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ABSTRACT

Lignocellulosic biomass is the most abundant plant material present on earth which is primarily
composed of cellulose, hemicellulose and lignin. The composition of lignocellulosic biomass
varies depending on the type of plant material and the conditions at which the plants grow.
Exploration of lignocellulose for the production of value-added compounds including all types
of platform chemicals, biofuels and bioactive compounds is gaining momentum. However,
extensive research needs to be carried out to minimize the cost of production to make the
processing of this biomass more viable. In the last two decades, several agricultural biomass
types have been studied to facilitate the production of biochemicals and biofuels at a low cost.
Biomass such as peanut shells, bambara, cowpea and sorghum are some of the indigenous crops
of South Africa that are yet to be explored for value addition. Therefore, this study was designed
to characterize the underutilized agro-residues such as peanut shell, bambara, cowpea and
sorghum biomass for the enzymatic production of prebiotic xylooligosaccharides (XOS) and

their application.

This work is the first report on the isolation and structural elucidation of xylan from bambara
and cowpea biomass. Many physical and chemical pretreatments were tested to improve the
quality and yield of xylan. Among those, acid delignification and alkali extraction processes
yielded the xylan with good quality. A two-step extraction of sodium chlorite-delignified
material yielded purer xylan from peanut shell (15.5% yield), bambara (12.3% yield), cowpea
(13.6% yield) and sorghum (32.2% yield). FTIR spectra confirmed the functional groups of the
extracted xylans. Further analysis using 'H NMR together with monosaccharide analysis
revealed that all the xylans were glucuronoxylan and shared similar functional groups as that of
hardwood glucuronoxylan. Enzymatic hydrolysis of xylan extracted from peanut shell,
bambara, cowpea and sorghum resulted in the maximum yield of XOS, at optimized parameters
of 1% substrate concentration and 10 U enzyme dosage. TLC analysis of the hydrolysates of the
GHI11 xylanase from Thermomyces lanuginosus SSBP was compared against GH10 and GH30

xylanases regarding their modes of action. The GHI11 xylanase was very efficient on all the

XVII



xylans evaluated without xylose release. XOS released by GH11 xylanase had a higher DP than
GH10 xylanase, but with similar aldouronic acids to GH30 xylanase. Several oligosaccharides
were observed in the hydrolysates viz., Xyl,, Xyls, MeGlcA*Xyls, MeGlcAXyls and MeGlcAXyls.
MALDI-TOF MS characterization corroborated with the TLC results and showed signals for

both neutral and acidic oligosaccharides.

A series of computational approaches were also used to study the structure of GH10, GH11 and
GH30 xylanases and their interactions with xylan. The phylogenetic analysis of xylanase
sequences revealed the closest species from their respective genus with maximum similarity.
Secondary structures, topology and catalytic domains were confirmed using PDBsum server.
3D modelling of the three xylanases were done using the structural data and their stability was
verified. The binding pattern of the xylanases was identified by docking them with a template
MeGlcAXyl, which showed that GH11 xylanase having good binding ability and strong
bonding with the substrate. GHI11 xylanase-substrate complex was found as the best-suited
docking model for polymeric xylan with a binding affinity of -10.24 kcal/mol. The in
silico investigation suggested that TIGH11 was found to be more suitable for coupling with

xylan over GH10 and GH30 xylanases.

The prebiotic efficacy of XOS was also evaluated using in vitro fermentation of XOS with
probiotic bacteria. This revealed that, Lactobacillus plantarum NS6, Lactococcus lactis NS9
and Bifidobacterium animalis NS11 had a high growth rate on XOS from the four biomass
types. Further, XOS from bambara biomass was used as a functional food supplement in a novel
amadumbe-bambara spread and prebiotic yoghurt formulations. The XOS enriched spread was
comparable to the commercial spreads with respect to nutritional and sensory characteristics.
The prebiotic yoghurt also retained significant probiotic counts during storage. The
physicochemical and sensory evaluation of both amadumbe-bambara spread and yoghurt
confirmed that both products have improved traits with higher consumer acceptance. Results
from our study have shown the prebiotic potential of XOS during in vitro fermentation,
however, further studies are recommended exploring the animal model and human clinical

trials which would form a basis for their commercialization.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

The current world population is around 7.7 billion which is estimated to reach 9.7 billion by
2050 (United Nations, 2019). Considering the steady growth, the human race not only has a
huge challenge of feeding the large population but also supposed to secure the natural resources
for upcoming generations. The agriculture industry is the main food sector that supplies
sufficient food to the growing population. This makes the agriculture industry to improve its
production with innovative farming techniques. High production rates have been observed in
recent years scaling up the yields. According to the report of Food and Agricultural
Organisation of the United Nations (FAO), there is inclined production of crops which is in

proportion to the ever-increasing global population (Table 1.1).

Large production of agricultural goods generates large quantities of waste, referred to as
‘biomass’. Five billion metric tons of crop residues were generated in 2013, which is increasing
with enhanced crop production (Cherubin ef al., 2018). The large biomass or crop residues
accumulated due to farming activities should be effectively utilized, however, most of the time,
this biomass remains unutilized. Burning of crop residues for the preparation of the subsequent
production cycle is a very simple and pragmatically followed practice worldwide. This is a very
detrimental practice that subsequently affects the soil microbiota, soil fertility, along with the
generation of greenhouse gases. These crop residues have essential biomolecules which can be

effectively utilized, if treated using biotechnology.

The crop residues which are left over after harvest and processing of the plant
materials/agricultural crops result in the creation of a large quantity of solid wastes on earth,

constituting an environmental problem. Majority of the agricultural residues thus accumulated



are either burnt or dumped for waste disposal and limited portion are used as fodder or fuel, or
for mulching purposes (Menon and Rao 2012; Naidu et al., 2018; Kumari and Singh 2018).
However, some portion of the agricultural wastes also contributes (energy crops, residues and

by-products) to energy production (Carvalho et al., 2013).

Table 1.1 World production of agricultural crops

World Africa

2007 2017 2007 2017
Bambara 0.10 0.18 0.10 0.18
Barley 131.1 147.4 4.41 6.61
Cassava 227 292 117.5 178
Cowpea 5.33 7.41 5.01 7.11
Maize 792 1134 48.4 84.1
Millet 33.7 28.4 17.3 12.8
Oats 24.9 259 0.18 0.21
Olives 16.9 20.8 2.55 3.73
Peanut 375 471 8.68 12.3
Rapeseed 50.6 76.2 0.10 0.17
Rice 656 769 21.0 36.5
Rye 15.1 13.7 0.08 0.10
Sorghum 62.7 57.6 25.8 27.2
Soybeans 220 352 1.41 3.12
Sugar beet 247 301 7.94 15.9
Sugarcane 1605 1841 91.3 92.1
Sunflower 26.5 47.8 0.93 2.37
Wheat 607 772 18.8 27.1

All values in million tons. Source: FAOSTAT (http://www.fao.org/faostat/en/#data/QC.

accessed on 02/10/2019).



The use of the terminology ‘waste’ is incongruous for organic matter, which may have
enormous applications. Bio-based products are better than petroleum refineries which have a
great advantage that they can be produced from a variety of feedstocks at a larger scale using
various technologies (Arevalo-Gallegos et al., 2017). Recycling of renewable biomass is a
feasible to solve the environmental impact of pollutants (Chapla et al., 2010; Kriiger et al., 2018).
The physico-chemical and biological characteristics of lignocellulosic biomass make them a
potential substrate for a broad range of value-added products. Therefore, research over the last
two decades has shifted towards alternate strategies for using agricultural waste as feedstock for
the production of fuels, solvents, chemicals and polymers (Diaz et al., 2018). Valorization of
excessive biomass to produce chemicals or energy has acquired substantial attention due to the
unsustainability of traditional energy resources as well as the demand for more conscious

management of agricultural wastes (Celinska and Grajek, 2009; Kriiger ef al., 2018).

