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Fungi belong to a distinct, diverse, and ecologically important branch of Biology.
These organisms play a vital and significant role in diverse ecosystems like soil,
plant organic materials, rocks, and pelagic zones of the ocean. Fungi can be
distinguished from plants by their heterotrophic nature, and distinct from animals
too by their external rather than internal digestion. Fungi had diverged from their
sister kingdom the animals 1.3 billion years ago. There is no trait that is uniquely
shared by all fungi that defines the fungal kingdom. They are generally characterized
by a chitinous cell wall and a form of nutrient uptake called osmotrophy whereby the
enzymes breakdown larger substrates and molecules into smaller ones that can pass
through the cell envelope. This mode of nutrition poses threat to ecosystems when
exposed to pathogenic species that attack crops, wildlife, and humans. For
outcompeting each other and other microbes, fungi are considered to have evolved
several strategies to digest complex and insoluble substrates like lignin, cellulose,
hemicellulose, and pectin which are major components of the plant organic matter,
while fighting competitors using bioactive metabolites like antibiotics, ethanol, and
organic acids.

Fungal diversity on Earth is estimated at 5.1-12 million species (M. Blackwell,
2011, Am J Bot, 98: 426-438; Wu, G. et al., 2014, Fungal Divers 69: 93-115).
Among these, 1,40,000 fungal species have been described (Timothy, Y. et al., 2020,
Annu Rev Microbiol 74: 291-313). Timothy et al. (2020) have recently organized
224 orders of fungal kingdom into 12 phyla (Ascomycota, Basidiomycota,
Microsporidia, Chytridiomycota, Zoopagomycota, Cryptomycota, Mucoromycota,
Neocallimastigomycota, Entorrhizomycota, Aphelidiomycota, Monoblepharidomycota,
Blastocladiomycota). Genomics has a major impact on resolving the fungal tree
of life. A great deal of progress has been made in elucidating the fungal tree
using mitochondrial genomes, transcriptomics, a combination of a few common
protein-coding genes (e.g. RPBI, TEF) and ribosomal RNA (rRNA) genes, or
even just TRNA genes themselves.

The arrival of next-generation sequencing technology allows fungal genomes to
be sequenced for as little as a few dollars now means that most phylogenetic studies
up to species level can be conducted using genome-scale data. In recent years, two
major separate efforts have been aimed at dramatically increasing the sequencing of
fungal genomes. The first effort is the 1000 Fungal Genomes Project (http://1000.
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fungalgenomes.org/home), which aims to sequence 1000 fungal genomes across the
fungal tree of life by targeting taxa in lineages which were underrepresented or
absent in genomic databases. This project has contributed more than 500 reference
genomes towards more than 1500 now available for the kingdom. The second effort,
known as the Y1000+ Project (https://y1000plus.wei.wisc.edu), is targeted to
sequence the genomes of all ~1000 known species of budding yeasts (phylum
Ascomycota, subphylum Saccharomycotina). The most recent output of this project
has been an analysis of genomic data from 332 budding yeast species, including
220 new genomes.

Fungi have served a crucial role as model organisms for biological inquiry, such
as brewer’s yeast, Saccharomyces cerevisiae; and pink bread mould, Neurospora
crassa. Major insights like the nature of the gene, autophagy, control of cell cycle,
and how telomeres function have been made using morphologically simple
organisms with complex cellular machinery similar to human cells. Because of
their typically small genome sizes and life cycle stages with free-living haploid
states, fungal genomes are easy to obtain, and fungi have served as models for
genome evolution and reconstruction of phylogenetic relationships using genome-
scale data.

Fungal biology has emerged in the last 10 years as a very strong scientific field
with an enormous increase in the number of publications and understanding of basic
and applied biological processes (Goldman, G.H, 2020, Front Fungal Biol. Vol.
1/article 596090, https://doi.org/10.3389/ffunb.2020.596090). Many fungal model
systems have provided very important biological discoveries which go from George
Beadle’s hypothesis “one gene, one enzyme” using Neurospora crassa as a model
system to the spectacular identification of essential components of the cytoskeleton,
such as a-, -, and y-tubulin encoding genes in Aspergillus nidulans. This pioneering
work has established the foundations for the introduction of molecular biology and
genetic transformation systems in the Ascomycetes N. crassa and A. nidulans.

Although fungi are relatively understudied, these are an essential, fascinating, and
biotechnologically useful group of organisms with an incredible biotechnological
potential for industrial exploitation. Hyde et al. (Fungal Divers, 2019, 97: 1-136)
have elegantly detailed 50 ways in which fungi can be exploited. The consumers
around the world now increasingly prefer natural compounds over synthetic
chemicals. Even in the industrial sectors that produce commodity chemicals, there
is now an immense interest in developing sustainable biotechnological processes for
obtaining new natural products that can eventually replace traditional synthetics. As
compared to other biological sources, in particular plants, fungi have the great
advantage that they can be grown in large bioreactors at an industrial scale, and
suitable processes for their cost-effective fermentation have been available for many
decades (e.g. for production of certain organic acids, enzymes, and antibiotics). The
recent studies of Thai mycobiota by modern polyphasic approaches have been
constantly revealing a plethora of new and undescribed species even in the fairly
well-known genera of fungi like Agaricus. Even the majority of the known species in
the fungal kingdom are virtually untapped as regards to potential applications since
they have not yet been cultured and studied for their growth characteristics and
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physiology. New methods and protocols have to be developed for this purpose, and
this implies that substantial basic research must be carried out before the exploitation
of the novel organisms can be envisaged.

Despite the fact that fungi have so many potential applications, research on their
potential applications is in general poorly funded and much of the research is being
carried out in academia is fundamental. For example, screening fungi for the
production of antibiotics has often been reported, but it is unlikely to lead to
industrial projects. Often, it will take over a decade even to bring a given project
based on a novel fungal metabolite into the preclinics, and this is only possible by
joint and interdisciplinary efforts of biologists, biotechnologists, pharmacists, and
chemists. Furthermore, the Big Pharmaceutical industries have recently downsized
their capacities for in-house research.

Several mycologists in India have made significant contributions in the diversity,
ecology, and applied aspects of fungal strains isolated from a great variety of
ecological niches spread throughout the country. This book entitled Progress in
Mpycology: Biology and Biotechnological Applications is an attempt to succinctly
summarize the developments on various aspects of fungi encompassing diversity,
ecology, and potential biotechnological applications. The book, with a major empha-
sis on bioprospecting, is divided into four parts. Each part contains 3-7 chapters
contributed by experts with decade(s) of experience and praiseworthy expertise.
Part I includes seven chapters on the developments in the production and potential
biotechnologies related to lignin, starch, mannan, chitin, and phytate degrading
extracellular fungal enzymes. Whereas Part II has three chapters on nanoparticles
synthesized using various fungi and their applications in health care. Part III,
containing six chapters, focuses on plant and human fungal pathogens and their
control. The last Part IV consists of five chapters which deal with bioprospecting of
fungi. We wish to thank all the contributors for putting in extensive and intensive
efforts in writing and submitting the chapters in response to our request in the
stipulated time.

Thanks are also due to Springer Nature for publishing the book in an efficient
manner.

New Delhi, Delhi, India Tulasi Satyanarayana
New Delhi, Delhi, India Sunil Kumar Deshmukh
Uruli Kanchan, Maharashtra, India Mukund V. Deshpande
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Progress in Fungal Mannanolytic Enzyme
Research in India

Suresh Nath and Naveen Kango

Abstract

Apart from being the major constituent of the hemicellulosic fraction of lignocel-
Iulosic biomass, mannans are also found associated with some plant seeds as
storage polysaccharide. Mannan degradation involves endo-f-mannanases and
p-mannosidases along with f-glucosidases and a-galactosidases as accessory
enzymes. Fungi, being natural lignocellulosic degraders, are being explored for
the production of mannanolytic enzymes. Mannanases find a number of
applications in various industries, and mannooligosaccharides (MOS) are being
explored as health-promoting prebiotics. Looking at the quantum of mannan-rich
agro-waste produced from copra and palm oil industries in south-bound states of
India and huge amounts of guar gum produced in Rajasthan and Gujarat, it
becomes immensely important for Indian scientists to develop enzyme-based
technology for their value addition. The present chapter focuses on the contribu-
tion of Indian researchers in the area of production and application of
mannanolytic enzymes from fungi.

Keywords

Mannans - f-Mannanase - f-Mannosidase - a-Galactosidases - Locust bean gum -
Guar gum - Fungi
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1.1 Introduction

Mannans occur as structural and storage polysaccharides in a variety of plants. Apart
from being part of the plant cell wall hemicellulose, mannans such as locust bean
gum, guar gum, ivory gum, konjac gum, and fenugreek gum are found associated
with plant seeds (Scheller and Ulvskov 2010). Mannans are composed of repeated
mannose units linked by -1,4-glycosidic bonds. Variation in the f-mannan structure
due to glucose occurring in the main chain and galactose substitution in side chains
results in glucomannan, galactomannan, and galactoglucomannan (Soni and Kango
2013; Singh et al. 2018). Sometimes, acetylation at C-2 or C-3 of mannose and
glucose residues in the backbone is also present. Linear or homopolymeric mannans
are found in the seeds of many plants, such as green coffee (Coffea spp.) and ivory
nuts (Phytelephas spp.), and in the cell walls of some algae, e.g., Codium spp.
(Chauhan et al. 2012). Galactomannans are derived from seed endosperms of some
leguminous plants (e.g., guar), seaweeds, and some fungi in which the p-1—4-p-
mannan backbone has galactose substituent at every C-6 position. Commercially
available galactomannans with varying mannose/galactose ratios include fenugreek
gum (~1:1), guar gum (~2:1), Tara gum (~3:1), and locust bean gum (~4:1). High
number of galactosyl units makes Tara gum and fenugreek gum readily soluble even
in cold water (Singh et al. 2018). Hydrophilic glucomannans consist of randomly
arranged f-(1,4)-linked p-mannose chains and p-(1,4)-linked p-glucose residues in a
ratio of 3:1, and the degree of polymerization (DP) is greater than 200 (Moreira and
Filho 2008). Konjac gum is an important commercial source of glucomannan
obtained from the Amorphophallus konjac plant. Ferns such as Selaginella
kraussiana, Equisetum giganteum, Microgramma squamulosa, and Adiantum
raddianum have glucomannans in cell walls (Singh et al. 2018).

Mannose, MOS, and partially hydrolyzed mannans have received attention for
the generation of prebiotic oligosaccharides and animal feed additives (Jana et al.
2021a). Hydrolysis of plant mannans to useful mannose, prebiotic MOS, and
partially hydrolyzed guar gum (PHGG) can be achieved using microbial
mannanases. Major enzymes required for the breakdown of the mannan main
chain made of mannose units include endo (1—4)-B-mannanase (EC 3.2.1.78) and
exo (1—4)-Bf-mannanase or PB-mannosidase (EC 3.2.1.25). Apart from these,
B-glucosidase (EC 3.2.1.21) and a-galactosidase (EC 3.2.1.22) are also required to
achieve complete hydrolysis of gluco-, galacto-, and galactoglucomannans
(Fig. 1.1). The agroindustry by-products or wastes like copra meal (264 x 1000
MT/year) and PKC (10 x 1000 MT/year) are produced in large amounts in some
southern states of India (https://www.indexmundi.com). Such mannan-rich agro-
wastes can be exploited for the generation of value-added products such as MOS.
Similarly, guar gum, a galactomannan produced at a very large scale in Rajasthan
and Gujarat states of India, deserves special attention. It can be utilized for genera-
tion of value-added products using fungal mannanases.

Due to high titres, ease of production in solid-state cultivations, and choice of
strains available, fungal mannanases predominate the scenario of mannanolytic
enzymes (Soni and Kango 2013). This chapter gives an account of the important
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Fig. 1.1 Mannan being acted upon by mannanolytic enzymes (a) Linear mannan (ivory nut). (b)
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milestones and noteworthy contributions of Indian scientists and mycologists in the
area of fungal mannanases and their applications.

1.2 3-Mannanases

-mannanases, the endo-acting hydrolases, attacking the internal glycosidic bonds of
the mannan backbone chain, are commonly found as part of the hemicellulase
repertoire produced by ascomycetous fungi (van Zyl et al. 2010). p-Mannanases
have multifarious applications in food and feed processing, 2G biofuel generation,
pulp and paper, and detergent industries (Fig. 1.2). Naganagouda et al. (2010)
reported the production of f-mannanase from Aspergillus niger and demonstrated
its applications in food processing. Similarly, f-mannanase of A. niger NS-2 was
used for bioconversion of domestic waste residues into simple sugars for the
production of 2G biofuel (Bansal et al. 2011). Both strains produced
B-mannanases in submerged fermentation using locust bean gum as the substrate.
Thermophilic fungi isolated from Indian habitats, such as Thermomyces lanuginosus
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Fig. 1.2 Applications of fungal mannanases

MTCC 9331, Myceliophthora fergusii MTCC 9293, and Malbranchea cinnamomea
MTCC 9294 along with thermotolerant Aspergillus terreus FBCC1369, were
explored for the production of thermostable mannanase and accessory enzymes
(Maijala et al. 2012). Soni et al. (2015) used rotatable central composite design
(RCCD) to enhance the production of B-mannanase by ten times (417 U/gds) by
Aspergillus terreus FBCC 1369 using palm kernel cake in solid-state fermentation.
Use of f-mannanase was made to hydrolyze locust bean gum (LBG) and guar gum to
produce MOS. In continuation, Soni et al. (2016) used different agro-wastes like
wheat bran, wheat straw, rice husk, copra meal, palm kernel cake, fenugreek seed
meal, and aloe vera pulp for the production of p-mannanase having utility in MOS
(3—4) generation. Ahirwar et al. (2016a) have explored thermophilic fungi for
B-mannanase production which could be used for applications in different areas,
including in the pulp and paper, food and feed, and textile industries. Thermophilic
Malbranchea cinnamomea NFCCI 3724 was used for the production of
B-mannanase, which efficiently converted LBG and konjac gum into mannotetraose
(M4).

Ahirwar et al. (2016b) also used palm kernel cake to produce thermostable
B-mannanase from M. cinnamomea NFCCI 3724 for hydrolysis of a galactomannan
(LBG) and a glucomannan (konjac gum) for production of MOS of 3—4 degree of
polymerization (DP 3-4). Rastogi et al. (2016) have demonstrated the use of rice
straw for low-cost production of f-mannanase by Pyrenophora phaeocomes S-1
with 10.45 IU/gds yield. Recently, Kaur et al. (2020) used a low-cost approach for
production of f-mannanases (57 IU/g) of A. niger P-19 using rice straw as substrate.
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Under optimized conditions, Aspergillus oryzae produced a multi-tolerant
B-mannanase (434 U/gds) on copra meal, a low-cost agro-waste. The enzyme had
MW ~-34 kDa and specific activity of 335.85 U/mg (Jana et al. 2018). Apart from
endocellulase (750 U/gds), Aspergillus tubingensis NKBP-55 produced 167 U/gds
of xylanases, 1023 U/gds of mannanase, and 54 U/gds of a-galactosidase on copra
meal in Solid state fermentation (SSF) (Prajapati et al. 2018). Zymography revealed
the presence of six mannanases of varying molecular weights (Table 1.1).

The end-products of A. oryzae P-mannanase action on various mannans like,
LBG, guar gum, and konjac gum were visualized by fluorophore-assisted carbohy-
drate electrophoresis (FACE) technique, which showed formation of sugars from DP
1-4 and some higher DP MOS from LBG, guar gum, and konjac gum (Jana et al.
2018). Suryawanshi et al. (2019) have demonstrated the use of glutaraldehyde-
activated aluminum oxide pellets for immobilization of f-mannanase of Aspergillus
quadrilineatus RSNK-1. Immobilization led to enhancement in pH and thermal
stability of the enzyme with ten-cycle reusability for LBG hydrolysis. The prepara-
tion was used for clarification of fruit juices (apple, kiwi, orange, and peach) to
enhance their clarity and to reduce sugar content. Recently, Jana and Kango (2020)
reported that MOS derived from palm kernel cake using A. oryzae mannanase
showed high cytotoxicity (74.19%) against the human colon adenocarcinoma cell
line (Caco-2) in comparison to MOS derived from copra meal and guar gum.
Similarly, Suryawanshi and Kango (2021) used 4 U/ml of P-mannanases of
A. quadrilineatus to hydrolyze defatted copra meal, konjac gum, and LBG to
produce partially hydrolyzed mannans that showed inhibition of Caco-2 cells and
promoted generation of short-chain fatty acids (scFA) and film formation in probi-
otic Lactobacillus delbrueckii NCIM 2025 and Lactobacillus acidophilus NCIM
5306. The details regarding production and characteristics of endo-fB-mannanases
from fungal sources are presented in Table 1.1.

Srivastava and Kapoor (2016) have provided up-to-date information about the
production strategies, biochemical and physical properties, and important
applications of endo-mannanases. Some Indian workers have also explored bacterial
mannanases for a variety of applications. Kaira et al. (2016) used solubilized-
defatted flax seed meal for economic production of recombinant endo-mannanase
(ManB-1601), which resulted in 3.25-fold (5926 U/ml) higher production and later
used it for oil extraction from copra, which led to higher (18.75%) oil yield. Cross-
linked enzyme aggregates (CLEAs) of ManB-1601 and novel chitosan magnetic
nanocomposite CLEAs of ManB-1601 improved its activity by 73.2%, stability up
to 83%, and reusability up to 12 cycles (Panwar et al. 2017). Recently, Kaira et al.
(2019) studied the eight salt bridges in the GH26 endo-mannanase from Bacillus
sp. and checked the effect of disruption of these salt bridges on its substrate affinity
and catalytic efficiency. Simulation studies proved that salt bridges help in preserv-
ing the biological activity from thermal denaturation by rigidifying the active site.
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1.3  Accessory Mannanolytic Enzymes

Some mannans, being heteropolymeric, require accessory enzymes for complete
degradation. pB-Glucosidases cleave the glucose moieties from glucomannan and
galactoglucomannan, while the removal of galactose residues is carried out by
a-galactosidases and acetyl mannan esterases. o-Galactosidases remove the
a-1,6-linked p-galactopyranosyl substituent attached to the mannan backbone,
whereas acetyl mannan esterases release the acetyl groups from galactoglucomannan
(van Zyl et al. 2010).

