 
activities of microorganisms in a mixed consor-
tium complement each other, obviously syn-
trophic interactions present in mixed communities 
lead to complete mineralisation of the ef fl uent 
(Moosvi et al.  2007  ) . The decolourisation of syn-
thetic melanoidins (i.e. GGA, GAA, SGA and 
SAA) by three  Bacillus  isolates,  Bacillus thur-
ingiensis  (MTCC 4714),  Bacillus brevis  (MTCC 
4716) and  Bacillus  sp. (MTCC 6506), was studied 
by Kumar and Chandra  (  2006  ) . Signi fi cant reduc-
tion in the values of physico-chemical parameters 
was noticed along with the decolourisation of all 
four melanoidins (10% v/v).  B. thuringiensis  
(MTCC 4714) caused maximum decolourisation 
followed by  B. brevis  (MTCC 4716) and  Bacillus  
sp. (MTCC 6506). A mixed culture comprised of 
these three strains was capable of decolourising 
all four melanoidins. The medium that contained 
glucose as a sole carbon source showed 15% more 
decolourisation than that containing both carbon 
and nitrogen sources. Melanoidin SGA was maxi-
mally decolourised (50%), while melanoidin 
GAA was decolourised least (6%) in the presence 
of glucose as a sole energy source. The addition of 
1% glucose as a supplementary carbon source 
was essential for co-metabolism of melanoidin 
complex. The decolourisation of synthetic mel-
anoidin by three  Bacillus  sp. signi fi cantly reduced 
the toxicity to the tubi fi cid worm ( Tubifex tubifex , 
Müller). Chaturvedi et al.  (  2006  )  isolated and 
characterised 15 culturable rhizosphere bacteria 
of  Phragmites australis  growing in distillery 
ef fl uent-contaminated sites. These 15 cultures 
were  Microbacterium hydrocarbonoxydans , 
 Achromobacter xylosoxidans ,  Bacillus subtilis ,  B. 
megaterium ,  B. anthracis ,  B. licheniformis ,  A. 
xylosoxidans ,  Achromobacter  sp.,  B. thuringien-
sis ,  B. licheniformis ,  B. subtilis Staphylococcus 
epidermidis ,  Pseudomonas migulae ,  Alcaligenes 
faecalis  and  B. cereus  which collectively brought 
about 76% decolourisation and 85–86% BOD and 
COD reduction of the ef fl uent within 30 days. A 
bacterial consortium comprising of  Pseudomonas 
aeruginosa  PAO1 , Stenotrophomonas maltophilia  
and  Proteus mirabilis  isolated from distillery 
ef fl uent-contaminated sites exhibited 67% 
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decolourisation and 51% COD reduction within 
72 h in presence of glucose and basal salts 
(Mohana et al.  2007  ) .  

   Cyanobacterial/Algal Treatment 

 Cyanobacteria are considered ideal for treatment 
of distillery ef fl uent as they apart from degrading 
the polymers also oxygenate water bodies, thus 
reducing the BOD and COD. Kalavathi et al. 
 (  2001  )  explored the possibility of using a marine 
cyanobacterium for decolourisation of distillery 
spent wash and its ability to use melanoidins as 
carbon and nitrogen source. A marine  fi lamentous, 
non-heterocystous form  Oscillatoria boryana  
BDU 92181 used the recalcitrant biopolymer 
melanoidin as nitrogen and carbon source lead-
ing to decolourisation. Indirect evidence through 
the study of nitrogen assimilating enzymes as 
well as direct evidence of using  14 C radiolabeled 
synthetic melanoidins con fi rms this ability. The 
organism decolourised pure melanoidin pigment 
(0.1% W/V) by about 75% and crude pigment in 
the distillery ef fl uent (5% V/V) by about 60% in 
30 days. The mechanism of colour removal is 
postulated to be due to the production of hydro-
gen peroxide, hydroxyl anions and molecular 
oxygen, released by the cyanobacterium during 
photosynthesis. Valderrama et al.  (  2002  )  studied 
the feasibility of combining microalgae  Chlorella 
vulgaris  and macrophyte  Lemna minuscula  for 
bioremediation of wastewater from ethanol-pro-
ducing units. This combination resulted in 61% 
COD reduction and 52% colour reduction. First, 
the microalgal treatment led to removal of organic 
matter, and further treatment with macrophytes 
removed other organic matter and colour and pre-
cipitated the microalgae.   

   Conclusion 

 Distillery ef fl uent has been treated by implement-
ing different bioremediation technologies like 
anaerobic digestion using various reactor designs 
and aerobic treatment with bacteria, fungi and 
other microorganisms. However, these bioreme-
diation technologies have their pros and cons 

which have been mentioned in the chapter. 
A common feature of these methods is their rela-
tive cost and for some the simultaneous creation 
of other hazardous by-products. Hence, there 
exists a need to develop a comprehensive treat-
ment technology which is not only cost-effective 
and ecofriendly but also meets the discharge 
quality standards of pollution control boards.      
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  Abstract 

 The handmade paper industry is one of the most prominent export-oriented 
sectors of India. Handmade paper means “totally eco-friendly paper” 
crowned with a trademark of eco-friendliness, utilizing nonwoody raw 
material for handmade papermaking. In the present scenario, there is 
global consciousness about ecology and environment due to alarming 
“ozone hole” and “greenhouse effect” due to deforestation. It is said that 
27 trees are being cut to make 1 Tonne of paper based on 45% yield, 50% 
moisture, and 6″ girth × 30″ ht. The main requirement is use of paper 
which is made by using nonwoody raw material along with eco-friendly 
pulping process, i.e., it should be acid-free paper, totally chlorine-free 
paper, and azo-free paper. The conventional direct dyes are being used for 
making colored handmade paper. Some of the direct dyes have possibil-
ity of having azo group (−N=N−) which on reduction releases carcino-
genic or harmful amines. Azo dyes are metabolized to the corresponding 
amines by liver enzymes. Aromatic amines are easily absorbed by the skin. 
Twenty-two harmful amines have been identi fi ed so far. The use of benzi-
dine-based dyes has been stopped in most of the countries in order to avoid 
workers from coming in its contact as the benzidine-based dyes have been 
reported to be carcinogenic. The Indian handmade industry is now facing 
the impact of various stringent parameters set forth by developing coun-
tries for the protection of environment. One of the main requirements is 
that the dye used for coloring the paper should be azo-free.  
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   Introduction 

 The history of paper dates back to the history of 
human culture and civilization. The Egyptians, 
Greeks, and Romans wrote on “papyrus,” a 
paperlike material. Today’s kind of paper was 
 fi rst developed and used in China. Since its birth 
the paper was the most important carrier of 
information in the past. Growth of population 
and need to transfer the knowledge, education, 
and information to the society at large were the 
forcing factors for stupendous increase in the 
production of paper. In former times, paper was 
a valuable product and papermaking an art – that 
was often kept secret because of the outstanding 
advantages of the product. 

 The history of handmade paper in India dates 
back to the third century BC. Making handmade 
paper is a traditional art that has been practiced by 
a particular class of people for generations together. 
This art has been passed on from one generation of 
craftsmen to another. These craftsmen are known 
as “Kagzis.” Their name is derived from the Urdu 
word “kavas,” which means paper. 

 Under the British, handmade paper received 
a serious setback as the British encouraged the 
import of mill-made paper from the Western coun-
tries. At this point, Mahatma Gandhi provided 
them with the much-needed support by buying 
handmade paper in bulk for his Ashram and other 
associates. After independence, the Khadi and 
Village Industries Commission (KVIC) included 
handmade paper in the list of crafts to be promoted. 
Over the years, the handmade paper industry has 
grown slowly but steadily and is today a major 
player in the world market, exporting a major por-
tion of its production. 

 It will not be exaggeration to say that today 
handmade paper has emerged as one of the 
prominent sectors in export market. The sector is 
spreading its feathers, and this can be visibly 
seen by increasing demand and production of 
handmade paper in domestic as well as in export 
market. As the world is becoming more environ-
ment conscious, the obsession for handmade 
paper is increasing day by day. So its use creates 
a sense of our credibility to our environment 
along with pleasing our visual sense. 

    For 1mt of paper, trees of eucalyptus required 
27 (based on 45% yield, 50% moisture, 6″ girth 
30 ¢  ht.). 

 Coupled with increased literacy and 
 modernization, the per capita consumption of 
paper has increased from 4.5 kg in late 1990s to 
around 7.0 kg in the recent years. Handmade 
paper utilizes nonwoody raw material for making 
paper, so it plays signi fi cant role in maintaining 
the ecology. 

 Alarming environment problems have shaken 
the world to think about our environment before it 
is too late. Fortunately, developed countries have 
taken a step forward and set norms at manufactur-
ing/product making/user’s end for their environ-
ment friendliness. Handmade paper, not an 
exemption, has also to prove its eco-friendliness 
in terms of certain criteria satisfying its eco-
friendliness as given below:

   Use of nonwoody raw material  • 
  Eco-friendly pulping process  • 
  Eco-friendliness of paper after addition of • 
chemical additives  
  Nonpolluting process    • 
 The eco-friendliness of handmade paper 

includes nature of dyes, acidity/alkalinity of 
paper, and presence of azo group in dye. 

