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Foreword

I am delighted to introduce Vol. II of “Bioresources
and Bioprocess in Biotechnology: Exploring potential
biomolecules”, edited by Dr. Shiburaj Sugathan, Dr. N
S Pradeep and Dr. Sabu Abdulhameed. In this regard, I
would like to highlight its specific features in the most
possible brief form so that the peers may quickly lay
their hands on the collection of erudite essays with
guiding commentaries and reviews. To be exact, I am
happy to say that the editors have done a commendable
job in an area of several bio-applications. Technically
speaking, there may be other similar edited volumes
very coarsely comparable to the present one produced
in the past. However, the present compilation makes a better composition, consider-
ing its scope and the extent of recent and emerging areas in bioresources and bio-
process technology. The salient features of the outstanding collection of reviews are
the much-needed single volume for students, researchers and industrialists in the
field of biotechnology, particularly hitherto apparently neglected areas of knowl-
edge with transformational potential. The present volume will be of use to research-
ers in the fields of antimicrobials particularly toward mycobacterium, plant-based
alternative medicines, enzymes, anticancer and anti-inflammatory molecules,
medicinal significance of polyphenol-containing fermented products, etc.

The editors must be congratulated for bringing out such an extensive volume
beautifully written for universal appeal. The following areas are dealt with utmost
care and scholarship. They are chemical alterations of compounds (e.g., a drug)
occurring within the body, as by enzymatic activity; plant biosynthetic pathway
assemblies for engineering microbial systems to produce targeted chemical
compounds; biodiversity of plants ensuring resources for new food crops and
medicines; ever nascent ethnopharmacology; etc. No doubt, this volume will be of
great use to one and all in the fields of biological resources and biotechnology and

Vii



viii Foreword

materials research for solving the maladies presently limiting sustainable and com-
fortable life to humans in a conserved environment with equal rights to all life
forms.

Director, Inter University Centre for Bioscience Madathilkovilakath Haridas
Kannur University

Thalassery Campus Kannur, 670661, Kerala, India

mharidasmm @ gmail.com



Preface

In an era of growing awareness about the threats of biodiversity loss, the society is
witnessing an unprecedented interest in novel bioresources, which are increasingly
prized for their potential use in many applications. The loss of bioresources is occur-
ring at an alarming rate, a consequence of increasing population pressure, agricul-
tural land degradation, urbanization and above all neglect. Deforestation and forest
degradation are large-scale problems in developing countries.

To meet the demands of the society in industrial, healthcare, food and other sec-
tors, the utilization of bioresources is an absolute requirement. At the same time, we
need to make sure that the overexploitation should never result in biodiversity loss.
To manage this situation, we need to have more knowledge on rarely used or unused
resources which are available in bulk and are easy to propagate rapidly. Modern
biotechnology is armed with techniques for sustainable utilization of bioresources
to meet the increasing demand.

The concept of sustainable development indicates that economic and environ-
mental protection are inseparably linked and that the quality of present and future
life fails in meeting basic human needs without destroying the environment on
which the life depends. There is a growing recognition worldwide that conservation
and sustainable management of bioresources are the need of the hour. The use of
biotechnological tools and bioprospecting will open new vistas in many fields viz.
agriculture, medicine, horticulture, environment, etc. Since we cannot do without
exploiting the available bioresources to our advantage, there has to be a balance
between uses of resources and their conservation.

There is an increasing realization that bioresources especially medicinal plants
and microbes can provide cheaper means of disease management by analyzing fur-
ther their functional potential. This interest has led to a better understanding of the
role of plant and microbial bioactives in health promotion and disease prevention.
Generation of high-throughput data and the study of molecular mechanisms of dis-
eases have all contributed to this effort.

Kerala, India Shiburaj Sugathan
N.S. Pradeep
Sabu Abdulhameed



Contents

Partl Enzymes

1

Enzymes for Bioenergy .............cc.cocvininininiiiiiniiiineescneseens 3
Rajeev K. Sukumaran, Amith Abraham, and Anil K. Mathew

Therapeutic ENzymes ............cc.ccccooviiiiiiniiiiniiinnceecscsecens 45
Swaroop S. Kumar and Sabu Abdulhameed

Enzymes for Bioremediation and Biocontrol ..................c..c..coccocceen. 75
Indu C. Nair and K. Jayachandran

Enzymes as Molecular Tools .....................cccoiiiiie 99
Gayathri Valsala and Shiburaj Sugathan

Biotransformation Enzymes...........c..c.coccocooiiiiiniininnnninncncenns 129
Sudheesh Sudhakaran, T.M. Archana, and C.N. Aguilar

Enzyme Engineering..............cccocooeiininininiiiniininnneenc e 151
Soorej M. Basheer and Sreeja Chellappan

Part I Anti Cancer and Anti-inflammatory Molecules

7

10

Anti Cancer Agents from Microbes ................ccocoovieiinieiiniieneeeee, 171
Vipin Mohan Dan and Rahul Sanawar

Cancer Combating Biomolecules From Plants ..............c..ccccoccoeniine 185
Anu Augustine and Geetha S. Pillai

Anti-inflammatory Molecules: Enzyme Inhibitors...............c..c..c..c.... 201
C.S. Sharanya and Madathilkovilakath Haridas

Anti-inflammatory Molecules: Immune System Mediators ............... 235
B.C. Bhavya and Madathilkovilakath Haridas

Part III Antimicrobials

11

Antimicrobial Agents from Plants...................ccocooooiiiiniiiiiniin 271
Reshma Reghu, Pramod Sahadevan, and Shiburaj Sugathan

Xi



Xii Contents

12 Antimicrobials from Microbes................ccccooeviiiiiiieiiiieeeeeeeeeeee
Dileep Francis

13 Novel Sources of Antimicrobials....................cc..cooooiiiiiiiiiiic,
Lini Nirmala and D.P. Zyju

14 Quorum Quenching Compounds from Natural Sources.....................
G. Seghal Kiran, Saqib Hassan, Arya Sajayan, and Joseph Selvin

15 Antimycobacterial Peptides .............c..coccoooiniiiiiiiininnnncncce
Seema Madhumal Thayil and Anup Kumar Kesavan

Part IV Emerging Trends

16 ProbiotiCS ......ccoooiieeiieeeeeeeeeeeeeeee e
T.S. Swapna, A.S. Ninawe, and Sabu Abdulhameed

17 Stilbenes and Their Derivatives in Traditional Medicine....................
Nimisha Vijayan, Madathilkovilakath Haridas,
and Sabu Abdulhameed

18 Novel Targets and Advancements in Drug Discovery:
The Case of HIV-AIDS .........oooiiiiie e
Nihar Ranjan, Umesh Kumar, and Sunil K. Deshmukh



Contributors

Sabu Abdulhameed Inter University Centre for Bioscience, Department of
Biotechnology and Microbiology, School of Life Sciences, Kannur University,
Kannur, Kerala, India

Amith Abraham Centre for Biofuels, Biotechnology Division, CSIR-National
Institute for Interdisciplinary Science and Technology, Thiruvananthapuram,
Kerala, India

C.N. Aguilar School of Chemical Sciences, Autonomous University of Coahuila,
Saltillo, Coahuila, México

T.M. Archana School of Chemical Science, Kannur University, Kannur, Kerala,
India

Anu Augustine Department of Biotechnology and Microbiology, School of Life
Sciences, Kannur University, Kannur, Kerala, India

Soorej M. Basheer Department of Molecular Biology, Kannur University,
Kasargod, Kerala, India

B.C.Bhavya Inter University Centre for Bioscience, Department of Biotechnology
and Microbiology, Kannur University, Kannur, Kerala, India

Sreeja Chellappan Molecular Biophysics Unit, Indian Institute of Science,
Bangalore, Karnataka, India

Vipin Mohan Dan Microbiology Division, Jawaharlal Nehru Tropical Botanic
Garden and Research Institute, Thiruvananthapuram, Kerala, India

Sunil K. Deshmukh TERI-Deakin Nanobiotechnology Center, The Energy and
Resources Institute, Gurugram, Haryana, India

Dileep Francis Department of Biotechnology and Microbiology, School of Life
Sciences, Kannur University, Kannur, Kerala, India

Madathilkovilakath Haridas Inter University Centre for Bioscience, Department
of Biotechnology and Microbiology, Kannur University, Kannur, Kerala, India

xiii



Xiv Contributors

Saqib Hassan Department of Microbiology, School of Life Sciences, Pondicherry
University, Puducherry, India

K. Jayachandran School of Biosciences, M.G.University, Kottayam, Kerala,
India

Anup Kumar Kesavan Department of Molecular Biology and Biochemistry,
Guru Nanak Dev University, Amritsar, Punjab, India

Swaroop S. Kumar Department of Biotechnology and Microbiology, School of
Life Sciences, Kannur University, Kannur, Kerala, India

Umesh Kumar TERI-Deakin Nanobiotechnology Center, The Energy and
Resources Institute, Gurugram, Haryana, India

Anil K. Mathew Centre for Biofuels, Biotechnology Division, CSIR-National
Institute for Interdisciplinary Science and Technology, Thiruvananthapuram,
Kerala, India

Indu C. Nair Department of Biotechnology, SASSNDP Yogam College,
Pathanamthitta, Kerala, India

A.S. Ninawe Department of Biotechnology, Government of India, New Delhi,
India

Lini Nirmala Department of Biotechnology, Mar Ivanios College,
Thiruvananthapuram, Kerala, India

Geetha S. Pillai Department of Biotechnology and Microbiology, School of Life
Sciences, Kannur University, Kannur, Kerala, India

Nihar Ranjan TERI-Deakin Nanobiotechnology Center, The Energy and
Resources Institute, Gurugram, Haryana, India

Reshma Reghu Division of Microbiology, Jawaharlal Nehru Tropical Botanic
Garden and Research Institute, Thiruvananthapuram, Kerala, India

Pramod Sahadevan Department of Biochemistry, Montreal Heart Institute,
Québec, Canada

Arya Sajayan Department of Food Science and Technology, Pondicherry
University, Puducherry, India

Rahul Sanawar Cancer Research Program, Rajiv Gandhi Centre for Biotechnology,
Thiruvananthapuram, Kerala, India

G. Seghal Kiran Department of Food Science and Technology, Pondicherry
University, Puducherry, India

Joseph Selvin Department of Microbiology, School of Life Sciences, Pondicherry
University, Puducherry, India

C.S. Sharanya Inter University Centre for Bioscience, Department of
Biotechnology and Microbiology, Kannur University, Kannur, Kerala, India



Contributors XV

Sudheesh Sudhakaran School of Chemical Science, Kannur University, Kannur,
Kerala, India

Shiburaj Sugathan Division of Microbiology, Jawaharlal Nehru Tropical Botanic
Garden and Research Institute, Thiruvananthapuram, Kerala, India

Rajeev K. Sukumaran Centre for Biofuels, Biotechnology Division, CSIR-
National  Institute  for  Interdisciplinary = Science and  Technology,
Thiruvananthapuram, Kerala, India

T.S. Swapna Department of Botany, University of Kerala, Thiruvananthapuram,
Kerala, India

Seema Madhumal Thayil Department of Molecular Biology and Biochemistry,
Guru Nanak Dev University, Amritsar, Punjab, India

Gayathri Valsala Division of Microbiology, Jawaharlal Nehru Tropical Botanic
Garden and Research Institute, Thiruvananthapuram, Kerala, India

Nimisha Vijayan Inter University Centre for Bioscience, Department of
Biotechnology and Microbiology, Kannur University, Kannur, Kerala, India

D.P. Zyju Thermofisher Scientific, Dubai, UAE



About the Editors

Dr. Shiburaj Sugathan is currently working as
Senior Scientist at the Division of Microbiology,
Jawaharlal Nehru Tropical Botanic Garden and
Research Institute, Palode, Thiruvananthapuram,
Kerala, India. He has more than 20 years of experience
in the area of microbial biotechnology and molecular
microbiology and has published several papers in
reputed national and international journals. He
obtained his doctoral degree from the University of
Kerala, India, and did his postdoctoral studies with the
fellowship from Kerala Biotechnology Commission at
Genetic Engineering Research Unit, School of
Biotechnology, MKU, under the mentorship of Prof. K. Dharmalingam from 2004
to 2007. He was awarded the BOYCAST fellowship of the Department of Science
& Technology, Govt. of India, and worked at Tom MacRae’s lab, Dalhousie
University, Halifax, Nova Scotia, Canada, from 2011 to 2012. He is a life member
of Association of Microbiologists of India, Proteomics Society of India, and Indian
Mycological Society and Member of Asia-Pacific Chemical, Biological &
Environmental Engineering Society (Email: drshiburaj@gmail.com).