Lignocellulosic biomass is comprised of cellulose, hemicellulose and lignin as the basic
components hence it serves as the biggest reservoir of hexoses and pentoses. Those sugars can
be utilized as a potential raw material to produce biofuels, chemicals and other economic by-
products (Kaparaju et al., 2009; Hassan et al., 2018). The exploitation of lignocellulose for
producing value-added products primarily requires rigorous pretreatment and saccharification
to acquire fermentable sugars (Jung et al., 2014). The classical methodology used for the
conversion of lignocelluloses into simple sugars is accompanied by the formation of
constituents that are toxic to the environment (Teixeira et al., 2014). This warrants the need to
explore biological processes, such as the use of microorganisms and/or their enzymes in
lignocellulose hydrolysis. These processes have high specificity, mild reaction conditions, less
undesirable product generation, negligible substrate loss, and are environmentally friendly
(Zabed et al., 2019). Simultaneous conversion of pretreated lignocellulose into value-added
products along with the production of cellulases and hemicellulases, which performs the
enzymatic hydrolysis for producing fermentable sugars, plays a major contribution for the

reduction of total production cost of the end product (Haldar and Purkait, 2020). Hence, the



use of biological treatments can overcome the limitation of chemical treatments in

lignocellulosic biomass utilization.

1.2 LIGNOCELLULOSE

Lignocellulose is the principal biomass produced from the agricultural industry which is a
predominant renewable biopolymer in the world (Sreedevi et al., 2013). The lignocellulosic
biomass consists of cellulose (40-50%), hemicelluloses (25-30%), lignin (15-20%) and some
other basic components (Kumari and Singh 2018). The major portion of the biomass is
occupied by cellulose and hemicellulose, which are the rich sources of fermentable
carbohydrates (Bhalla et al., 2013). The lignocellulosic biomass can be present in most of the
waste materials such as wood residues (wood chips, paper mill discards and sawdust), waste
paper, grasses, agricultural residues (peelings, cobs, nutshells, straw, stover, bagasse, stalks),
domestic wastes (sewage and plant based garbage), municipal solid wastes, food industry wastes

etc. (Menon and Rao, 2012; Singh et al., 2014; Isikgor and Becer, 2015; Mazlan et al., 2019).

The structure of lignocellulosic materials is very complex where cellulose fibres are embedded
in a lignin-hemicellulose matrix (Hasunuma et al., 2013). The cellulose polymers are stuffed
into microfibrils where the hydrogen bonds make them stable. Hemicelluloses and pectin bind
through the microfibrils and the whole structure are covered by lignin (Figure 1.1). The middle
lamella, which connects the neighbouring cells, is almost completely made of lignin (Pandey,
2009). To access carbohydrates in this framework, pretreatments should be used to breakdown

the lignin sheath before applying the enzymes for saccharification (Haldar and Purkait, 2020).






B-(1,4) glycosidic linkages in the cellulose can be broken down by cellulases, which concert the
complex cellulose into simple glucose molecules (Kazemi et al., 2014). Several microorganisms
are active in the degradation of cellulose which includes fungi such as Trichoderma, Aspergillus,
Rhizopus and Penicillium species (Chandel et al., 2013), bacteria such as Clostridium
thermocellum, Bacillus, Pseudomonas species etc. (Peng et al., 2011; Sreedevi et al., 2013; Kazemi
et al., 2014). However, only a few of these microorganisms produce large amount of enzymes

that are effective in the complete breakdown of cellulose (Khokhar et al., 2012).
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Figure 1.2 The basic biochemical structure of cellulose containing glucose chain linked with (-

linkages (adapted from George and Sabapathi, 2015).
1.2.2 Hemicellulose

Hemicellulose, which is the most prevalent component in woods and agricultural biomass is an
amorphous and irregular structure formed by a heterogeneous class of polysaccharides
consisting of pentoses as well as hexoses (Menon and Rao 2012; Gao et al., 2014). Hemicellulose
(Figure 1.3) possesses a hetero-polysaccharide structure with xylan as the main backbone,
usually made of xylose units (Biely et al., 2016). A range of branching frequencies for xylan was
observed depends upon the nature, composition and resource of raw materials used, however,
the individual classification of hemicellulose is based upon the dominant monomeric sugar
present. There are four types of hemicelluloses, classified based on the sugar backbone, viz.,
xylans, mannans, xyloglucans and p-glucans with mixed linkages (Samanta et al., 2015). The
common hemicelluloses present in the softwood are glucomannans and arabinoxylans,
whereas, hardwood hemicellulose comprised most frequently xylans (Limayem and Ricke,

2012).



Although the proportion and structure of hemicelluloses in plant cell walls are well established,
their eco-physiological relevance was not well known (Hoch, 2007). Hemicelluloses are more
soluble in water than other components of lignocellulose due to their lower degree of
polymerization and the presence of branched side groups (Walton, 2009; Xue ef al., 2016). It is
also confirmed that hemicelluloses are partially susceptible to mobilization, especially when the
hemicellulose portion is loosely attached to cellulose fibrils (Schidel et al., 2009). The variable
binding strength of hemicellulose with cellulose defines the various intracellular functions of

hemicelluloses in the cell wall (Sun et al., 2004).
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Figure 1.3 Heterogeneous chemical structure of hemicellulose contains xylose backbone
substituted with the common substitutions such as arabinose, glucuronic acid, acetyl and

feruloyl groups (adapted from da Silva et al., 2012).
1.2.2.1 Xylans

Xylans are non-crystalline complex heteropolysaccharides that are composed of (1,4) linked p-
D-xylose units in the main chain of the backbone (Alvarez et al., 2017). Apart from xylose,
xylans may comprise glucuronic acid (also have 4-O-methyl ether), arabinose, acetic and ferulic
acids as substitutions (Cantu-Jungles et al., 2017). Depending on the plant source and the
extraction method, the structure and composition of xylan may vary (Singh et al., 2015). In

general, most of the xylan comprises substituents in their main chain, however, some of the



biomass including esparto grass, tobacco stalks and guar seed husk were found with
unsubstituted linear xylans (Saha, 2003). Therefore, xylans can be classified as linear
homoxylan, glucuronoxylan, arabinoxylan and glucuronoarabinoxylan (da Silva et al., 2012).
The arabinoxylans consist of a-L-arabinofuranose residues as substituents attached to (1,2)-
and/or (1,3) positions of B-(1,4)-linked D-xylopyranose units in the main xylan backbone
(Heikkinen, 2016). Generally, the polymeric structure of arabinoxylan comprises a range
between 1500 and 5000 residues of xylose/arabinose. The arabinose substitution may also be
found on other groups in the xylan backbone such as glucuronic acids, acetyl groups and ferulic

acid crosslinks.

