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been characterized by the juxtaposed viewpoints of fungi as infectious agents of
much dread and their exploitation as highly versatile systems for a range of
economically important biotechnological applications. Understanding the biology
of different fungi in diverse ecosystems as well as their interactions with living and
non-living is essential to underpin effective and innovative technological
developments. This series will provide a detailed compendium of methods and
information used to investigate different aspects of mycology, including fungal
biology and biochemistry, genetics, phylogenetics, genomics, proteomics, molecular
enzymology, and biotechnological applications in a manner that reflects the many
recent developments of relevance to researchers and scientists investigating the
Kingdom Fungi. Rapid screening techniques based on screening specific regions in
the DNA of fungi have been used in species comparison and identification, and are
now being extended across fungal phyla. The majorities of fungi are multicellular
eukaryotic systems and therefore may be excellent model systems by which to
answer fundamental biological questions. A greater understanding of the cell
biology of these versatile eukaryotes will underpin efforts to engineer certain fungal
species to provide novel cell factories for production of proteins for pharmaceutical
applications. Renewed interest in all aspects of the biology and biotechnology of
fungi may also enable the development of “one pot” microbial cell factories to meet
consumer energy needs in the 21st century. To realize this potential and to truly
understand the diversity and biology of these eukaryotes, continued development of
scientific tools and techniques is essential. As a professional reference, this series
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Foreword

Renewable energy alternatives are urgently needed owing to serious environmental
issues such as increasing pollution, global warming and crises of fossil fuels. Thus
far, technologies related to renewable energy are noneconomic and have difficulty
with their commercialization. Bioenergy generation using cellulosic waste bio-
masses is a renewable, eco-friendly and potentially economically viable process and
thus gaining attention worldwide. In spite of having a number of advantages over
fossil fuels, production process of biomass to bioenergy is far from its practical
implementation and hence could not be commercialized at global scale. Enzymatic
hydrolysis of biomass and downstream processing are the major hurdles which
make the process of biomass to biofuels economically unviable. Application of bio-
technology and bioprocess engineering is advancing to resolve numerous issues
associated with the existing bottlenecks of the process to make it cost-effective.

Publication of Approaches to Enhance Industrial Production of Fungal
Cellulases book is a commendable step in this area. I am glad to read this book as a
researcher interested in the area of biomass to biofuels conversion. This book com-
prises of 10 chapters presenting various feasible approaches to improve the cellu-
lase enzymes production and efficiency at industrial level. Production of cellulase
using low-cost cellulosic substrate via low-cost technology at large scale is the
major focus of this book. This book also attempts to fill the current gap of unavail-
ability of feasible technology to produce cellulase for sustainable biofuels produc-
tion using cellulosic biomass at commercial scale. In my opinion, this book will be
treated as a milestone in the renewable energy area consisting of valuable informa-
tion for the scientists, researchers, teachers, students and industries who are inter-
ested in biomass-based biofuels production process.

I congratulate to Dr. Manish Srivastava [DU, Delhi], Dr. Neha Srivastava [IIT
(BHU), Varanasi], Prof. (Dr.) Pradeep Kumar Mishra [IIT (BHU), Varanasi] and
Prof. (Dr.) Pramod W. Ramteke [SHUATS, Allahabad] for Approaches to Enhance
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Industrial Production of Fungal Cellulases book. The in-depth efforts made by the
editors will help reduce the gap and fulfill the need of industries, scientists, teachers,
researchers and students. I appreciate the efforts by the editors of this book.

Virginia Commonwealth University Ram B. Gupta
Richmond, VA, USA



Preface

Lignocellulosic biomass is the most abandoned waste being generated from the
agricultural sector and is regarded as a potential source for green energy production.
Due to rich source of cellulose and other organic components, it is significant of
value addition transformation for commercial implementation of waste to wealth
concept. Nevertheless, sustainable and economic transformations of these waste
biomasses into biofuels are prime issues for commercial viability of the process.
Cellulosic structure, high production cost, nonefficiency and unavailability of pro-
ductive process are some major rollbacks which have to be overcome for making
biomass waste to biofuels production process more economical and sustainable.

Co-culture or mixed microbial culture concept for fermentation, genetic engi-
neering, thermophilic/thermotolerant microbes, bioprocess parameters designing,
and implementation of nanotechnology are effective and growing tools in this area
for improving biomass to biofuels production process.

The aim of this volume, “Approaches to Enhance Industrial Production of Fungal
Cellulases,” is to keep the readers informed about the latest opportunity and practi-
cal viability in biofuels production technology using different and new viable
approaches. This volume consists of 11 different chapters contributed by the
author(s) having in-depth experience in teaching and research in a broad area of
bioprocess technology and biofuels production. An introduction of biomass to bio-
fuels production process with limited technology and sustainable application oppor-
tunity has been given in Chaps. 1 and 2 while fermentation technologies availability
with microorganisms for process is discussed in Chaps. 3, 4, and 5. A detailed
description about feedstocks and their potential is explored in Chaps. 5, 6, and 7.
Immobilization strategies to improve enzyme stability are discussed in Chaps. 8 and
9. Moreover, Chaps. 10 and 11 explore about the genetic engineering strategies to
improve biomass to biofuels production process using microbes and protein engi-
neering to improve stability and productivity of the process. Further, this book is
targeted toward exploration of various sustainable, viable, and economical
approaches which can help to improve biofuels production from cellulosic waste at
practical ground. Vast discussion about existing loophole in the process and
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estimation of recent advancement enhance the quality of this book and make it suit-
able for the students, scholars, and eminent scientists working in this area.

We express our deep indebtedness to all the contributed authors, people involved
directly or indirectly for sustained guidance, invaluable prolonged discussion, criti-
cism, and all that went to contribute substantially in the completion of this task.

We also extend our thanks to the Director, IIT (BHU) Varanasi, and Head,
Department of Chemical Engineering and Technology, IIT (BHU) Varanasi (U.P.,
India).

Delhi, Delhi, India Manish Srivastava
Varanasi, Uttar Pradesh, India Neha Srivastava
Allahabad, Uttar Pradesh, India Pramod W. Ramteke

Varanasi, Uttar Pradesh, India Pradeep Kumar Mishra
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Chapter 1
Fungal Cellulases: New Avenues in Biofuel
Production

Check for
updates

Spriha Raven, Chitra Srivastava, Himanshi Kaushik, Veralu Hesuh,
and Archana Tiwari

1.1 Introduction

Cellulase actions are required for the microbial hydrolysis of insoluble cellulose,
and it changes the complex polymer into a simple one. Fungi are one of the big
decomposers of cellulose among all the microorganisms, and it is the reason for
80% of the breakdown of cellulose. Generally in forest, fungi have remained the
reason for cellulose degradation. Members of fungi like Ascomycota, Basidiomycota,
and Deuteromycota are important for the breakdown of cellulose. But in industry,
the most preferred are the aerobic fungal cellulases because of their good character-
istics like they are extracellular and adaptive in different conditions and during
growth its secretions are in large quantity (Gil et al. 2009). Aspergillus, Alternaria,
Penicillium, Trichoderma, etc. are species which represent the cellulolytic fungi.
Fungal cellulases are quite simpler than the bacterial cellulases. It contains two
domains which are connected at the N-terminal of the catalytic domain by a short
polylinker region. The two domains are catalytic domain and cellulose-binding
domain. There are various applications of fungal cellulases such as in the food indus-
try, beer and wine production, textile, paper, and agriculture. They are also used in
the making of detergents for better cleaning action; they don’t damage the fabric and
remove dirt properly. It is also utilized in the fermentation process for the beer and
wine production. It provides improved filtration rate and also gives wine stability.
In the fruit industry, it is utilized for the clarification mostly by removing pulp of
juices and for improving texture and quality. Now in the textile industry, it is used

S. Raven - C. Srivastava - H. Kaushik - A. Tiwari (B<)
Amity Institute of Biotechnology, Amity University, Noida, Uttar Pradesh, India

V. Hesuh
Amity Institute of Horticulture Studies and Research, Amity University,
Noida, Uttar Pradesh, India
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for improving fabric quality and for softening of fabrics, and it also removes extra
dye from fabrics. In the pulp and paper industry, the mechanical pumping processes
like refining and grinding make the pulp with fines and stiffness, but the bio-
chemical pulping with the help of cellulases causes energy savings up to 20-40%.
Cellulases with hemicellulases help in improving drainage in the paper mills.

Cellulase with xylanase is used for drinking or removing ink from paper to
recycle it (Gil et al. 2009). T reesei is the most commonly studied aerobic fungi; it
has the capacity to hydrolyze the native cellulose. Submerged fermentation is the
common way to the large scale of cellulase production enzyme (Smitha et al. 2013).
The soluble substrate is spread in the free-flowing liquid, but in the liquid medium,
fungi like Aspergillus and Penicillium lead to the cellulase production in large
amount. In submerged fermentation, the controlling and monitoring process
becomes easy. There are several factors which are influencing the activity of cellu-
lase like pH, medium composition, temperature, inducer, etc. Fungi use different
substrates in the cellulase production, like A. heteromorphus use wheat straw as its
substrate and A. niger use maize straw as its substrate for production. Other sub-
strates which can be used include banana peels, sawdust, grass, rice straw, sugar-
cane bagasse, etc. Purification is also a very necessary step. It includes different
methods like precipitation, dialysis, and column purification. In the global market,
cellulase enzymes own the third place in the enzyme industry. Enzymes like cellu-
lase are favorable because they are nonpolluting that means safe for the environ-
ment, they are specific, and substrates are cheap making elevated applications of
fungal cellulases.

1.2 C(lassification, Production, and Mode of Action

Cellulase is classified into different types like endocellulase which cleaves the inter-
nal bonds. Another one is exocellulase which cleave at the end of the chain from
endocellulase which gives rise to tetrasaccharides or disaccharides. Cellobiases
hydrolyze the exocellulase product and form it in the monosaccharides. There are
two types of cellulase: progressive and nonprogressive. The progressive one binds
with the polysaccharide, and the nonprogressive will bind once and then forms
interaction with another polysaccharide. Cellulase action is also known as the syn-
ergistic. Due to the enhancement of population globally, industrialization has also
elevated to meet the requirement of people without destroying the environment
products from natural resources. Products like fossil fuel are getting exhausted, so
we need the renewable energy resources, and fungal cellulases are a good option.

Cellulase is produced by different microorganisms which include both fungi and
bacteria. The conversion of cellulose into useful products, which is sustainable and
not harmful to the environment, is the key function of cellulases (Kuhad et al. 2011).
Fungi which are employed for the production of cellulase are A. niger, A. nidulans,
A. oryzae, H. grisea, Penicillium brasilianum, etc. Some species of brown and white
rot fungi are also utilized for cellulase production.
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The methods included for the making of cellulase are solid-state fermentation
and submerged fermentation. One of the important reasons behind environment pol-
lution is the waste from industries and agriculture, and if we convert this waste into
the useful product, then the problem of pollution can be solved. Agriculture waste
includes wheat bran, rice bran, and the husk from the green and black gram. And
these products can be utilized for the substrate for production of fungal cellulase. In
solid-state fermentation, there is the cultivation of enzymes on a solid surface with-
out the presence of microorganisms. And in the submerged fermentation, produc-
tion of cellulose takes place in free-flowing liquid. Ease in monitoring and
downstream processing make this process more attractive. The disadvantages of the
submerged fermentation are the long fermentation time and low production rate.

Solid-state fermentation is on a solid surface; there is no free water. The solid
support is also the source of nutrients. It not only helps in giving the value-added
products but also enables recycling. The production rate is high and the cost is also
low. With the help of these methods, fungal cellulase can be produced. After pro-
duction, it includes purification which gives us the improved product. Purification
includes precipitation, dialysis, etc. There are so many applications for the fungal
cellulase like in paper industry, food, textile, alcoholic beverages, etc. Fungal cel-
lulase products are renewable and cause less pollution to the environment. It is cost-
effective and also helps in using industrial and agriculture waste. In the paper
industry, we use it for the removal of ink from waste and old paper. Biomechanical
methods are also there, but with the cellulase, it’s more effective and also improves
the physical properties like its mechanical strength. It also reduces the human labor
(Arja 2007). With the aid of gene technology, immunology identification of enzymes
can be done, and we can also know about their structure and properties. Cellulase
has much application due to its action. In paper and pulp industry, it acts by improv-
ing the physical condition of the sheets.

The waste papers across the world are used as raw materials for the pulp and
paper industry (Cui et al. 2015). We are recycling the waste paper as it reduces the
solid waste from our environment and also minimizes the deforestation. With all
these qualities, it adds one more quality in paper industry, which is the solving pro-
cess of the drainage system, it dissolves the clogged fiber residues. Cellulase also
helps in making of the tissue paper, cardboard, and different kinds of sanitary paper
which are easily biodegradable and don’t harm the environment. In the textile indus-
try also, its mode of action leads to the improvement in the softness and brightness
of the fabric. Enzymes like cellulase also help in biostoning of denim jeans (Cortez
et al. 2001). It also removes the extra dye from the fibers.

In the food industry, cellulase is used in the clarification of fruit juices by remov-
ing pulp, purees, and in cooking oils. Cellulase with other degrading enzymes helps
in enhancing the taste of the fruits by decreasing its bitterness. Cellulase is also used
in generating wine and beer; it enhances the production and stability with the help
of degrading enzymes which degrade the cell wall during malting and fermentation
process. It is used in fermented foods which also helps in the enhancement of the
nutritional quality of different products, and it also improves the digestibility. Not
only in the food, textile, and paper industry, cellulase also plays a big role in the
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Fig. 1.1 Substrates used for the production of biofuel

production of bioethanol. Due to growth in the utilization of fossil fuels, it has
caused environmental pollution and also reduced its reserves. So to overcome this
problem, cellulase helps in the bioethanol production; this is renewable and is also
not harmful to the environment (Rosegrant et al. 2006). It is estimated that by the
year 2020, fossil fuel consumption will be replaced by 20%, which is a good sign
for the environment. Cellulase helps in the cellulosic resource conversion into glu-
cose, which leads to the bioethanol production, and this glucose and other simple
fermented sugars can be used as the substrate. Other raw materials which can be
used as a substrate are straws of rice, wheat, corn stover, and sugarcane bagasse.
Figure 1.1 shows various substrates used in biofuel generation. Filamentous fungi
with these raw materials produce the bioethanol. A lot of research is going on in this
field to produce more and more stuff which is renewable, is cost-effective, and also
doesn’t harm the environment. Products from fungal cellulase also give the higher
productivity and improve the quality of the product.

1.3 Cellulase as Biofuels

Cellulase has great applications in the biofuel industry (Ahmed and Bibi 2018).
There are certain fungi, such as Aspergillus niger, A. nidulans, A. oryzae, Fusarium
solani, Penicillium brasilianum, etc., having cellulolytic power. The important
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constituents are endoglucanase, exoglucanase, and B-glucosidase that convert
lignocellulosic biomass into fermentable sugars. Cellulolytic microbes develop an
interactive kinship in association with non-cellulolytic species in cellulosic wastes;
association directs to the whole debasement of cellulose. Enormous consumption of
fossil fuels causes CO, emission; thus alternative origins are being searched for the
welfare of mankind. Biofuels produced from fungal cellulase have huge potential
and are renewable in nature. The various stages involved in the generation of biofu-
els are mentioned below.

1.3.1 Bioethanol

The interest of biofuel generation was initiated in the 1980s, and it has also been
implemented in the many countries because of the catastrophic utilization of fossil
fuels that cause environmental destruction. Bioethanol is also regarded as ethyl
alcohol/C,H;OH/EtOH. It basically benefits the transportation department. In com-
parison to fossil fuels, bioethanol is less destructive, is readily perishable, and brings
about little air-borne wastes. Fungi play an essential part in the generation of bio-
ethanol by the fermentation of sugars to ethanol. Developing third-generation bio-
fuel is basically obtained from microorganisms such as fungi, bacteria, etc.
Bioethanol generation from different feedstocks is abundant in sucrose with differ-
ent yeast forms, and fermentation status is provided in order to give different etha-
nol concentration. The main focus of this review is to enhance the generation of
fungal cellulase so that it may benefit the mankind (Azhara et al. 2017).

1.3.1.1 Stages/Processing Route

Two different advances are the biochemical and thermochemical transition for
bioethanol generation. It resolves into fragments of cellulose and hemicellulose.
Hydrolysis of polysaccharides leads to the production of sugars and subsequently
forms bioethanol. The thermochemical route requires an enormous level of heat that
forms a synthesis gas involving CO, H,, and CO, that converts into a variety of
alcohols and further separated via distillation. The biochemical route involves bio-
logical pretreatment and physical pretreatment. And the physical pretreatment basi-
cally enhances the cellulose handiness to cellulases and hemicellulases to generate
sugars so that further it may be transformed into bioethanol and be purified via
distillation (Achinas et al. 2016). The processing route of bioethanol has been
depicted in Fig. 1.2.
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Fig. 1.2 Processing route for bioethanol production

Pretreatment

Pretreatment makes the hydrolysis gentler and has the greatest role in the opera-
tions. Downstream processing and hydrolysis handling can be revised by efficient
pretreatment. The elemental strategies embrace physical and thermochemical oper-
ations that destroy the disaffected materials and facilitate the polysaccharide to
endure the chemical reaction with larger potency and lower-energy usage. Operations
involved in pretreatments are biological, physical, chemical, and physiochemical.
Dissimilar fungal species are involved in biological operations. Furan derivatives
and various inorganic compounds (iron, nickel) are formed that are toxic in nature
and cause inhibition of cell growth, thus reducing ethanol productivity (Achinas
et al. 2016). And the detoxification process is followed that enhances pretreatment
performance.

Hydrolysis

Hydrolysis has the greatest connection with pretreatment. Meanwhile, in this phase,
cellulose and hemicellulose are hydrolyzed into simple compounds that further con-
vert fermentable sugars into ethanol. There are two types of hydrolysis: enzymatic
and acidic reactions. And the acidic reaction has two forms: dilute and concentrated
reactions. Generally the hydrolysis used is dilute acid hydrolysis. This process,
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called acid hydrolysis of lignocellulosic biomass, is led by a two organized method
as the breakdown of pentose sugar more promptly correlated to hexose sugars.

Hydrolysis of hemicellulosic biomass in the initial level adopting hydrolysis,
i.e., dilute acid, although hydrolysis of cellulose in the next level practicing concen-
trated acid. The concentrated acid operations generate more sugar improvement
(90%) in the lower span of time. The deprivation of acid hydrolysis is the adversity
of operating acid reestablishment and recovering operation that boosts the genera-
tion expenditure.

Enzymes are required to hydrolyze the feedstock by enzymatic hydrolysis for the
formation of fermentable sugars. There are three classes of enzymes that help in the
degradation of cellulose such as endo-8-1,4-glucanases, cellobiohydrolases, and
B-glucosidases. Cellulose gets debased into diminishing sugars beneath gentle
response conditions at pH of 4.8-5.0 and a temperature of 45-50 °C. Additionally,
it does not create an erosion issue within the reactors, which can lead to large sugar
production. It has been explained that under unfavorable condition of lignin on cel-
lulases performs in such a way that it gets broken into two components such as
ammonium and N-based components (Sewalt et al. 1997). It has been stated that the
enzymatic method can be achieved in a concurrent approach with the co-fermenta-
tion process to deliver ethanol from woody biomass (Spindler et al. 1991).

Fermentation

The three types that are generally utilized in the generation of bioethanol involve
processes such as separate hydrolysis and fermentation (SHF), simultaneous sac-
charification and fermentation (SSF), and simultaneous saccharification and co-
fermentation (SSCF). The SHF is the conventional strategy for bioethanol generation
(Zabed et al. 2014).

There are numerous advantages of the batch system involving full sterilization:
no need for labor expertise, simple to handle the feedstocks, easily controlled, and
flexible to different product particularization. However, the abundance is less and
requires deeper and more labor costs. Fed-batch fermentation is a mixture of two
operations such as batch and continuous operations that include substrate addition
without hampering the medium. It has comparatively higher potency, dissolved
oxygen is greater in the medium, and it has lesser time for fermentation and dimin-
ishing the harmful contents of the medium ingredients in comparison to different
types of fermentation. However, ethanol strength in fed-batch is restrained by feed
rate and cell mass level (Azhara et al. 2017). The fed-batch strategy is by and large
practiced beneficially in nonuniform SSF framework by enumerating continually a
pretreated substrate to accomplish more sugar and ethanol concentration. Continous
mode is performed by persistent addition of substrates and culture medium followed
by nutrient addition into a bioreactor carrying active microorganisms. Moreover,
contamination is more than any other modes of fermentation (Azhara et al. 2017).
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The ability of yeasts for the production of ethanol from continuous operation is
reducing due to higher generation time. The final output is ethanol and water from
fermentation process that needs to be separated through the process of distillation.
Fractional distillation is a method with the help of which ethanol is isolated depend-
ing on different volatilities. Heat is given to the distillation column, and the distillate
(bioethanol) is accumulated on the top of the column, as the boiling point is less,
i.e., 78.3 °C, though the boiling point of water is 100 °C. Moreover, 92% of ethanol
concentrate is obtained, and in addition, dehydration is required to achieve pure
ethanol (Achinas et al. 2016).

1.3.1.2 Factors Affecting Bioethanol Manufacturing

Few factors have been mentioned below that affect the bioethanol generation, such
as temperature, PH, agitation rate, and fermentation time, shown in Fig. 1.3
(Ragauskas et al. 2006).

Temperature

Temperature afflicts a great role in the growth rate of the microorganism. The stress
factor of microorganism is developed when the temperature is elevated. 20 °C and
35 °C is the temperature range for fermentation. Near 30 °C is an optimum tempera-
ture for the free cells of S. cerevisiae although cells which are immobilized have
marginally greater optimum temperature due to its capability to transfer heat into
the cells from the particle surface. There are certain enzymes that performs micro-
bial activity, and enzymes responsible for fermentation method are more prone to
high temperature, thus leading to denaturation of its tertiary structure and hence

[ Bioethanol generation ]

L]

L] L) L] L] 1

pH

Fermentation time Agitation rate Inoculum size Temperature

Fig. 1.3 Factors affecting for bioethanol production
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stops activation of enzymes. Therefore, temperature is controlled all over the fer-
mentation process (Azhara et al. 2017).

Inoculum

Inoculum concentration doesn’t accord eloquent result on the final alcohol concen-
tration; however, it alters the alcohol efficiency and consumption rate of sugar.
Moreover, the lower the inoculum size, the lesser will be the rate of productivity in
ethanol fermentation (Azhara et al. 2017).

Agitation Rate

It boosts the quantity of sugar utilization and lessens the blockage of alcohol on
cells. The excess rate of agitation isn’t applicable to sleek alcohol generation
because it creates a restriction to the metabolic actions of the cells.

Fermentation Time

Fermentation time alters the microorganism growth. Lower fermentation time
causes ineffective fermentation due to insufficient microorganism growth. On the
opposite hand, longer fermentation time accords noxious result on growth of
microbes, notably in batch operation because of the high ethanol concentration
within the fermented broth. The entire fermentation is often accomplished at dimin-
ished temperature by utilizing high fermentation time that leads to lowest fermenta-
tion alcohol production (Azhara et al. 2017).

1.3.1.3 Bioethanol-Based Economy
The recent scenarios in developing countries show that energy usage is anticipated

to rise more than 50% by 2025 (Tong et al. 2010). Petroleum oil is considered as the
primary resource of energy, but in the United States and in a few parts of the world,

Table 1.1 Different liquid fuels

Name of liquid | Percentage of ethanol blends

fuel with gasoline Application

E10 10% ethanol 90% Runs in all standard automobiles, without
gasoline modification

El15 15% ethanol 85% Runs in most US automobiles
gasoline

E85 85% ethanol 15% Runs in flex-fuel vehicles or FFVs
gasoline
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it is being exhausted rapidly. The days aren’t faraway when we will be close to the
“peak oil,” the condition at which oil requirement will surpass oil supply. Ultimately,
petroleum reserves will be completely exhausted. This upcoming scenario acts as a
physically powerful impulse to look for substitute resources to meet up the ever-
growing stipulates for energy.

Liquid fuels like fuel ethanol contain ethanol as its major constituents (approxi-
mately 99%). Poisonous additives are added to liquid ethanol with the goal that it
can’t be utilized as an alternative to refreshment liquor. It can likewise be utilized as
an additive alternate in other liquid fuels. For example, E10 gasoline is a mixture of
10% ethanol, and E85 is with 85% ethanol (Table 1.1).

Moreover, for transport fuel (other than petroleum) which are based on minerals
like hydrogen, bioethanol and biodiesel are considered as suitable substitutes and
contribute to approximately 2 percent of the aggregate of total transport fuel IEA
2011). A petrol substitute processed from the fermentation of starch-based crops is
bioethanol and is also known as grain. The isotopic composition of carbon atoms of
bioethanol and synthetic (petroleum based) is the only distinguishable point, as both
have the same chemical composition (C,HsOH).

Globally, bioethanol is the major alternative fuel to petroleum and, thus, is also
most widely utilized (mainly in America). In Brazil, most of the automobiles are
being fueled by bioethanol, which are generated from sugar, as most of the people
majorly invest in sugarcane to ethanol fuel industries. However, in South Africa,
bioethanol contributes to liquid fuel as a resource around the 1930s and till late
1960s, but ensuring abundant and cheap crude oil (Cartwright 2007).

In comparison to bioethanol, cellulosic ethanol is derived from cellulose having
glucose, a 6-carbon sugar molecule, as a raw material. For gasoline, cellulosic etha-
nol served as an alternate option which comes from waste paper and energy crops
like switchgrass and poplar. At the same time, it is chemically identical to ethanol
made from food crops such as sugarcane and corn. The major problem for the world
is its production as unlike starch from grains, cellulose is tough in its structural
properties which can’t be easily broken down into glucose sugar.

1.3.1.4 Recent Status of Bioethanol Production

Bioethanol generation from lignocellulose at a wide range has not yet been deter-
mined as a cost-effective alternative. One has to follow a line of investigation to
target a next-generation bioethanol, which is based on cellulose because it has a
great capacity to be enhanced (Achinas et al. 2016).

A broad kind of industry issues develops within the totally special steps of pro-
cessing bioethanol — from pretreatment to the last water-ethanol mixture separation.
Though the linkage between science and applied technology is vital to spot the void
and gap of the research field, and through worldwide analysis, conditions are often
determined (Russo and Ladisch 2008).
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However, with a specific end goal to decrease the price of bioethanol generation,
it is important to clear the vital mechanical advances. Numerous organizations are
hereby generating enzymes to hoist the scope of utilizations and the conduct of the
enzymatic cellulose hydrolysis and hemicellulose.

The hydrolysis might need the appliance of microorganisms such as fungi, yeast,
bacteria, or enzymes. The preference of microorganisms and enzymes must be cre-
ated in terms of stability and conversion rate. However, the utilization of enzymes
and microorganisms elevates the generation value of lignocellulosic alcohol and
leads to the production of biofuels.

Further discovery must be coordinated in this region to hoist the transformation
effected that lessen the price of microorganisms and enzymes that lead to profitable
lignocellulosic-based ethanol generation plants (Achinas et al. 2016).

The flight was controlled by a mix of 75% air turbine fuel and 25% bio-jet fuel.
A blend of oil from Jatropha seeds and avionics turbine fuel pushed the India’s
first-ever bio-jet fuel-controlled trip on 27 August 2018 among Dehradun (city in
the northern region) and Delhi (capital). A mix of 25% of bio stream fuel and 75%
of flight turbine fuel (ATF) was conveyed in one of the two motors of the plane,
while the other motor conveyed just ATF. Universal norms allow a mix rate of up to
50% biofuel with ATF.

1.4 Advantages of Fungal Cellulase

e Cellulase includes the third incredible advanced catalysts, i.e., 15% after amy-
lase, as amylase contributes almost 25% and protease contributes almost 18%,
on around the world market. Enzymatic breakdown of cellulosic biomass offers
an appealing choice, for the case, bioethanol (Yinbo et al. 2006), natural acids
(Shen and Xia 2006; Zhang et al. 2007), free sugars, anti-infective operators, and
animal feeds (Cao et al. 2014).

e Cellulases have a wide range of applications in completely different businesses
including cleaning materials, paper and pulp industry, organics and bioethanol; a
few of them are discussed below.

* Fungal cellulase can convert biomass utilized as feedstock and can without much
of a stretch be changed over into biosugars, for example, glucose and xylose.
Glucose and xylose are boundless substrates, which allow the making of a wide
combination of cutting-edge biofuels, for example, green gas, green diesel, and
bio-jet fuel that is more sustainable synthetic substances, bioplastics, cellulosic
ethanol, and so forth.

e Cellulosic ethanol can be delivered by utilizing an assortment of biomass feed-
stocks including reused paper; urban waste paper redirected from municipal
solid waste (MSW); horticultural squanders like sugarcane bagasse and corn sto-
ver; vitality crops like poplar, willow, and switchgrass; wood waste; and waste
streams from mash and paper factories.
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e Cellulosic ethanol produced using biomass will deliver littler measures of ozone-
depleting substances than corn ethanol, and far not as much as the fuel it will
supplant. This nursery decrease potential can be assessed by Life Cycle Analysis
(LCA), utilized by various gatherings to assess the net vitality and carbon adjust-
ments of ethanol from corn and cellulosic biomass.

Cellulases are mostly utilized in paper industry for the pulping and deinking of
squander papers.

e Usage of cellulase during pulping updates the essentialness efficiency of the
method, and besides, it enhances the physical properties, for case, between fiber
holding and mechanical quality of the final paper thing (Chen et al. 2012). In
addition, it gives better strategies, compelling the utilization of hazardous manu-
factured substances. In the course of deinking, ink connected to the plane of
reused filaments of cellulose was discharged by breakdown of enzymes, prompt-
ing the detaching of individual packages or strands (Kuhad et al. 1997).

e In material industry, cellulases act as bio-cleaners of cotton fabrics. For bioston-
ing of denim pants to grant faded appearance, celullases are again used. In the
course of biostoning procedure, cellulases help in the hydrolysis process for fiber
projections from their surface, and it discharges the indigo color coupled to
fibers, bringing about the faded appearance to the pants.

e Cellulases are produced to have potential applications in nourishment and feed
handling ventures also. It is an indispensable piece of the squashing chemical
complex such as pectinase, cellulase, and xylanase, which are utilized for the
withdrawal and illumination of fruits and vegetable juices, nectars, oils, and
purees (Rai et al. 2007; Ajayi et al. 2015). Cellulase-helped extraction of flavo-
noids from blooms and seeds improved the production and diminished the
extraction time and warmth harm, when contrasted with the traditional corrosive/
antacid/natural dissolvable/warm extraction techniques (Cao et al. 2014).

The manifold misuse and use of petroleum products have unwittingly decreased
its characteristic holds and caused extreme natural contamination by means of the
arrival of greenhouse and harmful gases. Thus, the world economy has centered
around biofuels, particularly bioethanol from sustainable sources, that is depended
upon to supplant 20% of the petroleum item utilization by 2020 (Rosegrant et al.
2006; Msangi et al. 2007). The foremost viably researched utilization of cellulase is
biofuel generation, particularly bioethanol. Cellulases viably alter over the cellu-
losic boundless resources into glucose and other fundamental fermentable sugars
that can be utilized as substrates for the era of bioethanol. Lignocelluloses are
involved in a multistep procedure for production of bioethanol. In its pretreatment
lignocellulosic biomass are involved either mechanically or enzymatically to expel
lignin and hemicellulose parts, trailed by the treatment with cellulase to discharge
fermentable sugars (pentoses and hexoses). At this point cellulosic deposition is
seen by the activity of enzyme hydrolase, which is utilized for microbial maturation
to deliver cellulosic ethanol (Zhang et al. 2002). Agribusiness buildup like straw of
wheat, corn, rice, sugarcane bagasse, wheat grain, corn stover, and so forth are
effectively utilized as crude substrates for the generation of bioethanol, utilizing
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cellulase created by different filamentous organisms including Aspergillus,
Trichoderma, and Penicillium (Zhou et al. 2008; Binod et al. 2010; Chen and Qiu
2010; Li et al. 2011).

1.5 Industrial Application

Cellulase plays a critical part for the breakdown of cellulose. Various fungi perform
cellulolytic abilities that lead them to produce a whole cellulase system. There is one
alternative source which has been found in the biofuel generation that has less effect
on environmental imbalance. Cellulase is considered as the third important enzyme
that is beneficial to the human needs. In spite of the fact that the generation rate and
low yield of cellulase obstruct its utilization within the businesses, still fungal cel-
lulase has the incredible upgrade within the future era which is still a progressing
handle (Sajith et al. 2016). Cellulase production has contributed to the development
of various industrial operations such as biofuel industries, textile industries, paper
industries, agriculture, biochemical industry, etc., shown in Table 1.2 and Fig. 1.3.

1.5.1 Function of Cellulase in Several Industries
1.5.1.1 Biofuels

Of all the microbial cellulose present, fungi are a major source of cellulase that has
been used in industries. The focus has been moved now for biofuels due to the limi-
tations and the harmful effects of fossil fuels on living beings (Ahmed and Bibi
2018). At present the most prominent lignocellulosic materials for biofuels are
sugar bagasse, corncob, rice straw, switchgrass, sawdust, and forest residues.
Agricultural waste/lignocellulosic material transformation into functional biofuel
requires multiple steps. Pretreatment is the first step that is done by the mechanical,
chemical/biological processes, and secondly by the polymer breakdown to give fer-
mentable sugars such as pentoses and hexoses. Then for microbial fermentation,
hydrolyzed cellulosic residue is utilized to produce ethanol.

Table 1.2 Application of cellulase from different industries

Food Clarification of juices, improves the quality of fruits, improves | Sajith et al.
the texture and color, controls the bitterness of fruits (2016)

Pulp and paper | Help in deinking of waste paper, improve the brightness of Sajith et al.

industry fiber, improve the drainage in the paper mills (2016)

Textile Jeans biostoning, for softening of garments, removes the extra | Kuhad et al.
dye from fabrics, improves the quality of the clothes (2011)

Fermented Wine and beer production, improve the rate of filtration and Kuhad et al.

products also improve the wine stability (2011)
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1.5.1.2 Textile Industry

In the textile industry, cellulase enzymes are widely used for different purposes. It is
mostly used in surface modification of cotton fabrics and biostoning of denims (Kuhad
et al. 2011). Biostoning of denim jeans with cellulose-based treatment over the old-
style stone washing has resulted in several advantages such as less damage of fibers,
less work intensive, and environment-friendly. The breaking down of tiny protrusions
of the fiber removes the woolliness of the surface, thus making the surface of the cot-
ton cloth sleeker and more glazed in looks. Cellulases are utilized in various applica-
tions such as detergents, laundry, and household soaps for refining fabric softness and
brightness. T. viride, T. harzianum, T. reesei, and A. niger are the various fungi which
are used to produce mild alkaline and thermotolerant cellulases for this purpose.

1.5.1.3 Pulp and Paper Industry

The function of cellulase in the pulp industry has expanded drastically in the few
decades from 320 to 395 million tons (Ahmed and Bibi 2018). In pulp and paper
mill, the main usage of cellulases is in pulping and deinking of papers, that is,
removing ink from waste paper. Utilization of cellulases proves to lessen the energy
use and increase the physical properties and mechanical strength of the concluding
paper product. Furthermore, it contributes to an environmentally beginning process,
reducing the use of hazardous chemicals. Cellulases are also utilized for waste rea-
son in paper process. Cellulose helps in making biodegradable paper which disturbs
the environment.

1.5.1.4 Agriculture Industries

Cellulases help the improvement of crops and also help in controlling diseases.
Cellulases can damage the cell wall of the plant pathogen that helps in managing of
disease. Various cellulolytic fungi are noted to play a major role in farming by
enhancing sprouting of seed, faster development of the plant, and flowering, enhanc-
ing root system, and improving crop production. Conventionally using a straw is a
crucial method to enrich soil quality. Applications of fungi such as Aspergillus,
Chaetomium, and Trichoderma and actinomycetes on straw for accelerating the
decomposition of straw have shown a positive outcome.

1.5.1.5 Animal Feed Industries

Cellulose has the ability to increase the properties of animal feed; that’s why it has
drawn attention in this field also (Kuhad et al. 2011). The enzyme can increase the
nutritional value of the product and can also remove the anti-nutritional stuff from
it and gives certain digestive enzymes such as protease, amylases, and glucanases.
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Fig. 1.4 Application of fungal cellulase

B-Glucanases and xylanases play an important application in the feed of omnivores
and some herbivores animals to breaking down on starch polysaccharides such as
B-glucans and arabinoxylans. These enzymes can also trigger an increment in
weight of chickens and piglets by making a difference in digestion and absorption
of nourished materials.

1.5.1.6 Other Applications

Another important application is in laundry and detergent industry with lipase and
proteases being the major enzymatic constituent. Recently an inventive method of
using alkaline cellulases, proteases, and lipase has shown a betterment of color
intensity and dirt elimination from the clothes.

Cellulase is also utilized in wine and brewery industry. Fragrance of wine can be
intensified by p-glucosidases through hydrolyzed glycosylated precursors into their
aglycones and glucose (Ahmed and Bibi 2018) (Fig. 1.4).

1.6 Current Status

Products which are made from fungal cellulase are renewable and not harmful to the
environment; that’s why researches are going on in this field to make more products
from it. Well, it has a lot of applications in paper, food, and textile industry. It is also
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used in the bioethanol production and in clarification of fruit juices, purees, cooking
oils, etc. Products which are made from it are renewable, reduce human labor, and
increase the production rate and also the quality of the product. But more research
work is required in this field which is in process. The main goals of industries are
low economic rate and sustainable process, and using products made from fungal
cellulase can fit into that.

Raw materials which we use are mostly waste products like wheat bran, rice
bran, wheat husk, etc. (Sajith et al. 2016), which makes the process eco- and
environment-friendly. Most places in this world are moving toward the utilization of
fungal cellulase products. Only the biofuel production has reached 105 billion liters
by 2010. Cellulase is used in various parts of the world in the food industry; it is also
used in laundry detergents as a fabric softener and in the fermentation of wine and
beer. So from this, it is quite clear that the use of cellulase in different products is
beneficial and supportive and more products in the environment ought to be acces-
sible for sustainable improvement.

1.7 Conclusion

Fungal cellulases hold immense opportunities in diverse industries, and further
investigations will trigger the fungal biorefinery approach. There are many facts to
be unraveled to synchronize the cellulose-mediated renewable and eco-friendly bio-
ethanol on commercial scale. Exploring the diversity, function, and mode of action
of fungal cellulose is essential for their magnificent contribution in the biofuel
industry. The multifaceted applications of fungal cellulases stay to be unraveled,
which can suitably address different challenges toward worldwide renewable main-
tainable economy for distant better tomorrow.
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Chapter 2
An Insight into Fungal Cellulases
and Their Industrial Applications

Kavitha Sampathkumar, Valarmathi Kumar, Selvaraju Sivamani,
and Nallusamy Sivakumar

2.1 Introduction

Cellulases are not a single enzyme but are a family of three groups of enzymes,
exoglucanase, endoglucanase, and glucosidase (Adhyaru et al. 2015). Exoglucanase
or glucan cellobiohydrolase (CBH) or avicelase attacks the ends of the cellulose
chain and produces the disaccharide, cellobiose, as the resultant product.
Endoglucanase or glucan glucanohydrolase or carboxymethylcellulase (CMCase or
EG) acts on the inner part of cellulosic molecules that produces oligosaccharides.
Glucosidase or cellobiase specifically attacks cellobiose and produces glucose
(Adsul et al. 2007). Figure 2.1 depicts the mechanism of cellulolytic action.
Cellulases have a wide range of applications in agriculture, biotransformation and
fermentation, detergents and laundry, the pulp and paper industry, textiles, and the
food industry (Adsul et al. 2009). Figure 2.2 represents the industrial applications of
cellulases. Structurally, fungal cellulases are simpler than bacterial cellulases.
Fungal cellulases have two domains: the catalytic domain and the cellulose-binding
molecule (Ahmed et al. 2009).

The factors that influence the production of cellulases are the type of organism
(fungi or bacteria or actinomycetes), the fermentation method (submerged or solid),
the constituents of the production medium (carbon source, nitrogen source, and
trace elements), and the process parameters (substrate concentration, pH,
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Fig. 2.1 Mechanism of cellulases action

temperature, time, inoculum size, and stirring rate) (Amir et al. 2011). Solid state
fermentation is a process used in the production of fuels, food, pharmaceutical, and
industrial products using microorganisms in a controlled environment. It is used as
an alternative to submerged fermentation. Fermentation in the solid state takes place
in the absence of free water. The advantages of solid state fermentation include a
simpler process that requires less energy; produces higher volumetric productivity,
similar to the natural environment of certain mushrooms; and makes purification
easier than submerged fermentation (Anand et al. 2008).
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Fig. 2.2 Industrial applications of cellulases

2.2 Fungal Cellulases

Although it is known that bacteria, actinomycetes, and fungi produce cellulases,
fungi play a major role. Of the fungi, the genera Aspergillus, Trichoderma, and
Penicillium are predominant in the production of cellulases. Aspergillus niger and
Trichoderma reesei were the most common microorganisms that produce cellulases
(Anish et al. 2007). Aspergillus has more activity with respect to endoglucanase or
CMCase (C,) than exoglucanase or avicelase (C,;) and glucosidase or cellobiase,
whereas Trichoderma has more significant activity of endoglucanase and exogluca-
nase than glucosidase. Penicillium produces more endoglucanase and glucosidase
(Anita et al. 2009).
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2.2.1 Cellulases from Aspergillus

Baba et al. have characterized Aspergillus aculeatus B-glucosidase 1 (AaBGLI1),
which promotes hydrolysis of cellulose by the Trichoderma cellulases system (Baba
et al. 2015). Current research has also compared certain properties with a commer-
cially available A. niger orthologue (AnBGL) to elucidate the benefits of recombi-
nant AaBGL1 (rAaBGL1) for a synergistic effect on Trichoderma enzymes.
Steady-state kinetic studies revealed that rAaBGL1 exhibited high catalytic effi-
ciency for p protein-linked glucooligosaccharides. Milala et al. evaluated cellulases
activity in Aspergillus candidus with rice husks, millet straw, guinea corn stalks,
and sawdust as substrates (Milala et al. 2009). The substrates were pretreated with
5% NaOH and autoclaved. Fermentation studies showed that husks of rice, millet
straw, and guinea corn stalks exhibited maximum cellulases activity of 7.50, 6.88,
and 5.84 IU, respectively.

Schmidt et al. tested whether ochratoxin A (OTA) production of Aspergillus
niger and A. carbonarius was related to a particular genotype and the identification
of marker sequences with diagnostic value identifying A. carbonarius concerning
the production of OTA in food and feed materials (Schmidt et al. 2004). The ability
of isolates to produce OTA was tested by thin-layer chromatography (TLC). Strains
were genetically characterized by AFLP fingerprints and compared with each other
and with reference strains. Gomathi et al. explained the potential for CMCase pro-
duction with the selective species Aspergillus flavus (Gomathi et al. 2012). The
expression of CMCase in A. flavus was evaluated under different processing condi-
tions using submerged fermentation (SmF) on various agricultural by-products. A.
Sflavus produced high levels of CMCase under optimized culture conditions on the
third day of incubation at optimal pH 6.0, at a temperature of 30 °C, and at a graft
size of 4% in Czapek Dox using wheat bran as a substrate for SmF.

Immanuel et al. studied the production capacity of cellulases enzymes of
Aspergillus niger and A. fumigatus against lignocellulose waste at pH 5-9 and at
temperature of 20-50 °C (Immanuel et al. 2007). Enzyme production was analyzed
separately with dinitrosalicylic acid (DNS) and filter paper (FPA). In the FPA
method, A. fumigatus (0.292 TU/mL) and pH 6 of A. niger (0.262 IU/mL) resulted
in a high level of enzyme production when coconut waste and sawdust were used as
substrates, respectively. Similarly, with varying temperatures, both organisms
achieved a high level of enzyme production at 40 °C with both substrates. Tao et al.
purified endoglucanase (EG) from Aspergillus glaucus XC9 developed on 0.3%
sugarcane bagasse as a carbon source from the culture filtrate using ammonium
sulfate, a fast-flowing DEAE-Sepharose column and a Sephadex G-100 column,
with a purge fold of 21.5% and a recovery of 22.3% (Tao et al. 2010).

Anita et al. studied the production of Aspergillus heteromorphus cellulases by
submerged fermentation using wheat straw as a substrate (Anita et al. 2009). Process
parameters such as pH, temperature, and time have been optimized for saccharifica-
tion. The maximum reducing sugars were produced on the fifth day at pH 5 and
30 °C. Under optimal conditions, the activities of the filter paper and the CMCase
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were, respectively, 3.2 IU/mL and 83 IU/mL. Herculano et al. studied the separation
and purification of Aspergillus japonicus URMS5620 cellulases in aqueous two-
phase systems (ATPS) (Herculano et al. 2012). A factorial model (2*) was used to
determine the influence of the molarity of polyethylene glycol (PEG) (1000 to
8000 g/mol), its concentration (20.0-24.0% (w/w)), sodium citrate concentration
(15-20% (w/w)), and pH (6.0-8.0) on the differential distribution and purification
of the cellulolytic complex consisting of p-glucosidase (PG), endoglucanase
(CMCase), and total cellulases (FPase). This process ensures an efficient and attrac-
tive increase in the purification factor.

Koseki et al. expressed the recombinant AkCel61, the wild-type enzyme (rAk-
Cel61), and atruncated enzyme consisting of the catalytic domain (rAkCel6 1 ACBM)
in Pichia pastoris and analyzed their biochemical properties (Koseki et al. 2008).
The purified rAkCel61 and rAkCel61 ACBM migrated on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and their apparent molecular
weights were 81 kDa and 34 kDa, respectively. The rAkCel61 protein bound to
crystalline cellulose but not to arabinoxylan. The rAkCel61 and rAkCel61 ACBM
proteins produced small amounts of oligosaccharides from soluble carboxymethyl-
cellulose. However, they showed no detectable activity against microcrystalline cel-
lulose, arabinoxylan, and pectin. Lockington et al. characterized two genes encoding
A. nidulans exo-cellulases and a gene encoding an endo-cellulases that is comple-
mentary to the endo-cellulases coding gene, for example, eg/A (Lockington et al.
2002). The 5 putative regulatory regions of all genes contain potential binding sites
for the global carbon and nitrogen regulatory proteins, CreA and AreA. The 5’ eglA
and eglB sequences contain potential consensus of XInR-binding sites involved in
induction in A. niger, but none of the 5’ sequence contains an exact copy of the
Acell DNA binding consensus sequence involved in induction of Trichoderma
reesei. Therefore, it is likely that they can be induced by different regulatory pro-
teins specific to a pathway.