Dr. N.S. Pradeep is working as a Senior Scientist and
Head, Division of Microbiology, Jawaharlal Nehru
Tropical Botanic Garden and Research Institute,
Palode, Thiruvananthapuram, Kerala, India. He
obtained his PhD from Gandhigram University,
Madurai, India. He has more than 20 years of research
experience in the area of microbial biotechnology and
molecular taxonomy. Dr. Pradeep has published several
research papers in national and international journals
and has a patent to his credit. He is the author/editor of
several books and life member of Association of Microbiologists of India, Mushroom
Society of India, Indian Mycological Society, Indian Science Congress Association,

Xvii



xviii About the Editors

Kerala Academy of Sciences, etc. Dr. Pradeep is actively involved in science exten-
sion and training, and he is a Research Committee Member of Integrated Rural
Technology Centre, Kerala, India (Email: drnspradeep @ gmail.com).

Dr. Sabu Abdulhameed is teaching Biotechnology at
the Department of Biotechnology and Microbiology,
School of Life Sciences, Kannur University, Kerala,
India. He earned his PhD in Biotechnology from
Cochin University of Science and Technology
(CUSAT), India. Prior to joining Kannur University, he
was a scientist at the National Institute for
Interdisciplinary Science and Technology (CSIR). Dr.
Sabu has published several research papers in reputed
Indian and international journals and owns three pat-
ents to his credit. He has already published three other books on various aspects of
biotechnology. He was a visiting fellow at University of Georgia, USA; Technical
University of Budapest, Hungary; University of Debrecen, Hungary; University of
Paul Cezanne, France; University of Mediterranean, Marseille, France; and
Autonomous University of Coahuila, Mexico. His current research interest includes
production, purification and characterization of industrial enzymes and character-
ization of bioactive molecules. Dr. Sabu also serves as a member in the editorial
board of many research journals and is an expert member in many academic and
scientific bodies. (Email: drsabu@ gmail.com).




Partl

Enzymes



Enzymes for Bioenergy

Rajeev K. Sukumaran, Amith Abraham, and Anil K. Mathew

Abstract

Lignocellulosic ethanol is emerging as the prominent candidate for renewable
liquid transportation fuels, and the conversion of biomass to ethanol requires
enzymatic hydrolysis. Enzymes that hydrolyze biomass have been the subject of
several studies, since the cost estimations of second-generation ethanol show
significant contributions by this single consumable. The chapter introduces
biomass-hydrolyzing enzymes in the context of biorefineries and provides an
overview on the current knowledge and understanding of these enzymes with
respect to their types, mode of action, regulation of gene expression, and syner-
gies. The changing concepts about the role of individual enzymes and the new
discoveries on lignocellulose breakdown are presented to highlight the develop-
ments in biomass hydrolysis paradigm. It also covers the current strategies
employed for commercial production of different lignocellulose-hydrolyzing
enzymes and their blending to derive efficient cocktails. Finally, the importance
of cost reduction in production and usage of biomass hydrolysis enzymes for a
cost-effective bioethanol technology is discussed along with the current
approaches in addressing this.

Keywords
Cellulase ¢ Hemicellulase ¢ Xylanase ® Biomass hydrolysis ¢ Biorefineries ©
Bioethanol ¢ Bioenergy
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1.1 Introduction

World energy consumption is on the rise, and a significant growth in energy demand
of about 48% is projected for the year 2040 from the base value in 2012 (EIA 2016).
Economic growth along with accompanying changes can significantly influence
energy consumption, and improvement in living standards brings with it a rapidly
growing demand for energy. While renewable energy is the world’s fastest growing
source of energy, fossil fuels continue to provide most of the world’s energy, and
liquid transportation fuels represent a major share of this (EIA 2016). Even with
efforts worldwide on alternative energy resources, it is projected that the demand for
fossil fuels will be on the rise at least for the next few decades with serious impacts
on the global environment and climate. It is in this context that the renewable liquid
transportation fuels including biodiesel and bioethanol gain prime importance as the
existing alternatives to petroleum-based transportation fuels. Lignocellulose is inar-
guably the world’s most abundant renewable source of energy and this justifies the
enormous efforts put into developing plant biomass-based fuels — primarily bioetha-
nol. While several of the second-generation (2G) ethanol programs claim to have
gone commercial, it still is not a reality at consumer level. The major limitation in
commercialization of 2G ethanol is the cost of its production. Lignocellulose con-
tains mainly the sugar polymers — cellulose and hemicellulose, and a significant
fraction as lignin. Both the sugar polymers can be broken down to their component
sugars, which then can be fermented by microbial action to produce bioethanol. The
hydrolysis/saccharification of biomass can be achieved by chemical agents (e.g.,
acids) or through enzymatic hydrolysis. The latter is often much more efficient and
requires only ambient conditions, whereas the former needs higher temperature and
is plagued by issues like generation of sugar breakdown products, and the need to
deal with acidic waste streams (Visser et al. 2015). The seemingly simple enzymatic
process is made difficult by the recalcitrance of lignocellulose and the cost of
biomass-hydrolyzing enzymes. Recalcitrance of biomass to enzymatic hydrolysis
stems from the highly organized structure of lignocellulose, which prevents access
of the enzymes to cellulose. Biomass pretreatments are aimed at making the cellu-
lose more accessible to the enzymes and can bring significant improvements in
digestibility. The chapter is primarily focused on biomass-hydrolyzing enzymes in
the context of bioenergy, and specifically bioethanol. Microorganisms producing
cellulase, their regulation at molecular levels, production strategies, enzyme cock-
tails for biomass hydrolysis, and the emerging strategies for improving production
and efficiencies of biomass-hydrolyzing enzymes are discussed.

1.2  Biomass-Hydrolyzing Enzymes and Their Role
in Biofuels Production

Plant biomass consists of three major structural biopolymers, namely, cellulose,
hemicellulose, and lignin, each having a unique and complex structure. Cellulose is
the major component and is a homopolymer of -1,4-linked glucose units which can
have a degree of polymerization (DP) up to 10,000. Often the cellulose chains are
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organized into microfibrils and there is cross-linking between adjacent chains
through hydrogen bonds leading to crystalline and amorphous domains (Pu et al.
2013). Cellulose can make up to 15-30% of primary cell walls and up to 40% of
secondary cell walls (Sticklen 2008). Hemicellulose on the other hand is a diverse
group of short chain, branched, substituted polymer of sugars with a DP of ~70-200
(Zhao et al. 2012). The sugar monomers in hemicelluloses can be xylose, mannose,
galactose, rhamnose, and arabinose, with xylose being the most abundant one. They
can also contain the sugar acids like glucuronic or galacturonic acid and the hydroxyl
groups of sugars can be partially substituted with acetyl groups (Girio et al. 2010).
Lignin is a class of complex cross-linked phenyl propane units, primarily compris-
ing the monomeric units—p-coumaryl, coniferyl, and sinapyl alcohols. Typical
plant cell wall structure consists of cellulose microfibrils embedded in a matrix of
lignin interspersed with hemicellulose fibers forming a very rigid and organized
structure, which is rather difficult to break (Fig. 1.1).

Nature’s arsenal for breaking plant cell wall structures includes enzymes that can
hydrolyze all of these compounds, and these catalysts play a very important role in
the recycling of organic carbon on the globe. Different microorganisms are capable
of producing enzymes that can degrade cellulose, hemicellulose, or lignin, or a
combination of all. Recently, cellulases have taken the center stage in enzyme
research, primarily because of their important role in second-generation ethanol
(bioethanol) from lignocellulosic biomass. Sugar polymers in the lignocellulosic
biomass are linked through f-1,4 glycosidic linkages that can be hydrolytically
cleaved to release monomeric sugars. Enzymatic hydrolysis primarily employs cel-
lulases derived from filamentous fungi — especially strains of Trichoderma,
Penicillium, and Aspergillus, mostly in a crude concentrated form. While cellulases
have been around for several decades, the enzymes tailored for efficient biomass
hydrolysis are a recent development and involve deliberate blending of multiple
enzymes from different sources so as to achieve maximum hydrolytic efficiency.
Natural cellulases are slow acting and are affected by several parameters from the
reaction environment. While recent research has been successful in improving the
efficiencies of biomass-hydrolyzing enzymes and their reaction rates, the same can-
not be said for their cost of production. It has been realized that the cost of biomass-
hydrolyzing enzymes is a major hurdle for developing an economically viable

Cellulose Hemicellulose Lignin

Fig. 1.1 Schematic representation of the lignocellulose structure



6 R.K. Sukumaran et al.

cellulosic ethanol industry (Banerjee et al. 2010), and there have been numerous
efforts toward bringing down the cost of cellulases at the level of both production
strategies and organism engineering. Enzyme majors of the world—Novozymes
and Dupont (Genencor)—have been able to bring down the cost of enzyme per unit
volume of ethanol produced to levels 10—12 folds lower, but a marketable commer-
cial Lignocellulosic (LC) ethanol remains elusive. This is despite the fact that there
are claims from companies on successful running of lignocellulosic ethanol plants.
Several research studies have repeatedly highlighted the contribution of enzyme
cost to the cost of lignocellulosic biofuels, and have shown that the cost of produc-
ing enzymes was much higher than that commonly assumed in the literature
(Marcuschamer et al. 2012). A recent report puts the cost of cellulase per liter of
ethanol at US$ 0.72 (48% of the production cost) based on the actual purchase price
of cellulase in the industrial enzyme market (Liu et al. 2016). The above discussions
highlight the importance of cellulase cost reduction in bioethanol production and
active research efforts are now directed toward this cause worldwide. The strategies
range from using cost-effective carbon sources and onsite production of enzymes
(Johnson 2016) to developing genetically modified source organisms (Seiboth et al.
2012a; Fuji et al. 2013). However, reducing the production cost of cellulase alone is
not the solution, and the ways to reduce the cost of cellulase for bioethanol produc-
tion involve a range of possible solutions including development of efficient pre-
treatment regimes that allow better access of enzymes to the biomass, preventing
lignin redeposition on biomass after pretreatment, use of surface active agents to aid
hydrolysis, etc. A better understanding of these strategies would require knowledge
on the enzymes and their mechanism of action.