Glucuronoxylan is another type of xylan which contains 4-O-methyl-D-glucuronic acid
(MeGlcA) side residue attached to every 10" xylose residue of the xylan main chain (Biely et al.,
2016). In nature, glucuronoxylan is partially acetylated and also networked with lignin through
ester bonds between the carboxyl group of MeGIcA and lignin alcohols. If xylan is treated with
any alkali, it causes complete deacetylation and apparently leads to the interruption of ester
linkages with lignin (Lagaron ef al., 2016). However, the bonding between xylose and MeGlcA
is not getting affected. There is evidence that indicate a mixture of heterogeneous xylan
molecules varying in the number of MeGIlcA substitution can be acquired during alkaline
extraction. Acetylated glucuronoxylan extracted by DMSO from delignified hardwood pulp
contains significantly lower MeGIcA content than the alkali extracted polysaccharide thus the
average ratio Xyl:MeGIcA is 10:1 (Naran ef al., 2009). The distribution of MeGIcA residues of
xylan obtained from Hinoki cypress and softwood Japanese cedar was observed with a strange
arrangement (Ishii et al., 2010) that provides the evidence for heterogeneity and complexity of
xylan. Hardwood xylan is more water-soluble and has greater MeGIcA content (e.g., from
beechwood) which is responsible for its heterogeneous nature (Biely et al., 2015). Therefore, the
physicochemical properties such as solubility was determined by the MeGlIcA content. The
chances of xylan association with cellulose via H-bond present in the unsubstituted regions will

increase when they comprise the lower frequency of side residues (Biely et al., 2016).



1.2.2.2 Xyloglucans

Xyloglucan is a type of hemicellulose present mainly in the primary cell walls of dicots and some
monocots (Madeira et al., 2017). In dicots, especially in the primary cell wall of growing plants,
xyloglucan comprises 20-25% (w/w), whereas in monocots, its content is much lower (2-10%
(w/w)) (Pauly and Keegstra, 2016). Xyloglucan comprises a p-(1,4)-glucan backbone which has
a-(1,6)-xylose substitution, as well as occasional fucosyl or galactosyl residues (Eckardt, 2008).
O-6 a-D-xylose substitution covers up to 75% of the glucose residues and a portion of the xylose
residues consists further p-D-galactose substitution. The backbone of xyloglucan comprises a
basic repetition of four oligosaccharides which vary in number and galactose substitution. The
xyloglucan chains form highly viscous solutions when they are self-aggregated in water
(Kochumalayil et al., 2013). The oligosaccharides produced from the hydrolysis of xyloglucan
has been coded with single-letter codes to simplify the identification of xyloglucan

oligosaccharides (Tuomivaara et al., 2015).
1.2.2.3 Mannans

Mannan polymers are mainly classified as glucomannans and galactomannans which are
present in the secondary cell walls of softwoods and leguminous plants (Schédel et al., 2009).
Glucomannans are also present in the seeds of certain annual plants, for example, some lilies
and irises as storage polysaccharides. Furthermore, bulbs, tubers and roots of many plants are
also containing glucomannans (Singh et al., 2018a). Many of these glucomannans are also
water-soluble. Glucomannans are composed of mannose and glucose in the ratio 1/1 to 2/1
(Hagglund, 2002). Glucomannan present in hardwoods has a linear chain of p-(1,4)-linked
mannose and glucose residues. Another type of mannan termed as galactomannan is stored in
the seed endosperm of leguminous plants. Unlike linear mannans, the galactomannans are
soluble in water and can assimilate water, which aids in the water holding capacity of the seeds.
A glucomannan main chain composed of galactosyl substitutions at a-(1,6) position is called

galactoglucomannan.



Some of the sources of mannans include soybeans, coffee beans, ivory nuts, alfalfa seeds, sugar
beets, palm kernel, coconut kernel, tubers of orchids, konjac tubers, copra meal and cell walls
of some fungi, yeast and bacteria (van Zyl et al., 2010; Singh et al., 2018a). In many cases,
mannans are highly insoluble in water and very thick. Mannan has been suggested as the reason
for hardness of palm kernels, such as the ivory nut which is the basic characteristic of kernels

(Singh et al., 2018D).
1.2.2.4 Arabinans

Arabinans are pectic polysaccharides usually consist of a backbone of (1,5)-linked-a-L-
arabinofuranosyl units, and could have a linear or branched structure (Cordeiro et al., 2012).
They widely occur in the primary cell wall of various plant parts such as fruits, root, stem and
seeds, which are also considered as dietary fibres (Zhu et al., 2018). Arabinans are generally
considered to be associated with rhamnogalacturonan-I in the pectic network as the side chains
at the O-4 position of some rhamnosyl residues (Ding et al., 2015; Colodel et al., 2018). Few
palm species from Arecaceae family such as Phoenix canariensis and Rhopalostylis sapida
contains mostly of arabinan in their primary cell wall It is reported that arabinan and arabinan-
rich pectin retains a wide range of biological activities including gastro-protective,
immunological and anticoagulant activities (Cordeiro et al., 2012; Fernandez et al., 2013;

Mandal et al., 2013; Xia et al., 2015).

1.2.3 Lignin

Lignin is an aromatic biopolymer covalently linked to hemicellulose which confers a high level
of compactness and rigidity to the lignocellulose (Figure 1.4). It is found in most terrestrial
plants typically with 15-30% occupancy (Lupoi et al., 2015; Gillet et al., 2017). It is mainly
composed of coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol (Wang et al., 2019).
Softwoods generally contain more lignin than hardwoods, whereas the lowest level of lignin was

found in grasses and softwoods (Ponnusamy ef al., 2019). Any biomass that has high lignin
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content is not suitable to be used as a substrate in fermentation, as lignin makes the biomass

resistant to chemical and biological degradation (Nguyen ef al., 2014a).

Figure 1.4 Chemical structure of lignin with the basic components such as coniferyl alcohol,

sinapyl alcohol and p-coumaryl alcohol subunits (adapted from Prieur ef al., 2017).

In contrast to most natural polymers, lignin molecules have an extremely complicated structure
due to their natural variability. Thus, only minimal studies were focused on isolation of lignin
and its hydrolysis was carried out in the past. Subsequently, lignin depolymerization and
conversion has gained interest and has potential as a sustainable biopolymer to produce fuels

and bulk chemicals, and is an alternative to the petrochemical industry (Gillet et al., 2017).

1.2.4 Importance of lignocellulosic biomass

The depletion of fossil fuels and their deleterious effect on global warming also urge to move
on for alternative sources. The current demand in the oil market and the rise in fuel prices have
established a global challenge for biofuel production from lignocellulosic materials
(Johnravindar et al., 2017; Rodionova et al., 2017). Traditionally biofuels and biochemicals are

derived mainly from food crops which are termed as first-generation biofuels. This practice
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creates many problems such as net energy losses, greenhouse gas emissions, competition for
primary food crops (Kumari and Singh, 2018). To reduce the clash between the usage of food
crops for food consumption, and biochemicals and biofuels production, the biomass should be
focused as the substrate for second generation biofuel production (Rodionova et al., 2017; De
Bhowmick et al., 2018). Evolution in the alternative energy will surely unwind the food and
biofuel production conflict along with reduced CO, emissions and also ensure a promising
source for sustainable bioenergy (Kaparaju et al., 2009; Kumari and Singh, 2018). Ease of
availability, high carbohydrate content and low cost make the biomass wastes as suitable

substrates for value-addition (Bao et al., 2014).