 In the present milieu, concern for the environ-
ment has created an escalating interest in natural 
dyes. It is common belief that natural dyes are 
friendlier to the environment than synthetic dyes. 
Moreover, when the question of fastness is 
raised, it is to note that all museum textiles pre-
dating 1856 are naturally dyed. Even after so 
many years, their colors remain rich, vibrant, 
beautiful, and inspiring. Dyes which were in use 
in Greco-Roman times and in the middle ages 
were almost entirely natural dyes. In India, the 
most important mineral pigments analyzed from 
paintings on walls, cloth, and paper have been 
natural dyes. The depictions on wall paintings of 
Ajanta, Ellora, and other sites indicate that early 
Indian very well knew dyeing and painting on 
fabric. The dyers, printers, and Ayurvedic practi-
tioners with their vast experience and skills have 
contributed much to natural dyes. They tried 
each and every part of plants like roots, heart-
wood, branches, leaves,  fl owers, pods, buds, and 
fruits. In spite of tremendous efforts, it has been 
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felt that little scienti fi c advancement has been 
made in vegetable dyes. The reason might be 
advent of synthetic dyes after 1856 dominated 
the world trade of colors and substituted vegeta-
ble dyes to a very good extent. The use of vege-
table dyes continued only in few pockets of India 
as a small industry (Ethel Mairet and Pepler 
 1916 ).  

   Dyes 

 Dye is very important aspect in handmade paper-
making. A simple method of applying dyes to 
cotton  fi bers involves the dissolution of dye in 
water and then adding the  fi ltered solution of dye 
to  fi ber suspension in beater. Since dyeing is done 
directly on cotton, dyes belonging to this class 
are called direct dye. In handmade papermaking 
the conventional dye used is direct dye due to its 
more fastness to light and strong af fi nity for 
cellulose.  

   What Is Fastness to Light? 

 When a dyed paper is exposed to sunlight during 
its drying or use, the dye should not fade or 
change its color that shows good fastness to light. 
During exposure to sunlight the dye absorbs some 
portion of sunlight, the absorbed light has certain 
amount of energy, and the absorbed energy may 
bring out self-destruction of the dye in the pres-
ence of oxygen and moisture. Instrument named 
as Xenon Arc tester (Company, country) is used 
to evaluate the fastness to light.  

   What Are Azoic Dyes? 

 Direct dyes having azo group (−N=N-) are called 
azoic dyes. Azo dyes release harmful amines 
which are allergic, carcinogenic, or poisonous in 
nature. Germany is very speci fi c about the use of 
Azo dyes which on reduction release carcino-
genic or harmful amines. Twenty-two harmful 
amines are found so far by Germany. Germany 
was the  fi rst country to impose a comprehensive 
ban on presence of azo dyes containing harmful 
amines or which are reduced to carcinogenic aryl 
amines. Many other countries followed this ban. 
The benzidine-based dyes were stopped in almost 
all countries to stop workers from coming in con-
tact with benzidine which causes cancer. The 
presence of banned amines is analyzed with the 
help of gas chromatography. 

 For safety evaluation of the dermal exposure 
of consumers to azo dyes from wearing colored 
textiles, a possible cleavage of azo dyes by the 
skin micro fl ora should be considered since, in 
contrast to many dyes, aromatic amines are easily 
absorbed by the skin. Azo dyes are metabolized 
to the corresponding amines by liver enzymes 
and the intestinal micro fl ora following incorpora-
tion by both experimental animals and humans. 
The effects of skin cancer can be seen in photo-
graphs given below (Fig.  15.1 ).  

 The 22 amines used in azo dyes and reported 
by German scientists to be harmful are given in 
Table  15.1 . The other dyes which have been 
reported to be toxic are given in Table  15.2 .   

 A study was conducted by collecting the repre-
sentative sample of colored handmade paper from 

  Fig. 15.1    Carcinogenic effect of azo dyes showing skin cancer       
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different handmade paper units and evaluated for 
the nature of dyes including presence of azo group. 
The results showed that all handmade paper sam-
ples have been dyed with direct dyes. It was found 
that a speci fi c shade has got more possibility of 
having azo group in comparison to others.  

   History of Natural Dyes 

 The history of natural dyes is very interesting. 
The earlier written record of the use of natural 
dyes was found in China dated 2600  bc . 
Chemical tests of red fabrics in the tomb of King 
Tutankhamen in Egypt show the presence of 
alizarin, a pigment extracted from madder. 
Alexander the great had deceived the Persians 
into thinking that his army was wounded by 
sprinkling his soldiers with red dye, probably 
madder juice which contains the dye alizarin. 
The  fi rst  fi ber dyes were already used in prehis-
toric times after the last Ice Age around 1000 
 bc . They consisted of fugitive stains from ber-
ries, blossoms, barks, and roots. 

 Natural dyes are dyestuffs made from plants, 
minerals, and, in the case of cochineal, insects. 
Some of natural dyes are indigo ( Indigofera 

tinctoria  Linn.), Indian madder ( Rubia cordifo-
lia ), henna ( Lawsonia inermis ), catechu ( Acacia 
catechu ), ratanjot ( Onosma echioides ), tesu 
( Butea monosperma  Lam. Kuntze), myrobalan 
( Terminalia chebula ), tamarind ( Tamarindus 
indica  Linn.), safed kikar ( Acacia leucophloea  
wild), etc. No doubt, natural dyes in comparison 
to direct dyes are more trouble and take longer 
to prepare. Some of the chemical colors (direct 
dyes) are not fast to light and washing, but natu-
ral dyes as madder, lichens, catechu, etc., are 
fast. Natural dyes have limited range of shades 
in comparison to synthetic dyes, so a lot of study 
is needed on evaluation of maximum possible 
shades.  

   Dyes and Their Source 

   Natural Dyes Obtained from Plants 

    Indigofera tinctoria  
 It is a substantive dye, which is different from 
any other dye as it does not require any mor-
dant, yet the color achieved is extremely fast to 
washing and to light. Rather, it is dyed through 
a living fermentation process. Slowly the air 

   Table 15.2    Toxic dyes with their lethal dosage concentration   

 LD 
50

   Irritation  Irritation 

 Mg/kg  Skin (rabbit)  Eye (rabbit) 

 Basic blue 7  CI42595  100  −  + 
 Basic blue81  CI42598  205  −  + 
 Basic red12  CI48070  25  −  + 
 Basic violet16  CI48013  90  −  + 
 Basic yellow 21  CI48060  171  −  + 

   Table 15.1    List of 
harmful amines   

 4,4 ¢ -Methylene-bis-(2-chloroaniline)  3,3 ¢ -Dichlorobenzidine 

 2-Methoxyaniline   p -Aminoazobenzene 
 4-Aminodiphenyl   p -Cresidine 
 4-Chloro-o-toluidine  4,4 ¢ -Oxydianiline 
 2-Naphthylamine  3,3 ¢ -Dimethylbenzidine 
  p -Chloroaniline  3,3 ¢ -Dimethyl-4,4 ¢ -diaminodiphenylmethane 
 2,4-Diaminoanisole  4,4 ¢ -Thiodianiline 

 4,4 ¢ -Diaminodiphenylmethane   o -Toluidine 

 2,4-Diaminotoluene  2,4,5-Trimethylaniline 
  o -Aminoazotoluene  2-Amino-4-nitrotoluene 
 Benzidine  3,3 ¢ -Dimethoxybenzidine 
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changes it to the beautiful deep and rich blue of 
indigo, which is having good light fastness. The 
leaves of  Indigofera tinctoria  plant are fer-
mented in fermentation pits. The dye is precipi-
tated by oxidation or by passing the air. The 
precipitated blue natural dye at the bottom is 
dried in the air to make the cake. The appear-
ance of dye is blue, and the main coloring com-
pound is indigotin.  

    Terminalia chebula  
 The dried fruits of  Terminalia chebula  (myrobalan) 
are used to produce the dye. The appearance of 
dye powder is brown, and the main coloring com-
ponent is chebulinic acid. It is used in Ayurvedic 
preparations and has therapeutic value.  

    Quercus infectoria  
 The gallnuts of  Quercus infectoria  are pulverized 
to required particle size and extracted in aqueous 
media. The extract is  fi ltered and sprayed in vac-
uum dryer to obtain the dye.  Q. infectoria  is a dried 
secretion of an insect living on the tree. The main 
coloring component is gallotannic acids, and 
appearance of dye powder is brownish yellow.  

    Acacia catechu  
 The cutch is used as raw material for manufac-
turing the dye, which is obtained from the 
 leftover of katha produced from  Acacia cate-
chu . Katha is used as edible paste in pan 
 preparations. The main coloring component is 
catechin/ fl avonoid.  

    Rubia cordifolia  
 It is contained in the roots of the madder plant. 
The plants are dug up, the roots are washed, dried, 
and ground into powder. It is found beneath the 
outer bark of the roots when the plants are about 
3 years old. At this age, the roots of the plant 
render a suitable dye. Only about two percent dye 
is obtained from the dried roots. The madder 
named as “Turkey red” was very popular during 
the nineteenth century.  

    Terminalia arjuna  
 The bark and dried fruits of  Terminalia arjuna  
are used for manufacturing the dye. The dry bark 
from the stem contains 15–24% tannin and is 
used in tanneries.  

    Tectona grandis  
 The dye is produced from dried leaves of teak 
tree. The main coloring compound in the dye is 
Tectoleafquinone. 

 A number of natural dyes obtained from plants 
is listed in Table  15.3  and photograph of such 
plants have been shown in Fig.  15.2 .      

   Natural Dyes Obtained from Animals 

   Cochineal 

 It is an important red element for the natural dye 
user. It is the brightest of all the available natural 
red dyes. This dye is found in the cochineal louse, 

   Table 15.3    Natural dyes   

 S. no.  Botanical name  Local name  Source 

 1.   Punica granatum  Linn.  Anar  Rind of pomegranate 
 2.   Indigofera tinctoria  Linn.  Indigo  Leaves 
 3.   Terminalia chebula   Harda  Fruit 
 4.   Acacia catechu   Cutch   , Khayer, Katha  Bark 
 5.   Terminalia arjuna   Arjun  Bark 
 6.   Kerria lacca   Lac  Secretion of  Kerria lacca  on host plant palas 
 7.   Rubia cordifolia  Linn.  Indian madder  Root of madder 

 Manjishtha 
 8.   Eucalyptus camaldulensis   Eucalyptus  Leaves 
 9.   Lantana   Lantana dye  Leaves 
 10.   Lawsonia inermis  Linn.  Henna  Leaves 
 11.   Butea monosperma  (Lam) Kuntze  Tesu  fl ower  Flower 
 12.   Pterocarpus santalinus  Linn. f.  Chandan  Bark of chandan 
 13.   Acacia arabica   Babul  Bark of babul 
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  Fig. 15.2    Dye producing plants       
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which feeds on cactus plants. The female insect 
is dried in the sun and grounded to produce a rich 
red powder. Figure  15.3  shows the secretion of 
cochineal insect on cactus plant. The yield under 
the best conditions is about 2.72 kg per acre of 
cacti.    