1.2.1 Enzymes for Biomass Hydrolysis - Types and Mode
of Action

While there are a multitude of proteins aiding in biomass hydrolysis, the major
enzymes involved in biomass hydrolysis can be grouped as cellulases, hemicellu-
lases, and lignin-degrading enzymes. Also there are a large number of accessory
enzymes and proteins that are involved in helping the deconstruction, which cannot
be grouped into any general categories. The following discussions will introduce
the biomass-hydrolyzing enzymes and the major emphasis will be on cellulases
since these are the major enzymes which are directly involved in breaking down the
carbohydrate polymers to fermentable sugars and therefore important in biofuel
production. Hemicellulases and lignin-degrading enzymes shall also be
introduced.

1.2.1.1 Cellulases

Cellulases are enzymes, which hydrolyze the -1,4-D-glucan linkages in cellulose
and produce as primary products glucose, cellobiose, and cello-oligosaccharides.
Cellulases are produced by a number of microorganisms and comprise several dif-
ferent enzyme classifications. Three major types of cellulase enzymes are involved
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in the hydrolysis of native cellulose, namely, endoglucanases (EG), exoglucanases/
cellobiohydrolases (CBH), and B-glucosidase (BGL) (Schulein 1998). In cellulase-
producing organisms, there are multiple enzymes under each of these classifica-
tions, which act synergistically to break down cellulose. The classical model for
cellulase hydrolysis emerged from the work done on Trichoderma reesei in the late
1990s by several groups as reviewed in Payne et al. (2015). In this model, EGs
(Cel7B in Trichoderma reesei) attack the amorphous regions on the surface of cel-
lulose microfibril revealing new reducing and nonreducing ends in the cellulose
chain, which then serve as sites for attack by exoglucanases. The exoglucanases can
also attack the available free ends of the cellulose chains. In 7. reesei, the exogluca-
nase that attacks the reducing end of the cellulose chain is cellobiohydrolase I
(CBHI/Cel7A) and that which attacks the non-reducing end is cellobiohydrolase II
(CBHII/Cel6A). The cellobiose released by exoglucanases is cleaved to glucose
units by the final enzyme in the cascade — beta glucosidase. The role of each cellu-
lase and its synergism is described below.

1.2.1.2 Endoglucanase

Endoglucanases or endo 1,4-B-D-glucan glucanohydrolases (EC 3.2.1.4) are
enzymes which randomly act on the cellulose polymer producing nicks in the amor-
phous regions of cellulose (endo-initiating) to expose the reducing and nonreducing
ends by cleaving the endo p-1,4 linkages between adjacent glucose units. They are
generally measured by detecting the reducing groups released from the soluble car-
boxymethylcellulose substrate (Sheehan and Himmel 1999). Endoglucanases are
classically considered as the initiators of cellulose hydrolysis by the cellulase com-
plex, since their action is essential for exposing the reducing and nonreducing ends
in the cellulose polymer, essential for the action of exoglucanases/cellobiohydro-
lases. Recent view on endoglucanases also proposes its role to help cellobiohydro-
lases to overcome blockage at amorphous regions of cellulose (Payne et al. 2015).
Endoglucanases are represented in several glycosyl hydrolase (GH) families, and in
the model organism 7. reesei there are six endoglucanases represented in families
GHS, GH7, GH12, GH45, and GH74 (Kubicek 2012).

1.2.1.3 Exoglucanases

Exoglucanases or exocellulases are of two types, namely, cellulose 1,4-p-D-
cellobiosidase (reducing end) EC 3.2.1.176 (cellobiohydrolase I/CBHI) and cellu-
lose 1,4-B-D-cellobiosidase (nonreducing end) EC 3.2.1.91 (cellobiohydrolase 11/
CBHII). These enzymes attack the available reducing or nonreducing free ends or
the ends generated by the action of EGs to liberate cellobiose units. While CBHI
attacks the reducing ends of the chain, CBHII attacks the nonreducing ends (Cantarel
et al. 2009). The current view on exoglucanases does not consider them as having
exclusive exoglucanase action, but as exoglucanases with endo-initiating action
(Kurasin and Valjamae 2011). In the model organism 7. reesei, cellobiohydrolases
are represented in glycosyl hydrolases families GH6 and GH7.
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1.2.1.4 Beta Glucosidases

Beta glucosidases or cellobiases (EC 3.2.1.21) are enzymes that catalyze the hydro-
lysis of terminal, nonreducing beta-D-glucosyl residues with release of beta-D-
glucose (Leah et al. 1995). Beta glucosidases (BGLs) catalyze the final reaction in
cellulose hydrolysis, namely, the hydrolysis of cellobiose to two molecules of glu-
cose, and are responsible for the regulation of the cellulolytic cascade through their
own feedback inhibition by their reaction product glucose. Most of the microbial
BGLs employed in biomass hydrolysis belong to GH family 3, while they can be
found in families 1, 3, 9, 30, and 116 (Teugjas and Viljamie 2013). BGL action is
considered as a critical step in cellulose hydrolysis since the substrate of BGL — cel-
lobiose — is a strong inhibitor of CBHs and its hydrolysis is essential to overcome
product inhibition of the exoglucanases. Since glucose accumulation can lead to
BGL inhibition which in turn leads to CBH inhibition through accumulation of cel-
lobiose, the regulation of cellulase production in response to the hydrolysis of cel-
lulose is of critical importance in most of the organisms producing these enzymes.
In several cases the BGLs are also inhibited by their substrate, believed to be caused
by the transglycosylation reaction capable of being performed by these enzymes
(Bohlin et al. 2013).

1.2.1.5 Other Cellulolytic Enzymes and Accessory Proteins

It has long been recognized that the hydrolysis of the dense crystalline lattices of
cellulose has to be mechanically disrupted for access of the hydrolytic enzymes and
the role of a “swelling factor” which was nonhydrolytic and was proposed as early
as 1950 (Reese et al. 1950). “Swollenin”, a protein with sequence similarity to plant
expansions, was described in 7. reesei by Saloheimo et al. (Saloheimo et al. 2002).
It was believed that swollenin and similar nonhydrolytic swollenin-like proteins act
like a zipper opening up the cross-linking of cellulose microfibrils just like plant
expansins (Arantes and Saddler 2010). It was also proposed originally that these
proteins lack hydrolytic activity since only negligible quantities of sugar release
were observed with their independent action, while they enhanced hydrolysis of
cellulosic substrates (Gourlay et al. 2012). The mechanism of promoting cellulose
breakdown was speculated to be through a nonhydrolytic weakening of hydrogen
bonding (Jager et al. 2011, Gourlay et al. 2012). However, the most recent works
have indicated that the protein does have hydrolytic activity and shows a unique
mode of action with similarities to the action of both endoglucanases and exogluca-
nases (Andberg et al. 2015). Apart from swollenin, the “disrupting” or “amorpho-
genesis inducing” class of biomass-degrading proteins includes expansins, bacterial
expansin-like proteins, fungal expansin-like proteins, loosenin, etc. (Arantes and
Saddler 2010; Gourlay et al. 2013).

Revolutionary changes in the conventional cellulose deconstruction paradigm
have emerged with the discovery of a class of enzymes that share conserved struc-
tural features binding a metal ion and following a hitherto undescribed oxidative
mechanism (Vaaje-Kolstad et al. 2010). These types of enzymes which are now
considered ubiquitous have been termed as Lytic Polysaccharide Mono Oxygenases
(LPMOs). The most important feature of these enzymes is their ability to attack the
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highly crystalline regions of cellulose where EGs are unable to bind productively.
Thus they are able to synergize with glycosyl hydrolases, likely as endo-acting
enzymes that act directly on the surface of crystalline cellulose. It is now known that
LPMOs require a reducing agent and molecular oxygen and a copper ion in the
active site (Payne et al. 2015). The electron donor can also be a co-secreted enzyme
like cellobiose dehydrogenase (CDH), the only known example of a secreted flavo-
cytochrome (Dimarogona et al. 2012).

1.2.1.6 Mechanism of Cellulose Hydrolysis by Cellulases

With more and more studies on cellulase action being undertaken, it is now becom-
ing clearer that our understanding of cellulose hydrolysis is probably not complete,
and there are paradigms not yet characterized. However, decades of research in this
field have given insights into a generally appreciated mechanism of action, and
recent discoveries like that of the LPMOs have improved that understanding. The
following mode of hydrolysis is a summary of what is currently accepted as the
mechanism of cellulose breakdown by cellulases. Cellulose structure is complex
with crystalline array of cellulose microfibrils with glucan chains interlinked
through hydrogen bonds. There are regions of disorder in the arrangement of glucan
chains along the cellulose microfibrils, which are called the amorphous regions. The
biomass-degrading enzymes work at the solid liquid interfaces, which implies that
a high concentration of catalytic units is required at the surface for efficient hydro-
lysis of the polymer. This is achieved by the unique adaptation of several of the
endo- and exoglucanases in having a three-domain structure with a carbohydrate
binding module (CBM) which attaches to the cellulose surface, a catalytic module
which does the actual hydrolysis, and a linker which serves mobility and also aids
the enhanced binding of the enzyme to the cellulose surface. A detailed description
of the structural features of cellulose-hydrolyzing enzymes is beyond the scope of
this chapter and the readers are directed to Payne et al. (2015) for a comprehensive
discussion on this topic. The typical three-domain structure aids in the processivity
of the exoglucanases and endoglucanases that possess this structure. Processive
enzymes are those which catalyze consecutive reactions without release of their
substrate, and in the cases of cellulases with this modular structure, they help to
keep the catalytic domain near the substrate (Teeri et al. 1998).

On recognition of a free chain end, the cellulase threads the chain into the tunnel
(exoglucanase) in the catalytic domain of the enzyme to form a catalytically active
complex (CAC). Hydrolysis occurs following a retaining or an inverting mechanism
(Davies and Henrissat 1995) depending on the type of enzyme and the product is
expelled. The processive cycle is continued with multiple events of hydrolysis
before finally dissociating from the chain and reinitiating the processive cycle at a
new site (Payne et al. 2015). The processive mechanism for exocellulase-mediated
cellulose hydrolysis is represented in Fig. 1.2.

In the case of endoglucanases, the processive cycle is different in that the chain
threading and product expulsion are omitted. The binding site of endoglucanase has
a cleft instead of a tunnel, which allows chain acquisition without threading. It is
now known that cellulose hydrolysis by the exoglucanases proceeds by movement
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Fig. 1.2 Mechanism of processive cellulose hydrolysis by T. reesei cellobiohydrolase (Cel7A).
(a) Enzyme binding to cellulose (b) recognition of the reducing end of a glucan chain (c) initial
threading of the glucan chain into the catalytic tunnel (d) formation of CAC by threading (e) pro-
cessive hydrolytic cycle showing product formation (cellobiose shown in yellow) (f) product
expulsion (Reproduced from Beckham et al. (2011), with permission from Elsevier)

of the enzyme through the cellulose surface while the glucan chain is threaded to the
active site tunnel, and this movement requires that the cellulose chain is threaded
and is being hydrolyzed (Igarashi et al. 2009). It is considered that the rate-limiting
step in processive CBH action is the dissociation from cellulose chains. Processively
acting CBH molecules can get stalled at amorphous regions of cellulose and this
leads to a diminished hydrolysis rate (Praestgaard et al. 2011). The renewed concept
on the role of EGs is that they are acting not only to generate reducing and nonre-
ducing ends and thus helping CBH to attach, but also to help CBH dissociate from
the cellulose chain when they encounter amorphous regions during their processive
action (Jalak et al. 2012).