With the development of new technologies; enormous biomass waste can be converted to
different valuable biomaterials representing a significant prospect to fully exploit our resources
(FitzPatrick et al., 2010; De Bhowmick et al., 2018). Being less energy-intensive and having the
perspective of producing value-added products during the manufacturing process, bioprocess
technologies have some significant advantages in contrast with conventional chemical methods
(Wong et al., 2012; Diaz et al., 2018). Utilization of these materials not only solves the proper
disposal of the wastes but also provides an attractive opportunity for more sustainable

processing of agricultural resources (Chu et al., 2014).

1.2.5 Challenges in the processing of lignocelluloses

The conversion of lignocellulosic biomass into simple molecules is a tedious and harsh process.
The hydrolysis of cellulose is difficult due to its large molecular structure, which discloses the
crystalline nature and poor solubility of cellulose (Brodeur et al., 2011). Lignin surrounds the
cellulose which prevents direct interaction between cellulose and hydrolysing materials such as
chemicals and catalysts. (Zhao et al., 2009). To achieve the enzymatic hydrolysis of biomass,
crystalline cellulose disruption, increasing the surface area, hemicellulose and lignin removal
should be performed before applying the enzymes (Brodeur et al., 2011). The exploitation of

the biomass for value addition typically requires extensive pretreatment. However, the
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recalcitrant nature of lignocellulosic biomass leads to a complicated bioconversion process than
that of starchy and sugary materials. In general, prior to microbial fermentation the substrate

must be converted to fermentable sugars (Mussatto ef al., 2010).

Microorganisms and their enzymes used in biorefinery applications should be thermotolerant
and pH stable to handle the extreme environmental conditions during the bioprocessing. This
is significant in some cases where the products released acts as inhibitors - for examples organic
acids and biofuels (Buschke et al., 2013). In addition, the contaminants present in the raw
materials could interfere the fermentation and also may release toxic products into the media
(Muthaiyan et al., 2011). A complete utilization of sugars in lignocellulosic materials could

results in the maximum yield of desired products (Harmsen et al., 2013).

1.3 BIOREFINERY APPROACH

Biorefinery is defined as “the sustainable processing of biomass into a spectrum of marketable
products and energy” (Chandel et al., 2018). This concept incorporates the processes for
biomass conversion and equipment to generate chemicals, fuels and power from biomass
(Figure 1.5), in preference to traditional oil refinery processes (Kurian et al., 2013). Rich
lignocellulose sources such as green biomass, feedstocks and wood industrial waste streams are
predominantly alluring for sustainable biorefinery concepts since they are easily available, low
cost and eco-friendly (Buschke et al., 2013). An array of technologies and unit operations exists
or under development which includes hydrothermal liquefaction, hydrogenation,
hydrothermolysis, oxidation, gasification, pyrolysis, hydrodeoxygenation and fermentation
(Kajaste, 2014; De Bhowmick et al, 2018). To launch the cost-effective fermentation of
lignocellulosic biomass, a combined saccharification and fermentation strategy should be
implemented, however, the microorganisms that can hydrolyze both the cellulose and

hemicellulose, and accomplish product biosynthesis is necessary (Hasunuma et al., 2013).
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Pretreatment should possess minimal capital cost, biomass cost, downstream processing and
operational cost. For making the process cost effective, pretreatment should be applicable for a
wide range of lignocellulosic material with unlimited quantity and be able to recover most of
the lignocellulosic components in a usable form. It should be able to release sugars or to
consequently form sugars by hydrolysis without degradation and loss of carbohydrates.
However, for this to materialise, one of the requirement is that it should avoid the formation of
any inhibitory by-products that affect subsequent hydrolysis and fermentation (De Bhowmick

et al., 2018).

1.4.1 Physical pretreatments

1.4.1.1 Comminution

Comminution is the combination of several mechanical processes such as chipping, shredding,
coarse size reduction, grinding, milling, etc., which have been used to improve the digestibility
of lignocellulosic biomass. The purpose of these treatments is to increase the surface area and
reduce both the chain length and crystallinity of cellulose (Agbor ef al., 2011). For mechanical
pretreatment, capital costs, operating costs, scale-up possibilities and depreciation of
equipment are the very important factors to get economically feasible processing (Agbor et al.,
2011; Harmsen et al., 2013). Mechanical pretreatment is usually carried out prior to the
processing step, and the defined particle size is relying on the succeeding steps. A series of
approaches starting from harvesting and preconditioning of lignocellulosic biomass, chipping,
grinding and milling is applied to convert the biomass into a final particle size of 0.2-2.0 mm
(Ohetal., 2015). The shear forces generated during milling and grinding resulted in an effective
reduction of particle size and cellulose crystallinity than chipping. Factors such as milling type
and duration along with the type of biomass regulated the increase in specific surface area, final
DP and cellulose crystallinity reduction (Agbor et al., 2011). It was noted that vibratory ball
milling effectively reducing the cellulose crystallinity of spruce and aspen chips than ordinary

ball milling (Kumar and Sharma, 2017). Disk milling (to produce fibres) is more effective than
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hammer milling in boosting cellulose hydrolysis, which generates finer bundles (Zhu et al.,

2009).

1.4.1.2 Ultrasonic pretreatment

Ultrasound pretreatment is the process to alter the surface structure of the biomass and to
produce oxidizing radicals that chemically attack the lignocellulosic matrix (Baruah et al.,
2018). Moreover, ultrasound can disrupt the linkages between polysaccharides and lignin
(Shirkavand et al., 2016) which results in the formation of small cavitation bubbles (Kumar and
Sharma, 2017). This method is considered as an effective green technology to pretreat the
lignocellulosic biomass. The ultrasound damages the lignin hemicellulose complex which
caused the increased accessibility and easy extraction of hemicellulose. A combination of
ultrasound and alkali pretreatment results in improved lignin degradation and enzymatic

saccharification rates and lowering its crystallinity (Hassan et al., 2018).

1.4.2 Chemical pretreatments

1.4.2.1 Acid hydrolysis

One of most effective pretreatment methods conducted to breakdown the lignocellulosic
biomass is acid hydrolysis. Depends on the requirement, acids can be used in various
concentrations. By altering the treatment temperature, dilute acid treatment can be performed
either as continuous flow process (T>160°C, 5-10 wt% substrate concentration) or batch
process (T<160°C, 10-40 wt% substrate concentration). Inorganic acids such as H,SOsand HCI
are added to the raw material and the mixture is held at elevated temperature for a short period.
As an alternative to inorganic acids, organic acids (e.g. acetic acid, formic acid, citric acid,
maleic acid and fumaric acid) can also be used for dilute acid pretreatment (Kootstra et al.,
2009). Acid treatment offers good performance in terms of recovering hemicellulosic sugars but
there are also some drawbacks. Sugars released by acid hydrolysis might be further converted

to furfural and HMF, which strongly inhibits the microbial fermentation. Additionally, acids
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can be corrosive on any material such as wood, metal, and neutralization results in the

formation of solid waste (Baruah et al., 2018).