Among these accessory mannanolytic enzymes, o-galactosidases have been
explored by some Indian researchers (Table 1.2). Kotwal et al. (1998) produced
a-galactosidases of Humicola sp. NCIM 1252 on soy flour with 44.6 U/g and used it
to hydrolyze raffinose and stachyose from soymilk. Thippeswamy and Mulimani
(2002) immobilized a-galactosidases of Gibberella fujikuroi in polyacrylamide gel,
which could retain 90% activity after 12 h of incubation. Similarly, Prashanth and
Mulimani (2005) immobilized a-galactosidases of A. oryzae in calcium alginate and
used it for reduction in the amount of raffinose family oligosaccharide content in
soymilk. Naganagouda and Mulimani (2006) immobilized «-galactosidase of
A. oryzae in gelatin-blended alginate hydrogel fiber and observed higher immobili-
zation yield, greater storage stability, and better hydrolysis of oligosaccharides
present in soymilk. Shankar and Mulimani (2007) scaled up a-galactosidase pro-
duction of A. oryzae using a tray system for fermentation on red gram plant waste
(RGPW) with wheat bran (WB). Aqueous two-phase system was used for partial
purification and downstream processing of a-galactosidase from A. oryzae grown on
guar gum, and a purification factor of 3.6 and 87.71% yield of enzyme activity in the
bottom phase was obtained (Naganagouda and Mulimani 2008). Kumar and Mishra
(2010) purified thermostable a-galactosidase from Aspergillus parasiticus MTCC-
2796 with 2194.5 units of activity and observed a monomeric protein with 67.5 kDa
molecular weight and used it to catalyze transglycosylation reaction for the synthesis
of melibiose. A. terreus FBCC 1369 produced a-galactosidase and p-glucosidase on
palm kernel cake, and the enzymes were used to digest locust bean gum and guar
gum to produce MOS (Soni et al. 2015). M. cinnamomea NFCCI 3724 produced
thermostable a-galactosidase, f-mannosidase, and B-glucosidase on copra meal, and
the enzymes were used to hydrolyze konjac gum, locust bean gum, and guar gum to
produce mannotetraose as the major product (Ahirwar et al. 2016a). Gajdhane et al.
(2016) used central composite rotatable design (CCRD) for a-galactosidase produc-
tion from Rhizopus oryzae SUK, resulting in 17.74-fold increase. Recently, Vidya
et al. (2020) purified a thermostable a-galactosidase (118 + 2 kDa and 22 U/mg)
from Aspergillus awamori MTCC 548 on wheat bran supplemented with 6%
defatted soy flour.
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14 Guar Gum: Indian Scenario

Guar gum, a gel-forming galactomannan obtained from Cyamopsis tetragonolobus,
is a linear polysaccharide of 1,4-mannose residues linked to 1,6-galactose at every
second mannose. A relatively less explored agro-produce, it has been used as a
thickener and stabilizer in industries. Mainly implicated in cloth and paper
industries, ionic guar gum derivatives are employed in oil and gas well stimulation.
These applications have led to high commercial relevance of guar gum. More
recently, guar gum derivatives PHGG and MOS are being explored for the treatment
of health problems like irritable bowel syndrome, diabetes, heart disease, and
colorectal cancer (Kango et al. 2019; Jana and Kango 2021; Jana et al. 2021b).
India, being the largest producer and exporter, predominates the guar gum market
and is currently pursuing cost-effective technologies to manufacture value-added
guar products to compete at the global level. Various reports have pointed out that
the global guar gum market was valued at USD 708.6 million in 2016 and is
projected to reach USD 1115.8 million by 2022, at a CAGR of 7.9% during the
forecast period. India has exported 381,880.16 MT to the world in the year
2019-2020 (http://apeda.gov.in/apedawebsite/SubHead_Products/Guargum.htm).
The future of Indian guar scenario largely depends on economic viability and
advancements in the production and processing in guar gum industries. Develop-
ment of processes for the production of value-added derivatives such as prebiotic
MOS and PHGG through efficient extraction and enzyme-based processing is the
need of the hour. As per the Technology Information Forecasting and Assessment
Council (TIFAC) report 2015, improved gum qualities with high gum content above
35% with varied viscosity levels in guar seed are required for use in the
manufacturing of different products of food and industrial grade. Of the total global
production (15-20 lakh tons annually), India is the most important guar producer in
the world, contributing almost 75-82% of global guar grain production. Rajasthan
accounts for 65-70%, followed by Gujarat, Haryana, Punjab, Uttar Pradesh, and
Madhya Pradesh. Looking at the quantum of guar production and its potential
applications, it is very safe to conclude that it is highly socially relevant to farmers
and guar industry persons. However, for various reasons, Indian guar export has
shown instability in terms of volume and value. Thus, it invites attention for higher
technology inputs, higher value realization, future potential, and sector performance.
Guar gum is used in food, cosmetics, pharmaceuticals, and personal care
preparations, employing water as the solvent. The demand for increasing quality,
advanced processing, high-value guar derivatization, and developing alternate
applications of guar is the recent spurt of interest. Enzyme technology employing
mannanases from native microbial strains holds great potential in achieving these
objectives. Enzyme-mediated bioprocessing has led to environment-friendly and
cost-effective bioprocesses. Till now, there has been no study on enzyme-assisted
extraction of guar gum. Enzyme pretreatment during guar extraction may lead to a
significant gain in terms of quality and quantity. Mudgil et al. (2018) have
demonstrated guar galactomannan hydrolysis by cellulase sourced from A. niger to
generate PHGG, which can be utilized as a source of prebiotic for lactic acid
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bacteria. Jana et al. (2018) have described the hydrolysis of guar gum and other
mannan-containing substrates by A. oryzae P-mannanase and demonstrated the
generation of PHGG and MOS. Soni et al. (2015) reported the generation of
mannose, mannobiose (M2), and mannotetraose (M4) after enzymatic hydrolysis
of guar gum by A. terreus FBCC 1369. Mudgil et al. (2016) have enzymatically
hydrolyzed guar gum to lower its viscosity for possible use as dietary fiber. Shobha
et al. (2014) have demonstrated the de-branching of guar gum by porcine pepsin for
better solubility.

1.5 Conclusions and Future Perspectives

Among hemicellulases, mannanases are receiving increasing attention now. With the
growing interest in potential functional food ingredients like MOS and feed
components like PHGG, Indian scientists have started taking due interest in fungal
mannanolytic enzymes. Mannanases are also being explored for their potential
applications in diverse industries like detergent, pulp and paper, fruit juice, etc. As
per reports, several Aspergillus species such as A. oryzae, A. quadrilineatus,
A. terreus, and A. tubingensis stand out to be better mannanase producers. Genetic
engineering of fungal mannanolytic enzymes in Indian context has been limited and
remains a future prospect henceforth. Workers have found impact of mannanase
supplementation on poultry as significant, while the effect of MOS on human and
animal health is still being explored. Intensive research on these enzymes and their
products is certain to bring out novel aspects of their utility.
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Abstract

Lignocellulose-based (2G) ethanol plants have become operational at commercial
and demonstration scale. Some of the major companies, such as Raizen-Iotech,
Novozymes, Clariant, DSM POET, and PRAJ, have taken the lead in this venture.
However, the research and development for reducing the cost of lignocellulosic
ethanol is a hotly pursued area. Technological innovations for improved
pretreatment of the lignocellulosic substrates and bioprospecting and developing
robust catalytically active lignocellulolytic enzymes for efficient hydrolysis of
cellulose are desired to make lignocellulose-based white biotechnology a reality
in the near future. This chapter discusses the current scenario of two of the key
components of the bioconversion platform, i.e., pretreatment and enzyme hydro-
lysis approaches, being followed in the existing facilities.

Keywords

Pretreatment technologies - Lignocellulolytic enzymes - LPMO - Secretome -
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2.1 Introduction

Rapidly exhausted fossil fuel reserves, escalation of fuel prices, and their unfavor-
able environmental impacts are some of the global challenges that are compelling the
world to switch toward sustainable lignocellulose-based biofuels. Substantial
research and development on the large-scale production of second-generation cellu-
losic ethanol (2G) from lignocellulosic biomass (LCB) is now being considered
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worldwide. The goal of achieving 60 billion gallons of biofuel per year by 2030 has
been set by the USA, whereas replacing 25% of transportation fuel with biofuel by
2030 has been set by the European Union (Himmel and Ding 2007). The production
of first-generation biofuel from corn (in the USA) and sugarcane (in Brazil) is
inadequate to meet the demand of such volumes. Constant debate on food versus
fuel is also underway in several countries. As a result, lignocellulosic waste such as
rice straw, wheat straw, sugarcane bagasse, and corncob has been found as the best
suitable raw material for 2G ethanol production without compromising global food
security (Bayer et al. 2007). LCB includes agricultural residues such as sugarcane
bagasse, rice straw, wheat straw, corn stover, wood, grass, and dedicated energy
crops such as Miscanthus, Arundo, and switchgrass, which are being targeted as
abundant and renewable resources (Gomez et al. 2008). These LCB substrates,
which are considered waste or low-value commodity, however, are rich source of
complex carbohydrates consisting of cellulose (35-40%), hemicellulose (25-35%),
and lignin (12-18%). Cellulose is a long-chain polymer of p-1,4-linked glucose
units, which in turn form higher-order microfibrillar structure (Yang et al. 2011),
while hemicelluloses constitute homopolymeric p-1,4-p-xylopyranosyl backbone
substituted to variable degree with  glucopyranosyl, 4-O-methyl-p-
glucuronopyranosyl, a-L-arabinofuranosyl, and acetyl residues (Dodd and Cann
2009). Lignin, which consists of phenyl isoprenoid subunits (feruloyl or
p-coumaroyl residues), is linked to o-L-arabinofuranosyl units of hemicellulose
and is intertwined in between, making complex fibril macromolecular structures
(Scheller and Ulvskov 2010). The chief limitations in developing enzyme-based
bioconversion technologies are structural heterogeneity in the proportion and spatial
distribution of cellulose, hemicellulose, and lignin in different lignocellulosics. The
technological platform for lignocellulosic bioprocessing into ethanol involves
pretreatment of lignocellulosics, enzymatic hydrolysis to unlock the sugars from
the lignocellulosic substrates, fermentation of released sugars to ethanol, and its
retrieval through distillation as the key steps (Payne et al. 2015). In brief, thermo-
chemical pretreatment of LCB is carried out to dislodge the recalcitrant
heteropolymer lignin in order to open up the compact cellulose fibril structure.
The pretreated LCB is subsequently hydrolyzed with lignocellulolytic enzymes
(glycosyl hydrolases and auxiliary enzymes) to release fermentable sugars, Cq and
Cs, from cellulose and hemicellulose fractions of the plant biomass, respectively, for
subsequent fermentation of released sugars into ethanol (Chandel et al. 2012).
Pretreatment and enzymatic hydrolysis are the two most cost-intensive steps in the
bioconversion, and they contribute to 25-30% of the process cost. The high cost of
lignocellulolytic enzymes and failure to produce all cellulolytic enzyme components
in sufficient titers by any single microorganism are the main impediments for
commercial production of 2G ethanol at industrial scale (Adsul et al. 2020; Jin
et al. 2016). In the recent past, various attempts have been made to reduce the
enzyme cost by optimizing the design of synergistic enzyme cocktails comprising of
certain ratios of enzymes from various microbial strains that would be efficient in the
hydrolysis of the pretreated biomass. Furthermore, in order to improve the econom-
ics of the process, nowadays, research is mainly focused on the complete conversion
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of both hexose and pentose sugars during fermentation process to finally get the
monomers as they also increase the theoretical yield (Merino and Cherry 2007). This
has had an influence on the characteristics of the process like pretreatment method
used and the enzymes essential for hydrolysis. Pretreatment is another challenging
step in the bioconversion process for attaining cost-effective and competitive tech-
nology with low concentration of inhibitors. This chapter will discuss currently
adopted pretreatment technologies in upcoming commercial and demonstration 2G
ethanol plants and their effect on different LCBs. Further, significance of enzyme
cocktails for efficient hydrolysis of LCB, factors affecting synergy, hydrolysis, and
yield are also being discussed.

2.2  Pretreatment Technologies

Structural complexity and conformation, association of cellulose with hemicellulose
and lignin, high lignin content, cellulose crystallinity, and acetyl groups in
hemicelluloses are the major factors that hinder the use of lignocellulose for value
addition (Chundawat et al. 2011; Singh et al. 2015). Addressing these lignocellulose
structure-related issues holds key to efficient substrate hydrolysis. Pretreatment of
lignocellulosics is the method of choice to overcome these limitations before sac-
charification. In pretreatment step, various physicochemical methods are
employed to reduce the complexity and recalcitrance of biomass which leads to
distortion and disengagement of lignin component and modifies the structure of
cellulose and hemicellulose to an extent that makes the accessibility of
lignocellulolytic enzymes easier (dos Santos et al. 2019). While pretreatment is an
expensive process, the cost of not pretreating is even greater (Eggeman and Elander
2005). The main objective of a pretreatment technology is to enhance the enzymatic
hydrolysis rate, to upgrade the yields of sugar monomers obtained from cellulose/
hemicellulose, to minimize energy consumption, and to lower the capital, opera-
tional, and biomass cost. It is estimated that both pretreatment and hydrolysis cost
may be up to 70% of the total bioprocessing cost (Satlewal et al. 2018). Different
pretreatment methods result in different effects in the structure of substrates, and all
these changes can lead to enhanced rate of hydrolysis. Pretreatment causes either
degradation, disruption, re-organization of lignin structure, its disengagement with
the rest of the biomass, or removal of some or all the lignin sheath, which leads to
enhanced permeability in the substrate (Zhang and Lynd 2004). Changes that occur
in the lignocellulosic biomass (LCB) after different pretreatments are depicted in
SEM images (Fig. 2.1).

Pretreatment is a combination of physicomechanical and physicochemical steps.
The first step in pretreatment is size reduction of lignocellulosic substrates
(10-30 mm), which is essential prior to any other pretreatment. This is accomplished
by using a number of physical pretreatment strategies such as milling, grinding,
chopping, extrusions, freezing, and radiation, which results in reduction of particle
size and crystallinity of the lignocellulosic biomass and enhanced specific surface
area and porosity and also lessens the degree of polymerization (Rajendran et al.
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Fig. 2.1 Scanning electron microscopy (SEM) of substrates (a) native corncob; (b) acid-pretreated
corncob (Brar et al. 2016); (¢) native sugarcane bagasse; (d) acid-pretreated bagasse (Chandel et al.
2014)

2017). In the last few decades, a multitude of pretreatment techniques have been
developed worldwide by various companies (logen (Canada), Abengoa (Spain),
Blue Sugar Corporation (USA), Inbicon (Denmark), Clariant (Germany)), which
are involved in developing 2G ethanol plants at demonstration/commercial scale.
These companies use different lignocellulosic waste materials like corn stover,
sugarcane bagasse, wheat, barley, rice and oat straw, energy crops, etc., which are
structurally distinct, and hence, developing a universal technology is still not
achievable. The selection of a pretreatment method is highly significant and must
be based on several considerations as the type of method used influences the
subsequent enzymatic hydrolysis (Romani and Garrote 2010). Pretreatment cost is
chiefly based on the rate of consumption of energy and chemicals and recyclability
of the chemicals. Often, chemical pretreatment must be headed by mechanical size
reduction, which can have an extensive energy cost.

Different combinations of physical and chemical pretreatment technologies using
acids, alkalis, solvents, and oxidants have been reported (Kumar et al. 2009).
However, at industrial scale, pretreatment of lignocellulosic substrates uses dilute
acid in combination with different process configurations. For example, Abengoa
Bioenergy (Spanish global biotechnology company) uses dilute acid pretreatment
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followed by steam explosion for biofuel production; DSM POET, Iowa, USA, also
uses dilute acid hydrolysis in the presence of steam; similarly, logen-Raizen (Brazil)
uses dilute acid hydrolysis in conjunction with steam explosion (Gandla et al. 2018)
for the pretreatment of sugarcane bagasse. Steam explosion method
(or autohydrolysis) is a promising thermo-mechano-chemical pretreatment method
widely employed for wood-based lignocellulosics. Iogen Corporation biorefinery
(Canada) developed this technique, which was then adopted by Beta Renewables
Company in Italy. In this technique, pressurized steam (160-270 °C and 20-50 bar)
is used to heat ground biomass for a short period of time, which brings about
disruption of compact lignocellulosic structure (Kumar et al. 2009). The disruption
is brought out by the released acetic acid from acetylated hemicelluloses as well as
levulinic and formic acids formed during the process, resulting in autohydrolysis
(Ramos 2003). BP biofuels (USA) employs modified steam explosion techniques for
the pretreatment of corncob, husks, and leaves for efficient conversion of these
substrates to 2G biofuels. Borregaard in Norway employs acidic calcium bisulfite
cooking of spruce chips for pretreatment and has now established a BALI biorefinery
(Sjode et al. 2013). Liquid hot water (LHW) is another pH-controlled chemical-free
hydrothermal pretreatment method that involves treatment of biomass using water
maintained at high temperature (160-220 °C) with a residence time of 15 min
without using any catalyst that results in fairly high xylose recovery of about 80%.
In all of the above discussed methods, a major fraction of hemicellulose is removed
as xylose or xylooligosaccharide-rich liquid stream. Some of the remaining xylan
fraction gets realigned in the pretreated cellulose-rich solid residue. This method
increases the cellulose digestibility by removing hemicellulose from the lignocellu-
losic substrates; however, the re-adsorption of the lignin has been observed (Laser
et al. 2002).

Different acids have been used for dilute acid pretreatment of lignocellulosic
biomass, which include hydrochloric acid, sulfuric acid, phosphoric acid, and oxalic
acid (Pal et al. 2016). Among all, dilute sulfuric acid is the most commonly used
because using concentrated acids poses technical challenges such as accumulation of
inhibitors and corrosion of reaction vessel (Lee and Jeffries 2011), due to which
dilute acid with low concentration (1-2% w/v) is usually preferred by most
industries, which can be subsequently neutralized by lower amount of base (Jennings
and Schell 2011).

In alkaline pretreatment, the use of alkalis such as sodium hydroxide, potassium
hydroxide, calcium hydroxide, and aqueous ammonia (Sills and Gossett 2012)
results in higher solubilization of lignin. However, the downside of using this
method is that it cannot be used on a large scale as it generates black liquor which
is difficult to handle and also results in loss of mass balance due to extraction of
appreciable amounts of hemicellulose and cellulose to some extent. During the
neutralization process, production of significant quantity of salt disturbs microbial
growth and fermentation process and raises environmental concerns. Therefore,
Chen et al. (2016) at NREL evolved a new promising method of deacetylation and
mechanical refining (DMR) using dilute alkali (0.4%) for pretreatment of corn
stover. An alternative approach is the use of alkali in the form of ammonia recovery
percolation (ARP) method which can overcome the above drawbacks, but it has high
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cost of ammonia recovery (Kim et al. 2008a). DuPont had employed ammonia-based
pretreatment for its plant in lowa. Ammonia fiber explosion (AFEX) pretreatment is
one of the most widely reported physicochemical pretreatment methods (Zhao et al.
2014; Mathew et al. 2016). In this method, biomass is exposed to liquid ammonia at
relatively mild temperature (60-100 °C) and high pressure for different time
intervals. Rapid expansion of ammonia gas (due to release of pressure) leads to
swelling and disruption of fibers of biomass and modification or effective reduction
of lignin fraction, resulting in distortion of lignin-carbohydrate interactions
(Mokomele et al. 2018), while hemicellulose and cellulose fractions may remain
intact. Low temperatures used in the AFEX method reduce energy consumption and
prevent the formation of inhibitory by-products. However, recovery of ammonia
using evaporation is needed, which makes this process inconvenient, and requires
more energy consumption and capital investment (Li et al. 2010). Balan and Sousa
(2019) have devised modified AFEX process termed as COBRA (Compacted
Biomass with Reduced Ammonia) process, which is much more efficient, wherein
biomass pellets are supplemented with liquid ammonia in ratios lower than 1:1,
allowing native cellulose I to be converted to highly digestible cellulose III at
relatively low temperatures (~70 °C) with residence times of 3—-4 h. COBRA
pretreated biomass can be effectively digested with 60% less enzyme relative to
the traditional AFEX pretreatment (Mokomele et al. 2018). Another process,
namely, organosolv pretreatment developed at the University of British Columbia
(Pan et al. 2006), was later endorsed by LIGNOL Innovations Ltd. in BC (Canada)
for demonstration 2G ethanol plant. Recovery of high-grade lignin as a value-added
product and the need for less energy are the advantages of this method.

23 Enzymes Involved in Lignocellulosic Degradation

After pretreatment, the enzymatic hydrolysis of pretreated substrates is carried out
using a cocktail of lignocellulolytic enzymes. These enzymes have been clustered as
carbohydrate-active enzymes (CAZymes) and is represented by six major enzyme
groups (www.CAZy.org), including glycoside hydrolases, glycosyltransferases,
polysaccharide lyases, carbohydrate esterases, auxiliary activity enzymes, and
carbohydrate-binding modules (Lombard et al. 2014). These enzymes digest plant
cell wall structure (including cellulose and hemicellulose) by cleaving glycosidic
bonds in a hydrolytic and oxidative fashion. Based on their amino acid sequence,
structural similarities, enzyme mechanism, and protein folding, these enzymes are
represented in multiple families (Levasseur et al. 2013). In totality, 453 GHs were
characterized, which were retrieved from 131 different fungal (mostly ascomycete)
species, and represented 44 of the 115 CAZy GH families (Murphy et al. 2011). The
annotated genes and proteins for more than 20 different thermophilic fungal strains
have been assembled in a searchable online curated database of characterized
lignocellulose-active enzyme (CLAE). Recently, Kameshwar et al. (2019) have
designed a web database “CAZymes Based Ranking of Fungi (CBRF),” for sorting
and selecting fungal strains based on their genome-wide distribution of CAZymes by
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retrieving complete annotated proteomic data of 443 published fungal genomes from
JGI MycoCosm web repository for constructing CBRF-based web database.

The commercial lignocellulolytic enzyme cocktails primarily constitute cellulases
and hemicellulases and recently discovered oxidative auxiliary activity enzymes
termed as lytic polysaccharide monooxygenases (LPMOs) (Horn et al. 2012; Glass
et al. 2013). Cellulases comprise a group of glycosyl hydrolases, which cleave
B-1,4-glycosidic linkages of the integral cellulose and related cello-oligosaccharides
derived in a synergistic manner (Horn et al. 2012). The components of cellulase
complex, i.e., endoglucanases (EC 3.2.1.4), randomly cleave the p-1,4 linkages
between adjacent glucose moieties, resulting in numerous reducing ends for the
action of cellobiohydrolase I (EC 3.2.1.91) that processively cleave the cellulose
chains from the reducing end, whereas cellobiohydrolase II tethers to the
non-reducing end and carries out sequential hydrolysis. The synergistic action of
these two cellobiohydrolases primarily results in formations of cellobiose moieties
that are acted upon by p-glucosidase (EC 3.2.1.21) to produce glucose moieties
(Payne et al. 2015).