In light of the above findings, the roles of different cellulases may have to be
redefined. EGs and LPMOs do the endo-initiation in the amorphous and crystalline
regions of cellulose respectively by breaking down the glycosidic bonds. Endo-
initiation is also aided by the exoglucanases. The liberated reducing and nonreduc-
ing ends are attacked respectively by cellobiohydrolase I and II, which act in a
processive fashion to liberate cellobiose units, and the cellobiose units are eventu-
ally cleaved to glucose by the beta glucosidases (Fig. 1.3).

1.2.1.7 Hemicellulases

Hemicellulose is a hetero-polysaccharide made up of various carbohydrate mono-
mers having different linkages and substitutions, and its structure and composition
changes with the plant source and geographical origin (Juturu and Wu 2012). The
different types of hemicelluloses recognized include xyloglucans, xylans, ferulate
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Fig. 1.3 Mechanism of cellulose hydrolysis. Present concept on the hydrolysis of cellulose by
filamentous fungi incorporating hydrolytic and oxidative breakdown. Action of LPMO requires an
electron donor which in this case is the cellobiose dehydrogenase (CDH) enzyme. LPMO action
liberates a new chain end which is oxidized. R reducing end, NR Nonreducing end

esters, mannans, glucomannans, and -1,3 and p-1,4 glucans (Scheller and Ulvskov
2010). While xylans are the major components of hemicellulose in hardwood and
herbaceous plants, mannans form the major component in the hemicellulose of soft-
woods. All of the xylans of the higher plants are based on a -1,4-linked xylopyra-
nose backbone which is substituted with acetyl groups and other sugar residues
(Fig. 1.4) (Dodd and Cann 2009). The heterogeneous nature of hemicellulose neces-
sitates the requirement of multiple enzymes that act synergistically and/or sequen-
tially. Different microorganisms employ different strategies for degradation of
hemicellulose. Several of the biomass-degrading filamentous fungi secrete an entire
cocktail of hemicellulases together, and these act synergistically on the hemicellu-
lose to break down the polymer into its monomers. On the other hand, aerobic
bacteria accomplish this in two stages, where the first step is the secretion of
enzymes that break the hemicellulose backbone and release oligomers; the second
one is its further cleavage to monomeric sugars by cell-wall-bound or intracellular
enzymes. In yet another strategy, anaerobic bacteria uses cellulosome-like struc-
tures to hydrolyze hemicellulose (Shallom and Shoham 2003).

The major hemicellulose-degrading enzymes are the enzymes which break down
the xylan backbone (endo- and exoxylanases and p-xylosidases) and the side chains
(arabinofuranosidases, glucuronidases, acetyl xylan esterases, ferulic acid ester-
ases, and alpha galactosidases). A total degradation of xylan requires the synergistic
action of mainly endoxylanases, which cleaves the -1,4 xylose linkages of xylan
backbone; exoxylanases, which hydrolyzes p-1,4 linkages of xylan from the
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Fig. 1.4 Xylan structure (Reproduced from Dodd and Cann 2009, with permission from John
Wiley & Sons)

reducing ends releasing xylooligosaccharides; and f-xylosidases, which cleaves the
xylobiose and xylooligosaccharides to release xylose. In addition, the enzymes
a-arabinofuranosidases and glucuronidases remove arabinose and 4-O-methyl gluc-
uronic acid substituents from the xylose backbone, and the esterases — acetylxylan
esterase, ferulic acid esterase, and p-coumaric acid esterase — hydrolyze the ester-
bonded substituents — acetic acid, ferulic acid, and p-coumaric acid — from the xylan
(Sukumaran 2009). An overview of the functions of various hemicellulases as pro-
vided by Juturu and Wu (2013) is given in Table 1.1.

Endoxylanase (EX, EC 3.2.1.8) hydrolyzes the xylan backbone and has catalytic
cores belonging to GH families 8,10,11,30, and 43 with the most common ones
being GH 10 and 11. These differ in their substrate specificities and the GHI10 is
more active on substituted xylan. Similar to cellulases, they may also contain CBMs
(Sweeney and Xu 2012). Endoxylanases randomly cleave the xylan backbone from
inside releasing long chain xylooligomers on which the f-xylosidases act.
B-Xylosidase or xylan-1,4-B-xylosidase (BX, EC 3.2.1.37) acts on the xylo oligo-
saccharides and xylobiose released by BX to form xylose. These enzymes have
catalytic cores belonging to the GH3, 30, 39, 43, 52, and 54 families. These two
enzymes are often collectively called xylanases. A third class of enzyme which acts
on the xylan backbone is also recognized and is called the exoxylanase that hydro-
lyzes short chain xylo oligomers acting from the reducing end. Unlike the BX, these
are inactive on xylobiose and are also inert on pure polymeric xylan (Juturu and Wu
2014). Hemicellulases are frequently blended to cellulases in commercial biomass-
hydrolyzing enzymes due to their ability to synergize with cellulases. However, the
need for hemicellulase addition depends on the type of pretreatment employed as
well, since some pretreatments (e.g., acid) remove the hemicellulose portion
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Table 1.1 Hemicellulose-degrading enzymes and their native functions

Enzyme type

‘ Native function

‘ Action sites

(1) Glycosyl hydrolases

Endoxylanase

cleaves f-1,4 bond of xylan
backbone releasing xylooligomers

-1,4 xylan backbone

p-Xylosidase

cleaves exo f3-1,4 bond of
xylooligomers releasing xylose

B-1,4 xylooligomers

Endo-1,4-mannanase

cleaves f-1,4 bond of mannan
releasing mannan oligomers

f-1,4 mannan

p-Mannosidase

cleaves exo f3-1,4 bond of mannan
oligomers releasing mannose

f-1,4 mannan oligomers

o-L-Arabinofuranosidase

cleaves arabinan at O-2 and O-3
positions on xylan backbone

a-L-arabinofuranosyl
oligomers

o-L-Arabinanase

cleaves xylooligomers generating
arabinose

«-1,5-arabinan

o-D-Glucuronidase

cleaves a-1, 2 bond between

4-0-methyl-a-glucuronic

glucuronic acid side chain acid
substitutions releasing glucuronic

acid

(1I) Carbohydrate esterases

Acetyl xylan esterase cleaves acetyl side chain

substitutions releasing acetic acid

2- or 3-O-acetyl xylan

cleaves ferulic acid side chain Ferulic acid substitutions

substitutions releasing ferulic acid

Feruloyl xylan esterase

Table reproduced from Juturu and Wu (2013), with permission from John Wiley & Sons

completely, thereby reducing the requirement of hemicellulases. Nevertheless,
hemicellulases are a major component of the biomass-hydrolyzing enzymes, since
the pretreatment methods are seldom capable of complete removal of hemicellu-
lose, and there are multitudes of pretreatment regimes that result in intact or near
intact hemicellulose component. Also the understanding of hemicellulases cannot
be regarded as complete and we still have hemicellulose-active enzymes whose role
and mode of action is ambiguous (Tenkanen et al. 2013).

1.2.1.8 Lignin-Degrading Enzymes

Most of the cellulolytic organisms produce oxidoreductases as part of the lignocel-
lulolytic machinery and the main function of these enzymes is considered to be
degradation of lignin (Sweeney and Xu 2012). Lignin degradation is important for
access of cellulases and hemicellulases to the carbohydrate polymers and also in
diminishing the inactivation of these enzymes through nonproductive binding on
lignin. In biofuel production, the major applications of lignin-degrading enzymes
are considered to be delignification and detoxification. Delignification applies to the
pretreatment of biomass to remove lignin, whereas the detoxification is relevant in
the context of post-hydrolysis processing of biomass to remove potential inhibitors
of fermentation (Placido and Capareda 2015). While there are different
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microorganisms that produce lignin-degrading enzymes, white rot fungi are consid-
ered to be the most efficient producers. Most of the current understanding on lignin-
degrading enzymes has emerged from studies on the enzymes of white rot fungi. In
these organisms the ligninolytic enzyme system consists of three major classes,
namely, laccases, manganese peroxidases, and lignin peroxidases.

Laccases (EC 1.10.3.2) or benzene diol oxygen oxidoreductases are oxidoreduc-
tases which enjoy wide distribution among microorganisms. These are enzymes
having copper in their active site and are generally classified as multicopper oxi-
dases or blue multicopper oxidases (Rodriguez Couto and Toca Herrera 2006).
They employ oxygen as an oxidizing agent and cofactor. Laccases have low sub-
strate specificity and therefore can degrade several compounds having phenolic
structure (Placido and Capareda 2015). Other major enzymes that act on lignin —
lignin peroxidase (LiP) and manganese peroxidase (MnP) — are heme peroxidases
having protoporphyrin IX as the prosthetic group. Lignin peroxidases (EC1.11.1.14)
are capable of oxidizing sites of very high redox potential including moderately
activated aromatic rings of nonphenolic model lignin compounds. Manganese per-
oxidase (EC 1.11.1.13) on the other hand cannot oxidize nonphenolic lignin model
compounds and depend on the generation of Mn3+ as a diffusible charge transfer
mediator. Yet another peroxidase is the versatile peroxidase described in the fungus
Phanerochaete chrysosporium and capable of both LiP and MnP activities (Fischer
and Fong 2014).

Direct use of lignin-degrading enzymes in biomass hydrolysis is not practiced
and often the applications of these enzymes are in the delignification of biomass as
a pretreatment step. Here again, the pretreatment is more often accomplished by
whole microorganisms elaborating ligninases rather than use of their enzymes in
isolation. Nevertheless, there are several successful reports on the use of enzymes in
isolation for delignification (Gutiérrez et al. 2012; Wang et al. 2013). Mostly lac-
cases are employed for such applications, though MnP, LiP, or combinations of
these enzymes may be employed. Another major application of ligninases is the
detoxification of the biomass hydrolysates. Several of the conventional pretreatment
processes generate toxic compounds classified as furan derivatives, sugar degrada-
tion products, weak acids, and phenolic compounds from lignin. These compounds
can affect the growth and ethanol production by yeasts or other microbes used for
bioethanol production and are sometimes removed prior to fermentation so that the
ethanol yields are improved. Ligninolytic enzymes are an efficient means of degrad-
ing these inhibitors and offer the advantages of reduced or no sugar loss, ambient
conditions of operation. Mostly phenolic compounds are removed, while lesser
known ligninolytic enzymes like aryl-alcohol oxidases (AAOs) are being investi-
gated for removal of furan derivatives (Carro et al. 2015). Detailed reviews on the
ligninolytic enzymes and their applications for biofuels may be found in Placido
and Capareda (2015) and Fisher and Fong (2014).
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1.3  Microbial Production of Cellulases and the Systems
for Cellulose Hydrolysis

While cellulases, hemicellulases, ligninolytic enzymes, and a myriad of different
accessory enzymes and proteins are involved in the hydrolysis of lignocellulosic
biomass in nature, not all of them are used in the preparations for commercial
hydrolysis of biomass for biorefinery applications. In commercial preparations of
biomass-hydrolyzing enzymes, enzymes are only used in their crude form, the only
processing steps employed being concentration, stabilization, and formulation.
Major attention is often only given to cellulases, though it is also implied that other
enzymes are present in the preparations, since there are no elaborate purification
steps involved. Often cellulase preparations contain hemicellulases, LPMOs, ligni-
nolytic enzymes, etc. depending on the source organisms and techniques employed
for production. It may be noted that the most commonly employed microorganism
for cellulase production is Trichoderma reesei, which is often genetically modified
for enhanced cellulase expression and is derepressed for carbon catabolite repres-
sion. T. reesei is limited in its ability for synthesis of beta glucosidase, and, often in
biomass hydrolyzing blends BGL and xylanase from heterogeneous sources are
added to make the enzyme more effective. Since cellulases are the major determi-
nants of the efficacy of the biomass-hydrolyzing enzyme cocktails, the current dis-
cussion is limited to cellulases. Detailed discussion on hemicellulases and other
enzymes may be found in Shalom and Shoham (2003), Juturu and Wu (2013), and
Placido and Capareda (2015).