Coral et al. prepared a CMCase from a wild Aspergillus niger 710 strain (Coral
et al. 2002). Analyses of the enzyme preparation by SDS-PAGE revealed two pro-
tein bands with cellulolytic activity. The molecular weight of these bands has been
estimated at about 83 kDa and 50 kDa. The optimum temperature of the enzyme was
observed at about 40 °C. It was found that the activity of the enzyme had a broad pH
range between 3 and 9 and that 41.2% of the initial activity was preserved after heat
treatment at 90 °C for 15 minutes. Immanuel et al. also investigated the ability to
produce cellulases enzymes from Aspergillus niger and A. fumigatus using lignocel-
lulose wastes at pH 5-9 and at temperature of 20-50 °C (Immanuel et al. 2007).

Hui et al. studied the direct microbial conversion of wheat straw to lipid via a
cellulolytic fungus of Aspergillus oryzae A-4 in solid state fermentation (SSF) (Hui
et al. 2010). A. oryzae A-4 gave a lipid of 36.6 mg/g dry substrate (DS) and a cel-
lulases activity of 1.82 FPU/g DS, with 25.25% of the holocellulose use in the
substrates was detected. e Silva et al. studied the production of cellulolytic enzymes
by the fungus Aspergillus phoenicis (e Silva et al. 2009). Grape waste from the wine
industry has been selected as a growth substrate between various agro-industrial
by-products. A centralized design was carried out with the quantity of grape and
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peptone waste as independent variables. The fungus was cultured in a submerged
fermentation at 120 °C and 120 rpm, and the activities of total cellulases, endoglu-
canases, and p-glucosidases were measured. The optimal production of the three
cellulolytic activities was observed at values close to the central point. A. phoenicis
has the potential to produce cellulases using grape waste as a growth substrate.

Gao et al. studied the production of extracellular cellulases by the thermoacido-
philic fungus Aspergillus terreus M11 on lignocellulosic materials in solid state
fermentation (SSF) (Gao et al. 2008). The results showed that the high-level cellu-
lases activities of 581, 243, and 128 U/g of carbon source were obtained for endo-
glucanase, FPase, and p-glucosidase at 45 °C, pH 3, and 80% of moisture with corn
straw and 0.8% yeast extract as sources of carbon and nitrogen. Adhyaru et al.
investigated xylanase and cellulases activity using A. tubingensis FDHN1 and agri-
cultural residues such as foundry waste, sugarcane bagasse, wood shavings, wheat
straw, corn straw, peanut shell rice, and barley straw by solid state fermentation
(Adhyaru et al. 2015). Wood chips showed maximum cellulases activity of 2.81 U/g
with A. tubingensis.

In addition to the literature mentioned above, A. ellipticus (Hu et al. 2011), A.
Sflavus (Obruca et al. 2012; Ojumu et al. 2003), A. heteromorphus (Singh et al.
2009a; b), A. japonicas (Herculano et al. 2011), A. niger (Mrudula and Murugammal
2011; Omojasola and Jilani 2008), A. oryzae (Kotaka et al. 2008), A. terreus (Narra
etal. 2012), A. tubingensis (Decker et al. 2001), and other Aspergillus species were
also found to produce cellulases.

2.2.2 Cellulases from Trichoderma

Kovacs et al. improved the cellulases production process and developed more effi-
cient enzymes for lignocellulose degradation to reduce the costs of the enzymes
required for the biomass to bioethanol process (Kovacs et al. 2009). Lignocellulolytic
enzymatic complexes were produced by the mutant Trichoderma atroviride TUB
F-1663 on three different pretreated lignocellulosic substrates, namely, fir, wheat
straw, and sugarcane bagasse. The filter paper activities of the enzymes produced on
the three materials were very similar, while p-glucosidase and hemicellulases activi-
ties were more dependent on the nature of the substrate. Ahmed et al. produced and
partially purified cellulases complex using 7. harzianum with carbon sources such
as glucose, carboxymethylcellulose (CMC), corncobs, birch xylan, and wheat bran
(Ahmed et al. 2009). Between cellulases complexes, exoglucanase showed more
activity than endoglucanase and glucosidase. T. harzianum showed maximum cel-
lulases activity with 1% CMC at 120 °C and pH 5.5 for 120 hours. Under optimal
conditions, the enzymes were partially purified by ammonium sulfate precipitation
and then by chromatography on Sephadex G-200 and Sephadex G-50 gel. Specific
activities were found to be 49.22, 0.63, and 0.35 U/mg, respectively.

Omojasola et al. used sweet orange scrap as a substrate for cellulases production
(Omojasola and Jilani 2008). The skin, the fruit wall, and the pulp were treated with
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alkali and steam. Next, the pretreated materials were hydrolyzed by cellulolytic
enzymes. The cellulases activities of Trichoderma longi, Aspergillus niger, and
Saccharomyces cerevisiae were expressed in terms of reducing sugar concentrations
and were found to be 3.86, 2.94, and 2.30 mg/mL, respectively. Leghlimi et al. iso-
lated the native cellulolytic fungus Trichoderma longibrachiatum (GHL) from the
soil near an Algerian hot spring and used it for the production of cellulases by sub-
merged fermentation on Mandel’s medium with Avicel cellulose (1%) as single
source of carbon (Leghlimi et al. 2013). The endoglucanase and filter paper activities
of the wild-type Trichoderma strain were compared to hypercellulolytically mutated
Trichoderma reesei Rut C-30 in shake flask cultures at 35 °C. After 7 fermentation
days, T. longibrachiatum has activities equivalent to 7. reesei (10.61 IU/mL endoglu-
canase (CMCase) and 2.04 TU/mL filter paper activity (FPA)). On the other hand, the
B-glucosidase activity of Trichoderma GHL was twice as great as that of 7. reesei.

Boer et al. tested the heterologous expression of 7. reesei cellobiohydrolase
Cel7A in methylotrophic yeast Pichia pastoris, both under the P. pastoris alcohol
oxidase (AOX1) promoter and glyceraldehyde-3-phosphate dehydrogenase (GAP)
in a fermenter (Boer et al. 2000). The production of Cel7A with the AOX1 promoter
gave a better yield. The k., and K, values for the purified protein on soluble sub-
strates are comparable to the values found for native Trichoderma Cel7A. The opti-
mum pH measured also closely resembles that of purified 7. reesei Cel7A. Circular
dichroism (CD) measurements indicate that the formation of disulfide bridges is an
important step in the correct folding of Cel7A. Van Wyk and Mohulatsi treated dif-
ferent waste materials with the enzyme Trichoderma viride cellulases, which con-
vert their cellulosic component into fermentable sugars (Van Wyk and Mohulatsi
2003). All the materials exhibited different susceptibilities for cellulases as well as
for the production of non-similar sugar release cartridges as increasing amounts of
paper were treated with a solid enzyme concentration. A general decrease in hydro-
lytic efficiency was observed when sugar concentrations were increased during the
biodegradation of all wastes.

In addition to the above scientific literature, 7. atroviride (Kovacs et al. 2008;
Kovidcs et al. 2009), T. harzianum (da Silva Delabona et al. 2012; El-Katatny et al.
2001; Maeda et al. 2011), T. reesei (Kovacs et al. 2009; Krishna et al. 2000; Lee and
Koo 2001; Rocky-Salimi and Hamidi-Esfahani 2010; Singhania et al. 2006; Turner
et al. 2003), and other Trichoderma species have also proved to produce cellulases.

2.2.3 Cellulases from Penicillium

Adsul et al. improved the strain of Penicillium janthinellum by mutation with ethyl
methyl sulfonate for 24 hours and then by UV irradiation for 3 minutes (EMS-UVS)
(Adsul et al. 2007). Subsequent mutation and selection led to the isolation of two
promising mutants, one selected on the basis of Avicel hydrolysis (EU1) and the
other based on the hydrolysis of Walseth cellulose in the presence of 2-deoxy-D-
glucose (EU2D-21). All of these mutants produced twice as much FPase and
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CMCase activity as the parental strain. Enzymatic preparation derived from Avicel
hydrolyzed mutant EU1 to a greater extent. Adsul et al. produced high levels of
CMCase and glucosidase from one of the P. janthinellum (EU2D-21) mutants on
wheat bran (4 g) and wheat bran (3 g) with steam-exploded cane bagasse (2 g) as
substrates by fermentation in the solid state (Adsul et al. 2009). The stability of the
cellulases prepared from one of the mutants (EMS-UVS) was studied in one of the
ionic liquids, 1-butyl-3-methylimidazolium chloride ([bmim] CI), and revealed that
all the enzymes exhibited significant activity at a concentration of 20% ionic liquid.

Belghith et al. studied the thermal stability of Penicillium occitanis cellulases
(Pol6) by spray drying and the effect of additives (Belghith et al. 2001a). The
results showed that the CMCase activity assures a good stability at 50 °C, even after
60 hours of incubation. In addition, B-glucosidase activity was more sensitive and
showed a 50% loss and reacted to total cellulases activity (FPU). The addition of
hydrophilic agents such as ethylene glycol and polyethylene glycol (PEG6000)
increased the enzyme activity. The effect of PEG and maltodextrin, another agent
reducing the activity of water, was then tested during spray drying of Pol6 cellu-
lases. The presence of 1% PEG provided the best recovery but had a negative effect
on the stability of the enzyme, whereas 1% maltodextrin had a negative effect on the
recovery of the enzyme but a positive effect on the recovery of the enzyme and its
stability. Belghith et al. cultured the mutant Penicillium occitanis (Po16), which
separated a large amount of cellulases into a fermenter using local paper pulp as an
inducing substrate (Belghith et al. 2001b). High extracellular cellulases activity was
obtained after batch treatment: 23 IU/mL filter paper, 21 IU/mL CMCase activity
(endoglucanase units), and 25 mg/mL protein. This cellulases preparation was
applied in a biodegradation process on an industrial scale. The abrasive effect of P.
occitanis cellulases was very uniform and with comparable efficiency to that
obtained commercially.

Camassola and Dillon treated bagasse with sugarcane containing the white rot
fungus Pleurotus sajor-caju PS 2001 and were then used for the production of cel-
lulases and xylanases by the fungus Penicillium echinulatum for saccharification
(Camassola and Dillon 2009). Despite the environmental benefits offered by this
type of pretreatment, the enzymatic activity obtained with the pretreated sugarcane
bagasse (PSCB) was lower than that of the control treatments. Although the enzy-
matic activities of the culture with PSCB are inferior to those of cultures made with
untreated sugarcane bagasse, it should be noted that the production of enzymes
from the cellulases and hemicellulases complex after the production of mushrooms
is another way to add value to this agricultural residue.

Camassola and Dillon studied the production of cellulases and xylanases from
Penicillium echinulatum 9A02S1 by solid state fermentation (SSF) with different
mass ratios of sugarcane bagasse (SCB) and wheat bran (WB) (Camassola and
Dillon 2010). The largest FPase obtained was 45.82 + 1.88 U/g DS in a culture
containing 6 SCB/4 WB on the third day. The most important 3-glucosidase activi-
ties were 40.13 = 5.10 U/g DS obtained on the third day for culture at 0 SCB/10
WB. For endoglucanase, the highest activity was 290.47 + 43.57 U/g DSF for cul-
ture 6 SCB/4 WB on the fourth day of culture.
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Camassola and Dillon evaluated the production of cellulases and hemicellulases
by Penicillium echinulatum 9A02S1 of cellulases and hemicellulases with different
concentrations of pretreated cane bagasse (PSCB) and wheat bran (WB) (Camassola
and Dillon 2007). The highest activities of FPase, p-glucosidase, and endogluca-
nases were measured at 32.89 + 1.90, 58.95 +2.58, and 282.36 + 1.23 U/g DS. The
inclusion of inexpensive sources in lignocellulosic enzyme production media would
help reduce the cost of producing enzyme complexes capable of hydrolyzing ligno-
cellulose residues for the formation of fermented syrups, thereby contributing to the
economic production of bioethanol. Camassola et al. characterized Penicillium
echinulatum cellulases for their FPase and p-glucosidase activities (Camassola et al.
2004). Both activities showed maximum values between pH 4 and 5. The activities
were slightly higher in citrate buffer than in acetate buffer with the same pH. The
thermal stability of both activities was good at 55 °C. FPase was significantly
reduced at higher temperature.

Penicillium brasilianum (Jgrgensen and Olsson 2006; Jgrgensen et al. 2003;
Jung et al. 2015; Krogh et al. 2010; Panagiotou et al. 2006), P. citrinum (Dutta et al.
2008; Ng et al. 2010), P. echinulatum (Dillon et al. 2011; Martins et al. 2008;
Sehnem et al. 2006), P. funiculosum (de Castro et al. 2010), P. janthinellum
(Singhania et al. 2014), P. purpurogenum (Davies et al. 2000; Lee and Koo 2001),
and other Penicillium species also produce cellulases.

2.2.4 Cellulases from Other Genera

In addition to Aspergillus, Trichoderma, and Penicillium, the following organisms
have also been considered to produce cellulases:

Amir et al. optimized the pH (3-9), the time (1-7 days), and the temperature
(25-40 °C) for maximal enzymatic activity with Alternaria alternata with the corn-
cob as a source of carbon by fermentation in the solid state (Amir et al. 2011). A.
alternata exhibited a maximum cellulases activity of 31.24 pg/mL with 5 g corn at
35 °C and a pH of 6 for 96 hours. Anand et al. produced more cellulolytic enzymes,
namely, C, and C, in vitro, virulent isolates of Colletotrichum capsici, and Alternaria
alternata and that the activity of these enzymes increased with increasing age of
culture (Anand et al. 2008). Anish et al. used an alkali-stable endoglucanase from
the alkalothermophilic society Thermomonospora sp. (T-EC) for denim biofinish-
ing (Anish et al. 2007). The current study has shown that the use of acidic and
neutral cellulases causes staining back of the indigo dye on the tissue. T-EG is effec-
tive at removing hair with negligible weight loss and soft tissue. Higher abrasion
activity with lower background staining was a preferred feature for denim
biofinishing presented by T-EG. The enzyme was also effective under non-swab
conditions, which is an added advantage for use in the textile industry. An enzy-
matic finishing mechanism of the cotton fabric is presented based on the unique
properties of T-EG.
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Baba et al. cloned two cDNAs homologous to the rcel gene of Rhizopus oryzae,
called mcel and mce2 cDNAs, from Mucor circinelloides, a member of the
Zygomycota subdivision (Baba et al. 2005). The mcel cDNA encoded an endogluca-
nase (family 45 glycoside hydrolase) with a carbohydrate-binding module (CBM),
called mcel, and the mce2 cDNA encoded the same endoglucanase with two repli-
cate tandem CBMs, called mce2. The specific activity of CMCase of mce2 was
almost identical to that of mcel, whereas the specific activity of avicelase of mce2
was twice as high as that of mcel. In addition, mce2, of which two tandem CBMs
would be more effective for the degradation of crystalline cellulose than CBM, was
excreted only in an early culture phase in which crystalline cellulose was abundant.

Baldrian and Gabriel studied the activities of cellulolytic (endo-1,4-L-glucanase,
exo-1,4-L-glucanase, 1,4-L-glucosidase), hemicellulolytic (endo-1,4-L-xylanase,
1,4-L-xylosidase, and 1,4-L-mannosidase), and ligninolytic (Mn-peroxidase and
laccase) during growth of Pleurotus ostreatus on wheat straw in the presence and
absence of cadmium (Baldrian and Gabriel 2003). The activities of endo-1,4-L-
glucanase, 1,4-L-glucosidase, and laccase were increased in the presence of cad-
mium. Boisset et al. examined the digestion of bacterial cellulosic tapes with
mixtures of ternary enzymes consisting of recombinant cellulases (two cellobiohy-
drolases, Cel6A and Cel7A, and the endoglucanase Cel45A) from Humicola inso-
lens over a wide range of mixture compositions (Boisset et al. 2001). The degree of
digestion was followed by saccharification analysis and transmission electron
microscopy (TEM) observations. It has been found that the addition of very small
amounts of Cel45A induces a dramatic increase in the saccharification of the sub-
strate with Cel7A or the mixture of Cel6A and Cel7A. But only moderate sacchari-
fication resulted from mixing Cel45A and Cel6A.

Bhatti et al. produced B-glucosidase from Fusarium solani with agricultural
waste using solid state fermentation (SSF) (Bhatti et al. 2013). The optimal
fB-glucosidase activity of 3206 U/g DS was obtained with a rice husk at pH 5, a 60%
moisture content, 65 °C, and a 72-hour fermentation period with the supplemented
medium in lactose. Then, the enzyme was partially purified with ammonium sulfate
precipitation to give a specific activity of 97.5 U/mg. It was observed that
B-glucosidase was thermally stable at 65 °C. 3-Glucosidase was subjected to kinetic
studies. The K, and V,,,, values were 1 mM and 55.6 pmol/min, respectively. Mg?*
ions increased enzymatic activity. These characteristics suggest that B-glucosidase
isolated from F. solani can be used in various applications such as textile, paper,
biofuel, starch, animal feed, and fruit industries.

Agaricus arvensis (Jeya et al. 2010b), Alternaria alternate (Eshel et al. 2002),
Brassica napus (Mglhgj et al. 2001), Chaetomium thermophilum (Li et al. 2003),
Clostridium cellulolyticum (Desvaux 2005; Guedon et al. 2002; Higashide et al.
2011), Colletotrichum capsici (Anand et al. 2008), Coniophora puteana (Kajisa
etal. 2009; Kajisa et al. 2004), Coriolopsis caperata (Deswal et al. 2014), Fomitopsis
palustris (Deswal et al. 2011; Shimokawa et al. 2008), Fusarium solani (Obruca
et al. 2012), Fusarium oxysporum (Panagiotou et al. 2005; Panagiotou et al. 2003;
Ramanathan etal. 2010), Fusarium chlamydosporum (Qinetal. 2010), Gloeophyllum
trabeum (Cohen et al. 2005; Deswal et al. 2014; Niemenmaa et al. 2008), Humicola
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insolens (Davies et al. 2000; Mariyam 2011), Humicola grisea (Nascimento et al.
2010; Takashima et al. 2007), Kluyveromyces marxianus (Ballesteros et al. 2004;
Pessani et al. 2011; Suryawati et al. 2009; Tomds-Pej6 et al. 2009), Melanocarpus
albomyces (Haakana et al. 2004; Hirvonen and Papageorgiou 2003; Miettinen-
Oinonen et al. 2004; Parkkinen et al. 2008; Szijart6 et al. 2008), Mucor circinelloi-
des (Saha 2004), Mucor indicus (Karimi et al. 2006), Neurospora crassa (Dogaris
et al. 2009; Phillips et al. 2011; Tian et al. 2009), Paecilomyces inflatus (Kluczek-
Turpeinen et al. 2005), Phanerochaete chrysosporium (Martinez et al. 2004; Shi
et al. 2008), Phlebia gigantea (Niranjane et al. 2007), Piptoporus betulinus
(Valaskova and Baldrian 2006), Pleurotus ostreatus (Obodai et al. 2003; Reddy
et al. 2003; Taniguchi et al. 2005; Valaskova and Baldrian 2006), Pleurotus florida
(Deswal et al. 2014), Pleurotus sajor-caju (Reddy et al. 2003), Poria placenta
(Highley et al. 2007; Niemenmaa et al. 2008), Rhizopus oryzae (Karimi et al. 2006;
Murashima et al. 2002; Park et al. 2004), Saccharomyces cerevisiae (Den Haan
et al. 2007; Karimi et al. 2006; Omojasola and Jilani 2008), Sporotrichum thermo-
phile (Dimarogona et al. 2012; Kaur and Satyanarayana 2004), Thermoascus auran-
tiacus (Kalogeris et al. 2003), Trametes hirsuta (Jeya et al. 2009), Trametes
versicolor (Valdskova and Baldrian 2006), and other fungi are also reported to pro-
duce cellulases.

2.3 Conclusion

Cellulases and cellulolytic microorganisms constitute one of the most important
groups of enzymes for industrial applications, as emphasized in this review. They
exhibit good catalytic properties which make them versatile. Based on the progress
in recent research on fungal cellulases, their applications have been broadened to
reduce the costs. There are still many limitations to overcome. One of the problems
is the practical feasibility of commercial cellulases. Their complex nature and the
downstream processing stages result in the low yield of cellulases. The utilization of
residues from agro-industrial residues as substrates can improve their applications.
Also, various microorganisms used to produce fungal cellulases, mechanism of cel-
lulolytic action, cheap substrates used for enzyme production, and the industrial
applications were emphasized.

References

Adhyaru DN, Bhatt NS, Modi HA (2015) Optimization of upstream and downstream process
parameters for cellulases-poor-thermo-solvent-stable xylanase production and extraction by
Aspergillus tubingensis FDHN1. Bioresour Bioprocess 2(1):3

Adsul MG, Bastawde KB, Varma AJ, Gokhale DV (2007) Strain improvement of Penicillium jan-
thinellum NCIM 1171 for increased cellulases production. Bioresour Technol 98(7):1467-1473



30 K. Sampathkumar et al.

Adsul MG, Terwadkar AP, Varma AJ, Gokhale D (2009) Cellulases from Penicillium janthinellum
mutants: solid-state production and their stability in ionic liquids. Bioresources 4(4):1670-1681

Ahmed S, Bashir A, Saleem H, Saadia M, Jamil A (2009) Production and purification of
cellulose-degrading enzymes from a filamentous fungus Trichoderma harzianum. Pak J Bot
41(3):1411-1419

Amir IJAZ, Anwar Z, Zafar Y, Igbal H, Aish M, Muhammad I, Sajid M (2011) Optimization of
cellulases enzyme production from corn cobs using Alternaria alternata by solid state fermen-
tation. J Cell Mol Biol 9(2):51-56

Anand T, Bhaskaran R, Karthikeyan TG, Rajesh M, Senthilraja G (2008) Production of cell wall
degrading enzymes and toxins by Colletotrichum capsici and Alternaria alternata causing fruit
rot of chillies. J Plant Protect Res 48(4):437-451

Anish R, Rahman MS, Rao M (2007) Application of cellulases from an alkalothermophilic
Thermomonospora sp. in biopolishing of denims. Biotechnol Bioeng 96(1):48-56

Anita S, Namita S, Bishnoi NR (2009) Production of cellulases by Aspergillus heteromorphus
from wheat straw under submerged fermentation. Int J Env Sci Eng 1(1):23-26

Baba Y, Shimonaka A, Koga J, Kubota H, Kono T (2005) Alternative splicing produces two endo-
glucanases with one or two carbohydrate-binding modules in Mucor circinelloides. J Bacteriol
187(9):3045-3051

Baba Y, Sumitani JI, Tani S, Kawaguchi T (2015) Characterization of Aspergillus aculeatus
B-glucosidase 1 accelerating cellulose hydrolysis with Trichoderma cellulases system. AMB
Express 5(1):3

Baldrian P, Gabriel J (2003) Lignocellulose degradation by Pleurotus ostreatus in the presence of
cadmium. FEMS Microbiol Lett 220(2):235-240

Ballesteros M, Oliva JM, Negro MJ, Manzanares P, Ballesteros I (2004) Ethanol from lignocel-
lulosic materials by a simultaneous saccharification and fermentation process (SFS) with
Kluyveromyces marxianus CECT 10875. Process Biochem 39(12):1843-1848

Belghith H, Chaabouni SE, Gargouri A (2001a) Stabilization of Penicillium occitanis cellulases by
spray drying in presence of Maltodextrin. Enzym Microb Technol 28(2-3):253-258

Belghith H, Ellouz-Chaabouni S, Gargouri A (2001b) Biostoning of denims by Penicillium occita-
nis (Pol6) cellulases. J Biotechnol 8§9(2-3):257-262

Bhatti HN, Batool S, Afzal N (2013) Production and characterization of a novel (beta)-glucosidase
from Fusarium solani. Int J Agric Biol 15(1):140-144

Boer H, Teeri TT, Koivula A (2000) Characterization of Trichoderma reesei cellobiohydro-
lase Cel7A secreted from Pichia pastoris using two different promoters. Biotechnol Bioeng
69(5):486-494

Boisset C, Pétrequin C, Chanzy H, Henrissat B, Schiilein M (2001) Optimized mixtures of recom-
binant Humicola insolens cellulases for the biodegradation of crystalline cellulose. Biotechnol
Bioeng 72(3):339-345

Camassola M, Dillon AJP (2007) Production of cellulases and hemicellulases by Penicillium echi-
nulatum grown on pretreated sugarcane bagasse and wheat bran in solid-state fermentation.
J Appl Microbiol 103(6):2196-2204

Camassola M, Dillon AJ (2009) Biological pretreatment of sugarcane bagasse for the production
of cellulases and xylanases by Penicillium echinulatum. Ind Crop Prod 29(2-3):642-647

Camassola M, Dillon AJ (2010) Cellulases and xylanases production by Penicillium echinula-
tum grown on sugarcane bagasse in solid-state fermentation. Appl Biochem Biotechnol
162(7):1889-1900

Camassola M, De Bittencourt LR, Shenem NT, Andreaus J, Dillon AJP (2004) Characterization
of the cellulases complex of Penicillium echinulatum. Biocatal Biotransformation
22(5-6):391-396

Cohen R, Suzuki MR, Hammel KE (2005) Processive endoglucanase active in crystalline cellulose
hydrolysis by the brown rot basidiomycete Gloeophyllum trabeum. Appl Environ Microbiol
71(5):2412-2417

Coral G, Arikan B, Unaldi MN, Giivenmez H (2002) Some properties of crude carboxymethyl cel-
lulases of Aspergillus niger Z10 wild-type strain. Turk J Biol 26(4):209-213



2 An Insight into Fungal Cellulases and Their Industrial Applications 31

da Silva Delabona P, Farinas CS, da Silva MR, Azzoni SF, da Cruz Pradella JG (2012) Use of a
new Trichoderma harzianum strain isolated from the Amazon rainforest with pretreated sugar-
cane bagasse for on-site cellulases production. Bioresour Technol 107:517-521

de Castro AM, de Carvalho MLDA, Leite SGF, Pereira N (2010) Cellulases from Penicillium
funiculosum: production, properties and application to cellulose hydrolysis. J Ind Microbiol
Biotechnol 37(2):151-158

Davies GJ, Brzozowski AM, Dauter M, Varrot A, Schiilein M (2000) Structure and function of
Humicola insolens family 6 cellulases: structure of the endoglucanase, Cel6B, at 1.6 A resolu-
tion. Biochem J 348(1):201-207

Decker C, Visser J, Schreier P (2001) p-glucosidase multiplicity from Aspergillus tubingensis
CBS 643.92: purification and characterization of four -glucosidases and their differentiation
with respect to substrate specificity, glucose inhibition and acid tolerance. Appl Microbiol
Biotechnol 55(2):157-163

Den Haan R, Rose SH, Lynd LR, van Zyl WH (2007) Hydrolysis and fermentation of amorphous
cellulose by recombinant Saccharomyces cerevisiae. Metab Eng 9(1):87-94

Desvaux M (2005) Clostridium cellulolyticum: model organism of mesophilic cellulolytic clos-
tridia. FEMS Microbiol Rev 29(4):741-764

Deswal D, Khasa YP, Kuhad RC (2011) Optimization of cellulases production by a brown
rot fungus Fomitopsis sp. RCK2010 under solid state fermentation. Bioresour Technol
102(10):6065-6072

Deswal D, Gupta R, Nandal P, Kuhad RC (2014) Fungal pretreatment improves amenability of
lignocellulosic material for its saccharification to sugars. Carbohydr Polym 99:264-269

Dillon AJP, Bettio M, Pozzan FG, Andrighetti T, Camassola M (2011) A new Penicillium echinu-
latum strain with faster cellulases secretion obtained using hydrogen peroxide mutagenesis and
screening with 2-deoxyglucose. J Appl Microbiol 111(1):48-53

Dimarogona M, Topakas E, Olsson L, Christakopoulos P (2012) Lignin boosts the cellulases per-
formance of a GH-61 enzyme from Sporotrichum thermophile. Bioresour Technol 110:480-487

Dogaris I, Vakontios G, Kalogeris E, Mamma D, Kekos D (2009) Induction of cellulases and hemi-
cellulases from Neurospora crassa under solid-state cultivation for bioconversion of sorghum
bagasse into ethanol. Ind Crop Prod 29(2-3):404—411

Dutta T, Sahoo R, Sengupta R, Ray SS, Bhattacharjee A, Ghosh S (2008) Novel cellulases from an
extremophilic filamentous fungi Penicillium citrinum: production and characterization. J Ind
Microbiol Biotechnol 35(4):275-282

e Silva LAD, Lopes FC, Silveira ST, Brandelli A (2009) Production of cellulolytic enzymes by
Aspergillus phoenicis in grape waste using response surface methodology. Appl Biochem
Biotechnol 152(2):295-305

El-Katatny M, Gudelj M, Robra KH, Elnaghy M, Giibitz G (2001) Characterization of a chitinase
and an endo-f-1, 3-glucanase from Trichoderma harzianum Rifai T24 involved in control of the
phytopathogen Sclerotium rolfsii. Appl Microbiol Biotechnol 56(1-2):137-143

Eshel D, Lichter A, Dinoor A, Prusky D (2002) Characterization of Alternaria alternata gluca-
nase genes expressed during infection of resistant and susceptible persimmon fruits. Mol Plant
Pathol 3(5):347-358

Gao J, Weng H, Zhu D, Yuan M, Guan F, Xi Y (2008) Production and characterization of cellu-
lolytic enzymes from the thermoacidophilic fungal Aspergillus terreus M 11 under solid-state
cultivation of corn stover. Bioresour Technol 99(16):7623-7629

Gomathi D, Muthulakshmi C, Kumar DG, Ravikumar G, Kalaiselvi M, Uma C (2012) Submerged
fermentation of wheat bran by Aspergillus flavus for production and characterization of car-
boxy methyl cellulases. Asian Pac J Trop Biomed 2(1):S67-S73

Guedon E, Desvaux M, Petitdemange H (2002) Improvement of cellulolytic properties of
Clostridium cellulolyticum by metabolic engineering. Appl Environ Microbiol 68(1):53-58

Haakana H, Miettinen-Oinonen A, Joutsjoki V, Mintyld A, Suominen P, Vehmaanperi J (2004)
Cloning of cellulases genes from Melanocarpus albomyces and their efficient expression in
Trichoderma reesei. Enzym Microb Technol 34(2):159-167



32 K. Sampathkumar et al.

Herculano PN, Porto TS, Moreira KA, Pinto GA, Souza-Motta CM, Porto ALF (2011) Cellulases
production by Aspergillus japonicus URM5620 using waste from castor bean (Ricinus commu-
nis L.) under solid-state fermentation. Appl Biochem Biotechnol 165(3-4):1057-1067

Herculano PN, Porto TS, Maciel MH, Moreira KA, Souza-Motta CM, Porto AL (2012) Partitioning
and purification of the cellulolytic complex produced by Aspergillus japonicus URMS5620
using PEG—citrate in an aqueous two-phase system. Fluid Phase Equilib 335:8-13

Higashide W, Li Y, Yang Y, Liao JC (2011) Metabolic engineering of Clostridium cellulolyticum
for isobutanol production from cellulose. Appl Environ Microbiol 77:2727

Highley TL, Wolter KE, Evans FJ (2007) Polysaccharide-degrading complex produced in wood
and in liquid media by the brown-rot fungus Poria placenta. Wood Fiber Sci 13(4):265-274

Hirvonen M, Papageorgiou AC (2003) Crystal structure of a family 45 endoglucanase from
Melanocarpus albomyces: mechanistic implications based on the free and cellobiose-bound
forms. J Mol Biol 329(3):403-410

Hu HL, Van den Brink J, Gruben BS, Wosten HAB, Gu JD, De Vries RP (2011) Improved enzyme
production by co-cultivation of Aspergillus niger and Aspergillus oryzae and with other fungi.
Int Biodeter Biodegr 65(1):248-252

Hui L, Wan C, Hai-Tao D, Xue-Jiao C, Qi-Fa Z, Yu-Hua Z (2010) Direct microbial conversion of
wheat straw into lipid by a cellulolytic fungus of Aspergillus oryzae A-4 in solid-state fermen-
tation. Bioresour Technol 101(19):7556-7562

Immanuel G, Bhagavath CMA, Raj PI, Esakkiraj P, Palavesam A (2007) Production and partial
purification of cellulases by Aspergillus niger and A. fumigatus fermented in coir waste and
sawdust. Internet J Microbiol 3(1):1-20

Jeya M, Zhang YW, Kim IW, Lee JK (2009) Enhanced saccharification of alkali-treated rice straw
by cellulases from Trametes hirsuta and statistical optimization of hydrolysis conditions by
RSM. Bioresour Technol 100(21):5155-5161

Jeya M, Moon HJ, Kim SH, Lee JK (2010b) Conversion of woody biomass into fermentable sugars
by cellulases from Agaricus arvensis. Bioresour Technol 101(22):8742-8749

Jgrgensen H, Olsson L (2006) Production of cellulases by Penicillium brasilianum IBT 20888—
Effect of substrate on hydrolytic performance. Enzym Microb Technol 38(3—4):381-390

Jgrgensen H, Eriksson T, Borjesson J, Tjerneld F, Olsson L (2003) Purification and character-
ization of five cellulases and one xylanase from Penicillium brasilianum IBT 20888. Enzym
Microb Technol 32(7):851-861

Jung DU, Yoo HY, Kim SB, Lee JH, Park C, Kim SW (2015) Optimization of medium composition
for enhanced cellulases production by mutant Penicillium brasilianum KUEB15 using statisti-
cal method. J Ind Eng Chem 25:145-150

Kajisa T, Yoshida M, Igarashi K, Katayama A, Nishino T, Samejima M (2004) Characterization
and molecular cloning of cellobiose dehydrogenase from the brown-rot fungus Coniophora
puteana. J Biosci Bioeng 98(1):57-63

Kajisa T, Igarashi K, Samejima M (2009) The genes encoding glycoside hydrolase family 6 and 7
cellulases from the brown-rot fungus Coniophora puteana. J] Wood Sci 55(5):376

Kalogeris E, Christakopoulos P, Katapodis P, Alexiou A, Vlachou S, Kekos D, Macris BJ (2003)
Production and characterization of cellulolytic enzymes from the thermophilic fungus
Thermoascus aurantiacus under solid state cultivation of agricultural wastes. Process Biochem
38(7):1099-1104

Karimi K, Emtiazi G, Taherzadeh MJ (2006) Ethanol production from dilute-acid pretreated rice
straw by simultaneous saccharification and fermentation with Mucor indicus, Rhizopus oryzae,
and Saccharomyces cerevisiae. Enzym Microb Technol 40(1):138-144

Kaur G, Satyanarayana T (2004) Production of extracellular pectinolytic, cellulolytic and xyl-
anoytic enzymes by thermophilic mould Sporotrichum thermophile Apinis in solid state fer-
mentation. Indian J Biotechnol 3(4):552-557

Kluczek-Turpeinen B, Maijala P, Tuomela M, Hofrichter M, Hatakka A (2005) Endoglucanase
activity of compost-dwelling fungus Paecilomyces inflatus is stimulated by humic acids and
other low molecular mass aromatics. World J Microbiol Biotechnol 21(8-9):1603



2 An Insight into Fungal Cellulases and Their Industrial Applications 33

Koseki T, Mese Y, Fushinobu S, Masaki K, Fujii T, Ito K et al (2008) Biochemical characterization
of a glycoside hydrolase family 61 endoglucanase from Aspergillus kawachii. Appl Microbiol
Biotechnol 77(6):1279

Kotaka A, Bando H, Kaya M, Kato-Murai M, Kuroda K, Sahara H et al (2008) Direct ethanol
production from barley 3-glucan by sake yeast displaying Aspergillus oryzae p-glucosidase and
endoglucanase. J Biosci Bioeng 105(6):622-627

Kovacs K, Megyeri L, Szakacs G, Kubicek CP, Galbe M, Zacchi G (2008) Trichoderma atro-
viride mutants with enhanced production of cellulases and p-glucosidase on pretreated willow.
Enzym Microb Technol 43(1):48-55

Kovacs K, Macrelli S, Szakacs G, Zacchi G (2009) Enzymatic hydrolysis of steam-pretreated
lignocellulosic materials with Trichoderma atroviride enzymes produced in-house. Biotechnol
Biofuels 2(1):14

Kovics K, Szakacs G, Zacchi G (2009) Comparative enzymatic hydrolysis of pretreated spruce
by supernatants, whole fermentation broths and washed mycelia of Trichoderma reesei and
Trichoderma atroviride. Bioresour Technol 100(3):1350-1357

Krishna SH, Rao KS, Babu JS, Reddy DS (2000) Studies on the production and application of cel-
lulases from Trichoderma reesei QM-9414. Bioprocess Eng 22(5):467-470

Krogh KB, Harris PV, Olsen CL, Johansen KS, Hojer-Pedersen J, Borjesson J, Olsson L (2010)
Characterization and kinetic analysis of a thermostable GH3 f-glucosidase from Penicillium
brasilianum. Appl Microbiol Biotechnol 86(1):143-154

Lee SM, Koo YM (2001) Pilot-scale production of cellulases using Trichoderma reesei Rut C-30
fed-batch mode. J Microbiol Biotechnol 11(2):229-233

Leghlimi H, Meraihi Z, Boukhalfa-Lezzar H, Copinet E, Duchiron F (2013) Production and char-
acterization of cellulolytic activities produced by Trichoderma longibrachiatum (GHL). Afr
J Biotechnol 12(5):465-475

Li DC, Lu M, Li YL, Lu J (2003) Purification and characterization of an endocellulases from the
thermophilic fungus Chaetomium thermophilum CT2. Enzym Microb Technol 33(7):932-937

Lockington RA, Rodbourn L, Barnett S, Carter CJ, Kelly JM (2002) Regulation by carbon
and nitrogen sources of a family of cellulases in Aspergillus nidulans. Fungal Genet Biol
37(2):190-196

Maeda RN, Serpa VI, Rocha VAL, Mesquita RAA, Santa Anna LMM, De Castro AM et al (2011)
Enzymatic hydrolysis of pretreated sugarcane bagasse using Penicillium funiculosum and
Trichoderma harzianum cellulases. Process Biochem 46(5):1196-1201

Mariyam I (2011) Multistep mutagenesis for the over-expression of cellulases in Humicola inso-
lens. Pak J Bot 43(1):669-677

Martinez D, Larrondo LF, Putnam N, Gelpke MDS, Huang K, Chapman J et al (2004) Genome
sequence of the lignocellulose degrading fungus Phanerochaete chrysosporium strain RP78.
Nat Biotechnol 22(6):695

Martins LF, Kolling D, Camassola M, Dillon AJP, Ramos LP (2008) Comparison of Penicillium
echinulatum and Trichoderma reesei cellulases in relation to their activity against various cel-
lulosic substrates. Bioresour Technol 99(5):1417-1424

Miettinen-Oinonen A, Londesborough J, Joutsjoki V, Lantto R, Vehmaanperi J, Biotec PL (2004)
Three cellulases from Melanocarpus albomyces for textile treatment at neutral pH. Enzym
Microb Technol 34(3-4):332-341

Milala MA, Shehu BB, Zanna H, Omosioda VO (2009) Degradation of agro-waste by cellulases
from Aspergillus candidus. Asian J Biotechnol 1(2):51-56

Mglhgj M, Ulvskov P, Dal Degan F (2001) Characterization of a functional soluble form of a
Brassica napus membrane-anchored endo-1, 4-p-glucanase heterologously expressed in Pichia
pastoris. Plant Physiol 127(2):674—-684

Mrudula S, Murugammal R (2011) Production of cellulases by Aspergillus niger under submerged
and solid state fermentation using coir waste as a substrate. Braz J Microbiol 42(3):1119-1127

Murashima K, Nishimura T, Nakamura Y, Koga J, Moriya T, Sumida N et al (2002) Purification
and characterization of new endo-1, 4-p-D-glucanases from Rhizopus oryzae. Enzym Microb
Technol 30(3):319-326



34 K. Sampathkumar et al.

Narra M, Dixit G, Divecha J, Madamwar D, Shah AR (2012) Production of cellulases by solid
state fermentation with Aspergillus terreus and enzymatic hydrolysis of mild alkali-treated rice
straw. Bioresour Technol 121:355-361

Nascimento CV, Souza FHM, Masui DC, Leone FA, Peralta RM, Jorge JA, Furriel RPM (2010)
Purification and biochemical properties of a glucose-stimulated p-D-glucosidase produced by
Humicola grisea var. thermoidea grown on sugarcane bagasse. J Microbiol 48(1):53-62

Ng IS, Li CW, Chan SP, Chir JL, Chen PT, Tong CG et al (2010) High-level production of a
thermoacidophilic $-glucosidase from Penicillium citrinum Y S40-5 by solid-state fermentation
with rice bran. Bioresour Technol 101(4):1310-1317

Niemenmaa O, Uusi-Rauva A, Hatakka A (2008) Demethoxylation of [O 14 CH 3]-labelled lignin
model compounds by the brown-rot fungi Gloeophyllum trabeum and Poria (Postia) placenta.
Biodegradation 19(4):555

Niranjane AP, Madhou P, Stevenson TW (2007) The effect of carbohydrate carbon sources on the
production of cellulases by Phlebia gigantea. Enzym Microb Technol 40(6):1464—1468

Obodai M, Cleland-Okine J, Vowotor KA (2003) Comparative study on the growth and yield
of Pleurotus ostreatus mushroom on different lignocellulosic by-products. J Ind Microbiol
Biotechnol 30(3):146-149

Obruca S, Marova I, Matouskova P, Haronikova A, Lichnova A (2012) Production of lignocellulose-
degrading enzymes employing Fusarium solani F-552. Folia Microbiol 57(3):221-227

Ojumu TV, Solomon BO, Betiku E, Layokun SK, Amigun B (2003) Cellulases production by
Aspergillus flavus Linn isolate NSPR 101 fermented in sawdust, bagasse and corncob. Afr
J Biotechnol 2(6):150-152

Omojasola PF, Jilani OP (2008) Cellulases production by Trichoderma longi, Aspergillus niger
and Saccharomyces cerevisiae cultured on waste materials from orange. Pak J Biol Sci
11(20):2382-2388

Panagiotou G, Kekos D, Macris BJ, Christakopoulos P (2003) Production of cellulolytic and xyl-
anolytic enzymes by Fusarium oxysporum grown on corn stover in solid state fermentation.
Ind Crop Prod 18(1):37-45

Panagiotou G, Christakopoulos P, Olsson L (2005) Simultaneous saccharification and fermenta-
tion of cellulose by Fusarium oxysporum F3—growth characteristics and metabolite profiling.
Enzym Microb Technol 36(5-6):693-699

Panagiotou G, Granouillet P, Olsson L (2006) Production and partial characterization of
arabinoxylan-degrading enzymes by Penicillium brasilianum under solid-state fermentation.
Appl Microbiol Biotechnol 72(6):1117-1124

Park EY, Anh PN, Okuda N (2004) Bioconversion of waste office paper to L (+)-lactic acid by the
filamentous fungus Rhizopus oryzae. Bioresour Technol 93(1):77-83

Parkkinen T, Koivula A, Vehmaanperd J, Rouvinen J (2008) Crystal structures of Melanocarpus
albomyces cellobiohydrolase Cel7B in complex with cello-oligomers show high flexibility in
the substrate binding. Protein Sci 17(8):1383-1394

Pessani NK, Atiyeh HK, Wilkins MR, Bellmer DD, Banat IM (2011) Simultaneous saccharifica-
tion and fermentation of Kanlow switchgrass by thermotolerant Kluyveromyces marxianus
IMB3: the effect of enzyme loading, temperature and higher solid loadings. Bioresour Technol
102(22):10618-10624

Phillips CM, Beeson WT 1V, Cate JH, Marletta MA (2011) Cellobiose dehydrogenase and a copper-
dependent polysaccharide monooxygenase potentiate cellulose degradation by Neurospora
crassa. ACS Chem Biol 6(12):1399-1406

Qin Y, He H, Li N, Ling M, Liang Z (2010) Isolation and characterization of a thermo-
stable cellulases-producing Fusarium chlamydosporum. World J Microbiol Biotechnol
26(11):1991-1997

Ramanathan G, Banupriya S, Abirami D (2010) Production and optimization of cellulases from
Fusarium oxysporum by submerged fermentation. J Sci Ind Res 69(6):454—459

Reddy GV, Babu PR, Komaraiah P, Roy KRRM, Kothari IL (2003) Utilization of banana waste for
the production of lignolytic and cellulolytic enzymes by solid substrate fermentation using two
Pleurotus species (P. ostreatus and P. sajor-caju). Process Biochem 38(10):1457-1462



2 An Insight into Fungal Cellulases and Their Industrial Applications 35

Rocky-Salimi K, Hamidi-Esfahani Z (2010) Evaluation of the effect of particle size, aeration
rate and harvest time on the production of cellulases by Trichoderma reesei QM9414 using
response surface methodology. Food Bioprod Process 88(1):61-66

Saha BC (2004) Production, purification and properties of endoglucanase from a newly isolated
strain of Mucor circinelloides. Process Biochem 39(12):1871-1876

Schmidt H, Taniwaki MH, Vogel RF, Niessen L (2004) Utilization of AFLP markers for PCR-
based identification of Aspergillus carbonarius and indication of its presence in green coffee
samples. J Appl Microbiol 97(5):899-909

Sehnem NT, de Bittencourt LR, Camassola M, Dillon AJ (2006) Cellulases production by
Penicillium echinulatum on lactose. Appl Microbiol Biotechnol 72(1):163-167

Shi J, Chinn MS, Sharma-Shivappa RR (2008) Microbial pretreatment of cotton stalks by solid
state cultivation of Phanerochaete chrysosporium. Bioresour Technol 99(14):6556-6564

Shimokawa T, Shibuya H, Nojiri M, Yoshida S, Ishihara M (2008) Purification, molecular cloning,
and enzymatic properties of a family 12 endoglucanase (EG-II) from Fomitopsis palustris: role
of EG-II in larch holocellulose hydrolysis. Appl Environ Microbiol 74(18):5857-5861

Singh A, Singh N, Bishnoi NR (2009a) Production of cellulases by Aspergillus heteromorphus
from wheat straw under submerged fermentation. Int J Environ Sci Eng 1:1

Singh R, Kumar R, Bishnoi K, Bishnoi NR (2009b) Optimization of synergistic parameters for
thermostable cellulases activity of Aspergillus heteromorphus using response surface method-
ology. Biochem Eng J 48(1):28-35

Singhania RR, Sukumaran RK, Pillai A, Prema P, Szakacs G, Pandey A (2006) Solid-state fer-
mentation of lignocellulosic substrates for cellulases production by Trichoderma reesei NRRL
11460. Indian J Biotechnol 5(3):332-336

Singhania RR, Saini JK, Saini R, Adsul M, Mathur A, Gupta R, Tuli DK (2014) Bioethanol pro-
duction from wheat straw via enzymatic route employing Penicillium janthinellum cellulases.
Bioresour Technol 169:490-495

Suryawati L, Wilkins MR, Bellmer DD, Huhnke RL, Maness NO, Banat IM (2009) Effect of
hydrothermolysis process conditions on pretreated switchgrass composition and ethanol yield
by SSF with Kluyveromyces marxianus IMB4. Process Biochem 44(5):540-545

Szijarté N, Siika-aho M, Tenkanen M, Alapuranen M, Vehmaanperi J, Réczey K, Viikari L (2008)
Hydrolysis of amorphous and crystalline cellulose by heterologously produced cellulases of
Melanocarpus albomyces. J Biotechnol 136(3—4):140-147

Takashima S, Ohno M, Hidaka M, Nakamura A, Masaki H, Uozumi T (2007) Correlation between
cellulose binding and activity of cellulose-binding domain mutants of Humicola grisea cello-
biohydrolase 1. FEBS Lett 581(30):5891-5896

Taniguchi M, Suzuki H, Watanabe D, Sakai K, Hoshino K, Tanaka T (2005) Evaluation of pre-
treatment with Pleurotus ostreatus for enzymatic hydrolysis of rice straw. J Biosci Bioeng
100(6):637-643

Tao YM, Zhu XZ, Huang JZ, Ma SJ, Wu XB, Long MN, Chen QX (2010) Purification and proper-
ties of endoglucanase from a sugarcane bagasse hydrolyzing strain, Aspergillus glaucus XC9.
J Agric Food Chem 58(10):6126-6130

Tian C, Beeson WT, Iavarone AT, Sun J, Marletta MA, Cate JH, Glass NL (2009) Systems analysis
of plant cell wall degradation by the model filamentous fungus Neurospora crassa. Proc Nat
Acad Sci 106:22157-22162

Tomas-Pej6 E, Garcia-Aparicio M, Negro MJ, Oliva JM, Ballesteros M (2009) Effect of different
cellulases dosages on cell viability and ethanol production by Kluyveromyces marxianus in
SSF processes. Bioresour Technol 100(2):890-895

Turner MB, Spear SK, Huddleston JG, Holbrey JD, Rogers RD (2003) Ionic liquid salt-induced
inactivation and unfolding of cellulases from Trichoderma reesei. Green Chem 5(4):443-447

ValaSkovd V, Baldrian P (2006) Estimation of bound and free fractions of lignocellulose-degrading
enzymes of wood-rotting fungi Pleurotus ostreatus, Trametes versicolor and Piptoporus betuli-
nus. Res Microbiol 157(2):119-124

Van Wyk JPH, Mohulatsi M (2003) Biodegradation of wastepaper by cellulases from Trichoderma
viride. Bioresour Technol 86(1):21-23



®

Check for
updates

Chapter 3

Comparative Study of Cellulase
Production Using Submerged and Solid-
State Fermentation
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and Prasada Rao Kongala

3.1 Introduction

Cellulases have been studied for most of the twentieth century. The cost of cellulase
production may be brought down by using cheap lignocellulosic substrates and by
using cost-effective fermentation strategies like solid-state fermentation. Cellulases
have wide mechanical and economical applications. The applications of cellulases
are present in nourishment, material, creature nourish, fuel, paper, chemical busi-
nesses and mash industry, squander administration, protoplast generation, medical/
pharmaceutical industry, hereditary designing, contamination treatment of pectinases
are in juice preparing, handling of alcoholic refreshments, vegetable oil extraction
and an assortment of application in nourishment businesses (Sukumaran et al. 2009).