2.3.1 Cellulases

Endoglucanases are categorized into 13 glycoside hydrolase (GH) families (Ezeilo
etal. 2017), including GH5, GH7, GH12, GH44, and GH51 that carry out hydrolysis
via retaining mechanism and EGs of GH6, GHS, GH9, GH45, GH48, GH74,
GHI124, and GH131 that operate via an inverting mechanism (Gao et al. 2017).
The detailed analysis of these endoglucanases shows that the amino acid composi-
tion of EGs derived from thermophilic microbial strains differs significantly from
their mesophilic counterparts. These include the presence of more charged amino
acids (Arg, His, and Glu) crucial for imparting stability at higher temperatures in
thermophilic EGs in addition to higher residue volume and residue hydrophobicity
(Yennamalli et al. 2013). These differences in amino acid composition are specific to
protein folds like (a/p)g fold, B-jelly roll fold, and (a/a)e fold and enzyme families
which impart variations in intramolecular interactions in a fold-dependent manner
(Yennamalli et al. 2011). Cellobiohydrolase activity is attributed to glycosyl hydro-
lase families GH5, GH6, GH7, GH9, GH48, and GH74 (Poidevin et al. 2013). The
industrially important CBHs primarily of fungal origin belong to GH6 and GH7.
Aerobic bacterial CBHs are represented by GH6 and GH48, whereas those of
anaerobic fungi and bacteria belong to family GH48. The hydrolytic mechanism
of Trichoderma reesei cellobiohydrolase I (Tr Cel7A), an industrial rich source of
CBHI, was demonstrated on cellulose fibers using atomic force microscopy by
Igarashi et al. (2011). The tunnel-like configuration of active site in the catalytic
domain of Tr Cel7A favors sliding of CBHI along the cellulose polymer in a
processive fashion and results in cleavage of cellobiosyl units, which makes these
enzymes proficient in hydrolyzing crystalline cellulose processively (Sweeney and
Xu 2012). The presence of sharp twists (kinks) and other chemical moieties in the
structure of pretreated cellulose fibers may result in fractal and “local jamming”
effect (Xu and Ding 2007; Igarashi et al. 2011). B-glucosidases are included in
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glycoside hydrolase families GH1, GH3, GHS, GH9, GH30, and GH116 (Lombard
et al. 2014). GH3 has been found to be the most abundant family in CAZy database,
and most of the fungal BGLs studied so far belong to this family of glycoside
hydrolases (Singhania et al. 2013). Most of the BGLs have been reported to be
vulnerable to the glucose inhibition (the major end-product in cellulose hydrolysis).
Therefore, recent research has shown immense interest in the search for novel
glucose-tolerant BGLs, as these enzymes are the key players in the hydrolysis of
cellulose to monomer sugars (glucose), which can be successively fermented to 2G
ethanol (Singhania et al. 2013; Ezeilo et al. 2017).

2.3.2 Hemicellulases

Hemicellulases exhibit activities similar to cellulases because of the presence of
common -1,4-glycosidic bonds in the hemicellulose backbone (Chang et al. 2011).
Therefore, complete deconstruction of hemicellulose is also facilitated by the action
of a variety of hemicellulases in a synergistic fashion. These include endo-xylanase
(endo-1,4-p-xylanase, EC 3.2.1.8), as the major enzyme in addition to p-xylosidase
(xylan-1,4-p-xylosidase, EC 3.2.1.37), o-arabinofuranosidase (a-L-
arabinofuranosidase, EC 3.2.1.55), arabinase (endoa-L-arabinase, EC 3.2.1.99),
a-glucuronidase (a-glucosiduronase, EC 3.2.1.139), acetyl xylan esterase
(EC 3.1.1.72), and feruloyl xylan esterase (EC 3.1.1.73). Among these, endo-
xylanase and fB-xylosidase are the hemicellulases which are thoroughly studied,
since xylan is the dominant constituent of hemicellulose from hardwood and agri-
cultural biomass (Dodd and Cann 2009; Harris et al. 2014). Hemicellulases are
mostly composed of catalytic domains to carry out enzyme functions, CBMs (used
for docking with the substrates to perform enzyme functions), and other functional
domains to carry out the hydrolysis of either glycosidic or esterified acid side groups
(Dodd and Cann 2009). The glycosidic bonds of hemicellulosic substituents are
hydrolyzed by a-glucuronidases, a-arabinofuranosidases, a-p-galactosidases, and
mannanases, whereas acetyl or feruloyl esterases cleave the ester bonds of acetate
or ferulic acid side groups. Mostly, hemicellulases act synergistically with cellulases
in the deconstruction of lignocellulosic biomass to fermentable sugars. Arabinan
side chains tethered to the xylan backbone are hydrolyzed by a-L-arabinases
(EC 3.2.1.99) and a-L-arabinofuranosidases (EC 3.2.1.55) to arabinose. o-L-
Arabinofuranosidases particularly cleave glycosidic bonds present between
arabinofuranosyl substitutions and xylopyranosyl backbone residues of
arabinoxylan. o-L-Arabinases show endo-a-1,5-linked L-arabinofuranosidase activ-
ity. Most of the commercial xylanases have been produced from Trichoderma
strains, Aspergillus niger, and Humicola insolens (Polizeli et al. 2005). Diverse
range of microbial strains produce xylanases, which include extremophilic bacteria,
yeast, fungi, etc., and are categorized in various glycoside hydrolase (GH) families
5, 7, 8, 10, 11, 26, 30 and 43). For bioprospecting of thermostable xylanases,
optimum temperature and pH are the two major criteria to be considered for
industrial application (Chadha et al. 2019).
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Many of these lignocellulolytic glycosyl hydrolases are multi-modular with
catalytic function carried out by a single or multiple catalytic domains combined
with one or more CBMs that are capable of binding to various carbohydrates without
catalyzing substrate hydrolysis. These CBMs either present at the N- or C-terminus
of the protein sequence were previously known as cellulose-binding domains
(CBDs) (Lethio et al. 2001). Until now, 81 different families of CBMs have been
characterized according to the CAZy database where family 33 CBMs are
reclassified as oxidative enzymes (AA10) (Levasseur et al. 2013; Lombard et al.
2014). Those of lignocellulose-degrading fungi commonly implicate family 1 CBMs
for biomass hydrolysis (Mello and Polikarpov 2014). The NMR spectroscopy
revealed the presence of an irregular, three-stranded, antiparallel p-sheet arrange-
ment, in which the hydrophobic flat face is present on the wedge part of the CBM,
whereas a large hydrophilic flat face is constituted by three tyrosine residues and a
huge number of polar amino acid residues, thereby exhibiting amphiphilic character.
The most significant observation from this study was the occurrence of three
conserved aromatic residues, which are present on the hydrophilic face of the
CBM (Tyr5, Tyr31, and Tyr32 in the TrCel7A CBM) and are associated with the
binding to crystalline cellulose. Apart from family 1 CBM, CBMs from other
families were also studied, and 54 families have been categorized as type A, B,
and C CBMs (Boraston et al. 2004; Ezeilo et al. 2017). Mostly, a catalytic domain
and the CBM in an enzyme structure are attached together via highly glycosylated
linker peptides of varying length and structure (Van Solingen et al. 2001). It has been
found that cellulase linkers are inherently disordered proteins that are rich in Pro/Ser/
Thr (Lima et al. 2013). It has also been suggested in a study that glycosylated linkers
are directly involved in cellulose binding, like CBM but in a non-specific, dynamic
manner (Payne et al. 2015). Glycosylation is known to facilitate protection to linker;
moreover, the length of the linker is another factor that influences enzyme activity
and the binding affinity, which vary within different GH families. It is usually seen
that longer linker length in 7. reesei cel6A promotes the search for hydrolytic sites,
whereas linkers short in length promote processivity in Cel7A (Sammond et al.
2012).

2.4  Lytic Polysaccharide Monooxygenases (LPMOs)

In 2010, the study of LPMOs (a new class of enzymes) revealed an entirely novel
mechanism for breaking glycosidic bonds present in cellulose and chitin, which uses
oxidative mode for cleavage, differing from that of canonical glycoside hydrolases
(Harris et al. 2010; Vaaje-Kolstad et al. 2010). LPMOs were previously thought to
belong to family 33 CBMs (from non-fungal origin) or family 61 glycoside hydro-
lase (GH61) cellulases of fungal origin, which were reclassified in the CAZy
database of carbohydrate-active enzymes (Www.cazy.org) from families GH61 and
CBM33 to “auxiliary activity” families AA9 and AA1O0, respectively (Levasseur
et al. 2013). According to the sequence-based classification system of the CAZy
database, LPMOs are currently categorized into six families of “auxiliary activities”
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(AA9-11 and AA13-15). AA9-AA13 represent bacterial (AA10), viral (AA10),
and fungal LPMOs (AA9, AA11, and AA13). However, in a recent study, a new
family of LPMO named as AA16 was identified among secretomes of Aspergillus
sp. (Filiatrault-Chastel et al. 2019). Crystalline structure of LPMOs studied thus far
showed the presence of an active site located near the center of an extended flat face,
which interacts with the crystalline surface of the substrate (Aachmann et al. 2012).
In the active site of T. aurantiacus GH61 Cu (II), cations are present and display
classic Jahn-Teller distortion with elongated coordination bonds in the axial
positions, in which a single copper ion is chelated by two nitrogen atoms of the
N-terminal histidine (through the NH2 terminus and an N-atom of the side chain)
and a further nitrogen atom of another histidine side chain in an overall T-shaped N3
configuration coined as the histidine brace and is highly conserved in all reported
LPMOs (Fig. 2.2, top row, stick representation) (Quinlan et al. 2011). The presence
of Tyr residue in the axial position completes the geometry of histidine brace. Tyr
residue is sometimes replaced with a Phe residue in some AA10 LPMOs (not
shown). The protein structure of LPMOs displays a common immunoglobulin G
(IgG)-like fold (Fig. 2.2 bottom row) with variation in surface topology (gray)
depending on loop regions and helices. The catalytic copper-containing site is
present at the surface of the interaction interface.

From lignocellulose-based biorefineries, LPMOs (AA9) are evolving as
promising components of cellulase cocktails as these newly discovered enzymes
are capable of cleaving the crystalline lattice of the polysaccharide chain by oxida-
tion and disrupting the surface to such an extent that the polysaccharide chain
becomes accessible to further attack by enzymes and eventual hydrolysis (Vaaje-
Kolstad et al. 2010; Quinlan et al. 2011). The next-generation commercial cellulase
preparations (Cellic CTec2 and Cellic CTec3) marketed by Novozymes have been
designed by spiking the basal cellulase preparations with LPMOs derived from
thermophilic fungal strains, Thermoascus aurantiacus and Thielavia terrestris.
These cocktails exhibit much better improved catalytic performance and at lower
enzyme loading rates are now being used in Raizen and Beta Renewables 2G ethanol
plants (Harris et al. 2014; Johansen 2016). Some other important sources of AA9
(LPMOs) that have been discovered include those from Malbranchea cinnamomea
(Huttner et al. 2019) and Scytalidium thermophilum (Agrawal et al. 2020). Another
thermophilic fungus Rasamsonia emersonii, used for in-house production of
lignocellulolytic enzymes by DSM POET 2G ethanol plant, is intrinsically loaded
with LPMOs, constituting ~6% of the cellulase blend (Bevers et al. 2019). One of the
technical issues during the use of preparations containing LPMO is that it requires a
reducing agent, molecular oxygen as a co-substrate, and a copper ion in the active
site (Langston et al. 2011). However, in a recent study, it was discovered that at low
H,O, feeding rates, saccharification rates and glucose yields are higher than those
seen under standard aerobic conditions (Bissaro et al. 2017; Miiller et al. 2018).
These results indicate that H,O,, rather than O,, is the co-substrate of LPMOs, and
this new enzyme seems to be peroxygenase rather than monooxygenase (Forsberg
et al. 2019). The reducing agent required for LPMO action can be mediated
enzymatically by cellobiose dehydrogenase, which is often present in fungal
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Fig. 2.2 Representative structures for LPMO families

secretomes or an externally added small molecule (ascorbate) that is required for
priming the reduction of copper (Bissaro et al. 2017). Even the lignin-derived
molecules that are found in biomass can act as a reducing agent (Langston et al.
2011).

Most of the studies on LPMOs are focused on the characterization of substrate
specificity of these enzymes. Nearly all LPMOs reported to date were found to be
active on f-1,4-linked polymers of glucose (e.g., cellulose), but LPMOs showing
specificity toward soluble polysaccharides, such as f-glucans and xyloglucan, have
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also been reported recently (Fanuel et al. 2017). LPMOs (AA9) from
M. cinnamomea active on both cellulose and pure xylan have also been discovered
(Basotra et al. 2019). On the basis of the principal site of oxidation (C1 or C4),
LPMOs are also classified as Types 1, 2, and 3 (Vu et al. 2014). Types 1 and 2 AA9
catalyze the oxidation of C1 (reducing end) and C4 (non-reducing end) of cellulose,
respectively, whereas Type 3 governs the oxidation of both C1 and C4 of cellulosic
substrates (Vu et al. 2014). Incorporation of LPMOs in commercial enzyme
preparations resulted in twofold reduction in both the total enzyme load and cost
of cellulose degradation, which highlighted the industrial significance of these
oxidative enzymes (Harris et al. 2010; Davis et al. 2013).

2,5 Secretome-Based Analysis of Lignocellulolytic Enzymes

The widely available genomic databases in tandem with fungal secretome analysis
have led to profiling the expressed genes and identification of new enzymes (Kim
et al. 2008b). Marx et al. (2013) utilized this approach to study diverse profiles of
polysaccharide-degrading hydrolases in fungal secretome under the influence of
different carbon and nitrogen sources. Kaur et al. (2013) also followed this approach
to reveal the differential expression of proteins in the parent and developed
heterokaryons. LC-MS/MS-based investigation of the secretome derived from com-
mercial T. reesei strains revealed CBHI (Cel7A) as the most predominant protein
followed by CBHII (Cel6A) (Chundawat et al. 2011). Ravalason and coworkers
(2008) performed proteomic analysis to determine the compositional differences in
the secretome of Phanerochaete chrysosporium CIRM-BRFM41 when grown under
ligninolytic conditions and on soft wood chips under biopulping conditions. LC-MS/
MS-based analysis of the secretomes obtained from A. fumigatus 75 in the presence
of glucose, avicel, and rice straw revealed that most of the lignocellulolytic GHs
were upregulated when rice straw and avicel were used as carbon sources (Liu et al.
2013a).

The secretome analysis of M. cinnamomea revealed the production of a spectrum
of metal-dependent GHs and other lytic polysaccharidases produced using sorghum
straw as carbon source (Mahajan et al. 2016). The mass spectroscopy analysis of
Penicillium sp. Dal 5 secretome identified a total of 108 proteins containing an array
of GH, PL, CE, LPMOs, and swollenin, which makes it good enzymatic machinery
for hydrolysis of lignocellulosics (Rai et al. 2016). The comparative analysis of
A. niger, T. reesei, and P. oxalicum 114-2 revealed that cellulase system produced by
P. oxalicum 114-2 is more balanced with diversity of enzymes involved in the
degradation of xylan and p-p-glucans (Gong et al. 2015). The proteomic analysis
of three commercial cellulase preparations, i.e., SP from P. oxalicum JU-A10T, ST
from T. reesei SN1, and Celluclast 1.5 L from Novozymes, disclosed that both SP
and ST are rich in carbohydrate-degrading enzymes and multiple non-hydrolytic
proteins with a greater number of CBM1 in SP (Song et al. 2016). A comprehensive
insight into the secretome of a hyper-cellulolytic P. funiculosum was provided by
LC-MS/MS analysis performed by Ogunmolu et al. (2015). A detailed analysis of



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 27

secretome of thermophilic fungus Mycothermus thermophilum revealed a total of
240 different proteins with majority of glycosyl hydrolases belonging to 30 families.
In addition, polysaccharide lyases, carbohydrate esterases, lytic polysaccharide
monooxygenases, and a variety of carbohydrate-binding modules (CBM) were
also identified, indicating the potential of this strain for lignocellulosic deconstruc-
tion (Basotra et al. 2016). Recent secretome analysis of Talaromyces emersonii has
also revealed expression of diverse array of GHs and other auxiliary enzymes that
were produced using a modified optimized industrial medium (Raheja et al. 2020).

26 Commercially Important Producers of Lignocellulolytic
Enzymes

Development of different expression platforms is also an area of intense research and
development. To date, several different expression hosts such as Escherichia coli,
Saccharomyces cerevisiae, Kluveromyces lactis (conventional yeasts), Yarrowia
lipolytica and Pichia pastoris (unconventional yeasts), T. reesei, Aspergillus sp.,
and Myceliophthora thermophila have been reported for cloning and expression of
thermophilic cellulases and xylanases (Boonvitthya et al. 2013; Lambertz et al.
2014). DSM POET in a joint venture “Project Liberty” has come up with the first
successful commercial 2G ethanol plant in [IOWA and is using indigenously devel-
oped hypercellulase-producing strain Rasamsonia emersonii through a combination
of classical and molecular approaches (Perkins et al. 2012). The developed strains of
R. emersonii are now used to produce in-house enzymes for efficient hydrolysis of
acid pretreated corn stover. Another thermophilic strain Myceliophthora
thermophila has been developed by Dyadic International Inc. for the production of
cellulases (Visser et al. 2011). Similarly, a mesophilic fungal strain Penicillium
oxalicum has been developed by a combination of system biology approaches
targeting the regulatory network for producing high levels of cellulases (Gao et al.
2017). Acremonium cellulolyticus has also been developed in Japan, and the mutant
strains are capable of producing high levels of filter paper activity at industrial scale
(Fang et al. 2009).

In recent past, thermostable lignocellulolytic enzymes from thermophilic fungi
(Chaetomium thermophile, Myceliophthora, Scytalidium, Talaromyces emersonii,
Thermoascus aurantiacus, Thermomyces lanuginosus, and Malbranchea flava)
(Morgenstern et al. 2014) have been studied widely for their application in biofuel
industry, owing to the fact that at elevated temperatures, cellulose fibers swell up and
become easily accessible for attack to hydrolytic enzymes (Timo et al. 2017).
Thermophilic fungi are a potent source of thermostable enzymes and are being
harnessed by various enzyme industries like DSM, Novozymes, DuPont, Genencor,
etc. for the production of cellulases and hemicellulases beside auxiliary enzymes
(Chadha et al. 2019). Thermostable enzymes, which work at elevated temperatures,
offer potential benefits such as enhanced rate of catalysis, lower risk of microbial
contamination, and improved mass transfer (Scully and Orlygsson 2015).
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Among thermophilic fungi, Talaromyces emersonii (now renamed as
Rasamsonia emersonii) (Murray et al. 2004; Morgenstern et al. 2014),
Mpyceliophthora sp. (Visser et al. 2011) previously identified as Chrysosporium
lucknowense (Emalfarb et al. 1998), and Humicola insolens (Syn. Scytalidium
thermophilum) have been employed at industrial level for the production of
cellulases. Cellulases of Talaromyces emersonii are known to be highly active and
stable even at 70 °C (Murray et al. 2004). With the advancement in techniques like
genome sequencing, annotation and analysis of thermophilic fungi reveals the
presence of multiple xylanase-encoding genes (Hinz et al. 2009). Most of the
xylanases from thermophilic fungi harbor genes either of GH10 or GH11 family
(Chadha et al. 2019). The thermophilic fungal strains Thermomyces lanuginosus,
Melanocarpus albomyces, and M. cinnamomea have been reported to produce
copious amounts of xylanase and are being evaluated for their application in 2G
ethanol plants (Winger et al. 2014; Chadha et al. 2019).