Ability to degrade cellulose is not a common trait among microorganisms and
only a few specialized microorganisms — mostly bacteria and filamentous fungi —
are capable of cellulose depolymerization (Quiroz-Castafieda and Folch-Mallol
2013). The machinery for cellulose degradation is radically different in the anaero-
bic bacteria and the rest of the organisms, and these involve cell wall-bound com-
plex structures known as cellulosomes. Aerobic bacteria and filamentous fungi
normally secrete a complex array of free enzymes that act synergistically to convert
cellulose like the T. reesei cellulases. In yet another mechanism recently hypothe-
sized, certain bacteria (e.g., Fibrobacter succinogenes) found in the rumen of herbi-
vores use a mechanism involving both cell wall-bound and free enzymes for
cellulose hydrolysis (Burnet et al. 2015). The following discussion will describe the
free and bound systems of cellulose hydrolysis in the context of microbial degrada-
tion of cellulose, and the third mechanism shall be introduced separately.

1.3.1 Cellulose Hydrolysis Through Cell Wall-Bound Enzyme
Complexes

Cell wall-bound cellulase-degrading enzyme complexes called cellulosomes are
employed by several anaerobic bacteria for breaking down cellulose in nature.
These include several Clostridia including the typical strain Clostridium thermocel-
lum. The other common anaerobic bacteria include C. cellulovorans, C.
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cellulolyticum, C. acetobutylicum, Acetivibrio celluloyticus, Bacteriodes cellulo-
solvans, Ruminococcus albus, R. flavifaciens, etc. (Fontes and Gilbert 2010). There
are also anaerobic fungi like Neocalimastix, Pyromices, and Orpinomyces which
employ the cellulosomes for degradation of celluloses (Haitjema et al. 2014). These
systems employed by the anaerobic microorganisms are called “complexed sys-
tems” as the cellulosomes are multiprotein complexes anchored to the microbial cell
wall. Cellulosomes are the largest extracellular enzyme complexes found in nature,
and there are polycellulosomes as large as 100 MDa (Doi and Kosugi 2004).
Cellulosome contain high-molecular weight noncatalytic proteins called scaffoldin
onto which the enzymes are attached. The modular cellulases and hemicellulases
produced by anaerobic microbes contain a dockerin appended to the catalytic mod-
ule (the enzyme) and a noncatalytic carbohydrate binding module (CBM) (Fontes
and Gilbert 2010). Dockerins are proteins of ~70 aminoacids usually present in
single copy at the C terminal end of cellulolytic enzymes. They serve the purpose of
anchoring the enzyme to the large scaffoldin protein which bears modules called
cohesins that directly bind the dockerins. Cohesins are modules that are ~150 resi-
dues in length and are present as internal repeats in the scaffoldin. Typically about
1-11 cohesin modules are found in a scaffoldin, and it is recognized that the interac-
tion of cohesions with dockerins may not be highly specific allowing different dock-
erins (bearing different enzymes) to be assembled on the cellulosome complex.
Also the scaffoldin molecules contain a cellulose-specific family 3 CBM and a C
terminal divergent dockerin which serve respectively the functions of targeting the
cellulosome to the cellulose and to the bacterial cell wall (Fontes and Gilbert 2010).
A typical cellulosome assembly is represented in Fig. 1.5.

The co-localization of different enzymes and CBMs on the cellulosome allows
them to act in close proximity on the cellulose surface, which in turn is proposed to
enhance the hydrolytic ability (Resch et al. 2013).

In addition to the anaerobic cellulolytic bacteria inhabiting the rumen or gut
microbiomes and aquatic environments, there are anaerobic fungi that are capable
of efficient cellulose degradation. It is now known that an early branch of fungi
belonging to the order Neocallimastigomycota inhabit the digestive tracts of mam-
malian and reptilian herbivores that consume highly fibrous diets (Haitjema et al.
2014). They are suggested to be responsible for 40-70% of plant biomass digestion
in the ruminant and nonruminant herbivores (Akin et al. 1990). These fungi possess
both the complexed and the free enzymes and are believed to act by developing a
highly branched rhizoidal network of rhizomycelia that penetrates the substrate and
exposes it for attack by the secreted cellulases (Haitjema et al. 2014). While the
studies on anaerobic fungi have confirmed that the enzymes of these fungi can form
large complexes and they encode fungal dockerin domains, more is yet to be known
about the cohesins or scaffoldins in them. While most of the studies have identified
fungal dockerin domains in the cellulolytic enzymes elaborated by the anaerobic
fungi, the type and structure of scaffoldins have largely remained elusive. Recently,
scaffoldins have been described in Neocallimastix (Wang et al. 2014). It is also
known that the dockerins displayed by one enzyme can bind another cellulase from
the same organism (Nagy et al. 2007), implying that the mechanism of cellulose
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hydrolysis employed by such fungi includes secreted complexes of enzymes in
addition to the cell wall-bound cellulosomal complexes. The implications of cellu-
lose hydrolysis by anaerobic fungi are presumably high because of the unique fea-
tures displayed by these organisms by virtue of the unique ecosystem in which they
survive. Anaerobic fungi are mostly residents of the rumen and alimentary tract of
herbivores, and their growth and survival is dependent on their ability to metabolize
plant biomass in a highly efficient and fast manner (Gruninger et al. 2014). This
would also imply that their enzyme systems are capable of rapid turnovers within
the shortest span of time and would make excellent candidates as components in
biomass-hydrolyzing enzyme cocktails for biorefineries. In fact, this approach has
been tried recently using a defined enzyme cocktail from Orpinomyces sp. strain
C1A, which indicated that the enzyme cocktail from anaerobic fungus performed
better than the commercial biomass-hydrolyzing enzymes at least in certain cases
(Morrison et al. 2016). Apparently, the cellulosome paradigm for cellulose hydroly-
sis may provide newer and efficient means for biomass conversion either alone or in
synergy with the free enzyme systems and warrants more focused studies.
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1.3.2 Free/Noncomplexed Systems for Cellulose Hydrolysis

Noncomplexed or free cellulase/hemicellulase systems are the most common
among known cellulose digestion paradigms. Soluble cellulases are employed by a
wide array of cellulolytic bacteria and fungi, and this strategy is characteristic of
aerobic microorganisms. Aerobic cellulose-degrading microbes are represented in
several bacterial phyla as well as in several classes of fungi, and these are character-
ized by elaborate mechanisms of induction and repression control of the cellulase
gene expression. The free enzyme paradigm represents the case where cellulolytic
enzymes diffuse as single catalytic units often containing binding modules cova-
lently attached through linker domains as known in the enzyme suite from the clas-
sical model organism for cellulase production — Trichoderma reesei (Hypocrea
Jjecorina) (Payne et al. 2015). While several fungi can utilize cellulose as an energy
source, only few strains are capable of secreting a complex of cellulases that have
practical application in the hydrolysis of plant biomass, in the context of a lignocel-
lulose biorefinery. Besides 7. reesei, the other fungi known to produce high amounts
of secreted cellulases include strains of Aspergillius, Penicillium, Humicola, and
Phanerocheate (Sukumaran 2009). However, to date, most of the commercial cel-
lulase preparations for biomass hydrolysis are produced using Trichoderma reesei
and Aspergillus niger. The noncomplexed systems are characterized by the classical
cellulose hydrolysis paradigm having secreted endo- and exoglucanases acting on
the cellulose, and beta glucosidase cleaving the cellobiose generated by exogluca-
nase action. Most of the information on the noncomplexed systems has come
through studies on the filamentous fungus Trichoderma reesei, the genetically mod-
ified strains of which are used currently for commercial production of cellulases. In
Trichoderma reesei, there are two cellobiohydrolases, at least five endoglucanases,
and seven beta glucosidases which are under tight regulation through induction and
repression mechanisms. These enzymes secreted by the fungus act synergistically
for hydrolysis of cellulose. In most of the fungi, the mechanisms of cellulose degra-
dation and the mode of action of cellulases are similar to that in Trichoderma, while
the regulation of cellulase gene expression might have organism-specific features.
A more detailed discussion on the noncomplexed cellulase action is already pre-
sented in Sect. 1.2.

Aerobic bacteria are another important class of microorganisms that uses a free
enzyme strategy for cellulose hydrolysis. These include the aerobic bacteria belong-
ing to the order Actinomycetales (e.g., Streptomyces lividans), aerobic gram-positive
bacteria (e.g., Bacillus, Cellulomonas, Thermobifida), aerobic gliding bacteria (e.g.,
Cytophaga, Sporocytophaga), gram negative (e.g., Cellvibrio), etc. (Quiroz-
Castafieda and Folch-Mallol 2013). While most of the secreted cellulases contain
carbohydrate-binding domains, there are several secreted cellulase which do not
possess CBMs. Secreted cellulases, though a characteristic of aerobic cellulose-
degrading organisms, are not unique to them and have been described even in the
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anaerobic cellulosome-bearing microorganism Clostridium thermocellum (Berger
et al. 2007).

1.3.3 Other Systems for Cellulose Hydrolysis

Certain microorganisms use strategies that do not fit into the complexed or non-
complexed cellulose hydrolysis paradigms. Typical examples are the certain mem-
bers of the genus Caldicellulosiruptor and the genus Fibrobacter, each of which
possess a different strategy for cellulose hydrolysis other than the classical com-
plexed or free enzyme paradigms. In Caldicellulosiruptor bescii, the cellulolytic
machinery is midway between cellulosomes and free cellulases in that it consists of
secreted cellulases that are multimodular, containing multiple binding and catalytic
domains. The catalytic domains can be with different activities (Brunecky et al.
2013). The dominant cellulase in this organism — CelA — is a complex thermostable
enzyme containing N terminal glycosyl hydrolase family 9 (GH9) endoglucanase
domain, 3 GH3 CBMs, and a terminal C terminal GH48 catalytic domain, the latter
an exoglucanase. The family 9 and 48 catalytic domains are highly synergistic as
described in Clostridium thermocellum (Vazana et al. 2010). The multifunctional
combination of enzyme activities is functionally distinct from cellulosomes and the
Caldicellulosiruptor enzymes exist as free enzymes not associated with the cell
(Young et al. 2014). CelA is now known to act both by conventional cellulase pro-
cessivity and excavation of cavities into the surface of the biomass substrate
(Brunecky et al. 2013).