The Submerged Fermentation is one type of fermentation method, which is uti-
lized for the industrial enzyme production because of it’s for process and separation.
It utilizes the liquid substances such as molasses and broth. The biomolecules are
secreted into fermentation broth, and then, it’s easy to purify it. This process is
highly suitable for microbes, e.g., bacteria and fungus. In this fermentation, yield
differs for each substrate, so it is important to select the correct substrate and condi-
tions for fermentation to be optimized (Limayem and Ricke 2012; Du et al. 2012).
Cellulase production is carried out in aerobic aseptic culture. The growth medium
contains salts, nutrients, surfactant, and inducers which are required for the fungus
to survive and grow in medium. The important metal ions which are required for
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cellulose production are iron, cobalt, copper, magnesium, calcium, potassium, man-
ganese, and ammonium. The microbial contamination is avoided using antibiotics
and by sterilization of equipment before inoculation. The progress in cellulose pro-
duction was averaged doubling every 2 years due to the strain improvement and
optimization of fermentation process (Jabasingh and Nachiyar 2011; Graminha
et al. 2008; Romero-Gémez et al. 2000).

Solid-state fermentation has emerged as a potential technology for the production
of microbial cellulase. SSF refers to the process where microbial growth and prod-
uct formation occur on the surface of solid materials. This process involves the
absence (or near absence) of “free” water; however, the moisture is absorbed to the
solid substrate to support growth and microbial metabolism (Da Silva et al. 2012;
Coradi et al. 2013; Ang et al. 2013; Pirota et al. 2014). The use of solid-state
fermentation to upgrade the nutritive value of agricultural by-products and for
enzyme production has been increased due to the higher quantity of residues
produced in several countries, representing a potential solution to feeding animals
in developing countries. The advantage of using SSF to achieve both goals is the
low-tech fermentation system required plus the possibility of having it carried out
on farms (Robinson and Nigam 2003; Robinson et al. 2001; Hafiz Muhammad
Nasir et al. 2011). The fermentation methods such as SSF and SmF processes are
attractive methods to produce cellulase. In this context, several groups of
researchers examined the production of microbial cellulases in SmF and SSF
processes. These SSF and SmF cultivation with sugarcane bagasse as substrate for
cellulase production (Agrawal et al. 2013; Florencio et al. 2015; Ray 2011).

3.2 Cellulase Production by Submerged Fermentation

Cellulase alludes to a bunch of hydrolytic proteins competent of hydrolyzing cellu-
lose to glucose. The cellulolytic proteins are created by a huge number of the micro-
organisms counting parasites and microbes. Generally in microorganisms, chemicals
are either cell-bound cellular. The capacity to deliver additional cellular cellulolytic
proteins is far-reaching in organisms, and these protein frameworks have been broadly
considered (Enari 1983). Due to effective potential and many more extensive applica-
tions of cellulases, it is essential to consider a few viewpoints related to their genera-
tion. The thought of utilizing cheaper crude materials for pectinase and cellulase
generation is a vital parameter in valuable mechanical improvement. There have been
a few ponders distributed as of late concerning the cellulase generation exclusively
from distinctive cheaper crude materials beneath submerged and solid-state aging
(Debing et al. 2006; Acharya et al. 2008; Datta et al. 1989; Palaniyappan et al. 2009).
Be that as it may, the generation of cellulase by the same living being beneath the
same maturation conditions is required to be examined. Subsequently ponder and
bargains showed that the optimization of aging conditions utilizing diverse carbon
sources with regard to ideal abdicate of cellulase (Kumar et al. 2011; Grajek 1987).
Cellulases are a combination of hydrolytic chemical channels paperase, carboxy-
methyl cellulase, and glucosidase and are capable of discharging sugars within the
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bioconversion of the lignocellulosic biomass into an assortment of esteem-included
items. The cellulase produced by Aspergillus niger on person lignocellulosic substrates
in both submerged and also Solid State Fermentations. Rice bran backed most extreme
chemical yields taken after by wheat bran in both fermentations. Among different com-
binations with rice bran tried, combination of rice bran and wheat bran served the best
combination for production of cellulolytic enzymes (Reddy et al. 2015).

Cellulose is the foremost copiously accessible biomass on Earth. Cellulose is the
most important material of photosynthesis in earthly situations, and most copious
renewable bio-source created in biosphere. Cellulose is commonly corrupted by a
protein cellulase. Cellulases are utilized within the nourishment, material, clothing,
heating, brewing, mash and paper businesses from biomass and hereditary building
(Emert and Katzen 1980; Lonsane and Ramakrishna 1989; Ragauskas et al. 2006;
Bhat 2000; Kirk et al. 2002; Padmavathi et al. 2012). Cellulase is an important extra-
cellular microbial protein, which hydrolyzes cellulose. The foremost reasonable
sources of biomass utilized for the generation of squeezing within the natural product
juice industry and other manufacturing plants through protein bioconversion, which
demonstrates to have a tall mechanical esteem. An extraordinary number of microor-
ganisms, generally parasites, are able to debase cellulose for their development and
delivered a total set of cellulose for the hydrolysis of cellulose to dissolvable sugar
(Shobana and Maheswari 2013; Coughlan 1985; Pandey 1992; Hong et al. 2001).

In the present days context the bioconversions of cellulose materials are major
problem to investigate the advancement of a large-scale transformation prepare use-
ful to mankind. Reduce the deficiencies of nourishment and creature bolsters,
fathom present day squander transfer issue and lessen man’s reliance on fossil powers
by giving a helpful and capable of being renewed source of vitality within the frame
of glucose. The different range of cellulose producing microorganism. A few of
creators have been confined and distinguished over a long time, and they still pro-
ceed to develop quickly. One of the foremost broadly examined organisms is
Trichoderma reesei, which changes over local as well as inferred cellulose to glucose.
The cellulose producing microorganisms such as Trichoderma sp, Humicola sp,
Penicillium sp, and Aspergillus sp. In this examination, a cellulase creating strain of
Trichoderma viride, confined from metropolitan solid squander, was subjected to
optimization of media and development parameters for cellulase generation
(Coughlan 1985; Pandey 1992; Hong et al. 2001). The Lignocellulolytic biomass, is
a rich source of carbon for microbial chemical generation; and lignocellulosic
biomass, such as corn stover, wheat bran, corn cob, exceptionally plenteous, cheap
and effectively accessible. Different rural microbial and substrate by-product soci-
eties have been effectively utilized within the solid-state maturation for cellulase
generation (Yang et al. 2006; Isaac and Abu-Tahon 2015; Sun and Cheng 2002).

Cellulase can proficiently corrupt the complex polysaccharide components of
lignocellulosic into monomeric sugars, which could be a key preparation in biomass
bioconversion. The cellulase generation, be that as it may, remains a major deterrent
that ruins scale-up of biotransformation of lignocellulose. The procedure of cellu-
lase generation would be of extraordinary esteem for the productive utilization of
lignocellulose and the decrease of cellulase taken a toll (Yang et al. 2006; Isaac and
Abu-Tahon 2015; Klein-Marcuschamer et al. 2012; Lee et al. 2007). All inclusive
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the evaluated amount of the squanders era was 12 billion tones in the year 2002 of
which 11 billion tones were mechanical squanders and 1.6 billion tones were civil
solid squanders. Around 90 billion tons of solid squanders are anticipated to be cre-
ated every year by the year 2025. Yearly, Asia alone produces 4.4 billion tons of
solid squanders, and metropolitan solid squander comprises 790 million tons of
which approximately 48 million tons are produced in India. Informal transfer of
squander causes an unfavorable effect on all the components of environment and
human well-being. Agrarian squander is additionally caused by natural contamina-
tion (Gautam et al. 2010; Lawal and Ugheoke 2010).

Some of agro-industrial squanders are renewable shape of assets created circular
to over the world. Wheat, rice bran, corn husks, sugar cane bagasse, corn cobs, cit-
rus, mango peel, etc. are vital squanders of nourishment businesses. Around 63% of
cellulase substances (Pandey et al. 2000), corn husks speak to an alluring substrate
for the cellulase generation. The micro-organisms for bioconversion and bio-waste
into esteem included items has been highlighted within the later decades, particu-
larly in chemical preparations (Ahuja et al. 2004; Jalak et al. 2012). Among such
chemicals cellulases are picking up notoriety in this respect. These proteins are for
the most part considered to comprise of three chemical bunches for the cellulose
hydrolysis into the glucose monomers, specifically endoglucanases, exoglucanases,
and cellobioses. Collaboration between proteins is critical for hydrolysis handle.
Cellulases have a variety of applications in numerous distinctive businesses such as
nourishment, brewery, mash, wine, paper, material, cleanser, and horticulture
(Nema et al. 2015; Karmakar and Ray 2011; Bhat 2000; Ming et al. 2008).

Cellulose is the cheapest and the foremost inexhaustible renewable assets on soil
and it is a successful way for moo carbon and economic advancement to create fuel,
nourish and chemical items by aging with agrarian squanders. The cellulose plays
a vital part in a few zones counting utilize of renewable assets (Gutierrez-Correa
et al. 1999; Sukumaran et al. 2009), advancement of bioenergy (Lever et al. 2010;
Kuhad et al. 2010) and security of environment (Zhiyou et al. 2004; Singhania et al.
2010). There are two ways for the generation of cellulose. One is solid-state aging,
and another is submerged maturation. Both of these two strategies have focal
points; solid-state maturation is much better in utilizing reactor and chemical gen-
eration. Hence, mechanical generation of cellulose is more as often as possible
done by the strategy of solid-state maturation (Liu et al. 2012; Pandey 2003). Solid-
state submerged aging holds huge potential for generation of proteins and other
things. Agro-industrial buildups or squanders are by and large considered as rea-
sonable substrates for the generation of proteins particularly cellulases in SSF and
SmF handle. Among these fermentation methods, the SmF and SSF have been
broadly utilized for the generation of proteins and to get it physiological angles of
the blend of proteins (Patil and Dayanand 2006). These two Submerged Fermentation
(SmF) and Solid State Fermentation (SSF) were uses shown in Fig. 3.1 and it was
collected from (https://www.biofueljournal.com/article_53201.html).
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3.3 Cellulase Production by Solid-State Fermentation

Solid-state fermentation utilizes solid substrates like bagasse, bran, and paper pulp.
The main advantage of using these substrates is nutrient-rich waste materials can be
easily recycled as substrates. In this fermentation technique, these substrates are
utilized very slowly and steadily, so the similar substrate can be used for long
fermentation periods. Hence, this technique supports controlled release of some
nutrients. SSF is best suited for fermentation techniques involving the fungi and
microorganisms that require very less moisture content. However, it can’t be utilized
in fermentation processes and involving many organisms that require high water activ-
ity and bacteria (Subramaniyam and Vimala 2012; Babu and Satyanarayana 1996).
Solid-state maturation utilizes solid substrates, like bran, bagasse, and paper
mash. The most advantage of utilizing these substrates is that nutrient-rich squander
materials can be effectively reused as substrates. In this aging strategy, the substrates
are utilized exceptionally gradually and relentlessly, so the similar substrate can be
utilized for long aging periods. Bolsters were controlled discharge of supplements.
SSF is best suited for aging procedures including organisms and microorganisms
that require less dampness substance. In any case, it cannot be utilized in aging
forms including life forms that require water movement, such as microbes (Babu
and Satyanarayana 1996). The framework has been refined in see of diverse param-
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eters, for case, the substrates utilized, environmental parameters and the life shapes
utilized for development. The bioactive blends were watched to be the made in
higher sums in SSF, in spite of the fact that diverse blends have been removed utiliz-
ing SmF. Development has been requested into SSF and SmF for the foremost por-
tion in light of the kind of substrate utilized in the midst of maturing (Demain 1999;
Basha et al. 2009).

Solid-state advancement, a plausibility for submerged developing for compound
creation, was seen to be more exceptional, which can be performed beneath com-
pelled budgetary and work necessities. Agro-industrial residuals have conceivably
been utilized as substrate in SSF for protein creation and additionally other optional
metabolites. In this perspective, among agro industries particularly oil palm indus-
try, will be at remarkable favoured point of see. In these expansion, different exami-
nation hones cantered on SSF, which had incite a wide collection of utilizations at
ask approximately office scale additionally at pilot and mechanical scale (Gupte and
Madamwar 1997; Kotwal et al. 1998; Sekar and Balaraman 1998; Lee et al. 2011;
Durand and Chereau 1988; Xue et al. 1992; Pandey 1991).

The bioreactor gives a control condition to enhancement and advancement of the
microorganism that did characteristic responses (Pandey 1991). Of course, the
choice of a fitting kind of bioreactor is besides noteworthy since bioreactor is the
“heart” of the improvement strategy. Other than that, there are different sorts of SSF
bioreactors, and each one of them is one of a kind (Mitchell et al. 2006). The cel-
lulase compound utilizing Aspergillus niger USM Al 1 made on sugar adhere
bagasse and palm portion cake (PKC). The effect of SSF method for compound
creation have been asked almost. These included degree of substrate, sogginess of
substance, discussion of course rate and time, blending rate, and blending control.
In the interim, relative examinations with Trichoderma reesei have been done
(Kotwal et al. 1998; Sekar and Balaraman 1998; Mitchell et al. 2006; Cunha et al.
2012). Dynamic solid-state and submerged headway with sugarcane bagasse as sub-
strate for cellulase creation by Aspergillus niger A12 was overviewed by surveying
endoglucanase action. A whimsical pre-culture with a covered up irresistible head-
way orchestrate beneath solid-state change was trailed by altering submerged
improvement by including the fluid culture medium to the mycelium made on solid
substrate. For examination, control tests were driven utilizing typical submerged
enhancement (Cen and Xia 1999).

Solid-state developing presents different purposes of eagerness counting tall
volumetric efficiency and unassumingly tall centralization of the proteins made.
However, it would be consolidate a lower capital meander and lower working
taken a toll. Another significant component of SSF is that it utilizes heterogeneous
delayed consequences of agribusiness (for the most part agrarian stores) and side
effects of agro-based organizations (Raimbault 1998). In solid-state development
of cellulase age, cellulosic substrate goes approximately as both the carbon source
and as an inducer for cellulase creation. The two microorganisms and advance-
ments can utilize cellulose as a fundamental carbon source. Most diminutive life
shapes, in any case, are unequipped for demolishing crystalline cellulose since their
cellulase frameworks are inadequate. The cellulolytic impetuses made by one or two
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of improvements for the most part join each one of the three sorts of manufactured
compounds, so are to a extraordinary degree solid within the scarification of bound-
less pretreated lignocellulosic materials. Parasitic strains that make cellulases for
the most part included Trichoderma, Aspergillus, Penicillium, and Fusarium gen-
era. Trichoderma reesei (T. reesei) is a thermostatic widely utilized living being
for the production of cellulolytic manufactured concoctions and has been broadly
analyzed (Stockton et al. 1991; Liu and Tzeng 1998).

Some of variables are responsible for obliging the advancement of microorgan-
isms. Working conditions like temperature, pH, and suddenness of substance are
principal for microbial advancement and reasonable cellulolytic impulse framework
creation within the middle of solid-state improvement. The strategy requests over-
haul of essential parameters that impact microbial progression and thing plan. As
regularly conceivable movement of different parameters could be a testing and dull
errand. Reaction surface thinking (RSM) can be utilized to assess the criticalness of
a few of components particularly when collaborations exist among components and
are bewildering to select (Brijwani et al. 2010; Ishida et al. 2006). The strategy can
be exhausted a sensible time scale. The illustrate reasonableness of solid state devel-
oping structure, for occurrence, a inactive plate bioreactor, utilizing blended social
orders of T. reesei and A. oryzae with soybean edges and wheat grain as solid media
beneath idealize handle conditions within the making of adjusted and irrelevant
effort cellulolytic protein frameworks that can profitably hydrolyses lignocellulosic
biomass for bioethanol and bioenergy (Ruth et al. 1999).

The genuine methodologies utilized as a portion of era of cellulolytic compounds
by parasites are solid-state maturing and submerged culture of the microorganisms.
Be that because it may, it is uncommonly exorbitant to provide cellulolytic catalysts
by submerged development (Gupte and Madamwar 1997; Moo-Young et al. 1983).
The centrality of solid-state maturing over submerged maturing can’t be demon-
ized. The production of cellulolytic compounds through SSF is moo and abdicate is
tall. However, essentialness used is moo, it is simple to do and a small squander
thing is delivered. Other than, cellulolytic chemicals made by SSF are more amassed
within the way of life filtrate. The cellulolytic compounds produced by P. ostreatus
and P. pulmonarius utilizing corn cob, saw build-up and rice wheat as substrates
utilizing solid state development (Ekundayo et al. 2017; Raimbault 1988; Assamoi
et al. 2008).

Solid-state maturing is for the foremost portion utilized for ordinary food plan-
ning and for parasitic proteins era. The solid maturing is known for a long time of
protein, on a very basic level for gluco-amylase creation derivate from the ordinary
Koji prepare portrayed by Takamine in 1914 as the Rotten Bran Prepare utilizing
Aspergillus oryzae created on mix of wheat grain and rice. It was the foremost
advanced handle for compound era by solid substrate development. Directly, many
methods are delineated within the composing to convey parasitic catalysts (Neagu
et al. 2012). Solid state development has been expanded re-established excitement
from researchers as of late and is routinely utilized for the creation of proteins since
of traditionalist and practical inclinations, for illustration, straightforwardness, moo
capital costs for equipment and working, tall volumetric benefit, bring down space
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necessities, and less requesting downstream planning (Wen et al. 2005; Singh et al.
2009). Cellulases contain a complex of proteins locked in with the characteristic
debasement of cellulose, genuine polysaccharide of the plant cells. These enzymatic
complexes can be alter over cellulose to the oligosaccharides and glucose. The
microorganisms, for illustration, living beings and organisms are basic producers of
cellulases. Substrate costs speak to a critical portion of the costs of cellulase era, and
the utilization of impoverished biomass resources as substrates can decrease cellu-
lase costs (Shweta 2015; Hesseltine 1972).

Successful utilization of cellulosic fabric as a limitless carbon source depends on
the progression of fiscally achievable preparation developments for the era of cel-
lulose. This catalyst has distinctive mechanical applications and is directly consid-
ered as noteworthy in gathering of advanced protein. The benefits of cellulase
through solid state development, when differentiated with submerged maturing, the
sorts of cellulolytic microorganisms and unmistakable agro-modern wastes utilized
for cellulose creation. The biotechnological portion of cellulase investigation and
their future prospects are moreover inspected (Hesseltine 1977).

Solid-state maturations are those methods in which all or parts of the substrate
are in a solid state. They are more ordinary than liquid maturations since they
approach the conditions beneath which most microorganisms create in nature. The
social occasions of microorganisms, for illustration, some minuscule life forms and
yeasts, create in liquids, a significant number of distinctive microorganisms gotten
to be added to solid substrates. The genuine get-togethers of microorganisms uti-
lized as a portion of maturing are infinitesimal living beings, actinomycetes, yeasts,
and parasites. Solid-state development offers different focuses of intrigue for the era
of mass engineered compounds and proteins (Hesseltine 1987; Roussos et al. 1994;
Nampoothiri and Pandey 1996). Some of places has been an extending number of
reports on the utilization of solid state development shapes for the creation of different
microbial things (Pandey 1996; Pandey et al. 1999; Vandenberghe et al. 2000). This
can be for the most part on the grounds that solid-state shapes have brought down
essentialness of necessities and made significantly less wastewater and biological
concerns since exchange is of solid wastes. The SSF progression of microorganisms
in a moo water-condition on a non-dissolvable fabric that showings both as physical
offer assistance and wellspring of supplements; besides it isn’t critical to connect the
portion of offer assistance and substrate however or maybe mirror the states of moo
water activity and tall oxygen transference by utilizing a nutritiously dormant fabric
sprinkled with a supplement course of action (Ghildyal et al. 1985; Hui et al. 2010).

Some chemicals have been gotten from the submerged aging since ease of deal-
ing with and more noteworthy control of natural variables such as temperature and
pH. In any case, solid state aging procedure can move forward abdicate and
decreases the taken a toll of chemical generation. Filamentous organisms are fore-
most commonly utilized microorganisms in the SSF since they are capable to
develop on solid materials with moo water substance (Biswas et al. 1990; Singhania
et al. 2010). There are a few reports portraying utilization of agro-mechanical
buildups for the generation of cellulose such as rice straw, wheat straw, and wheat
bran as substrates (Goyal et al. 2008; Zeng and Chen 2009; Szendefy et al. 2006).
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The SSF points incorporate predominant efficiency, basic method; moo capital
speculation, moo vitality prerequisite and less water yield, way better item recupera-
tion and need of froth construct up and detailed to be most fitting handle for creating
nations (Mrudula and Murugammal 2011; Shweta 2015; Acharya et al. 2010).

The warm conductivity of the solid medium utilized in SSF confines the expul-
sion of abundant warm created by microbial digestion system, and thus SSF requires
air circulation. The increment in temperature in bioreactors may lead to denatur-
ation of thermolabile proteins. Besides, SSF forms lead to improvement of distinc-
tive slopes (dampness, temperature, substrate concentration, and others) along the
bioreactor, which may negatively impact the method. The most common disadvan-
tage of SSF is subsequently the scale-up of the method, basically because of warm
exchange and culture homogeneity issues. The pointed towards the improvement of
bioreactors for SSF frameworks; be that as it may, the accessible data has not dem-
onstrated any perfect bioreactor however. They are investigated issues related to
cellulase prepare innovation, and a extraordinary bargain more work should be done
some time recently it’s down to earth applications are realized (Lever et al. 2010;
Roussos 1989; Sadhu and Maiti 2013).

Cellulases were customarily created utilizing the submerged aging, in which the
microorganisms are developed in a watery environment containing supplements.
Contrastingly, solid-state maturation may be a handle whereby an insoluble sub-
strate is aged with adequate dampness but within the nonattendance of free-flowing
water. The moo dampness substance implies that maturation can as it were be car-
ried out by a constrained number of microorganisms, basically yeasts, parasites, and
a few microbes. The past decade has taken note a reestablished interest in SSC
incompletely, due to the realization that numerous microorganisms, at the side
GMOs, may create their items more successfully by SSE. Cellulases created in
solid-state culture appear momentous soundness toward temperature, pH, metal
particles, etc. The optimization of SSF might be advance progress. The large gen-
eration financial matters and besides can make it an alluring procedure for cellulase
generation (Fadel 2000; Souza and Magalhaes 2010). The comparison of submerged
and solid-state fermentation reported for pectinase production from Aspergillus
niger by dividing the yield obtained from SSF and SmF in culture broth. The cel-
lulase production by Aspergillus niger in SSF and SmF using different substrate
especially cellulose. When comparing between the SmF and SSF, production of
total cellulase by SSF was higher than that of SmF (Mrudula and Murugammal
2011; Farinas 2018). A tenfold diminishment within the generation fetched when
SSF is utilized for generation. Table 3.1 lists a few parametric comparisons between
SmF and SSF for cellulose generation. The cellulase generation by the filamentous
parasites in SmF and SSF was examined broadly (Farinas 2018; Shweta 2015). Be
that as it may, there’s no report on the comparison of cellulase generation by SmF
and SSF conditions. The living organisms was disconnected and illustrated for their
moved forward proficiency in SmF and SSF are for generation of the cellulase uti-
lizing agro-industrial squander as crude fabric. The impact of different parameters
was assessed beneath two various fermentation conditions. The comparison of the
cellulase generation by Aspergillus niger in SmF and SSF frameworks (Mrudula
and Murugammal 2011; Vintila et al. 2009; Durand et al. 1996).
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3.4 Summary

Comparative study of cellulase production by utilized submerge and solid-state fer-
mentation. The best cellulase activities were achieved by submerged and solid-state
fermentation techniques. In the presence of solid-state medium obtained cellulase
than submerged process. The cellulase obtained by SSF. In the literature there is a
relatively large amount of information on the production of cellulases by submerged
fermentation and but there is information on the production of cellulases in SSF.
This paper reports the results of research on the production of cellulases by the sub-
merged and solid-state fermentations. The biological parameters applicable to SSF
and SmF. Thus, the perspective of SSF would gain in prevailing significance in the
industrial production of cellulose, compared with SmF, it is more effective in several
aspects including lower energy and sterility demands as well as higher stability of

Table 3.1 Comparisons between the SSF and SmF for cellulose production (Shweta 2015)

Parameter SSF SmF
Aseptic Aseptic conditions can be Required to avoid contamination under high
conditions curtailed under water-limited moisture conditions
conditions of fermentation
Cellulosic Cellulosic substrate Cellulosic substrate
substrate
Downstream | Air-dried fermented solids can | Requires downstream processing
processing be directly used as source of
enzyme eliminating the need of
expenses on downstream
processing
Effluent Virtually, no effluent generation | Large volumes of effluents discarded
generation
Energy Low High
consumption
Moisture Carried out in the absence of Large volumes of water needed
requirements | free-flowing water
Productivity 100-300 g/L, 2-3 times higher |30-80 g/L
enzyme production as well as
protein rate also enhanced titers
of the product in the medium
Process Generally operated under static | Generally involves mixing, aeration, control,
parameters conditions and monitoring of temperature, pH, dissolved
oxygen, and gas flow rates and therefore
profitable in terms of its higher degree of
process control and monitoring
Scale-up Scale-up is problematic; new Easy scale-up and industrial equipments are
design equipments are needed | available
Substrate The amenability of SSF A maximum utilization of only 5% in SmF
utilization technique to utilize 20-30% of | process
the substrate makes it more
promising
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products and several of microorganisms and especially the d of mixed cultures.
In this present study indicated that the various agro-industrial residues studied, cel-
lulose production in SmF as well as SSF. SSF showed for highest production, pos-
sibilities of the effective utilization of the cellulose for the value of addition through
biotechnological. Such processes would not only help in reducing the cost of pro-
duction but also pave the way in effective solid-state fermentation management.

3.5 Conclusion

The comparative study between from the production of cellulose by using submerge
and solid state fermentation. The result of present study clearly indicates that the
potential can successfully produce the production of cellulase. These methods are
useful in the production of cellulose and reducing disposal problem; therefore it can
be effectively utilized by a potential strain like microbes, plants, etc. for production
of cellulase which is commercially important. Solid medium was used in the solid-
state fermentation and restricts the removal of excess heat by microbial metabolism.
The increase in temperature in bioreactors may lead to denaturation of thermolabile
proteins. The SSF processes lead to development of different gradients (moisture,
temperature, substrate concentration, and others) along the bioreactor, which may
negatively influence the process. The main drawbacks of SSF process are mainly
because of heat transfer and culture homogeneity problems. The conclusion has
shown that the results obtained in this study indicated that among the several agro-
industrial residues studied, wheat bran was a suitable substrate for the protease syn-
thesis in SmF as well as SSF. SSF showed superiority for cellulose production and
also revealed the possibilities of effective utilization of wheat bran and agro-indus-
trial residues for the value of addition through the biotechnology. Such processes
would not only help in reducing cost of production but also cover the way in effec-
tive solid-state management. Fermentation, with its wide array of application and
immense benefits, has proved to be a main contender to fill this void. However, due
to the variations of fermentation techniques, a lot of work still needs to be done in
the terms of comparison of these techniques. The exploration was carried out to
identify the sustainable substrates and processes to maintain productivity and qual-
ity. These methods can help for the increasing reduction and production of these
compounds.
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Chapter 4
Microorganisms for Cellulase Production:
Availability, Diversity, and Efficiency

Mayara C. S. de Barcelos, Carlos H. Carvalho e Silva, Cintia L. Ramos,
and Gustavo Molina

4.1 Introduction

Cellulose, hemicellulose, and lignin are the main constituents of lignocellulosic
biomass, the most plentiful organic matter of the planet, in which cellulose represents
30-50% of organic matter total weight (Bilal et al. 2018). In addition, the discovery of
the relationship between degradation of lignocellulosic biomass and biofuel produc-
tion has made the search for more cost-effective and less aggressive processes, besides
considerably more sustainable (Chander et al. 2016; Jiang et al. 2017).

In this scenario, enzymes, biological catalysts which possess high substrate spec-
ificity and are able to perform the degradation of organic matter, achieve high yields
and low environmental impact (Jegannathan and Nielsen 2013; Sarrouh 2012).

Regarding lignocellulosic biomass, this degradation occurs through the action of
cellulases. Cellulases are popularly known as the enzymes responsible for catalyz-
ing depolymerization reactions of cellulose, which occurs through the hydrolysis of
the glycosidic bonds that bind sugars, separating them into fermentable units
(Behera and Ray 2016).

Cellulase is a broad term used to characterize cellulolytic enzymes capable of
cleaving linkages that form the polysaccharide chain of cellulose (Chander et al.
2016). According to the Carbohydrate-Active Enzyme Database (CAZy), these
enzymes belong to the group of glycosidic hydrolases, which means that they act by
hydrolyzing glycosidic bonds between carbohydrates or between a carbohydrate
and a non-carbohydrate in a chain with two or more constituents (Panchapakesan
and Shankar 2016).
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More specifically, cellulases act on the cleavage of p-1,4-d-glucan bonds in the
cellulose structure, thus providing the release of compounds such as glucose,
cellobiose, and cello-oligosaccharides (Srivastava et al. 2017). This enzyme complex
consisted of the enzymes endo-1,4-B-D-glucanase (EC 3.2.1.4), exoglucanase
(EC 3.2.1.91), and p-glucosidase (EC 3.2.1.21) (Behera and Ray 2016; Singhania
et al. 2016) is the most elucidated by researchers, in which each of the enzymes
have a specific mechanism of action.

The action of this enzymatic complex can be described as a series of sequence
reactions that complement each other until the release of the monomeric ferment-
able sugar at the end (Srivastava et al. 2017). The enzymatic degradation of the
cellulose is divided into two stages of hydrolysis: in the former, the endo-1,4-$-D-
glucanase cleaves p-1,4-d-glucan bonds, favoring the appearance of reducing and
nonreducing groups in the polymer chain. Then, exoglucanases produce cello-
oligosaccharides and also cellobiose, acting in the reducing and nonreducing groups
that are now abundant (Srivastava et al. 2014; Do Vale et al. 2014). In the second
stage, which occurs in a completely liquid medium, the p-glucosidases cleave the
cellobiose aiming the release of fermentable monomers that can later be applied in
different ways (Srivastava et al. 2017).

The paper and cellulose industry has considerable influence on the global
economy, being one of the largest economic sectors in a wide range of countries.
This isolated fact shows the great use of cellulose in industrial processes that cer-
tainly require relatively expensive treatment processes, having, also, environmental
impacts. In this approach, enzymatic technology emerges as an alternative to these
processes, in which cellulases have reached extremely significant size in industrial
routines (Singh et al. 2016).

Cellulases are also extensively used in the food, veterinary, pharmaceutical,
textile, and general cleaning industries, among others, establishing itself as the third
largest market for industrial enzymes worldwide (Yoon et al. 2014; Chander et al.
2016; Singhania et al. 2016). Such enzyme was an important part of the prominent
fashion revolution in the 1970s, where textile industries began to use it as the main
agent in the manufacture of jeans with lighter color and softer texture, since at that
time these products were considered hard and consequently uncomfortable (Tolan
and Foody 1999).

This was only the initial kickoff in the discovery of this important industrial
enzyme which, shortly thereafter, gained prominence in other sectors of the industry
until then considered consolidated with its well-known chemical techniques and
already of common use in the industrial routine (Sarrouh 2012).

The presence of cellulases in detergents and laundry products helps to remove
the famous “lint” that appear on the clothes after some time of use and are able to
soften the texture of the tissues. In this way, the use of cationic softeners, which
cause environmental problems when discarded, has drastically reduced (Olsen and
Falholt 1998). In the veterinary industry, this compound is able to potentiate the
digestive tract of animals facilitating the absorption of nutrients from feed and
food supplements that are dense and quite viscous and therefore difficult to digest
(Tolan and Foody 1999).
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In addition to these applications, another industrial sector has been developing in
stride and has further increased the weight of cellulases in the global market of
enzymes: the development of biofuels derived from lignocellulosic biomass.
Classified as second-generation biofuels, these biofuels came as an alternative to the
use of nonrenewable organic materials, being a clean and sustainable production
route for the world fuel market (Ferreira et al. 2014; Jiang et al. 2017). In this way,
the industrial demand for cellulases presents growth potential proportional to the
technological advance in this sector (Srivastava et al. 2017).

The production of ethanol through fermentative processes involving sugarcane or
corn, for example, has harmful impacts to the final value of the product, making it
less advantageous to the consuming public when compared to fossil fuels. Therefore,
the use of lignocellulosic biomass treated with suitable enzymes can make the
production of biofuels head in the global market (Toogood and Scrutton 2018).

Despite the great potential of application and the numerous operational advantages,
the use of enzymes in the biofuel industry faces a significant number of obstacles: the
structural complexity of the lignocellulosic biomass makes the process of cleavage of
its molecules in smaller units extremely difficult, drastically decreasing the number of
enzymes capable of degrading this material (Yamamoto and Tamaru 2016).

Another factor that contributes to further limit the advance of this market is the
fact that the efficiency of the ethanol production process, the substance of interest,
from sugar and starch is extremely superior when compared to the production
through lignocellulosic biomass (Bilal et al. 2018). Thus, the degradation process of
this biomass requires the use of a large number of enzymes with different properties
and routes of action, making studies of identification and characterization of these
molecules necessary before considering a possible industrial application area.

It is observed, therefore, that the use of cellulases in industrial applications has
already proven extremely effective in several areas, being this enzyme a faithful ally
in the production of quality products with lower environmental impacts. However,
there are still several barriers to be broken so that this class of enzymes is also used in
the large production scale of biofuels, among other processes of enzymatic catalysis
starting from complex substrates and difficult to cleave.

In this approach, the main goal of this chapter is to offer an in-depth outline on
the identification of new strains capable of producing cellulases and overview the
fermentative parameters, process optimization, and genetic engineering for process
development, highlighting how microorganisms can be efficient tools for the pro-
duction of cellulases with realistic potential of industrial applicability.

4.2 Identification of New Strains with Potential for Cellulose
Production

The conversion of lignocellulosic biomass by cellulolytic enzymes is an essential
step for a great variety of applications such as paper recycling, cotton processing,
biofuel production, laundry, food processing, pharmaceutical applications, and
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others (Kuhad et al. 2011; Gaurav et al. 2017). Thus, the search and identification of
novel strains producing these enzymes have been a constant subject of many stud-
ies. Several reports have been published of microorganisms producing cellulosic
enzymes, including mainly fungi and bacteria, isolated from different environments
around the world. Cellulases are inducible enzymes, and to find novel organisms
producing these hydrolytic enzymes is essential to discover different route and con-
ditions for cellulolytic biomass hydrolysis.

It is known that lignocellulosic biomass hydrolysis depends on the synergistic
action of three main groups of enzymes: p-glucosidases, endoglucanases, and exo-
B-glucanases. In general, fungi are the most studied and employed strains due to
their high ability to secrete large amounts of cellulases to the medium which facili-
tates the enzyme purification (Maki et al. 2009). One of the most extensively studied
and industrially applied cellulase is produced by Trichoderma reesei, which con-
verts native and derived cellulose to glucose. Other fungal species of Trichoderma,
Humicula, Penicillium, and Aspergillus genera in addition to bacterial species of
Bacillus, Pseudomonas, Cellulomonas, Streptomyces, and Actinomucor have also
been studied and described as cellulase producers (Kuhad et al. 2011; Wilson 2011;
Behera et al. 2017).

Although the fungi enzymes have been successfully produced and employed in a
diversity of industrial applications, some bioprocess applications require enzymes
which are able to act in extreme conditions, such as extreme temperatures, salinity,
wide range of pH, and presence of heavy metal (Acharya and Chaudhary 2012). In
general, these characteristics are not commonly provided by the available commer-
cial enzymes. Some authors defend the idea that bacteria are good candidates to be
applied for cellulase production. These microorganisms show high growth rate in
association to enzyme secretion, in addition to their ability to survive in stressful
conditions imposed by industrial bioconversion processing. Further, bacteria are
less affected by the bioconversion products (feedback inhibition) (Kadarmoidheen
et al. 2012). Therefore, several bacterial genera of cellulase producers have been
widely reported such as Clostridium, Cellulomonas, Ruminococcus, Pseudomonas,
Bacillus, and Streptomyces (Pennacchio et al. 2018; Hussain et al. 2017; Yuan et al.
2015; Kojima et al. 2013; Huang et al. 2012; Sheng et al. 2012).

Nowadays, studies have focused their efforts to find novel strains producing cel-
lulase in a wide range of extreme conditions such as Antarctic soils and the halo-
philic Algerian arid and semiarid wetland ecosystems (Cong et al. 2017; Silva et al.
2017; Menasria et al. 2018). The researchers have suggested that the extreme eco-
systems are an important reservoir of novel strains able to produce hydrolytic
enzymes with optimum activity at extreme range of salinity, temperature, and
pH. From rhizosphere of Colobanthus quitensis in Antarctic, the bacterial species
Rhodococcus sp. and Rhizobium sp. were isolated and showed cellulolytic activity
at 4 °C, 12 °C, and 25 °C, an important characteristic to be applied in industrial
processes employing low temperatures (Silva et al. 2017). Another study conducted
in Antarctic Pole isolated a fungi Aspergillus sydowii MS-19 which showed to syn-
thesize low-temperature lignocellulolytic degrading enzymes. The transcriptome
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analysis obtained 17 genes involved in cellulase degradation (eight cellobiohydro-
lase and nine endo-1,3-p-glucanase) (Cong et al. 2017). In regard to halophilic envi-
ronments, 24 extreme halophilic archaea were isolated and showed extracellular
cellulase activity at high salt concentration (20% w/v), demonstrating important
biotechnological potential (Menasria et al. 2018).

Other environments have also been studied to isolate cellulolytic microorgan-
isms. A well-known cellulolytic environment is the rumen where the animal diges-
tion is assisted by the complex anaerobic microbiota hydrolyzing the plant cell wall.
It is estimated a population around 1010 bacteria per ml in the rumen; however,
even if the main carbon source in the rumen is cellulose, only 10% of the bacteria
are cellulolytic (Russell et al. 2009). Fungi and protozoa are also cellulolytic micro-
organisms found in animal rumen, but studies have shown that bacteria are the
major cellulolytic group. A new strain of Escherichia coli ZH-4 able to degrade
cellulose was isolated from the Inner Mongolia bovine rumen. The strain showed
potential for biotechnological application due to their ethanol and hydrogen produc-
tion using cellulose and corn straw as substrate (Pang et al. 2017). Potential cellulo-
lytic bacterial strain (e.g., Arthrobacter sp. HPG166) was also found in the gut of
insect larvae (Huang et al. 2012, 2015; Sheng et al. 2012). According to Joynson
et al. (2017), the herbivore gut microbiome is an important reservoir of lignocellu-
lolytic enzymes due to its ability to degrade plant cell wall, as observed by metage-
nomic study of black slug Arion ater gut microbiome.

Wastes, plants, composts, and soils have also been often exploited as cellulose-
degrading environments. Recycled paper sludge (Heinz et al. 2017), mangrove
(Behera et al. 2017), soil, ward poultry (Hussain et al. 2017), the Eucalyptus camal-
dulensis and Populus nigra plants (Pennacchio et al. 2018), compost, sugarcane
bagasse, and animal wastes (Mohamed et al. 2017) are some examples of studied
source of potential novel cellulolytic strains. From these sources, the bacterial
strains Bacillus amyloliquefaciens SAS, B. subtilis BTNTA, B. megaterium BMS4,
Anoxybacillus flavithermus BTNTB, Streptomyces flavogriseus AE64X, and
Streptomyces flavogriseus AE63X and the fungus Trichoderma virens in addition to
the yeast Trichosporon laibachii MG270406-1A14 were isolated and described as
novel cellulolytic strains with potential to be used in a diversity of biotechnological
applications (Hussain et al. 2017; Pennacchio et al. 2018; Zeng et al. 2016; Giese
et al. 2017).

Although the studies and strains secreting cellulolytic enzymes have increased
substantially lately, it is estimated that only a small percentage (1-2%) of the micro-
organisms present in the environment can be cultured and then remained unknown.
Uncultured methodologies such as the metagenomic tools, based on total nucleic
acids extracted from the samples, have been employed to obtain a better knowledge
of phylogeny identification and functional capability of microbiota in order to
increase this estimative. This is an important strategy to search for novel enzymes
since the genes can be easily identified. However, the microbial strains with poten-
tial biotechnological applications still limited to the culturable isolates.



58 M. C. S. de Barcelos et al.

4.3 Microorganisms as Tools for Efficient Cellulase
Production

4.3.1 Fermentative Process Parameters

The cellulase production by microorganisms is reported for different species, such
as fungi, bacteria, and actinomycetes, but only a few are able to produce significant
amounts, where fungi are highlighted, especially due to the excretion of the enzyme
(Amaeze et al. 2015; Bansal et al. 2012; Juturu and Wu 2014). Normally, these
microorganisms come from environmental sources such as hot water springs, com-
post, sewage, soil samples obtained from forest and nature reserves, animal manure,
and bovine rumen (Juturu and Wu 2014).

There are no general process parameters, such as fermentation type, carbon
source, pH, temperature, and time, suitable for all cellulase producer microorgan-
isms that will guaranty high yields and efficiency, but the understanding of such
parameters (Fig. 4.1) and how they affect the production of the enzymes can improve
the bioprocess (Table 4.1).