2.7 Designing Lignocellulolytic Enzyme Cocktails for 2G
Ethanol Production

Efficient conversion of pretreated LCB into monomeric sugars requires synergistic
action of endoglucanase, cellobiohydrolase, and f-glucosidase. Recently, the role of
LPMOs and other hemicellulolytic enzymes (xylanase, [-xylosidase, and
arabinofuranosidase) as accessory enzymes has also been implicated in enhanced
hydrolysis of LCB (Hu et al. 2011; Gao et al. 2011; Laothanachareon et al. 2015).
For the production of cellulosic ethanol at commercial level, the high cost of
cellulases and failure of production of all cellulolytic components by a single
microbial strain in sufficient titers are the major impediments. Although developed
strains of Trichoderma reesei have been the industrial workhorse for production of
cellulases, recent years have seen active research and development efforts for
developing novel fungal strains such as Acremonium cellulolyticus (Fang et al.
2009), Myceliophthora thermophila (Visser et al. 2011), Talaromyces emersonii
(syn. Rasamsonia emersonii) (Perkins et al. 2012), and Penicillium decumbens (Liu
et al. 2013b) as enzyme platforms. However, the cost of lignocellulolytic enzymes in
bioconversion process is still an area of concern as high amount of protein per gram
substrate is needed for effective hydrolysis of differently pretreated cellulosic
substrates due to lower catalytic efficiency of the existing enzyme preparations.
The enzyme production by even the best of wild-type strains is low from commercial
viewpoint, and for commercialization of these lignocellulases, potent microbial
strains are required, which can produce high levels of enzyme titers besides
exhibiting traits like thermostability, multifunctionality, and less sensitivity to prod-
uct inhibition (Cheng et al. 2009). In spite of the exploitation of secretome from
diverse microbial communities and also the availability of different pretreatment
methods, successful bioconversion of LCB into monosaccharides in high yields is
still a challenge that necessitates the discovery or construction of novel catalytically
efficient enzymes in order to hydrolyze differentially treated LCB into fuels



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 29

(Banerjee et al. 2010). Since a broader suit of enzyme preparations are required to
achieve high level of saccharification, which increases the cost and also influences
the viability of the process, custom designing of cocktails by adding mono-
components (either recombinant or purified from secretome) which can act on a
wide array of agro-residues in order to lower the cost is one of the way to achieve
high level of saccharification.

In the recent past, vigorous studies have been conducted on designing optimal
synergistic enzymatic cocktails comprising of definite ratios of enzymes derived
from different microbial sources, for improved hydrolysis of pretreated biomass and
to reduce the enzyme cost. However, the mechanisms underlying the development
and the approaches for production and evaluation of optimal cellulolytic cocktails
are still not clear. However, best enzyme preparation, containing optimum level of
all the enzyme components, is a key for effective hydrolysis of pretreated biomass.
Therefore, designing prolific and cheap enzyme cocktail for cost-effective hydroly-
sis of LCB is one of the major research platforms in biofuel production. After a
technical analysis, it has been suggested that the enzyme cost is greater than
estimated before which ranges from $0.23 to $0.78 per gallon of ethanol (Liu
et al. 2016), depending upon the countries and enzyme source, production approach
(on-site, off-site, and integrated), and lastly the pretreatment method used.

Supplementation of xylanases and LPMOs in enzyme cocktails has been found to
increase the sugar yield significantly (Hu et al. 2011; Basotra et al. 2018, 2019).
Moreover, to economically convert pretreated LCB to ethanol, it must be fermented
to a concentration of at least 4-5% (Jgrgensen et al. 2007), which requires high sugar
concentration, implying that a high substrate loading (~20%) will be required instead
of lower substrate loading reported in different papers (Mokomele et al. 2018).
However, at high-solids loadings, many problems are encountered, such as substrate
recalcitrance, inefficient mass transfer (e.g., rheological problems), increased levels
of enzyme inhibition due to accumulation of glucose and xylobiose, and various
other degradation products that affect the dynamics of enzyme substrate interaction
and negatively influences the enzyme catalysis (Zhang et al. 2009; da Silva et al.
2020), and also high enzyme/protein loadings are required while the yields were
often around 60% after 72 h hydrolysis. Chylenski et al. (2017) achieved 100%
conversion of Norway spruce after hydrolysis at enzyme loading rate of 16 mg/g of
substrate by employing marginal enzyme cocktails consisted of several glycoside
hydrolases from 7. reesei and purified BGL from A. niger. In addition, an LPMO
derived from Streptomyces coelicolor was also added in this cocktail. Further, by
supplementing B-glucosidase in the hydrolysis reaction, end-product inhibition of
cellobiose can be reduced, which is also known to affect xylanase-mediated
catalysis.

The need to increase the concentration of monomeric sugars in hydrolysates has
compelled to conduct studies on high substrate loadings for enzymatic hydrolysis.
Under these conditions, a “high-solids effect” has been observed, which resulted in a
decrease in glucose conversion yields (da Silva et al. 2020). To surpass high-solids
effect, several scientific and technological approaches involve the formulation of
more efficient enzyme cocktails, biomass and enzyme feeding strategies, reactor and
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impeller designs, as well as process strategies to alleviate the end-product inhibition.
In addition, pretreatment method that would fit better at high-solids loadings should
also be explored as it has been frequently assumed that pretreatment methods would
have comparable efficacies independently of the solids content in the hydrolysis
media. In a recent study, Weiss et al. (2019) used a combination of pretreatment,
wherein the wheat straw was initially pretreated using steam pretreatment which was
followed by either delignification or incubation with xylanases and then compared
the results obtained from enzymatic hydrolysis of pretreated substrate. It was found
that at low substrate loadings, the delignified sample showed a better digestibility,
while the substrate treated with xylanases resulted in better yields at high solids;
these observations were then correlated with the variant capability of the pretreated
biomass to restrain water at high solids. This study would allow a better choice of the
pretreatment method and working conditions at high solids in order to reduce the
high-solids effect.

Apart from research conducted on finding appropriate enzyme loadings, formu-
lation of new combinations of enzymes with complementary activities (laccases,
hemicellulases, pectinases, and LPMOs), and protein engineering to achieve resis-
tance to inhibitors, studies have also been focused to counteract the high substrate
effect (Kristensen et al. 2009; Hu et al. 2015; Raj and Krishnan 2019). At high
substrate concentrations, cellulases would have greater difficulty accessing the
cellulose component of LCB, and there would be high chances of nonproductive
binding. This problem can be counteracted by using a combination of xylanase and
AA9, which would remove the xylan fraction and punctures the crystalline cellulose,
respectively (Hu et al. 2015). Hu et al. (2015) studied the boosting effects of using a
combination of xylanase and lytic polysaccharide monooxygenase (AA9, formerly
known as GH61) to check the hydrolytic efficacy of cellulase enzyme mixtures on
steam-pretreated poplar and corn stover at high substrate concentrations (10-20%
w/v). It was concluded that the overall protein loading needed to achieve effective
hydrolysis of high substrate concentrations could be substantially reduced by
optimizing the ratio of enzymes in the “cellulase” mixture.

Enzyme cocktails can also be customized by using a diverse library of cellulases
along with other accessory enzymes (hemicellulases, LPMOs, etc.). Researchers
have cloned and expressed mono-component enzymes for custom designing enzyme
mixtures for the hydrolysis of lignocellulosic substrates used in various industries.
The substrates include pretreated corn stover (Banerjee et al. 2010; Gao et al. 2010),
wheat and barley straw (Billard et al. 2012; Kallioinen et al. 2014), and sugarcane
bagasse (Kallioinen et al. 2014). The pretreatment technologies used in maximum of
these experiments were either high pressure steam or ammonia fiber expansion
(AFEX). The compositions of designed enzyme mixtures resulting from these
studies varied, depending on utilized enzymes, type of biomass, and type of
pretreatment, highlighting the importance of customizing enzyme mixtures for
individual processes. Using the cocktail of cellulase-hemicellulase, Gao et al.
(2011) reported appreciable quantities of reducing sugars from corn stover pretreated
by ammonium fiber expansion (99% glucose and 55% xylose), ionic liquid (88%
glucose and 53% xylose), and dilute acid (97% glucose and 68% xylose).
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For the identification of efficient enzyme cocktails, high-throughput robotic
approaches have been documented in the recent past (Gao et al. 2010). Using
GENPLAT, a platform developed which employs robotic liquid handling and
statistical design, synthetic mixture composed of commercial enzymes (Accellerase
1000, Multifect xylanase, and Spezyme CP Novozyme 188) was formulated and
deployed to check the system that served as comparative benchmarks (Banerjee et al.
2010; Chundawat et al. 2017). The efficacy of these cocktails was examined against
ammonia fiber expansion (AFEX)-pretreated corn stover, which showed improve-
ment in hydrolysis using cocktails of pure enzymes of T. reesei expressed in
P. pastoris. A four-component minimal enzyme cocktail was designed using
enzymes from anaerobic fungus Orpinomyces sp. Strain C1A and it was observed
that hydrolysis yield was comparable or slightly lower than the commercial Cellic
CTec2 (Morrison et al. 2016). Table 2.1 represents the studies reported by a number
of researchers on the pretreatment of lignocellulose substrates, the enzyme cocktails
used for hydrolysis, and the yields obtained.

2.8 Approaches for Developing Cellulolytic Enzyme Cocktails

In order to develop the optimum cocktail, the best option is to first carry out the
enzyme assay of base enzyme preparation and some accessory enzymes and then put
the essential enzymes/proteins into the base preparation to custom design the
cocktail based on hydrolysis performance. Also, as discussed in the above sections,
the type of biomass and method of pretreatment are important parameters to be
considered during cocktail designing. Biomass composition, structure, and region
are also important factors to be taken into account. Different pretreatments result in
variable texture/structure and compositions of biomass. Desired cellulolytic cocktail
can be obtained for selected biomass/process by using the following approaches:

(a) By supplementing that the component of base enzyme preparation from other
microbial source which is not secreted in sufficient amount, to make it optimal.
Example: The industrial fungal strain Trichoderma lacks the ability to secrete
sufficient titers of p-glucosidases, but it is a prolific producer of all other base
enzymes; therefore, it is mandatory to supplement p-glucosidase from other
microbial sources in order to achieve efficient rate of hydrolysis. Some enzyme
preparations work better on one feedstock but do not work on other feedstocks.
The analysis of the exact composition of feedstock would give us an idea of
some feedstock-related enzyme requirement for cocktail preparation, e.g., man-
nose content is comparatively higher in case of spruce wood (10-15%) which
necessitates the addition of mannanase for efficient deconstruction of spruce
wood (Chylenski et al. 2017).

Similarly, the content of xylan in pretreated biomass depends on the type of
pretreatment (e.g., during acid pretreatment more than 70% xylan hydrolyzed)
and the determining factor for adding the amount of xylanase if it is lacking in
base enzyme preparation. Non-specific enzyme components that can boost the
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Table 2.1 Studies on lignocellulosic substrates explored for pretreatment and subsequent

hydrolysis
Substrates | Pretreatment Enzymes Yield Reference
Corncob H,SO,4 Crude cellulase from 83.90% Chen et al.
pretreatment Trichoderma reesei ZU-02 (2007)
Cellobiase from Aspergillus
niger ZU-07
Rice Alkali (NaOH) Crude extract from Trametes | 85% glc Jeya et al.
straw pretreatment hirsuta (2009)
Acid Celluclast 1.5, Novozyme 85% glc Hsu et al.
pretreatment 188 (2010)
‘Wheat H,SO, (dilute) Cellulases and xylanases 51.4% glc Tabka et al.
straw and steam from Trichoderma reesei, (2006)
explosion recombinant feruloyl
esterase (FAE) from
Aspergillus niger, and
oxidoreductases (laccases
from Pycnoporus
cinnabarinus)
Bagasse Calcium Arf, EM, EX Not detected Beukes and
hydroxide Pletschke
pretreatment (2010)
Arf, EM, EX Not detected Beukes and
Pletschke
(2011)
Steam Crude mixtures with Cel, 91% xyl, 80% Gottschalk
pretreatment EX, BG, and FaE gle et al.
(2010)
AFEX, Spezyme (cel), Novozyme Prior and
ammonium 188 (BG), Multifect xylanase Day (2008)
hydroxide
Corn AFEX CBHI1, CBH2, EG, EX, G, |80% Glc, 56% Gao et al.
stover pXx xyl (2010)
Acid and CBH (Cel7A) Trichoderma Selig et al.
alkaline reesei, PG(BG)(A Niger) EX (2009)
pretreatment, (XynA), pX (XInD), and
AFEX AXE (Axel)
AFEX Six core (CBHI1, CBH2, EG, | Core Banerjee
BG, EX, pX) and ten set alone— et al.
accessory enzymes 38.5% glucose (2010)
released
Core +
5 accessories—
52.1% glucose
released
Poplar Alkaline CBH, EG, BG from Agaricus | 293 mg sugar/g |Jeya et al.
pretreatment arvensis substrate (2010)
(NaOH)
AFEX, ARP, Best yield with
controlled pH, dilute acid

(continued)
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Table 2.1 (continued)

Substrates | Pretreatment Enzymes Yield Reference
dilute acid’ FT’ Cel, ﬁG, EX (Commercial pretreatments Kumar and
lime, SO, mixtures Spezyme, (84.90%) Wyman

Multifect) (2009)
Ionic liquid Spezyme CP 85% glc yield Samayan
pretreatment Novozyme 188 (Spezyme) and Schall
Primafast (supplemented (2010)
with Multifect xylanase)
Barley Steam Celluclast, Novozyme 188 78 g/L glucose | Rosgaard
straw pretreated Rosgaard et al.
(2007)
Steam Cel, pG, EX (commercial 84% Glc Garcia-
explosion at mixtures) 10:5:1 Aparicio
210 °C et al.
(2007)
Maize NaOH Crude cellulase from 83.30% Chen et al.
straw Trichoderma reesei ZU-02 (2008)

Cellobiase from Aspergillus
niger ZU-07

Abbreviations: Cel cellulase, EX endo-xylanase, EM endo-mannanase, EG endo-glucanase, Arf a-L-
arabinofuranosidase, RgaeA rhamnogalacturonan acetyl esterase, RhgA thamnogalacturonan hydro-
lase, pG p-glucosidase, fX P-xylosidase, FaFE ferulic acid esterase, FE feruloyl esterase, AFEX
ammonium fibre explosion, ARP ammonia recovery percolation

(b)

degradation of cellulosic materials with distinct mode of action different than
regular the cellulo-/xylanolytic enzymes must also be considered. Example:
Oxidative enzyme such as lytic polysaccharides monooxygenases/AA9 was
found effective for quick liquefaction of biomass and it creates more access
for other enzymes.

Next are the accessory enzymes (arabinofuranosidase, feruloyl esterase,
acetyl xylan esterase) and non-catalytic proteins (CBM, swollenin, etc.),
which are required at a very low amount and not present in base enzyme
preparation. These enzymes also support hydrolysis of biomass. There might
be some enzymes/proteins yet to discover and might contribute, in future, for the
fast hydrolysis of biomass at a lesser amount (Kim et al. 2015). At present,
addition of activator for oxidative enzymes, other enzymes such as cellobiose
dehydrogenase (electron donor for AA9), and any other chemical species which
helps in hydrolysis could be considered in this section. Some sterol compounds
also found to increase the hydrolysis of cellulose could be considered. These
compounds are generally added during saccharification; their addition in cock-
tail needed further study. The ultimate aim is to get maximum fermentable
sugars within a short time. Short time is very important in industrial scale-up.
Even though all the five enzyme components are present in base preparation, the
mixing of enzyme preparation from different sources makes a good cocktail
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(Peciulyte et al. 2017; Agrawal et al. 2018) and gives more hydrolysis of
cellulosic materials at low protein level or FPU level.

Example: Different -glucosidases from different sources has a different prefer-
ence toward cello-oligosaccharides and cellobiose. Some are efficient to hydro-
lyze the cello-oligosaccharides from C2—C6, while some efficiently hydrolyze
only C2 sugars (Adsul et al. 2020).

A vast array of cellulases are produced by most cellulolytic fungal strains,
which can be detrimental for industrial enzyme cocktails. Therefore, extensive
research was carried out to overcome this problem, and it was concluded that
only a small segment of the enzymes in the whole cocktail are effective in
performance under industrial conditions, and this issue can be resolved by
deleting some cellulase-encoding genes in order to reduce the interference of
less-contributive cellulases. For example, in Myceliophthora thermophila, some
particular genes were deleted, which resulted in improved cellulolytic efficiency
of the cocktail, validating the management of cellulase diversity as a strategy to
obtain improved fungal cellulolytic cocktails (Reyes-Sosa et al. 2017). Another
important aspect in this regard is to check the behavior of fungi when grown on a
variety of biomass and detect the types of enzymes they secrete and to get the
enzymatic sequences necessary to deconstruct each kind of biomass (Polizeli
etal. 2017). Secretome obtained from Aspergillus niger and Trichoderma reesei
grown on sugarcane bagasse showed that these two fungi use different enzy-
matic sequences to degrade the same biomass (Borin et al. 2015). In order to
enhance the efficiency of cellulolytic cocktail, accessory enzymes such as
LPMOs, peroxidases, catalases, and xylanases have been added to formulate
effective cocktails (Xu et al. 2015). Novozymes formulated an efficient enzyme
cocktail under the US Department of Energy-funded project DECREASE
(Development of a Commercial Ready Enzyme Application System for Etha-
nol) for biomass conversion, where they conducted enzyme discovery program
to identify the auxiliary proteins from thousands of fungal strains to boost the
capability of benchmark enzymes. Recent studies have shown that xylanases
play a vital role in hydrolysis (Gao et al. 2011; Hu et al. 2013; Laothanachareon
et al. 2015). Novozymes also recommends the use of HTec3 along with Cellic
CTec3 in the ratio of 1:9 to achieve higher hydrolysis. The major issue in using
these commercial enzymes for bioethanol production is the high cost factor and
the logistics that are involved, which motivates the upcoming biorefineries to go
for in-house production of these enzymes for lowering the cost (Johnson 2016).

Statistical Optimization of Cellulolytic Cocktails

Formulation of synergistic enzyme cocktails is a promising approach for enhancing
the hydrolysis rate of LCB (Peciulyte et al. 2017; Satlewal et al. 2018; Sanhueza
et al. 2018). However, when the number of enzyme components is more, optimiza-
tion for efficient cocktail preparation is needed for which statistical approach is a
method of choice. First, to determine the effect of each enzyme component in a
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mixture, the fractional factorial design could be used, and then further the optimiza-
tion of more significant components can be performed using central composite
design (CCD) and response surface analysis. Using statistical approach, optimum
levels of a base or core enzyme preparation along with other accessory or base
enzymes can be obtained. A high-throughput enzyme assay platform, called
GENPLAT, was designed by Banerjee et al. (2010), for the optimization of a mixture
of individual purified enzymes from ten “accessory” and six “core” enzymes.
Optimization was carried out for the release of Glu, Xyl, or a combination of the
two from ammonia fiber expansion (AFEX)-pretreated corn stover. Out of the ten
tested accessory proteins, five enhanced Glu or Xyl yield compared to the core
set alone, and five did not. An 11-component mixture containing the core set and five
accessory enzymes optimized for Glu released 52.1% of the available Glu, compared
to 38.5% with the core set alone. A mixture optimized for Xyl released 39.9% of
Xyl, compared to 26.4% with the core set alone. In another study, Bussamra et al.
(2015) used statistical approach for the optimization of concentration of six acces-
sory enzymes (expansin, acetyl xylan esterase, o-L-arabinofuranosidase,
endoglucanase, B-glucosidase, and endo-xylanase) supplemented to 7. reesei extract
as a base enzyme to achieve higher hydrolysis of pretreated sugarcane bagasse. The
cocktail after optimization contained 80% extract from T. reesei, 10%
endoglucanase, and 10% p-glucosidase. Enzyme preparation produced by Penicil-
lium funiculosum ATCC 11797, Aspergillus niger ATCC 1004, and Trichoderma
harzianum 10C 3844 optimized and resulted in a proportion of 50%, 35%, and 15%,
respectively. Statistical methodology was also utilized by Kim and coworkers for
rapid optimization of enzyme cocktails, which were specific to a variety of pretreated
lignocellulosic substrates (Kim et al. 2015). Likewise, six enzymes, viz., BgI3A,
Cel5A, Cel6A, Cel7A, Cel7B, and Xyll0A, were purified from Talaromyces
cellulolyticus culture supernatant. Among the six, the ratio of five (Bgl3A, Cel5A,
Cel6A, Cel7A, and Xyl10A) enzymes was statistically optimized for the hydrolysis
of dilute acid-pretreated corn stover. The sugar yield in case of optimized cocktail
was found to be comparatively higher (Inoue et al. 2014). Chundawat et al. (2017)
successfully generated several hundred unique cocktail combinations using statisti-
cal method. Fourteen commercially available cellulolytic and hemicellulolytic
enzymes (procured from Novozymes®, Genencor®, and Biocatalysts™) were
mixed together, and then the mixtures were assayed for activity on AFEX-treated
corn stover (AFEX-CS). The enzyme blends screened after optimization were found
to be enriched in various low-abundance hemicellulases and other accessory
enzymes typically absent in most commercial cellulase cocktails. This simple
approach resulted in fourfold reduction in total enzyme requirements (from 30 to
7.5 mg enzyme/g glucan loading) to achieve near-theoretical cellulose and hemicel-
lulose saccharification yields.
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2.10 Conclusions and Future Perspectives

Lignocellulose-derived bioethanol is one of the most flourishing bioenergy and
renewable sectors with the maximum growth potential in the near future. Enzymatic
cocktails comprise of a pool of enzymes with varying specificities and synchronize
actions capable of deconstructing the LCB efficiently. Therefore, new strategies
must be explored, such as enzymatic platforms focusing on the topography and
molecular array of the substrate, making possible the utilization of a broad range of
lignocellulosic substrates. Bioprospecting of novel lignocellulolytic genes from
ever-expanding genome databases and metagenomes opens up new possibilities
for designing a customized enzymatic cocktail. Searching for novel accessory
enzymes using advanced biotechnological tools like metagenomics or proteomics
or through microbial bioprospecting will also assist in lowering the cost of these
enzymes. The development of more robust expression platforms is another area that
needs to be addressed in the near future. Developing enzymes that can hydrolyze
partially or untreated substrates is also a challenging area of future research.