Even more intriguing is the entirely different cellulolytic mechanism employed
by the rumen bacterium Fibrobacter succinogenes. The organism contains genes for
endoglucanases, but does not have genes for exoglucanases or processive endoglu-
canases, both of which are needed for release of cellobiose from cellulose chains
(Ransom Jones et al. 2012). Interestingly, the anaerobic cellulose degrader does not
possess a cellulosome; nor does it have CBMs on the enzymes it produces (Burnet
et al. 2015). It is now known that certain outer membrane proteins in F. succino-
genes called the fibro-slime proteins are involved (Jun et al. 2007), and these pro-
teins along with type IV pilin structures mediate the attachment of the organism to
the substrate (cellulose). Cellulose chains are broken by a protein complex present
on the outer cell wall, which includes catalytic function, and the individual cellulose
chains released through this are transported into the perisplasmic space via an ABC
transporter. Once here, they are depolymerized by endoglucanases, eliminating the
need for processive enzymes or exoglucanases (Wilson 2009). While a lot more is
yet to be learned about the mechanism of cellulose degradation in Fibrobacter, there
seems to be a consensus that this is one of the most efficient mechanisms for cellu-
lose degradation among microbes and holds great promise for use in biomass con-
version strategies. The different mechanisms employed by microorganisms are
represented in Fig. 1.6.
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Fig. 1.6 Cellulose hydrolysis mechanisms adopted by microorganisms (Reproduced from
Ransom-Jones et al. 2012, with permission from Springer)

1.4  Regulation of Cellulase Production

While cellulases are produced by a large number of bacteria and actinomycetes,
fungi have remained the commercial sources of cellulases, since they are capable of
secreting copious amounts of highly efficient enzymes. In several cases, it is also
possible to mix and match different enzymes from different fungi and still obtain the
synergies, and this has been especially true with the cellulases from Trichoderma
reesei and the beta glucosidases from Aspergillus niger. T. reesei has remained the
gold standard for industrial cellulase production, with the fungus capable of secret-
ing more than 100 g/L of cellulase and the extracellular titers of protein reaching 30
g/L on the cellulose-inducing substrate — lactose (Durand et al. 1988; Bischof et al.
2016). The organism continues to amaze the scientific fraternity with its newly dis-
covered capabilities, though it contains a remarkably lower number of carbohydrate-
active enzymes (CAZymes) compared to several other cellulolytic fungi (Martinez
et al. 2008). Because of these and several other advantages offered by this fungus
most of the studies on cellulase gene regulation have been made in this organism.
The presence of lignocellulose or the polymers derived from it can cause the induc-
tion of cellulase and hemicellulase genes in the fungus, and this is probably an
adaptation to economize on energy and resources — synthesizing the enzymes only
when needed. In the presence of an easily utilizable carbon source like glucose, the
genes encoding cellulases and hemicellulases can be switched off — a phenomenon
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known as carbon catabolite repression (Aro et al. 2005). Understanding the regula-
tion of cellulase gene expression in fungi is important for designing strategies as
well as for genetic manipulations to enhance cellulase production.

Production of most of the cellulases/hemicellulases is coordinately regulated and
induced in the presence of natural cellulosic substrates. How the insoluble (hemi)
cellulose polymers can induce gene expression was a question that intrigued
researchers, and it was speculated from quite early the role of a diffusible small
molecule inducer, originally identified as sophorose (2-O-f glucopyranosyl glu-
cose), a disaccharide believed to be generated by transglycosylation activity of
B-glucosidases (Sternberg and Mandels 1979, 1980). Other pure sugars/oligosac-
charides like xylose, xylobiose, gentiobiose, sorbose, galactose, lactose, 3-cellobiono
1, 5 lactone, etc. have been reported as inducers of (hemi)cellulases (Aro et al. 2005;
Amore et al. 2013). The proposed mechanism of cellulase induction assumes that
there is a basal-level expression of cellulases, especially Cel7A and Cel6A (cello-
biohydrolase I and II), and the extracellular cellulase activity results in the genera-
tion of the soluble inducer. Evidence of this came from the work of Carle-Urioste
et al. (1997), who demonstrated that the mRNAs of cbhl and egll are transcribed
under uninduced conditions and, on induction, the transcript numbers can increase
to more than 1000-fold compared to the basal expression. It is proposed that the
rate-limiting step in cellulase induction is the initial hydrolysis of cellulose. About
14 h is required for induction and this is thought to be because of the dependency on
protein synthesis (Amore et al. 2013). Cel6A (CBH2) is the main surface-bound
cellulase in 7. reesei and is implicated in the synthesis of soluble inducer (Seiboth
et al. 1992). Sophorose, the best-known inducer for cellulases, is synthesized from
cellobiose through transglycosylation activity of f glucosidase (Vaheri et al. 1979).
While the involvement of the major extracellular BGL — Cel3A — is proven (Fowler
and Brown 1992), it is not the sole BGL that is implicated in the synthesis of sopho-
rose (Amore et al. 2013).

Though the complete pathway of cellulase induction by sophorose is not known,
sufficient information exists on the transcription factors that are involved in the
regulation of cellulases and hemicellulases. Five transcription factors have been
identified to be involved in the regulation of cellulases and these include the positive
regulators XYR1, ACE 2, and HAP2/3/5 complex and the negative regulators ACE
1 and CREI (Kubicek et al. 2009). There are also recent reports on other factors that
regulate the expression of cell wall-degrading enzymes in 7. reesei which include
the transcription factor BgIR (Nitta et al. 2012) and the putative methyl transferase
LAE1 (Seiboth et al. 2012b). The former is suggested to regulate the BGL genes
whereas the latter is considered important for production of cellulases and hemicel-
lulases, while the precise mechanism is still unclear (Hékkinen et al. 2014). Xyrl
acts as the central regulator of plant cell wall degradation in 7. reesei, and controls
the expression of CAZYme genes such as xynl, xyn2, bxll, cbhl, cbh2, egll, and
bglI(Stricker et al. 2006). While XYR1 mediates the induction signal from various
inducing carbon sources for these genes, its transcription is not induced by any of
these inducers (Mach-Aigner et al. 2008). Deletion of xyr/ results in lack of
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induction of cellulases by cellulose and sophorose, indicating that the induction by
these compounds requires Xyrl (Akel et al. 2009). Regulation of xyr! expression
seems to be mediated only by repression through the carbon catabolite repressor-
CREI and not by induction mechanisms (Mach-Aigner et al. 2008). ACE 1 is
believed to antagonize XYR 1 function by competing for one of its binding sites in
the promoter of genes regulated by xyrl. Thus it is a negative regulator of cellulases
and its deletion results in an enhanced expression of all the major cellulase and
hemicellulase genes in sophorose- and cellulose-induced cultures (Aro et al. 2006).
ACE 2 on the other hand is a positive regulator and Ace2 deletion has been shown
to decrease the cellulase activity in cellulose-induced cultures, while there are no
differences of gene expression in sophorose-induced cultures (Aro et al. 2001).
ACE 2 can bind the promoter motif [GGC (T/A)4] in the cbhl promoter, which is
also recognized by XYRI. It is believed that ACE2 binding to the promoter element
requires phosphorylation and dimerization (Stricker et al. 2008). HAP 2/3/5 com-
plex binds the CCAAT box, which is a common cis acting element found in the
promoter and enhancer region of several eukaryotic genes (Zeilinger et al. 1998).
The HAP 2/3/5 complex binding is believed to generate an open chromatin structure
for complete transcriptional activation. Sophorose induction can cause the loss of
nucleosome positioning in the promoter mediated by binding of the HAP 2/3/5
complex, which in turn makes the TATA box accessible (Zeilinger et al. 2003). Read
together, the above details present a model for cellulase regulation in which the
master regulator XYRI1 is fine-tuned by regulators like ACE1 and ACE2. While
XYRI is nonsubstrate specific, ACEI and ACE 2 are more specific, helping to fine-
tune cellulase gene regulation. The role of the HAP 2/3/5 complex is proposed to be
facilitating the binding of other factors to the cellulase promoter by removing
nucleosome positioning on the DNA. More recently, the role of another cellulase
regulator designated as ACE III has been proposed, which is essential for the expres-
sion of several cellulase genes (Hikkinen et al. 2014). Apparently, the knowledge
about cellulase regulation has come a long way and is progressing, and this can have
serious impacts on our understanding of plant cell wall degradation as well as on
how fungal strains are developed for commercial production of biomass-degrading
enzymes. The above discussion has been focused on the regulation of cellulases in
T. reesei, and while it cannot be generalized, similar mechanisms of regulation exist
in other fungi. More detailed discussions on the regulation of cellulase gene expres-
sion in T. reesei and other fungi may be found in Amore et al. (2013).

1.5  Cellulase Production Strategies

Production of cost-effective cellulase preparations for biomass hydrolysis is the
major challenge in successful development of biofuels, despite the fact that there
have been significant improvements in production technologies that have brought
down the cost of enzymes per unit amount of ethanol produced from biomass. Also
the cost evaluations of cellulases have been complicated due to the fact that there is
scant information available in public about the technologies and raw materials used
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for production of cellulase, and because the costs of enzymes are often reported in
terms of price per unit quantity of ethanol, rather than the unit cost of enzyme
(Marcuschamer et al. 2012; Liu et al. 2016). While techno-economic studies have
indicated that rather than just lowering enzyme production costs, feasibility for bio-
mass to ethanol conversion needs a comprehensive and broader addressing of mul-
tiple steps in biorefinery operation including better pretreatment, reduction of lignin
and phenolics, use of more stable enzymes and reduction of residence times, lower
enzyme loadings, and onsite enzyme production (Marcuschamer et al. 2012), the
contribution of enzyme production cost is still significant. The following discus-
sions will therefore address the common strategies for production and the recent
developments aimed at reducing the cost of enzymes through multifaceted
approaches.

1.5.1 Microbes Used for Industrial Production of Cellulases

Filamentous fungi, especially the ascomycetes fungi Trichoderma reesei and
Aspergillus niger or their derivative strains, are used by enzyme companies like
Novozymes, Genencor (DuPont), and Iogen for commercial production of cellu-
lases, with the exception of Dyadic, which uses engineered strains of Chrysoporium
lucknowense (Zhang and Zhang 2013). Most of the Trichoderma reesei strains cur-
rently in use for production of cellulases have been derived from the original isolate
Trichoderma sp. strain QM6a isolated by the US Army Research Laboratories at
Natick over 70 years ago. The strain was improved through random mutagenesis
experiments at the Natick laboratory and Rutgers University, which resulted in the
strain RUT-C30 with over 20-fold improvement in cellulase activity. This strain is
still the prototype cellulase hyperproducer available in the public domain (Bischof
et al. 2016). The titers of extracellular cellulase on cellulase-inducing carbon
source — lactose — can reach 30 g/L as demonstrated by Durand et al. (1988). A
direct comparison of the levels of cellulase production by different organisms is
complicated by the different strategies of production employed, by the different
substrates and inducers employed, and in some cases by the different units used for
expressing their activity. Several such comparisons have been made, which have
mostly concentrated on the published information, and information on the cellulase
yields from studies in the public domain may be obtained from these reports
(Sukumaran et al. 2005; Mathew et al. 2008; Chandel et al. 2012; Hansen et al.
2015; Cunha et al. 2016). The highest cellulase activities (as filter paper units,
FPUs) have been recorded at about 10-15 FPUs/g substrate under solid-state fer-
mentation (SSF) and about 13 FPUs/ml for submerged fermentation (Hansen et al.
2015). Lignocellulose hydrolysis requires the concerted action of several enzymes
including the endoglucanases, cellobiohydrolases, [ glucosidases, xylanases,
B-xylosidases, and several other accessory enzymes; and no single organism can
optimally produce all these enzymes. Hence it is a common practice to produce dif-
ferent enzymes using different organisms and the enzymes are blended to form
cocktails with better efficiency for biomass hydrolysis. Typically for T. reesei
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cellulase preparations, BGL from Aspergillus niger is blended, which makes up for
T. reesei’s lower BGL activity and product inhibition. Apparently, the production of
biomass-hydrolyzing enzymes is a complex process which has to take care of fungal
growth parameters, ideal conditions for the optimal enzyme production, and balanc-
ing the costs involved. The following discussions will concentrate on the technolo-
gies used for production of cellulases.