Submerged and solid fermentation systems are currently used for cellulase pro-
duction. However, solid systems offer advantages concerning energy and cost sav-
ing, since it requires lower capital and energy and simpler fermentation medium and
achieves high productivity, even though rigorous control of process parameters is
not required (Bansal et al. 2012; Behera and Ray 2016). Besides, less wastewater is
produced, and the use of lignocellulosic waste as substrates is possible (Cunha et al.
2012). Although more dilute products are generated at submerged fermentation, the
availability of well-established bioreactor monitoring and control techniques facili-
tates the process (Cunha et al. 2012).

For solid-state fermentation (SSF), the particle size, chemical composition,
cost, moisture content, and availability of the substrate are essential, providing all
components necessary for adequate microorganism growth and enzyme produc-
tion (Behera and Ray 2016; Idris et al. 2017). The pretreatment of some

MICROORGANISM | I | SUBSTRATE

TYPE OF FERMENTATION (SSF ::I
OR SUBMERGED)

: PROCESS CONDITIONS ( e.g. PH,
TEMPERATURE, TIME)

>

~_

Fig. 4.1 Factors that affect microbial cellulase production
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substrates before use in SSF processes is a suitable alternative, facilitating the
microbial growth (Bansal et al. 2012).

Alkali-treated substrates are reported to achieve higher productivities of cellu-
lose than acid-treated. Acid-treated substrates have the hemicellulose component
solubilized, which produces hydroxymethylfurfural, furfural, monomers, and other
volatile products. These products, along with lignin, affect negatively the microbial
growth, while in alkali-treated substrates, lignin is released causing modification
and solubilization of the crystalline state of cellulose (Bansal et al. 2012).

At submerged fermentation, the use of surfactants and specific shear rates are
used to morphology control, which facilitates enzyme separation improving down-
stream process (Callow et al. 2016).

To evaluate the influence of submerged and solid-state fermentation at cellulase
production, a sequential cultivation of Aspergillus niger was conducted using sugar-
cane bagasse. The strain was grown at SSF followed by submerged fermentation,
having control experiments with only submerged fermentation using glucose as only
carbon source. A productivity of 57 IU/L/h was achieved, representing a threefold
improvement. The sequential cultivation had the advantage to improve the assimila-
tion of the substrate and fungal growth morphology, which develop at a dispersed
filamentous form, enhancing cell-substrate interaction (Cunha et al. 2012).

The carbon source used possess influence at the microbial morphology and total
protein secretion (Delabona et al. 2016). Carbon sources reported as cellulase
inducers are lactose (Callow et al. 2016), glycerol (Delabona et al. 2016), pure cel-
lulose (Ellild et al. 2017), microcrystalline cellulose (Libardi et al. 2017), and wheat
bran (Liang et al. 2014), meanwhile glucose leads to a strong repression of cellulase
gene transcription in fungi due to catabolism repression (Delabona et al. 2016). The
use of two different carbon sources is an alternative to increase cellulase productiv-
ity, where the first carbon source is used for microbial biomass growth and the sec-
ond a cellulase inducer for enzyme secretion (Cunha et al. 2012; Delabona et al.
2016; Fang and Xia 2015). Concerning the nitrogen source, it is observed satisfac-
tory results when inorganic sources are used, such as ammonium compounds
(Mandal and Ghosh 2018; Sethi and Gupta 2014).

Optimum incubation temperature for cellulase production is suggested to vary
according to the strain used. For fungi, high temperatures (above 30 °C) can alter
the membrane composition which stimulates protein catabolism leading to cell
death (Bansal et al. 2012). However, cellulase production is reported for Aspergillus
niger and Saccharomyces cerevisiae at 45 °C (Amaeze et al. 2015) and Aspergillus
fumigatus at 50 °C (Liu et al. 2011).

The pH control of cellulase production is considered the major challenge of this
bioprocess, since the synthesis and secretion of different cellulase components
require different optimal pH ranges, which vary with the strain used (Li et al. 2013).
The changes in pH observed during microbial growth also affects the enzyme stabil-
ity at the medium (Sethi and Gupta 2014). Values ranging from 4 to 6.5 can be
observed at cellulase production by fungi and varying from 5 to 8 when produced
by bacteria (Table 4.1).
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The use of different by-products as substrates for cellulase production is one
strategy for a cost-effective bioprocess, with already proven efficiency for pineapple
and orange peels (Amaeze et al. 2015), kitchen wastes (Bansal et al. 2012), glycerol
(Delabona et al. 2016), sugarcane bagasse (Cunha et al. 2012; Delabona et al. 2016),
soybean hulls (Ellil4 et al. 2017), wheat bran (Dhillon et al. 2011; Gupta et al. 2015;
Idris et al. 2017), and domestic wastewater (Libardi et al. 2017), among others.
Other alternative is the use of mixed culture of microorganisms to obtain higher
yields when compared to single cultures, such as Aspergillus niger and Trichoderma
reseei or Aspergillus phoenicis and Trichoderma reseei (Dhillon et al. 2011;
Gutiérrez-Correa and Villena 2012).

The comparison between producer-cellulase strains is a difficult task due to the
differences in fermentation conditions, media composition, and raw materials
employed, besides the use of different methods and assays for cellulase activity
determination, which do not allow a direct comparison of cellulase yields (Kuhad
et al. 2016).

4.3.2 Optimization Process for Enhanced Cellulose Production

Optimization of process parameters is a critical factor for economical viable biopro-
cess, indispensable when maximum production is desirable (Sirajunnisa et al.
2016). The optimization of cellulase production is driven by the increased industrial
demand for sustainable raw materials and, consequently, cellulose degradation,
aiming enhancement at enzyme activity and productivity (Baz et al. 2016).

The cellulase production is a multivariable process, including media composi-
tion and external factors, which directly influence its activity and productivity
(Sangwan et al. 2015; De Sousa et al. 2018). Besides, both medium composition
and fermentation strategy must be optimized to obtain high productivity and activity
and lower costs (Han et al. 2017).

Nowadays, cellulase is commercially produced by filamentous fungi, such as
Aspergillus niger and Trichoderma reesei, using submerged fermentation (Baz
et al. 2016); however its use is limited due to high production costs (De Sousa
et al. 2018).

In order to expand industrial options and reduce costs, the optimization and mod-
elling of several variables, determining the optimum process conditions, are being
studied, for which statistical approaches are commonly used, such as response sur-
face methodology (RSM), one factor at a time, Plackett-Burman, full factorial
design, and central composite design (CCD), as it can be seen in Table 4.2.

Another strategy for enhanced cellulase production is the induced mutagenesis
using UV irradiation with exposure time and distance of 220 seconds and 9 cm. This
method was tested using Aspergillus niger, in which a twofold increase at total cel-
lulase activity was observed when compared to the wild strain (4.159 IU/ml) (Jafari
et al. 2017).
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Table 4.2 Optimum conditions for enhanced production of cellulase by different microorganisms

Optimization | Optimum conditions for Cellulase activity/
Microorganism | methodology | cellulase production productivity Reference
Fungi
Aspergillus RSM Using 40 mesh size substrate, | 112 pg/mL/min | Imran
tubingensis 8 g substrate, 80% moisture, et al.
IMMIS2 5 mL inoculum, 0.5 g urea, (2017)
0.1 g KCl, 0.1 g CaCl,, and
0.06 g MgSO,
Penicillium CCD and Use of fed batch fermentation, | 158.38 U/L/h Han et al.
oxalicum RE-10 | RSM with no influence of carbon (2017)
and nitrogen source
Trichoderma sp. | Full factorial | Growth media with 25.0 g/LL | 89.35 FPU/L De Sousa
CMIAT 041 design of cellulose, 20.0 g/L of crude et al.
glycerol, 0.6 g/L of yeast (2018)
extract, and 1.5 g/L of
ammonium sulfate
Trichoderma sp. | Full factorial | Growth media with 25.0 g/L. | 138.48 FPU/L De Sousa
CMIAT 054 design of cellulose, 10.0 g/L of crude et al.
glycerol, 1.4 g/L of yeast (2018)
extract, and 3.5 g/L of
ammonium sulfate
Trichoderma RSM Solid state fermentation during | 90.43 1U/gds Sangwan
atroviride 5.5 days, 32.5 °C, pH 5.5, and et al.
spore suspension of 1.75 mL (2015)
Trichoderma RSM Growth media volume of 30%, | 1.066-2.99 IU/mL | Baz et al.
viride 1.5 g/L peptone, and 0.4 g/L. | (64% increase) (2016)
of surfactant
Pycnoporus CCD 70% (v/v) palm oil mill 16.073 ITU/mL Teoh et al.
sanguineus effluent concentration, (2017)
350 rpm agitation speed, and
1.0 vvm aeration rate
Bacteria
Bacillus RSM Growth media with esculin 3340 IU Dutta
stratosphericus (1.9 g/L), K,HPO, (0.5 g/ L) et al.
and MgSO, (0.3 g/L) (2017)
Bacillus subtilis | CCD and Media with 2% substrate 3.50 £ 0.11 IU/ml | Irfan et al.
K-18 RSM concentration, 2% inoculum (2017)

size, 1% yeast extract, pH 5.0,
incubation temperature of

50 °C for 24 h of fermentation
period

(continued)
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Table 4.2 (continued)

Optimization | Optimum conditions for Cellulase activity/
Microorganism | methodology | cellulase production productivity Reference
Halobacillus sp. | Plackett- Temperature of 30 °C, 23.19-175.47 Korany
QLS 31 Burman fermentation time of 2 days, U/mg (7.5-fold etal.
pH 9, CMC concentration increase) (2017)

(1%), inoculum size (1%),
yeast extract concentration
(0.1%), ammonium sulfate
((NH;),SO,) concentration
(0.1%), sodium chloride
(NaCl) concentration (20%),
and metal inducers: ZnSOy,
(0.1%) and Ca/Mg ratio

(0.01%)
Achromobacter | RSM Solid state fermentation at 107.7-512.98 Hareesh
xylosoxidans 40 °C, pH 5, moisture of 60%, | U/gds (3.7-fold et al.

and incubation time of 6 hours | increase) (2016)
Bacillus RSM Growth media with carboxy 42.99 TU/mL Shajahan
licheniformis methyl cellulose, 19.21 g/L, (threefold et al.
NCIM 5556 CaCl,-6H,0, 25.06 mg/L, increase) (2017)

Tween-20, 2.96 mL/L and
temperature of 43.35 °C

Optimization tools will support several process advances, to maximize production,
process concentration, and overall yield, with clear economic potential.

4.4 Conclusion

The use of cellulases in industrial applications has already been proven to be
extremely effective in several areas, this enzyme being a faithful ally in the pro-
duction of quality products with lower environmental impacts. However, there are
still several barriers to be broken so that this class of enzymes is also used in the
large production scale of biofuels, among other processes of enzymatic catalysis
starting from complex substrates and difficult to cleave. The cellulase production
by microorganisms is reported for different species, such as fungi, bacteria, and
actinomycetes, but only a few are able to produce significant amounts, where
fungi are highlighted, especially due to the excretion of the enzyme. Several
approaches have been used to support and maximize their production, such as
bioprospecting and screening of new biocatalysts, optimization process, and
genetic engineering, among others. The use of genetic engineering still focus on
higher tolerance of microorganisms against adverse conditions but little on how
different genetic techniques can improve cellulase production. In this scenario,
further studies are needed. The advances in this area should make the obtaining of
these biocatalysts in the quantity and quality sufficient for the industrial scale,
opening several precedents for its application in commercial products.
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Chapter 5

Role of Solid-State Fermentation

to Improve Cost Economy of Cellulase
Production

Sheelendra M. Bhatt and Shilpa Bhat

5.1 Introduction

Cellulase is the third largest industrial enzyme used all around the world because of
the growing interest in the demand of the biofuel from the lignocellulosic wastes.
Cellulase found its applications in many fields ranging from brewery and wine
industries, animal feeding, food and textile, laundry, paper and pulp industries, and
biofuel industry as mentioned in Table 5.1. Cellulases are produced by a number of
microorganisms including bacteria and fungi. The filamentous fungus Trichoderma
is well known for its cellulase-producing activity. Cellulases are multienzyme com-
plexes consisting of mainly three different components, endo-1,4-b-D-glucanase
(EC 3.2.1.4), exoglucanase/exo-cellobiohydrolase (EC 3.2.1.91), and b-glucosidase
(EC 3.2.1.21). All these three parts act synergistically to hydrolyze the cellulose
polymer totally into its glucose monomers. Most of the wild strain of Trichoderma
produces the enzyme with less or no B-glucosidase (Singhania et al. 2010).

Now to improve the economy of cellulase production, rDNA technology has been
used to improve the production rate along with specificity and selectivity (Anderson
et al. 2005). Therefore enzyme demand is increasing with around 4% rate annually as
per the reports of CAGR 2012-2014 (Global Industrial Enzyme Market Report 2013).
Now more patent is coming in cellulase improvement as mentioned in Table 5.2.

Cellulase is part of hydrolase (proteases) which captures around 60% of the mar-
ket share (Sukumaran et al. 2005). The main attempt via rDNA is specificity so that
enzyme loading can be increased. North America is the highest user of cellulase,
while among developing countries, the Asia Pacific and African countries are the
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Table 5.1 Applications of cellulases

Type of Enzymes

industry in use Applications

General Cellulase | (a) Used for improving the softness and drape of the fabric. For

purpose biopolishing of cellulosic fabric, cellulases are used in acidic
conditions

(b) Used for the removal of the indigo dye trapped inside the fibers
by combined action of enzymes and mechanical agitation of the
fabric

Pectinase | For bio-scouring of cellulosic fabric, pectinases are used which work
better under alkaline conditions

Pectin and associated hemicelluloses are hydrolyzed from the fabrics
and removed in an eco-friendly manner

Catalase Used as bleaching agent

Laundry Alkaline Protein-based stains are degraded into small readily soluble peptides
detergents | protease and amino acids and are easily removed during washing process.
Hence efficiency of detergents is increased

Alkaline To decompose starch-based stains, it is used in automatic

amylase dishwashing liquid detergent formulations where starch-based stains
are degraded into small, readily soluble compounds and thus can be
removed easily during washing process

Alkaline Used for decomposition of fatty-based stains like fats, butter, and
lipase salad oil

leaders. The leading industry for cellulase production is Novozyme (Global
Industrial Enzyme Market Report 2013) followed by DSM and DuPont. The world-
wide industrial enzymes market is relied upon to achieve USD 9.63 billion by 2024,
as indicated by report of Grand View Research, Inc. (Revenue, USD Million, 2013—
2024 (https://www.grandviewresearch.com/press-release/global-industrial-
enzymes-market). Novozyme and Genecore both are trying to reduce the cost of
production of cellulase, for example, Genecore has developed a mutant strain named
as “Accellerase” 1000 and “Accellerase” 1500 by genetically modifying strain
with high pB-glucosidase activity and at lower price. Accellerase produces both cel-
lulase and xylanase together to digest complete cellulose in the form of xylan and
glucan (http://www.genencor.com). The main problem lies due to lack of beta-
glucosidase which causes accumulation of cellobiose that further causes inhibition
of endoglucanase. To cope up with this problem, sometimes an external supply of
B-glucosidase is essential for cocktail preparation of enzymes which can be used for
biofuel production. Since most of the cellulase acts between pH 4 and 6, most of the
hydrolysis experiments use acidic pretreatment.

5.2 SSF Mode of Cellulase Production

Historically, submerged fermentation was used to produce cellulase at large scale.
However, it was soon realized that it’s very costly due to low cellulase production
and overall high operational cost in downstream processing. For example, in
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Table 5.2 List of commercial enzymes, their suppliers, and source of production

Enzyme samples Supplier Source
1 | Cellubrix (Celluclast) Novozymes, Denmark T. longibrachiatum and A.
niger

2 | Novozymes 188 Novozymes A. niger

3 | Cellulase 2000L Rhodia-Danisco (Vinay, France) | T. reesei, T. longibrachiatum
4 | Rohament CL Rohm-AB Enzymes (Finland) T. reesei, T. longibrachiatum
5 | Viscostar 150L Dyadic(Jupiter, USA) T. reesei, T. longibrachiatum
6 | Multifect CL Genencor Intl. (S. San Francisco, |T. reesei

CA)
7 | Biofeed beta L Novozymes T. reesei, T. longibrachiatum
8 | Energex L Novozymes T reesei, T. longibrachiatum
9 | Ultraflo L Novozymes Treesei, T. longibrachiatum
10 | Viscozyme L Novozymes T reesei, T. longibrachiatum
11 | Cellulyve 50L Lyven (Colombelles, France) | T. reesei, T. longibrachiatum
12 | GC 440 Genencor-Danisco (Rochester, T. reesei, T. longibrachiatum
USA)

13 | GC 880 Genencor T. reesei, T. longibrachiatum
14 | Spezyme CP Genencor T. reesei, T. longibrachiatum
15 | GC 220 Genencor T. reesei, T. longibrachiatum
16 | Accellerase 1500 Genencor T. reesei

17 | Cellulase AP30K Amano Enzyme A. niger

18 | Cellulase TRL Solvay Enzymes (Elkhart, IN) T. reesei, T. longibrachiatum
19 | Econase CE Alko-EDC (New York) T. reesei, T. longibrachiatum
20 | Cellulase TAP106 Amano Enzyme (Troy, VA) T. viride

21 | Biocellulase TRI Quest Intl. (Sarasota, FL) T. reesei, T. longibrachiatum
22 | Biocellulase A Quest Intl. A. niger

23 | Ultra-low logen (Ottawa, Canada) T. reesei, T. longibrachiatum

microbial(ULM)

Source Singhania et al. (2010)

bioethanol production from lignocellulose, cellulase cost is considerable since pro-
duction cost goes around 20-50% (Himmel et al. 2007).

This was understood since most of the cellulase is produced by the fungus which
needs to grow over the solid bed. That’s why solid-state fermentation was reported
to be more economical as compared to submerged fermentation. Another advantage
of solid-state fermentation is that it requires less liquid media, is easy to maintain,
minimum cost is required for downstream processing and purification of cellulase
enzyme is convenient. The only drawback of SSF is the problem of heat and mass
transfer during fermentation which could be solved by using microbes which are
thermotolerant. Solid-state fermentation is commonly used to prepare fermented
foods like miso, pickles, soya sauce, and other foods in most of the Asian countries
(Sukumaran et al. 2005).Therefore, we will discuss about how cellulase is produced
and how they can be modified with more focus on SSF mode optimization
strategies.
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5.3 SmkF Versus SSF

Many research reports show a comparison of work in submerged (SmF) versus SSF
mode to see which one is more feasible and has high production rate. For details, see
Table 5.3 (Deshpande et al. 2009; Gamarra et al. 2010; Gautam et al. 2010; Han
et al. 2017; Kannahi and Elangeswari 2015; Radhika et al. 2013).

Various species of Pleurotus (viz., P. florida, P. ostreatus, and P. sajor-caju) have
been compared for cellulase production in SmF and SSF mode using different sub-
strates like rice husk, paddy straw, rice bran, sawdust, sesame oil cake and wheat
bran (Radhika et al. 2013). Based on the work done by different authors, it was
reported that cellulase was better produced in SmF, while laccase was produced bet-
ter with SSF (Gautam et al. 2011).

Some worker uses Penicillium oxalicum in SSF mode to investigate commercial
cellulase production in shake flask and then scale up to 7-liter vessel. Optimum pH
and temperature were pH 5 and 50 °C, respectively. At 50 °C, the produced cellulase
retained approximately 50% and 26% of its activity at 48 h and 72 h, respectively.
Thus, it was concluded that this strain can be used to produce commercial cellulase
(Saini et al. 2015).

In an another study, pineapple peel was used as a substrate for cellulase produc-
tion under SmF fermentation using Aspergillus niger and Trichoderma viride, and it
was reported that Aspergillus niger can be used for large-scale production of cellu-
lase (Kannahi and Elangeswari 2015). In an another study, Penicillium oxalicum
RE-10 was used for cellulase production under fed-batch fermentation, and optimi-
zation was done using Plackett-Burman design (PBD) and central composite design
(CCD) (Han et al. 2017). In this work, the author has reported fed-batch fermenta-
tion enhances the cellulase production as compared to submerged fermentation and
cellulase productivity was increased from 105.75 U/L/h in batch fermentation to
158.38 U/L/h in fed-batch fermentation (Table 5.4).

A decent survey composed over a similar investigation of SmF versus SSF which
demonstrates that the economy of cellulase creation lies more with SSF when con-
trasted with SmF (Srivastava et al. 2018). Trichoderma reesei (QM 1914) strain has
been also used in submerged fermentation (Neagu et al. 2012) using wheat bran or

Table 5.3 Cellulase enzyme Manufacturer Patents
manufacturer and patents’
source (Singhania et al. 2010)

Novozymes, Bagsvaerd, Denmark | 902
Genencor, Copenhagen, Denmark | 355

DSM, Delft, the Netherlands 398
AB Enzymes, Feldbergstrasse, 22
Germany

ADM, Illinois, USA 2
logen, Ontario Canada 39
Dyadic, Florida, USA 11

Enmex, Tlalnepantla, Mexico 1
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sawdust that performed better production at low temperature. Cellulase production
with white-rot basidiomycetes fungi in solid-state versus submerged cultivation
(Bentil et al. 2018).

The main problem reported during submerged fermentation was high viscosity
of the medium and low pH which hampers the growth of fungus Trichoderma, and
thus it can be resolved by SSF which may prove better for enhanced cellulase
production (Chang et al. 2017). Some authors modified parent strain for more
glucose consumption so that there should not be oxygen-limiting conditions and
thus even in viscous medium cellulase production would not cease. As we have
discussed, ameliorating oxygen supply is one of the major challenges encoun-
tered in cellulase production in submerged mode. Therefore, modifying
Trichoderma reesei with bacterial hemoglobin gene has shown to have a profound
effect on cellulase production as much as 2.2-fold increase as compared to parent
strain (Su et al. 2017).

Table 5.4 Comparison of submerged fermentation (SmF) and solid-state fermentation (SSF)

Parameter SmF SSF

1. Cellulosic Pure cellulose Utilization of the natural
substrate cellulosic wastes as substrates
2. Aseptic Required to avoid contamination under Aseptic conditions can be
conditions high-moisture conditions curtailed under water-limited

conditions of fermentation

3. Substrate A max utilization of only 5% in SmF process | The amenability of SSF

utilization technique to utilize 20-30% of
the substrate makes it more
promising

4. Moisture Large volumes of water needed Carried out in the absence of

requirements free flowing water

5. Process Generally involves mixing, aeration, control, | Generally operated under static

parameters and monitoring of temp, pH, dissolved conditions

oxygen, and gas flow rates and therefore
profitable in terms of its higher degree of
process control and monitoring

6. Effluent Large volume of effluents discarded Virtually no effluent generation

generation

7. Scale-up Easy scale-up and industrial equipment’s are | Scale-up is problematic, new
available design equipment’s are needed

8. Energy High Low

consumption

9. Productivity | 30-80 g/L 100-300 g/L, 2-3 times higher

enzyme production as well as
protein rate also enhanced titers
of the product in the medium

10. Requires DSP Air-dried fermented solids can
Downstream be directly used as source of
processing enzyme eliminating the need of

expenses on DSP
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5.4 Microbes and Other Conditions in SSF

Various microbes are used for cellulase production especially various species of
fungus like Trichoderma and Aspergillus using lignocellulosic substrates (Chahal
et al. 1996; Mrudula and Murugammal 2011). The fungus is thought to be more
beneficial for cellulase production because of the presence of a complete cellulase
system, and moreover it secretes enzymes extracellularly as compared to the bacte-
rial system. There are various strains of fungus which lack some important compo-
nent in enzyme complex such as p-glucosidase, which is not synthesized in
Trichoderma while endo- and exoglucanases are lacking in Aspergillus. Other
microbes used in SSF mode are Penicillium oxalicum which secrete higher - glu-
cosidases when grown in cassava residue (Su et al. 2017). It has also an advantage
that no inhibition of enzyme is reported due to accumulation of cellobiose. Another
advantage was an increase in twofold enzyme secretion without any optimization of
media conditions. Similarly with soybean hulls, Aspergillus tends to produce high
B-glucosidase (Julia et al. 2016). Similarly, high concentration of enzyme is pro-
duced in newly designed reactor FERMSOSTAT where Aspergillus Niger USM Al
1 was grown on the mixture of sugarcane bagasse and palm kernel cake as sub-
strates at 1:1 (w/w) ratio. As a result, 62.6 U/g of CMCase activity was obtained
under optimized conditions. Some modification in SSF mode such as the use of
fed-batch SSF also resulted in enhanced results in cellulase enzyme production
(Zhu et al. 2006). However, some workers reported that improved enzyme activity
was observed at low pH conditions ranging from 3 to 5 (Lee and Koo 2001). In the
50 L reactor, under the fed-batch conditions, high titer of cellulase was recovered
using Trichoderma reesei (C30) (Hendy et al. 1984). Fed-batch process frequently
evacuates impediment of low water and supplement glucose which is a constraint
regularly experienced in SSF mode. It has been observed that (Lee and Koo 2001)
supply of glucose up to 45 g/L increased cellulase production manifold. This strat-
egy is well suitable for cocktail production of enzymes also (Passos et al. 2018).

5.5 Role of Inducer/Accessory Proteins in Cellulase
Production

It has been observed that supply of accessory protein such as LPMO and swollenin
helps in swelling of cellulose. LMPO is lytic polysaccharide monooxygenases
(Seidl et al. 2008) and was first reported in some insects which is required for an
effective deconstruction activity.

Cellulase Secretary Pathway

Groleau et al. demonstrated that some protein aggregates that were larger than
4 x 10° kDa were having a role in cellulase secretion. This protein was called as
LMPO. It has been reported that sometimes cellulase is secreted during starvation
conditions. Therefore some signaling molecules activated in Aspergillus nidulans
are responsible for the release of cellulase in the extracellular medium (Brown et al.
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2014). In Clostridium acetobutylicum ATCC 82, cellulase secretion depends on the
specific substrate, for example, glucose and cellobiose inhibited cellulase produc-
tion, while xylose enhanced cellulase secretion (Lopez-Contreras et al. 2004). Some
workers observed the role of farnesol, which was first discovered quorum-sensing
molecule, in high secretion of cellulase due to the highly responsive role.

5.6 Cellulase Optimization Strategies

Optimization of cellulase production has been conducted in various studies by
(Ellouz Chaabouni et al. 1995; Harendra et al. 2013; Jampala et al. 2017;
Muthuvelayudham and Viruthagiri 2007; Prasanna et al. 2016; Sethi et al. 2013).
Various microbes were selected such as Penicillium, Trichoderma, etc. where high
endoglucanase activity was reported (Prasanna et al. 2016). Other microbes such as
Aspergillus flavus NSPRO17, Aspergillus flavus NSPRO16, and Aspergillus flavus
NSPRO19 were used over various agricultural wastes such as orange peel for cel-
lulase production. The author has reported production strategies were optimal with
alow-cost system which may be useful for industrial production of cellulase enzyme
(Juliet et al. 2013). The various workers have also optimized the media components
using CCD (Gunny et al. 2015) and RSM (Muthuvelayudham and Viruthagiri 2010;
Saravanan et al. 2013; Thakkar and Saraf 2014). A couple of thermophilic strain
likewise has been streamlined utilizing RSM innovation for cellulase generation
(Shajahan et al. 2017). Generally, Plackett-Burman design has been used for screen-
ing of nutrients and media conditions and then optimization by using RSM selecting
more factors with interaction among each factor. The author reported that pH 9 was
best for high production of exo-cellulase production from Bacillus cereus in sub-
merged conditions (Tabssum et al. 2018). Initial screening of media components
using multiple regression analysis shows media factors such as Tween 20, CaCl,,
ammonium nitrate, ammonium chloride, and yeast extract affect most of the cellu-
lase production (Shajahan et al. 2017). After optimization, it was revealed that best
nitrogen source was yeast extract which boosts growth and cellulase production for
Bacillus subtilis (Muthuvelayudham and Viruthagiri 2010). Also, sugar produced
by microbial cellulase was reported to be 3.85 mg/ml and 2.30 mg/ml after 6 h of
incubation at 50 °C, and percent hydrolysis of commercial cellulase and local cel-
lulase was 19.25% and 11.50%, respectively. The low saccharification rate observed
in indigenous methods was due to the production of some inhibitors during biopro-
cessing of cellulose. In recent work (Mohapatra et al. 2018), it has been reported
that Aspergillus fumigatus produces high FPase and CMCase under optimized con-
ditions using RSM. The total sugar reported was 396.6 and 355.8 (mg/g), and after
xylanase addition, it further increased to 478.7 and 483.3 (mg/g). For CMCase,
optimum pH reported was 4, while for FPase optimum pH reported was 5. Some
authors reported that type of lignocellulose also matters a lot in significant produc-
tion of cellulase, while the presence of some metal ions such as Mg*? and Ca + 2 also
plays a significant role in protein synthesis after transcription.
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Economical production of cellulase therefore depends on various medium fac-
tors and bioprocessing steps involved adapted such as pretreatment, hydrolysis, and
fermentation. For example, hydrolysis of the substrate takes around 40% cost of the
total production cost in cellulolytic enzyme production. For optimum cellulase pro-
duction, selection of substrate, microorganisms, other conditions are important
parameters (Deshavath et al. 2018), pretreatment of lignocellulosic biomass is also
a cost-effective factor for industrial production of cellulase. For example, alkaline
pretreatment mostly uses NaOH which may prove helpful in lowering down the cost
since it’s able to solubilize both hemicellulose and lignin. Sometimes the design of
the reactor is also helpful such as stirred tank reactor (STR) which has been success-
fully employed in increasing enzyme production up to 51.3 FPU/g using sorghum
(Deshavath et al. 2018). Recently for economical production of cellulase, stirred
tank reactor has been used for alkaline-pretreated agrowaste using Phanerochaete
chrysosporium NCIM 1106 (Tabssum et al. 2018). One recombinant strain of Pichia
pastoris is produced where p-glucosidase gene (bgl) was expressed from Aspergillus
niger (Xia et al. 2018) that resulted in high production of pB-glucosidase (129 1U/
mL) using corn powder. Some researchers have created a mutant of Penicillium
Jjanthinellum and checked cellulase production in the small bioreactor in presence of
CSL. As a result, production of cellulase was doubled as compared to the normal
one (up to 5.44 + 0.3 FPU/ml at 168 h) (Singh et al. 2018).

Similarly, some gene activator were used recently for producing over an expres-
sive strain of T reesei RUT-C-30 called as Trvib-1. As a result cellulase production
reported to increase 200 times (Fig. 5.1) (Zhang et al. 2018). The author has reported
that treatment of this strain with corn stover resulted in enhanced sugar production
after a 40% improvement in hydrolysis.

Recently some worker reported that some bacterial strain such as Bacillus subti-
lis MU S1, a strain isolated from Eravikulam National Park, resulted in 3.2 times
more production of cellulase using CMC after optimization with Plackett-Burman
design (Sreena and Sebastian 2018). Optimized cellulase concentration level was
566.66 U/ml at pH 7 and other media components such as yeast extract, CMC,
NaCl, MgS0O,, and NaNO;.

5.7 Microbial Consortia Applications

Consortia are intuitive groupings of microorganisms, multispecies collections
which have been utilized as of late for application in SSF mode for practical cellu-
lase creation and all the while for improved saccharification (Angenent and Wrenn
2008). Use of microbial consortia has also find its applications in expansive scale
biogas and biopolymer creation (Kleerebezem and van Loosdrecht 2007). What’s
more, against monoculture approaches, microbial consortia are more valuable for
improved absorption and transformation of lignocellulose biomass (Eiteman et al.
2008; Shao et al. 2009; Szambelan et al. 2004). In efficient production of cellulase,



5 Role of Solid-State Fermentation to Improve Cost Economy of Cellulase Production 79

Fig. 5.1 Cellulase (" Cellulase hyperproducer strain
hyper-producing strain
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different Basidiomycetes species have been accounted for, for example,
Phanerochaete chrysosporium, Ceriporiopsis subvermispora, Phlebia subserialis,
and Pleurotus ostreatus, which likewise has been utilized in delignification of cot-
ton stalks (Kumar et al. 2009); P. chrysosporium, Phanerochaete chrysosporium,
Phlebia radiata, Dichomitus squalens, Rigidoporus lignosus, and Jungua separa-
bilima (Shi et al. 2008) have been utilized in delignification of wheat straw
(Magnusson et al. 2008). Mostly saprophytic fungi secrete cellulase and xylanase
together (Kumar et al. 2012; Zeng et al. 2011). This may result in upgraded sac-
charification, while a few strains of organisms have been utilized for separation of
silica from rice, e.g., Fusarium (Bansal et al. 2006; Della et al. 2002; Yu et al. 2010).
Moreover, expanded recovery of cellulose has been accounted for from rice straw
after consolidated utilization of ammonia and ionic fluid (1-Ethyl-3-
methylimidazolium acetate (Emim)Ac) for 82% of the cellulose recovery with 97%
of the enzymatic saccharification (Nguyen et al. 2010; hua Li et al. 2010; Binder
and Raines 2010). Improved enzymatic recovery of cellulose (30.6%) and 43.3%
hemicellulose gotten from rice after microwave helped pretreatment (Ma et al.
2009). Fungal pretreatment isn’t just environment-friendly methodology; however
cellulose generation additionally is expanded (Sanchez 2009).

Auto hydrolysis and organosolv delignification have been utilized for fractionation
of Eucalyptus globulus wood (Romanti et al. 2011). As of late, it has been accounted
for that building of microbial consortia can complete complex capacities and they
may be more powerful to changes in their surroundings than are singular populaces
(Brenner et al. 2008). Advancement of symbiotic consortia for lignocellulosic biofuel
creation is additionally revealed by (Zuroff and Curtis 2012). Characteristic and
designed collaborations might be a promising strategy for community control and
regulation. Organism, consortia, and bioprocess configuration must propel as an
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inseparable unit with specialized and monetary possibility keeping in mind the end
goal to make lignocellulosic biofuels a reality.

5.8 Process Economy of Production and Extraction
in SSF Mode

For the process economy of cellulase production, some worker prefer to use con-
solidated bioprocessing which is a single step and easy to use (Lynd et al. 2008).
Also, the major focus was to increase thermo stability and enzyme catalytic effi-
ciency and reuse of enzymes for further lowering down the cost of cellulase produc-
tion. Some anaerobic bacteria reported possessing cellulosome which is known to
degrade cellulose via using carbohydrate-binding modules (CBMs) joined by a flex-
ible linker. It has also been reported that the presence of CBM in cellulosome
increases enzyme activity many folds (Byrt et al. 2012). CBM also enables microbes
to sustain high temperature and thus high efficiency can be achieved. This activity
was reported after site-directed mutagenesis in Bacillus (Yin et al. 2011). CBM is
thought to play a role in catalytic domain to substrate cellulose and improve the
efficiency of the cellulase by enabling digestion within the bulk of the film (Reyes-
Ortiz et al. 2013).

For extraction of cellulase, acetate buffer has been employed (Marin et al. 2018)
at pH range 4-5. The authors have reported different activities of cellulase in differ-
ent extraction buffers (Marin et al. 2018) and reported that optimal ratio of solid bed
versus buffer should be 1:4 for optimized extraction of beta-endoglucanase using
fermented wheat bran and for total extraction of enzyme, the recommended ratio
was 1:15. Cellulase activity was measured by FPase activity as per Ghosh et al. The
authors also compared the static versus dynamic mode of cell separation (centrifu-
gation). It was accounted for that in static mode, enzyme action was more when
contrasted with dynamic mode. In theoretical it’s fundamental to enhance the
extraction condition in SSF mode which relies upon substrate utilized, pretreatment,
and pH along with extraction buffer (Pirota et al. 2013). Some author reported that
other conditions such as solid to liquid ratio, the type of agitation, the temperature,
and the contact time are also an important variable (Castilho et al. 2000). Very few
economic analysis have been done for extraction of cellulase (Klein et al. 2016)
limited to biofuel production. For that, the author has developed a “Bioeconomics”
tool that can simulate total capital cost and cost incurred in total production of lipase
enzyme. Based on the work done, the author concluded that for extraction of
enzyme, SSF seems to be more costly in terms of total equipment investment since
one has to change the equipment in case of SSF as compared to submerged fermen-
tation (SmF). However, in terms of high enzyme production, SSF was most suitable
as compared to submerged fermentation. (Klein-Marcuschamer et al. 2012). Here in
the experiment, economic analysis was done for calculating cost of enzyme for
ethanol production from acid pretreated corn stover. They also focused that overall
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half of the total cost of enzyme incurred in equipments via SSF mode and the rest
one third of enzyme cost incurred in raw material used.

5.9 Pilot-Scale Production Strategies

Since most recent 10 years, more broad work has been done for pilot-scale produc-
tion of cellulase (Liming and Xueliang 2004; Juturu and Wu 2014; Ahamed and
Vermette 2008; Srivastava et al. 2018). A few authors utilized thermotolerant yeast
strain Kluyveromyces marxianus CECT 10875 in SSF to deliver ethanol with com-
mercial cellulase after treatment of Sorghum sp. bagasse, wheat straw, and Brassica
carinata residue. A few creators assessed sparing generation systems, and their
finding uncovers that when contrasted with SMF, SSF is more prudent and favorable
(Srivastava et al. 2018). Steps of pilot-scale production have been shown in Fig. 5.2.

One exceptionally fascinating work has been specified as utilization of coffee
husk for cellulase and xylanase generation utilizing microbial consortia (Cerda
et al. 2017). According to their tests, just issue confronted was increment in tem-
perature in bioreactor which prompts decrease in cellulase creation for which they
have suggested thermotolerant species in bioreactor. The greater part of the worker
leans toward SSF mode amid merged handling where microorganisms and substrate
are utilized at the same time. An exceptionally intriguing work has been done to
enhance pilot-scale generation of cellulase utilizing cane molasses and cellulosic
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biomass as soybean hull in presence of Trichoderma reesei (Ellili et al. 2017). These
authors utilized invertase by including Aspergillus niger in the medium for most
extreme hydrolysis of cane molasses sugar.

The author detailed that little adjustment in medium can upgrade cellulase gen-
eration and can be a decent choice for commercial cellulase preparations. Some
novel strategies were adjusted by putting fermentation in semi-simultaneous sac-
charification and fermentation mode (SSSF) (Gomes et al. 2018). Downstream
processing is so far less studied division at pilot scale (Marin, Artola, and Sdnchez
2018). For zero waste-based enzyme generation, two-stage enzyme extraction was
finished.

5.10 Conclusion

In brief we can conclude that SSF or SmF mode choice depends on the type of sub-
strate used and microorganisms selected. Besides this recombinant DNA, technol-
ogy has played a vital role in lowering down the cost of cellulase further. Mutant
strain is more robust and efficient as compared to wild type in terms of cellulase
production. Additional requirements of metals and inducers may boost additional
production of enzyme, while SSF mode and batch or fed-batch reactor may further
be helpful in improving production of cellulase. Thus overall production of cellu-
lase depends on equipments’ cost and medium components (Singhania et al. 2007).
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Chapter 6
Cellulose as a Potential Feedstock
for Cellulose Enzyme Production

Soni Tiwari and Tuhina Verma

6.1 Introduction

Cellulose is the most plentiful renewable natural resource and a cost-effective
energy source based on energy content (Lynd et al. 2008; Zhang 2009). The genera-
tion of bio-based products and bioenergy from cost-competitive renewable lignocel-
lulosic materials would bring profit to the neighboring economy, atmosphere, and
national energy safety (Zhang 2008). High overheads of cellulases are one of the
major problems for commercialization of biomass biorefineries since a huge quan-
tity of cellulase is consumed for biomass saccharification (Zhang et al. 2006; Zhu
et al. 2009). In order to decline cellulase use, enhance volumetric yield, and dimin-
ish center asset, consolidate bioprocessing (CBP) has been planned by integrating
cellulase production, cellulose hydrolysis, and ethanol fermentation in a single step
(Lynd et al. 2002, 2008). Cellulases are the enzymes that hydrolyze p-1,4 linkages
in cellulose polymer. Cellulases are produced by microorganisms (fungi, bacteria,
and protozoans), plants, and animals. The catalytic units of cellulases have been
classified into several families based on their amino acid sequences and crystal
structures (Henrissat 1991). Cellulases comprise noncatalytic carbohydrate-binding
modules (CBMs) and other functionally known/unknown units, which may be situ-
ated at the N- or C-terminus of a catalytic unit. Complete cellulose hydrolysis is
mediated by a grouping of three major types of cellulases: (1) endoglucanases (EC
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3.2.1.4), (2) exoglucanases (EC 3.2.1.91), and (3) p-glucosidase (BG) (EC 3.2.1.21).
Several microorganisms must produce the cellulases that are either free or cell-sur-
face-bound to hydrolyze and metabolize cellulose. Cellulases are ever more being
used for a huge range of manufacturing purposes—in the textile, pulp and paper
industry, and food industry, as well as an stabilizer in detergents and improving
digestibility of animal feeds. Currently, cellulases account for a considerable share
of the world’s trade enzyme market. The increasing concerns about reduction of
crude oil and the discharges of greenhouse gases have forced the generation of bio-
ethanol from lignocellulose, particularly during enzymatic hydrolysis of lignocel-
luloses resources—sugar platform (Bayer et al. 2007; Himmel et al. 1999; Zaldivar
et al. 2001). While expenditure of cellulase for hydrolysis of pretreated lignocellu-
losic materials require to be reduced, their catalytic competence should be further
improved in order to make the process cost-effectively (Sheehan and Himmel 1999).
Cellulolytic enzymes with enhanced catalytic competence and improved thermosta-
bility are significant to commercialize lignocellulose biorefinery. Individual cellu-
lase can be improved by using either rational design or directed advancement.
Though improvements in cellulase presentation have been incremental, no harsh
activity enrichment has been reported to time. The further improvement on cellulase
presentation desires the improved kind of cellulose hydrolysis mechanisms as well
as the association of cellulase molecular structure, function, and substrate
characteristics.

6.2 Enzymatic Mechanisms of Cellulases

Glycoside hydrolases cleave glucosidic bonds by using acid-base catalysis. The
hydrolysis is carried out by two catalytic residues of the enzyme: a general acid
(proton donor) and a nucleophile/base (Davies and Henrissat 1995). Depending on
the spatial arrangement of these catalytic residues, hydrolysis happens via retention
of the anomeric pattern. For “retaining” cellulases, the anomeric C bearing the tar-
get glucosidic bond holds the substituent pattern after a double-displacement hydro-
lysis with two key glycosylation/deglycosylation steps. By contrast, for “inverting”
cellulases, the anomeric C inverts its (substituent) configuration after a single
nucleophilic displacement hydrolysis (Vocadlo and Davies 2008) (Fig. 6.1).

6.2.1 Endoglucanase

Endoglucanase (CMCase) randomly cuts -1,4 bonds of cellulose chains, produc-
ing new ends (Fig. 6.2). Different endoglucanases are generated by archaea, bacte-
ria, fungi, plants, and animals with different catalytic unit belonging to families 5-9,
12,44, 45, 48, 51, and 74. Fungal endoglucanases also have a catalytic unit with or
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along the cellulose chain to yield gluconic acids (Adopted from Obeng et al. 2017)
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without a CBM, whereas bacterial endoglucanases may possess numerous catalytic
units, CBMs, and other units with unknown function. The catalytic units of most
endoglucanases have a cleft-/grove-shaped catalytic site, which permits the endo-
glucanases to bind and cleave the cellulose chain to produce glucose, soluble cel-
lodextrins, or insoluble cellulose fragment (Fig. 6.2), while several endoglucanases
can work “processively,” based on their capacity to hydrolyze crystalline cellulose
and produce the main yield as cellobiose or longer cellodextrins (Cohen et al. 2005;
Li and Wilson 2008; Mejia-Castillo et al. 2008; Parsiegla et al. 2008; Yoon et al.
2008; Zverlov et al. 2005).

6.2.2 Exoglucanase

Exoglucanases perform in a processive mode on the reducing or nonreducing ends
of cellulose polysaccharide chains, liberating either cellobiose or glucose as main
yield (Fig. 6.2). Exoglucanases can efficiently work on microcrystalline cellulose,
presumably peeling cellulose chains from the microcrystalline structure (Teeri
1997). Different CBHs are generated by several microorganisms (bacteria and
fungi) with catalytic units belonging to families 5, 6, 7, 9, 48, and 74 glycoside
hydrolases. Aerobic fungal CBHs are in families 6 and 7 only; aerobic bacterial
CBHs are in families 6 and 48; anaerobic fungal CBHs are in family 48; and
anaerobic bacterial CBHs are in family 9 as well as 48. The most important topo-
logical aspect of CBHs’ catalytic unit is the burrow structure which is created by
two surface loops. The burrow may wrap the total (e.g., family 7 CBH) or part of
the active site (e.g., family 48 CBH). The crystal structures of family 6 endogluca-
nase and exoglucanase allocate the interrelated folding, and the catalytic site of
endoglucanase is the deep cleft structure, whereas it is a burrow for exoglucanase.
The burrow-shaped catalytic site of exoglucanase permits the enzyme to hydrolyze
cellulose in a distinctive “processive” way (Koivula et al. 2002; Vocadlo and
Davies 2008). The glycoside hydrolase family 48 exoglucanases are generally
assumed to take part in crystalline cellulose hydrolysis refereed by bacterial cel-
lulase systems. Their function is assumed to be rather related to that of the
Trichoderma CBHI (Cel7A) (Teeri 1997; Zhang et al. 2006). Family 48 exogluca-
nases are central catalytic machinery of cellulosomes, such as Clostridium cellulo-
Iyticum CelF (Reverbel-Leroy et al. 1997), Clostridium cellulovorans ExgS (Liu
and Doi 1998), Clostridium jusui CelD (Kakiuchi et al. 1998), and Clostridium
thermocellum CelS (Kruus et al. 1995), or main noncomplexed cellulase compo-
nents, such as Cellulomonas fimi CbhB (Shen et al. 1995), Clostridium stercorar-
ium Avicelase I (Bronnenmeier et al. 1991), Thermobifida fusca Cel48 (Irwin
et al. 2000), Paenibacillus barcinonensis BP-23 Cel48C (Sanchez et al. 2003), and
Ruminococcus albus 8 Cel48A (Devillard et al. 2004; Bayer et al. 1985; Zhang and
Lynd 2005).
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6.2.3 p-Glucosidase

B-Glucosidases (BGs) that do not have a CBM hydrolyze soluble cellodextrins and
cellobiose to glucose (Fig. 6.2). The action of BG on insoluble cellulose is insignifi-
cant. BGs cleave cellobiose, which is an identified inhibitor of CBH and endogluca-
nase. Different BGs are generated by several archaea, bacteria, fungi, plants, and
animals, with different catalytic unit belonging to families 1, 3, and 9. Based on
either experimental data or structural homology analysis, the stereochemistry of
families 1 and 3 BGs is of the retaining type, whereas the stereochemistry of family
9 BG is of the inverting type. Nearly all aerobic fungi generate extracellular BGs,
and anaerobic bacteria stay their BGs in cytoplasm. BGs have a pocket-shaped cata-
Iytic site, which permits them to bind the nonreducing glucose unit and clip glucose
off from cellobiose or cellodextrin.