   Kerria lacca  

 The dye is obtained as a byproduct of the secre-
tion of insect Kerria lacca. The main coloring 
component is Laccaic acid.  

   Natural Dyes Obtained from Minerals 

     Cinnabar (Hindi: Sangarf)   
   Red lead (Sindoor  )   
   Red ochre (Geru)   
   Ultramarine (Lajwad)   
   Zinc white (Safeda)     
 Mineral dyes are obtained from an impure 

earthy ore of iron or ferruginous clay, usually red 
or yellow. Some of the most important mineral 
pigments used in India as analyzed from paint-
ings on walls, cloth, and paper have been cinna-
bar (Hindi: Sangarf), red lead (Sindoor), red 
ochre (Geru), ultramarine (Lajwad), zinc white 
(Safeda), and yellow ochre (Ram Raj).  

   Yield of Natural Dyes 

 Yield of some of the natural dyes are as given in 
Table  15.4 , while there characterization have 
been mentioned in Table  15.5 .    

   Classi fi cation of Natural Dyes 

 First classi fi cation of natural dyes was according 
to alphabetical order. Later classi fi cation based 
on chemical structure, where grouping within   Fig. 15.3    Secretion of cochineal insect on cactus plant       

   Table 15.5    Characteristics of some puri fi ed natural dye powders   

 Botanical name  Common name  Moisture  Water-soluble matter (%)  pH of 1% solution  Ash (%) 

  Acacia catechu   Cutch  6.0  95.0  6.0   7.0 
  Rubia cordifolia   Indian madder  5.0  95.0  8.0  35.0 
  Terminalia chebula   Myrobalan  5.0  97.0  3.5   7.0 
  Indigofera tinctoria   Indigo  5.0   4.0  5.0  63.0 

   Table 15.4    Yield of 
natural dyes   

 S. no.  Dye  Source  Dye content (%) 

 1.  Madder  Root bark  1.9 
 2.  Cochineal  Female cochineal louse  1.8 
 3.  Indigo  Indigo plant leaves  1.5–2.0 
 4.  Saffron  Crocus plant  fl ower pistil  7.0 
 5.  Annatto  Roucone-tree seed  15.0 
 6.  Carotin  Carrot, red palm oil, pumpkin seed  <0.5 
 7.  Lac  Stick lac  0.5–0.75 
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each structure class is according to hue, was 
carried out. In color index, the dyes were classi fi ed 
according to chemical composition as well as 
major application classes. The natural color and 
hue of a dye can be altered by treating with metal 
salts. The color of dye originating from a plant 
depends on soil properties, part of plant, and 
season of harvesting, cultivation practices, etc. 

   Chemical Class 

 The natural organic dyes and pigments cover a 
wide range of chemical classes, namely, ketone, 
anthroquinoids, naphthoquinones,  fl avones, indi-
goids, and chlorophyll.  

   Indigoid Dyes 

 Indigo perhaps the oldest natural dye used by 
man occurs as the glucoside indicant in the plant 
 Indigofera tinctoria . It is an example of vat dye.  

   Anthraquinone-Based Dyes 

 Some of the most important red dyes are based on 
the anthraquinone structure. They are obtained 
both from plants and insects or animals. These dyes 
are characterized by good fastness to light. They 
form complexes with metal salts, and the resultant 
metal complex dyes have good wash fastness. 

 Madder dyes are hydroxyanthraquinones 
which are extracted from the root bark of vari-
ous Rubiaceae, e.g., from madder root ( Rubia 
tinctorum ). The roots contain approximately 
1.9% of dye present in the free form or bound 
as the glucoside. Madder also known as alizarin 
was the  fi rst natural dye to be synthesized 
chemically in 1869.

 Anthra-quinonne

O

O
       

   Lac Dye 

 Lac is probably the most ancient of the animal 
dyes. It has been used in Southeast Asia and India 
since the beginning of the recorded history. The 
dye yields scarlet and crimson shades which 
exhibit good properties, especially to light and 
washing. Structurally, the principal coloring 
component has been identi fi ed as laccaic acid.

 Laccaic acid

O

O OHHOOC

COCH3

C2H5

kermenes

OH

       

   Cochineal 

 Cochineal is obtained from an insect of the same 
name which feeds on the cactus plant. Chemically 
cochineal is similar to kermenes. The main color-
ing component of this dye is carminic acid.

 Carminic acid

OH

HOOC

OH

CO(CHOH4)CH3

OHO

O

H3C

       

   Alpha-Naphthoquinones 

 The most prominent member of this class of 
dyes is  Lawsonia inermis  or henna. It is obtained 
from the leaves of  L. inermis , cultivated mainly 
in India and Egypt. Lawsone has been identi fi ed 
as 2-hydroxy-1-4-naphthoquinone. Another 
similar dye is Juglone, 5-hdroxy-1-4-naphtho-
quinone obtained from the shells of unripe 
walnuts.   
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   Application of Classes of Natural Dyes 

 Natural dyes were classi fi ed in two groups, 
namely, substantive and adjective dyes by 
Bancroft in his “Treatise on Permanent Colors.” 
According to this classi fi cation, the dyes such as 
indigo, orchid, and turmeric, which dye the  fi bers 
directly, are classi fi ed as substantive dyes, while 
adjective dyes only dye material mordant with 
metallic salt; examples of such dyes are logwood, 
madder, cochineal, fustic, etc. In pure state the 
adjective dyes are generally slightly colored, and 
when used alone, they give poor dyeing. 

   Mordant Dyes 

 Dyes having af fi nity for the mordanted  fi bers or 
which form a complex with the mordant are called 
mordant dyes. The complex may be formed by 
 fi rst applying the mordant or by simultaneous 
application of the mordant and the dye or by after 
treatment of the dyed material. For a dye to be 
called as mordant dye, it should have electron-
donating groups capable of forming complex with 
the transition metal salts. Alizarin was perhaps the 
 fi rst mordant dye. This dye has no af fi nity for cot-
ton; however, on mordanting with a metal salt 
such as alum, it is readily absorbed by the  fi ber.  

   Vat Dyes 

 Vat dyes derive their name from the wooden fer-
mentation vessel called the vat which was at one 
time used for reducing the dye and converting it 
into soluble form. The process of solubilization 
of the dye is known as vatting. The reaction of vat 
dyes to form Leuco form is shown in Fig.  15.4 .  

 The soluble form of the dye is called leuco 
dye. The leuco form of the dye not only is soluble 

in water but has af fi nity for the natural  fi bers. The 
vatting of indigo can also be carried out by 
 treatment with a reducing agent, such as sodium 
hydrosul fi te and an alkali such as sodium hydrox-
ide. The leuco or the reduced form of the dye is 
oxidized back to the original form on keeping the 
dyed material for 15–20 min at room temperature 
before washing. The true color is produced on 
treatment with hot soap solution.   

   Experimental Work and Results 

 The samples of commercially available natural 
dyes were procured. Application of natural dyes 
using cotton rags as raw material has been 
explored. The conventional dye, i.e., direct dye, 
was compared with natural dye to explore suit-
ability of natural dyes in handmade paper sector. 
Pulp of cotton rags beaten up to 300-ml freeness 
level and dye of 1% concentration was prepared 
for the study. 

   Evaluation of Spent Liquor 

 The waste-spent liquor of natural dyes and direct 
dyes is evaluated for BOD (biochemical oxygen 
demand) and COD (chemical oxygen demand) 
which is determined with titration method. It has 
been found that BOD and COD of the ef fl uent of 
natural dyes are far lower than that of direct dyes, 
as given in Table  15.6 .  

 The above data clearly indicates the remark-
able difference in COD and BOD values of 
ef fl uent of dyes utilizing direct dyes and natural 
dyes. COD value of ef fl uent of natural dye is 
approximately 65% lower than that of ef fl uent of 
direct dyes, while BOD showed approximately 
55% lower value of ef fl uent of natural dyes in 
comparison to ef fl uent of direct dyes.  

Reduction Solubilization

OH O-Na+

Vat Vat acid Leuco form

O

  Fig. 15.4    Conversion of vat 
dyes to Leuco form       
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   Evaluation of Light Fastness of Paper 

 The light fastness of paper dyed with natural and 
synthetic dyes was evaluated in terms of scale 
with the help of Xenon Arc tester by exposing the 
sample for 24 h. The results of the same are given 
in Table  15.7 .  

 The higher the value of scale, the better the 
light fastness. Natural dyes showed twice better 
light fastness in comparison to direct dyes with 
the help of Xenon Arc tester.   

   Comparison of Synthetic Dyes 
and Natural Dyes 

 No doubt, natural dyes in comparison to direct 
dyes are more trouble and take longer to prepare. 
Direct dyes are not fast to light and washing, but 
natural dyes are having very good fastness to light. 
When direct dyes fade, it becomes a different 
color and generally a bad one, while when a natu-
ral color fades, it becomes a lighter tone of the 
same color. Natural dyes are extracts from thera-
peutic plants (madder, indigo, Brazil wood, log-
wood, fustic, catechu/cutch), insects (cochineal), 
and naturally occurring minerals (alum, iron, tin) 
needed by body in trace amounts. Natural dyes 
have limited range of shades in comparison to 
synthetic dyes, so a lot of study is needed on 
evaluation of maximum possible shades.  