1.5.2 Fermentation Strategies

Commercial production of cellulases typically employs the submerged fermenta-
tion (SmF) strategy while solid-state fermentation (SSF) processes are also used by
companies (Sukumaran et al. 2005). Each method has its own advantages and dis-
advantages and the question of a best method is rather irrelevant, since the method
adopted would depend on the organism employed, substrate used, growth condi-
tions, existing infrastructure if any, need for purification, etc. While SSF is claimed
to be the cheaper method for microbial enzyme production by many (e.g., Tengerdy
1996; Castilho et al. 2000, Viniegra-Gonzélez et al. 2003; Krishna 2005), there are
also reports that state the contrary (Nakkeeran et al. 2012). Also it should be noted
that the enzymes elaborated by the same organism can be different in SmF and SSF
(Hansen et al. 2015), and the cost of production also needs to be read along with the
efficiency of the enzyme in catalyzing the desired reaction. In this context the pro-
duction costs are tightly connected to the productivity of the enzyme-producing
strain and the final activity yield. The hydrolytic efficiency of the multienzyme
complex depends on both the properties of individual enzymes and synergies
between them and their ratio in the cocktail (Gusakov et al. 2014).

1.5.3 Solid-State Fermentation (SSF)

Solid-state fermentation is defined as fermentation with near absence of free water
but substrate moistened to support growth of microorganisms (Pandey 2003). The
substrate can either be a natural organic material like wheat bran or an inert support
material impregnated or coated with the liquid growth medium (Ooijkaas et al.
2000). SSF processes are closer to the natural conditions of growth of most of the
filamentous fungi and are hence expected to be ideal for production of enzymes that
are required for plant cell wall degradation. There have been a large number of stud-
ies on solid-state fermentation for cellulase production reported in the literature.
Even earlier studies like those by Chahal (1985) have demonstrated the higher
yields of enzyme in SSF compared to SmF, and there have been reports which indi-
cated significant cost reductions for SSF compared to SmF (Tengerdy 1996). Solid-
state fermentation is typically performed by inoculating a natural substrate (e.g.,
wheat bran) moistened/impregnated with the suitable medium that carries essential
nutrients — especially nitrogen source since in the majority of cases the substrate
itself acts as the carbon source. Additional carbon source may be added for
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enhancing the growth rate or the final fungal biomass achieved. Since cellulases are
inducible enzymes, an inducer like pure cellulose or a small molecule inducer like
lactose/cellobiose may also be added for enhanced production. One of the advan-
tages of SSF for cellulase production is the possibility of using a lignocellulosic
substrate for fermentation, which will serve as a carbon source as well as the inducer
(Nigam and Singh 1996). The usage of the same raw material as the feedstock to be
used in a biorefinery for cellulases production has the added advantage of a more
appropriate enzyme cocktail being elaborated by the organism, and this approach
has been tested successfully by many (Sukumaran et al. 2009; Roslan et al. 2011;
Maeda et al. 2013; Pirota et al. 2014). It should be noted that the choice of carbon
source has a significant impact on cellulase production under SSF since differential
induction of cellulases in response to the type of carbon sources used is a common
phenomenon in cellulase production by fungi.

The major advantages proposed for solid-state fermentation include (1) higher
enzyme production associated with higher biomass, (2) lower product inhibition,
(3) lower protease activity, (4) ability to use water-insoluble substrates as C and N
sources, which allows use of cheap and abundant lignocellulosic biomass, and (5)
concentrated enzyme (Viniegra-Gonzélez et al. 2003; Holker and Lenz 2005). It has
also been shown that SSF offers a situation of lowered catabolite repression in com-
parison to SmF (Diaz-Godinez et al. 2001). The immobility of typical SSF cultures
can be an advantage and disadvantage at the same time. Since this replicates a natu-
ral growth environment for filamentous fungi, without any shear (as would be
encountered in agitated SmF cultures), there is better growth and less autolysis due
to hyphal rupture. At the same time, this also results in mass and heat transfer limi-
tations. As the fermentation proceeds on an organic substrate like wheat bran, the
substrate is decomposed leading to collapse of pores and aggregation of particles,
which lead to less oxygen supply to cells and lower heat dissipation, both of which
affect the growth and enzyme production by fungi (Chen 2013). The classical setup
used for solid-state fermentation for large-scale enzyme production is tray reactors,
though other designs like drum reactors and packed bed reactors are also employed.
A typical tray reactor setup includes several trays of optimal size kept in racks
inside a climate-controlled chamber (Fig. 1.7). The trays may be constructed of
stainless steel, aluminum, wood, or even plastic and may or may not have lids. The
trays and lids in some setups are perforated to allow aeration and heat dissipation.
The rooms are maintained at controlled temperature and humidity and often with
forced circulation of HEPA filtered air (though this may not be essential). This con-
figuration is easy to set up and easily scalable with low labor intensity.

The mixing and heat transfer issues associated with stationary tray fermenters
can be addressed through use of rotating drum-type reactors which are either mixed
continuously or intermittently and with or without forced aeration. These types of
reactors were patented by the French company Lyven and the Indian company
Biocon and have been in use for commercial enzyme production. There are also
several other types of reactor designs in use, while tray reactors are the dominant
types used in commercial SSF.
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Fig. 1.7 Solid-State Fermentation Facility (Koji) Room (Courtesy — CSIR-NIIST, Trivandrum,
India) Koji Room (SSF chamber) showing steel racks for keeping trays and climate control system.
Trays showing fully grown Penicillium janthinellum culture ready for harvest (for cellulase
production)

One of the major advantages of SSF is the possibility of using the fermented
substrate as such in wet or dry form as the enzyme (Zhuang et al. 2007; Singhania
et al. 2015). The elimination of the downstream processing step can result in signifi-
cant cost reductions, but has other disadvantages like carryover of the spores/myce-
lia to the biomass hydrolysis step (leading to contamination and lower productivity)
and the increase in solids loading in the hydrolysis reactor leading to inefficient
mixing. Apparently, the choice of direct use of fermented material as enzyme or
after extraction and removal of the fungal spores/mycelia depends on the conditions
of hydrolysis. The latter, if performed at higher temperatures, can kill the mycelia
and may prevent spore germination. Major disadvantages of SSF for cellulase pro-
duction include the common disadvantages of SSF, which are the challenges in
product purification, inability for complete automation and online monitoring of
cell growth and enzyme production, providing heat and mass transfer, difficulty in
mixing, necessity to keep the moisture content optimum, increased possibility for
contamination (since SSF systems are not fully closed systems), etc. Moreover,
heterogeneity and batch variations in solid substrates can have a serious impact on
reproducibility. Also there are issues with scalability, with tray reactors occupying
a large footprint compared to similar capacity SmF systems. Nevertheless, for pro-
duction of enzymes like that used for biomass hydrolysis where purity is not a major
concern, SSF systems might hold promise, since the enzymes produced on the same
substrates to be used as feedstock for biofuels can yield enzymes which are more
appropriate for the job, and at higher concentrations. The methodology also has the
process advantages of lower water and energy consumption, reduced waste stream,
less capital infrastructure, and the ability to use semiskilled labor (Zhuang et al.
2007). Recentreviews on the application of SSF technology for biomass-hydrolyzing
enzymes may be found in Yoon et al. (2014), Farinas (2015), and Behera and Ray
(2016).
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1.5.4 Submerged Fermentation (SmF)

Submerged fermentation is by far the most commonly used technique for produc-
tion of industrial enzymes, which also includes cellulases. SmF is preferred by the
industry since it allows easy online monitoring of the process parameters and allows
their control (Hansen et al. 2015). Heat and mass transfer are better in SmF, since
the cells are dispersed in a very conductive aqueous environment and also due to the
fact that the system allows for regulation of temperature with external heating/cool-
ing besides having efficient mechanisms for mixing. Biomass-hydrolyzing enzymes
from the common industrially employed cellulase producers (e.g., Trichoderma
reesei) are inducible and the best activities are reported when grown in media con-
taining cellulose. Untreated lignocellulosic substrates are generally found to sup-
port lesser enzyme yields compared to pure cellulose forms like Solka Floc or
Avicell (Mathew et al. 2008). A range of different cellulosic materials has been tried
as substrates for cellulase production and this includes pure celluloses (Hendy et al.
1982), paper pulp (Zhuang et al. 2007), corn cob residue (Liming and Xueliang
2004), sugar cane bagasse (Pereira et al. 2013), and even dairy manure (Wen et al.
2005). Most of these natural substrates are capable of inducing the cellulase systems
in fungi often at par with known inducers or sometimes even better (Mathew et al.
2008). The choice of raw materials for cellulase production can influence both the
yields and the final compositions of the cellulase preparation, which in turn will also
affect the cost of enzyme preparations. Agro residues like corn cobs, rice or wheat
straws, bagasse, etc. are cheap raw materials that can induce cellulase production
due to their content of cellulose and hemicellulose polymers. However, they might
need pretreatment for delignification before being used in cellulase production
media. In a biorefinery context, especially for onsite enzyme production, this would
not pose a big problem since the same feedstock that goes for biofuel production
can serve as carbon source/inducer for cellulase production.

Media used for cellulase production have typically followed a composition after
the original 7. reesei medium used by Mandels and Weber (1969), but with modifi-
cations as appropriate for the strain/organism. Typically for T. reesei the fermenta-
tions are carried out in an acidic pH range with the optimal temperature being in the
range of 25-30 °C (Mathew et al. 2008). Besides the carbon source, the choice as
well as the concentration of nitrogen sources are known to affect cellulase produc-
tion and a high C/N ratio is proposed to be conductive for enhanced cellulase pro-
duction by T. reesei (Liming and Xueliang 2004). Stirred tank reactors are commonly
employed for SmF production of cellulases, which has the advantages of better
mixing and aeration. However, fungal fermentation can present very unique prob-
lems associated with the control of their morphology. The morphology of fungi in
SmF may vary based on various factors including the type of organism, inoculum
density, pH, presence of surface active agents, agitation rates, etc., and careful selec-
tion of parameters might be essential to maintain the optimal fungal morphology. In
typical submerged fermentations, fungi may grow in pelleted form or they may be
dispersed as mycelial mats or aggregates. The latter form is often a serious limita-
tion since the aggregates result in mass transfer limitations and cell damage due to
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shear. Also the mycelia may get entangled in the baffles of the reactor and can get
accumulated on the fermenter wall wherever there is limited turbulence. The aggre-
gates or mats can become really large, disallowing any penetration of substrates or
oxygen into the core, leading to death of cells in the center of the aggregates. The
pellets are highly entangled dense masses of hyphae which can assume sizes
between a few hundred micrometers and several millimeters (Domingues et al.
2000). Pelleted growth is generally preferred in fungal fermentations since it allows
better mass and oxygen transfer due to an even distribution and enhanced surface
area. Optimal morphologies in fermentations are dependent on operational condi-
tions and knowledge of these can aid in enhancing the productivities in SmF (Cui
et al. 1998). It has been observed that higher inoculum densities can lead to smaller
pellet size, translating to higher protein secretion and higher filter paper activity
(Domingues et al. 2000). Similarly, in the same study it was observed that the pres-
ence of surfactant inhibited pellet formation by 7. reesei RUT-C30. In another study
which related cellulase productivity to fungal morphology, it was found that the
buffers and pH conditions that promoted compact pellet formation resulted in
enhanced enzyme yield (Ferreira et al. 2009). A pH of around 4.8 and 100 mM suc-
cinate buffer supported maximum cellulase yield by 7. reesei RUT-C30 in this study
(Ferreira et al. 2009).