H,SO, and HCI are also used in their concentrated form for treating lignocellulosic materials
because they are powerful agents for cellulose hydrolysis (Sun and Cheng, 2002). Advantages of
concentrated acid hydrolysis are the flexibility in terms of feedstock choice, low concentration
of inhibitors, high monomeric sugar yield as well as mild temperature conditions that are
needed. Drawbacks of using concentrated acids are the corrosive nature of the acids and the
need to recycle acids in order to lower the cost. However, the biomass should have a high dry
matter content to recover the acid used, otherwise the water content will dilute the acid used

(Harmsen et al., 2013).
1.4.2.2 Alkaline hydrolysis

Alkaline pretreatment is mainly performed to remove the lignin from biomass, which enables
the accessibility of the residual polysaccharides (Oh et al., 2015). For alkaline hydrolysis calcium
hydroxide, sodium hydroxide, ammonium hydroxide, and potassium hydroxide can be used
(Naidu et al., 2018). The substantial amount of hemicellulose removal is depending on the
severity of alkali. It is reported that the mechanism of alkaline hydrolysis is depends on the
intermolecular linkage breakdown between the hemicellulose and lignin (Sun and Cheng,
2002). Moreover, alkali pretreatments removes the substitutions such as acetyl and few uronic
acid substitutions which interferes with the accessibility of enzymes to hemicellulose and
cellulose fragments (Zheng et al., 2009). The alkali-treated material is amenable to enzymatic
hydrolysis for the release of simple sugars and this pretreatment method is particularly suitable

for microbial fermentation where both C6- and C5-sugars are converted to products.
1.4.2.3 Organosolv

Organosolv process refers to the use of an organic solvent or mixtures of organic solvents with

water for the removal of lignin which increases the pore volume and accessible surface area of
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lignocellulose (Baruah et al., 2018). Other than lignin removal, hemicellulose also be hydrolysed
which results in the enhanced enzymatic breakdown of the cellulose fraction. The solvents for
such as ethanol, methanol, formic acid, acetic acid ethylene glycol and acetone are commonly
used in this method (Sun et al., 2016). The maximum temperature used for the process can be
up to 200°C, but the process can be performed at lower temperatures, depending on various
factors e.g., biomass type and catalyst usage (Ghose and Bisaria, 1987; Huijgen et al., 2011).
Possible catalysts include acids, alkalis and salts which can improve the fractionation and

enzyme digestibility of lignocellulosic biomass (Huijgen et al., 2011; Sun et al., 2016).

The main advantages of using organosolv process include high-quality lignin yield, which can
be further used for value added chemical production; recoverability of solvents by distillation;
lowered enzyme costs as a result of removal of lignin before the enzymatic hydrolysis of the
cellulose portion. Removal of lignin in advance could also improve the cellulose accessibility

and minimize the absorption of cellulase enzymes to lignin (Harmsen ef al., 2013).

1.4.2.4 Oxidative delignification

Delignification of lignocellulose can be achieved by treatment with an oxidizing agent such as
H>0,, O3, O,, NaClO, and Cl, (Sun et al., 2016). The effectiveness in delignification depend on
the reactivity of oxidizing chemicals with the aromatic ring of lignin. Oxidation reagents help
in lignin degradation by attacking and cleaving the aromatic ring structures, while
hemicellulose and cellulose are hardly decomposed (Qi ef al., 2009; Sun et al., 2016). Oxidising
agents can be used to rupture the structure of several lignocellulosic biomass in which the
conversion of lignin into carboxylic acids. As the resultant acids can act as inhibitors during
fermentation, they must be removed or neutralized. Apart from lignin degradation, this
treatment also disturbs the hemicellulose fraction. A significant portion of the hemicellulose

might be degraded into toxic products which ends up as waste (Harmsen et al., 2013).
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1.4.2.5 Ionic liquids pretreatment

Salts that are present in liquid form at low temperatures are called ionic liquids. There is a broad
range of ionic liquids, however, all of them contained an organic cation and inorganic anion as
the common characteristic with varied molecular structure (Yang et al., 2019). The variation on
the molecular structure renders the linkage between ions very weak and makes the salt to appear
as a liquid at room temperature (Baruah et al, 2018). Ionic liquids are different from
conventional molecular solvents which possess many appealing properties that makes the
thermodynamics and kinetics of chemical reactions carried out in ionic liquids distinctive.
Usually ionic liquids comprised of a salt where one or both the ions are large, and the cation
with lower degree of symmetry (Earle and Seddon, 2000). In the last decade, ionic liquids
employed for dissolution of lignocellulosic biomass such as wood, corn stover, wheat straw,

switchgrass, etc and confirmed as efficient (Chen et al., 2017).

1.4.3 Physico-chemical pretreatments

1.4.3.1 Liquid hot water

Liquid hot water (LHW) process is the treatment of biomass with water at high pressure and
temperature (Yang ef al., 2019). During this pretreatment, hot compressed water is in contact
with biomass for 15 min at high temperatures (200-230°C). This process results in the
dissolution of 40-60% of the total biomass, with less cellulose removal (4-22%), intermediate
lignin removal (35-60%) and complete removal of hemicellulose (Baruah ef al., 2018). When
the resulting liquid is hydrolysed with acid, over 90% of the hemicellulose can be recovered as
monomers. During the course of process, acetic acid is formed, which also catalyse the
polysaccharide hydrolysis. These result in the monomeric sugars generation that may further
degrade to furfural that may act as an inhibitor of fermentation (Agbor et al., 2011). Variability
in results may occur and are dependent on the biomass type with high lignin solubilization
impeding the recovery of hemicellulose sugars. The use of no chemicals and low water (>30

wt%) are the main advantage of this pretreatment (Harmsen et al., 2013).
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1.4.3.2 Steam explosion

Steam explosion is one of the most employed pretreatment processes owing to its low use of
chemicals and limited energy consumption (Harmsen ef al., 2013). This method results in
complete sugar recovery with low capital investment and low environmental impact concerning
the chemicals and conditions being applied and holds great promise for efficiency (Nguyen et
al., 2014b; Chen et al., 2017). During steam explosion, the biomass is treated with high-pressure
saturated steam, followed by a sudden reduction in pressure, which makes the materials
undergo explosive decompression. Steam explosion is typically initiated at a temperature of
160-260°C (corresponding pressure, 0.69-4.83 MPa) for several seconds to a few minutes,
before the material is exposed to atmospheric pressure. The biomass-steam mixture is held to
promote hemicellulose hydrolysis, and the process is terminated by an explosive decompression
(Chen et al., 2017). The process causes hemicellulose degradation and lignin transformation
due to high temperature, thus increasing the potential of cellulose hydrolysis (Menon and Rao,

2012).
1.4.3.3 Ammonia fibre explosion (AFEX) and ammonia recycle percolation (ARP)

Ammonia fibre explosion is a physicochemical pretreatment process in which lignocellulosic
biomass is exposed to liquid ammonia at high temperature and pressure for a short time, with
a sudden reduction in pressure (De Bhowmick ef al., 2018). The AFEX process is very similar
to the steam explosion (Menon and Rao, 2012). In a typical AFEX process, the dosage of liquid
ammonia used is 1-2 kg of ammonia/kg of dry biomass, with a temperature of 90°C, and a
residence time of 30 min (Chen et al., 2017). AFEX pretreatment can significantly improve the
fermentation rate of various herbaceous crops and grasses (Zheng et al., 2009). The AFEX
technology has been used for the pretreatment of many lignocellulosic materials including
alfalfa, wheat straw, and wheat chaff (Baruah et al., 2018). AFEX pretreatment leads to the
decrystallization of cellulose, partial breakdown of hemicellulose, removal of acetyl groups from

hemicellulose, cleavage of lignin-carbohydrate complex linkages, increase in accessible surface
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area due to structural disruption, and increased wettability of the treated biomass (Menon and

Rao, 2012).