   Conclusion 

 The study conducted on application of natural 
dyes in handmade papermaking nulli fi es the 
possibility of paper having azo group, thus 
enhancing the eco-friendly credentials of hand-
made papermaking. This will boost export of 
Indian handmade paper in international market. 
Use of natural dyes in colored handmade paper 
needs to be propagated to eliminate the possi-
bility of presence of toxic azo group in the 
paper due to synthetic dyes. This would help in 
retaining the eco-friendly credentials of hand-
made paper.      
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  Abstract 

 Controlling pollution caused by hydrocarbon compounds, for example, 
crude oil pollution, in soils and waters by bioremediation has acquired 
considerable signi fi cance. Bioremediation is one technique that may be 
useful to remove spilled oil under certain geographic and climatic condi-
tions. Researchers all around the world have developed different method-
ologies to reclaim the contaminated site according to the prevailing 
environmental conditions. A set of 125 patent/patent applications describ-
ing the use of oil-degrading microorganisms were analysed to  fi nd out the 
approach followed to achieve bioremediation. Patent documents revealed 
that the technique of bioremediation using microorganism follows two 
broad approaches, viz. fertilization and seeding. Fertilization is the biore-
mediation method of adding nutrients, such as nitrogen and phosphorus, to 
a contaminated environment to stimulate the growth of indigenous micro-
organisms, and seeding refers to the addition of naturally occurring or 
genetically engineered microorganisms to a spill site. Overall the success 
of a technique depends on the ability to establish appropriate conditions 
for the microorganisms in the contaminated environment. Another 
approach in a set of patents showed that growth may be enhanced by 
increasing the substrate bioavailability or by emulsi fi cation. United States 
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of America is the leading country followed by China, Korea, Japan, and 
Russia in developing bioremediation technologies. Prominent companies 
working towards developing eco-friendly solutions include DuPont, 
Biosaint, Univ Nat Cheng Kung, Samsung Everland Inc., Technology 
Licensing Organization, Biorem AG, Petrozyme Technologies, Ocean 
University of China, and BioNutraTech.  

  Keywords 

 Oil  •  Hydrocarbon  •  Bioremediation  •  Microorganism  •  Patent      

   Introduction 

 Biodegradation refers to the natural process 
whereby microorganisms alter and break down 
organic molecules into other substances, such as 
fatty acids and carbon dioxide, and bioremedia-
tion is the act of adding materials to contaminated 
environments, such as oil spill sites. Amongst 
the other applications for which bioremediation 
is being considered or is currently in use are 
(1) treatment of nontoxic liquid and solid wastes 
(Liu et al.  2011  ) , (2) treatment of toxic or hazard-
ous wastes (Atlas and Hazen  2011  ) , (3) treatment 
of contaminated groundwater, and (4) grease 
decomposition. Although recent marine oil spills 
and bioremediation efforts have called attention 
to the potential of bioremediation as an oil spill 
response technology, some of these other appli-
cations, in particular the treatment of hazardous 
waste, appear to have greater potential (Lin et al. 
 2011 ; Galindo et al.  2011 ; Chandran and Das 
 2011  ) . Of fi cials at approximately 135 hazardous 
waste sites, for example, are now either consider-
ing, planning, or operating full-scale bioremedia-
tion systems. A large number of re fi neries, tank 
farms, and transfer stations now employ in situ 
bioremediation methods to restore land contami-
nated by accidental spills of fuel oil or other 
hydrocarbons (Zhang et al.  2011  ) . Much less 
progress has been made with respect to the prac-
tical problems of applying bioremediation tech-
nologies to marine oil spills, although advocates 
have suggested their use in the wake of several 
major spills. 

 The problems associated with using bioreme-
diation technologies in marine environments are 
fundamentally different from those associated 
with land-based applications. Potential bioreme-
diation approaches for marine oil spills fall into 
three major categories:
    (a)    Stimulation of indigenous microorganisms 

through addition of nutrients (fertilization) 
(Chamkha et al.  2011 ; Mohite et al.  2011 ; 
Korotkevych et al.  2011  )   

    (b)    Introduction of special assemblages of natu-
rally occurring oil-degrading microorgan-
isms (seeding)  

    (c)    Introduction of genetically engineered micro-
organisms (GEMs) with special oil-degrading 
properties     

 Stimulation of indigenous organisms by the addi-
tion of nutrients is the approach that has been 
tested most rigorously. This approach is viewed 
by many researchers as the most promising one 
for responding to most types of marine spills. 
Recent experiments suggest that rates of biodeg-
radation in most marine environments are con-
strained by lack of nutrients rather than by the 
absence of oil-degrading microbes (Churchill 
et al.  1995  ) . The introduction of microbes might 
be bene fi cial in areas where native organisms 
grow slowly or are unable to degrade a particular 
hydrocarbon. However, the effectiveness of this 
approach has not yet been demonstrated. The 
wide availability of naturally occurring micro-
organisms capable of degrading components 
of petroleum will likely deter consideration 
of GEMs for remediating marine oil spills. 



29116 Patenting Trends in Bioremediation Technologies for Oil-Contaminated Sites

Degradation of hydrocarbons in the presence of 
synthetic surfactants is a delicate issue. Generally, 
the toxicity of surfactants increases with their 
hydrophobicity (Tiehm  1994  ) . The use of surfac-
tants of biological origin solves the toxicity 
problem. 

 Moreover, greater research and development 
needs, regulatory hurdles, and public perception 
problems will remain obstacles to the near-term 
use of GEMS even if they could prove useful 
for degrading some recalcitrant components of 
petroleum. Bioremediation technologies for 
beach cleanup have so far received the most 
attention (MacNaughton et al.  1999 ; Lloyd-Jones 
et al.  1999 ; Mesarch et al.  2000  ) . Experiments 
conducted by United States Environmental 
Protection Agency (EPA), Exxon, and the State 
of Alaska on cobble beaches fouled by oil from 
the Exxon Valdez indicated that the addition of 
nutrients at least doubled the natural rate of bio-
degradation. The ef fi cacy of commercial micro-
bial products in remediating beaches is not yet 
known. Limited EPA  fi eld tests using two micro-
bial products on heavily weathered oil in Alaska 
were inconclusive. Additional  fi eld experiments 
are required on other types of beaches that involve 
different oils and different climatic and marine 
conditions. The objective of this chapter is to analyse 
the current state of development of bioremediation 
technology through the patent documents  fi led in 
all the jurisdiction of this world. This chapter also 
describes some exemplary techniques used for 
the bioremediation of oil-contaminated sites and 
to clean up marine oil spills.  

   Methods 

 The scope of the study was to identify commer-
cially viable patent families describing different 
bioremediation strategies to overcome pollution 
caused by oils. To shortlist the potentially relevant 
patent families in the  fi eld of bioremediation, 
search strings were made using the keywords 
based on the understanding developed for con-
ducting a search for patents/published applica-
tions in the  fi eld of study. 

 Patents and published patent applications 
were extracted from Thomson Innovation patent 
database.  

   Results 

 Running search string S-1 in Thomson Innovation 
patent database yielded 390 patents and pub-
lished applications. The patents and published 
applications obtained from Thomson Innovation 
patent database were reduced to ‘one member per 
patent family’. A unique set of 248 distinct patent 
families was obtained. A title-, abstract-, and 
claim-based screening was carried out to select 
certain technologies which were describing the 
use of microorganisms for bioremediation. One 
hundred and twenty  fi ve patent documents were 
short listed and analysed in more details. 

   Most Frequently Used Microbial Groups 

 Analysis of the 125 patent documents revealed 
that more than 100 different genera of microor-
ganisms have been claimed for oil degradation; 
major genera amongst these include (in decreas-
ing order)  Pseudomonas, Rhodococcus, Bacillus, 
Thauera, Acinetobacter, Shewanella, Stenotro-
phomonas,  Gordonia,  Burkholderia,  Alcaligenes, 
Pseudomonas, Marinobacter, Azotobacter, 
Comamonas, Marino-bacterium, Petrotoga, 
Microbulbifer,  Alcanivorax, Yarrowia, Flavobac-
terium,  and  Moraxella  (Table  16.1 ).  

   Representative Technologies 

 Complete analysis of the patent documents 
showed the following basis of achieving biore-
mediation of an oil-contaminated site:
    1.    Use of an enriched steady-state microbial 

consortiums.  
    2.    Oil is broken down into microscopically small 

parts by way of some novel composition.  
    3.    Use of a chemical mixture which enhances the 

substrate bioavailability for micro-organism.  
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    4.    Use of some particulate material for promoting 
growth of petroleum-degrading bacteria.  

    5.    Use of a nutrient microemulsion in spray form, 
useful as a biodegradation accelerator.  

    6.    Use of a nutrient mixture which has an 
emulsifying effect and would contain P- and 
N-yielding substances.  

    7.    Use of a combined approach by using micro-
organisms directly and by promoting growth 
of oil-degrading bacteria.      

   Strategy 1 

  Use of Anaerobic Microorganisms Contained in 
Capsules, Coated Pellets, or Pods Having Cores 
of Varying Densities : The  fi rst strategy disclosed 
by Leon Kirschner  (  1999  )  in his European patent 
EP1088109B1 describes the use of an anaerobic 
microorganism  Vibrio desulfuricans  for remedia-
tion of submerged petroleum products, which 
anaerobes result in an overall exponential increase 
in speed of remediation, and also adds versatility 
to the art of remediation as applied to the inadver-
tent release of petroleum products into an aque-
ous environment during transport or storage, or 
to an intentional release of oil products, which 
also requires remediation. 
 The use of such anaerobic microorganisms offers 
bioremediation to those petroleum products 
which sink below the surface of the water and 
often to the  fl oor of the sea, where known appli-
cation techniques for remediation do not reach 
submerged oil spills.  