High productivities and yields of cellulases at industrial scale require that the
fermentation is conducted under carbon flux limitation under either fed batch or
continuous mode (Jourdier et al. 2012). Pure forms of cellulose, lignocellulosic
substrates like pretreated plant biomass materials, or soluble carbon sources that can
induce cellulases like lactose are the common carbon sources used in commercial-
scale production of cellulases. The typical processes can be batch, fed batch, or
continuous. Lactose is used as the carbon source/inducer in commercial production
of cellulases employing Trichoderma, the disaccharide being the most affordable
among highly potent soluble inducers. While cultivation of the fungus in cellulose/
lignocellulose is cheaper, control of glucose concentration becomes a major limita-
tion. At low concentrations of (ligno)cellulose, glucose production might be too
slow to meet the metabolic needs of active growth and enzyme production, while at
high concentrations, a higher rate of glucose generation compared to its consump-
tion can result in catabolite repression (England et al. 2010). Apparently to maintain
the conditions of carbon flux limitation, fed batch or continuous mode becomes
helpful (Jourdier et al. 2013). In fact, most of the commercial production of cellu-
lases employs the fed batch strategy where a soluble inducer like lactose or a cel-
lulosic substrate is carefully dosed into the fermentation medium at appropriate
intervals. The use of insoluble inducers/carbon sources like pure cellulose, paper
pulp, or any lignocellulosic substrate poses the additional challenge of mixing the
medium in the production reactors. This is a very serious limitation when batch
process has to be employed, and often the production strategy has to ensure a size
reduction treatment before the insoluble substrate is fed to the reactor (Shin et al.
2000; Liming and Xueliang 2004). However, this can increase the production cost
due to the need for pulverization of substrate. Here again, a fed batch process may
help to maintain sufficient mixing, since the concentration of insoluble substrate
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can be kept minimum and fed as per demand (Shibuya et al. 1981). The use of a
soluble carbon source in lieu of (ligno) cellulose has obvious advantages as this will
allow better mixing and aeration and greater control over the fermentation process.
Also the fermentation would no longer be dependent on the hydrolysis of lignocel-
Iulose (Allen and Mortensen 1981). While sophorose is the best inducer of cellulase
in Trichoderma reesei, it is also the most expensive and difficult to manufacture.
Recently, Danisco Inc. has patented a process using concentrated glucose, contain-
ing appreciable quantities of sophorose as carbon source/inducer for cellulase pro-
duction using T. reesei (England et al. 2015). Here the inducing mixture of sugars
was generated through transglycosylation activity employing whole cellulase prep-
arations from 7. reesei.

It may be concluded that the choice of method for cellulase production depends
on the end application and the cost evaluations also need to consider the efficacy of
the enzyme preparation on the chosen lignocellulosic substrate. While SSF and
SmF have their own advantages and disadvantages, it is not prudent to state one
method is better than the other, since the choice is often made depending on the
context of application, rather than on the mere advantages of a particular method.

1.6  Strategies for Cost-Efficient Cellulase Preparations

Attaining cost efficiency of biomass-hydrolyzing enzymes is a complex R&D prob-
lem considering the fact that the cost of cellulases for biomass conversion depends
not just on the cost of their production, but also on various factors that determine
their efficiency for the hydrolysis of biomass. The production costs of cellulase are
tightly connected to the productivity of the enzyme-producing strain and the final
activity yield in the fermentation broth. The hydrolytic efficiency of the multien-
zyme complex depends on both the properties of the individual enzymes and syner-
gies between them, and their ratio in the cocktail (Gusakov et al. 2014). While the
knowledge on the number and type of enzymes and proteins that are involved in
biomass hydrolysis is far from complete, the minimum set of enzymes required is
probably easy to gauge. Moreover, in actual practice, the enzymes used may never
be in their pure form, which means that preparations enriched for a component
enzyme would still contain other activities and accessory proteins, albeit in smaller
amounts. This would probably take care of the requirements of those accessory
activities which may be needed only in lesser proportions, in analogy with nature’s
own arsenal for plant cell wall degradation that uses the accessory activities in far
lesser amounts compared to the main enzymes — cellobiohydrolases and endogluca-
nases. Commercial enzyme cocktails for biomass hydrolysis contain several differ-
ent enzymes and accessory proteins of suboptimal activities and relative proportions,
and it is important to know the optimal concentrations of each enzyme and their
relative proportions to develop efficient cocktails for hydrolysis of biomass. For
example, the typical T. reesei cellulase preparation, though rich in cellobiohydro-
lase, contains only low concentrations of beta glucosidase, and hence the biomass-
hydrolyzing cocktails produced by enzyme manufactures often blend in large
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quantities of heterologous - glucosidase, generally sourced from Aspergillus niger
(Knauf and Moniruzzaman 2004; Rana et al. 2014). It is often difficult to gauge the
optimal combinations of the different component enzymes that give maximal hydro-
lysis of a given feedstock and hence the highest sugar concentrations. Mostly, the
optimizations of enzyme cocktails have been empirical, with different mixtures
being analyzed for their efficacy in hydrolysis of the target feedstock. This often
presents the issue of having to try several combinations of component enzymes
experimentally, before arriving at the optimal one. Recently, high throughput meth-
ods have been used for such optimizations and the US Great Lakes Bioenergy
Research Center platform called the GENPLAT (Great Lakes Bioenergy Research
Center Enzyme Platform) is an approach aimed at addressing this issue. GENPLAT
allows rapid assays and optimization of enzyme mixture tailored for different pre-
treatments, feedstock, and combinations of them (Banerjee et al. 2010).

Cost reduction of commercial enzymes for biomass hydrolysis often has to
employ a combination of different strategies that cover use of cost-effective sub-
strates/carbon source, efficient fermentation strategy that minimizes catabolite
repression, use of cheaper but efficient inducer(s),enzymes with improved activities
and/or stability, enzyme modification to reduce nonspecific binding, development
of cocktails with higher efficiency, additives that enhance the enzyme activity,
enzyme reuse, and onsite production (Fig. 1.8).

As has been stated previously, the cost reduction of biomass-hydrolyzing
enzymes is not just about reducing the production cost of cellulases, but more econ-
omy can be achieved through multiple steps that improve the hydrolysis step and
through usage of lesser enzyme per unit biomass to be hydrolyzed (Marcuschamer
etal. 2012; Liu et al. 2016). Nevertheless, a major contribution can definitely come
from reduction of enzyme production cost. Cheaper fermentation strategy like
solid-state fermentation may definitely improve the cost of production, but if the
enzyme needs elaborate downstream processing, this may not be cost effective.
Most of the biomass-hydrolyzing enzyme preparations are not used in their purified
form and the only downstream processing steps would be filtration and concentra-
tion, since accessory activities are equally important as the main cellulase and hemi-
cellulase activities and crude preparations often perform better for hydrolysis of
pretreated biomass. Direct use of the moldy bran for biomass hydrolysis was already
described under the section for solid-state fermentation (Zhuang et al. 2007,
Singhania et al. 2015). The major advantage of solid-state fermentation can be the
use of cost-effective substrate/inducers in the form of native or pretreated lignocel-
lulosic biomass (Cunha et al. 2012). Cellulases being inducible enzymes, appropri-
ate inducers are added in the fermentation medium for production of enzymes. In
most of the industrial production scenarios using 7. reesei, the common inducer
added is lactose, which happens to be the only economically viable soluble inducer.
It should be noted that the best inducer for 7. reesei is sophorose, which is very
expensive for any commercial-scale production. However, this issue could be
resolved by generating the inducer the way nature does it: by transglycosylation of
sugars mediated by beta glucosidases. The patent from Danisco describes exactly
that, and large quantities of inducer (sophorose) were demonstrated to be generated
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Fig.1.8 Multipronged approaches for cellulase cost reduction

from sugars, through incubation with whole enzymes from 7. reesei (England et al.
2015). While there are no studies to demonstrate this in other fungal systems, it may
be speculated that similar systems exist in other fungi as well, since in nature, induc-
ers have to be generated by the organisms themselves.

Commercial preparations of cellulase contain several additives which serve dif-
ferent functions, such as stabilization, protection against microbial attack, surface
activity, etc., and the type and amount of these additives are often the industry’s
proprietary information. However, the general principles of protein stabilization and
formulation are applicable in the case of cellulases and the major type of additives
can very well be described. While an elaborate discussion on the protein stabiliza-
tion in commercial preparations is beyond the scope of this chapter, the components
that really add to the enhancement in cellulase activity either directly or indirectly
are definitely worth mentioning. The most important among such additives are the
amphiphiles, which are surface-active agents. Surfactants and proteins have been
traditionally used in biomass-hydrolyzing enzyme preparations, and as additives in
the hydrolysis process for enhancing the hydrolysis. However, the precise mecha-
nisms by which they accomplish this are still obscure. It is believed that the amphi-
philes enhance hydrolysis in multiple different ways, which include preventing
nonspecific binding of enzymes to lignin, modification of biomass chemical struc-
ture, reduction in viscosity, surface tension and consequent reduction in enzyme
contact with air liquid interface, etc. (Eckard et al. 2013a). Biomass pretreatment
techniques are designed to remove either lignin or hemicellulose in general, and the
degradation products and oligomers can seriously inhibit enzymatic hydrolysis.
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Surfactants can form emulsions with the hydrophobic lignin and hemicellulose
degradation products promoting lignin removal and allowing enzyme access to the
feedstock’s reaction sites (Tu et al. 2007a; Seo et al. 2011a). The role of surfactants
in reducing the nonproductive adsorption of cellulase to nonproductive sites on bio-
mass has long been recognized (Castanon and Wilke 1981) and has been proven in
several systems (Zheng et al. 2008; Qing et al. 2010). Surfactants have now been
demonstrated to also help the desorption of the nonspecifically bound cellulases,
probably through a competitive mechanism (Li et al. 2016). Structural changes to
lignocellulose by the surfactant Tween 20 contributing to enhanced hydrolysis were
described by Seo et al. (2011b). In another recent study by Eckard et al. (2014), it
was found that there is a reformation of the a-helix substructure of cellulase protein,
which would be another potent contributor to the observed increase in hydrolysis
activity. The same authors have also demonstrated that the surfactants can protect
enzymes from thermal deactivation after extended incubation (Eckard et al. 2013b).
Apparently, surfactants like Tween 80 and Tween 20 or polymeric surfactants like
poly ethylene glycol and even proteins like bovine serum albumin or casein are
probably good choices as additives in enzyme preparations as well as in biomass
hydrolyses since they can enhance the sugars yields through one or all of the mecha-
nisms described above. A more elaborate discussion on the role of amphiphiles may
be found in Eckard et al. (2013a).

Improvement in the enzyme efficacy is yet another method to improve the cost of
cellulase preparations, and changing the enzyme’s hydrolytic turnovers, thermal
stability, or affinities can impact the hydrolytic performance and hence the cost of
hydrolysis. The major advantages projected for thermostable enzymes include (1)
higher specific activity and stability, 