An advantage of AFEX is the recovery and reusability of ammonia used during the process.
Also, downstream processing is simpler compared to other pretreatment processes (Chen et al.,
2017). Over 90% hydrolysis of cellulose and hemicellulose was obtained after AFEX
pretreatment of Bermuda grass (approximately 5% lignin) (Agbor et al., 2011) and bagasse (15%
lignin). However, AFEX might not be very efficient in case of hardwoods and nutshells which

have relatively high lignin content (Taherzadeh and Karimi, 2007).

Another type of process utilizing ammonia is the ammonia recycled percolation (ARP) method.
In this process, aqueous ammonia (10-15 wt%) passes through biomass at elevated
temperatures (150-170°C) with a fluid velocity of 1cm/min and a residence time of 14 min,
after which the ammonia is recovered and recycled (Peral, 2016). Under these conditions,
aqueous ammonia reacts primarily with lignin and causes its depolymerization and cleavage of
lignin-carbohydrate linkages. The ammonia pretreatment does not produce inhibitors for the

downstream biological processes, so a water wash is not necessary (De Bhowmick et al., 2018).

1.4.3.4 CO;-explosion

In CO;-explosion, high-pressure CO, is introduced into a batch reactor and then released by an
explosive decompression (Chen et al., 2017). It is considered that CO, reacts with steam and
forms carbonic acid (H,COs), and thus improving the rate of hydrolysis. Comparatively, the
yields of CO, explosion are lower than those obtained from the steam or ammonia explosion
(Sun and Cheng, 2002). Even though carbonic acid is a weak acid, it may offer the benefits of
acid catalysts without using any strong acids. The partial pressure of CO, in water determines
the pH of H,COs and can be neutralized when the pressure of the reactor gets released. It is
reported that capital and operational costs of the carbonic acid system are slightly higher than
a sulphuric acid-based system (Chen et al., 2017). The efficiency of the treatment is highly

susceptible to the pressure of the reactor and solids concentration.
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1.4.3.5 Microwave-chemical pretreatment

The microwave-chemical pretreatment results in a more effective pretreatment than the
conventional heating chemical pretreatment by increasing the speed of reactions (Zhu et al.,
2005, 2006). Treatment with acid and alkali removes hemicellulose and lignin respectively. With
microwave-assisted alkali treatment released more lignin than alkali alone. Either shorter time
with higher microwave power or longer time with low microwave power result in similar effects
on the lignin removal and biomass composition (Kumari and Singh, 2018). A study was
conducted by treating bagasse using microwave where the effect of acid, alkali and acid-alkali
treatments were investigated for improved fermentable sugar yield (Binod et al., 2012). The
combined treatments incorporate the benefits of all treatments and efficiently improve the

enzymatic hydrolysis (Chen et al., 2017).

1.4.4 Biological pretreatments

Biological pretreatment is the modification of the chemical composition and/or degradation of
the structure of lignocellulosic materials by applying direct microorganisms or enzymes as
catalysts (Cavinato et al., 2017). Biological treatment using various types of rot fungi (brown-,
red-, white-), a safe and environmentally friendly method, is increasingly being advocated as a
process that does not require high energy for lignin removal from lignocellulosic biomass,
despite extensive lignin degradation (Kumar et al., 2009b; Menon and Rao, 2012). Although it
has so far attracted little attention due to many inherent limitations, biological pretreatment has

multiple benefits.

Fungi have distinct degradation characteristics on lignocellulosic biomass. In general, brown
and soft rot fungi mainly attack cellulose while imparting minor modifications to lignin, while
white-rot fungi more actively degrade the lignin component (Sun and Cheng, 2002).
Engineered microbes seem to tackle the problem of bioconversion of substrates that are

otherwise non-convertible by conventional wild strains. Current trends are being directed to
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nanobiotechnology and genetic engineering for improved processes and products (Chen et al.,

2017).

The carbohydrate degrading enzymes are the biocatalysts that could breakdown the
polysaccharides into simple sugars. Enzymatic hydrolysis is often preferable because it not only
requires less energy due to the relatively mild reaction conditions but also avoids the use of toxic
and corrosive chemicals (Xu et al., 2007). Nevertheless, the rate of biological hydrolysis is
usually very low, so this pretreatment requires long residence times (Sun and Cheng, 2002;
Tengerdy and Szakacs, 2003; Cardona and Sédnchez, 2007). Enzymatic systems for lignocellulose
hydrolysis are much more complicated than those required for starch hydrolysis. Multiple
enzymes, having different substrate specificities (e.g., cellulases, xylanases and other
hemicellulases) and catalytic mechanisms (i.e., exoglucanases, endoglucanases, processive
endoglucanases, and p-glucosidases), are required to catalyze synergistically for efficient

lignocellulose hydrolysis (Wilson, 2011; Bayer ef al., 2013).

1.5 LIGNOCELLULOSE DEGRADING ENZYMES

Enzymes are the simplest, cost-effective and convenient tools in the biological conversions of
biopolymers. However, it is necessary to produce specific enzymes for the conversion of
complex materials into simple sugars (Atalah et al, 2019). Increasing awareness of
environmental pollution has enforced the pulp and paper industries to strive for alternate
greener technology which will replace the use of harsh chemicals in their processes with
microbial enzymes. The application of biocatalysts not only makes the process less toxic but
also decreases costs associated with the production and utilization of biomass (Birijlall et al.,

2011).

Lignocellulose is a complex molecule that mainly contains cellulose, hemicellulose and lignin.
Therefore, to deconstruct the whole structure, a group of cellulases, hemicellulases and
ligninolytic enzymes are required. Cellulose breakdown is carried out by cellulases which

cleaves the B-1,4 bond in the cellulose chain. It includes endocellulases, exocellulases or
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cellobiohydrolases and p-glucosidases. Lignin degradation is a challenging process due to its
recalcitrant nature. Some of the important ligninolytic enzymes mainly due to their high activity
are lignin peroxidases, manganese peroxidase, versatile peroxidases, and laccases (Lopez-
Mondéjar et al., 2019). In contradiction to cellulose and lignin, hemicellulose composes a
heterogeneous structure and requires an array of enzymes for complete degradation (Heinen et

al., 2018).

1.5.1 Hemicellulases

Hemicelluloses have multiple sugars and more branched structures. Due to its heterogeneity
and complexity, the complete hydrolysis of hemicellulose into xylose, arabinose, mannose and
galactose requires hydrolytic enzymes such as endo 1,4-f xylanase, p-D-xylosidase, and several
accessory enzymes, such as a-L-arabinofuranosidase, a-glucuronidase, acetyl xylan esterase,
ferulic acid esterase, and p-coumaric acid esterase, which are necessary for hydrolyzing various

substituted xylans (Yang et al., 2018).

Over the past several years, the isolation and characterization of hemicellulases producing
bacteria and fungi have been investigated extensively (Atalah ef al., 2019; Chadha et al., 2019).
Among them, Bacillus species (with production and secretion of large quantities of extracellular
enzymes) continue to be a dominant bacterial workhorse in microbial fermentation (Kazemi et
al., 2014). Compared to enzymes from mesophilic sources, thermophilic enzymes tend to be
more useful, a trait believed to be achieved through minor alterations in protein structure

(Sharma et al., 2019).

1.5.2 Xylanase

Xylanase is the enzyme capable of degrading xylans into xylose and has the potential in
producing prebiotic xylooligosaccharides from biomass (Kumar et al., 2017). It also acts as an
auxiliary enzyme in the production of biofuels and chemicals from biomass (Binod et al., 2019).

They are often produced by microorganisms surviving on plant sources, viz., bacteria,
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actinomycetes and fungi (Singh et al., 2019). Endoxylanases have also been reported to catalyze
intermolecular transglycosylation in the presence of high concentrations of xylooligomers

(Masui et al., 2012).