Acknowledgments The financial support for the research work through different government
funding agencies (DBT, DST, ICAR (AMAAS), UGC) documented in our research publications
that are referred in this chapter is also duly acknowledged.

References

Aachmann FL, Sorlie M et al (2012) NMR structure of a lytic polysaccharide monooxygenase
provides insight into copper binding, protein dynamics, and substrate interactions. PNAS
109:18779-18784

Adsul M, Sandhu SK et al (2020) Designing a cellulolytic enzyme cocktail for the efficient and
economical conversion of lignocellulosic biomass to biofuels. Enzym Microb Technol
133:109442

Agrawal R, Semwal S et al (2018) Synergistic enzyme cocktail to enhance hydrolysis of steam
exploded wheat straw at pilot scale. Front Energy Res 6:1-11

Agrawal D, Kaur B et al (2020) An innovative approach of priming lignocellulosics with lytic
polysaccharide mono-oxygenases prior to saccharification with glycosyl hydrolases can econo-
mize second generation ethanol process. Bioresour Technol 308:123257

Balan V, Sousa LDC (2019) De-esterification of biomass prior to ammonia pretreatment and
systems and products related thereto. US Patent Application 16/029,452

Banerjee G, Car S et al (2010) Synthetic enzyme mixtures for biomass deconstruction: production
and optimization of a core set. Biotechnol Bioeng 106:707-720

Basotra N, Kaur B et al (2016) Mycothermus thermophilus (Syn. Scytalidium thermophilum):
repertoire of a diverse array of efficient cellulases and hemicellulases in the secretome revealed.
Bioresour Technol 222:413-421

Basotra N, Joshi S et al (2018) Expression of catalytically efficient xylanases from thermophilic
fungus Malbranchea cinnamomea for synergistically enhancing hydrolysis of lignocellulosics.
Int J Biol Macromol 108:185-192

Basotra N, Dhiman SS et al (2019) Characterization of a novel lytic polysaccharide monooxygenase
from Malbranchea cinnamomea exhibiting dual catalytic behavior. Carbohydr Res 478:46-53

Bayer EA, Lamed R, Himmel ME (2007) The potential of cellulases and cellulosomes for cellulosic
waste management. Curr Opin Biotechnol 18:237-245



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 37

Beukes N, Pletschke BI (2010) Effect of lime pre-treatment on the synergistic hydrolysis of
sugarcane bagasse by hemicellulases. Bioresour Technol 101:4472-4478

Beukes N, Pletschke BI (2011) Effect of alkaline pre-treatment on enzyme synergy for efficient
hemicellulose hydrolysis in sugarcane bagasse. Bioresour Technol 102:5207-5213

Bevers LE, Appledoorn M et al (2019) Enzyme composition. Patent Application WO 2018/096019
Al

Billard H, Faraj A et al (2012) Optimization of a synthetic mixture composed of major Trichoderma
reesei enzymes for the hydrolysis of steam-exploded wheat straw. Biotechnol Biofuels 5:9

Bissaro B, Rghr AK et al (2017) Oxidative cleavage of polysaccharides by monocopper enzymes
depends on H202. Nat Chem Biol 13:1123-1128

Boonvitthya N, Bozonnet S et al (2013) Comparison of the heterologous expression of
Trichoderma reesei endoglucanase II and cellobiohydrolase II in the yeast Pichia pastoris and
Yarrowia lipolytica. Mol Biotechnol 54:158-169

Boraston AB, Bolam DN et al (2004) Carbohydrate-binding modules: fine-tuning polysaccharide
recognition. Biochem J 382:769-781

Borin GP, Sanchez CC et al (2015) Comparative secretome analysis of Trichoderma reesei and
Aspergillus niger during growth on sugarcane biomass. PLoS One 10:1-20

Brar KK, Kaur S, Chadha BS (2016) A novel staggered hybrid SSF approach for efficient
conversion of cellulose/hemicellulosic fractions of corncob into ethanol. Renew Energy
98:16-22

Bussamra BC, Freitas S, da Costa AC (2015) Improvement on sugar cane bagasse hydrolysis using
enzymatic mixture designed cocktail. Bioresour Technol 187:173-181

Chadha BS, Kaur B et al (2019) Thermostable xylanases from thermophilic fungi and bacteria:
current perspective. Bioresour Technol 277:195-203

Chandel AK, Chandrasekhar G et al (2012) The realm of cellulases in biorefinery development. Crit
Rev Biotechnol 32:187-202

Chandel AK, Antunes FA et al (2014) Multi-scale structural and chemical analysis of sugarcane
bagasse in the process of sequential acid—base pretreatment and ethanol production by
Scheffersomyces shehatae and Saccharomyces cerevisiae. Biotechnol Biofuels 7:63

Chang L, Ding M et al (2011) Characterization of a bifunctional xylanase/endoglucanase from yak
rumen microorganisms. Appl Microbiol Biotechnol 90:1933-1942

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

Chen M, Zhao J, Xia L (2008) Enzymatic hydrolysis of maize straw polysaccharides for the
production of reducing sugars. Carbohydr Polym 71:411-415

Chen X, Kuhn E et al (2016) DMR (deacetylation and mechanical refining) processing of corn
stover achieves high monomeric sugar concentrations (230 g/L) during enzymatic hydrolysis
and high ethanol concentration (>10% v/v) during fermentation without hydrolyzate purifica-
tion or concentration. Energy Environ Sci 9:1237-1245

Cheng Y, Song X et al (2009) Genome shuffling improves production of cellulase by Penicillium
decumbens JU-A10. J Appl Microbiol 107:1837-1846

Chundawat SP, Lipton MS et al (2011) Proteomics-based compositional analysis of complex
cellulase—hemicellulase mixtures. J Proteome Res 10:4365-4372

Chundawat SP, Uppugundla N et al (2017) Shotgun approach to increasing enzymatic saccharifi-
cation yields of ammonia fiber expansion pretreated cellulosic biomass. Front Energy Res 5:9

Chylenski P, Petrovi¢ DM et al (2017) Enzymatic degradation of sulfite-pulped softwoods and the
role of LPMOs. Biotechnol Biofuels 10:177

da Silva AS, Espinheira RP et al (2020) Constraints and advances in high-solids enzymatic
hydrolysis of lignocellulosic biomass: a critical review. Biotechnol Biofuels 13:58

Davis R, Tao L et al (2013) Process design and economics for the conversion of lignocellulosic
biomass to hydrocarbons: dilute-acid prehydrolysis and enzymatic hydrolysis deconstruction of
biomass to sugars and biological conversion of sugars to hydrocarbons. National Renewable
Energy Laboratory, Golden, CO, NREL/TP-5100-60223



38 N. Basotra et al.

Dodd D, Cann IK (2009) Enzymatic deconstruction of xylan for biofuel production. GCB
Bioenergy 1:2-17

dos Santos AC, Ximenes E et al (2019) Lignin—enzyme interactions in the hydrolysis of lignocellu-
losic biomass. Trends Biotechnol 37:518-531

Eggeman T, Elander RT (2005) Process and economic analysis of pretreatment technologies.
Bioresour Technol 96:2019-2025

Emalfarb MA, Ben-Bassat A et al (1998) Cellulase compositions and methods of use. US Patent
Application US5811381A

Ezeilo UR, Zakaria II et al (2017) Enzymatic breakdown of lignocellulosic biomass: the role of
glycosyl hydrolases and lytic polysaccharide monooxygenases. Biotechnol Biotechnol Equip
31:647-662

Fang X, Yano S et al (2009) Strain improvement of Acremonium cellulolyticus for cellulase
production by mutation. J Biosci Bioeng 107:256-261

Fanuel M, Garajova S et al (2017) The Podospora anserina lytic polysaccharide monooxygenases
PaLPMOOH catalyzes oxidative cleavage of diverse plant cell wall matrix glycans. Biotechnol
Biofuels 10:63

Filiatrault-Chastel C, Navarro D et al (2019) AA16, a new lytic polysaccharide monooxygenase
family identified in fungal secretomes. Biotechnol Biofuels 12:55

Forsberg Z, Sgrlie M et al (2019) Polysaccharide degradation by lytic polysaccharide
monooxygenases. Curr Opin Struct Biol 59:54-64

Gandla M, Martin C, Jonsson L (2018) Analytical enzymatic saccharification of lignocellulosic
biomass for conversion to biofuels and bio-based chemicals. Energies 11:2936

Gao D, Chundawat SPS et al (2010) Mixture optimization of six core glycosyl hydrolases for
maximizing saccharification of ammonia fiber expansion (AFEX) pretreated corn stover.
Bioresour Technol 101:2770-2781

Gao D, Uppugundla N et al (2011) Hemicellulases and auxiliary enzymes for improved conversion
of lignocellulosic biomass to monosaccharides. Biotechnol Biofuels 4:1-11

Gao L, Li Z et al (2017) Combining manipulation of transcription factors and over expression of the
target genes to enhance lignocellulolytic enzyme production in Penicillium oxalicum.
Biotechnol Biofuels 10:100

Garcia-Aparicio MP, Ballesteros M et al (2007) Xylanase contribution to the efficiency of cellulose
enzymatic hydrolysis of barley straw. Appl Biochem Biotechnol 137:353-365

Glass NL, Schmoll M et al (2013) Plant cell wall deconstruction by ascomycete fungi. Annu Rev
Microbiol 67:477-498

Gomez LD, Steele-King CG, McQueen-Mason SJ (2008) Sustainable liquid biofuels from biomass:
the writing’s on the wall. New Phytol 178:473-485

Gong W, Zhang H et al (2015) Comparative secretome analysis of Aspergillus niger, Trichoderma
reesei, and Penicillium oxalicum during solid-state fermentation. Appl Biochem Biotechnol
177:1252-1271

Gottschalk LM, Oliveira RA, Da Silva Bon EP (2010) Cellulases, xylanases, B-glucosidase and
ferulic acid esterase produced by Trichoderma and Aspergillus act synergistically in the
hydrolysis of sugarcane bagasse. Biochem Eng J 51:72-78

Harris PV, Welner D et al (2010) Stimulation of lignocellulosic biomass hydrolysis by proteins of
glycoside hydrolase family 61: structure and function of a large, enigmatic family. Biochemistry
49:3305-3316

Harris PV, Xu F et al (2014) New enzyme insights drive advances in commercial ethanol
production. Curr Opin Chem Eng 19:162-170

Himmel ME, Ding SY (2007) Biomass recalcitrance: engineering plants and enzymes for biofuel
production. Science 315:804-807

Hinz SWA, Pouvreau L et al (2009) Hemicellulase production in Chrysosporium lucknowense C1.J
Cereal Sci 50:318-323

Horn SJ, Vaaje-Kolstad G et al (2012) Novel enzymes for the degradation of cellulose. Biotechnol
Biofuels 5:45



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 39

Hsu TC, Guo GL et al (2010) Effect of dilute acid pretreatment of rice straw on structural properties
and enzymatic hydrolysis. Bioresour Technol 101:4907-4913

Hu J, Arantes V, Saddler JN (2011) The enhancement of enzymatic hydrolysis of lignocellulosic
substrates by the addition of accessory enzymes such as xylanase: is it an additive or synergistic
effect? Biotechnol. Biofuels 4:36

Hu J, Arantes V, Pribowo A, Saddler JN (2013) The synergistic action of accessory enzymes
enhances the hydrolytic potential of a “cellulase mixture” but is highly substrate specific.
Biotechnol Biofuels 6:112

Hu J, Chandra R et al (2015) The addition of accessory enzymes enhances the hydrolytic perfor-
mance of cellulase enzymes at high solid loadings. Bioresour Technol 186:149-153

Huttner S, Varnai A et al (2019) Functional characterization of AA9 LPMOs in the thermophilic
fungus Malbranchea cinnamomea reveals specific xylan activity. Appl Environ Microbiol.
https://doi.org/10.1128/aem.01408-19

Igarashi K, Uchihashi T et al (2011) Traffic jams reduce hydrolytic efficiency of cellulase on
cellulose surface. Science 333:1279-1282

Inoue H, Decker SR et al (2014) Identification and characterization of core cellulolytic enzymes
from Talaromyces cellulolyticus (formerly Acremonium cellulolyticus) critical for hydrolysis of
lignocellulosic biomass. Biotechnol Biofuels 7:151

Jennings EW, Schell DJ (2011) Conditioning of dilute-acid pretreated corn stover hydrolysate
liquors by treatment with lime or ammonium hydroxide to improve conversion of sugars to
ethanol. Bioresour Technol 102:1240-1245

Jeya M, Thiagarajan S et al (2009) Cloning and expression of GH11 xylanase gene from Aspergillus
fumigates MKU1 in Pichia pastoris. J Biosci Bioeng 108:24-29

Jeya M, Nguyen NPT et al (2010) Conversion of woody biomass into fermentable sugars by
cellulase from Agaricus arvensis. Bioresour Technol 101:8742-8749

Jin M, Sousa LC et al (2016) Toward lower cost cellulosic biofuel production using ammonia based
pretreatment technologies. Green Chem 18:957-966

Johansen KS (2016) Discovery and industrial applications of lytic polysaccharide mono-
oxygenases. Biochem Soc Trans 44:143-149

Johnson E (2016) Integrated enzyme production lowers the cost of cellulosic ethanol. Biofuels
Bioprod Biorefin 10:164-174

Jgrgensen H, Kristensen JB, Felby C (2007) Enzymatic conversion of lignocellulose into ferment-
able sugars: challenges and opportunities. Biofuels Bioprod Biorefin 1:119-134

Kallioinen A, Puranen T, Siika-aho M (2014) Mixtures of thermostable enzymes show high
performance in biomass saccharification. Appl Biochem Biotechnol 173:1038—-1056

Kameshwar AKS, Ramos LP, Qin W (2019) CAZymes-based ranking of fungi (CBRF): an
interactive web database for identifying fungi with extrinsic plant biomass degrading abilities.
Bioresour Bioprocess 6:1-10

Kaur B, Sharma M et al (2013) Proteome based profiling of hypercellulase-producing strains
developed through interspecific protoplast fusion between Aspergillus nidulans and Aspergillus
tubingensis. Appl Biochem Biotechnol 169:393-407

Kim SJ, Lee CM et al (2008a) Characterization of a gene encoding cellulase from uncultured soil
bacteria. FEMS Microbiol Lett 282:44-51

Kim TH, Taylor F, Hicks KB (2008b) Bioethanol production from barley hull using SAA (soaking
in aqueous ammonia) pretreatment. Bioresour Technol 99(13):5694-5702

Kim 1J, Jung JY et al (2015) Customized optimization of cellulase mixtures for differently
pretreated rice straw. Bioprocess Biosyst Eng 38:929-937

Kristensen JB, Felby C, Jgrgensen H (2009) Yield-determining factors in high-solids enzymatic
hydrolysis of lignocellulose. Biotechnol Biofuels 2:11

Kumar R, Wyman CE (2009) Effects of cellulase and xylanase enzymes on the deconstruction of
solids from pretreatment of poplar by leading technologies. Biotechnol Prog 25:302-314

Kumar P, Barrett DM et al (2009) Methods for pretreatment of lignocellulosic biomass for efficient
hydrolysis and biofuel production. Ind Eng Chem Res 48:3713-3729


https://doi.org/10.1128/aem.01408-19

40 N. Basotra et al.

Lambertz C, Garvey M et al (2014) Challenges and advances in the heterologous expression of
cellulolytic enzymes: a review. Biotechnol Biofuels 7:135

Langston JA, Shaghasi T et al (2011) Oxidoreductive cellulose depolymerization by the enzymes
cellobiose dehydrogenase and glycoside hydrolase 61. Appl Environ Microbiol 77:7007-7015

Laothanachareon T, Bunterngsoo B et al (2015) Synergistic action of recombinant accessory
hemicellulolytic and pectinolytic enzymes to Trichoderma reesei cellulase on rice straw degra-
dation. Bioresour Technol 198:682—-690

Laser M, Schulman D et al (2002) A comparison of liquid hot water and steam pretreatments of
sugar cane bagasse for bioconversion to ethanol. Bioresour Technol 81:33-44

Lee JW, Jeffries TW (2011) Efficiencies of acid catalysts in the hydrolysis of lignocellulosic
biomass over a range of combined severity factors. Bioresour Technol 102:5884-5890

Lethio J, Wernerus H et al (2001) Directed immobilization of recombinant Staphylococci on cotton
fibers by functional display of a fungal cellulose-binding domain. FEMS Microbiol Lett
195:197-204

Levasseur A, Drula E et al (2013) Expansion of the enzymatic repertoire of the CAZy database to
integrate auxiliary redox enzymes. Biotechnol Biofuels 6:41

Li BZ, Balan V et al (2010) Process optimization to convert forage and sweet sorghum bagasse to
ethanol based on ammonia fiber expansion (AFEX) pretreatment. Bioresour Technol
101:1285-1292

Lima LHF, Serpa VI et al (2013) Small-angle X-ray scattering and structural modeling of full-
length: Cellobiohydrolase I from Trichoderma harzianum. Cellulose 20:1573-1585

Liu D, Li J et al (2013a) Secretome diversity and quantitative analysis of cellulolytic Aspergillus
fumigatus 75 in the presence of different carbon sources. Biotechnol Biofuels 6:149

Liu G, Zhang L et al (2013b) Long-term strain improvements accumulate mutations in regulatory
elements responsible for hyper-production of cellulolytic enzymes. Sci Rep 3:1569

Liu G, Zhang J, Bao J (2016) Cost evaluation of cellulase enzyme for industrial-scale cellulosic
ethanol production based on rigorous Aspen Plus modeling. Bioprocess Biosyst Eng
39:133-140

Lombard V, Golaconda-Ramulu H et al (2014) The carbohydrate-active enzymes database (CAZy)
in 2013. Nucleic Acids Res 42:D490-D495

Mahajan C, Basotra N et al (2016) Malbranchea cinnamomea: a thermophilic fungal source of
catalytically efficient lignocellulolytic glycosyl hydrolases and metal dependent enzymes.
Bioresour Technol 200:55-63

Marx 1J, Van-Wyk N et al (2013) Comparative secretome analysis of Trichoderma asperellum
S4F8 and Trichoderma reesei Rut C30 during solid-state fermentation on sugarcane bagasse.
Biotechnol Biofuels 6:172

Mathew AK, Parameshwaran B et al (2016) An evaluation of dilute acid and ammonia fiber
explosion pretreatment for cellulosic ethanol production. Bioresour Technol 199:13-20

Mello BL, Polikarpov I (2014) Family I carbohydrate binding-modules enhance saccharification
rates. AMB Express 4:36

Merino ST, Cherry J (2007) Progress and challenges in enzyme development for biomass utiliza-
tion. Adv Biochem Eng Biotechnol 108:95-120

Mokomele T, da-Costa SL et al (2018) Ethanol production potential from AFEX™ and steam-
exploded sugarcane residues for sugarcane biorefineries. Biotechnol Biofuels 11:127