 Preemption is achieved by incorporating 
within the petroleum products, before a spill 
occurs, remediating agents contained in capsules, 
coated pellets, or pods having cores of varying 
densities. Such agents are inert and inactive when 
encapsulated or within the coated pellets, but are 
activated when not in the encapsulated environ-
ment. These encapsulated or pelletized agents are 
preferably dispersed throughout a body of petro-
leum. The capsules or pellets may be installed 
into the petroleum at the wellhead or in a pipe-
line, in a cargo hold, at a re fi nery, or at any desired 
location during the processing and transport or 
storage of the petroleum product. 

 Preferably, these capsules or pellets are 
reclaimable when not activated and may be 
reused. Such reclamation may be accomplished 
through magnetic (utilizing either ferromagnetic, 
diamagnetic, or paramagnetic materials, or a 
combination of some or all of them) separation, 
centrifugation,  fi ltration, electrostatic or ionic 
precipitation, vaporization, or heat or vacuum 
distillation or a combination of such techniques. 
The capsules or pellets may be constructed to 
permit ease of reclamation and reuse. 

 Capsules or pellets with a core containing 
microorganisms, surrounded by time dissolvable 
layers of nutrients and other enhancements, may 
be compounded using prior art skills and formu-
lations. Such capsules, pellets, or pods of varying 
sizes and/or densities, so as to embody the present 
invention, may also be novelly compounded to 
include iron or other compound [within either the 
capsule, pellet, or pod core and/or their surrounding 
(encapsulating) material or coating (pellet)] so 
as to permit the capsules, pellets, or pods to be 
varied in density, preferably to approximate the 
density of the petroleum product in which they 
are placed, and to encourage their removal from a 
body of petroleum by the techniques described 
above, when desired. The capsule, pellet, or pod 
may also be sprayed with an aqueous soluble 
electrostatically charged material or marked 
with material having magnetic, electrostatic, or 
electroconductive properties. The core or encap-
sulating material or coating may also be either 
fabricated with gas bubbles or contain evacuated 
or gas- fi lled glass beads (bubbles or beads of 
varying sizes) so as to affect the density of the 
capsule or pellet. These capsules or pellets may 
also contain water or other aqueous solutions 
to be time released so as to activate release of 
microorganisms when oil transport (e.g. pipeline) 
occurs under arid (e.g. desert) conditions to aid 
remediation of a petroleum spill or discharge into 
a nonaqueous environment. 

 Preferably, such capsules, pellets, or pods con-
tain microorganisms, both aerobes and anaerobes 
or either of them. 

 With reference to the accompanying drawings 
and particularly to Figs.  16.1  and  16.2 , a microcapsule 
cell 10 of anaerobic and aerobic microorganism 
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material having a microorganism nucleus (N) 11 
is capable of degrading a hydrocarbon, which 
may comprise bacterium which degrades petro-
chemicals, such as organisms from the genus 
 Vibrio, Micrococcus, Bacillus, Arthrobacter, 
Nocardia, Corynebacterium and also Vibrio 
desulfuricans, Arthrobacter spp., Bacillus 
subtilis, B. licheniformis, B. megaterium, B. cereus, 
B. polymyxa, Aspergillus simplex, A. oryzae, 
A. niger, Trichoderma reesei, Saccharomyces spp., 
Pseudomonas, Mycobacteria, Achromobacter, 
Geotrichum marinum, Thirumalachar sp . nov., or 
other hydrocarbon degradation bacterium. The 
nucleus 11 is preferably encapsulated by walls 12. 
The nucleus 11 may contain suf fi cient nutrients to 
sustain the microorganism; however, the walls 12 
separate the nucleus from a source of bacterium 
nutrients (B) 13 which facilitate growth and are 

presented to the bacterium in the presence of an 
aqueous solution which penetrates or dissolves 
the wall 12. As illustrated in Fig.  16.2 , these and 
similar cells 10 may be enclosed in envelopes 14 
which have a time released coating 15, such as 
hydrophilic methacrylate or gelatin to regulate the 
time of contact with the environment once 
exposed to water, and these coatings may be of 
varying thickness or density, which not only var-
ies the time of release but also varies the weight of 
the envelope.   

  Working of the Technology : When a breach of 
the hold or vessel containing the oil product 
occurs, the leaking of oil product through the 
breach in the vessel carries with it the pods, which 
when subject to water, become activated. The 
enteric coating may be removed by the water or 
by time, and the microorganism will be induced 

  Fig. 16.1    Is a schematic 
view of a typical cell for the 
capsule, pellet, or pod 
described in the present 
invention       

  Fig. 16.2    Is a sectional 
view of a typical pod of the 
bioremediation product 
containing multiple cells       
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to consume the escaped petroleum product, and 
such consumption may be enhanced by the nutri-
ents packed with microorganisms, or these mate-
rials may be used primarily to keep the 
microorganisms hearty over time before they are 
activated by the presence of water. A Venturi-like 
effect carries the pods into the spill, dispersing 
the microorganism pods throughout the escaped 
oil product  fl oating and submerged in contami-
nated water. 

 In summary, this invention teaches the follow-
ing:  fi rst, a methodology of preemption through 
the introduction of remediating agents into the 
petroleum product before a spill occurs; second, 
time or controlled release remediating agents 
encapsulated or pelletized as products of varying 
densities to provide for relatively even dispersal 
throughout the petroleum product; third, remedi-
ating agents which may include magnetic or sim-
ilar materials, or means permitting the removal of 
unused remediating agents from a body of petro-
leum product which has not been subjected to 
aqueous environment; fourth, including anaer-
obes for the metabolism of submerged petroleum 
products (which disperse throughout the petro-
leum bulk to exponentially increase the overall 
rate of bioremediation); and  fi fth, time release of 
aqueous components within the product to affect 
remediation of spills into nonaqueous 
environments.  

   Strategy 2 

  Combating Oil Slicks Floating on a Water Surface 
Using Natural Mineral Raw Materials Which 
Break Oil into Microscopically Small Parts : The 
second technology belongs to Swisstech Holding 
AG, Zug, CH. Swisstech Holding AG is a leading 
cleantech engineering group in onshore and off-
shore oil decontamination. The group is a world-
wide pioneer in natural bioremediation products 
for oil-polluted substances. This group has offered 
highly ef fi cient, economical, and ecological solu-
tions. This group has  fi led a US patent application 
US20090120872A1 for this technology. 

 The inventor Kroh  (  2008  ) , described a meth-
odology for combating oil slicks  fl oating on a 

water surface. The oil is broken down into 
microscopically small parts by way of the new 
composition. The new composition and the new 
method permit an in situ bioremediation. This 
strategy enables decomposition of the crude oil 
by accelerating the biological decomposition on 
location. 

 A composition according to the invention is a 
product that can be ef fi ciently applied for the 
complete removal of spilled crude oil, also in port 
facilities or for tank ship accidents. The market-
ready product is a dry, free- fl owing mixture of 
solids, comprising a composition of natural 
mineral raw materials, naturally occurring as 
solids. These raw materials are obtained from 
primary or secondary deposits (quarries, stone 
pits, or other mineral deposits). They may also be 
recycled from certi fi ed non-contaminated natural 
mineral raw materials. Preferably the natural 
mineral raw materials are not thermally or chemi-
cally pretreated or treated. 

 The natural mineral raw materials, as a single 
compound, as mixtures, and in the  fi nal composi-
tion according to the invention, are chemically 
inert under natural surrounding conditions (on 
land, in the water, on ice). During long-time 
storage, transport, application, and also disposal, 
they are thus completely harmless for the people, 
animals, plants, and environment. 

 For the manufacture of the compositions 
according to the invention, the natural mineral 
raw materials are solely broken down, milled, and 
grinded to the necessary particle size, ef fi ciently 
working from the invention. It results in a total 
particle surface of the compositions to which the 
polluting hydrocarbons, particularly crude oil, 
may adhesively attach in a quantitatively optimal 
manner (monomolecular level). 

 For combating an oil slick  fl oating on a water 
surface, it is suf fi cient to scatter or blow the 
composition according to the invention over the 
oil slick. The composition according to the 
invention speci fi cally has the advantageous and 
amazing characteristic that it spontaneously 
combines with the oil, and the sorbent without 
the formation of larger lumps sinks from the surface 
of the water to the bed of the water and settles 
there as a  fi ne sediment. With the application of 
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adequate quantities of the composition according 
to the invention, one may ascertain hardly any 
toxic hydrocarbons at all in the treated water 
within a few hours or days. Laboratory trials have 
even shown that one may even achieve drinking 
water quality. 

 The oil is broken down into microscopically 
small parts by way of the new composition 
according to the invention. The powder parti-
cles bind the oil particles by adsorption, by way 
of arranging themselves around the oil droplet. 
Due to the higher speci fi c weight of the powder 
according to the invention which is preferably 
between 2.5 and 3.5, preferably about 3.0, the 
parts of the oil-powder complex completely 
sink to the bed of the respective water. The 
present invention utilizes the physical sorption, 
a special form of adsorption, with which the 
sorptive is bonded by way of physical forces 
and not the formation of chemical bonding to 
the sorbent. The physical forces acting here, as 
a rule, are not directed and have the advantage 
that the bondings are reversible. The sorptive 
may thus be released from the sorbent again, 
which encourages the microbial breakdown of 
the oil. 

 The sunk oil may also neither be separated 
from the composition according to the invention 
by way of violent turbulence and thus may no 
longer drift to the surface of the water. 