Industrially important enzymes have a huge global market which reached 5.6 billion US Dollars
in 2018 (Global industrial enzymes market overview, 2018). Xylanase, pectinase and cellulase
enzymes shares nearly 20% of the total world’s enzyme market (M’hamdi et al., 2014; Sahay et
al., 2017). Due to high industrial demands, xylanases exhibited revolutionary increase in the
financial market which is expected to reach 35 million US Dollars in 2024 (Ahuja and Rawat,

2017). The leading producers of xylanases have been listed in Table 1.2.

Table 1.2 Leading manufacturers of xylanases in the world

Manufacturer Trade name of xylanase Country
Danisco Ingredients Grindazym PF, GP 5000 Denmark
Genencor International Multifect XL USA
ABF Group Rohalase SEP-VISCO, Econase XT UK
Adisseo Rovabio Advance France
Novozymes Novozym 431, Pulpzyme Denmark
Enzyme Development Corporation Enzeco xylanase AN900, S 200 USA
DSM Ronoxyme WX Netherlands
Alltech Inc. Allzym PT, Fibrozyme USA
BASF Enzymes LLC Luminase PB 100, PB 200 USA
Takabio Xylanase France

(The details were acquired from List of companies, 2019).

Although many xylanases used in industry are from mesophiles, xylanases from thermophilic
sources may be of tremendous use in several biotechnological applications (Birijlall ef al., 2011).
Potentially, xylanase treatment of polysaccharides at high temperatures leads to reduced

reaction time and enzyme dosage (Wang et al., 2012). Application of xylanase in pulp and paper
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industries has urged considerable research efforts towards producing more thermophilic and
alkalophilic xylanases by screening for naturally occurring xylanases. Apart from pulp and
paper industries, they also have applications in the bioconversion of agricultural biomass to
fermentable sugars and clarification of fruit juices and wines (Nieto-Dominguez et al., 2017).
Efforts are being made to produce cellulase-free xylanases from thermophilic/thermotolerant
microorganisms which can retain their activity at alkaline pH and high temperatures (Nigam,
2013). Cellulase-free, alkali and thermo-stable microbial xylanases are ideal for bio pulping and
bleaching processes (Birijlall ef al., 2011). Kaushik et al. (2014) produced cellulase-free xylanase

from A. lentulus that exhibited alkaline stability and thermostability.

From an industrial standpoint, filamentous fungi are particularly interesting as xylanase
producers as they excrete substantially greater amounts of xylanolytic enzymes into the culture
medium than bacteria or yeast (Haltrich ef al., 1996). Many filamentous fungi also produce
xylanases with valuable properties, such as thermostability and high-temperature optima. Many
industrial processes operate at high temperatures, which makes the use of thermostable
enzymes highly attractive (Atalah ef al., 2019). A thermostable, cellulase-free xylanase from a
filamentous fungus Thermomyces lanuginosus has been reported (Singh et al., 2000, 2003) with
remarkably good thermostability and wide pH range. A cellulase-free xylanase preparation,
from T. lanuginosus grown on corncobs medium, has been successfully used to enhance the

bleaching of kraft pulp with no adverse effect on the final paper strength (Sinner et al., 1991).

1.5.2.1 Sources of xylanases

Xylanases are produced by a plethora of organisms including bacteria, algae, fungi, protozoa,
gastropods and arthropods (Knob and Carmona 2010) and some members of higher animals,
including freshwater mollusks (Yamura et al., 1997). Most of the microbial xylanases have been
reported from bacteria and fungi, however, many of them are mesophilic in nature (Chavez et
al., 2006). Several bacterial and fungal strains have been studied for the production of xylanase

enzymes (Table 1.3) that are stable in harsh environments and have been found more suitable
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Table 1.3 Recent reports on the production and properties of xylanases from fungi and bacteria.

K ml) / Vinax
Fungal strain (xylanase activity) Gene MW (kDa) Optimum pH Optimum temp (mg/ml) . GH Family Reference
(umol/mg/ min)

Aspergillus tamarii Kita (1,215.89 U/mg) ~ NR 19.5 5.5 60°C 8.13/1,330.20 11 Heinen et al., 2018
Bactriol t ta CBS 126.38 (248.2

actriota antennata ( Xynl1 21.0 5.5 35°C 1.65/ 236.3 1 Liu ef al., 2015
U/mg)
Cladosporium neopsychrotolerans SL-16 Xyn10A 345 6.5-7.0 40°C 1.87 /3316 10
(453.0 U/mg) Maetal., 2018
(357.3 U/mg) XynllA 23.5 6.5-7.0 40°C 2.81/298.1 11
Cladosporium sp. (729 U/mg) XynA - 6.0 50°C NR 10 Gil-Duran et al., 2018
Humicola insolens Y1 (382.0 U/mg) Xynl1B 29.0 6.0 50°C 2.2/462.8 11 Shi et al., 2015

Malbranchea pulchella (5.87 U/ml) MpXynl0A® 40.7 5.5 80°C 4.6/ 82 10 Ribeiro et al., 2014

1 1 1 -7 (2.

Myceliophthora thermophila BF1-7 2,31\ 14.0 12.0 50°C 9.67/5.38 NR Boonrung et al., 2016

U/mg)

N t tatenoi KKU-CLB-3-2-4-1

cosarionya areno! NR 200 10.0 45°C 10.34/ 45.66 NR Seemakram ef al., 2016
(16.07 U/mg)
. o Espinoza and Eyzaguirre,
Penicillium purpurogenum (37 U/mg) XynC 49.2 3.5-5 45°C NR 30 2018
Trichoderma reesei XYN VI (6-7 U/mg) XYN VI 47.0 4-5 50°C NR 30 Biely et al., 2014
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Table 1.3 Production and properties of purified xylanases from fungi and bacteria based on recent reports (Continued).

K ml) / Vi
Bacterial strain (xylanase activity) Gene MW (kDa) Optimum pH Optimum Temp (mg/ml) /. GH Family Reference
(umol/mg/ min)
Caldicellulosiruptor bescii DSM 6725 (497 CbXyn10B* - 79 70°C 1.90 / NR 10 An et al,, 2015
U/mg)
C. lactoaceticus (6A 44.6 U/mg) Xynl0A* 47.0 6.5 80°C NR 10 Jia et al., 2014
Caldicoprobacter algeriensis sp. nov., _

XYN35* 35.07 11.0 70°C 1.33/595 11 Amel et al., 2016
strain TH7C1" (603.88 U/mg) / meteta
Gloeophyllum trabeum (721.21 U/mg) Xyl10g® 50.0 4.0-7.0 70°C 101.91 /1820 10 Kim et al., 2014
Herbinix hemicellulosilytica (66 U/mg) XynA? 77.6 6.0 65°C NR 10
(2.5 U/mg) XynB* 47.6 6.0 45°C NR 10
(160 U/mg) XynC? 58.9 6.0 62°C NR 10

Mechelke et al., 2017
(271 U/mg) XynD? 47.7 6.0 60°C NR 10
(645 U/mg) XynE* 38.7 5.5 57°C NR 11
(43 U/mg) XynF* 214 5.5 60°C NR 11

NB: a-recombinant xylanases; NR- not reported.
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for industrial applications as compared to their mesophilic counterparts (Uday et al., 2016).
Xylanases with high thermostability could be the better candidates for industrial applications,
particularly for enzymatic hydrolysis at elevated temperatures (e.g., bio pulping) where
mesophilic xylanases fail to meet desired results (Patel and Savanth, 2015). A number of
thermophilic (optimal growth at 50-80°C) and hyperthermophilic (optimal growth at >80°C)
xylanase producing microorganisms have been isolated from a variety of sources, including
terrestrial and marine solfataric fields, thermal springs, hot pools, volcanic islands, composts
and self-heating decaying organic debris (Haki and Rakshit 2003; Singh et al. 2003; Cannio et
al. 2004; Bouacem et al. 2014; Elleuche et al. 2015; Palavesam 2015; Kumar ef al. 2018). Among
the reported xylanase producers, strains of Thermomyces have been found to produce high titres

of thermostable xylanolytic enzymes (Kumar et al., 2009a).