Morgenstern I, Powlowski J, Tsang A (2014) Fungal cellulose degradation by oxidative enzymes:
from dysfunctional GH 61 family to powerful lytic polysaccharide monooxygenase family.
Brief Funct Genom 13:471-481

Morrison JM, Elshahed MS, Youssef NH (2016) Defined enzyme cocktail from the anaerobic
fungus Orpinomyces sp. strain C1A effectively releases sugars from pretreated corn stover and
switchgrass. Sci Rep 6:29217

Miiller G, Chylenski P et al (2018) The impact of hydrogen peroxide supply on LPMO activity and
overall saccharification efficiency of a commercial cellulase cocktail. Biotechnol Biofuels
11:209



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 41

Murphy C, Powlowski J et al (2011) Curation of characterized glycoside hydrolases of fungal
origin. Database 2011:bar020

Murray P, Aro N et al (2004) Expression in Trichoderma reesei and characterization of a
thermostablefamily 3 p-glucosidase from the moderately thermophilic fungus Talaromyces
emersonii. Protein Expr Purif 38:248-257

Ogunmolu FE, Kaur I et al (2015) Proteomics insights into the biomass hydrolysis potentials of a
hypercellulolytic fungus Penicillium funiculosum. J Proteome Res 14:4342-4358

Pal S, Joy S et al (2016) Pretreatment and enzymatic process modification strategies to improve
efficiency of sugar production from sugarcane bagasse. 3 Biotech 6:126

Pan X, Gilkes N et al (2006) Bioconversion of hybrid poplar to ethanol and co-products using an
organosolv fractionation process: optimization of process yields. Biotechnol Bioeng
94:851-861

Payne CM, Knott BC et al (2015) Fungal cellulases. Chem Rev 115:1308-1448

Peciulyte A, Pisano M et al (2017) Hydrolytic potential of five fungal supernatants to enhance a
commercial enzyme cocktail. Biotechnol Lett 39:1403-1411

Perkins JB, Kumar M et al (2012) Talaromyces strains and enzyme compositions. US Patent
Application 13/381,871

Poidevin L, Feliu J et al (2013) Insights into exo- and endoglucanase activities of family 6 glycoside
hydrolases from Podospora anserine. Appl Environ Microbiol 79:4220-4229

Polizeli ML, Rizzatti AC et al (2005) Xylanases from fungi: properties and industrial applications.
Appl Microbiol Biotechnol 67:577-591

Polizeli MDLTM, Somera AF, Lucas RCD, Nozawa MSF, Michelin M (2017) Enzymes involved
in the biodegradation of sugarcane biomass: challenges and perspectives. In: Buckeridge MS,
Souza AP (eds) Advances of basic science for second generation bioethanol from sugarcane.
Springer, Cham, pp 55-79

Prior BA, Day DF (2008) Hydrolysis of ammonia-pretreated sugar cane bagasse with cellulase,
B-glucosidase, and hemicellulase preparations. Appl Biochem Biotechnol 146:151-164

Quinlan RJ, Sweeney MD et al (2011) Insights into the oxidative degradation of cellulose by
metalloenzyme that exploits biomass components. PNAS 108:15079-15084

Raheja Y, Kaur B et al (2020) Secretome analysis of Talaromyces emersonii reveals distinct
CAZymes profile and enhanced cellulase production through response surface methodology.
Ind Crop Prod 152:112554

Rai R, Kaur B et al (2016) Evaluation of secretome of highly efficient lignocellulolytic Penicillium
sp. Dal 5 isolated from rhizosphere of conifers. Bioresour Technol 216:958-967

Raj K, Krishnan C (2019) Improved high solid loading enzymatic hydrolysis of low-temperature
aqueous ammonia soaked sugarcane bagasse using laccase-mediator system and high concen-
tration ethanol production. Ind Crop Prod 131:32-40

Rajendran K, Drielak E et al (2017) Updates on the pretreatment of lignocellulosic feedstocks for
bioenergy production—a review. Biomass Conver Biorefin 8:471-483

Ramos LP (2003) The chemistry involved in the steam treatment of lignocellulosic materials. Quim
Nova 26:863-871

Ravalason H, Jan G et al (2008) Secretome analysis of Phanerochaete chrysosporium strain CIRM-
BRFM41 grown on softwood. Appl Microbiol Biotechnol 80:719-733

Reyes-Sosa FM, Morales ML et al (2017) Management of enzyme diversity in high performance
cellulolytic cocktails. Biotechnol Biofuels 10:156-156

Romani A, Garrote G (2010) Bioethanol production from hydrothermally pretreated Eucalyptus
globulus wood. Bioresour Technol 101:8706-8712

Rosgaard L, Andric P et al (2007) Effects of substrate loading on enzymatic hydrolysis and
viscosity of pretreated barley straw. Appl Biochem Biotechnol 143:27-40

Samayan IP, Schall CA (2010) Saccharification of ionic liquid pretreated biomass with commercial
enzyme mixtures. Bioresour Technol 101:3561-3566



42 N. Basotra et al.

Sammond DW, Payne CM et al (2012) Cellulase linkers are optimized based on domain type and
function: insights from sequence analysis, biophysical measurements, and molecular simulation.
PLoS One 7:¢48615

Sanhueza C, Carvajal G et al (2018) The effect of a lytic polysaccharide monooxygenase and a
xylanase from Gloeophyllum trabeum on the enzymatic hydrolysis of lignocellulosic residues
using a commercial cellulase. Enzym Microb Technol 113:75-82

Satlewal A, Agrawal R et al (2018) Natural deep eutectic solvents for lignocellulosic biomass
pretreatment: recent developments, challenges and novel opportunities. Biotechnol Adv
36:2032-2050

Scheller HV, Ulvskov P (2010) Hemicelluloses. Annu Rev Plant Biol 61(1):263-289

Scully SM, Orlygsson J (2015) Recent advances in second generation ethanol production by
thermophilic bacteria. Energies 8:1-30

Selig MJ, Adney WS et al (2009) The impact of cell wall acetylation on corn stover hydrolysis by
cellulolytic and xylanolytic enzymes. Cellulose 16:711-722

Sills DL, Gossett JM (2012) Using FTIR spectroscopy to model alkaline pretreatment and enzy-
matic saccharification of six lignocellulosic biomasses. Biotechnol Bioeng 109:894-903

Singh S, Cheng G et al (2015) Comparison of different biomass pretreatment techniques and their
impact on chemistry and structure. Front Energy Res 2:62

Singhania RR, Patel AK et al (2013) Role and significance of beta-glucosidases in the hydrolysis of
cellulose for bioethanol production. Bioresour Technol 127:500-507

Sjode A, Frolander A et al (2013) Lignocellulosic biomass conversion by sulfite pretreatment.
Patent Application EP2376642 B1

Song W, Han X et al (2016) Proteomic analysis of the biomass hydrolytic potentials of Penicillium
oxalicum lignocellulolytic enzyme system. Biotechnol Biofuels 9:68

Sweeney MD, Xu F (2012) Biomass converting enzymes as industrial biocatalysts for fuels and
chemicals: recent developments. Catalysts 2:244-263

Tabka MG, Herpoél-Gimbert I et al (2006) Enzymatic saccharification of wheat straw for
bioethanol production by a combined cellulase xylanase and feruloyl esterase treatment.
Enzyme Microb Technol 39:897-902

Timo S, Raphael G et al (2017) Thermoascus aurantiacus is an intriguing host for the industrial
production of cellulases. Curr Biotechnol 6:89-97

Vaaje-Kolstad G, Westereng B et al (2010) An oxidative enzyme boosting the enzymatic conver-
sion of recalcitrant polysaccharides. Science 330:219-222

Van Solingen P, Meijer D et al (2001) Cloning and expression of an endocellulase gene from a
novel Streptomycete isolated from an east African soda lake. Extremophiles 5:333-341

Visser H, Joosten V et al (2011) Development of a mature fungal technology and production
platform for industrial enzymes based on a Myceliophthora thermophila isolate, previously
known as Chrysosporium lucknowense C1. Ind Biotechnol 7:214-223

Vu VV, Beeson WT et al (2014) Determinants of regioselective hydroxylation in the fungal
polysaccharide monooxygenases. J Am Chem Soc 136:562-565

Weiss ND, Felby C, Thygesen LG (2019) Enzymatic hydrolysis is limited by biomass—water
interactions at high-solids: improved performance through substrate modifications. Biotechnol
Biofuels 12:1-13

Winger AM, Heazlewood JL et al (2014) Secretome analysis of the thermophilic xylanase hyper-
producer Thermomyces lanuginosus SSBP cultivated on corn cobs. J Ind Microbiol Biot
41:1687-1696

Xu F, Ding H (2007) A new kinetic model for heterogeneous (or spatially confined) enzymatic
catalysis: contributions from the fractal and jamming (overcrowding effects). Appl Catal A
317:70-81

Xu H, Xu F et al (2015) Process for increasing enzymatic hydrolysis of cellulosic material. Patent
Application No. PCT/US2014/054067

Yang JS, Valente C, Polishchuk RS (2011) COPI acts in both vesicular and tubular transport. Nat
Cell Biol 13:996-1003



2 Thermophilic Fungal Lignocellulolytic Enzymes in Biorefineries 43

Yennamalli RM, Rader AJ et al (2011) Thermostability in endoglucanases is fold-specific. BMC
Struct Biol 11:10

Yennamalli RM, Rader AJ et al (2013) Endoglucanases: insights into thermostability for biofuel
applications. Biotechnol Biofuels 6:136

Zhang YHP, Lynd LR (2004) Toward an aggregated understanding of enzymatic hydrolysis of
cellulose: non-complexed cellulase systems. Biotechnol Bioeng 88:797-824

Zhang X, Qin W et al (2009) High consistency enzymatic hydrolysis of hardwood substrates.
Bioresour Technol 100:5890-5897

Zhao C, Ding W et al (2014) Effects of compositional changes of AFEX-treated and H-AFEX-
treated corn stover on enzymatic digestibility. Bioresour Technol 155:34—40



®

Check for
updates

Fungal Glucoamylases: Developments in
India and Recent Trends

Sanjeev Kumar, Rudrarup Bhattacharjee, and T. Satyanarayana

Abstract

Glucoamylases hydrolyze a-1,4-glycosidic and a-1,6-glycosidic bonds in soluble
as well as raw starches. Other names of the enzyme include amyloglucosidase and
y-amylase. Its structure is highly conserved among fungal species and produced
by several fungal species. Glucoamylases are industrially significant enzymes
where they are used in producing crystalline glucose or glucose syrup from
starch. Due to its high efficiency and industrial importance, glucoamylase is
produced on a commercial scale by using fungal strains. Key factors behind its
wide use are thermostability and optimal activity in acidic to neutral range of
pH. This chapter provides a detailed overview of glucoamylases, including
developments in India and recent advances.
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3.1 Introduction

Starch, cellulose, xylan, lignin, and pectin constitute a major part of biopolymers. A
variety of microorganisms produce a large array of extracellular enzymes to degrade
these substances (Antranikian 1992). The extracellular enzymes are of immense
interest to enzyme industry. Starch is an abundant insoluble polysaccharide present
in potato, maize, wheat, and several others and is considered as a principal food
reserve in the plant kingdom to be used as a bulk nutrient in animal and human diets.
Starch is a polymer of linear glucose residues connected by a-1,4-glycosidic bonds
known as amylose (15-20%) and a branched polymer (having both a-1,4-glucan
attached with a-1,6-linked branched junction), amylopectin (75-80%). Amylose and
amylopectin possess different physical properties and are found in different ratios in
natural starches. Usually, amylose-to-amylopectin ratios are between 1:3 and 1:4.
Such a complex structure of native starches gives scope to various amylolytic
enzymes for saccharifying starch to a number of different end products for various
applications. Many different factors act upon and affect starch hydrolysis. The
origins of starch and enzyme source were proved to be very important in starch
hydrolysis. Temperature, substrate concentration, and pH are the important physical
parameters that affect the starch hydrolysis to generate maximum end products
(Tatsumi et al. 2007; Kumar et al. 2007, 2010).

Several mesophilic and thermophilic molds are known to secrete amylolytic
enzymes (Fagerstrom and Kalkkinen 1995; Kumar et al. 2007; Kumar and
Satyanarayana 2003, 2009a; Satyanarayana et al. 2004). Amylolytic enzymes hydro-
lyze the glycosidic linkages and are broadly categorized into endoamylases and
exoamylases. Endoamylases randomly act on the starch molecule to release linear
and branched oligosaccharides of varied length, while exoamylases act from the
non-reducing end in a sequential manner to release defined end products. The most
common amylases with higher potential for industrial uses are briefly described.
a-Amylases (EC 3.2.1.1) hydrolyze a-1,4-glycosidic bond in starch randomly.
These branched oligosaccharides are defined as o-limit dextrins. a-Amylases are
further divided into saccharifying and liquefying a-amylases to produce free sugars
and break down starch randomly to reduce the starch viscosity. The enzyme
B-amylases (EC 3.2.1.2) hydrolyze the alternate a-1,4-linkages from the
non-reducing end, thus releasing maltose. The end products are maltose and large
random B-limit dextrins. Glucoamylase/amyloglucosidase (EC 3.2.1.3) is a fungal
enzyme that hydrolyzes a-1,4- and a-1,6-linkages to give glucose, in theory, a 100%
yield. Amylases are frequently used to produce glucose and fructose syrups (Vihinen
and Mintséld 1989; Jensen and Olsen 1999). a-Glucosidases (EC 3.2.1.20), often
called as maltases, hydrolyze a-1,4- and/or a-1,6-linkages to produce o-D-glucose
from the non-reducing end. Isoamylase (EC 3.2.1.68) hydrolyzes a-1,6-linkages in
polysaccharides such as amylopectin, glycogen, and branched dextrins in an endo-
fashion. Pullulanases are the debranching enzymes in amylopectin and pullulan.
These are, however, inefficient in hydrolyzing a-1,6-glyosidic linkages in glycogen.
Type I pullulanase (EC 3.2.1.41) are typical bacterial enzymes, also known as
a-dextrin 6-glucanohydrolases, which specifically hydrolyze a-1,6-linkages but do
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not hydrolyze a-1,4-linkages. It exclusively hydrolyzes a-1,6-linkages in pullulan to
release maltotriose (Nisha and Satyanarayana 2013, 2016). Type-II pullulanases
(EC 3.2.1.1/41) are bifunctional, endo-acting enzymes that hydrolyze both a-1,4-
and a-1,6-glycosoidic bonds; these are also known as amylopullulanases. Except
B-amylase, all other amylases are secreted by microbes to saccharify starch polymer.
B-Amylase is produced in plants (Vihinen and Méntsild 1989; Antranikian 1992;
Nigam and Singh 1995). Amylases are the second large group of enzymes of
industrial significance; fungal glucoamylases contribute significantly in producing
glucose and fructose syrups (Pandey 1995; Kumar et al. 2007; Reilly 2006).

3.2  Fungal Glucoamylase Research in India

Microorganisms possess a unique set of starch-hydrolyzing enzymes which are
widely distributed. Indian scientists have made significant contributions in finding
novel enzymes in order to meet the industrial demand. Several mesophilic as well
thermophilic molds are known to produce glucoamylases. The data compiled on
glucoamylases reflect the importance of fungal glucoamylases in meeting the indus-
trial demand (Table 3.1). Prof. Satyanarayana and his team at the University of Delhi
(South Campus) carried out investigations on screening a large number of thermo-
philic fungi for glucoamylase production. Thermomucor indicae-seudaticae was
selected for a detailed study on the production of thermostable glucoamylase
(Satyanarayana et al. 2004; Kumar and Satyanarayana 2003). A method was used
to entrap sporangiospores of T. indicae-seudaticae in the alginate beads for
glucoamylase production in submerged fermentation. The critical variables were
optimized by response surface methodology (RSM). Higher enzyme titer was
achieved by using alginate-immobilized spores (Kumar and Satyanarayana 2007a).
The glucoamylase production was produced in molasses medium; a high enzyme
production was achieved in comparison with that in other media (Kumar and
Satyanarayana 2007b; Kumar et al. 2007). Thermomucor indicae-seudaticae was
further taken up for mutagenic studies using nitrous acid and gamma radiation (*’Co)
for enhancing glucoamylase production. The glucoamylase production doubled in
mutants generated by sequential irradiation. Higher specific growth rate with
improved productivity was attained. 7. indicae-seudaticae CR19 mutant displayed
high glucoamylase production (Kumar and Satyanarayana 2009b; Kumar et al.
2010). Genetic engineering tools were used to generate a novel chimeric biocatalyst
(Amy-Glu) from a-amylase of B. acidicola and glucoamylase of A. niger to sacchar-
ify starch. Kinetic studies showed that the expressed chimeric biocatalyst yielded
maltodextrins and glucose by saccharifying wheat and corn starches in an efficient
manner (Parashar and Satyanarayana 2017; Kumar and Satyanarayana 2009a). Prof.
Satyanarayana and his team focused on research to screen novel glucoamylase
producers and developed a chimeric enzyme for single-step starch saccharification,
which is considered as the noteworthy development in glucoamylase research.



48

Table 3.1 Fungal glucoamylase production in India

S. no.
1

10

11

12

13

14

Process

Purification and enzyme
kinetics

Enzyme production using
statistical mode

Enzyme production in
cane molasses medium

Enzyme production and
starch saccharification

Mutagenic

Enzyme production

Chimeric biocatalyst and
overexpression

Purification and
characterization

Ethanol production
Corn starch liquefaction
Rice beer production

Enzyme production from
waste substrate

Production of rice beer by
ethnic community in
Assam

Bioethanol from waste
biomass

Organism
T. indicae-
seudaticae

T. indicae-
seudaticae

T. indicae-
seudaticae

T. indicae-
seudaticae

T. indicae-
seudaticae

Fusarium solani

B. acidicola and
A. niger

A. niger
Yeast

A. niger and
A. terreus

A. rouxii and
R. oryzae
Aspergillus sp.

Amylomyces rouxii
and Rhizopus
oryzae
Pogonatherum
crinitum

Production
mode

SmF

SmF

SmF

SmF

SmF

SSF

SmF

SSF

SmF

SmF

SmF

SSF

SmF

SmF
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Kumar and
Satyanarayana
(2007a)

Kumar and
Satyanarayana
(2007b)

Kumar et al. (2007)

Kumar and
Satyanarayana
(2009b)

Bhatti et al. (2007)
Parashar and
Satyanarayana
(2017)
Selvakumar et al.
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Sharma et al.
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(2018)

Das et al. (2017)
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In another study, four glucoamylases were purified by cultivating A. niger in
solid-state fermentation (Selvakumar et al. 1996). Sharma et al. (2002) screened
yeast strains for carrying out glucoamylase production and ethanol fermentation. An
enhanced ethanol production up to 5.2% was achieved by enzymatic treatment of
wheat flour (Sharma et al. 2002). A comparative study had been conducted to study
the effect of laboratory-optimized glucoamylase production by two fungal strains;
Amylomyces rouxii and Rhizopus oryzae were isolated and identified based on ITS
sequence from traditional rice beer fermentation by Bodo and Deori communities in
Assam. The fungus A. rouxii TU460 showed considerably high glucoamylase and
a-amylase without any mycotoxin secretion that makes the process suitable for
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further analysis. Glucoamylase was purified and characterized (Das et al. 2017).
A. niger and A. terreus glucoamylases are commercially available for sugar produc-
tion. Saccharification efficiency was enhanced by 53.2% (Jain and Katyal 2018).
Recently, A. terreus C1 has been tested for the production of itaconic acid (IA) from
potato starch waste. Cultural parameters were standardized using response surface
designs and other statistical approaches to enhance the production of IA; 29.69 g/L.
production was attained in 3 L fermenter (Bafana et al. 2019).

3.3  Glucoamylase Production

The demand for glucoamylase in the food industry is paramount, and this raises its
commercial demand (Ford 1999; Reilly 1999). Filamentous fungi like Aspergillus
and Rhizopus are commonly utilized for commercial glucoamylase production by
submerged fermentation. The typical medium used in the process contains 20% corn
along with 2.5% corn steep liquor, and the reaction temperature is usually
maintained at 30-45 °C (Gibbs et al. 2000). Among other strategies, batch,
fed-batch, and continuous fermentations remain quite popular. These processes
utilize a variety of vessels ranging from flasks at smaller level and airlift bioreactors
(Merico et al. 2004; Kumar et al. 2007; Ganzlin and Rinas 2008).