6.3 Cellulose Source Materials and Their Derivatives

Industrial sustainability aims to achieve sustainable production and processing
within the context of ecological and social sustainability (Miyamoto 1997).
Compared to conventional production, sustainable processes and production sys-
tems should be more profitable because they require less energy, result in less emis-
sion of greenhouse gases and other pollutants, enable greater and more efficient use
of renewable resources, and lessen dependence on nonrenewable resources.
Lignocellulosic biomass is the major sustainable resource, comprising around half
of the plant matter produced by photosynthesis and representing the most abundant
renewable organic matter. Lignocellulosic residues from wood, grass, agricultural
and forestry wastes, and municipal solid wastes are particularly abundant in nature
and have a potential for bioconversion, and the production on global scale of these
sources are given in Table 6.1. They constitute a renewable resource from which
many useful biological and chemical products can be derived (Zosel 1994; Van
Berkel 2000; Gavrilescu and Nicu 2004). Industry is truly sustainable only when it
is economically viable, environmentally compatible, and socially responsible
(OECD 1998; UNEP 1999). Lignocellulosic biomass consists of three types of
polymers, cellulose, hemicellulose, and lignin, that are strongly intermeshed and
chemically bonded by non-covalent forces and by covalent cross-linkages. The
major component is cellulose, followed by hemicellulose and lignin. The composi-
tion and proportions of these compounds vary between plants, and chemical com-
position of some of lignocellulosic residues is given in Table 6.2 (McKendry 2002;
Malherbe and Cloete 2002; John et al. 2006, Prassad et al. 2007). Only a small
amount of the cellulose, hemicellulose, and lignin produced as by-products in agri-
culture or forestry is used, the rest being considered waste. Many microorganisms
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Table 6.1 Lignocellulosic Lignocellulosic residues Ton x 10%year

r(?sidues gen.erated from Sugarcane bagasse 317-380

different agricultural sources -
Maize straw 159-191
Rice shell 157-188
Wheat straw 154-185
Soja straw 54-65
Yucca straw 4048
Barley straw 35-42
Cotton fiber 17-20
Sorghum straw 15-18
Banana waste 13-15
Mani shell 9.2-11.1
Sunflower straw 7.5-9.0
Bean straw 4.9-5.9
Rye straw 43-52
Pine waste 3.8-4.6
Coffee straw 1.6-1.9
Almond straw 0.4-0.49
Hazelnut husk 0.2-0.24
Sisal a henequen straw 0.77-0.093

are capable of degrading and utilizing cellulose and hemicelluloses as carbon and
energy sources. However, a much smaller group of filamentous fungi has evolved
with the ability to break down lignin, the most recalcitrant component of plant cell
walls. These are known as white-rot fungi, which possess the unique ability of effi-
ciently degrading lignin to CO,. Accumulation of lignocellulose in large quantities
in places where agricultural residues present a disposal problem results not only in
deterioration of the environment but also in loss of potentially valuable material that
can be used in paper manufacture, biomass fuel production, composting, and human
and animal feed, among others.

6.4 Sources of Cellulases

Microbial cellulases are the most economic and available sources to meet the indus-
trial scale, because microorganisms can grow on an inexpensive media such as agri-
culture and food industry by-products. Certain microbial sources that are studied
for cellulase production are listed in Table 6.3.
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Table 6.2 Composition of some lignocellulosic materials

Lignocellulosic residues Lignin (%) | Hemicellulose (%) | Cellulose (%) | Ash (%)
Hardwood stems 18-25 24-40 40-55 NA
Softwood stems 25-35 25-35 45-50 NA
Nut shells 30-40 25-30 25-30 NA
Corn cobs 15 35 45 1.36
Paper 0-15 0 85-99 1.1-3.9
Rice straw 18 24 32.1 NA
Cotton seed hairs 0 5-20 80-95 NA
Newspaper 18-30 2540 40-55 8.8-1.8
Waste paper from chemical pulps 5-10 10-20 60-70 NA
Waste paper from chemical pulps 5-10 10-20 60-70 NA
Switch grass 12.0 314 45 NA
Grasses (average values for grasses) | 10-30 25-50 25-40 1.5
Sugarcane bagasse 19-24 27-32 3244 4.5-9
Wheat straw 16-21 26-32 29-35 NA
Barley straw 14-15 24-29 31-34 5-7
Oat straw 16-19 27-38 31-37 6-8
Rye straw 16-19 27-30 33-35 2-5
Bamboo 21-31 15-26 2643 1.7-5
Bast fiber kenaf 15-19 22-23 31-39 2-5
Bast fiber jute 21-26 18-21 45-53 0.5-2
Leaf fiber abaca (Manila) 8.8 17.3 60.8 1.1
Leaf fiber sisal (agave) 7-9 21-24 43-56 0.6-1.1
Leaf fiber henequen 13.1 4-8 77.6 0.6-1
Banana waste 14 14.8 13.2 11.4

NA not available

6.4.1 Cellulolytic Organisms

Cellulolytic enzymes are produced by a large number of microorganisms. The cel-
lulolytic organisms are found among fungi and bacteria. The organisms are capable
of producing the extracellular hydrolytic enzymes that attack cellulose polymer.
Cellulolytic organisms can be found in all biota where cellulosic waste
accumulates.

6.4.1.1 Fungi

They usually occur in mixed populations comprising cellulolytic and noncellulo-
lytic species, which often interact synergistically. However, relatively few organ-
isms are able to produce the necessary group of enzymes for degradation of
crystalline cellulose (Singh and Hayashi 1995; Beguin and Aubert 1994). Fungi
producing the necessary enzymes for the cell-free degradation of crystalline
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Table 6.3 Certain microbial sources for cellulolytic enzyme production

Organism Enzyme
Bacteria
Acidothermus cellulolyticus Endoglucanase

Alkalophilic Streptomyces

Cellulase, endoglucanase

Anaerocellum thermophilum

Endoglucanase

Bacillus sp. KSM-S237

Endoglucanase

Caldicellulosiruptor saccharolyticus

Endoglucanase, exoglucanase

Caldocellum saccharolyticum

Endoglucanase

Cellulomonas flavigena

B-D-Glucosidases

Clostridium stercorarium

Endoglucanase, exoglucanase

Clostridium thermocellum Endoglucanase
Lactobacillus plantarum B-D-Glucosidase
Pseudomonas fluorescens Cellulase
Pyrococcus furiosus Cellulase
Rhodothermus marinus Endoglucanase
Sulfolobus solfataricus Cellulase

Fungi

Aspergillus aculeatus Cellulase

Aspergillus glaucus XC9

Cellulase (endoglucanase)

Aspergillus nidulans

B-D-Glucosidases

Aspergillus nidulans

B-D-Glucosidases

Aspergillus niger

Cellulase

Aspergillus niger

B-Glucosidase

Aspergillus oryzae

B-D-Glucosidases

Aspergillus sojae

B-D-glucosidases

Chaetomium thermophilum

Endoglucanase

Cladosporium sp.

Endoglucanase, exoglucanase

Humicola insolens Cellulase
Humicola grisea Cellulase
Melanocarpus albomyces Endoglucanase
Metschnikowia pulcherrima B-D-Glucosidase
Mucor circinelloides Endoglucanase
Penicillium pinophilum Cellulase

Rhizopus oryzae

Endoglucanase, f-D-glucosidase

Thermoascus aurantiacus

Cellulase, f-D-glucosidase

Trichoderma reesei

Cellulase

Trichoderma viride

Cellulase
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cellulose generally belong to ascomycetes and dueteromycetes groups or to the
basidiomycetes (Ljundahl and Eriksson 1985). The white-rot fungi are heteroge-
neous and include Phanerochaete chrysosporium and have in common capability to
degrade lignin and other lignocelluloses (Semichaevsky 1989). Among brown-rot
fungi, Poria placenta, Lanzitus trabeum, and Tyromyces palustris are the good
known examples of cellulolytic organisms (Eriksson et al. 1990). They seem to
utilize a mechanism of cellulose degradation different from that operating in P.
chrysosporium. Soft-rot fungi have the capability to deplete both polysaccharides
and lignin; however, the polysaccharides are the main targets for this group. The
well-known Trichoderma reesei produces a complete enzyme system (Reese et al.
1950; Gilligan and Reese 1954; Reese and Mandels 1971). Further, the complete
enzyme system is also reported in Trichoderma koningii (Wood and McCrae 1972),
Penicillium pinophilum (Wood and McCrae 1986; Wood et al. 1989), Penicillium
funiculosum (Wood and McCrae 1986), Penicillium citrinum, Aspergillus niger,
Aspergillus species (DeVries and Visser 2001). The anaerobic rumen inhabiting
fungi also has capability to degrade cellulose to glucose. Survival, metabolism, and
production of hydrolytic enzymes in respect of anaerobic fungi are exclusively
reviewed (Tounissen et al. 1993). This group includes Neocallimastix, Piromyces,
Orpinomyces, and Ruminonyces sp. The major digestion product by the action of
Neocallimastix frontalis cellulase on microcrystalline cellulose is glucose and not
cellobiose. Thermophilic fungi constitute a heterogeneous physiological group of
various genera in the Phycomycetes, Ascomycetes, fungi imperfecti, and mycelia
sterilia and have a growth temperature maximum at or above 50 °C (Kvesitadze
et al. 1986; Maheswari et al. 2000). Chaetomium thermophile, Sporotrichum ther-
mophile, and Thielavia are the well-reported cellulolytic members of this group.
Use of thermophilic fungi for production of enzymes including cellulase is exten-
sively reviewed by Johri and Ahmad (1991).

6.4.1.2 Bacteria

Degradation of cellulose by bacterial systems occurs both aerobically and anaerobi-
cally (Singh and Hayashi 1995, Beguin and Aubert 1994). Among aerobic cellulo-
lytic soil bacteria, several species belonging to the genera Cellulomonas,
Pseudomonas, Thermomonospora, Bacillus, and Microbispora are predominant.
Bacterial degradation of cellulose seems to take place by a cluster of enzymes rather
than individual enzymes as in the case of fungi (Ljundahl and Eriksson 1985).
Anaerobic degradation of cellulose occur in a variety of anaerobic biota such as
manure, compost, sludge of wastewater treatment plants and marine, freshwater
sediments, rumen, and gastrointestinal tract of herbivorous animals (Leschine
1995). Clostridium thermocellum (McBee 1959), Clostridium cellofermentans
(Yanling et al. 1991), Bacteroides xylanisolvens (Murray et al. 1984), Fibrobacter
succinogenes, Ruminococcus albus, and Butyrivibrio fibrisolvens appear to be cel-
lulolytic anaerobes isolated from the anaerobic biota. Only few microorganisms
produce complete set of enzymes capable of degrading native cellulose efficiently.
However, a large number of species produce incomplete systems.
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6.5 Application of Cellulases in Various Industries

6.5.1 Pulp and Paper Industry

In the last decade, the application of cellulases in the pulp and paper industry has
increased significantly (Mai et al. 2004). As compared to the mechanical pulping
processes such as refining and grinding of the woody raw material, the biomechani-
cal pulping using cellulases resulted in substantial energy savings (20-40%) during
refining and also improvements in hand-sheet strength properties were observed
(Singh et al. 2007; Akhtar 1994; Pere et al. 2001; Bhat 2000). Mixtures of cellulases
(endoglucanases I and II) and hemicellulases have also been used for biomodifica-
tion of fiber properties with the aim of improving drainage and beatability in the
paper mills before or after beating of pulp (Dienes et al. 2004). Mansfield et al.
(1996) studied the action of a viable cellulase preparation on different fractions of
Douglas fir kraft pulp and observed that the cellulase treatment decreased the defi-
brillation reducing the fiber coarseness. While endoglucanases have the ability to
decrease the pulp viscosity with a lower degree of hydrolysis (Pere et al. 1995),
cellulases have also been reported to enhance the bleachability of softwood kraft
pulp producing a final brightness score comparable to that of xylanase treatment
(Singh et al. 2007; Suominen and Reinikainen 1993). Cellulases only, or used in
mixture with xylanases, are valuable for deinking of various types of paper wastes.
Cellulases and hemicellulases are also used for the liberation of ink from the fiber
surface by partial hydrolysis of carbohydrate molecules (Kuhad et al. 2010b). It has
been postulated that improvements in dewatering and deinking of various pulps
result in the peeling of the individual fibrils and bundles, which have high affinity
for the surrounding water and ink particles (Kibblewhite et al. 1995). The main
advantages of enzymatic deinking are reduced or eliminated alkali usage, improved
fiber brightness, enhanced strength properties, higher pulp freeness and cleanliness,
and reduced fine particles in the pulp (Kuhad et al. 2010a, b). Furthermore, deinking
by enzymes at acidic pH also inhibits the alkaline yellowing, simplifies the deinking
process, alters the ink particle size delivery, and cuts the environmental pollution.
Though enzymatic deinking can reduce the need for deinking chemicals and inhibit
the unfavorable environmental impacts of the paper industry, too much use of
enzymes must be avoided, because considerable hydrolysis of the fines could ease
the bond ability of the fibers (Stork and Puls 1996; Karnis 1995). Attractively, the
exploit of cellulases in humanizing the drainage has also been followed by several
mills with the intent to enhance the production rate. Enzyme treatments eliminate
some of the fines or rind off fibrils on the fiber surface and dissolved and colloidal
substances, which often cause harsh drainage troubles in paper mills. In this part,
cellulases have shown significant improvement in the overall performance of paper
mills (Bhat 2000; Kantelinen et al. 1995). Enzymatic treatment also destabilizes the
lipophilic extractives in the filtrates and facilitates their attachment to thermome-
chanical pulping fibers. These enzymes are also used in preparation of easily
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biodegradable cardboard (Buchert et al. 1998), manufacturing of soft paper includ-
ing paper towels and sanitary paper (Salonen 1990; Hsu and Lakhani 2002), and
removal of adhered paper (Sharyo et al. 1978).

6.5.2 Textile Industry

Cellulases are the most booming enzymes used in textile dripping processing,
mainly finishing of cellulose-based textiles (Hebeish and Ibrahim 2007; Karmakar
and Ray 2011). Conventional stone washing of jeans entails amylase-mediated
exclusion of starch desizing and abrasion of jeans with pumice stone (1-2 kg/pair of
jeans) in large washing machines. Cellulases have been effectively applied for the
biostoning of jeans and biopolishing of cotton and other cellulosic fabrics.
Throughout the biostoning procedure, cellulases work on the cotton fabric and split
the small fiber ends on the yarn surface, thus releasing the dye, which is easily
removed by mechanical abrasion in the wash cycle. The reward in the substitution
of pumice stones by a cellulose-based action comprises less injure of fibers,
improved efficiency of the machines, and less work-intensive and environment
compassionate (Kuhad et al. 1999; Singh et al. 2007; Uhlig 1998; Galante et al.
1998). The acidic cellulases improve softness and water absorbance assets of fibers,
strongly diminish the affinity for pill formation, and grant a cleaner surface struc-
ture with less fluff (Sreenath et al. 1996). Cellulase preparations rich in endogluca-
nases are best suited for biopolishing enhancing fabric look, feel, and color without
needing any chemical coating of fibers (Galante et al. 1998). The action of cellu-
lases removes short fibers and surface fuzziness, creates a smooth and glossy
appearance, and improves color brightness, hydrophilicity as well as moisture
absorbance, and it is also an environmentally friendly process (Bhat 2000). Similarly,
endoglucanase activity-rich cellulase is also proved better for biofinishing. Most
cotton or cotton-blended garments, during repeated washing, tend to become fluffy
and dull, which is mainly due to the presence of partially detached microfibrils on
the surface of garments. The use of cellulases can remove these microfibrils and
restore a smooth surface and original color to the garments (Hebeish and Ibrahim
2007; Ibrahim et al. 2011). The use of cellulase also facilitates in softening the
clothes and in elimination of dust particles intent within the microfibril system.
There are several reports where the performance of the complete cellulase prepara-
tions was relatively different from the enzyme rich in endoglucanase activity and
that the latter offered improved presentation in applications where losses in fabric
potency and weight were least. Depilling/cleaning and/or aging effects are the result
of the synergistic action of cellulases and mechanical action, simultaneously or con-
secutively (Baker et al. 2005). Attempts have also been made via cellulase treatment
to improve the dimensional stability of cellulosic fabrics and to upgrade the surface
and dyeing properties of bleached cotton, mercerized cotton, and cotton/polyester
blend fabric (50/50), using the padwet batch technique, followed by subsequent
washing under mechanical action (Ibrahim et al. 2011; Cortez et al. 2002).
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6.5.3 Bioethanol Industry

Enzymatic saccharification of lignocellulosic materials such as sugarcane bagasse,
rice straw, switch grass, saw dust, etc. by cellulases for biofuel production is one of
the most popular applications being investigated (Sukumaran et al. 2005; Gupta
et al. 2011). Biological conversion of lignocellulosic materials into value products
usually requires multistep process (Ghosh and Singh 1993; Wyman et al. 2005). It
comprises mechanical, chemical, or biological treatment and hydrolysis of the poly-
mers to generate readily metabolizable molecules, e.g., hexose and pentose sugars.
Further, bioconversion of these molecules is done using microbial system, and
chemical products are generated, and finally the preferred products are obtained
after partition and refinement step. The efficacy rate of enzymatic hydrolysis is
more superior as compared to the acid or alkaline hydrolysis because enzyme
hydrolysis is frequently conducted at mild conditions (pH 4-6 and temperature
45-50 °C) and does not have deterioration issues (Kuhad et al. 2010a; Gupta et al.
2011). Technologies are now available for the bioconversion of lignocellulose to
ethanol and other chemical products (Sun and Cheng 2002; Kuhad et al. 1997,
Kuhad and Singh 1993; Mosier et al. 2005). However, some of these technologies
must be improved to produce renewable biofuel and other by-products at prices,
which can compete with more conventional production systems. Not only the recal-
citrance of the substrate but also several other factors also limit cellulase efficiency
during the hydrolysis process including end product inhibition, thermal deactivation
of the native protein, nonspecific binding to lignin (Yang and Wyman 2004), and
irreversible adsorption of the enzymes to the heterogeneous substrate (Taniguchi
et al. 2005). To cut the enzyme price in the generation of fuel ethanol from lignocel-
lulosic biomass, two aspects are generally addressed: optimization of the cellulase
production and development of a more proficient cellulase-based catalysis method.
Protein engineering and directed evolution are potent tools that can assist the growth
of more competent thermophilic cellulases (Baker et al. 2005). Strategies for recy-
cling and reusage of the enzymes may also be used to reduce enzymatic hydrolysis
costs (Sun and Cheng 2002; Mosier et al. 2005; Lee et al. 1995; Singh et al. 1991).
The revival of enzymes is basically subjective by adsorption (enzymes) against the
substrate, mainly to lignin and enzyme inactivation. There are numerous reports
where the unfocused and unalterable adsorption of cellulase to lignin has been expe-
rienced (Bernardez et al. 1993; Yang and Wyman 2004). The compounds that imi-
tate cellulose or the compounds that have high affinity toward lignin have been used
to stop the adsorption of cellulases (Yang and Wyman 2006; Kumar and Wyman
2009). Moreover, Scott and coworkers (Scott et al. 2010) have filed a US patent
(20100221778) on novel lignin-resistant cellulase enzyme, in which modification in
linker peptides has been done to stop their adsorption against lignin and increase the
enzyme activity. Among different approaches to improve and reuse the cellulases
are concentration of the cellulose fraction by ultrafiltration to remove sugars and
other small compounds that may inhibit the action of the enzymes (Tu et al. 2007)
and recycling of immobilized enzymes, which enables separation of the enzymes
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from the process flow (Mosier et al. 2005; Dourado et al. 2002). However, the recy-
cling techniques are examined at laboratory scale. Therefore, the ability to scale up
the techniques, the robustness, and feasibility still needs to be demonstrated.

6.5.4 Wine and Brewery Industry

Microbial glucanases and related polysaccharides play important roles in fermenta-
tion processes to produce alcoholic beverages including beers and wines (Kuhad
et al. 1999; Singh et al. 2007; Galante et al. 1998; Bamforth 2009). These enzymes
can improve both quality and yields of the fermented products (Bamforth 2009).
Glucanases are added either during mashing or primary fermentation to hydrolyze
glucan, reduce the viscosity of wort, and improve the filterability (Bamforth 2009;
Canales et al. 1988). During wine production, pectinases, glucanases, and hemicel-
lulases play an important role by improving color extraction, skin maceration, must
clarification, filtration, and finally the quality and stability of wine (Singh et al.
2007; Galante et al. 1998). B-Glucosidases can improve the aroma of wines by mod-
ifying glycosylated precursors. Macerating enzymes also improve pressability, set-
tling, and juice yields of grapes used for wine fermentation. A number of commercial
enzyme preparations are now available to the wine industry. The main benefits of
using these enzymes during wine making include better maceration, improved color
extraction, easy clarification, easy filtration, improved wine quality, and improved
stability (Galante et al. 1998). Beer brewing is based on the action of enzymes acti-
vated during malting and fermentation. Malting of barley depends on seed germina-
tion, which initiates the biosynthesis and activation of a- and f-amylases,
carboxypeptidase, and f-glucanase that hydrolyze the seed reserves (Bamforth
2009). In an earlier study, Oksanen et al. (1985) observed that endoglucanase II and
exoglucanase II of the Trichoderma cellulase system were responsible for a maxi-
mum reduction in the degree of polymerization and viscosity. Significant and repro-
ducible improvements in grape pressability, settling rate, and total juice yield were
achieved by using combination of macerating enzymes. Such improvements were
noticeable only with a correct balance of pectinases, cellulases, and hemicellulases.
Using three varieties (Soave, Chardonnay, and Sauvignon) of white grapes, Galante
etal. (1998) assessed the performance of Cytolase 219 (mixture of cellulase, pectin-
ase, and xylanase) in wine making and reported a 10-35% increase in the extraction
of the first wine must, a 70-80% increase in the must filtration rate, 50—120 minutes
decrease in pressing time, 30-70% decrease in must viscosity, 20-40% saving of
energy during cooling of fermenter, and a significant improvement in wine stability.
A range of improved enzymes like cellulase and pectinase that would be exoge-
nously added to the process is expected to enhance the productivity of existing
brewing processes in the future (Bamforth 2009).
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6.5.5 Food Processing Industry

Cellulases are having large array of application in food biotechnology. Manufacturing
of fruit and vegetable juice necessitates better ways for extraction, clarification, and
stabilization. Cellulases also have significant use as a part of multienzyme complex
(cellulases, xylanases, and pectinases) which is used to obtain fruit and vegetable
juices after the extraction and clarification step, and it also increases the final prod-
uct yield (Minussi et al. 2002; de Carvalho et al. 2008). Use of macerating enzymes
enhances the production and performance of the method employed without any
additional fund investment. These enzymes are also used to attain better cloud con-
sistency and texture and reduce the viscosity of nectars and purees from tropical
fruits such as mango, papaya, plum, peach, pear, and apricot (Singh et al. 2007;
Bhat 2000; de Carvalho et al. 2008). Consistency, taste, and aroma properties of
fruits and vegetables can be enhanced by dropping the bitterness of citrus fruits by
using combination of enzymes such as pectinases and p-glucosidases (Baker and
Wicker 1996; Youn et al. 2004; Rai et al. 2007). Multienzyme combination contain-
ing pectinases, cellulases, and hemicellulases is also used for better olive oil extrac-
tion. Use of such macerating enzymes not only enhanced the cloud stability and
texture of nectars and purees but also decreased their viscosity swiftly (Grassin and
Fauquembergue 1996). Thus, the macerating enzymes, constituted mainly of cel-
lulase and pectinase, have a significant role in food biotechnology and will be more
demanding for extraction of juice from various fruits and vegetables (Dourado et al.
2002). Further, the combination of pectinases and p-glucosidases has been reported
to alter the texture, flavor, and other sensory properties such as aroma and volatile
characters of fruits and vegetables (Marlatt et al. 1992).

6.5.6 Animal Feed Industry

Use of cellulases and hemicellulases in the feed industry is of great importance
because of their ability to enhance feed value and performance of animals (Dhiman
et al. 2002). Pretreatment of agricultural silage and grain feed by cellulases or xyla-
nases boosts up the nutritional quality (Godfrey and West 1996). Further, enzymes
can reduce the anti-nutritional factors present in the feed grains, improve the nutri-
tional value by degrading some feed constituents, and add some beneficial digestive
enzymes such as proteases, amylases, and glucanases. Also, the dietary fiber con-
sists of some non-starch polysaccharides such as arabinoxylans, cellulose, and
many other plant components including dextrins, inulin, lignin, waxes, chitins, pec-
tins, p-glucan, and oligosaccharides, which may work as anti-nutritional cause for
several animals such as swine (Ali et al. 1995). In such case, the cellulase enzyme
hydrolyzes the cellulose (anti-nutritional factor), present in the animal feed, into
easily absorbent component and thus improve the animal health. f-Glucanases and
xylanases are supplemented in the monogastric animal feeds for hydrolyzing the



6 Cellulose as a Potential Feedstock for Cellulose Enzyme Production 103

non-starch polysaccharides, viz., -glucans and arabinoxylans. Cellulases, employed
as feed additives either alone or along with protease enzyme, can considerably
improve the pork meat quality. Glucanases and xylanases have decreased the vis-
cosity of high fiber containing rye- and barley-based feeds of poultry and pig. It has
been reported that both the enzymes may also result in the increase in weight among
the chickens and piglets as the digestion and absorption of feed materials are
improved (Shrivastava et al. 2011). Most of the low-quality feedstuffs have high
cellulose concentration, less protein and fat, and comparatively more ash content as
compared to that of the high-quality feedstuffs. Cellulases are also utilized for better
silage production for cattle feeding, which involves increased rate of the digestive
ability of grasses which has large amount of total digestible vital nutrients and
energy values along with small quantity of water-miscible carbohydrates. The
cereal-based feed of poultry and pigs is comparatively simpler than that of the rumi-
nants, which contains cellulose, hemicellulose, pectin, and lignin. The nutritional
qualities of forages are improved by the use of enzyme preparations which contain
high amount of cellulase, hemicellulase, and pectinase (Graham and Balnave 1995;
Lewis et al. 1996). Nonetheless, scientists have also observed contradictory results
when cellulase, hemicellulase, and pectinase enzyme preparations were added to
the ruminant diet. The animal feedstock making process usually comprises heat
treatments which inactivate the possible viral and microbial contaminants. Use of
thermophilic cellulase in the production of feedstock has the ability to decrease
pathogenic microbes as well as to increase the digestibility and nutrition quality of
the feed, thus facilitating a blending of heat treatment and feed transformation in a
single step (Bhat 2000). The cellulase and hemicellulase enzymes have a significant
role in the partial hydrolysis of lignocellulosic substances, dehulling of cereal
grains, hydrolysis of f-glucans, and enhanced emulsification and flexibility of feed
materials, which results in improvement in the nutritional quality of animal feed
(Cowan 1996; Paulo and Gubitz 2003). Further, these enzymes may also result in
partial hydrolysis of plant cell wall at the time of silage and fodder preservation. The
utilization of enzymes to enhance animal nutrition became extremely important
when the use of nutritive ionophore antibiotics were prohibitied, which were earlier
used in the European countries (Ali et al. 1995). There is wide divergence in the
digestive ability of starch substrates. The low digestive ability of some starch-based
substrates promotes the emergence of some digestive tract diseases. This is
because the non-digested and non-absorbed starch when reaches the large intestine,
then it acts as a substrate for bacterial fermentation and promotes the propagation of
some hazardous pathogenic bacterial strains (Pascual 2001; Pazarlioglu et al. 2005).
It has been observed that sometimes cellulase has a positive effect on the fermenta-
tion processes as it increases the propionic acid production, which further acts as a
bacteriostatic substance and therefore can reduce the colonization of pathogenic
bacteria (Fortun-Lamothe et al. 2001; Pazarlioglu et al. 2005).
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6.5.7 Agricultural Industries

Diverse enzymatic preparations that consist of various combinations of cellulases,
hemicellulases, and pectinases have possible applications in agriculture for enhance-
ment of the crop growth and controlling plant diseases (Chet et al. 1998; Bhat 2000).
Microbial hydrolases are used to produce plant and/or fungal protoplasts. They are
of great significance as they are used for producing hybrid strains with desirable
properties. Bhat (2000) reported that cellulases and other similar enzymes isolated
from some fungi are able to degrade the cell wall of plant pathogens and thus are
good means for controlling the plant disease. Also, fungal B-glucanases are compe-
tent to control the diseases by degrading the cell walls of plant pathogens. Many
cellulolytic fungi, viz., Trichoderma, Geocladium, Chaetomium, and Penicillium
species, are well reported to have a significant role in agriculture by promoting
increased seed germination, rapid plant growth and flowering, improved root sys-
tem, and better crop yield (Bailey and Lumsden 1998; Harman and Bjorkman 1998).
Although these fungal species have both direct and indirect impact on plant growth
and yield, still it is not apparent how they cause the improved plant performance.

The B-1,3-glucanase and N-acetylglucosaminidase enzymes from Trichoderma
harzianum strain P1 inhibited the spore germination and germ tube elongation of B.
cinerea in a synergistic way (Lorito et al. 1994). Furthermore, in Trichoderma, the
exoglucanase promoters are used for expression of various enzymes, proteins, and
antibodies at enhanced rate. The cellulase enzyme is also used for the development
of soil quality. Conventionally, addition of straw is considered as a significant
approach to develop better soil quality and has also decreased the use of mineral
fertilizers (Ortiz Escobar and Hue 2008; Tejada et al. 2008). Many researchers have
attempted to accelerate the straw decomposition rate through microorganisms. Use
of cellulolytic fungi such as Aspergillus, Chaetomium, Trichoderma, and actinomy-
cetes has shown potential results (Bowen and Harper 1990; Tiwari et al. 1987,
Abdulla and El-Shatoury 2007). Fontaine et al. (2004) reported that the exogenous
cellulase addition accelerates the decomposition of cellulose in soil. Thus, the use
of exogenous cellulase is perhaps a prospective way to hasten the decomposition of
straw and increase soil fertility.

6.5.8 Olive Oil Extraction

Nowadays the olive oil extraction is of high concern in the international market due
to its various health claims. Olive oil extraction involves the crushing and grinding
of olive fruits in a stone or hammer mill followed by passing the grinded olive paste
through a chain of malaxeurs and horizontal decanters and finally high-speed cen-
trifugation for recovery of the olive oil. For the production of good-quality olive oil,
fresh, clean, and slightly immature olive fruits are used, and they are mechanically
pressed in cold environment (De Faveri et al. 2008). Nevertheless, greater yields are
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achieved when extracted from fully ripened fruit which is processed at higher than
ambient temperatures, but the oil obtained is slightly acidic and has high rancidity
and poor aroma. Thus, a better method for extraction of high-quality olive oil is
required in order to meet the rising consumer demand. Olivex was used as a first
enzyme mixture (a pectinase preparation with cellulase and hemicellulase from
Aspergillus aculeatus), for the extraction of olive oil (Fantozzi et al. 1977). Further,
the application of macerating enzymes has increased the ratio of antioxidants in
extra-virgin olive oil and reduced the rancidity. The foremost advantages of macer-
ating enzymes during olive oil extraction are (1) better extraction yield (up to 2 kg
oil per 100 kg olives) in cold processing conditions, (2) improved centrifugal frac-
tionation of the oil, (3) oil having more amount of antioxidants and vitamin E, (4)
slow initiation of rancidity, (5) overall increased plant efficiency, and (6) small
amount of oil released in wastewater. Similarly, the macerating enzymes have a
prominent role in the oil extraction from many different agricultural oilseed crops.
Further, the enzymes may additionally be used during olive paste malaxation. The
occurrence of secured action of cellulase and hemicellulase nature of the enzymatic
formulation ensures a quick and powerful disintegration of the cell walls and mem-
branes of olive fruits, thus favoring the access of noble substances (particularly the
polyphenols and aromatic precursors) into the final product. It is also used to reduce
olive paste thickness during olive oil production and to strengthen the procedure of
extracting the polyphenolic substances present in the olive fruit (Ranalli et al. 2003).
Interestingly the preferred enzymes are present naturally inside the olive fruit; how-
ever, they are powerfully deactivated all through the pressing step, most likely
because of oxidation phenomena (Chiacchierini et al. 2007). So, the substitution of
these enzymes is anticipated to be appropriate keeping in view their role in final
product quality.

6.5.9 Carotenoid Extraction

In nature carotenoids are the most important factor of coloring substances being
accountable for different plant colors from violet to red. Carotenoids are very com-
monly used as food colorants, and its market is continuously growing due to its vari-
ous beneficial properties, such as its natural origin, almost negligible toxicity,
versatility, easy availability, and both lipo- and hydrosoluble color. Further, the
carotenoid pigments have provitamin A activity which has a very significant func-
tion in lipid oxidation, and it also harbors anticarcinogenic properties. Generally a
blend of cellulolytic and pectinolytic enzymes increase the hydrolysis rate in order
to achieve complete liquefaction. Cellulase enzyme aimlessly split the cellulose
chains into glucose residues, while the commercially available pectinase enzyme
isolated from Aspergillus niger has pectinesterase (PE), polygalacturonase (PG),
and pectin lyase (PL) activity (Ory and St. Angelo 1977; Inar 2005). The application
of pectinase and cellulase enzymes breaks the cell wall of orange peels, sweet
potato, carrot, etc. and liberates the carotenoids in the chloroplasts and in the cell
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fluids. These pigments stay in their normal state and are bound to the proteins. They
prevent the oxidation of pigment and also contribute to color stability (Fennema
1985), while the solvent extraction method dissociates the pigments from its bound
proteins and cause water insolubility and ease of oxidation (Bassi et al. 1993).

6.5.10 Detergent Industry

The detergent industry is nowadays using a combination of cellulase, lipase, and
protease enzyme during detergent formulation and is thus attempting to develop
advance detergents (Singh et al. 2007). The cellulase present in the detergent is
capable of modifying cellulose fibrils that can improve color brightness and could
enhance the removal of dirt from the cotton blend garments. The commercial appli-
cation of alkaline cellulases as a potential detergent additive is being keenly fol-
lowed with a vision to make selective contact of the enzyme with the interior of
garment fibers and remove soil/dirt from the interfibril spaces. Nowadays, fluid-
based laundry detergents are formulated which contain anionic/nonionic surfactant,
citric acid or water-soluble salt, protease, lipase, cellulase, propanediol, and boric
acid in order to improve the stability of cellulase. In the modern textile industry,
most of the cellulose fibers used are arranged as long, straight chains, and during
this some small cotton fibers extend beyond the fabric. The cellulose enzyme is used
to eliminate these rough protuberances to get a smooth, glossy, and bright-colored
fabric (Karmakar and Ray 2011).

6.5.11 Waste Management

A huge quantity of unutilized or underutilized cellulosic waste is generated through
forests, agriculture fields, and agro-industries which is ultimately causing environ-
mental pollution (Milala et al. 2000; Milala et al. 2005). These days, such wastes are
sensibly and judiciously used for the production of valuable products, viz., enzymes,
sugars, biofuels, chemicals, cheap energy sources for fermentation, improved ani-
mal feeds, and human nutrients (Gupta et al. 2009; Gupta et al. 2010).

6.6 Immobilization of Cellulase

In industries the utilization of enzymes of microbial origin is restricted due to some
factors, e.g., the elevated cost of enzyme production, its instability, and isolation in
small quantity. Moreover, since these enzymes are soluble in liquid media, thus it is
not easy to obtain their good yield. These factors limit the soluble enzymes to be
employed for batch operations. Over the last few decades, intense research in the
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area of enzyme technology has provided many approaches to overcome these limi-
tations to facilitate their practical applications. Among them, the use of immobilized
enzymes/biocatalysts offers the opportunity of wider and more cost-effective meth-
ods for the use of biocatalysts in various industries, treatment of waste, medicine
formulation and manufacturing, and biosensor development. Immobilized biocata-
lysts can be reused and are thus economically cheap and are used in the develop-
ment of continuous bioprocesses. The diverse chemical reactions catalyzed by these
enzymes have made these biocatalysts a key target for various applications in
biotech-based industries. In general, the term immobilization refers to the act of the
limiting movement or restricting movement to a confined space. Immobilization of
biocatalysts helps in their economic reuse and in the development of continuous
bioprocesses. Enzymes can be immobilized either by using the isolated enzymes or
the whole cells. A number of techniques that have been used for immobilization of
cells/enzymes include cross-linking, physical adsorption, ionic binding, metal bind-
ing, covalent binding, and cell/enzyme entrapment. All of these experimental bio-
catalyst immobilizations can be placed into categories: (1) entrapment of biocatalyst
in polymer gels and/or porous supports, (2) bonding on the surface of micro-carrier,
and (3) encapsulation of biocatalyst. Occasionally the differences among the vari-
ous categories are not apparent, depending on the immobilization system to be
applied. However, each method has its own advantage and drawback. A large num-
ber of enzymes have been immobilized on inorganic carriers like porous glass,
ceramics, carbon, and sand by different techniques. The most extensively studied
immobilization method is the entrapment of microbial cells/enzymes in polymer
matrices. The matrices used are agar, alginate, carrageenan, cellulose and its deriva-
tives, collagen, gelatin, epoxy resin, photo cross-linkable resins, polyacrylamide,
polyester, polystyrene, and polyurethane. Among the various matrices reported, the
entrapment of cells/enzymes in the alginate gel is well accepted as its use requires
mild conditions and the immobilization process is simple. Cellulase and amylase
enzymes are employed by various industries for the hydrolysis of cellulose or starch
to different products such as dextrins, syrups, and sugars. Such type of reaction
signifies the important foremost step for the manufacturing of various chemicals
and sweeteners and is also valuable in the pulp and paper industry for modification
of fiber. Enzymatic hydrolysis of cellulosics, the most abundant renewable resource
on earth, offers an attractive alternative, if the process can be made economically
competitive. The earlier studies have considered the benefits of immobilized
enzymes with soluble substrates, and in also several studies, the researchers investi-
gated the properties of immobilized enzymes/cells with insoluble substrates. The
performance of cellulase and amylase immobilized on siliceous supports was evalu-
ated with respect to immobilization conditions and thermal stability. Enzyme immo-
bilization has improved the thermostability of the enzymes and also affects the
binding of substrates and inhibitors to the enzyme. Natural cellulases from most
fungal sources are limited in their overall activity by low amounts of f-glucosidase
and by cellobiose inhibition of cellobiohydrolase. Although advantageous to the
growth of the fungus, these characteristics are inconvenient for the industrial use of
cellulase in cellulose processing. However, better hydrolysis of cellulose and
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improved glucose yield can be obtained in laboratory or industries by supplement-
ing additional p-glucosidase enzyme along with fungal cellulases. Further,
B-glucosidase is a costly enzyme in terms of production and, since it is used in a
soluble form and hence cannot be reused/recycled, is therefore not cost-effective
when used at large scale. The co-immobilization of cellulase and p-glucosidase
enzyme has improved the enzyme kinetic properties and has also enhanced the glu-
cose yield in comparison to the cellulase enzyme when used alone. Thus the use of
immobilized enzyme or cells may perhaps present a solution toward reducing the
cost of cellulase production.

6.7 Future Perspectives

The lignocellulose is the prospective resource of biofuels, biofertilizers, animal
feed, and chemicals, further being the raw material for paper industry. Utilization of
this renewable resource needs either chemical or biological treatment of the mate-
rial, and in the latter circumstance, cellulases have got extensive status above the
past several decades. Research has about the mechanisms of microbial cellulase
production and has led to the development of technologies for production and appli-
cations of cellulose-degrading enzymes for generation of useful metabolites or bio-
fuel. Utilization of the existing viable planning of cellulase for bioconversion of
lignocellulosic waste is economically not feasible. The main objectives for upcom-
ing cellulase study would be (1) decline in the price of cellulase production and (2)
improvement on the presentation of cellulases to make them other efficient, so that
less enzyme is required. The previous assignment may comprise such procedures as
optimizing growth conditions or processes, while the concluding need directed
efforts in protein engineering and microbial genetics to recover the properties of the
enzymes. Optimization of growth conditions and processes has been effort to a large
level in improving cellulase production. The section on fermentation production of
cellulases describes several of these works mainly commerce with observed optimi-
zation of process variables to recover productivity. Many of the existing marketable
manufacture technologies operate submerged fermentation technology and employ
hyper-producing mutants. In spite of numerous efforts aimed at generating hyper-
producers by directed progress, the cost of enzymes has remained elevated. Optional
approaches thought of in cellulase production comprise chiefly solid substrate fer-
mentation on lignocellulosic biomass principally by using host-/substrate-specific
microorganisms. There are some reports on such use of filamentous fungi in produc-
tion of optimal enzyme complex for the degradation of host lignocelluloses.
Performance of enzyme complexes on lignocellulosic material is superlative when
these complexes are ready with the same lignocellulosic material as the host/sub-
strate in fermentation. Another strategy is to use mixed culture in the production of
enzyme. Numerous reports have shown that mixed culture gives enhanced produc-
tion and enzyme complexes with better hydrolytic activity. Thus, SSF may be con-
sidered as a cost-efficient way for large-scale production of cellulases which
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probably would be severalfold cheaper compared to the present viable preparations.
Cellulases are matter to instruction by different factors, and some of the cis-acting
promoter elements have been characterized. Dynamic research in this field has led
to genetic progress of cellulase production by diverse methods with over-expressing
cellulases from the cbh1 promoter of 7. reesei and production of preferred deviation
in the cellulase production profile of organism. The cbhl and cbh2 promoters of 7.
reesei have also been subjugated for expression of foreign proteins in Trichoderma.
Feedback inhibition of cellulase biosynthesis by the end products, glucose and cel-
lobiose, generated by endogenous cellulolytic activity on the substrate is one more
key crisis encountered in cellulase production. Cellobiose is an enormously potent
inhibitor of the CBH and EG biosynthesis. Trichoderma and the other cellulose-
producing microbes make very little f-glucosidase compared to other cellulolytic
enzymes. The low amount of f-glucosidase results in a deficiency of ability to
hydrolyze the cellobiose to glucose resulting in a feedback inhibition of enzyme
generation and in the case of biomass alteration applications in the inhibition of cel-
lulases. This problem has been addressed by different ways like addition of exoge-
nous f-glucosidases to remove the cellobiose and engineering p-glucosidase genes
into the organism so that it is overproduced. More and more study is oriented in
genetic manipulations of cellulase producers for improving productivity. The devel-
opments in process design and medium formulations have come to an age, and the
upcoming absolutely requires controlled genetic interventions into the physiology
of cellulase producers to get better production and thereby make the cellulase pro-
duction process more cost-efficient. The key tasks ahead comprise principal feed-
back control by glucose and development of incorporated bioprocesses for the
production of cellulases. Improvements in cellulase activities or imparting of pre-
ferred features to enzymes by protein engineering are perhaps other areas where
cellulase research has to progress. Active site modifications can be imparted through
site-directed mutagenesis, and the mutant proteins can be used for understanding
the mechanisms of action as well as for changing the substrate specificities or
improving the activities. There are several reports of developments made in this
direction. Such modifications affecting the enzyme properties may be beneficial in
improving the overall performance of cellulases and a better understanding of their
mode of action, which will enable better utilization of enzymes in biomass conver-
sion. More basic research is needed to make designer enzymes suited for specific
applications.

6.8 Conclusion

The natural characteristic of processing of cellulosic biomass becomes the origin of
latent learning linking cellulases and cellulolytic microorganisms. Cellulases are
being commercially generated by various industries worldwide and are usually
being used in food, animal feed, fermentation, agriculture, pulp and paper, and tex-
tile purposes. Cellulase research has been concentrated generally in fungi, but there
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is increasing attention in cellulase production by bacteria due to their higher growth
rate and thermostable and alkali-stable properties. The growth of rapid and consis-
tent methods for the selection of cellulases from microorganisms within unfriendly
environments will permit a larger number of novel bacterial cellulases to be isolated
with purpose for industrial use. Among current biotechnology apparatus, princi-
pally in the area of microbial genetics, novel enzymes and new enzyme applications
will become accessible for the several industries. Developments in cellulase activi-
ties or informing of desired features to enzymes by protein engineering are perhaps
other areas where cellulase research has to progress.
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Chapter 7

Cellulose as Potential Feedstock

for Cellulase Enzyme Production:
Versatility and Properties of Various
Cellulosic Biomass — Part 11

Swati Madhu and Pramod W. Ramteke

7.1 Introduction

Cellulose is a polysaccharide made up of a linear chain of thousands of p-(1,4)-
linked D-glucose units. Being an integral part of structural component of the
primary cell wall of green plants, algae, and oomycetes, it is also considered as the
most abundant natural biopolymer on earth. Due to increase in population, the use
of renewable and nonrenewable source of energy is at its peak. To meet the future
demands of population, cellulose which accounts to 50% of the dry cell weight of
plant biomass could be exploited as the only anticipatable sustainable source of
fuels and for another chemical feedstock (Kuhad and Singh 1993).