 Since the crude oil is adsorbed onto the parti-
cles of the composition, the effective surface 
which is available for attack by the microorgan-
isms breaking down the oil is increased enor-
mously. By way of this the breakdown of the oil 
is rendered possible and is accelerated enor-
mously until a complete decomposition of the oil. 
The microscopically small droplets serve as a 
substrate for the profuse development of the 
microorganisms taking part in the breakdown. 
The oil is broken down without any residue 
within 3–4 months, depending on the geological 
region and the prevailing environmental condi-
tions. The biodegradation or the remediation 
therefore preferably takes place in situ. The 
dif fi cult and cost-intensive suctioning of the oil-
binding agent mixtures from the surface of the 
water and the subsequent disposal, dumping, and 

reprocessing of this highly problematic waste, 
which as mentioned above often leads to the fact 
that no measures at all are taken for cleaning oil 
contaminations, are rendered super fl uous by way 
of the inventive in situ decomposition of the toxic 
hydrocarbon compound. 

 Microorganisms which are suitable for the 
decomposition of crude oil or other hydrocarbon 
contamination are added to the composition and 
form an important constituent of the product in 
one advantageous embodiment. The microor-
ganisms are formulated such that its storage 
capability and  fl owing ability are ensured. The 
formulation is preferably effected in the form 
of pellets or capsules. In particular, national or 
local regulations are to be observed and adhered 
to with the application of nonindigenous micro-
organisms. Since these may be admixed without 
any problem into the suitable  fl owable formula-
tion, even on location, the microorganism con-
stituent may be adapted to the regulations which 
apply to the respective location of application 
without signi fi cant effort. A new solution for 
the previously mentioned problem and the task, 
which is derived from it, is speci fi ed by the present 
invention as is characterized in the patent 
claims. 

  Working of the Technology : So much agent 
according to the invention in the composition 
mentioned above was scattered onto the oil, 
 fl oating essentially on the surface of the saltwater 
(a part of the oil however was also distributed in 
the water in the form of small droplets) that the 
complete oil layer  fl oating on the water surface 
was covered with a roughly uniformly thin layer 
of the agent according to the invention. 

 Already a few seconds after scattering an 
agent according to the invention with 40% silica 
sand (grain size 0.2–0.3 mm), 40% granite meal, 
15% meal of siliceous limestone, and 5% 
CaCO 

3
 , the agent bonded to the oil, disappeared 

from the surface of the water, and as a result 
slowly fell to the bottom of the test vessel as a 
 fi ne sediment. The water became rapidly clearer, 
and oil could no longer be ascertained in the 
water optically as well as by smell, already after 
about 1 day. The oil was completely bonded in 
the sediment.  
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   Strategy 3 

  Substrate Bioavailability Enhancing Solution : 
The third strategy for bioremediation has been 
developed by Kaiser and Collins  (  1995  )  and is 
protected by a US patent (US5561059A). The 
technology is about a chemical mixture which 
enhances the substrate bioavailability. 

 The invention describes a liquid substrate bio-
availability enhancing solution that cofunctions 
as an emulsi fi er and cleaner for oil-contaminated 
surfaces and subsurfaces and as an enhancing 
nutritional liquid carrier for specially selected 
naturally occurring microbes to be added and 
indigenous organisms. The added specially selected 
microbes multiply in the host liquid. After appli-
cation to oil-contaminated surfaces or subsur-
faces as the liquid emulsi fi es the contaminants, 
the microbes ef fi ciently begin the digestion of the 
microscopic particles produced thereby. 

 The method developed by Conard and Collins 
is comprised of two separate parts: the microbe 
enhancing emulsi fi er and cleaner and the selected 
naturally occurring microbes. The liquid part of 
the invention is an aqueous mixture of nonionic 
and anionic surfactants and other chemicals. 

 The method claimed by Conard and Collins 
has the following exclusive features:

   Provides environmental workers with a substrate • 
bioavailability enhancing emulsi fi er and cleaner 
for control of hydrocarbon contamination  
  Provides an ef fi cient substrate bioavailability • 
enhancing oil emulsi fi er and cleaner-carrier 
for the practical delivery of selected bioreme-
diating microbes  
  Provides substrate bioavailability enhancing • 
emulsi fi er-cleaner that, when applied to oil-
contaminated surface or substrate, is not detri-
mental to the indigenous microbial population  
  Provides a liquid carrier that acts as a life-• 
enhancing medium for the selected naturally 
occurring microbes that are added prior to 
application to an oil-contaminated surface or 
substrate biocatalyst  
  Provides a liquid carrier that acts as a • 
 life-enhancing medium for the indigenous 
microbes that are present prior to application 
to an oil-contaminated surface or substrate  

  Provides a carrier liquid whose components • 
can also act as a food source for the naturally 
occurring microbes prior to application to an 
oil-contaminated surface of substrate  
  Provides a carrier that stimulates the dormant • 
naturally occurring microbes when added and 
provides for their rapid multiplication through 
the presence of an atomically bonded stable 
nonoxidizing oxygen biocatalyst added prior 
to application to the contaminates  
  Provides a substrate bioavailability enhancing • 
chemical mixture that may be diluted with 
water, thus providing an economical method 
for delivery to, and application upon, contami-
nated areas  
  Provides a carrier for microbes that is not • 
harmful to the intact normal human skin so 
that it can be safely handled by the applicators  
  Provides a method of practical bioremediation • 
by using emulsi fi ers that ef fi ciently portion 
food for the microbes  
  Provides a method of hydrocarbon cleanup • 
that does not require transportation and relo-
cation of the contaminants which contributes 
to further pollution of the environment  
  Provides a carrier whose active components • 
do not react with each other    
 These and other attributes of the invention 

are realized by combining into an aqueous base, 
emulsi fi ers, surfactants, and other ingredients 
such as the emulsi fi er nonylphenol ethoxylate, 
a surfactant such as linear alkyl aryl sodium 
sulfonate, a sequestering agent such as ethyl-
enedinitrilotetraacetic acid – tetrasodium salt – 
an emulsifying solvent such as dipropylene 
glycol monomethyl ether, a pH control agent 
such as sodium silicate, and an atomically 
bonded oxygen source as part of the water com-
ponent which serves as a nonoxidizing oxygen 
biocatalyst. 

  Working of the Technology : Selected live natu-
rally occurring microbes are added to the liquid 
emulsi fi er at the job site prior to use. The microbes 
may be anaerobic microbes, aerobic microbes, 
or facultative microbes which are added under 
anaerobic or aerobic conditions. The microbes 
may be dormant live naturally occurring microbes 
packaged in powder form. 
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 The liquid substrate bioavailability enhancing 
emulsi fi er of the present invention, when the 
dormant dry powder microbes are added, acts as 
a host liquid for the microbes and with the action 
of the biocatalyst causes the microbes to be 
activated and nourished to activate their repro-
duction cycle. 

 The combination of ingredients stimulates a 
very rapid arousal of the microbes from their dor-
mant state, activating their rapid division so that 
when the liquid mixture is applied, the microbes 
are vigorous and reproducing exponentially. 

 The substrate bioavailability enhancing chemical 
mixture is applied to oil-contaminated surfaces, 
and upon contact with the hydrocarbons, the 
mixture of ingredients rapidly emulsi fi es the oil 
contaminates into tiny droplets. Just as milk fat 
(oil) is in a near colloid state in milk and thus 
does not easily rise to the surface as cream, the 
emulsi fi ers decrease the size of the contaminat-
ing oil and hold it in suspension because of the 
tiny droplet sizes. This exposes tremendous sur-
face area to the activated oil-consuming microbes 
which can then ef fi ciently begin bioremediation. 
Microbes can most ef fi ciently biodegrade their 
food substrate if it is available in sizes smaller 
than themselves. 

 The encapsulation of the microscopic particles 
of oil in the resultant colloid state gives the 
microbes the important oil/water interface that 
is necessary, along with supplemental oxygen, 
for their ef fi cient oil-digesting activities.  

   Strategy 4 

  Nutrient Material for Promoting Growth of 
Petroleum-Degrading Bacteria : The fourth strategy 
was devised by Felix and Hruza  (  1998  )  who 
are working for a US-based company named 
BioNutraTech, Inc. This company manufactures 
and distributes micro-encapsulated bio-nutrients 
that stimulate microbial activity for advanced 
commercial, industrial, and environmental biore-
mediation. Their proprietary products provide 
essential nutrients that stimulate and sustain 
the accelerated growth of highly desirable types 
of naturally occurring microbes that are already 

present in targeted wastes. The technology 
developed by BioNutraTech was  fi rst disclosed 
publically through a patent application 
WO-1999046210A1. 

 The method disclosed by Felix and Hruza uses 
a particulate material for promoting growth of 
petroleum-degrading bacteria. Each particle of 
the nutrient material comprises a core of water-
soluble, microbial available nutrients selected 
from the group consisting of nitrogen in the form 
of ammonium or urea compounds, phosphorous in 
the form of microbial available phosphate com-
pounds, iron in the form of microbial available 
iron compounds, and oxygen in the form of vari-
ous hydrogen peroxide compounds. The coating 
formulation of this invention uses a mixture of 
saturated and unsaturated fatty acids to form a 
coating material which is readily biodegradable, 
has physical properties making it ef fi cient for 
encapsulating microbial nutrients, increases the oil 
phase partitioning of the composite, and reduces 
the cost of manufacture. More particularly, the 
encapsulation for the core of nutrients is formed of 
an oleophilic and biodegradable coating compris-
ing oleic acid and a carboxylic acid selected from 
the group consisting of stearic acid, palmitic acid, 
and mixtures thereof. The preferred ratio of oleic 
acid to the selected carboxylic acid is between 
about 70:30 and about 30:70 by weight. 