Different strategies have been optimized and implemented for attaining higher
yields of enzyme. Different substrates like sucrose, starch, maltose, dextrin,
maltodextrins, dextrin, and amylopectin are used for amylase production. The choice
of source was largely based on production system of the enzyme, i.e., whether
constitutive or inducible (Chiquetto et al. 1992; Serour and Antranikian 2002).
One of the earlier researchers explored the maltose impact on glucoamylase produc-
tion by A. niger. When A. niger was grown on sorbitol, a low level of glucoamylase
was produced. When the sorbitol was substituted with maltose and glucose, the
synthesis of glucoamylase increased. Also, the use of yeast extract as a constituent of
the medium led to the formation of both glucoamylase I and glucoamylase II. When
ammonium chloride was used as a nitrogen source, glucoamylase I production was
recorded. It was also reported that glucoamylase production using maltose was
dependent on low pH but not dependent on the concentration of sulfate (Barton
et al. 1972).When ammonium dihydrogen phosphate was used as a nitrogen source,
T. lanuginosus produced a glucoamylase, having fourfold higher enzyme production
in a fermenter by controlling pH (Haasum et al. 1991). Glucoamylase yield doubled
upon optimizing yeast extract concentration in the fermentation media (Facciotti
et al. 1991). Different nitrogen sources used included asparagine, meat extract,
sodium glutamate ammonium nitrate, urea, corn steep liquor, and yeast extract
(Nguyen et al. 2000; Kaur and Satyanarayana 2004; Metwally 1998; Kumar and
Satyanarayana 2007a, b; Rajoka and Yasmeen 2005). Phosphorus was also found to
be necessary for glucoamylase production. It has been reported that an increase in
phosphate with controlled pH and a high yield of glucoamylase was achieved in
A. niger (Zaldivar-Aguero et al. 1997).
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Investigation was carried out for assessing the effect of environmental and
nutritional parameters on the growth and production of glucoamylase in Rhizopus
microsporus var. rhizopodiformis. High titers of amylolytic activities were observed
when the medium was supplemented with oat meal, starch, and sugarcane bagasse at
45 °C. Catabolite repression was observed when supplemented with glucose. The
enzyme production was reported on many substrates like amylose, maltose, starch,
pullulan, amylopectin, and glycogen. The study suggested that the amylolytic
activity was caused by a glucoamylase containing a low titer of a-amylase (Peixoto
et al. 2003). Extracellular glucoamylase has also been produced by Aspergillus
fumigatus isolated from goat rumen. The highest production of glucoamylase was
reported at pH 7.0 and 37 °C in 30 days. A rapid increase in the production of
glucoamylase was recorded upon using 4% starch and 0.25% (NH4),HPO,. The
maximum glucoamylase production by Aspergillus fumigatus was attained at pH 7.0
and 35 °C (Cherry et al. 2004).

A process of reusability of inoculum was developed to produce glucoamylase by
immobilization. Ca-alginate beads were used to entrap Kluyveromyces lactis cells for
glucoamylase production in continuous stirred bioreactor. The entrapped
Ca-alginate beads could retain the glucoamylase production and metabolic activity
up to 4 months when stored at 4 °C (Alteriis et al. 2004). An improved glucoamylase
production was recorded when Thermomucor indicae-seudaticae spores were
immobilized in alginate beads. Parametric optimization was done in submerged
fermentation using alginate-immobilized spores that supported enhanced
glucoamylase production (Kumar and Satyanarayana 2007a, b). Extensive screening
was conducted to find the best glucoamylase producer from 17 Rhizopus isolates;
environmental variables were optimized for enhanced enzyme production. Some of
the physical and chemical parameters (pH, incubation period, temperature, and
nitrogen) were tested by one variable at time approach. The fermentation process
utilized 10% potato starch as substrate. At 45 °C and pH 4.5, 0.3% yeast extract and
0.3% polypeptone supported high enzyme production (Nahar et al. 2008). Attempts
were made toward an efficient ethanol fermentation. Rhizopus oryzae glucoamylase
and Aspergillus oryzae glucoamylase encoded by glaA and glaB were expressed in
yeast Saccharomyces cerevisiae MT8-1 and GRI 117 UK. The observations
indicated that the transformant having GRI 117-UK/pUDGAA glaA glucoamylase
gene produced the highest ethanol from liquefied starch, and the transformant
MTS-1/pUDGAR displayed the highest activity of glucoamylase on its cell surface
(Kotaka et al. 2008).

Bitter cassava (Manihot esculenta) was tried for the optimization of glucoamylase
production by A. niger using response surface methodology (RSM) and face-
centered central composite design for attaining the optimum level. It was indeed in
agreement with the agitation workflow using low energy dissipation as suggested by
Kelly et al. (2004). The medium contained bitter cassava as the main substrate,
supplemented with various nutrients like maltose, yeast extract, NH4;NO5;, MgSQy,,
FeSO4, CaCl,, and KH,PO,. The effective values of parameters including inoculum
concentration, pH, and agitation were 3.7% (v/v), 4.8, and 260 rpm for optimal
production of glucoamylase (Alam et al. 2014). Another study investigated a novel
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glucoamylase of Aspergillus phoenicia in submerged fermentation. Machado-
Benassi (MB) medium was used with 1% maltose as a source of carbon at 30 °C
in 4 days of incubation. The production was inhibited by different glucose
concentrations and induced by maltose (catabolite repression). A combination of
calcium and manganese was used to activate the produced glucoamylase (Benassi
et al. 2014). Another study reported glucoamylase production by A. niger MENA1E
and Rhizopus MENACOI11A. The organisms were incubated with four types of
substrates, viz.., rice bran, maize bran, wheat bran, and groundnut pod in solid-state
fermentation. Although all the four substrates supported enzyme production,
glucoamylase produced on wheat bran was very high (Nyamful et al. 2014).
Recently, a black box model was constructed to study the relationship between the
production of glucoamylase and the growth of A. niger; lower specific growth rate
(<0.068/h) favored glucoamylase production. The model was generated by combin-
ing Pirt equation and Luedeking-Piret equation. The model may be useful in the
optimization of enzyme production (Li et al. 2015). The radial turbine
(RT) configuration formed heterogeneous mass transfer, while a wide-blade hydro-
foil upward-pumping (WHu) supported homogeneities. The experimental setup
indicated the relation between higher enzyme production and active mycelia. As a
result, the axial flow impeller led to consistent mass transfer with improved
glucoamylase production rate by 25% (Tang et al. 2015). There were many strategies
applied for improving yield and reducing cost of production, keeping in mind the
good quality of products. The study utilized fed-batch fermentation for
glucoamylase synthesis. A varied substrate feeding strategy was utilized for efficient
glucoamylase production. Corn starch hydrolysates were considered as the best
carbon source by replacing the standard and expensive feeding medium to reduce
the cost (Luo et al. 2015). Raw starch-digesting glucoamylase production by Asper-
gillus niger was enhanced significantly when the growth medium was supplemented
with maltose and stearic acid ester (Sun and Peng 2017).

Solid-state fermentation (SSF) is an ideal process for fungi to grow, since it can
grow on solids with low water activity. SSF is the favorite method among
researchers using agro-residues (wheat bran, rice bran, and straw, various flours,
sugarcane bagasse) that are readily available and yield higher enzyme titers (Pandey
et al. 2001; Ellaiah et al. 2002; Kumar and Satyanarayana 2004a; Varzakas et al.
2008). All such solid agro-residues can further be moistened with various salt
solutions and can be supplemented with various carbon sources to enhance the
enzyme titer (Selvakumar et al. 1998; Kumar and Satyanarayana 2004a, b, 2007a;
Bhatti et al. 2007). Pastry waste was utilized for SSF to economize the process, and
the derived enzyme was successfully used in glucose production. The crude
glucoamylase in the extract is active at 55 °C and pH 5.5 for optimal hydrolysis.
Under optimal digestion conditions, it yielded around 53 g of glucose from 100 g of
mixed food waste, showing its sustainable hydrolytic potential (Lam et al. 2013).
Industrial starchy potato (mostly discarded as waste) was used as an inexpensive
medium for increasing the production of glucoamylase. The mashed potato medium
was supplemented with malt extract, CaCl,, and FeSQOy, as per the optimal concen-
tration suggested by the central composite design (Izmirlioglu and Demirci 2016).
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Readily available agricultural wastes around Kolkata local areas with low-cost raw
peel of garden pea as a substrate were used in SSF. Controlled process parameters
like temperature, varying substrate amount, and fermentation time were optimized.
The glucoamylase production was stable at pH 3.8, while the highest tolerated pH
range was 5.4-6.2. The suitable temperature was 70 °C for 30 min. When incubated
with magnesium, iron, lead, and copper, the enzyme showed higher catalytic effi-
ciency. Glycogen was also used as a substrate with garden pea peel (Banerjee and
Ghosh 2017). SSF is used for glucoamylase production from different agricultural
residues (wheat bran, rice husk) at pH 4.0-5.0 in the temperature range of 30-40 °C
in 4-5 days. As compared to the earlier strategies, the new approach was found
suitable for glucoamylase production.

3.4  Mutation, Cloning, and Production of Recombinant
Glucoamylase

With the advancements in modern molecular and bioinformatics tools, glucoamylase
genes have been cloned and expressed in GRAS (generally recognized as safe) hosts
for overexpression and enhanced production. Earlier, hyper-glucoamylase producers
were generated through random mutagenesis and genetic recombination (Rubinder
et al. 2000, 2002; Kumar and Satyanarayana 2009a). The genetic aspects of
glucoamylase were a matter of interest since the early 1990s. A study determined
the carbon source influenced the regulation of Aspergillus awamori glucoamylase
gene expression (Nunberg et al. 1984). Soluble starch was a key regulator in
encoding a 2.3 kb-long mRNA, which translates into the A. awamori glucoamylase;
as compared to other substances like glucose, xylose displayed relatively low
induction (Nunberg et al. 1984). Another study characterized the yeast
(S. fibuligera) glucoamylase gene GLUI and reported its complete nucleotide
sequence. The gene encodes a single open reading frame translating into a
519-amino acid protein containing N-glycosylation sites. Sequence alignment stud-
ies showed that the glucoamylase from this study contains at least five regions which
are highly conserved among other fungal glucoamylases (Itoh et al. 1987). The gene
that encodes glucoamylase production was present on a 2.5 kb EcoRI-EcoRV
fragment containing five intervening sequence. In case of glucoamylase I and
glucoamylase II production, a 169 bp intron was involved along with four other
very small introns, which were spliced via mRNA processing (Boel et al. 1984). The
study highlighted the significance of genetic structure for glucoamylase gene and its
potential in other studies involved in glucoamylase overexpression.

Subsequently, glucoamylase genes from Aspergillus awamori were cloned and
analyzed, which led to the understanding of starch-binding domain and its mutation
consequences (Goto et al. 1994). Also, glucoamylases types G1 and G2 were
isolated from A. niger and, upon genetic studies, revealed the two coding mRNAs
producing these enzymes being distinct yet closely related (Boel et al. 1984). The
glaA gene of A. niger was identified for high levels of glucoamylase. Several
mutagenesis studies using deletions were done to identify the key residues in gene
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expression, and it has been understood that a region between the —562 and —318
sites is responsible for high expression, while a 5’ flanking sequence of 214 bp acts
as initiator of transcription. When —562 alone was deleted, glucoamylase synthesis
was normal. Along with —562, when another region —318 (present between Miul
site and the Smal site) was deleted, glucoamylase expression was hindered substan-
tially. The “element 1” region was then attributed to the enhanced glucoamylase
expression (Fowler et al. 1990). In a subsequent study, glaA gene from A. oryzae has
been found to have 62% nucleotide level homology with A. niger glaA gene. It
possesses high expression capacity and also contains four short introns, each having
a length of 45-56 nucleotides (Yoji et al. 1991). Another research highlighted the
regulation of glucoamylase production in A. terreus strain 4, where glucose catabo-
lite repression was found as a key regulator, and the enzyme production was found to
be maximum at 0.5% starch supplement (Ghosh et al. 1990). Some cloning studies
have also been done with the A. ferreus glucoamylase gene, which led to the
understanding of its transcription framework. A. ferreus glal promoter contains
some CREA consensus sequences similar to A. nidulans. The sequences contain a
13 bp separation in between. Importantly, these sequences are not at all similar to the
consensus promoter sequences found in case of glucoamylase genes of A. niger and
A. oryzae. The glal gets induced majorly by starch; however, a limited amount of
induction has also been detected with maltose, although much lesser than starch. The
A. terreus glal is a very high expressing gene and thus makes it industrially
preferable to produce in large amounts. The major drawback lies in the fact that
A. terreus glal gene is repressed by both xylose and glucose, and the inhibition is not
reversed by adding starch and maltose as well (Ventura et al. 1995). Glucoamylase
gene from Neurospora crassa glal has also been studied for screening N. crassa
genomic DNA library, and it has also been compared with other fungal
glucoamylase gene sequences that showed a high similarity (Stone et al. 1993).
Apart from the above studies, one recent research identified glucoamylase gene,
glal, in basidiomycetous fungus Lentinula edodes. The gene was found to be of
3094 bp in length containing seven introns ranging from 46 to 55 bp in length. A
comparative study of amino acid sequence of different fungal glucoamylases
revealed that it contains an essential N-terminal catalytic domain required for
enzyme function along with a C-terminal starch-binding domain (SBD). It also
comprises a hinge region which is highly glycosylated. The sequence comparison
also highlights its high level of similarity with a glucoamylase from another basid-
iomycetous fungus Corticium rolfsii. It however showed lesser sequence homology
when compared to other fungal glucoamylases (Zhao et al. 2000).

The cloned and expressed gene of Talaromyces emersonii in A. niger showed
higher specific enzyme activity and elevated thermal stability (Nielsen et al. 2002).
The Thielavia terrestris glaA gene was cloned and heterologously expressed in
A. oryzae (Rey et al. 2003). A 100-fold increase in glucoamylase secretion level
was attained by genetic manipulation of Rhizopus oryzae enzyme. A modified signal
peptide (MSP) associated with secretory vesicles showed 100-fold improvement in
enzyme production (Liu et al. 2005). A hyperproducer 7. indicae-seudaticae CR19
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was isolated using gamma (°°Co) irradiation. The glucoamylase remained optimally
active, though the mutant grew slowly (Kumar and Satyanarayana 2009a).

Point mutation study was carried out to decipher the conformation changes in
a-helices of fungal glucoamylase of A. awamori. Point amino acid substitution
mutation of G137A and A246C, I136L, and G139A evidently enhanced the thermo-
stability of glucoamylase, which indeed is required for the industrial application. An
enhanced thermostability was observed at 70 °C in a mutant of A. awamori
glucoamylase gene. A point mutation was carried out at Ser54—Pro, Thr314— Ala,
and His415—Tyr to enhance thermo-activation. The mutant displayed good
hydrolyzing activity on potato, cassava, and corn starches (Pavezzi et al. 2011). In
another mutagenic study, a total of five mutants were generated to test thermostabil-
ity. Insertion of two extra disulfide bonds between 1 and 13 a-helices was explored
in mutant and was found to show loss in thermostability. Loss in thermostability
resulted from the destabilized protein structure due to an extra disulfide bond in the
mutant. Recently, ion beam irradiation was used to produce A. luchuensis mutant
Ul. The mutant showed higher starch-hydrolyzing activity. Surprisingly, the mutant
did not have any significant change in transcription of glaA or amyA gene, and higher
production is independent of glaA gene transcription regulations. However, the RNA
seq analysis revealed that there were 604 genes involved in metabolic processes,
which might lead to hyperproduction of glucoamylase in the mutant strain U1 (Kojo
et al. 2018).

Both a-amylase and glucoamylase co-express in Saccharomyces cerevisiae Y294
[AteA-GlaA] strain in cost-effective consolidated bioprocessing to degrade raw
starch. The highest activity of amylase and glucoamylase was achieved for ethanol
production (Sakwa et al. 2018). Nearly 14% enhanced glucoamylase activity was
achieved by codon optimization, preferentially based on the highest codons
expressed in S. cerevisiae. Five copies of a-amylases and glucoamylase genes
were co-expressed in S. cerevisiae Y294. The engineered S. cerevisiae strains
showed to possess potential to hydrolyze raw starch for industrial process (Cripwell
et al. 2019). Genetic engineering tools were applied for designing to overexpress the
glucoamylase (glaA) and o-amylase (amyA) genes in A. niger CICC2462. The
recombinant A. niger strains demonstrated overexpression of amyA and glaA
genes with improved yield of glucoamylase for industrial applications (An et al.
2019). Two mutant variants of A. awamori (Thr390Ala and Thr390Ala/Ser436Pro)
were constructed by random mutagenesis for enhanced thermostability (Schmidt
et al. 2019). A potential issue with glucoamylase was its thermal intolerance. A
recent study of heterologous expression in Pichia pastoris tried to address this issue
by producing a novel thermostable glucoamylase from Aspergillus flavus displayed
optimal activity at around 70 °C, thus making it a suitable choice for large-scale
industries of starch processing (Karim et al. 2016). Industrially important fungal
glucoamylase sparked an immense interest in studying the enzymatic activities.
However, recent advances in technological front and also development of molecular
modification strategies greatly enhanced the production outcome of glucoamylase,
as well as other commercial enzymes, while minimizing error rate.
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3.5  Purification and Characterization
Fungal glucoamylases have been purified in simple steps:

1. Concentration of enzymes: the step aimed to have a working enzyme concentra-
tion from crude glucoamylase preparations from submerged as well as solid-state
fermentations, involving precipitation/lyophilization/ultrafiltration.

2. The concentrated enzymes are then applied to ion-exchange column, gel filtra-
tion, and affinity column chromatography. The purified enzyme thus obtained,
has been used for kinetic studies to determine K,, Vi.x, pH and temperature
optima, substrate specificity, and molecular mass. A recent and comprehensive
data on purification and kinetic properties of fungal glucoamylases are
summarized in Table 3.2.

One of the pioneering studies compared fungal glucoamylases from different
strains using five commercial preparations. Three preparations were from Aspergil-
lus niger, while one each from A. candidus and A. foetidus. After purification
through Sepharose gel filtration, ultrafiltration, and DEAE-Sephadex chromatogra-
phy, two types of glucoamylases were identified, viz., glucoamylase I and
glucoamylase II. The specific activities of these enzymes were checked and found
between 85- and 142-units/mg protein. The enzymes from A. niger and A. foetidus
showed higher percentage of acidic amino acids as compared to the enzyme from
A. candidus. The enzymes obtained from A. niger were found to contain galactose,
glucose, mannose, glucosamine, and xylose, while the enzyme from A. foetidus did
not have xylose, and the enzyme from A. candidus lacked both glucose and xylose.
This study highlights the variations in glycan structure of fungal glucoamylases,
although they might appear homogeneous in electrophoresis and ultracentrifugation
(Manjunath and Rao 1979).

Another study explored the properties of thermostable fungal glucoamylase from
Aspergillus niveus. The enzyme in this case was produced by submerged fermenta-
tion. The conditions for the production were 40 °C for 72 h and pH 6.5; the enzyme
was purified through ion-exchange chromatography. The molecular weight was
around 76 kDa with an isoelectric point of 3.8 and carbohydrate content of around
11%. The enzyme was stable at pH 4.0-9.5 at-least for 2 h; it retained activity even
after 6 h of incubation at 60 °C, showing strong evidence of its thermostability.
Glucose was formed as a single product after the hydrolysis of starch for 120 min,
confirming the enzyme as a glucoamylase. This study warranted having stability at
various pH, temperatures, and solvents; the glucoamylase of A. niveus is a potential
enzyme for downstream biotechnological process (da Silva et al. 2009). Another
glucoamylase mutant with enhanced thermostability at 65 °C was purified using
affinity chromatography-based acarbose-Sepharose. The purified enzyme was
weighed 100 kDa and optimally active at pH 4.5. The study was significant in
showing the enhanced thermostability and the ability to hydrolyze commercial as
well raw starch from potato, cassava, and rice (Pavezzi et al. 2011). Meanwhile, a
new type of glucoamylase was isolated A. niger, which was optimally active at 70 °C
and pH 4.4-5.0, respectively. The thermostability of the glucoamylase was increased
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using starch and calcium ions, and its nature was identified by a specific substrate
and thin-layer chromatography (Bagheri et al. 2014).