The French chemist Anselme Payen coined the term cellulose in 1838 while
studying different types of wood and also determined its formula by isolating it
from plant matter. Then in 1870, the first successful thermoplastic polymer was
produced by Hyatt Manufacturing Company by using cellulose. Cellulose is widely
used in textile industry as cotton, linen, and rayon for clothes and in explosive
industry as nitrocellulose. Cellulose produced by plants is considered to be native
cellulose which is present in two crystalline forms, cellulose I and cellulose II. After
treatment with liquid ammonia celluloses I and II gives crystalline cellulose III,
which on further heating generate cellulose IV crystal (Lavanya et al. 2015).
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Cellulose is the building block of plants which is the first link of food chain.
Though cellulose is an excipient product but there are numerous sources available
from where cellulose can be derived naturally as well as synthetically. It is also used
in diverse areas of industry like as an anticaking agent in shredded cheese and as a
processing aid for juice filtration. FDA has also approved the use of cellulose as fat
substitute and bulking agent in low-calorie foods and as a texturizer and emulsifier
in food products. One of the unique features of cellulose is its crystalline structure
in which individual microfibrils are packed so tightly so that it does not allow even
water to penetrate. However, due to variation in the degree of departure of crystal-
linity there are cellulose fibers from purely crystalline to purely amorphous. There
are many other irregularities associated with cellulose fibers like kinks, twists, voids
and capillaries which is responsible for its structural heterogenity. This different
kind of structural heterogeneity in the cellulose makes it partially penetrable (Detns
et al. 2002).

To study cellulose biosynthesis, Acetobacter xylinum-synthesized cellulose is
used as a model system. There is a lot of difference between plant and bacterial cel-
lulose in terms of arrangement of glucosyl units within the unit cell of crystallites.
There are genetic evidences also which entail the differences in enzymatic machin-
ery at molecular level involved in cellulose synthesis.

7.2 Sources of Cellulose

7.2.1 Natural

The most common natural source of cellulose is plant which includes cotton, jute,
flax, ramie, sisal, and hemp. Table 7.1 represents the different natural sources of
cellulose with its examples.

Table 7.1 Representation of various sources of natural cellulose

Class Examples % of cellulose
Seed fibers Cotton, kapok 90

Leaf fibers Sisal, fique, agave 33

Bast fibers Flax, jute, kenaf 33

Plant skin Hemp, ramie, rattan, and vine fibers 33

Fruit fibers Coconut (coir) fiber 30-50

Stalk fibers Rice, barley, wheat straws, bamboo, grass, tree 40-50

wood
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7.2.2 Synthetic

The fibers coming from synthetic materials such as petrochemicals or manufac-
tured from natural cellulose like rayon are considered to be synthetic fibers. Some
synthetic fibers are derived from natural cellulose like lyocell. Lyocell has very
similar properties like cellulosic fibers. It has emerged as a promising, environ-
ment-friendly, and economically viable alternative for manufacture of cellulose
fibers. It does not require derivatization steps like alkalization or xanthation to dis-
solve the cellulose. In this process, N-methylmorpholine N-oxide monohydrate
(NMMO) is used as a solvent, and on industrial scale, it gives recovery rate of
99.3%. NMMO can be recycled which makes the whole process more economic
(Lavanya et al. 2015).

7.3 Cellulase and Its Types

Cellulose is hydrolyzed to its simpler form by enzyme cellulase. This enzyme is
synthesized by a large diversity of microorganisms ranging from fungi to bacteria
grown over cellulosic matters. Table 7.2 enlists the microorganisms having cellulo-
Iytic abilities (Kuhad et al. 2011).

From the past twentieth century, cellulase has been studied and considered to be
one of the potential enzymes for industrial saccharification. Its action on cellulose
is performed basically by three groups of enzymes: (1) endo-(1,4)- p-D-glucanase
(EC 3.2.1.4) cleaves the internal p-1-4 linkages; (2) exo-(1,4)-p-D-glucanase (EC
3.2.1.91) attacks on the nonreducing end of cellulose chain; and (3) p-glucosidases
(EC 3.2.1.21), also known as cellobiases, break down the building unit, i.e., cellobi-
ose. Fig. 7.1 represents lysis of cellulose by cellulase (Kuhad et al. 2011). Formation
of cellobiose and cellodextrins occurs by the action of endoglucanases and cello-
biohydrolases which led to feedback inhibition to the enzyme’s activity. To make

Table 7.2 List of microorganisms possessing cellulolytic properties

Fungi Aspergillus niger, A. nidulans, A. oryzae, A. terreus, Fusarium solani,
Humicola insolens, H. grisea, Melanocarpus albomyces, Penicillium
brasilianum, P. occitanis, P. decumbans, Trichoderma reesei, Chaetomium
cellulyticum, C. thermophilum, Neurospora crassa, P. echinulatum,
Trichoderma atroviride, Tyromyces palustris, Fomitopsis sp., Sporotrichum
thermophile, Agaricus arvensis, Phlebia gigantea

Bacteria Acinetobacter junii, A. amitratus, Acidothermus cellulolyticus, Bacillus subtilis,
B. pumilus, B. amyloliquefaciens, B. circulans, B. flexus, Eubacterium
cellulosolvens, Geobacillus sp.; Microbispora bispora, Paenibacillus
curdlanolyticus, Pseudomonas cellulosa, Clostridium thermocellum, C.
cellulolyticum, C. acetobutylicum, Fibrobacter succinogenes

Actinomycetes | Cellulomonas fimi, C. bioazotea, C. uda, Streptomyces drozdowiczii, S.
lividans, Thermomonospora fusca, T. curvata
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this whole process energy efficient, microorganisms form glucose monophosphate
by digesting cellobiose and cellodextrins by action of cellodextrin phosphorylases
or cellobiose phosphorylases (Cavka et al. 2013).

Endo-f-1,4
Glucanase

Fig. 7.1 Digestion of cellulose

7.4 Effective Ways of Cellulase Production

Cellulose is insoluble in water and highly complex to digest. The effective conver-
sion of these complex biomasses to simple fermentable sugar requires three steps:
(1) reduction in size, (2) fractionation, and (3) enzymatic hydrolysis. Commercial
production of cellulase requires a robust and cost-efficient method of cellulase
enzyme production. Typically, Trichoderma, Aspergillus, and Penicillium species
are commonly used for commercial production of cellulases. Trichoderma reesei is
a well-known fungus used to produce cellulase from renewable resources like
spruce, bagasse, wastepaper, dairy manure, and willow. It expresses all enzymes
required for cellulase digestion but have low titer of -glucosidase enzyme which
results in the accumulation of cellobiose. So, to enhance the expression of this
enzyme, soluble polysaccharide was chosen to induce the production of f-glucosidase
enzyme (Zheng et al. 2017).

Due to having short generation time and surveillance to extreme environment,
bacteria has also been explored for cellulose hydrolysis. Among them Bacillus,
Cellulomonas, Cytophaga, Pseudomonas, Sporocytophaga, and Streptomyces are
favored as cellulolytic bacteria. Among all the potential bacterial strain Paenibacillus
lautus strain BHU3 has been explored profusely which has discovered its diverse
sets of genes for endo-, /exo glucanase and, P-glucosidase. These enzymes are
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required for cellulose degradation and thus has been reported as an efficient bacterial
system harboring maximum number of glycosyl hydrolase family gene (Yadav and
Dubey 2018). The idea of cellulase engineering has also attracted scientists, as it
can majorly contribute in the cellulose decomposition. Thus this engineering con-
cept is based on three conception: (1) design of cellulase as per the structure of
cellulase and its catalytic mechanism (Wilson 2004); (2) selection of improved cata-
lytic enzymes with directed evolution which will lead to evolve after random muta-
genesis and recombination (Arnold 2001); and (3) application of cocktails of
cellulase enzyme for efficient hydrolysis of cellulose (Baker et al. 1998).

7.4.1 Production of Cellulase Through Fermentation

Fermentation is extensively used technique for the production of industrially rele-
vant products. With the help of microorganisms, it leads to the conversion of com-
plex substrate into its simpler form. Basically, two types of fermentation strategy
got developed for the production of cellulase:

(a) Solid-State Fermentation (SSF)/Solid-State Cultivation (SSC)
The principle of this technique is to utilise nutrient rich agricultural waste like
bran, bagasse, paddy straw paper pulp, etc as a cheap source of substrate for
fermentation. Then the industrially relevant products is extracted from the fer-
mented biomass. It involves those types of fungi and microorganism which
require less amount of moisture for its optimum growth and activity

(b) Submerged Fermentation (SmF)/Liquid Fermentation (LF)
As the name suggests, this technique utilizes liquid substrates such as molasses
and broth as source of substrate and involves microorganisms which have good
activity in high moisture content.

7.5 Various Applications of Cellulases

7.5.1 Paper Industry

The biochemical processing has turned out to be substantially energy saving with
the use of cellulases. By using mixture of cellulases and hemicellulases in biomodi-
fication of fiber, properties not only have improved drainage by removing fine fibrils
of fiber as well as beat ability in the paper mills but also have increased the produc-
tion rate of several mills. Cellulases, in combination with xylanases, are also used in
deinking of different types of paper wastes. It has not only eliminated the use of
alkali in the whole process but also has improved fiber brightness and enhanced
strength properties (Kuhad et al. 2011) (Fig. 7.2).
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Cellulases

\J <&

Cellulases are widely used in textile industry for stone washing of jeans and biopo-
lishing of cotton as well as other cellulosic fabrics. Earlier for biostoning, pumice
stone was used, but it used to damage the fabric as well as decrease the productivity
of machines. In biopolishing the acidic cellulases enhance the softness and water
absorbance property of fibers. It is also used in softening the garments by removing
the microfibrils which come out due to repetitive washing of cotton fabric. The use
of cellulases has been reported to offer better performance in terms of fabric strength
loss as well as the stability of cellulosic fabrics (Sreenath et al. 1996).

Fig. 7.2 Schematic
representation of
application of cellulases

7.5.2 Textile Industry

7.5.3 Biofuel and Brewery Industry

Cellulases are the most popular enzymes used for the bioconversion and enzymatic
saccharification of lignocellulosic materials like sugarcane, bagasse, corncob, rice
straw, Lantana camara, Prosopis juliflora, switch grass, and sawdust for biofuel
production. The whole process is divided into three parts:

(a) Pretreatment
(b) Hydrolysis
(¢) Purification
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Similarly, in beverage industry, hemicellulases play an important role. Cellulases
are used as macerating enzyme which helps in improving color extraction and
enhances wine quality (Mosier et al. 2005).

7.5.4 Agriculture and Detergent Industry

Cellulase is known to improve the soil quality by straw incorporation and reducing
the dependence on chemical fertilizers. In combination with other hemicellulases
and pectinases, it is also used to enhance the growth of crops and control plant dis-
ease. It has been discovered that cellulase-based detergents are recent advancements
in detergent industry, which give superior cleaning and retain color brightness of
fabric. The presence of anionic and nonionic surfactant, citric acid or a water-solu-
ble salt, protease enhances the stability of cellulases and thus gives excellent clean-
ing (Bhat 2000).

7.5.5 Food Industry

In food industry cellulases are used for extraction and clarification of fruit and veg-
etable juices and lead to increase the yield of juices. In animal feed industry as well,
it is used to improve the feed value by eliminating antinutritional factors present in
the feed grains and by providing supplementary digestive enzyme like proteases,
amylases, and glucanases (Chamchong and Athapol 1991). The low-quality feed-
stuffs contain higher concentration of cellulose and high ash contents as compared
to high-quality feedstuffs. In this case cellulase is used in cattle feeding to enhance
the digestibility.

7.6 Fine-Tuning the Digestion of Cellulose with a Discovery
of Novel Enzymes

Bioethanol is a biofuel which is produced in the biggest volume mainly by degrada-
tion of starch from corn and sugarcane. Nevertheless, the corn and sugarcane are
potential food sources; efforts are being put to harvest bioenergy from lignocellu-
losic and algal biomass. Prominently the second-generation bioenergy is produced
by thermochemical processes like pyrolysis and biochemical process. Biochemical
process involves enzymatic conversion of lignocellulosic biomass into monomeric
sugars which caters the central platform chemicals for future biorefinery.
Biochemical process is considered to be the sustainable technology for biomass
hydrolysis. It reduces the substrate retaining the actual structure of carbohydrate in



124 S. Madhu and P. W. Ramteke

the monomeric sugar. Despite many endeavors, the enzymatic action has not proven
to be so efficient. It is because of the heterogeneity of plant cell wall, the impenetra-
bility, and the recalcitrance of its components like hemicellulose and lignin. In
1950, Reese and his coworkers recommended the requirement of a non-hydrolytic
component that could disrupt the recalcitrant component thereby increasing the
accessibility for hydrolytic enzymes (Reese et al. 1950; Eijsink et al. 2008; Vaaje-
Kolstad et al. 2005). Then, later in 2005 CBP21 protein has been discovered from a
bacterium that breaks down chitin. This protein potentiates the biochemical action
of enzymes by increasing substrate accessibility. This protein was categorized as a
family 33 carbohydrate-binding module (CBM33) in the carbohydrate-active
enzymes (CAZy) (Cantarel et al. 2009). Basically, CBP21 makes the substrate
accessible to hydrolytic enzymes by cleaving glycosidic bonds in chitin in an oxida-
tive manner. This property can be enhanced by adding electron donors like ascorbic
acid (Vaaje-Kolstad et al. 2010). GH61 protein was discovered which is structurally
similar to CBM33 proteins and acts synergistically with cellulases (Harris et al.
2010; Karkehabadi et al. 2008). The discovery of GH61 and CBM33 has set new
paradigm and has created a revolution in the enzyme discovery for biomass degra-
dation. The potential activity of these enzymes is supported by the studies done in
transcriptomics and proteomics which tell that the expression of some GH61s and
CBM33 protein is induced by cellulose or co-regulated with the expression of cel-
lulases (Adav et al. 2012; MacDonald et al. 2011).
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Chapter 8
Immobilization Methods of Enzymes:

Part I

Kelvii Wei Guo

8.1 Introduction

Enzymes, widely existed in animals, plants, and microorganisms, have the attractive
property that can make the chemical and biochemical reactions of efficient catalytic
specificity, selectivity, biodegradability, and activity. However, the main drawback
of enzymes is they cannot be reused and recovered when they are used after the first
run. In order to overcome this issue, the immobilization techniques of enzymes are
explored. The advantages of the immobilization of enzymes are enzyme rapid ter-
mination, easy recovery, and thermal and pH resistances, repeated usage of assay,
and improved stability of the storage. As a result, the immobilized enzymes with the
low cost have been broadly adopted in different areas such as bioenergy, medicine,
food, and other industry fields (Barbosa et al., 2015; Mehta et al., 2016; Vaz et al.,
2016; Grigoras, 2017; Bernal et al., 2018).

The crucial issue of the immobilization is to permanently immobilize enzymes
with the activity of enzymes rwetaining. The achievement of the immobilization of
enzymes can be achieved by chemical and physical methods, where methods related
to physic contain adsorption and gel entrapment. Although there are not additional
reagents required and the routine is simple, the physical association between
enzymes and electrode surface is weak. However, chemical methods involve cova-
lent bonding between enzyme and support material. Interaction between enzyme
and support is strong, but concern grows over the fact that covalent bonding can
disrupt enzyme activity. Enzyme immobilization has also been used to provide elec-
trochemical communication between electrode and enzyme active center.
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The immobilization techniques commonly taken are physical adsorption, cova-
lent attachment/bonding, cross-linking, and entrapment.

It illustrates that not only the method of immobilization but also the support
material determines the performance afterward. Mostly, support materials are car-
bon materials, for example, carbon nanotube or graphene, to usually use as the
enzymes’ immobilization carrier matrices.

8.2 Considerations of Immobilization of Enzymes

In solution, soluble enzyme molecules behave as any other solute in that they are
readily dispersed in the solution and have complete freedom of movement. It is well
known that enzyme immobilization is a technique specifically designed to greatly
restrict the freedom of movement of an enzyme. The first consideration is to decide
on the support material and then the main method of immobilization, taking into
account the intended use and application. For physical property, the points for con-
sideration are strength, shape/form (beads/sheets/fibers), pore volume, permeabil-
ity, density, available surface area, degree of porosity, noncompression of particles,
space for increased biomass, flow rate, and pressure drop. As for the chemical char-
acteristics, regeneration/reuse of support, available functional groups for modifica-
tion, inertness toward enzyme, and hydrophilicity (water binding by the support)
should be highlighted. As for the stability, mechanical stability of support material,
regeneration and maintenance of enzyme activity, and residual enzyme activity and
storage should be pinpointed. For the characteristics of resistance, the effect of dis-
ruption by chemicals, pH, organic solvents, proteases, and bacterial/fungal attack
shall be addressed. For the reaction consideration, reaction kinetics; side reactions;
multiple enzyme systems; enzyme loading and catalytic productivity; flow rate;
batch; CSTR, PBR, FBR, ALR, etc.; and diffusion limitations on mass transfer of
cofactors, substrates, and products are all definitely premeditated. For the safety,
specification of immobilized preparation (GRAS list requirements for FDA
approval) for food, pharmaceutical, and medical applications, health and safety for
process workers and end product users, toxicity of component reagents, and bio-
compatibllity should be carefully considered. Also, chemicals, reagents, availability
and cost of support, technical skill required, special equipment, industrial-scale
chemical preparation, feasibility for scale-up, reusable support, environmental
impact, CRL or zero contamination, effective working life, and continuous process-
ing should be checked in the economic viewpoints.
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8.3 Methods for Immobilization of Enzymes

8.3.1 Physical Methods
8.3.1.1 Adsorption

Adsorption is currently the common physical way to immobilize enzymes. It
includes affinity adsorption, ion adsorption, and physical adsorption, where it is
commonly used the physical adsorption. With such kind of method, on the surface
of support carriers, enzymes are taken or trapped in the mesoporous materials’
pores by van der Waals forces, H bondings, or hydrophobic or electrostatic interac-
tions (Karajanagi et al., 2004; Cracknell et al., 2008). The main benefit is that it does
not require any reagents and only needs a minimum of the steps of activation.

The enzyme adsorption on the support matrix is easily realized by mixing with a
proper incubation time. As the distinct characteristic of such method, there does not
need to add the modification steps and other additional coupling agents.

However, the main defect of the physical adsorption is the reversion and weak-
ness of immobilization support carriers and enzyme interaction. The forces of bind-
ing are sensitive to variations at temperature, pH, and ionic strength. As a result,
immobilized enzymes’ stability is relatively low. Also, the substrate solution can be
able to contaminate by the leached enzymes.

8.3.1.2 Gel Entrapment

It is well known that enzymes easily aggregate with the decreased catalytic
activities.

Entrapment method for enzyme immobilization is taking the polymeric networks
to occlude enzymes economically to prevent enzyme aggregation. The matrix for
instant agar, cellulose triacetate, chitosan, polyacrylamide, calcium alginate, colla-
gen, polyvinyl alcohol, and polyurethane is used for the entrapment. Under the
effect of the entrapment, the enzyme immobilization is achieved by microencapsu-
lation or the entrapping of gel. The networks keep the enzymes along with the prod-
ucts and substrates passing through. At the same time, the enzyme leaching is
decreased, and the stability is improved. Consequently, the catalytic activities are
high because there are not any covalent bonds of involved support matrices and
enzymes and the maintenance of the enzyme conformations. But, the main draw-
back of this method is the efficient barriers of diffusion hinder the substrates of
macromolecular to flow into the networks.
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8.3.2 Chemical Methods
8.3.2.1 Covalent Bonding

For chemical methods, it is traditional to take the covalent binding for enzyme
immobilization. Generally, the covalent bonds are realized by the chemical reac-
tions of enzymes and materials supported. Moreover, covalent bonds can avoid the
enzyme leakage from the support matrix. Therefore, it is high for the enzyme immo-
bilization stability. But, it is inactivated for the active sites of enzymes because the
matrix supported chemically reacts with the molecules of enzymes. As a result, the
catalytic activities decrease obviously (Wu et al., 2015; Shen et al., 2016; Wong
et al., 2017; Ulu et al., 2018; Souza et al., 2018; Torres et al., 2018; Sharifi et al.,
2018; Shinde et al., 2018).

Das et al. (2018) researched the f-amylase (bamyl) immobilization (made from
peanut (Arachis hypogaea)) onto iron oxide nanoparticles (Fe;O,), graphene oxide
nanosheets (GO), and graphene oxide-carbon nanotube composite (GO-CNT). The
relevant immobilization process included product formation and substrate attack,
and immobilization is shown in Fig. 8.1.
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Fig. 8.1 Immobilization process for the functionalized NPs made by nanobiocatalysts for starch
applied in industries, where A, graphene oxide nanosheets (GO); B, graphene oxide-carbon nano-
tube composite (GO-CNT); C, iron oxide nanoparticles (Fe;0,) (Das et al. 2018)
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Fig. 8.2 TEM images for
(Ai) GO native, (Aii)
immobilized; (Bi) Fe;O,
native, (Bii) immobilized;
(Ci) GO-CNT native, (Cii)
immobilized with inset
with SAD (Das et al. 2018)

Figure 8.2 shows the bamyl immobilized on the different supports. The immobi-
lized enzyme distributes on the surface of GO, GO-CNT, and Fe;O, with nanostruc-
tures in cluster and minute dispersed particles. The image of GO transparent sheet
is shown in Fig. 8.2Ai, and the image of GO-CNT embedded by rods separated the
sheets is expressed in Fig. 8.2Ci. The image of beads with the small sphere mor-
phology of Fe;O, is illustrated in Fig. 8.2Bi. The images of the immobilized enzyme
on the corresponding supports are shown in Fig. 8.2Aii, Bii, and Cii, respectively.

Figure 8.3 shows that the morphology of nanostructures with and without enzyme
immobilization is obviously different. A large amount of the crests and troughs
distributed on GO and Fe;O, with the distinct roughness variation indicates that the
enzyme has been immobilized successfully (Fig. 8.3a, ¢). For GO-CNT support, the
enzyme anchored successfully on GO sheets and CNT rods densely as shown in
Fig. 8.3b. Study reveals that the enzyme immobilization is extremely better than that
of the comparison counterpart. Moreover, the successive enzyme reuse with immo-
bilization (repeated 10 times) still has almost 80%, 70%, and 50% of bamy] initially
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A)

Fig. 8.3 AFM images for f-amylase immobilized nanostructures and bare nanostructures, where
native GO (A: a, b), GO-CNT (B: a, b), and Fe;0, (C: a, b) and immobilization of -amylase on
GO (A: ¢, d), GO-CNT (B: ¢, d), Fe;0, (C: ¢, d) (Das et al. 2018)

immobilized activity on Fe;0,, GO-CNT, and GO. In addition, covalent attachment
with glutaraldehyde has a strong, easy, and nontoxic bonding between nanostruc-
tures and enzymes that resulted in the stronger nanobiocatalyst (NBC).

More interestingly, immobilization of the f-amylase onto Fe;O, (bamyl@Fe;0,)
and GO-CNT (bamyl@GO-CNT) makes the activity retention near to about 70%
activity when it is exposed at 65 °C after 100 min.

8.3.2.2 Cross-Linking

According to the intermolecular reactions, the reagents with bifunction are taken to
cross-link the enzymes to the matrix supported. With such method, the immobiliza-
tion of enzymes can be achieved successfully along with the distinctive improve-
ment of the relevant stability and reusability. But, in this processing procedure, the
catalytic activities of the enzymes may lose to some extent. To date, it is well known
that N, N'-ethylene-bis-maleimide, isocyanate, and glutaraldehyde are always taken
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as the bifunctional reagents. Among these, it is usually adopted glutaraldehyde in
most processes (Tang et al., 2014; Alamsyah et al., 2017; Vobérkova et al., 2018;
Miiller et al., 2018; Nishida et al., 2018; Khaldi et al., 2017).

Recently, Khaldi et al. (2017) investigated two different methods through the
covalent acetylcholinesterase enzyme (AChE) linking by the amide bond formation
for acetylcholinesterase immobilization of enzyme on the silicon with porous struc-
ture modification. It is reported that the AChE immobilization on the modified mes-
oporous silicon surface is stable and effective by two precursor surfaces. One is the
surface with the acid-terminated (PSi-COOH) which was achieved with the method
of the hydrogenated PSi surface by hydrosilylation, and another is the surface with
the amine-terminated (PSi-NH,) which was made with the method of the oxidized
PSi surface by silanization along with carboxylic acid functions and amine groups
under the effect of the carbodiimide coupling chemistry. The process of the immo-
bilization of AChE on PSi-COOH and PSi-NH, surfaces is shown in Fig. 8.4.

a
. PSi-COOH PSi-COOSuc PSi-CONH-AChE
K:izﬂfky Surface Surface Surface

Porous
Silicon
Piranha

PSi-OH PSi-NH> PSi-NH-AChE

Surface Surface Surface

Fig. 8.4 Diagram of the immobilization of AChE on (a) PSi-COOH surface and (b) PSi-NH,
surface (Khaldi et al. 2017)
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Fig. 8.5 SEM images of mesoporous silicon (a) surface view, (b) side view (Khaldi et al. 2017)

Figure 8.5 shows the relevant formed mesoporous silicon. It can be seen that the
average pore size is less than 15 nm. Meanwhile, the pores are uniformly distributed
over the whole surface with the labyrinth shape, and its cross-sectional image is
shown in Fig. 8.5b. It illustrates the porous layer with the standard thickness at
about 3 pm.

Results reveal that the active enzymes attached to the surface of PSi-NH, are
superior to that of PSi-COOSuc. Because the surface of PSi-COOSuc is hydropho-
bic, the biomolecules with the hydrophilic property cannot firmly attach to such
surface. For the surface of PSi-NH, with the hydrophilic property, the efficiency of
the enzyme immobilization is definitely higher. Furthermore, the interaction
between AChE and the surface of the hydrophobic Si-COOSuc makes the enzy-
matic activity decreased. Contrarily, the activity of AChE is distinctively effective
on the PSi-NH, surface due to the more accessible active sites of enzyme.

To date, technologies for enzyme immobilization evolved steadily for many years
after its existence (i) recently due to the research focus on biotechnology expansion,
and the investigation on enzyme immobilization keeps accruing from advances in
genetic technology, the revitalized enthusiasm for the enzyme immobilization just
like injecting stimulants. (ii) Current research and development work have provided
a relatively bewildering array of support materials and methods for immobilization.
Much of the expansion may be attributed to developments to provide specific
improvements for a given application. (iii) Surprisingly, there have been few effec-
tively detailed and comprehensive comparative studies on immobilization methods
and supports. Consequently, up to now no ideal support material or method of
immobilization has emerged to provide a standard for each type of immobilization.
Selection of support material and method of immobilization is made by weighing
the various characteristics and required features of the enzyme application against
the properties/limitations/characteristics of the combined immobilization/support. A
number of practical aspects should be considered before embarking on experimental
work to ensure that the final immobilized enzyme is whether suitable for the planned
purpose and application or not and will operate at optimum effectiveness.
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8.4 Conclusion

Due to the captivating properties of the immobilized enzymes (such as stability
enhancement, reusability improvement, thermal resistances and pH extreme, tech-
nical and economic advantages), it attracts a great interest. To date, the physical
methods are still mainstream of the enzyme immobilization related to the catalytic
activity, though the chemical methods are adopted for the enzyme immobilization
stability. The hybrid methods should be developed from the viewpoint of good sta-
bility and high catalytic activity to take advantage of the attractive property of both
physical and chemical methods.

Up to now, the immobilized enzymes are still not easily available for the practi-
cal applications easily because of the relevant difficult storage and high price.
Moreover, more challenges exist for producing the immobilized enzymes on the
large scale because of the current basically homemade situation, especially with the
excellent uniformities and activities.

Therefore, keeping efforts are needed to explore the immobilization methods
with the extremely improved efficiency to enhance the stability, reusability, and
catalytic activity of enzymes immobilized along with the detailed investigation on
the relevant characterization.
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Chapter 9
Strategies to Reuse Cellulase:
Immobilization of Enzymes (Part II)

Muhammad Irfan, Misbah Ghazanfar, Amad Ur Rehman,
and Asma Siddique

9.1 Introduction

The association of humans with enzymes has developed over time. Even the ancient
Egypt people used enzymatic fermentation for production of beer and wine long
ago, when there was no idea of enzymes. After thousands of years, progress was
made in enzymatic studies. Enzymes are proteins in nature, speed up many bio-
chemical reactions, and are natural catalysts widely found in living beings.
Improvement in the techniques of extraction and purification of protein make it
possible to produce analytical grade pure enzymes for biotechnological and research
applications. These enzymes are greatly used in several conventional food proce-
dures, for making of cheese, beer, wine, etc. Advancement in biotechnology cer-
tainly in protein engineering builds a way to produce enzyme with better properties
leading to the development of new, modified enzymes employed in totally different
applications not employed previously. Demand of these enzymes in several indus-
tries is growing day by day, particularly during the last two decades. As depicted in
Fig. 9.1, the enzymes had wide implementation in different food industries such as
baking (Gomes-Ruffi et al. 2012), dairy products (Jaros and Rohm 2015) conver-
sion of starch (Bai et al. 2012), and processing of beverage including fruit and
vegetable juice, wine, and beer. Because of their effect on the end products, enzymes
have found a special space in textile industries (Schiickel et al. 2011). Applications

M. Irfan (<) - M. Ghazanfar
Department of Biotechnology, University of Sargodha, Sargodha, Pakistan

A. Ur Rehman
Institute of Bioprocess Engineering and Pharmaceutical Technology, Mittelhessen University
of Applied Sciences, Giessen, Germany

A. Siddique
Physics of Surfaces, Center of Smart Interfaces, Technical University Darmstadt,
Alarich-Weiss-Str., 1664287 Darmstadt, Germany

© Springer Nature Switzerland AG 2019 137
M. Srivastava et al. (eds.), Approaches to Enhance Industrial Production of

Fungal Cellulases, Fungal Biology,

https://doi.org/10.1007/978-3-030-14726-6_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14726-6_9&domain=pdf

138 M. Irfan et al.

Paper &
> Gl
Beverges Detergents

industry

Starcl?
conversion

Applications \

of Enzymes
Beer &
wine

/

Biosensor

v

Dairy Pharmac-

products | | eutical

Fig. 9.1 Applications of enzymes in different industries

of enzymes have become certain processing strategy in pulp and paper making
industries (Hakala et al. 2013) and detergents (Rao et al. 2009), when ideal end
product is required.

Because of specify of enzymes which is an important factor for biosensors, their
application in advance industries comprising biosensors is getting better swiftly
(Soldatkin et al. 2012). Several other different industries like pharmaceutical and
health care (Apetrei et al. 2013) and chemical (Das et al. 2012) manufacturers are
getting benefits of these natural catalysts. Since previous several years, researchers
are focusing on use of enzymes in biofuels, such as bioethanol and biodiesel and
ethanol (Atadashi et al. 2010). In modern life, enzymes are being used for treatment
of wastes (Luo et al. 2011) especially for treatment of solid wastes (Tonini and
Astrup 2012) and purification of wastewater (Tong et al. 1997). Industrial practices
of enzymes in organic solvents were also established in some cases (Gupta and
Khare 2009). Furthermore, the enzymes formed from renewable crude materials are
easily biodegradable, operated in comparatively simple way by completely con-
trolled equipment. Briefly, we can say that they lessen the utilization of chemicals
and energy and formation of associated wastes. But there are also some demerits
like lack of shelf life storage, enduring operative strength and difficulty in restoring
and use of enzyme again along with all the advantageous characteristics and their
wide applications in industries.
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Biofuels such as bioethanol, biomethanol, and biodiesel are alternate sources of
energy that will probably become more desirable in the future (Nigam and Singh
2011). Previously, plants with high amounts of natural sugars such as sugarcane or
corn were being used to produce bioethanol. But due to the growing requirement of
these biofuels, competition and hence the costs of food products obtained from
these sources also rose. Cellulose is the polysaccharide that is abundantly occurred
in the nature. It can be obtained from residues of forest and agriculture, solid waste,
and woody and herbaceous crops (Lynd et al. 1991). So the bioethanol produced
from cellulose is a very encouraging approach of biofuel because it has no approach
or match with food products (Sticklen 2008). Production of bioethanol generally
comprises two main parts: first is conversion of cellulose in glucose and the other is
fermentation of glucose in ethanol. First part is executed by the enzymatic or chemi-
cal process, commonly the fermentation has edge because its process parameters
(such as pH, temperature, etc.) can be maintained by adjusting them, and it is also a
clean process (Mabee and Saddler 2010).

Cellulase enzymes are found in insects, plants, fungi, and bacteria. Cellulytic
enzymes can be produced by both aerobic and anaerobic bacteria as cellulosomes,
which are complexes of various enzymes containing several cellulase enzymes, or
as single enzyme (Dowe 2009). Cellulase is a group of enzymes that can convert the
cellulose into glucose. Usually, it comprises three types including endoglucanase,
cellobiohydrolase, and cellobiase (Percival Zhang et al. 2006). Cellobiohydrolase
and endoglucanase hydrolyse cellulose into cellobiose which is then broken into
glucose by cellobiase (Ortega et al. 2001). Usually, cellulases are employed in sev-
eral industries like food, brewery, wine, agriculture, textile, detergent, animal feed,
pulp and paper industries, etc., as well as in research development (Andriani et al.
2012). These enzymes have applications in various industries like paper and cotton
industry, fuel and food industry, extraction and purification of fruit juices, wine and
beer industry, detergents, agriculture, research, and animal feed additives (Sajith
etal. 2016). Moreover, the demand of cellulolytic enzymes is increasing day by day
for bioenergy, agriculture, and biotechnology uses, particularly in the employment
of lignocellulosic waste to produce biofuels and other fermentative products of
sugar (Verma et al. 2016). Cerver6 et al. (2010) described that after hydrolysis,
process hinders in isolation, and restoring of free cellulase enzyme from the solu-
tion limits the reusability of the cellulase which highly obstructs the levels of this
utilization because of the outrageous cost of the enzyme. Immobilization of cellu-
lase is one efficient method which makes it easy to restore and reuse enzyme con-
sequently reducing the cost of bioethanol production (Sheldon 2007).

The production of different compounds from raw materials requires proper
choice of process and process parameters. In many cases, the chemical reaction
requires high temperature and pressure. Also lower selectivity and yield are cause of
concern in some cases. By-products are also problem to tackle in some cases. It is
craved to conduct a reaction at medium temperature, low pressure, high yield and
selectivity, and high conversion. By using catalysis, the activation energy required
for a reaction can be lessen, and the reaction can be made to happen at lower tem-
perature. Enzymes are biocatalysts. The enzymes are specific to substrate and yield
highly specific reactions. Various chemicals and compounds produced by enzyme-
catalyzed reaction give alternative route to some reactions (Kulkarni 2014). In many
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compounds such as starch, ethanol, amino acids, citric acid, and many other phar-
maceutical and fine chemicals, intermediates are synthesized in reactions catalyzed
by enzymes (Kulkarni et al. 2015). The stability of these enzymes at various pH,
temperatures, and thermal conditions is the cause of concern. This problem is almost
solved by the immobilization of enzymes. There are different physical and chemical
methods used for immobilization.

However, for economic point of view, enzymes’ reusability factor becomes com-
pulsory. It is highly demanding to maintain the structural stability of an enzyme
during a biochemical reaction. Therefore, in spite of high cost, immobilized enzymes
are used as alternatives with practical productivity and better propagation. An
enzymes or a whole cell could be immobilized biocatalyst (Kawaguti et al. 2006).
Imprisonment of enzyme to a particular phase (support/ matrix) dissimilar from
those for substrates and products is actually enzyme immobilization. Inorganic
materials and inert polymers are generally employed as carrier matrices. In addition
to be economical, a perfect matrix must embrace attributes like immobility, physical
power, regenerability, stability, capability of increasing enzyme activity/specificity
and limit inhibition of product, contamination by microbes, and nonspecific adsorp-
tion (Singh 2009). Continuous affordable operations, high capacity/investment
ratio, automation, and restoring of end product with high purity can be achieved by
enzyme immobilization (D’Souza 1998).

By immobilization of enzymes, these demerits can be vanquished. In fact, the
development of strong, stable, and ideally insoluble biocatalysts is a major demand
in industrial biocatalysis.

9.2 Historical Background

Immobilized enzymes were discovered in 1916 (Gomes-Ruffi et al. 2012). It was
observed that invertase when absorbed on a support, like aluminum hydroxide or
charcoal, showed the same activity, over the base of the reaction container when
homogenously dispersed in the solution. Later, this exploration leads to the estab-
lishment of present techniques of immobilization of enzyme. Initial approaches of
immobilization provided extremely small ladings of enzyme, as compared to acces-
sible surface areas. Various covalent procedures of immobilization of enzyme were
developed. Above five thousand publications are published on the techniques of
immobilization of enzyme since 1960s. Thousands of enzymes are immobilized in
various configurations, and more than 12 of immobilized enzymes such as penicillin
G acylase (PGA), lipase, invertase, protease, etc. are being employed as biocatalysts
in different industrial approaches. Recent publications denote a continued interest in
this field (Hartmann 2005). Hundreds of papers are published on immobilization of
enzymes only in the first 6 months of 2010 according to PubMed database. Recently
immobilized enzymes have exhibited high efficiency for commercial implementa-
tions in different processes. These enzymes are preferred over enzymes in solution
because they have characteristics like economically affordable, higher stability, and
the easy recovery from the reaction blend which leads to isolation of intact product.
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Therefore, an immobilized enzyme is bonded to an inorganic or organic or insoluble
(e.g., silica or calcium alginate) or inert material. Moreover, an enzyme attached to
a hard support has increased resistance to different environmental fluctuations such
as temperature or pH (Cherry and Fidantsef 2003).

9.3 Modes of Immobilization

Conventionally, there are four different modes of immobilization of enzyme known
as noncovalent deposition and adsorption, physical entrapment, covalent attach-
ment, and bioconjugation (Fig. 9.2). Attachment of enzyme to support can be chem-
ical or physical and weakly or covalently. Commonly, physical attachment is
relatively weak, and in large-scale conditions, it is not too much capable of keeping
the enzyme fixed to the support. The carrier or support is generally a synthetic resin,
biopolymer, or an inorganic polymer (e.g., silica or zeolite).

In entrapment, an enzyme is incorporated on a membrane apparatus, e.g., a
microcapsule or a desolate fiber or in a gel lattice (polymer network) such as a
silica sol-gel or an organic polymer. Synthesis of the polymeric network in the
existence of enzyme is required for entrapment. The forth mode of immobilization
covers the cross-linking of enzyme crystals or aggregates, by utilization of a
bifunctional reagent, to construct support-free macroparticles (Cao et al. 2003).
Adsorption/carrier-binding method uses water-insoluble carriers such as glass,
polysaccharide derivatives, and synthetic polymers (Wu and Lia 2008; Cordeiro
etal. 2011). In cross-linking/covalent method, bi-/multifunctional reagents such as
glutaraldehyde, bisdiazobenzidine, and hexamethylene diisocyanate are used
(Singh 2009). Polymers like cellulose, collagen, and j-carrageenan are employed
by entrapment method, while the membrane confinement method includes formu-
lation of liposomes and microcapsules (Jegannathan et al. 2010; Klein et al. 2011).
General characterization of immobilization methods are given in Table 9.1.

The immobilization of the enzyme on the interior previous base of a membrane
of ceramics with reduced molecular mass that inhibits the enzyme from passing
through is a new approach of entrapment. Enzyme immobilization by membrane
entrapment method is found to be an efficient bioengineering tool because it retains
enzymes in reactors, enhances stability of enzyme, and enables continuous opera-
tion. Within a membrane reactor, physical immobilization on a matrix prevents the
loss of activity of enzyme and facilitates reuse, hence decreasing the costs.
Immobilized enzyme is preferred over its respective free form because of its length-
ened availability that reduces not needed subsequential and other purification pro-
cesses. Another enzyme recovering approach is ultrafiltration (UF) which involves
the use of selectively permeable membrane which allows smaller molecules to pass
through while keeping the enzyme in the bioreactor. Membrane fouling is an impor-
tant consideration in the design and operation of membrane systems because it
influences pretreatment needs, cleaning requirements, operating cost, conditions,
and performance (Ur Rehman et al. 2016).
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(c) Entrapment

(a) Adsorption

(d) Cross-linking

Fig. 9.2 Diagrammatic representation of the various methods of enzyme immobilization (Ahmad
and Sardar 2015)

There are also some other methods of immobilization which might be combina-
tions of the ones mentioned earlier, which are specific sometime for a stated matrix
or enzyme are being developed. Nonetheless, not a single approach or matrix/sup-
port is perfect for all types of enzymes and their utilizations due to the wide range
of chemical composition and characteristics of enzymes, difference in the properties
of products and substrates, and difference in the uses of the product. However, there
may be pros and cons found in all of the methods. Cross-linking and covalent attach-
ments are long-lasting and successful but costly and effortlessly aggravating the
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Table 9.1 A generalized characterization of immobilization methods

Parameter Immobilization | Method Carrier Binding

Covalent ITonic Adsorption | CLEAs, CLECs | Entrapment
Activity High High Low Intermediate/ High

high
Range of Low Intermediate | Intermediate | Low Intermediate/
application high
Immobilization | Low Intermediate | High Intermediate Intermediate
efficiency
Cost Low Low High Intermediate Low
Preparation Easy Easy Difficult Intermediate Intermediate/
difficult

Substrate Cannot be Cannotbe | Can be Cannot be Can be
specificity changed changed changed changed changed
Regeneration | Possible Possible Impossible | Impossible Impossible

implementations of enzyme; adsorption is inexpensive, easy, and productive but
commonly reversible; diffusional problems are innate in entrapment, microencap-
sulation, and membrane reactor-confinement.

9.4 Polymers as Supports

9.4.1 Alginate

Alginate is extensively employed for immobilization as calcium alginate beads,
alginate-polyacrylamide gels, and xanthan-alginate beads having better activity of
enzyme and reusability. The enzyme stability is enhanced by cross-linking of algi-
nate with glutaraldehyde and divalent ions (Flores-Maltos et al. 2011).

9.4.2 Chitin and Chitosan

Chitin and chitosan are the naturally found polymers that are used as supports for
immobilization (Kapoor and Kuhad 2007). The carbohydrate and protein part of
enzymes attach to chitosan (Hsieh et al. 2000). Chitosan combined with alginate is
used where chitosan-covered enzymes had reduced leaching effect relative to alginate
owing to the ionic and physical interactions between the support and enzyme (Betigeri
and Neau 2002). Because of hydroxyl and amino groups, a moist complex of clay and
chitosan demonstrated to be more effective for enzyme trapping, which attach to
enzymes easily, together with high porosity and better hydrophilicity. In the appear-
ance of beads, chitosan can capture double of the enzymes (Chang and Juang 2007).
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9.4.3 Carrageenan

For improving stability, carrageenan is being used for immobilization of different
enzymes (Tumtiirk et al. 2007). It becomes thin during stress conditions and then
restores its thickness when the stress or pressure is released, due to its pseudoplastic
nature. Jegannathan et al. (2010) achieved an efficiency encapsulation of 42.6% for
biodiesel production by the co-extrusion approach employing such support.
Carrageenan with better entrapment is inexpensive and reliable support for lactic
acid enzyme and galactosidase (Rao et al. 2008).

9.4.4 Starch

Starch is also employed as immobilizer support. For entrapment and surface immo-
bilization of bitter gourd, peroxidase calcium alginate-starch hybrid supports were
used. Due to internal carbohydrate moieties, in the presence of denaturants,
entrapped enzyme was more stable, while the enzyme immobilized to surface had
more activity (Matto and Husain 2009). Grafting of radiations of materials such as
dimethylaminoethyl methacrylate and acrylamide on the starch is extensively
applied industrial approaches for a high yield of products (Raafat et al. 2012).

9.4.5 Pectin

Pectin is heteropolysaccharide in nature and is utilized as plasticizer to decrease the
stiffness of matrix and is applied for immobilization of papain and for the establish-
ment of novel substances for treatment of injury of skin (Ceniceros et al. 2003).
According to Satar et al. (2008), calcium pectin alginate and chitin pectin support
have improved denaturant and thermal confrontation and catalytic characteristics of
entrapped enzymes due to the development of more stable polyelectrolyte com-
plexes between the pectin-coated support and the enzyme.

9.4.6 Activated Carbon

For enzyme adsorption, both hydrochloric acid-modified and natural-activated car-
bon provide significant support (Alkan et al. 2009). Activated carbon with a signifi-
cant fraction of its pore volume and a high surface area is suitable immobilization
of enzyme (Daoud et al. 2010).
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9.5 Immobilization Strategies

As compared to conventional catalysts, enzymes have many advantages, but there
are few empirical jeopardies affiliated with their applications in industries. Usually,
enzymes are costly than ordinary catalysts because of the immense expenses of their
extraction and purification as well. When extracted from their innate environments,
enzymes due to protein nature are very sensitive to several denaturing conditions.
Thus, their reactivity to process parameters (e.g., pH, substances at microlevels, and
temperature) can behave as inhibitors that also increase their prices. Unlike tradi-
tional heterogeneous chemical catalysts which lead to the impurity of product lead-
ing to the termination of enzyme recovery for reutilization in the functional form
from many of the reaction blends, most of the enzymes conduct soluble in water in
homogeneous catalysis systems. The most effective method offered to limit these
jeopardizes is the implementation of immobilization approach (van de Velde 2002).
A technical approach which involves the affixation of enzymes within or to the solid
supports that establish a heterogeneous immobilized enzyme system is known as
immobilization. Immobilized enzymes are linked to cytoskeleton, cellular mem-
branes, and organelles in living cells where they imitate their natural mode.
Generally, the solid support system maintains the activities of enzymes by maintain-
ing their structures. Therefore, immobilized enzymes are more powerful and rebel-
lious to surrounding fluctuations relative to free enzymes in the solution.
Additionally, heterogeneous immobilized enzyme systems permit the recovery of
product and enzyme easy, reuses of enzymes for multiple time, quick ending of
reactions, uninterrupted operation of enzymatic processes, and extensive types of
bioreactor designs (Kress et al. 2002). Nowadays, immobilized enzymes are being
studied to explore their potential (Bommarius and Riebel 2004). Immobilized
enzymes are usually easier to manage and more stable as compared to their free
forms, and the product of reaction is not enzyme contaminated thus particularly
beneficial in the pharmaceutical and food industries (Massolini and Calleri 2005).
These fluctuations are caused by changes in the structure induced in the enzyme
molecule through the application of immobilization method and by the develop-
ment of a microenvironment where the enzyme is working, dissimilar from the
major solution. This results in a pure product which is feasible to extract from the
solution. Now the linked enzyme is prepared for the following reactions lacking the
requirement of rerunning, time gobbling, and expensive isolation and purification
processes. Immobilization of enzymes is done by various methods, which can be
categorized as chemical, where enzyme and matrix are covalently bonded and phys-
ical, where enzyme and support are linked by weak interactions. In recent years,
particularly the establishment and employment of site exacting immobilization of
protein have experienced effective advancements in current era. Establishment of
some highly efficient, site-specific, powerful, and significant implementations of
harboring proteins onto the matrix is the result of developments in organic chemis-
try and molecular biology. The preparation and exploitation of protein microarrays
are made possible by the enhanced procedures for high output relative to input
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development and purification of huge numbers of proteins. However, many studies
have reported that protein attachment procedures which cause non-specific immobi-
lization may be covalently bonded by epoxy-derivative surfaces, aldehyde, and
amine or by adsorption on hydrogel-, polylysine-coated or nitrocellulose slides.
Various other approaches have exhibited applying corresponding reagents that link
specific tags or epitopes on enzymes and reveal them in an accurately aligned pat-
tern, like nickel nitrilotriacetic acid (Ni-NTA)-coated slides, which are utilized to
link streptavidin (or avidin) and histidine-tagged proteins (Ismail and Nielsen 2010).
Bioconjugation is a significant feature of the life sciences and fundamental to the
implementations discussed above; as a result, many procedures have been reported
through recent years. Out of these, a few numbers have suited for vast applications
because of their pliability, relieve in use, and commercial availability of reagent.
Generally, these procedures depend on physical and chemical adsorption occur-
rence or on functional groups which are found in proteins naturally. Therefore, these
are very simple to use and can be applied to almost all proteins, both modified and
native. Table 9.2 illustrates cellulases obtained from different sources immobilized
on various nanosupports and their enhanced applications/properties.