 The invention also provides a process of man-
ufacturing the coated nutrient material (Fig.  16.3 ), 
which comprises mixing microbial nutrients 
together as dry ingredients and grinding them 
into a powder suf fi cient to pass through a number 
40 sieves. A coating mixture is prepared from 
commercial grade stearic acid and oleic acid at a 
preferred ratio of 40:60 by weight.  

 The coating mixture is melted by heating to 
100°C and resolidi fi ed to form a homogeneous 
composite and remelted at 100°C. Upon cooling to 
65°C, the coating is blended into the nutrients at a 
ratio of 90% nutrients to 10% coating by weight. 

  Working of the Technology : Biodegradation 
potential was assessed by treatment of arti fi cially 
weathered crude oil treated with an oleophilic 
nutrient mixture without an oxygen-releasing 
compound. An identical untreated control was 
maintained for comparison. The oil was then 
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treated with 0.30 g of a nutrient mixture com-
posed of 0.256 g (NH 

4
 ) 

2
 SO 

4
 , 0.011 g of KH 

2
 PO 

4
 , 

and 0.003 g of FeSO 
4
 7H 

2
 O, coated with a mix-

ture of 0.018 g oleic acid and 0.012 g of stearic 
acid. The reaction vessel was continuously aer-
ated with bubblers at a rate of 250 mm of air per 
minute. After 48 h, a follow-up application was 
made using only one-half the amount of nutrient 
mixture as in the original application. Percent 
difference in reduction of oil between the treated 
and untreated oil was measured after each time 
period.  

   Strategy 5 

  Enriched Steady-State Microbial Consortiums for 
Microbial Enhanced Oil Recovery and In Situ 
Biore-mediation : The  fi fth strategy for bioreme-
diation comes from a team of scientists working 
for a US-based company DuPont. The technol-
ogy disclosed by Hendrickson et al.  (  2010  )  of 

DuPont through a patent application number 
WO2010096537A1 uses enriched steady-state 
microbial consortiums for microbial enhanced 
oil recovery, and in situ bioremediation of hydro-
carbon-contaminated sites, under anaerobic den-
itrifying conditions, is disclosed. The consortium 
is identi fi ed by obtaining environmental samples 
comprising indigenous microbial populations 
exposed to crude oil and enriching the said popu-
lations per enrichment protocol. The enrichment 
protocol employs a chemostat bioreactor to provide 
a steady-state population. The steady-state popu-
lation may be characterized by using phyloge-
netic DNA sequence analysis techniques, which 
include 16S rDNA pro fi ling and/or DGGE 
 fi ngerprint pro fi ling as described herein. The 
steady-state population is further characterized as 
an enriched consortium comprising microbial 
constituents having relevant functionalities for 
improving oil recovery or in situ bioremediation 
of hydrocarbon-contaminated environmental 
sites. The steady-state enriched consortium may 

  Fig. 16.3    Is a  fl ow diagram of the method of manufacturing the present composite material       
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grow in situ, under reservoir conditions, using 
one or more electron acceptors and the reser-
voir’s crude oil as the carbon source for micro-
bial enhancement of oil recovery or in situ 
bioremediation of hydrocarbon-contaminated 
environmental sites. The steady-state consortium 
may be used with other microorganisms to 
enhance oil recovery in reservoirs or wells or in 
situ bioremediation of hydrocarbon-contami-
nated environmental sites with analogous reser-
voir conditions of the selected/targeted wells. 

 The method described for in situ bioreme-
diation of hydrocarbon-contaminated environ-
mental sites comprises an isolated conso rtium 
of microbial species, comprising one 
 Thauera  strain and two other strains selected 
from the group consisting of  Azoarcus  sp. 
 Pseudomonas  sp.  Azotobacter  sp.  Bacteroides  sp. 
 Clostridium  sp.  Anaerovorax  sp.  Finegoldia  
sp.  Spirochetes  sp.  Deferribacter  sp.  Flexistipes  
sp.  Chloro  fl  exi  sp. and Ochrobactrum sp. 
(Fig.  16.4 ).  

  Working of the Technology : Enrichment of a 
microbial consortium on targeted oil as the car-
bon source under denitrifying anaerobic condi-

tion is carried out. Parent enrichment cultures 
and a screening protocol were developed to iden-
tify microbes capable of growth under anoxic 
conditions on either crude oil or its components 
or samples from a hydrocarbon-contaminated 
site as the sole source of carbon. These soil sus-
pensions were used as an inoculum into 60-mL 
serum vials that contained 2:1 v/v of the minimal 
salts medium (20 mL) and the autoclaved crude 
oil (10 mL). 

 The parent POG1 consortium cultures were 
examined for their ability to release oil from sand 
in a visual oil release assay using the microsand 
column described above. Inocula from early par-
allel enrichment cultures of the second-genera-
tion parent POG1 consortium and one 
third-generation culture (EH40:1) with high 
nitrate concentration (−1,600 ppm) were tested in 
this assay. All enrichment cultures were grown 
anaerobically in the SL10 minimal salts medium 
using ACO oil as the carbon source and nitrate as 
the electron acceptor until turbidity was observed. 
A 4.0 mL aliquot of each inoculum was added to 
the 13-mm glass tubes either directly or diluted 
1:2 with the minimal salts medium. The micro-

  Fig. 16.4    Distribution of microorganisms in the parent POG1 consortium after 3 months in second-generation parent 
populations as determined by 16S rDNA identities       
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sand columns were placed in each glass tube, 
immersed in the medium/cell inoculum with the 
tapered neck of the Pasteur pipettes pointing up. 
The outer vials were sealed in the anaerobic Coy 
chamber and allowed to incubate at ambient 
temperatures for the next several weeks. Each 
column was periodically checked for oil release. 
Cultures that enhanced release of oil over back-
ground (sterile medium) were presumed to have 
altered the interaction of the oil with the sand sur-
face. Oil released from the sand was visualized 
by the released oil collecting in the tapered neck 
of the Pasteur pipettes or forming droplets on the 
surface of the sand layer. Oil release was observed 
for some of the POG1 parent enrichment cultures 
as rapidly as only 3 h after inoculation.  

   Strategy 6 

  Microemulsion as a Biodegradation Accelerator : 
The sixth technology is assigned to Elf Aquitaine 
and is protected as US patent US6190646B1. Elf 
Aquitaine was a French oil company which 
merged with Total Fina to form Total Fina Elf. 
The new company changed its name to Total in 
2003. The technology is about a nutrient microe-
mulsion in spray form, useful as a biodegradation 
accelerator. This technology was invented by 
Tellier et al.  (  1999  ) . 

 The invention describes a microemulsion 
which is useful as a biodegradation accelerator 
which is nontoxic, which is stable at temperatures 
from −10 to +50°C, and which has  fl uidity at 
+5°C which is suf fi cient for use in the applica-
tions desired. 

 This microemulsion, which is useful as a bio-
degradation accelerator, contains at least one 
nitrogenous compound such as amino acids, pro-
teins, urea, and its derivatives from 10 to 35% by 
weight of a phosphorus surfactant compound of 
the alkyl or alkenyl phosphoric ester type, the 
ester being a monoalkyl- and/or dialkyl- or 
monoalkenyl- and/or dialkenylphosphoric ester 
from 3 to 20% by weight of at least one cosurfactant, 
a compound selected from the group consisting 
of vegetable oils, animal oils and fatty acids, and 
a plasticizer, said emulsion having a viscosity at 

5°C less than or equal to 200 mPa sec and stable 
at a temperature of −10 to +50°C. 

 In the present invention, it is the combined effect 
of the surfactants derived from the above speci fi c 
phosphoric esters, with a cosurfactant or a mixture 
of cosurfactants, which assures the stability of the 
microemulsion down to a very low temperature, at 
least −10°C, and allows the product to be used 
without dif fi culty in any cold environment. 

  Working of the Technology : There is an accel-
erator effect on the biodegradability of microe-
mulsions of the invention, with regard to 
hydrocarbons with a radiorespirometry pilot. The 
measurement is conducted with the aid of a labo-
ratory apparatus called a radiorespirometer. It 
enables continuous observation of the digestion 
of radioactive hydrocarbons while evaluating the 
abiotic losses on each culture which avoids incu-
bating with sterile cultures. 

 Hundred milliliters of a reaction medium is 
formulated from synthetic seawater, bacterial 
 fl ora, and phenanthrene labelled with  14 C, biode-
gradable with dif fi culty, at 100 mg/L, in culture 
 fl asks or 250-mL Erlenmeyer  fl asks equipped 
with two lateral Torion (joints), with one being 
connected to the inlet for oxygen, and the other 
being connected to a trap for hydrocarbons 
formed by ORBO-43 columns sold by Supelco. 
The  fl ow of oxygen for aeration is adjusted to 
5 mL/min, and the medium is agitated with a 
back-and-forth agitator at 80 oscillations per 
minute. These reactors, thus agitated, are placed 
in the dark to incubate at 20°C for 1 month. 
Evaporated hydrocarbons are absorbed on the 
hydrocarbon traps. The  fl ow of air entrains CO 

2
  

labelled with  14 C derived from digestion of the 
phenanthrene into a CO 

2
  trap formed by a solu-

tion of 4N sodium hydroxide. 
 During this incubation for 1 month, in order to 

measure the kinetics of digestion, samples are 
taken every 2 or 3 days, depending on the results 
obtained. Three aliquot samples of 0.5 mL of the 
solution of 4 N sodium hydroxide are placed for 
measurement in 10 mL of Hionic-Fluor cocktail 
from Packard. 

 The bacterial  fl ora used to test the effectiveness 
of the microemulsions, or rather of the surfactant/
cosurfactant pair, is a complex natural  fl ora of 
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marine origin. Before starting the tests, this  fl ora 
is reactivated by being kept at 80°C on rich 
medium Marine Agar 2216 from Difco for 8 h. 
Then it is precultured on synthetic seawater of 
the Instant Ocean type at 33 g/L and enriched 
with 50 mg/L of light crude Arab oil for 2 days in 
the presence of nitrogenous and phosphorous 
nutrients, ammonium chloride, and potassium 
hydrogen phosphate, in concentrations such that 
the ratios C/N/P are equal to 106/16/1. 