A new glucoamylase of A. japonicus was investigated by cultivating it in Khanna
medium supplemented with maltose and potato starch in different concentrations.
Enzyme production was higher when the substrate concentration was kept low. The
most appropriate concentrations ranged between 0.5 and 0.75, which led to efficient
enzyme production. Adding too much substrate caused a lower glucoamylase level,
owing to the effect of catabolite repression. The favorable reaction conditions were
25 °C, pH 5.5, and 4 days of incubation. The enzyme was purified using DEAE-
cellulose column. The kinetic parameters were also established for the enzyme; it
showed a K, value of 369.58/s, while the catalytic efficiency, i.e., K.,/K, was
626.40/s/mg/mL. The values of K, (0.59 mg/mL) and V., (308.01 U/mg) were
calculated for the enzyme (Pasin et al. 2017).

Another study was performed on characterization and purification of a novel
glucoamylase from cold-adapted fungus Tetracladium sp. using soluble starch as a
substrate. Generally, glucoamylases are active at higher temperature and acidic pH
with a high catalytic efficiency. However, this enzyme was isolated to perform
optimal activity at ambient temperatures for industrial purposes. The enzyme was
active at 30 °C and pH 6.0. Pervez et al. (2019) had shown significantly improved
catalytic performance upon immobilizing the partially purified glucoamylase. A 5 °C
shift was observed in temperature optima with doubling K, and decreased V..
Immobilized enzyme has been successfully reused six times efficiently (Pervez et al.
2019). A 42 kDa glucoamylase from Thermomucor indicae-seudaticae was active
on raw as well as soluble starches at neutral pH and 60 °C with varied impact of
metal ions. Thermomucor glucoamylase showed an enhanced thermostability in the
presence of starch and released only glucose even at higher starch concentrations
(Kumar and Satyanarayana 2003; Kumar et al. 2010). Glucoamylases from various
other organisms have displayed a varied impact of metal ions (Kato et al. 2011;
Kumar et al. 2010; Tangngamsakul et al. 2011). Rhizopus microsporus var.
chinensis glucoamylase digest raw corn starch at 70 °C (Li et al. 2010). Two varied
glucoamylases AmyC and AmyD from R. oryzae were purified and found to be
active at pH optima of 5.5-6.0 and 60 and 50 °C with lowered K, values (Mertens
et al. 2010). Glucoamylase and a-amylase were isolated from red koji preparation.
The purified glucoamylase was more active than amylase in acidic pH (Yoshizaki
et al. 2010). Such characteristics make this enzyme suitable for industrial processes
and biofuel production, which requires cold-active glucoamylases; such industrial
enzymes can reduce the production cost by circumventing the heating requirement
(Carrasco et al. 2017).

3.6  Structure of Fungal Glucoamylase
Molecular mass of fungal glucoamylases range between 48 and 90 kDa, with the

exception of Aspergillus niger, which has a molecular mass of 125 kDa (Suresh et al.
1999). Most of the GAs are glycoproteins which contain 10-20% carbohydrate
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Alpha-D-Mannose 4’&

Carbohydrate Binding Site ————»

Site Position Amino Acid Sequence
Substrate Binding 144 Thr-Gly-Ser-Trp-Gly-Arg-Pro-GIn-Arg-Asp
site
Active Site- 200 Ala-GIn-Tyr-Trp-Asn-GIn-Thr-Gly-Tyr-Asp

Proton Acceptor

Active Site- 203 Leu-Trp-Glu-Glu-Val-Asn-Gly-Ser-Ser-Phe
Proton Donor

Fig. 3.1 Aspergillus niger glucoamylase 3D model (using SWISS-MODEL and Uniprot-KB)
showing important amino acids at substrate binding site, active site with proton acceptor and donor

content by mass, and this may vary from species to species (Pazur et al. 1971; Ueda
1981). Rhizopus niveus produces two glucoamylases with carbohydrate contents of
14.9% and 12.7%, respectively (Ueda 1981). Glucoamylase from Neurospora
crassa showed a lower (5.1%) carbohydrate content (Spinelli et al. 1996). A. niger
glucoamylase 3D model was generated using Swiss model to demonstrate important
amino acids in the binding site (Fig. 3.1).

Two very important forms of industrially important glucoamylase were produced
from A. niger and A. awamori var. X100 (Lee and Paetzel 2011; Aleshin et al. 1992).
Although many glucoamylases have been characterized till date, understanding
these two forms of glucoamylase can build a framework to get the finer differences
of existing glucoamylase enzymes.
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A. niger glucoamylase contains catalytic domain of 458 amino acid residues.
Ramachandran plot confirms the absence of residues from disallowed regions. There
exist 374 residues, except glycine and prolines, which fall on the most favored regions,
while other 30 residues can be confined to additional allowed regions. A hydrogen
bond stabilizes the Asn337(313) residue, which remains present in a tight turn that
falls on backbone atoms having flanking C-terminal Tyr335(311) and N-terminal
Gly338(314). While Glu424(400) serves as the general base for the active site, there
is a Ser435(411) residue having unusual conformation (Lee and Paetzel 2011).

The catalytic domain of glucoamylase enzyme is made up of a-helices arranged
in secondary structure. A o/a barrel structure gets formed by 12 a-helices, which has
6 helices at the core and 6 other peripheral helices surrounding the core parallelly.
The glucoamylase catalytic domain has a mostly a-helical secondary structure. The
overall protein folding resembles with A. awamori glucoamylase (Aleshin et al.
1992). Three disulfide bonds are present. Two disulfide bonds form between Cyste-
ine 234 and 237 and Cysteine 286 and 294. There is a third disulfide bond between
Cysteine 246 and 473, which serves as an anchoring site for the a7 helix and the
C-terminus of the protein having high glycosylation (Lee and Paetzel 2011). The
catalytic domain of the A. niger glucoamylase contains an active site pocket
corresponding to the subsites —1 and + 1 and contains a surface area of 198 A
accessible to solvents when ligand is bound, and in the absence of ligand, this
surface area increases to 262 A (Dundas et al. 2006).

Another extensively used glucoamylase coming from A. awamori was resolved to
2.2 A by Aleshin and colleagues in 1992. The enzyme contains 13 a-helices to form
core structure. The active site was found to be situated at inner a-helices. Amino acid
residues from 430 to 440 blocks one side of the active site, making the opposite side
open for substrate and solvent interactions. The active site is made up of certain
loops, which connect the N-terminus of inner helices to the C-terminus of peripheral
helices. This elucidated the fact that active sites in these enzymes remain present at
the opposite ends of their respective barrel structure. Ten sites of O-linked glycosyl-
ation were present in a domain containing the last 30 amino acid residues of the
enzyme. The glycosylation events include side chains having a serine or threonine
residue linked to the a-anomer of a single mannose residue. Residues 440—470 attain
an extended conformation, owing to O-glycosylation. The waist of the o/a-barrel
structure gets curved by the polypeptide chain just like a belt. The glycosylation sites
are of much significance as they provide additional structural support. This model of
glucoamylase structure paved the path for elucidation of many more glucoamylases
from other sources and helped in understanding their function (Aleshin et al. 1992).
The 3D structure of GAs were determined from fungi, yeast, and bacteria (Aleshin
et al. 1992, 1994, 1996, 2003; Harris et al. 1993; Stoffer et al. 1995; Sevcik et al.
1998, 2006).

3.6.1 Catalytic Domain

Substrate coordination at the site of catalysis is maintained by some conserved
amino acid residues, viz., Arg78, Asp79, Leu201, Trp202, Glu204, and Arg329.
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The proton gets donated to the glycosidic oxygen by Glu203, while Glu424
facilitates attack at C1 carbon via activating a nucleophilic water molecule. The
oxocarbenium transition state serves as the rate-limiting step in such a reaction
(Sauer et al. 2000). The catalytic domain becomes rigid upon low-density glycosyl-
ation around it. The linker with long amino acid residue rigidifies upon more
glycosylation and hence distinguishes the catalytic and starch-binding domains
physically. Another role of glycosylation was proposed to be the prevention of
protein aggregation, and further, O-glycosylation protects the GAs from proteolytic
cleavage, as low glycosylated GAs were found more prone to proteolytic hydrolysis
(Coutinho and Reilly 1997; Le Gal-Coeffet et al. 1995).

3.6.2 Starch-Binding Domain (SBD)

SBD is important for raw starch degradation to maintain enzyme stability (Svensson
et al. 1982; Southall et al. 1999; Goto et al. 1997). For dextrin hydrolysis, only
catalytic domain of the enzyme is necessary (Libby et al. 1994). SBD is
characterized by p-sheet structure (Jacks et al. 1995; Liu et al. 2007). The p-barrel
is composed of eight anti-parallelly arranged f-strands (Jacks et al. 1995; Sorimachi
et al. 1996, 1997; Juge et al. 2002). Hydrophobic and electrostatic interactions
provide stability to SBD. It has been found that the first and seventh p-strands
possess maximum stability, whereas strands 2 and 3 have the lowest stability. The
reason for this low stability can be attributed to the fact that these strands act as
initiation sites for the carbohydrate binding and, hence, help the SBD of the enzyme
to open up, thus lowering the stability that helps in quicker unfolding action (Liu and
Wang 2002). A semirigid “linker,” composed of around 40 amino acid residues, has
been found to exist between the SBD and catalytic domain of glucoamylase. This
linker is responsible for maintaining a balance between the two domains, while some
studies from Rhizopus oryzae suggested that the linker is involved in the expression
of the enzyme (Williamson et al. 1992a, b; Lin et al. 2007). Studies from Aspergillus
niger GA suggested the presence of a twisted sandwich domain containing more
than one starch-binding sites in SBD domain (Sorimachi et al. 1997). Studies
indicated that the catalytic domain and SBD lies apart by 90 A in multiple
orientations (Kramer et al. 1993; Sauer et al. 2000). The crystal structure of three
industrially relevant glucoamylases from Hormoconis resinae, Penicillium
oxalicum, and Aspergillus niger was revealed. The study highlighted that the
carbohydrate-binding domain of the enzymes can exist in multiple relative
orientations irrespective of the ligand bound in the active site. Such attribute
enhances the substrate contact probability and increases the local substrate concen-
tration, helping the catalytic site access multiple weak spots in starch, thereby
bringing in efficient starch digestion (Roth et al. 2018). A schematic representation
for catalytic domain and starch-binding domain for various species is shown in
Fig. 3.2.

Being an exo-glycosyl hydrolase, GA breaks down o-1,4-glycosidic bonds
sequentially beginning at the non-reducing ends of substrates, along with slower



62 S. Kumar et al.

—C C
Aspergillus Saccharomycopsis Rhizopus
niger fibuligera oryzae
N—
‘@
C
C
Saccharomyces cerevisiae Thermoanaerobacterium
var. diastaticus thermosacharolyticum

Fig. 3.2 Modular arrangements of glucoamylase from different species. CD GHIS catalytic
domain, CBM20 carbohydrate-binding domain family 20, CBM21 carbohydrate-binding domain
family 21, STRD serine/threonine-rich domain of Stal from Saccharomyces cerevisiae var.
diastaticus, S super-p sandwich domain found in prokaryotic enzymes

hydrolysis of a-1,6 (Pazur and Ando 1960). GAs also contain the ability to break all
existing a-glycosidic bonds except that in o,a-trehalose (Pazur and Kleppe 1962;
Meagher and Reilly 1989). In terms of Michaelis-Menten kinetics, the K,;, of GAs
gets lowered as the chain length of a substrate increases, while substrates having 4-5
glycosyl residues seem to increase the K, of the enzyme (Abdullah et al. 1963;
Meagher et al. 1989; Reilly 2006). Glucoamylase catalytic mechanism involving the
formation of oxocarbenium ion has been widely accepted (Chiba 1997). The reaction
involves protonation of the glycosidic oxygen followed by water initiating a nucleo-
philic attack with the help of a base catalyst (Sinnott 1990; Tanaka et al. 1994; Sauer
et al. 2000).

3.7 Applications of Glucoamylase
3.7.1 Production of Dextrose Syrup

Glucoamylase serves as a key enzyme in food and fermentation industries, which
utilize the enzyme routinely for saccharification of starch and related
oligosaccharides (Pavezzi et al. 2008). Coordinated action of various endo- and
exo-amylases results in starch hydrolysis, and among them, glucoamylase is of great
potential for commercial use, having the end product of reaction as glucose (Kumar
et al. 2007). The glucose released from starch saccharification potentially can be
used in various beverage industries and as food additives (Polakovi¢ and Bryjak
2004). Glucoamylases gained immense attention and importance for use in the
production of dextrose for commercial purpose. Commercial glucose yield via starch
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saccharification requires a tremendous amount of glucoamylase and furnishes its
commercial prominence. However, the first step in such a production pipeline is
forming dextrin, which later is converted to glucose via saccharifying action of
glucoamylase. The optimal conditions for such a reaction are acidic pH (4.04.5)
and 60 °C temperature, under which approximately 96% glucose yields are attained
after 3—4 days of saccharification (Crabb and Mitchinson 1997; Reilly 1999). Also,
to hasten the production process and reduce by-products, isoamylase or pullulanase
enzymes are often used to debranch the starch via breaking the o-1,6-glycosidic
bonds (Reilly 2006).

3.7.2 Alcoholic Fermentation

Another potential utilization of glucoamylase lies in the ethanol production industry.
Substances like wheat, corn, cassava, potato, etc. are utilized as starchy substrates for
producing ethanol (Giordano et al. 2008). However, a limited number of yeasts like
Saccharomycopsis fibuligera, Schwanniomyces alluvius, and Candida tropicalis are
capable of fermentation (Nakamura 1970; Simoes-Mendes 1984; Jamai et al. 2007).
Another setback comes from the fact that S. cerevisiae lacks the capacity to directly
utilize starch, despite being the efficient producer in the fermentation industry. Thus,
ethanol production is preceded by an initial breakdown of starch (by glucoamylases
and other enzymes) to fermentable sugars, which is then further processed by yeast
to yield ethanol (Panchal et al. 1984). However, scientists reconsider the ways to
produce ethanol in a single step (Eksteen et al. 2003). Molecular cloning strategies
direct the cloning of glucoamylase coding genes in S. cerevisiae, enabling it to
directly utilize starch, thereby producing alcohol (Khaw et al. 2006). Yeast
transformed with glucoamylase gene from Hormoconis resinae showed growth in
5% starch for ethanol conversion (Vainio et al. 1993, 1994). Yeast transformed with
S. diastaticus glucoamylase together with mouse a-amylase showed to utilize 93%
starch (Kim et al. 1988). Another recombinant yeast strain was developed by
expressing a-amylase gene from B. amyloliquefaciens, glucoamylase gene from
S. diastaticus, and pullulanase gene from K. pneumoniae, altering the combinations
(Janse and Pretorius 1995). Another study used glucoamylase gene from A. awamori
and isoamylase gene from Pseudomonas amyloderamosa to transform the yeast
S. cerevisiae and express these genes under the alcohol dehydrogenase gene
(adhl) promoter of the yeast, which was then capable of utilizing starch and
producing alcohol with efficient rate of conversion of approximately 95% or more
(Ma et al. 2000). Researchers cloned a-amylase of B. subtilis and glucoamylase of
A. awamori to produce a recombinant yeast, viz., S. cerevisiae YPB-G, which was
capable of generating large amounts of enzyme for ethanol fermentation (Altintas
et al. 2002). Efforts had been made to produce recombinant a-amylase from
Lipomyces kononenkoae and glucoamylase genes from Lentinula edodes into
expression host to produce ethanol (Knox et al. 2004; Wong et al. 2007; Khaw
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et al. 2006, 2007). Immobilized glucoamylases are used for the production of
glucose to enhance alcohol yield for producing low-calorie beer (Synowiecki 2007).

3.7.3 Fabric Industry

In case of fabric industry, a recombinant yeast containing glucoamylase from
Rhizopus oryzae along with two cellulose-binding domains of Trichoderma reesei
has been utilized to manufacture fabric from starched cotton. A recombinant
glucoamylase and cellulose-binding domain (CBD) were utilized for de-sizing
cotton cloth. The yeast cells having both glucoamylase and CBD showed improved
action as compared to yeasts displaying only glucoamylase. Also, the yeast which
had glucoamylase with two CBDs (CBD1 and CBD2) showed highest activity (4.36-
fold higher than the control) than with single CBD (CBD1 or CBD2) as compared to
only glucoamylase containing yeasts. Such modular activity of glucoamylase, when
added with CBDs, can be utilized efficiently in the textile industry for de-sizing
starched cotton textiles (Fukuda et al. 2008).

3.7.4 Raw Starch Digestibility

Raw starch degrading capability makes glucoamylase a suitable choice in low-cost
biorefining using starch. Thus, a recent study utilized a strong promoter element
pPoxEgCel5B from endoglucanase gene and a signal peptide from raw starch-
degrading PoxGA15A glucoamylase gene to produce a robust enzyme in Penicil-
lium oxalicum in large quantity, along with high starch-degrading capability that
makes it an industrially relevant process. Successful implementation of this process
over a large-scale production pipeline can greatly reduce the cost of raw starch-
digesting enzymes in case of starch-based biorefining processes (Wang et al. 2018).
Glucoamylase enzymes were also used as digestive aids, and there are a number of
formulations commercially available in the market as presented in Table 3.3.

3.8 Conclusions

Glucoamylase is one of the enzymes used on a large scale in starch industry, and it is
one of the high-demand industrial enzymes. As a result of increasing focus on clean
energy and fuels, there has been an upsurge in the demand for enzymes in bioethanol
production. Despite stress on the overexpression and pilot-scale studies, there is a
scope for enhancing thermal stability and hydrolyzing raw starches for higher yields
while minimizing by-products in the starch saccharification process. In view of the
extensive applications of glucoamylases, investigations on extremophilic
microbes become absolutely important for attaining higher thermal stability with
catalytic and hydrolytic activities to digest raw starch from various sources.
Advanced molecular and bioinformatics tools may be wused in selecting
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Table 3.3 Commercially available glucoamylases for industrial use

Serial

no. Product Company

1 Novozymes Extenda® for low cost and high yield of Novozymes, Denmark
saccharification product

2 Glucoamylase from Trichoderma reesei (CTA, 2013), Genencor, USA
used for a variety of industrial process

3 DELTAZYM® GA L-E3, for saccharification of liquefied | Verenium, USA
starch in case of fuel ethanol production

4 Glucoamylase L209+ for brewery, antibiotic production, | Shandong Longda, China
starch industry, and gourmet power industry

5 Neozyme® GA for saccharification process: alcohol Guangdong VTR
industry, spirits distillation, beer brewing, organic acid, Bio-Tech Co., Ltd., China
etc.

6 Sunson® GA for use in a variety of industries including Sunson Industry Group
brewing, distillation, organic acid, antibiotics, etc. Co., Ltd., China

glucoamylases from metagenomes identified in extreme environments and selecting
glucoamylases with the desirable characteristics in order to meet the current
demands.
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Developments in Fungal Phytase Research:
Characteristics and Multifarious
Applications

Parvinder Kaur, Ashima Vohra, and T. Satyanarayana

Abstract

Phytases, a class of phosphatases, catalyse the stepwise removal of soluble
phosphate from phytates. Plants contain phytates, which are a major organic
form of phosphorus. Phytates act as an antinutrient and is not utilizable by
monogastrics. Human and animal diets can therefore be supplemented with
phytases to ameliorate their nutritional status. Phytases also have potential utility
in aquaculture, plant growth promotion, soil amendment and environmental
pollution control and as therapeutics. Among microbes, fungi are the predomi-
nant phytase producers with potential applicability in various areas due to their
characteristic features of broad substrate spectrum and specificity and broad pH
and temperature ranges for their activities. This chapter focuses on the various
types, methods of production, characteristics and potential utilities of fungal
phytases. Developments in fungal phytase research in India are specially
highlighted. This chapter focuses on reviewing the significant work done on

fungal phytases in India.
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4.1 Introduction

A major form of organic phosphorus in plant cells is phytic acid. Chemically it is a
myo-inositol hexakisphosphate, a derivative of myo-inositol, a cyclic alcohol
phosphorylated at all six hydroxyl groups (Fig. 4.1). Its molecular weight and
formula are 660.03 and C¢H;30,4P¢, respectively. Phytic acid reduces the absorp-
tion of cations like iron, zinc, calcium and magnesium in the gastrointestinal tract
because of its chelating property (Iwai et al. 2012). It makes proteins and
carbohydrates difficult to digest by forming complexes with them (Sapna and
Singh 2014). All these factors make phytic acid an antinutritional factor.

The absence of phytases in the digestive tracts of monogastric animals, including
humans, leaves phytates in foods and feeds unutilized (Cominelli et al. 2018).
Consequently, the concentration of unutilized phytates 