Phadtare et al. (2004) conducted research on formation of polyurethane
microsphere-AuNP “core-shell” structures, and this nanocomposite (NC) was uti-
lized for the endoglucanase immobilization. Interaction of NPs and nitrogen in the
polymer causes the binding of AuNPs on the polymer microsphere surface. Hence,
endoglucanase attaches to the AuNPs fixing up polyurethane microspheres pursued
by a very stable enzyme with extensive reusability. Immobilized cellulase keeps its
activity and illustrated enhanced thermal stability as compared to free enzyme.
Immobilized enzyme is made up of “quasi-free” by the high surface area of the host
AuNPs and simultaneously keeping advantages of immobilization like relive in
reuse and improved thermal stability, etc. In some investigations carbodiimide
(CDI)-activated Fe;O, MNPs were used for covalent immobilization of cellulase. It
was observed that at loadings of 1-2 mg enzyme, highest binding was 90%, and
enzyme-to-matrix saturation point supervenes at a weight ratio of 0.02. Immobilized
enzyme exhibited optimal temperature of 50 °C and showed a great storage and
thermal stability. The shifting of optimum pH from 4.0 to 5.0 is the result of the
ionic forces between support and enzyme (Jordan et al. 2011). In 2014, Jordan and
Theegala also conducted research to investigate the cellulase immobilization on
CDI-activated MNPs of 13 nm in diameter). The immobilized enzyme was reused
six times successfully by losing some of its activity after each reuse while keeping
30.2% of the initial activity. After initial hydrolysis reaction, there was a reduction
of 47.5% activity. After each repeated use, a protein assay revealed fluctuating
degrees of enzyme disengagement. Immobilized enzymes show extensive stability
as compared to the free enzyme, and attached enzyme maintained 57.9% of its
activity, which was little better than the 51.2% kept by free enzyme. After 96 h,
enzyme attached to NPs developed 76.8% of total reducing sugars that is formed by
free enzyme in a single reaction. Cellulase is also immobilized by polyvinyl alcohol
(PVA)/Fe,O3 NPs, a novel soluble and easily operable nanocarrier. In a buffer of
pH 6.0, the activity retention of immobilized enzyme was 42%. After five repeated
uses, the immobilized cellulase retained 50% activity (Liao et al. 2008).
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Table 9.2 MNP immobilized cellulases, their modes of immobilization, and enhanced properties

(Husain 2017)
Covalent Better catalytic efficiency, stability,
Cellulase CDI-Fe304 MNPs binding and reusability
Cellulase PVA)/Fe203 Adsorption Good reusability
Cellulose Functionalized MWCNTs | Adsorption High-binding efficiency and loading,
reusability
Cellulase Supermagnetic MNPs Covalent High affinity and activity in a broad
and GA binding range of pH and temperature;
effectively hydrolyzed steam-
exploded corn stalks
Cellulase Molecular imprinted Adsorption Higher catalytic efficiency and
supermagnetic Fe304 @ temperature optima, better thermal
SiO2 NPs stability
Cellulase CS-MNPs Covalent High heat and storage stability
binding
Cellulase CS-Fe304 and GA Covalent Very high loading, stability over a
binding broad range of pH and temperature,
and reusability
Cellulase Activated magnetic Covalent Km decreased, high temperature-
from T. support binding optima, good reusability
reesei
Cellulase Functionalized magnetic | Entrapment Very high loading, stability and
nanosphere, APTES and reusability, effective use in biofuel
GA production
Cellulase B-Cyclodextrin-MNPs Covalent Increased continuous hydrolysis of
from A. via silanization and binding raw straw, high binding efficiency,
niger reductive amidation stability, and reusability
Cellulase A. | MnO2 NPs Adsorption High stability in a broad range of pH
fumigates and temperatures, high heat stability,
reusability, and cellulose hydrolysis
Cellulase AgNPs and AuNPs Adsorption High heat stability and reusability
Cellulase A. | TiO2 NPs and 3-APTES | Adsorption and | Covalently bound enzyme found
niger covalent superior in stability and reusability
binding than adsorbed enzyme
Cellulase Fe304@SiO2 NPs Adsorption High immobilization yield, half-life,
and reusability
Cellulase CLEA-amine Covalent Improved heat and operational
functionalized Fe;O,-@ | binding stability and reusability
silica coreshell MNPs
Cellulase Vinyl functionalized Adsorption NPs support far superior in activity,
cubic MS stability, and reusability
T. reesei CS-MNPs and GA Covalent Better thermal and storage stability
cellulase binding and very high CMC hydrolyzing
reusability
Cellulase MNPs Adsorption Effective bioethanol production

from Sesbania aculeata biomass

(continued)
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Table 9.2 (continued)

Covalent Better catalytic efficiency, stability,
Cellulase CDI-Fe304 MNPs binding and reusability
Cellulase Nano-PEGylated GO Covalent Efficiently hydrolyzed raw straw
binding slurry
Cellulase AF-CoFe,0,-MNPs, Covalent Superior thermal stability and good
EDS, and NHS binding reusability
Cellulase Silica-coated MNPs Adsorption High colloidal stability, loading, and
reusability
Cellulase CS-Fe304 Covalent Improved stability and reusability
binding
Cellulase Attapulgite @CS (ATP@ | Covalent High pH and heat stability and
CS) NC and GA binding reusability, effective hydrolysis of
wheat straw
Cellulase AgNPs Adsorption Quite efficient in cellulose
hydrolysis

9.6 Conclusion

Today, immobilized enzymes of various types are used in various tasks such as
manufacturing food, clothes, fuel, and other products of daily use. Still, many draw-
backs such as low reaction yields, enzyme cost, and low biodiversity need to be
worked upon to tackle these drawbacks. In the future, there will be world of immo-
bilized enzymes. Immobilized enzymes are going to play an extraordinary role in
almost all the industries including food, fuel, and chemical as well as pharmaceuti-
cals. While biochemical analysis, immobilized cellulases could be successfully
reused by using glutaraldehyde as cross-linking agent. It confirms the striking
advantages of enzyme immobilization for a wide range of industrial scale. According
to market analysis, the global enzyme market is expected to reach US$ 4.3 billion
by 2015 and will definitely cross this number in the coming years.
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10.1 Introduction

The increasing world population is suffering vast difficulty in catering its demand
of food, feedstock, reagents, energy, and nonrenewable resources while considering
the environmental parameters into consideration. The rapid population growth is
putting load on the consumption of nonrenewable resources such as petroleum oils
and natural gas. However, since the consumption of this nonrenewable source is
very high, there is a need to look for some alternate energy means such as agro-
industrial wastes which are being dumped in huge quantity worldwide annually.
These agro-wastes particularly cereal by-products and fruit and vegetable peels
serve as potential substrate being used in bioprocess technology for the production
of value-added products with wide application in food, pharma, medical, and agri-
culture. Although these resources are rich in lignocellulosic materials, deriving
energy from such biomass is a tedious job. One of the major obstacles in the conver-
sion of these potential substrates to value-added products is the inefficient hydroly-
sis of lignocellulosic components to simpler sugars. The lignocelluloses comprise
30-50% cellulose, 20-35% hemicelluloses, and 15-25% lignin. Although polysac-
charide composition may vary among plant species and tissues, it has been previ-
ously reported that polysaccharide composition may vary in different varieties of
corncob which depends on genetic expression and environmental factors (Templeton
et al. 2009). In 2006, the worldwide lignocellulosic biomass production by plant
source was found to be 100-500 million tons (Sticklen 2006). This renewable
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biomass can be decomposed to simpler pentoses and hexoses which serve as precur-
sor for different industrial products at commercial level. This can be achieved by
enzymatic treatments which hydrolyze the plant biomass owing to the production of
by-products which are noninhibitory and harmless effluents upon complete hydro-
lysis. Certain lytic enzymes such as cellulases and xylanases which convert ligno-
cellulosic waste to fermentable sugars by different microbes produce biofuels and
other valuable products. However, the comparatively elevated production cost of
such enzymes poses a major barrier in their marketable acceptability. Although in
the last few years, noteworthy decline has been made in the production expenditure
of these enzymes. This can be minimized by selecting the potent strains capable of
producing the cellulase enzyme, by selecting the inexpensive and cheaper sub-
strates, and by adopting efficient recovery strategies. In addition to this, an indus-
trial process can become reasonably feasible which causes enzymatic breakdown of
lignocellulose to fermentable sugars that must occur rapidly with maximum conver-
sion leading to enhanced production. This chapter describes the application of
recombinant DNA technology for the development of potent strains with maximum
cellulase yield utilizing cheaper and easily available raw materials.

10.2 Cellulase System and Control of Cellulose Gene
Expression

The chief constituent of the plant cell wall comprises the aromatic polymer lignin,
hemicelluloses, and cellulose. In the history of the past few years, many researchers
have done extensive studies lying on the bioconversion of plant polysaccharides
because these organic compounds have impending application in many industries
like fuel and pulp, food, feed, and paper industries. In the ecosystem the biomass of
the different varieties of the cellulolytic organisms has played major role in recy-
cling of the carbon. The utilization of the cellulase in cellulolytic microorganisms
comprises two strategies. The first one comprises discrete noncomplex cellulases,
and the second one includes complex cellulases. The deprivation of the cellulose by
the aerobic cellulolytic microorganisms is carried out by secretion of a set of indi-
vidual cellulases, and each one of these set of cellulase contains a module known as
CBM (carbohydrate-binding module) joined to the catalytic module by a bendable
linkage peptide, whereas in anaerobic microorganisms, the large multienzyme com-
plexes of more than one million molecular mass are produced and are called as
cellulosomes.

In cellulosomes, only a few enzymes contain a CBM; however, most of them are
linked with a scaffold protein which contains a CBM. Cellulases or the glycoside
hydrolases cleave the glycosidic bonds by the use of acid-base catalysis. The two
catalytic residues of the enzyme glycoside hydrolases carried out the hydrolysis of
the glycosidic bonds. One of the catalytic residues is a proton donor (general acid),
and another one is base/nucleophile (Zhang and Zhang 2013).

The breakdown of cellulose polymers is carried out by cellulase enzyme which
hydrolyzes the 8-1,4-glycosidic linkage. Formation of glucose by the dilapidation
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of the cellulose is performed by the synergetic effect of three enzymes. The endo-
glucanases (EG; endo-1,4-b-D-glucanase, EC 3.2.1.4) are accountable for the dis-
ruption of the internal links of the glycan chain and yield reducing and nonreducing
terminals for cellobiohydrolases (EC 3.2.1.91, exoglucanase, 1,4-b-D-glucan-cello-
biohydrolase). The major product which is formed by the hydrolysis of cellulose is
cellobiose, produced by the proccessive achievement of cellobiohydrolases. At the
end of the glucose production from the cellulose is carried out by the B-glucosidase
(BG; cellobiose, B-D glucoside glucanohydrolase, EC 3.2.1.21). The synergetic
effect of cellobiohydrolases and endoglucanases has high impact on the cellulose
hydrolysis. Cellobiose and the cellodextrans which are produced by the action of
the cellobiohydrolase and endoglucanase enzymes show inhibitory effect on the
enzyme activity. Consequently, for the proficient hydrolysis of the cellulose,
3-glucosidases are required because it cleaves the final glycosidic bonds for the
production of glucose.

The gene expression can be regulated at the transcriptional level which is accom-
plished by the gene regulatory proteins that are the products of regulatory genes.
These act as activator or repressor which binds with the regulatory sequences located
near the beginning of transcription units. The binding of the activator protein to the
promoter site regulates the gene expression positively (positive regulation), whereas
the binding of the repressor to the operator site which is also located within the pro-
moter prevents the gene from being expressed (negative regulation) (Fig. 10.1).

The relative transcription ratio of the cellulase genes is different in higher pro-
ducer mutants and is regulated in an unswerving way possibly payable by the pro-
moter titration effects. The identification of cellulose coding genes has been one of
the major achievements in the last one decade. At the moment, three positive tran-
scriptional activators which are concerned for the transcriptional regulation of cel-
lulase gene expression (HAP2/3/5 complex, xyrl in addition to Ace2) and the two
repressors named as Crel and Acel (carbon catabolite repressor) have been con-
firmed. In fungi, the Ace2 (isolated from the Trichoderma spp.) is the cellulase
activator that translates a protein that fits to the zinc binuclear group protein. On
culturing the cellulolytic organisms in cellulose-containing media, the activity of
the cellulase is reduced up to 70% because of the removal of Ace2 gene which is
responsible for the decreased cellulase gene expression. In in vitro condition, the
DNA-binding domain of the Ace2 gene binds to the 5’-GGCTAATAA-3’ site
existing in the promoter called as cbhl. The main cellulase gene promoter (cbhl)
contains the Acel gene which encodes the narrative cellulase regulator. This Acel
gene contains three-zinc-finger motif, Cys2-His2-type which was first discovered in
a transcription factor TFIITA. It was found that under in vitro condition, the zinc
finger motif binds to the eight sites of the cel/7a promoter in which the basic

L . a repressor and Crel, Acel act
P}:)S’C“V]‘]: "1‘381113“0; faFtorfor as a Negative regulation factor
the Cellulase production for the cellulase
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Fig. 10.1 Inducer and repressor of the cellulase gene regulation
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sequences 5’ -AGGCA-3' are dispersed along the 1.15-kb. In some mutant strains,
the cellulase gene expression and some other gene expression like those genes cod-
ing for xylanase enzyme increase by the removal of the Acel gene in cultures which
contain sophorose and cellulose as substrate. This signifies that the function of cel-
lulase repressor and other enzyme expression is performed by Acel of cellulase.
Migl is a transcription factor which is isolated from Saccharomyces cerevisiae that
have an ortholog called as CreA (transcription factor), which mediates carbon
catabolism suppression (CCS) in filamentous fungi, although its removal results in
the increase in the expression and secretion of cellulase. Aspergillus nidulans con-
tain three other genes named as CreB, CreC, and CreD along with the CreA, which
also contribute in CCS (Ali et al. 2014). The ruling of gene expression in cellulo-
lytic organisms of fungal and bacterial origin is shown in Fig. 10.2a and b.

10.3 Characteristics of Host Strains

Cellulases which are produced by the cellulolytic organisms find wide application
in food, chemical, textile, fuel, and paper and pulp industries and are also used as
animal feed. The cost of the production of the cellulase in cellulolytic organisms of
the fungal origin is high as compared with cellulolytic organisms of the bacterial
origin because of slow fungal growth. The cellulase production by cellulolytic
microorganism of bacterial origin is cost-effective and finds efficient application
with wide prospects. With the few exceptions, the cellulolytic organisms of bacte-
rial origin isolated from the different effluent show that these are gram positive
(endospore former) having rough, opaque, and gray or yellowish surface colonies.
This clearly indicates that these bacteria are aerobic, motile, and rod shaped (bacil-
liform bacteria). The cellulolytic microbes show positive biochemical reactions
with the amylase, gelatinase, oxidase, Voges-Proskauer, protease, -galactosidase,
citrate utilization and catalase activity which is used for their characterization. The
cellulolytic bacterium gives negative test with methyl red, rhamnose, adonitol,
indole tests, hydrogen sulfide reduction, citrate, malonate, ornithine, sorbitol, raffi-
nose, and arginine. These microbes can ferment the simpler sugars like fructose,
sucrose, and glucose but are not able to metabolize other sugar moieties such as
lactose and mannitol. The selection of cellulase-producing bacterial strains can be
done on the basis of their ability to form apparent region in the region of the bacte-
rial colonies on the petri plates which contain selective media in cellulolytic activity
test. The formation of clear zone is due to the degradation of CMC (Carboxymethyl
cellulose) present in minimal growth media and confirms the cellulose activity. The
cellulolytic activity varies in individual isolates, and each isolate possesses different
cellulolytic index.

The isolated cellulolytic organisms are confirmed at the molecular level by the
16S rDNA sequencing by the use of bioinformatics tools with different kinds of
bioinformatics software like Gen Bank/EMBL/DDBJ. Researchers can analyzed
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Fig. 10.2 (a) Positive and negative regulation of cellulase gene regulation in cellulolytic organ-
isms of fungal origin. (b) Effect of the presence and absence of cellulose on the positive and nega-
tive regulation of cellulase gene in cellulolytic organisms of bacterial origin. In Fig. 10.2a, the
transcription regulation in fungi shows that the CreA gene product and the AmyR gene product
negatively regulate the gene expression of the cellulase genes, whereas the transcription factors
named as CIrB, CIrB-2, and XInR have positive effect on regulation of cellulase gene transcription
(Zhonghai et al. 2015). In the cellulolytic organisms of bacterial origin, the regulation of the cel-
lulase gene expression during transcription depends upon the attendance of polysaccharides like
cellulose. When cellulose is present in the culture media, it activates the cellulase-binding module
(CBM), and this CBM further activates the sigma factor which binds with the RNApol. The gene
expression of the cellulase genes starts when the sigma factor binds to the RNA pol, although in
the absence of the polysaccharides, the cellulase-binding module remains in inactive form; the
anti-sigma factor which is formed in the absence of cellulose binds with the sigma factor and pre-
vents its binding to the RNA polymerase and hence represses cellulase gene expression (Nataf
et al. 2010)

the phylogenetic analysis by using the data which exists in NCBI (National Centre
for Biotechnology Information) with the comparison of the 16S rDNA sequences of
all cellulolytic organisms. The DNA extraction and purification can be done through
the use of a DNA mining kit. The whole length sequencing of 16SrRNA can be
acquired by using the primers, R’-1489 (5'-TACCTTGTTACGACTTCA-3’) and
F'-27 (5'-GTTTGATCCTGGCTCAG-3'), which are positioned at 1489-1506 bp
and 11-27 bp, respectively. Along with the above, there are some other universal
primers which are named as 1500R (5'-GGTTACCTTGTTACGACTT-3") and 20F
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(5’-AGAGTTTGATCATGGCTCAG-3") should also be used for the whole length
sequencing of the 16SrRNA. There is automated DNA sequencer named as 3130x1
Applied Bio-systems ABI prism which is used for the sequencing of 16S rRNA
gene. BLAST search analysis on EzTaxon-e server is used for the identification of
the 16SrRNA gene sequences of different strains (Reddy et al. 2017). Different
strains of bacterial and fungal origin exhibit different levels of similarity in their
sequence homology. Phylogenetic analysis of the 16SrRNA is done by using tar-
geted sequences. The phylogenetic hierarchy should be constructed by the arrange-
ment of 16S rRNA gene sequences by using the software called MEGA 6.0. The
Carbohydrate-Active Enzymes database (CAZy) is used for updating the three-
dimensional structure of cellulases family (CAZy; http://www.cazy.org). Figure 10.3
represents the cellulolytic gene expression and repression.

10.4 Individual Strains (Bacteria, Yeast, and Molds Involved
in Cellulose Production)

The cellulase production occurs in different strains of bacteria, yeast, and molds.
The prominent bacterial strains which are responsible for the cellulase production
include Escherichia coli, Anaerocellum thermophilum, Bacillus subtilis,
Cellulomonas  flavigena,  Bacillus  pumilus,  Spirochaeta  thermophila,
Fervidobacterium islandicum, Ruminococcus albus, R. flavefaciens, Bacillus

cellulose

Cellobiose
sophorose ‘ glucose

cellulase

Nitrogen source pH

Fig. 10.3 Diagrammatic illustration of cellulase gene expression and its repression (Behera et al. 2017)
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mojavensis, Bacillus cereus, Bacillus megaterium, C. cellovorans, C. uda, C. fulvus,
C. gilvus, C. hutchinsonii, Erwinia carotovora, M. chalcae, P. fluorescens,
Sporocytophaga sp., S. reticuli, T. fusca, Acetivibrio cellulolyticus, Butyrivibrio
fibrisolvens, Caldicellulosiruptor saccharolyticus, Eubacterium cellulosolvens,
Fibrobacter succinogenes, Halocella cellulolytica, Anaerovorax odorimutans,
Thermotoga neapolitana, Paracoccus yeei, Clostridium phytofermentans, C. phyto-
fermentans, Clostridium thermocellum, C. thermocellum, Clostridium cellulolyti-
cum, Cellulomonas fimi, Thermobifida fusca, Geobacillus stearothermophilus,
Eubacterium siraeum, Erysipelothrix rhusiopathiae, and Sporobacter termitidis
(Reddy et al. 2017; Ferbiyanto et al. 2015; Zhonghai et al. 2015). The organisms
which generate the enzymes cellulase and hemicellulase include bacteria and
insects; along with these organisms, some cellulolytic organisms with fungal origin
include Trichoderma reesei (filamentous fungi), Aspergillus niger, and Penicillium
oxalicum which show tremendous role in the degradation of plant polysaccharides
and cellulase production (Ali et al. 2014).

10.4.1 Construction of Recombinant Production Strains

The filamentous fungi 7 reesei is widely used in the production of enzyme like cel-
lulase which is further used for the dilapidation of polysaccharides like cellulose. In
T. reesei, the frequently used strong promoter for the heterologous expression is
known as cbhl. However, this promoter also has a number of sites for binding of
which reduce the expression level. An additional fundamental spot to augment the
construction of heterologous enzymes is the steadiness of recombinant mRNA and
the anticipation of protein dilapidation within the ER, more than ever for the
enzymes of bacterial origin. The efficiency of the cbhl promoter can be increased
by the replacement of the CREI binding sites with the transcription activator ACEII
and the HAP2/3/5 complex within it. A stretchy a rigid a-helix linker and polygly-
cine linker and is used for the construction of merger gene between cbhl (7. reesei)
and el which encodes endoglucanases (Acidothermus cellulolyticus) for auxiliary
improvement of bacterial genes within 7. reesei by the heterologous expression effi-
ciency. The bacterial cellulases have fascinating properties, but they have stability
problems at the time of heterologous expression in 7. reesei because of the fungal
proteases which are present in the fungal host. The stability problem can be over-
come by fusing the recombinant protein with the native protein which serves like a
transporter for the translocation of unfamiliar protein by the secretory corridor. By
the process of secretion, it protects the heterologous part of the protein from degra-
dation. The thermophilic bacterium Acidothermus cellulolyticus secretes endoglu-
canase E1 which have high potential for the heterologous expression arrangement
within 7. reesei. At high temperature, the thermostable endoglucanase E1 shows
outstanding synergistic activity with cellulases of 7. reesei with its robustness.
Additionally, the heterologous expression of el in corn has exposed to assist reno-
vation of pretreated corn stover (PCS) into glucose.
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In the case of T. reesei, when the catalytic province of el was transcribed, the
hydrolytic efficiency of PCS is increased by 30% at 55 °C and after that merged
through the catalytic province of cbhl. However, the merged protein possibly will
get better thermostability of the entire cellulase multifaceted from 7. reesei is still
unidentified. There are two cbh1 promoters which are recently engineered and were
obtained by the site unambiguous mutagenesis: one is pcbhlml promoter pos-
sesing—724 CREI motif that would be altered in the track of the fastening position
of transcription factor ACEII (5'-GGCTAA-3’"), whereas inside an additional pro-
moter which is named as pcbh1m?2, the two CREI motifs which are found at —698
and —690 within the pcbhlm1 promoter were altered within the direction of the
binding site of the HAP2/3/5 protein complex (5'-CCAAT-3"). The position explicit
mutagenesis would be established by sequencing. The strength of the promoters
which are created by site explicit mutagenesis would compare with its wild-type
cbhl promoter by placing the improved green fluorescent protein reporter gene
(egfp) at the back of every promoter which resulted in three expression vectors
named as pDHt/sk-pcbhl, pDHt/sk-pcbhlml, and pDHt/sk-pcbh1m2. The vector
DH5a from E.coli served like cloning host, whereas A. tumefaciens AGL1 was used
as a T-DNA donor in the direction of maintenance of the constructs and for fungal
transformation. Researcher screened the RC30-8 strain of the 7. reesei from mutants
of Rut-C30 which are maintained in laboratory and used for the heterologous
expression. The vector pDHt/sk which derived from the T-DNA which containing
the hph, codes for hygromycin B phosphotransferase (the trpC promoter and termi-
nator of the Aspergillus nidulans controls the expression level of the vectors) was
used for the construction of the transformation vectors. The thermostable endocel-
lulase E1 was obtained from the A. cellulolyticus strains using primers EIGF, EIHF,
EISF, and EIR (Liu et al. 2018).

10.4.2 Transformation and Identification
of Transformed Strains

Selection of successful transformants were observed as viable colonies when grown
on hygromycin B and cefotaxime containing potato dextrose agar (PDA) by
researchers. All successful transformant was used to create single conidial cultures
for genetic stability, and real-time PCR was used for the confirmation of single-
copy integration of egfp. All of the fungal strains including 7. reesei strains were
allowed to grow on PDA plates at 28 °C for several days and were further stored at
4 °C for conidial growth. Once the conidia formation is accomplished, these conidia
are separated from PDA plates and are again inoculated into the SDB (Sabouraud
dextrose broth). These strains are then again cultured at temperature of 28 °C in an
incubator plus shaker at a revolving speed of 200 rpm in rotary shaker for expres-
sion of genes to achieve desirable proteins. Further, several drops of the culture are
transferred to another flask which contains the minimal medium incorporated with
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different carbon resources comprising cellulose powder (3%, w/v) and wheat bran
(2%, wiv) as an inducer. MSM also contains glucose (2%, w/v) as repressor. It is
then incubated in incubator plus shaker kept at 28 °C with an agitation speed of
200 rpm. After few days of culture, the mycelia of transformants are rinsed with
sterilized water several times and are collected for total RNA extraction and its
visualization under epifluorescent microscope. In order to extract the total RNA
from transformed mycelia, the culture is blended with guanidinium thiocyanate
reagent (TRIzol reagent) and then homogenized in a benchtop homogenizer. The
cDNA for real-time PCR (RT-PCR) was extracted by PrimeScript RT reagent Kit.
The relative expression levels of egfp in comparison with the expression of act gene
encoding actin were carried out by RT-PCR using primers GFPrtF, GFPrtR, actF,
and actR. The fusion proteins obtained from the cultured filtrate were separated and
further purified by using Ni-NTA HisBind through gradient elution. In the final
step, the residues were washed with imidazole. The washouts were then pooled, and
the buffer was interchanged with sodium hydrogen phosphate for removal of imid-
azole using an ultrafilter. The fusion protein produced by recombinant strain was
then characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot techniques in anti-his antibody (Zou et al. 2012).

10.5 Fermentative Production of Cellulase Enzyme

Cellulases represent a cluster of enzymes comprising endoglucanases, exogluca-
nases, and f-glucosidases which act synergistically on cellulose that causes its
hydrolysis leading to generation of oligosaccharides with smaller glucose subunit
chain (Beckham et al. 2010; Kubicek et al. 2009). Cellulase enzymes are synthe-
sized by different microbes including bacteria, fungus, and yeast. It has been previ-
ously deduced that filamentous fungi, e.g., Trichoderma reesei and Aspergillus
species, act as major players in commercial cellulase production. The main reason
of using filamentous fungi for industrial cellulase production is its easy handling
and requirement of less expensive minimal media for culture maintenance and cel-
lulase production with safe application in different industries making the overall
production process economical. The data availability of entire genome sequence of
these strains makes its screening easier which can be used for hierarchy studies (Le
Crom et al. 2009; Martinez et al. 2008). The cellulase production is performed in
both submerged and solid-state fermentation (Singhania et al. 2010). Both of these
fermentation technologies exhibit certain advantages and some disadvantages; of
these two different fermentation technologies being adopted in cellulase produc-
tion, SSF is considered as cheaper and simpler and does not require skilled personal
for its handling. The major advantage of SSF is its ability to use inexpensive and
insoluble substrates such as lignocellulosic feedstock for cellulase enzyme produc-
tion at industrial level (Pandey 2003) (Table 10.1).
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Table 10.1 Fermentative production of cellulose by different microorganisms

Temperature | Types of substrates
Microorganisms (°C) used PH |Type |References
Anaxybacillus 75 Carboxymethyl 7.5 | SmF- | Ibrahim and
Sfavithermus EHP2 cellulose (CMC) El-diwany
(2007)
Botryosphaeria sp. AMOI | 28 Sugarcane bagasse |4.8 | SSF-- | Marques et al.
and Saccharicola sp. and soybean (2018)
EJC04
Bacillus sp. 50 Sugar cane bagasse | 45— |SSF | Patel et al.
55 (2005)
Trichoderma reesei 28 Corn stover 4.8 |SSF |Zhanget al.
Rut-C30 (2018)
Bacillus sp. NZ 50 Agricultural 9-10 | SSF | Nizamudeen
residues and Bajaj (2009)
Bacillus cereus 50 Palm kernel cake | 9-10 |SSF | Lahetal. (2012)
T. reesei zxy-2 28 Glucose 4.8 |SmF |Zhang et al.
(2017)
Clostridium thermocellum | 50-55 Cellulose and 7 SmF | Zhuang et al.
paper pulp and | (2007)
SSF
Cytophaga hutchinsonii 50-55 Paddy straw 7 SmF | Mishra and Lata
NCIM 23 (2007)
Anoxybacillus sp. 527 70 Crystalline 6.0 |SmF | Liangetal.
cellulose (2010)
Bacillus sp. AC-1 70 CMC 4.5- | SmF | Lietal. (2006)
6.5
Trichoderma reesei 30 Wheat bran 4.8 |SSF | Idrisetal.
(2017)

10.5.1 Cellulase Production by Bacteria

A. Cellulase production by Bacillus subtilis—B. subtilis MU S1 is used for cel-

lulase production using CMC (carboxymethyl cellulose) as the substrate. B.
subtilis strain was cultivated in a media comprising carboxymethyl cellulose
(CMC), yeast concentrate, and NaCl as potential carbon source, nitrogen source,
and growth factor. The physical operating conditions constituted an agitation
speed of 150 rpm, temperature 40 °C, and pH 7. The optimized media com-
prised 13.46 mg/ml of carboxymethyl cellulose, 8.38 mg/ml yeast extract, and
6.31 mg/ml sodium chloride. The optimized media gave more than threefold
increase in cellulase activity in comparison to unoptimized media (Sreena and
Sebastian 2018).

. Cellulose production by Bacillus licheniformis NCIM 5556—Thermophilic

bacteria B. licheniformis is a thermophilic bacterium and is one of the major
cellulase-producing microbes. Bacillus licheniformis NCIM 5556 cultivated in
a minimal media comprising CMC (carboxymethyl cellulose), Tween 20, and
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CaCl, gave maximum cellulase yield. The media components were optimized
by varying their concentration at different levels, and their interactive effect on
cellulase yield was observed. The optimized media for cellulase production
comprised CaCl,»6H,0 25.06 mg/L, Tween 20 2.96 mL/L, and temperature
43.35 °C. The optimized cultural condition was further scaled up in 7 L bioreactor
where maximum cellulase yield of 42.99 U/ml was obtained using recombinant
Bacillus strain (Shajahan et al. 2017).

C. Cellulase production by Bacillus velezensis ASN1—Cellulase production by
recently screened B. velezensis ASN1 utilizing paper waste as feedstock showed
maximum cellulose yield after optimizing the cultural condition using a statisti-
cal software tool. Different media components including waste office paper,
Tween 80, yeast extract, NaNO;, MgSO,, KCI, and KH,PO,, physical parame-
ters (pH, temperature, and time), and inoculum size were optimized utilizing
two-degree full factorial design to examine the key point significantly influenc-
ing the cellulase manufacturing. The optimum media comprised waste office
paper (9 mg/ml), NaNO; (0.35 g/L), pH 4.72, and inoculum size (6.56%, v/v).
Bacillus velezensis ASN1 gave maximum cellulase yield of 2.42 U/ml under
optimized conditions (Nair et al. 2018).

10.5.2 Cellulase Production by Fungus

A. Production by Trichoderma reesei—The production of cellulase by
Trichoderma reesei RUTC-30 utilizing cellulose and wheat bran as substrate
under solid-state fermentation was optimized employing statistical design of
test. Optimization of process criterion arises in more than three times increase in
carboxymethyl cellulase production to 959.53 IU/gDS. The procedure was ana-
lyzed at pilot scale in tray bioreactors, and maximum cellulase production was
457 1U/gDS at pH 4.8, using the lab conditions (Idris et al. 2017).

B. Production by Botryosphaeria and Saccharicola sp.—Certain recombinant
strains like Botryosphaeria sp. AMO1 and Saccharicola sp. EJC04 gave maxi-
mum cellulases yield under SSF utilizing agro-industrial wastes like sugarcane
bagasse, molasses, and soybean meal as potential substrates for cellulase pro-
duction. The optimization study performed on these recombinant strains
showed that fermentation time, inoculum size, and moisture content of the
substrates affected the overall cellulase yield. The recombinant strains gave
maximum cellulase yield of 184.74 + 6.0 U/g under SSF after 8 days of culti-
vation while keeping the temperature and pH at 28 °C and 4.8, individually
(Marques et al. 2018).

C. Production by mutant Trichoderma reeseizxy-2—A mutant Trichoderma
reeseizxy-2 showed maximum growth and cellulase enzyme production when
glucose (10 mg/ml) was utilized as individual substrate. A cellulase activity of
2.63 IU/mL and cell mass content of 9.53 mg/ml were observed after 48 h of
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cultivation at pH 5 and temperature of 28 °C causing Trichoderma reeseizxy-2
mutant. The mutant strain showed maximum productivity of 54.79 TU/L/h which
was higher in comparison to the previous reports (Zhang et al. 2017).

D. Production of cellulose by Trichoderma reesei Rut-C30—T7. reesei Vib-1 is
reported to possess enormous cellulase-producing potentials. The cellulolytic
activity of T. reesei Vib-1 was in advance matched with that of 7. reesei Rut-C30
utilizing cellulose as the individual carbon source. T reesei Vib-1 showed better
cellulase enzyme-producing ability in comparison to 7. reesei Rut-C30. The
T. reesei Vib-1 showed maximum cellulase activity (3.3 IU/mL) within 7 days
of cultivation which was two-fold more than the cellulase activity of Trichoderma
reesei Rut-C30. For increasing cellulase yield, the physical parameters such as
temperature and pH were retained at 28 °C and 4.8, respectively. The cellulase
yield increased in the existence of unmixed cellulose in association with varied
other soluble inducers (Zhang et al. 2018).

E. Production by mixed culture of recombinant fungus—It has been found in
previous researches that the cellulase enzyme present in the Trichoderma reesei
does not possess p-glucosidase and cellobiohydrolase II enzyme activity, which
delays the integration of cellulase parts leading to a reduced cellulose-lysing
efficiency. In order to enhance the cellobiohydrolase II and cellulase-producing
genes, 1. reesei was genetically engineered. However, it deduced decreased
B-glucosidase activity. The recombinant strain possessing desirable genes of 7.
reesei and A. niger for cellulase production utilized lignocellulosic resources
such as corn more efficiently, which enhanced the cellulose production and fur-
ther enzymatic hydrolysis. The recombinant 7. reesei strain possessed enormous
cellulase activity whose FPA activity was found to be 12.17 + 1.18 FPIU/mL
under acidic condition (pH 4.8) (Zhao et al. 2018).

F. Production by textile waste—The textile industry waste is posing lots of envi-
ronmental threats owing to its expensive disposal. However, the presence of
lignocellulosic source makes it suitable source for cellulase production at indus-
trial level. It has been reported that a recombinant strain A. niger CKB effi-
ciently utilized waste produced by textile industry for cellulase making under
solid-state fermentation. The recombinant fungal strain showed maximal cellu-
lase action of 1.56 FPU g/1 under solid-state fermentation after 144 h of cultiva-
tion. The optimal cellulase production by A. niger occurred at 28 °C temperature
and pH 7.29, respectively. The recombinant strain efficiently utilized the cotton
and polyester present in the textile waste for cellulase production with less labor
and cheaper production strategy (Hu et al. 2018).

10.5.3 Cellulase Production by Yeast

Certain filamentous yeast strains like MK-157 and MK-118 and bacteria showed
huge potential to produce cellulase enzyme utilizing sugarcane industry waste, i.e.,
sugarcane bagasse under solid-state fermentation. Previously, Qadir et al. 2018
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reported two recombinant yeast strains, MK-118 and MK-157, which showed
maximum cellulase activity of 9.81 IU/mL when co-cultured under solid-state fer-
mentation utilizing sugarcane bagasse as raw material. The maximum cellulase
activity was achieved after 4 days of cultivation using recombinant yeast strain
grown at 35 °C temperature (Qadir et al. 2018).

10.6 Application of Cellulases

Cellulases have shown marked application and wide accessibility in all the indus-
tries including food, pharma, agriculture, and medical sector in the last three
decades. Cellulases have been a subject of research for both academicians and
industry personal owing to its wide applicability. The new researches on cellulase
have depicted their possible use in different industries comprising food, animal
feed, brewing and wine production, fruit and vegetable processing industries, bio-
mass filtering, paper and pulp industry, and material and washing industries
(Table 10.2).

10.6.1 Paper and Pulp Industry

During the last decade, enthusiasm for the utilization of cellulases in pulp and paper
industry has expanded significantly due to their industrial advantage. Fineness and
firmness of pulp are achieved by pulping process through mechanical means such as
refining and grinding. In contrary, pulping utilizing cellulases under biomechanical
process resulted in considerable amount of energy saving approximately 20-40%
during processing of pulp (Singh et al. 2007; Bhat 2000).

The cellulosic material inherent in the paper pulp can be successfully used for
the production of cellulase. Conventional pulp degradation requires increased used
of water and ink removal from various paper pulps which causes the peeling of the
individual paper fibrils and packets, showing remarkable water and dye molecule
adsorption properties (Kibblewhite et al. 1995). The major steps of enzymatic
deinking involve rapid soluble base consumption, increased fiber brilliance with
improved quality attributes along with more cleanliness, and decreased presence of
fine particles in the mashed pulp to be used in fermentative production of cellulases
(Kuhad et al. 2010a, b). In addition to this, cellulases are also utilized in commercial
production of cardboards with biodegradability (Buchert et al. 1998). This has been
also successfully used in the grounding of delicate papers such as sanitary papers
and paper towels (Hsu and Lakhani 2002) and expulsion of adhered sanitary papers
(Sharyo et al. 2002).
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Table 10.2 Application of cellulase in different industries

Industry Function Application References
Food Hydrolysis of cell wall Extraction of juice from Bhat (2000)
industry components decreasing the organic products, food-coloring
viscosity and maintaining the agent; alteration of the tangible
texture of fruit juice properties of fruit and
vegetables, and oil from olives
and soups; controlling
coronary illness and
atherosclerosis; reducing food
spoilage
Animal feed | Pretreatment of agricultural Change in the healthful nature | Cowan
silage and grain feed for partial | of animal feed; weight gain by | (1996),
hydrolysis of lignocellulosic broiler chickens and hens; Godfrey et al.
materials diminishing colonization of (1996)

pathogenic microscopic
organisms in the large intestine

Beer and Hydrolysis of plant cell wall Improvement in skin Galante et al.
wine polysaccharides, modification of | maceration and color extraction | (1998a)
aromatic residues of grapes; quality, stability and
clarification and aroma of
wines
Textile and | Act on the cotton fabric and Bio-stoning of denim fabrics; | Kirk et al.
laundry break off the small fiber ends on | Biopolishing of non-denim (2002)
the cotton fabric, thereby loosing | fabrics; defibrillation of
the dye after washing; lyocell-containing fabrics and
prevention or permanent biofinishing; production of
removal of fuzz formation and | high-quality and
pilling; biopolishing of cotton environmentally friendly
and nondenim fabrics; washing powders; production
defibrillation of lyocell of high-quality fabrics
Pulp and Mechanical pulping, Increasing tensile strength and | Kuhad et al.
paper biomodification of fibers, high fiber qualities, energy (2010a, b, ¢)
removing of ink coating and consumption reduced,
toners from paper improving drainage of the
paper mills, and manufacturing
of soft papers like paper towels
and sanitary papers
Agriculture | Solubilization of plant or fungal | Production of plant or fungal | Beguin and
industry cell walls, inhibition of spore protoplasts, hybrid and mutant | Aubert
germination, germ tube strains, soil fertility, plant (1994)
elongation, and fungal growth growth
R&D Affinity tag, affinity systems, Affinity purification; Svensson
industries conjugation and gene fusion, immobilization and fusion of | et al. (1995)

expression of heterologous
proteins and enzymes

proteins, enzymes, and
antibodies; production of
hybrid molecules for various
applications; production of
high levels of proteins,
enzymes, and antibodies

(continued)
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Table 10.2 (continued)

Industry Function Application References
Biofuel Conversion of cellulosic Production of single-cell Sukumaran
industry material to glucose and other protein or fermentation et al. (2005),
fermentable sugars products like ethanol Kuhad et al.
(2011)
Pharmacy Digestion of cellulose fiber Preparation of digestin; rapid | Gupta et al.
industries hydrolysis of cellulose, (2013)
hemicellulose, and beta-glucan
polymers in food
Waste Degradation of cellulosic wastes | Reduction of environmental Milala et al.
management pollution (2005)

10.6.2 Textile Industry

Potential application of cellulase enzymes involves wet processing of fabrics, pre-
dominantly cellulose-based material finishing, with the main focus on increased tex-
ture and look (Hebeish and Ibrahim 2007; Karmakar and Ray 2011). Cellulases have
been efficiently used for the cotton biopolishing and jeans biostoning along with
other cellulose-based clothes. After the biostoning step, cellulases act on the mainte-
nance of cotton texture and cut the small fiber protruding outside of the fabric, which
leads to release of the color, which is easily removed mechanically from scraped area
of the clothes during washing. The main objective for the pumice stone substitution
by enzymatic treatment is to reduce the filament usage with more profit and less
labor intensity and no damaging properties posed on the environment (Sukumaran
et al. 2005; Singh et al. 2007. Cellulase with enhanced endoglucanase activity is bet-
ter suited for biofinishing. It has been observed that in most of the cotton or cotton-
mixed garments, rapid and continuous washing causes soft and cloudy appearance,
which is primarily due to origin of irregular and disconnected small fibrils present on
the exterior of cloth pieces. The utilization of cellulases can expel these disconnected
microfibrils and produces glossy exterior that provides a specific color to the cloth-
ings (Ibrahim et al. 2011). It has been experimentally deduced that cellulose also
helps in garments softening and also in the expulsion of the dirt particles present
inside the microfibrilar network. There are several reports which deduced that the
application of the entire cellulase pattern was specific in respect to the endonuclease
activity, and this is quiet effective in maintenance of texture quality and appearance.

10.6.3 Bioethanol Industry

One of the major applications of cellulases is in the bioconversion of materials rich
in lignin and cellulose residues like rice straw, sugarcane molasses, bagasse, corn-
cob, switch grass, and wood residues in bioethanol through enzymatic saccharifica-
tion by cellulases (Kuhad et al. 2010a; Gupta et al. 2011a, b). Extensive researches
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are being carried out for effective and efficient strategies for the conversion of
lignocellulosic residues to valuable product such as bioethanol and biodiesel (Sun
and Cheng 2002; Mosier et al. 2005). The conversion of lignocellulosic substances
to biofuel through enzymatic process will overcome the demand of conven-
tional petroleum, and the process would lead to the production of less expensive fuel.
The inflexibility of the substrate and other factors hampers the cellulase activity, and
the hydrolysis of lignocellulosic components is decreased (Yang and Wyman 2004).
Similarly, recombinant cellulase inhibits the substrate binding and its irreversible
adsorption on heterogeneous substrate with multiple binding site leading to
increased enzyme activity (Taniguchi et al. 2005).

10.6.4 Wine and Brewery Industry

Microbial glucanases show vital role in wine and brewery industry as they act on
wide polysaccharides and undergo fermentation to produce the fermented alcoholic
beverages like beer and wine (Bamforth 2009; Singh et al. 2007). Recombinant
glucanases showed tremendous improvement in quality and yield of alcoholic bev-
erages utilizing agro-industrial waste (Bamforth 2009). Glucanases are involved in
either squashing or performing the hydrolysis of glucan which minimizes the con-
sistency of wort and its clarity (Bamforth 2009). Certain food grade enzymes like
B-glucosidases can increase the odor of alcoholic beverages such as wines by alter-
ing glycosylated residues. Similarly, certain enzymes performing maceration during
brewing are responsible for improvement in wine quality by enhancing the juice
yield, pressability of wort and its settling during maturation and aging. A variety of
enzyme series are currently involved in quality wine production which are produced
by recombinant strains. The major benefits of utilizing these enzymes in wine pro-
duction include improved maceration, increased wort extraction, and easier juice
extraction and filtration process which leads to wine with improved grade and
higher security (Galante et al. 1998a, b).