 The labelled phenanthrene used is  9–14 C, Sigma 
product 31,528-1. The tests are carried out in 
nine reactors placed in series, all containing the 
same reaction medium formed from synthetic 
seawater, labelled phenanthrene at 100 g/L, acti-
vated bacterial  fl ora at 10% v/v, and a neutral pH 
buffer, TRIS at 6 g/L, these concentrations being 
reported as the reaction medium. Various micro-
emulsions of the invention and of the prior art are 
introduced into 8 of these reactors. The concen-
trations of the microemulsions in the reaction 
media at the beginning of the trials are 10 mg/L. 

 A better digestion of the phenanthrene is noted 
in the presence of microemulsions × 16 and × 20. 
For certain other formulations of the invention, a 
certain latent period is observed before digestion 
is produced.  

   Strategy 7 

  Nutrient Concentrate for Accelerated Growth of 
Hydrocarbon-Consuming Microorganisms : The 
seventh representative technology invented by 
Holtwiesche, Bettina; Weiss, Albrecht; and 
Boehme, Adelheid, is assigned to Henkel and is 
protected by a US patent number US5635392A. 
Founded in 1876, Henkel holds globally leading 
market positions both in the consumer and indus-
trial businesses. Headquartered in Düsseldorf, 
Germany, it has about 48,000 employees world-
wide. The present invention provides a nutrient 
mixture which has an emulsifying effect and would 
contain P- and N-yielding substances, but would 
be made up of very few pure C-compounds. 

 This nutrient mixture leaves very few residues 
behind in the soil sample to be treated. The 
described nutrient mixture would prefer the pol-

lutant-degrading microorganisms to other 
microorganisms. 

 This invention relates to a nutrient concentrate 
for stimulation and as a growth aid for the acceler-
ated growth of hydrocarbon-consuming microor-
ganisms for their use in the biological degradation 
of organic components, containing water-soluble 
and/or oil-soluble compounds of Phosphorus (P) 
and Nitrogen (N) present in admixture with other 
water-soluble and/or oil-soluble organic mixture 
components which are at least partly endowed 
with nutrient character for the growth of the micro-
organisms, characterized in that it is in the form of 
a liquid water-based preparation and contains one 
or more esters of phosphoric acid as emulsi fi er and 
P-source and, if desired, one or more water-soluble 
or water-dispersible N-sources. 

 The present invention also relates to the use of 
the nutrient mixtures in combination with concen-
trates of microorganisms which are capable of 
degrading hydrocarbon compounds and which are 
preferably of natural origin. Important applica-
tions include the remediation of soils, freshwater, 
and/or saltwater through the elimination of pollu-
tion based on hydrocarbon compounds and also 
the treatment of working equipment, pipes, and 
large vessels, including tankers and the like, using 
the nutrient mixtures according to the invention. 

 In one particular embodiment, the invention 
relates to the use of the nutrient mixtures, more 
particularly in combination with microorganism 
concentrates capable of degrading hydrocarbon 
compounds, for the elimination of oil-wetted cut-
tings from geological land-supported or offshore 
drilling, for example, from the development of 
geological occurrences. 

 In the context of the invention, particular 
signi fi cance is attributed to the phosphoric acid 
esters used. These compounds act on the one 
hand as a P-source and on the other hand as 
emulsi fi ers. Although the way in which they act 
is not fully understood, it may be assumed that 
the compounds collect at the interface between 
the hydrophobic pollutant and the water present 
in the soil sample and, on the one hand, develop 
an emulsifying effect and, on the other hand, keep 
the phosphorus source available in the immediate 
vicinity of the pollutant so that it is useful in par-
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ticular to those microorganisms which are capa-
ble of degrading the pollutants. Preferred 
phosphoric acid esters are those which can be 
taken up by microorganisms. Accordingly, 
amongst the compounds which meet this require-
ment, particular signi fi cance is attributed to the 
phospholipids. Phospholipids are amphiphilic 
substances which are obtained from vegetable or 
animal cells. Preferred phospholipids are the 
glycerophospholipids which, normally, are also 
known as lecithin. The sphingophospholipids are 
less preferred. Known compounds which may be 
used in accordance with the invention are the 
diacyl phospholipids, phosphatidylcholines, 
phosphatidylethanolamines, phosphatidylinositols, 
phosphatidylserines, phosphatidylglycerols, 
phosphatidylglycerol phosphates, diphosphati-
dylglycerol,  N -acyl-phosphatidylethanolamine, 
and phosphatidic acid. Preferred compounds are 
the monoacyl phospholipids, lysophosphatidyl-
cholines, lysophosphatidyl ethanolamines, lyso-
phosphatidyl inositols, lysophosphatidyl serines, 
lysophosphatidyl glycerols, lysophosphatidyl 
glycerophosphates, lysodiphosphatidyl glycer-
ols, lyso- N -acylphosphatidylethanolamines, and 
lysophosphatidic acid. By virtue of their accessi-
bility, the expert will mainly use commercially 
available phosphatidyl glycerides which are mar-
keted as vegetable or animal lecithins and cepha-
lins. These preparations are generally obtained 
from oils, such as wheat germ oil or cottonseed 
oil or soybean oil. According to this strategy, 
preference is attributed to the enzymatically 
hydrolyzed glycerophospholipids (enzymatically 
hydrolyzed lecithin), which are more hydrophilic 
in character through the elimination of a fatty 
acid residue. The only exceptions are those prod-
ucts which have lost their phosphoric acid com-
ponent as a result of the enzymatic hydrolysis. 

 In addition to or instead of the phospholipids 
mentioned above, partial esters of phosphoric 
acid with fatty alcohols, more particularly cor-
responding partial esters with linear fatty alco-
hols, may also be used as the P-source of the 
nutrient concentrates according to the invention. 
Esters of relatively short-chain fatty alcohols, for 
example, C 

6–10
  fatty alcohols, are particularly 

suitable. However, alkyl phosphates with relatively 
long-chain fatty alcohols, that is, C 

12–24
  fatty 

alcohols, may also be used. Fatty alcohol ether 
phosphates are also suitable. These are phos-
phoric acid partial esters of ethoxylated fatty 
alcohols, the fatty alcohols containing 8–24 car-
bon atoms and being ethoxylated with 1–10 mol 
and preferably 4–6 mol of ethylene oxide per 
mole of fatty alcohol. 

 The phosphoric acid esters mentioned are used 
in the nutrient concentrates according to the 
invention in quantities of 10–40% by weight and 
preferably in quantities of 20–30% by weight. 

 In addition, the nutrient concentrates accord-
ing to the invention contain an N-source in the 
form of inorganically and/or organically bound 
nitrogen. N-sources which only contain organi-
cally bound nitrogen are preferred because the 
use of inorganically bound nitrogen can result in 
salinization of the soil. 

  Working of the Technology : A nutrient concen-
trate was prepared from glycerophospholipid 
(enzymatically hydrolyzed lecithin, trade name: 
Lipotin® NE, a product of Lucas Meyer) 20% by 
weight, urea 20% by weight, alkyl polyglycoside 
(C chain length: C.sub.8 to C.sub.16, D.P.: approx. 
1.4) 2% by weight, and water ad 100% by weight. 
Substrate: 2kg of sand polluted with 7,000 ppm of 
crude oil. Incubation temperature: 16°C; observa-
tion period: 42 days; treatment interval: 0.4 g 
nutrient concentrate/kg sand every 10 days; pol-
lutant analysis method: DIN 38409H18. The pol-
lutant analysis method according to DIN 
38409H18 comprises determining the speci fi c 
spectral absorption of hydrocarbon mixtures by 
infrared spectroscopy in an organic solvent 
extract. The number of ‘degradation specialists’, 
that is, the microorganisms capable of degrading 
the contamination, was determined by initially 
determining the total number of growing microor-
ganisms or microorganisms capable of growth 
and then determining the number of degradation 
specialists from the result obtained by transferring 
the cultures to a nutrient plate containing hexade-
cane as sole C-source. It was undoubtedly proved 
that the nutrient concentrate activates the degrada-
tion potential of marine  fl ora.   
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   Top Assignees and Countries in the 
Domain of Bioremediation 

 Figure  16.5  shows that US-based company 
DuPont is the most aggressive company working 
towards developing microorganism-based tech-

nologies for bioremediation of oil-contaminated 
sites followed by Biosaint; Univ Nat Cheng 
Kung; Samsung Everland Inc.; Technology 
Licensing Organization, Japan; Biorem AG; 
Petrozyme Technologies, Canada; Ocean 
University of China; and BioNutraTech.  

  Fig. 16.5    Number of patent families  fi led by different assignees       

  Fig. 16.6    Number of patent families  fi led for microorganism-based bioremediation technologies       
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 The USA is on the top of all the countries in 
patenting activity (Fig.  16.6 ). US-based companies 
E.I. du Pont de Nemours and Company, Wilmington; 
BioNutraTech Inc., USA, and Savannah River 
Nuclear Solutions LLC are actively working in this 
direction. In China the universities are very actively 
working in development of bioremediation tech-
nologies, prominent amongst these are Ocean 
University of China, Dalian University of 
Technology, and Peking University, Beijing, and in 
companies, PetroChina Co. Ltd. is very active. 
Korea is an East Asian country that is very active 
after China; main companies in Korea are Biosaint 
Co. Ltd., Samsung Everland Inc., and Korea 
Research Institute of Bioscience & Biotechnology. 
In Japan, Taisei Corp., Tosoh Corp., and Fukushima 
University are the top inventing companies.       
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