Brewing industries rely on synergistic enzyme activity which causes effective
malting and fermentation process. The malting of cereal grains relies on germina-
tion of seeds, which begins the biosynthesis activity of certain enzymes like car-
boxypeptidase, f-glucanase, and a- and f-amylases which hydrolyze the substrates
present in seeds (Bamforth 2009). In a previous report of Oksanen et al. (1985), it
was deduced that the two enzymes in cellulase framework, namely, exoglucanase 11
and endoglucanase II, produced by Trichoderma sp. were responsible for the
decrease in the viscosity of wort and polymerization. This caused improvement in
grape squeezing and higher juice yield and settling due to mixture of macerating
enzymes produced by recombinant Trichoderma sp. However, this improvement in
wine quality was also dependent on suitable composition of complex polysaccha-
rides such as hemicellulases, cellulases, and pectinases. In a study of Galante et al.
(1998a, b), three white grape varieties, namely, Sauvignon, Chardonnay, and Soave,
comprising a blend of xylanase, pectinase, and cellulase as cytolase 219 showed
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approximately up to 35% enhancement in juice removal during wine making.
Similarly, up to 80% increase in the must filtration rate and reduction in squeezing
time along with 30-70% decrease in must viscosity were observed. Besides that, an
energy saving of 20-40% which was required during bioreactor cooling was
observed making the overall wine making process economical. The fermented bev-
erage yield can be further improved by using the recombinant strains which also
secrete the pectinase in addition to cellulase for effective utilization of fruit and
vegetable wastes such as orange peels (Bamforth 2009).

10.6.5 Food Processing Industry

Cellulases also find wide application in the food processing industries specially in
fruit and vegetable processing industries for the production of value-added func-
tional food using recombinant strains produced by genetic engineering. Cellulases
are utilized in the fruit and vegetable juice production which also facilitates the
removal process, juice refining, and its stability. The recombinant strains express the
genes which are required for the production of enzyme network (cellulases, xyla-
nases, and pectinases) which are required during maceration and are widely used for
extraction and brilliance of leafy food juices and also to enhance the juice harvest
(De Carvalho et al. 2008). The complex enzymes used in maceration are used to
prevent the cloudiness in the juices and provide stability and texture with decreased
consistency of the sweet liquid secretion (nectars) and purees obtained from tropical
organic products, such as pear, papaya, mango, and apricot (Singh et al. 2007; De
Carvalho et al. 2008). Sensorial attributes like flavor, texture, aroma, and flavor of
fruit- and vegetable-based products may be changed by minimizing the effect of
bittering compounds of citrus fruits by incorporation of certain enzymes such as
pectinases and f-glucosidases (Rai et al. 2007). Certain enzyme mixture comprising
pectinases, cellulases, and hemicellulases is also applied for enhanced olive oil
removal. The application of enzymes involved in maceration not merely increases
the turbidity, but it also changes the surface areas of nectars and purees which main-
tain their consistency for longer duration during storage. This clearly suggests that
the macerating enzymes comprising pectinase and cellulase play a vital role in sus-
tainable development, and this leads to its further application in different varieties
of fruits and vegetables for juice extraction that can be used in preparation of value-
added diversified food products (Dourado et al. 2002).

10.6.6 Animal Feed Industry

The major application of cellulases and hemicellulases in the feed industry has
established noteworthy care owing to their capability to increase the feed quality
with more acceptability by cattles improving the milk and meat product yield
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(Dhiman et al. 2002). It has been reported that nutritional quality of cattle feeds
such as farming silage and grains can be improved by cellulase pretreatment. These
enzymes are also involved in the removal of anti-nutritional factors (ANF) which
are prevalent in the feed grains. The supplementation of certain enzymes such as
glucanases, amylases, and proteases also minimizes the effect of certain anti-
nutritional factors present in the animal feeds which are responsible for elevation of
certain digestive enzymes such as amylases and proteases. The assimilation of
hydrolytic enzymes such as cellulases and glucanases in the animal feed can enhance
the nutritious quality of pork meat. The supplementation of certain enzymes like
glucanases alters the physicochemical characteristics such as decrease in viscosity
of barley-based feeds and high fiber served to pigs and poultry. Similarly, these
enzymes are responsible for increased body mass in piglets and chickens by increas-
ing the assimilation and immersion of feed components (Singh et al. 2007; Karmakar
and Ray 2011; Shrivastava et al. 2011).

The partial hydrolysis of lignocellulosic substance brought by cellulases and
hemicellulases causes removal of the hulls from bean seeds and oat grains. These are
also involved in the hydrolytic cleavage of B-glucans and higher blurriness and adapt-
ableness of feed components, which causes alteration in the nutritional properties of
animal feeds (Galante et al. 1998a, b). Besides this, these enzymes are also involved
in conversion of silage and fodder during fractional hydrolysis of plant cell wall.

10.6.7 Agriculture-Based Industries

Certain enzyme preparations comprising blend of cellulases, hemicellulases, and
pectinases showed profound application in agricultural farming to increase the food
yield (Bhat 2000). The recombinant strains containing hydrolases can be inserted in
plant or fungal protoplasts for expression of desirable attributes using direct gene
transfer method. There are certain reports which suggest that cellulases and related
enzymes can be obtained from specific microorganisms and can be cloned in plants
to prevent diseases arising due to plant pathogens (Bhat 2000). The p-glucanases are
suitable for controlling plant pathogens by disrupting their cell walls. Several fungi
including Penicillium sp., Geocladium sp., Trichoderma sp., and Chaetomium sp.
show cellulase activity which plays significant role in agribusiness by improving
germination of seeds, early plant growth and flourishing, and enlarged root network
with higher product yields (Harman and Kubicek 1998). Besides that, these enzymes
have been used in altering the soil characteristics making them suitable for specific
crop production. In general, straw union is adopted as an effective tool to advance the
soil value with lesser reliance on chemical fertilizers (Escobar and Hue 2008; Tejada
et al. 2008). Previous reports have focused on the utilization of straw decay by using
recombinant microbial strains. Certain fungus species such as Aspergillus sp.,
Chaetomium sp., Trichoderma sp., and actinomycetes have revealed outstanding
outcome in soil quality improvement (Bowen and Harper 1990; Abdulla and
El-Shatoury 2007).
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10.6.8 Extraction of Olive Oil

Olive oil extraction involves utilization of newly picked, spotless, and young fruits
under cooled pressurized conditions (De Faveri et al. 2008). Although, significant
olive oil recovery can be achieved by using fully matured fruit at higher tempera-
tures than from immature fruits, extraction at higher temperature is not desirable as
it leads to recovery of olive oil with higher acidic behavior, rancid flavor, and poor
fragrance. Therefore, an advanced technique for the removal of olive oil from oil-
seed crop was required to meet consumer needs. An improved recombinant strain of
Aspergillus aculeatus possessing pectinase, hemicellulose, and cellulase activity
can be utilized for removal of olive oil and is sold under the brand name OliveX.

10.6.9 Extraction of Carotenoid Pigments

Cellulase also finds wide application in extraction of coloring compounds such as
carotenoids from plant and microbial source. The carotenoids constitute color pig-
ments from red to yellow. In general, the mixture of cellulolytic and pectinolytic
enzymes fastens the hydrolysis rate in order to achieve complete liquefaction.
Cellulases are accountable for splitting the cellulose chains into smaller monosac-
charides subunits. In contrary to that, commercial pectinase extracts obtained from
fungus such as Aspergillus niger possess pectin esterase, polygalacturonase, and
gelatin lyase activity (Cinar 2005). The application of pectinase and cellulase
enzymes is done in order to extract the carotenoid pigments from agro-waste includ-
ing orange peel, sweet potato, and carrot pomace through bioconversion of complex
carbohydrates to simpler ones which is performed by a wide range of microorgan-
isms. These carotenoid pigments exist in their natural form while adhered with pro-
teins. The carotenoid- and protein-linked framework restricts the pigment oxidation
and color deterioration, while solubilized recovery separated the pigment molecules
from the protein residues which leads to water insolubility and easier oxidation
procedure (Cinar 2005).

10.6.10 Detergent Industry

The combined usage of cellulases, protease, and lipase in the detergents is supposed
to be new novelty in the detergent industry (Singh et al. 2007). Cellulase framework is
responsible for changing cellulose fibrils which can increase the color brightness,
intensity, texture, and filth particle elimination from the cotton-blended clothes. The
usage of soluble cellulases as a possible detergent supplement is observed due to its
ability to penetrate the inner surface of cellulose fibrils and remove the soil residues
present there when added with other traditional detergent ingredient (Singh et al. 2007).
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Nowadays, the majority of textile industries are utilizing the cellullase enzymes to
produce the clothes with more fine and smooth texture as these cellulases act on the
cellulose fibrils located in the interior of garments. The cellulases are connected to
expel these harsh bulges for an unwrinkled, shining, and more brightness-shade
fabric (Karmakar and Ray 2011).

10.6.11 Waste Management

A large amount of cellulose prevalent in woods is obtained from cultivating lands
which remains either unutilized or underutilized and poses environmental threat
upon disposal (Milala et al. 2005). Currently, these feasible waste products are pro-
ficiently used to produce significant bioproducts such as biocatalysts, sugar, biofu-
els, synthetic compounds, and inexpensive substrates for fermentation, to increase
animal feeds, and as growth supplements for human population (Kuhad et al. 2010a,
b, ¢; Karmakar and Ray 2011; Gupta et al. 2009, 2011a, b).

10.7 Future Prospects

During the past one decade, significant advancement in recombinant DNA technol-
ogy has created an opportunity to convert the non-cellulolytic organisms to cellulose-
degrading microbes which show potential conversion of cellulosic substrates into
simpler sugar units which can be easily fermented. The usage of recombinant DNA
technology in the cellulase production is an effective tool as it screens and utilizes
enzymes not apparently present in a chosen host microorganism which is easily
cultivable and requires minimal growth media for its maintenance and product for-
mation. In addition to that, it is previously stated that due to the complex structure of
cellulose and hemicelluloses with crystallinity, it requires many enzyme activities in
order to accomplish the complete bioconversion. The potential recombinant strain
possessing cellulase enzyme complex contributes to vast extent in different indus-
tries pertaining to the positioning and composition of individual enzymes in the
complex with specific purpose. Although progress has been made in the area of
recombinant DNA technology, still more efforts are required to achieve the eco-
nomical cellulose transformation into value-added compounds such as biofuels,
non-biofuel hydrocarbon compounds, and acids to achieve an industrial standard
requirement. The recombinant strain developed by genetic engineering means would
be able to efficiently utilize the complex and cheaper substrate for its conversion to
value-added products. The gene construct with overexpression in suitable host will
enhance the cellulose yield while decreasing the production cost. Due to gradual
depletion of nonrenewable substrates such as petroleum compounds and other ves-
tige fuels, it is essential to focus on this enzyme and develop recombinant strain with
enhanced cellulose activity for efficient utilization of cellulosic material.
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11.1 Introduction

11.1.1 Cellulase

Cellulases are the enzymes which decompose cellulose and some other related
polysaccharides. These enzymes have been produced by bacteria, fungi and some
protozoans. They are also used for decomposition of cellulosic component con-
tained within any material. Cellulases are multienzyme systems having different
types of enzyme, i.e. cellobiose, cellobiohydrolases and carboxymethyl cellulase
(CMCase). The significance of using carboxymethyl cellulase is that it has highly
different hydrolytic activities compared to other enzymes. Cellulase enzymes
hydrolysed the glycosidic bonds of the cellulosic polymer. The catalytic compo-
nents of cellulases have been categorized into several groups, based on sequences
and crystal structures of the amino acid (Gusakov 2011). Cellulases constitute non-
catalytic carbohydrate-binding modules and/or other functionally known or
unknown units, which might be present at C- or N-terminal end of catalytic units.

11.2 Types of Cellulase

On the basis of types of reaction catalysed, cellulases are categorized into five dif-
ferent types; these include:
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11.2.1 Endocellulases

The internal bonds of the cellulose are randomly cleaved by the endocellulases at
amorphous locations, thus forming different chain ends, for example, endogluca-
nases (EC 3.2.1.4).

11.2.2 Exocellulases

The chain formed by the endocellulases is further broken down into 1-3 units near
the end of the exposed chain, resulting in tetrasaccharides or disaccharides, i.e. cel-
lobiose. Exocellulases are again classified into two classes: i.e. type I, these enzymes
work on the end of the polymeric chain which are reducing in nature, and type II,
enzymes which are included in this class act on the non-reducing site present at the
end of cellulose polymer.

11.2.3 Cellobiases

Cellobiases are also called as -glucosidases which digest exocellulase by hydrolys-
ing them into monosaccharide units.

11.2.4 Oxidative Cellulases

This class of cellulases acts on unfolding of the polymeric chain which works on the
radical reaction mechanism, where cellobiose dehydrogenase is used as an acceptor
molecule.

11.2.5 Cellulose Phosphorylases

Cellulose phosphorylases are the enzymes which depolymerize the substrate; here,
they use phosphates in place of water.

Cellulases can also be divided into different types on the basis of their character-
istics such as nature of cleavage and bonding (Table 11.1).

Some enzyme belongs to cellulase family which are Exo-1, 4-f-D-glucanase
(EC 32.1.91), endo-1, 4-p-D-glucanase (EC 3.2.1.4) and B-glucosidases (EC
3.2.1.21). The ends of the cellulosic chain can be digested by exoglucanase and
produce p-cellobiose as an end product of the reaction; endoglucanases (EG)
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Table 11.1 Types of cellulase and its basis of classification

Cellulase

types Basis of classification Examples

Type I According to cleavage site of cellulose B-1,4 endoglucanase
p-1,4
exocellobiohydralase

Type 11 Presence of the carbohydrate binding modules (CBM) | Glucosidase

within their molecules
Type 111 It is classified on their primary structure Glycoside hydrolases

Table 11.2 Presence of cellulase enzyme in the different habitats

Habitat Organisms Cellulase enzyme

Aquatic Plants Endocellulase, p-glucosidase
Fungi Endocellulase
Eubacteria Endocellulase, cellobiohydrolases, p-glucosidase
Invertebrate animals Endo/exocellulase
Archaea Endocellulase, p-glucosidase

Terrestrial Fungi Endocellulase, cellobiohydrolases, p-glucosidase
Plants Endocellulase
Eubacteria Endocellulase, cellobiohydrolases p-glucosidase
Invertebrate animals Endo/exocellulase
Archaea Endocellulase, f-glucosidase

aimlessly break O-glycosidic bonds internally, which resulted in the production of
glucan chains with varying lengths; glucose can be produced by the action of
B-glycosidase which use oligosaccharides, disaccharides and p-cellobiose as its
substrate. The production of cellulase enzyme depends upon habitat and types of
producing organism. Some organisms have the potential to produce either endo- or
exocellulase, while few organisms have capability of producing both (Table 11.2).

11.3 Sources of Cellulase

All the microorganisms have potential to degrade the carbohydrates, but only some
of them have the capability to degrade cellulose. Only a number of microorganisms
have the potential to make cellulase naturally, so they have the ability to hydrolyse/
consume cellulose as well. However, there are several studies which show that ani-
mals like molluscs, Nudibranchia, Littorina littorea, snails and few organisms of
bivalves also have the potential to make cellulase. Microbispora and
Thermomonospora are the actinomycetes that produce cellulase. In Microbispora
bispora, cellulases were found to contain 5-7 types of enzymes, whereas in
Thermomonospora fusca, cellulases have shown five types of enzymes. Accounting
these reports, we can say that cellulases can be produced by different consortia of
bacteria, plant cells, different fungal species and protozoans, etc. Fungi as well as
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bacteria are the microorganisms which can be used for mass-scale production of
cellulase as they produce higher amount of enzymes and have the capacity to secrete
the whole enzyme complex extracellularly (Table 11.3). Some of the important fun-
gal species used for cellulase production are Penicillium pinophilum, P. funiculo-
sum, Trichoderma reesei and Fusarium oxysporum; apart from these species
Phanerochaete chrysosporium, Melanocarpus albomyces, Talaromyces emersonii
and some other fungi which are anaerobic in nature belonging from the genera
Caecomyces, Neocallimastix and Orpinomyces have been well-known for their abil-
ity to produce cellulases.

11.3.1 Fungi

Most of the studies done on the fungi revealed that these are the main source of cel-
lulase production and degradation of cellulose. The soft-rot fungi Penicillium funic-
ulosum, Trichoderma reesei, T. koningii, Fusarium solani and Talaromyces
emersonii and the fungal species Phanerochaete chrysosporium are intended for the
production of cellulase (Saranraj et al. 2012). Presently, nearly all the cellulases that
are produced at industrial level are mainly from aerobic cellulolytic fungi, for exam-
ple, Humicola insolens or Hypocrea jecorina (T. reesei) (Wilson 2009).

The fungi which belong to white-rot group are to a certain extent heterogeneous;
still they have the skill to reduce lignin in addition to extra lignocelluloses constitu-
ents (Rosenberg 1978). Sporotrichum pulverulentum is well-known white-rot fun-
gus which produces one exo-1, 4-B-glucanase, two 1, 4-f-glucosidase and five
endo-1, 4-B-glucanases as reported by Rosenberg (1978). Brown-rot fungi are defi-
cient of exo-1, 4-B-glucanase activity; due to this reason, they do not degrade the
crystalline cellulose but have the capability to depolymerize the cellulose (Rosenberg
1978). Tyromyces palustris, Lanzites trabeum and Poria placenta are the well-
known among the brown-rot fungi that produced cellulase (Nurul and Kikuchi
2011; San Ryu et al. 2011).

The soft-rot fungus has the ability to diminish lignin as well as polysaccharides;
though, the later ones are the core goals. The capability of this fungal sp. differs in
generation of important extracellular enzymes for reducing the crystalline cellulose.
According to Gusakov (2011), Trichoderma reesei is a popular complete enzyme-
producing fungus. Other soft rot fungi which are Penicillium citrinum, P. funiculo-
sum, Fusarium oxysporum, F. solani and Trichoderma koningii are widely utilized
for the production of cellulase (Bansal et al. 2012; Bhatti et al. 2013; Ghoshal et al.
2013; Maeda et al. 2013; Wang et al. 2014; Xiros et al. 2011). The huge quantity of
various cellulases secreted by 7. reesei produced -1, 4-glucosidases, two exo p-1,
4-glucanases and three endo -1, 4-glucanases by solubilizing the crystalline cel-
lulose with their mutual act (Peterson and Nevalainen 2012).

The requirement of special culturing and induction conditions restricts the appli-
cation of traditional fungus for cellulolysis. To solve these limitations, nowadays,
people have started adopting new strategies to enhance the quantity of production of
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Table 11.3 Major microorganisms used in cellulase enzyme production (Kuhad et al
Salem et al. 2016; Singhania et al. 2017)
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. 2011;

Group of microorganisms

‘ Genus of organism

Species of organism

Fungi
Aspergillus A. niger
A. phoenicis
A. aculeatus
A. fumigates
A. terreus
A. saccharolyticus
A. sydowii
A. versicolor
Humicola H. insolens
H. grisea
Fusarium F. solani
F. fusosporium
F. oxysporum
Penicillium Penicillium occitanis
Penicillium brasilianum
Penicillium decumbans
Penicillium purpurogenum
Penicillium janthinellum
P. echinulatum
P. fumigosum
Phanerochaete P. chrysosporium
Neurospora N. crassa
Trichoderma Trichoderma reesei
Trichoderma harzianum
Trichoderma viride
Talaromyces T. emersonii
Paecilomyces P. thermophila
P. inflatus
Gloeophyllum G. trabeum
Wolfiporia W. cocos
Laetiporus L. sulphurous
Piptoporus P. betulinus
Ceriporiopsis C. subvermispora
Psedotremella P. gibbosa
Irpex L lacteus
Trichaptum T. biforme
Psedotremella P. gibbosa
Trametes T. versicolor
T. trogii
T. ochracea

T. pubescens

(continued)



182

Table 11.3 (continued)

G. Singh et al.

Group of microorganisms

Genus of organism

Species of organism

Funalia F. trogi
Pleurotus P. pulmonarius

P. sajor-caju

P. dryinus

P. ostreatus
Coriolopsis C. polyzona
Cerrena C. maxima
Bjerkandera B. adusta
Lentinus L. edodes

L. tigrinus
Pycnoporus P. sanguineus

P. coccineus
Chaetomium C. cellulyticum

C. thermophilum
Thermoascus T. aurantiacus
Coniophora C. puteana
Sporotrichum S. thermophile
Poria P. placenta
Tyromyces T. palustris
Fomitopsis F. cajanderi

E rosea

E palustris

F incarnates
Lenzites L. trabeum
Agaricus A. arvensis
Acremonium A. cellulolyticus
Daldinia D. eschscholtzii
Phlebia P. gigantea
Piromyces P. communis
Sclerotium S. rolfsii

Bacteria

Acinetobacter

A. amitratus

A. junii

Acidothermus

A. cellulolyticus

Clostridium C. acetobutylicum
C. cellulolyticum

Cellulomonas C. biazotea

Bacillus B. subtilis

B. amyloliquefaciens

B. licheniformis

Bacillus flexus

Bacillus circulans

Pseudomonas

P. cellulose
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Table 11.3 (continued)

Group of microorganisms

Genus of organism

Species of organism

Cellvibrio C. gilvus
Eubacterium E. cellulosolvens
Rhodothermus R. marinus
Microbispora M. bispora
Paenibacillus P.curdlanolyticus

Salinivibrio

S. costicola

Acetivibrio

A. cellulolyticus

Butyrivibrio B. fibrisolvens
Fibrobacter F. succinogenes
Ruminococcus R. albus
Cellulomonas C. uda
C. fimi
Actinomycetes
Streptomyces S. lividans
S. cellulolyticus
S. drozdowiczii
S. antibioticus
Thermomonospora T. fusca

T. curvata

cellulases in cellulolytic fungus to lower the manufacturing costs and to also
optimize the recombinant expression system in microbes and plants (Lambertz et al.
2014). The earlier will enable to create the microbial strains by combination of dif-
ferent strains of microbes (Tsai et al. 2009) or inside the microbe’s cell (Mazzoli
et al. 2012) that expresses synergistically active sets of enzymes leading to low-cost
enzyme production.

11.3.2 Bacteria

The enzyme produced by fungal cells has been more subject of study than those
which are originated from bacteria, as it is well-known fact that the fungal-originated
enzymes are more in quantity. Both anaerobic and aerobic bacteria are well-known
cellulase producers. A great difference is seen between anaerobic and aerobic
microbes with respect to their cellulase system, end products of biomass degrada-
tion and cell mass yield (Wei et al. 2009; Ariffin et al. 2008; Balasubramanian and
Simdes 2014; Ekperigin 2007). Cellulomonas (Lo et al. 2010; Rajoka and Malik
1997), Acinetobacter (Gupta et al. 2015) and Clostridium (Chinn et al. 2008;
Desvaux et al. 2000; Dharmagadda et al. 2010; Lo et al. 2009; Thomas et al. 2014)
are the higher cellulase-producing bacteria. Typically, 90-95% bacterial cellulose
degradation is done by aerobic bacteria so it plays an important role in natural
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system, while the leftover degradation is done by different bacterial strain under
non-aerobic conditions (Carere et al. 2008). It is also shown that rumen bacteria
produce cellulase enzymes which have the ability to disrupt the constituents of cell
wall (Carere et al. 2008). Fibrobacter succinogenes of class Fibrobacteria (Béra-
Maillet et al. 2009) and Ruminococcus albus from class Clostridia (Ohara et al.
2000) are the major reviewed rumen bacteria. The recent report has shown that
thermophilic bacteria such as Anoxybacillus sp. (Liang et al. 2010), Geobacillus
spp. (Rastogi et al. 2010), Bacillus spp. (Rastogi et al. 2010) and Bacteroides spp.
(Ponpium et al. 2000) are having cellulolytic activity.

It was observed that Bacillus subtilis Pa5 expresses a high level of endogluca-
nases (approximately 46—49 IU/g of the biomass) and cellobiose (~152—155 IU/g of
biomass) (Shu-bin et al. 2012). E. coli ATCC25922, Rhizobium sp. DASA23010
and Bacillus subtilis ATCC6633 were grown on diverse farming litters such as veg-
etable residue, pineapple peel and corncob to compare the productivity of cellu-
lases. The production of cellulase was found maximum when corncob was used as
a substrate (Sudto et al. 2008). The maximum activity equivalent to CMCase
(9.6 IU/g), FPAse (2.8 IU/g) and cellobiose (4.5 IU/g) was obtained when grown on
a lignocellulosic material. With the use of the same material, Krishna (1999) has
obtained 12 times increased yield in the production with SSF in comparison to SmF.

11.4 Synthesis of Cellulase

Cellulases act on cellulose, oligosaccharides and cellobiose for their breakdown and
on other carbohydrate metabolisms which act as inducers for cellulose-producing
microorganisms (Szakmary et al. 1991). Enzyme produced from conidia of
Trichoderma commences the degradation of cellulose by the use of cellobiohydro-
lases that produce cellobiose; this cellobiose is utilized by fungus to induce cellu-
lase synthesis and secretion (Kubicek et al. 1993); however, it is supposed that the
induction may be due to p-glycoside, but there is no proof in this regard. Some
inducer molecules such as sophorose are vital at lower concentrations, while other
inducing molecules are required at higher concentrations (Ryu and Mandels 1980).
In bacteria, cellulases are cell associated with unit accumulates known as cellulo-
somes (Lamed et al. 1983). Around 0.1 g/L concentration of glucose acts as repres-
sor for expression of cellulases (Ryu and Mandels 1980). According to EI-Gogary
et al. (1989), repression is supposed to take place during pre-translational steps.
When Trichoderma reesei was cultured in the presence of glucose (5-7 g/L), cel-
lulase production is observed after complete consumption of glucose. Repression in
the case of Acidothermus cellulolyticus, a type of thermophilic bacterium, caused
by sugars metabolized products like glucose, which is relieved by adding of exog-
enous cAMP (Shiang et al. 1991).
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11.5 Cellulase Production Technologies

There are various technologies for cellulase production from different sources,
which vary from cellulase production through improved cellulose-producing organ-
isms, batch cellulase production, fed-batch cellulase production, etc. However, high
cost of the different methods is a main factor which hinders the industrial cellulase
production (Fig. 11.1).

11.5.1 Fermentation for Cellulase Production

Fermentation is one of the methods which is used for production of different forms
of cellulases. Fermentations are a metabolic process that converts sugar to alcohol,
gases, or acids; it occurs in bacteria and yeast. The process of fermentation is strictly
a temperature and pH dependent, and its efficiency is maximum at a particular tem-
perature. Approximately 28 °C is the ideal temperature for the production of fungal
cellulase, since most of the cellulase-producing fungi are mesophilic, whereas ther-
mophilic bacteria prefer high temperatures for the growth and development around
52-56 °C, but more inconsistencies are found in the pH value, which varies between
3.1 and 6.9. The production of cellulases varies with a change in pH, e.g. mutant
variety of Trichoderma reesei Rut C30 has high efficiency of cellulase production at
the pH of 5; contrary to this, efficiency of an actual cellulase component,
B-glucosidases, was maximum at 6.2 (Tangnu et al. 1981).

11.5.2 Cellulase Production Through Improved Cellulase-
Producing Organisms

This technology is making an attempt to make the production of cellulases more
economical through hyperproducing mutant form of cellulolytic microorganisms
which have been generated with the help of mutagenic factors or ultraviolet (UV)
light. These results in high enzyme production as maximum 428 IU/L h~! have been
achieved through fed-batch fermentations of Trichoderma reesei (Watson et al.
1984). Amylases have 100-fold higher specific activities as compared to cellulases.
Thus, work is carried out to increase the activity by mutation of strain to make more
active cellulase enzymes, catalytic turnover number of active sites raised by site-
specific mutagenesis and collection of novel microbes. Specific activity of a mutant

Enzyme . -glucosidase Enzyme and Many
Cellulose ———" Cellobiose Bg—» Glucose —————— €0, + H,0 + other end product
Cellulase Microbes - -

Fig. 11.1 Mechanism and production of enzyme



186 G. Singh et al.

strain of Trichoderma was threefold higher for -glucosidases as compared to
parental strain. Besides these, another mutant strain of Trichoderma reesei has been
identified to produce cellulase 3—7 times higher rates without any effect on the com-
position of cellulase enzyme (0.5-2% p-glucosidases, 35% endocellulase and 65%
exocellulase).

11.5.3 Batch Cellulase Production Process

This technology is the most common process for the cellulase production because it
is easy to operate and control. Concentrations of cellulases are about 14,000—
16,000 TU/L, and the observed enzymatic harvests were 290 IU/g of cellulose
(Table 11.4). The activity of enzyme was maximum when 7. reesei was grown at
59 g/L. concentration of roll-milled cotton cellulose. In the presence of lactose
(60 g/L), a sole C-source, and yeast extract (1 g/L), N-source, Trichoderma reesei
CL-847 was studied for cellulase productivity on pilot scale in 3000-L fermenter,
and in addition to these, cellulose (5 g/L) is also used as inducer. After 1 week of
culture, overall yield of enzyme was 162 IU/g, and carbon source and concentration
of cellulase reached up to 10,500 IU/L (Knappert et al. 1980). Acidothermus cellu-
lolyticus has been considered for the process of batch cellulase production (Shiang
et al. 1990). Various sources of carbon were tested for cellulase production with
thermophilic bacteria, and it was found that it produced cellulase enzymes only
when cultivated on xylose, cellobiose and cellulose with specific growing rates.
Productivity and concentrations of bacterial cell have capacity to increase cellulase
production proportionally to the concentration of cellobiose (Table 11.5).

11.5.4 Fed-Batch Cellulase Production Technology

This technology is very popular for producing cellulase; it has several advantages
over the continuous or batch processes such as high productivity and yield per unit
mass of cellulosic biomass used and high concentration of cellulase enzyme. These
are mostly used due to additional capacity to use cellulosic system in the fed-batch
process by altering the feeding rates of the medium and cellulosic biomass/systems.

Table 11.4 Cellulase production on various cellulosic systems using batch fermentation process

Cellulase concentration | Cellulase enzyme Productivity

Cellulosic system (IU/mL) yields (IU/g) (IU/L h™")
Printed news paper 0.7 48 19

Mixed waste paper 1.1 64 17
Municipal waste 2.5 130 29

Wheat straw 1.9 151 31

‘Wheat straw (NaOH | 2.0 133 25

treated)
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Table 11.5 Production of cellulase by using thermophilic bacteria and fungi grown on some
cellulosic biomass

Cellulosic Cellulase concentration | Cellulase productivity
Microorganism biomass (IU/L) (IU/L h™)
Trichoderma reesei Avicel 18,000 93.7
L27
Trichoderma reesei Solka floc 2600 21.7
QO M9414
Acidothermus Solka floc 105 1.5
cellulolyticus
Thermomonospora Avicel 150 5.1
fusca
Thermomonospora Cellulose 100 1.4
curvata

Higher cellulosic biomass concentration can be observed in batch fermentation pro-
cess significantly decreased the feeding rate of cellulosic biomass to the fermenta-
tion process. These processes are applied by using microorganism with cellulosic
biomass to produce cellulase enzyme and check their productivity and yields.

11.5.5 Continuous Cellulase Production

Some researchers have interest to apply continuous processes for attending high
efficiency and productivity than batch process for cellulase production. Researchers
investigated the cellulase production by using two-stage continuous processes and
the productivity of cellulases via Trichoderma reesei MCG-77 cultured in
50-100 g/L defined medium of lactose, (NH,4),SO,4 and mineral salts in 15-L fer-
menters (Ryu and Mandels 1980). In two-stage cellulase production, different
experimental setup conditions used were (1) for growing of cell 89.6 °F tempera-
ture, pH 4.5 (acidic), 650-850 revolution per minute (rpm) agitation and 0.4-0.6
vvm aeration and (2) for synthesis of cellulase 82.4 °F temperature, pH 3.5 (acidic),
450-650 revolution per minute (rpm) agitation and 0.2-0.3 vvm aeration. Cell recy-
cle is an alternate option for increasing the cellulase productivity at high rates of
dilution, 0.065 and 0.028, for one- and two-stage continuous system, respectively
(Watson et al. 1984). When it operates at high rates of dilution, then its residence
times and cost are reduced.

11.5.6 Downstream Process for Production of Cellulase

In present scenario, industrial cellulase production is practiced worldwide, mainly
in the suspension cultures, while the use of solid-state fermentations is regularly
being eliminated (Esterbauer et al. 1991). In large- and pilot-scale fed and batch
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processes, the fermentation completed soon after peak productions have been
achieved, and the broth is quickly frozen to 5-10 °C for preserving activities of cel-
lulase (Ryu and Mandels 1980). Several types of downstream processing used for
the cellulases depend on the intended use for cellulase. Schell et al. (1990) demon-
strated in 7. reesei that the introduction of whole broth in SSF units was valuable.

11.6 Uses of Cellulase in Industries

Cellulases have progressively vast area of application including in various indus-
tries, i.e. food, textile, pulp and paper industries; besides this, they have been used
for many other purposes like for improving the digestibility of animal feeds and as
an additive to detergents (Table 11.6). This much use of single group of enzyme
gives it a momentous share in the enzyme industry globally. In present scenario, the
production of cellulase from different sources was done by recombinant technology,
and it is proved as one of the best technologies for producing cellulase. Following
are the important activities which increase the cellulase production by input of
recombinant technology. Cellulases decrease viscosity, accelerate colour release,
improve flavour, improve filtration, improve taste, improve maceration, enhance
aroma and enhance fermentation processes and products.

The requirements of cellulases are regularly increasing day by day as of its vari-
ous utilities. Now, many industries are being tangled in manufacturing of cellulase
for different uses in different industries.

11.7 Need of Recombinant Technology

Some of the technologies used for the cellulase production by different researchers
and industries have many limitations (Singhania et al. 2007). These limitations
demand for the evolution of novel techniques of cellulase production. Recombinant
technologies have capability to improve the production of biological materials
which have been tested in the past, and this technology can be helpful in increasing
the production of cellulases. Researchers and industries are focussing on recombi-
nant technology because with this technology, one can achieve gigantic amount of
product at larger scale. With the help of this technology, the quality and quantity of
cellulases can be enhanced. Cellulases are also a matter of interest in agriculture,
bioenergy and biotechnology (Phitsuwan et al. 2013), especially in the production
of nonconventional liquid biofuels such as biodiesel, butanol, ethanol or other fer-
mentative sugar products by the use of cellulosic biomass (Bhat 2000). Therefore,
cellulase has the capacity to become a major group of commercially used cellulase
enzyme worldwide (Wilson 2009). Cellulosic biomass is one of the three main com-
ponents of lignocelluloses (lignin and hemicelluloses are other two components)
which perform a key character as a substrate in the process of constructing biofuel,
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Table 11.6 Uses of cellulases in various industries
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Industry

Function

Application

Agriculture

Fungal or plant cell wall
solubilisation, inhibits the
elongation of germ tube, spore
germination and fungal growth

Plant or fungal protoplast production,
mutant and hybrid strain constructions,
increase fertility of soil and plant growth,
protection of plants from pathogen and
diseases, enhance flowering and plant
growth

Brewery and
wine

Hydrolysis of polysaccharide
present in cell wall of plants,
alteration of aromatic remainder

Enhancement of colour; extraction and
skin maceration of grapes; stability,
quality, clarification and filtration of wines;
enhance aroma

Food industry | Cell wall constituent hydrolysis, Fruit juice extraction, in colouring agent of
decreases the viscosity and food, development of quality of bakery
maintains the quality of juice products and texture, enhance flavour,

volatile properties of vegetables and fruits,
controlling sourness of citrus fruits

Pulp and Alteration of characteristics of hand | Enhance drainage of the paper mills,

paper sheet strength and coarse improve the high fibre qualities and tensile

mechanical pulp; in the removal of
ink from fibre and hydrolysis of
carbohydrate molecules

strength, construction of soft sanitary
papers and towels

Textile and
laundry

Break the tiny fibre ends available
on the cotton fabric, removal of
dye, removal of pilling and fuzz
formation, bio-polishing of
non-denim fabric and cotton

Bio-stoning of jeans, garments softening,
enhance ability of cellulosic fabrics,
recyclable washing powders, making of
good standard fabrics, biofinishing

Animal feed

Partially hydrolyse the
lignocellulosic materials, cleavage
of B-glucans, better flexibility and
emulsification of nourishing
materials

Enhancement of the dietary standard of
animal fodder, large intestine decreases the
colonization of pathogenic bacteria, to gain
the high weight by hens and broiler
chickens

R&D Gene fusion and conjugation, Fusion and immobilization of proteins,
industries heterologous expression of enzymes and antibodies; affinity
proteins, affinity systems purification, for various use hybrid
molecules produced, high-level production
of proteins, enzymes and antibodies
Biofuel Glucose and other fermentable In the production of fermentation products
industry sugars are formed from cellulosic | like ethanol and single cell protein
material with the help of cellulase
Waste Degrade cellulosic wastes In the reduction of pollution
management
Pharmacy Digest the cellulosic fibre Digestion preparation, quickly hydrolysed
industries the hemicellulose, cellulose and f-glucan

polymers present in food

Modified from Behera et al. (2017)
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i.e. biodiesel and bioethanol, due to the availability of ample raw material through-
out the world. The group of cellulase enzymes is ubiquitous that exists in plants,
bacteria, insects and fungi (Duan and Feng 2010; Fischer et al. 2013; Watanabe and
Tokuda 2010).

Cellulolytic enzyme which is produced by aerobic or anaerobic bacteria either as
single enzyme or in cellulosome form that is complex of multienzyme constitutes
numerous cellulolytic cellulase enzymes, sticked to skeleton protein (Bayer et al.
2007). However, most common industrially available cellulases which were isolated
from fungal cells especially from Trichoderma or Aspergillus species are noncom-
plex native enzyme mixtures. Fungi as enzyme producers have more advantages in
production and secretion pathways for cellulose production (Phitsuwan et al. 2013).
From engineered Trichoderma reesei strains, about 100—110 grams (g) of crude cel-
lulases are obtained per litre (Wilson 2009; Peterson and Nevalainen 2012). In addi-
tion, some species of other genera of fungi such as Chrysosporium, Penicillium and
Acremonium are also used as alternative to Trichoderma (Gusakov 2011). In the
transfiguration of biomass to biofuels at industrial level, numerous difficulties need
to be defeated. The United States National Renewable Energy Laboratory (NREL)
evaluated that continued enhanced manufacturing cost of cellulases constitutes up
to 20% of the entire ethanol production (Phitsuwan et al. 2013) and minimizes pro-
duction efficiency on a commercial level. Traditionally used fungal strains for deg-
radation of cellulase need special conditions to grow and face restriction by
induction. To get over these limitations, scientists are trying their level best for
optimum production at lowest cost. The overall scenario of cellulase production
demands for application and use of recombinant technology to enhance the cellu-
lase production.

11.8 Application of Recombinant Technology in Cellulase
Industries

The ability of isolation, characterization and modification of genes has become a
very powerful method to study the living organisms and their functional elements.
Because these methods directly concern with the gene (DNA) and the enzyme
(polypeptide) so it has certain limitation. More information is needed concerning
the molecular biology and biochemistry of a given system to ensure the successful
use of recombinant DNA technology (Knowles et al. 1987). Random mutagenesis,
site-specific mutagenesis or its combined effect has been utilized for enhancing the
manufacturing of cellulase at industrial scale (Dalby 2007). Consequently, different
protocols are being developed and are under supervision for cellulases and glycosyl
hydrolase (GH) (Table 11.7). Many mutant strains of 7. reesei (RUT C 30 and CL-
847) are used for mass production of cellulase; these mutant strains were originated
from the wild strain of Trichoderma reesei QM 6a, which was first isolated by the
United States Army Research Laboratory (Esterbauer et al. 1991). Few recent
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examples of recombinant cellulases are described in Table 11.8. To increase the cel-
lulase production, various exercises have been done. The molecular modelling of
Egl-237 (this is an endoglucanase isolated from a Bacillus strain KSMS-237) was
by using the homology modelling and crystalline structure of alkali cellulase
(Bacillus sp. KSM635); six amino acids from 357 to —362 (G-K-S-N-A-T) were
substituted by three-amino acid peptide chain in the loop region.

Three different peptide chains were used for generating enzyme options; these
peptide chains were containing series of amino acids A-R-A, A-G-A and A-H-
A. The short peptide chains which were expressed in the B. subtilis were isolated
and tested for their enhanced properties. The wild-type variants of the enzyme show
maximum activity at pH 9, while the improved enzyme having A-G-A amino acid
sequence obtained its highest activity at pH 10. Leftover two cellulase variants
showed 95% improvement in specific activity and were active at pH 9.6.

The new variety of cellulase 11AG8 was discovered from Actinomycetes sp. and
recognized as a CMCase having 386 long amino acid chains with catalytic core and
a CMB. The catalytic core which consists of 221 amino acid sequences has the cel-
lulosic function, so this particular sequence was expressed in the Streptomyces sp.
for use in textile work (Wang and Bao 2009). In another study, a heterologous gene
construct was made with catalytic core and linker of 7. reesei cbhl joined with
Aspergillus cellulolyticus endoglucanase catalytic core and functionally expressed
in Trichoderma reesei. This recombinant form of protein was functionally more
active which can convert 20% cellulose within 6 h (Bower et al. 2012). A new strain
of Trichoderma reesei was created by Zhang et al. (2010) with the use of overex-
pression of -glucosidase under the control of cbh 1 promoter. These recombinants
show enhanced levels of B-glucosidase production and have FPase activity. Likewise,
Miettinen-Oinonen et al. (2005) have reported 1.5 times and 4 times enhancement
in the expression of CBHI and CBHII, respectively; here two cellobiohydrolases
(CBHI and CBHII) were overexpressed with extra copies of genes under control of
the cbh 1 promoter. When endoglucanases isolated from different microbes, i.e.
Aureobasidium pullulans, Gloeophyllum trabeum and Sporotrichum thermophile,
were inserted in A. niger, they have shown higher expression activity (> 0.4 g/L).
ApCel5A (isolated from Aureobasidium pullulans) hydrolysed carboxymethyl cel-
lulose (CMC) five times faster, while StCel5A hydrolysed two times faster, as com-
pared to Trichoderma reesei endoglucanases Cel5SA.

The recombinant form of these strains might be a good source for cellulolytic
enzyme development as evident from the works of Tambor et al. (2012). In
Aspergillus niger, Cel7A exoglucanase from the Trichoderma reesei was expressed,
and Aspergillus niger was capable to develop on consumed bagasse hydrolysate and
consumed Picea hydrolysate with higher endoglucanases activity than Trichoderma
reesei. The cellulase gene cloned in Aspergillus niger was under constitutive pro-
moter to get rid of the glucose repression in Trichoderma reesei strains (Alriksson
et al. 2009). In Penicillium funiculosum, three N-glycan sites were removed by
rCel7A which results in 35% increase in enzyme activity, whereas in A. niger, 85%
activity is enhanced by adding of N-glycan at Asp-195 through mutation of Ala-196
to serine. Jeon and co-workers (2009) reported the expression of BGL1 from S. fibu-
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ligera and EgIE of Clostridium thermocellum in the budding yeast. After pre-
culturing in artificial galactose nutrient media and excess washing in minimal
nutrient media, the resulting yeast strain can make ethyl alcohol from pB-D-glucan
(9.78 g/L in 16 hours), CMC (8.56 g/L in 16 hours) and phosphoric acid swollen
cellulose (7.16 g/l in 36 hours). By means of yeast which co-displayed the
Aspergillus oryzae gene BGL and an EGL, SSF study (Kotaka et al. 2008) reported
from barley p-D-glucan, 7.94 g/L ethyl alcohol was produced during 24 hours.
Transgenic plant of tobacco (Nicotiana tabacum cv. SR1) developed by Jung et al.
(2013) accumulated BglB cellulose of Thermotoga maritima which was driven by
Medicago sativa RbcsK-1A promoter and enclosed a small subunit of the rubisco
complex transpeptide. This enhancement in Bg/B expression which takes place by
transgenic plants illustrates the probability in increment of yield of cellulases in
plants.

11.9 Future Use of Recombinant Technology in Cellulase
Industries

The demand for cellulases is increasing due to the rise in oil price and volatile politi-
cal scenario; therefore, researchers nowadays are interested to use the cellulases in
the formation of biofuel (biodiesel, bioethanol) from cellulosic biomass (Kuhad
et al. 2016). Identification of current systems for cellulase expression might be the
crucial factor in the success of second-generation biofuel production. It will help to
produce good quality of products in industries. Codon optimizes co-expression of
helper proteins, screening multicopy strains with high expression levels and cell
organelle; engineering all these strategies is worth considering to improve the pro-
duction of enzyme level; therefore, industries keep focusing on this technology
(Juturu and Wu 2014).

11.10 Conclusion

Cellulase is one of the most important groups of enzymes catalysing conversion of
cellulase into glucose. Because of its diverse application and utility, the demands for
cellulases are increasing, while the production is facing some serious limitations.
Various technologies are available in the market; however, these technologies are
quite costly. For the quick and efficient production of cellulases, the application of
recombinant technology is getting the attention of researchers worldwide.
Application of this technology is opening a diverse area for cellulase production.
Under several studies, scientists were able to incorporate foreign genes from bacte-
ria and fungi to enhance the production of cellulase. Major contributions are made



11 Current Advancements in Recombinant Technology for Industrial Production... 197

through the intended recombinant cellulosomes for optimizing the ratio and arrange-
ment of enzymes through artificial complexes.

Although there are several paths to transform cellulose as useful products, still
there is gap in advanced and efficient process for conversion of cellulose to indus-
trial products. By the help of the recombinant technology, bacteria expressed the
cellulase protein up to 11.2-90 mg/L, and yeast expressed the cellulase approxi-
mately 1000 mg/L; out of the soluble protein, only 40% is expressed as cellulase in
plants. Encouragement in the production of celluloses by means of recombinant
technology is significant and effective by characterization and utilization of non-
native enzymes in desired organism. The application of this technology will reduce
the crisis of fuel production.
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