There are also reports on the existence of multiple forms of xylanases from different
microorganisms (Turner et al., 2007). Elegir et al. (1994) reported that Streptomyces sp. B-12-
2 produced five endoxylanases when grown on oat-spelts xylan. Around 15 xylanases have been
reported from the culture filtrates of A. niger and 13 xylanases from T. viride (Biely et al., 2016).
The most outstanding case of the existence of multiple forms of xylanases was the separation of
more than 30 different protein bands by analytical electro focusing from Phanerochaete
chrysosporium grown on Avicel (Dobozi et al., 1992). Heteroxylans having a complex structure
require the action of multiple xylanases with overlapping but different specificities as all of the
xylosidic linkages in the substrates are not equally accessible to xylan-degrading enzymes

(Elleuche et al., 2015).

1.5.2.2 Xylanase production

Different enzyme production levels have been reported to date, which largely vary with the type
of microbes, substrate and culture conditions (Patel and Savanth, 2015). Thermobacillus
xylanilyticus produced xylanase with a specific activity of 480.66 U/mg (Rakotoarivonina ef al.,

2015). Xylanase produced by Stenotrophomonas maltophilia strain X6 had a specific activity of
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313.38 U/mg (Raj et al., 2013). Xylanase produced by Halomonas meridiana APCMST-KS4 has
26.13 U/mg specific activity (Palavesam, 2015). Family 10 xylanase produced by
C. thermocellum has a specific activity of 93 U/mg and family 11 xylanase by Streptomyces
lividans has 119.5 U/mg specific activity (Gongalves et al., 2015). Xylanase produced by
Streptomyces sp. CS428 has 926,103 U/mg of specific activity (Pradeep et al., 2013). Scytalidium
thermophilum produced xylanase with a specific activity of 841.1 U/mg (Kocabas et al., 2015).

P. janczewskii produced xylanase with a specific activity of 179.1 U/mg (Terrasan et al., 2013).

A xylanase gene from the extremely thermophilic bacterium Geobacillus thermoleovorans was
cloned and expressed in E. coli BL21 (DE3) with a specific activity of 270 U/mg (Verma and
Satyanarayana, 2012). Endo-xylanase gene from a thermophilic bacteria Geobacillus sp.
WSUCF1 was cloned and expressed heterologously in E. coli with good expression level and a
specific activity of 461 U/mg (Bhalla et al., 2014). The xylanase gene from Thermotoga
thermarum was cloned and expressed in E. coli BL21 (DE3) with high thermostability and had
a specific activity of 145.8 U/mg (Shi et al., 2013). Recombinant xylanase from Neocallimastix
patriciarum was expressed in E. coli and P. pastoris with a specific activity of 5778.3 U/mg and
7995.3 U/mg respectively (Cheng et al., 2014). The overexpression of xylanase from Penicillium
occitanis Pol6 in P. pastoris was found to have a specific activity of 8549.85 U/mg (Uday et al.,

2016).

1.5.2.3 Xylanases from various glycoside hydrolase families

Xylanases have been grouped into different glycoside hydrolase (GH) families depending on
their substrate preference and specific mode of action (Lépez-Mondéjar et al., 2019). The most
common xylanase families are GH10, GH11 and GH30 (Biely ef al., 2016). Irrespective of their
source, whether it is from different bacteria or fungi, xylanases from each family comprise a

similar mode of action. Xylanase belongs to the same family produces similar types of products.
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glucuronic acid attached to the non-reducing end of xylooligosaccharides (Biely et al., 2000).
So, the products of a-glucuronidase action are 4-O-methyl-D-glucuronic acid and

homoxylooligosaccharides (Figure 1.6) (Biely et al., 2016).
1.5.2.5 GHI11 xylanase- mode of action

GHI11 xylanases possess a different mode of action compared to GHI10 xylanases. They
recognize three unsubstituted xylopyranosyl residues in a row as a cleavage site and attack xylan
chain one linkage before the Xylp, substituted with MeGlIcA (Figure 1.6) (Biely et al., 2016).
Since these enzymes release aldopentaouronic acid as the shortest acidic fragment from
glucuronoxylan, it is not surprising that aldotetraouronic and aldopentaouronic acids are not
hydrolyzed. The low extent of hydrolysis of aldohexaouronic acid reflects a generally low rate
of hydrolysis of short oligosaccharides by GH11 xylanases which is further impeded with their

substitution by MeGlcA (Patel and Savanth, 2015).
1.5.2.6 GH30 xylanase- mode of action

The GH30 family includes xylanases which perform the controlled hydrolysis of
glucuronoxylan. Traditionally these enzymes were classified in GH5 family. MeGlIcA or GlcA
substituents in the glucuronoxylan determine their mode of cleavage of the main chain. The
very first report on this type of enzyme was published even before the CAZy classification has
been established (Nishitani and Nevins, 1991). Majority of the bacterial GH30 xylanases
(St John et al., 2014) and some fungal species, e.g. T. reesei XYNVI (Biely et al., 2014), attack
glucuronoxylan main chain at the second glycosidic linkage to the MeGIcA substituents
towards the reducing end (St. John et al., 2006; Vr$anska et al., 2007; Gallardo et al., 2010).
MeGIcA or GIcA thus determines the sites of polysaccharide cleavage (Figure 1.7). The enzymes
show extremely low specific activities on unsubstituted xylan chain, linear xylooligosaccharides
or xylan that does not contain uronic acid side residues. From hardwood glucuronoxylan,
GH30 xylanase generate a mixture of aldouronic acids of general formula MeGlcA*Xyl, where

‘n’ is dependent on the distribution of uronic acid side residues on the main chain (Figure 1.7).
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1.5.3 Accessory enzymes for xylan degradation

1.5.3.1 Xylosidase

B-Xylosidases (EC 3.2.1.37) are exo-type glycosidases that catalyze the hydrolysis of 1,4-p-D-
xylooligosaccharides by removing successive xylose residues from the nonreducing termini. It
also releases xylose from branched or substituted xylooligosaccharides produced by the action
of endo-1,4-B-xylanases (Subramaniyan and Prema, 2002; Biely, 2003; Terrasan et al., 2013).
The systematic name is 1,4-p-D-xylan xylohydrolase; however, commonly known as
B-xylosidase and is found in GH families 3, 39, 43, 52, and 54 (Shallom and Shoham, 2003). For
many industrial applications such as improving bread dough, production of xylitol, and
deinking of recycled paper, -xylosidases are used in combination with xylanases (Jordan and

Wagschal, 2010).

Various microorganisms including bacteria and fungi are reported to produce p-xylosidase,
however, very few yeast strains are known to produce the enzyme (Basaran and Ozcan, 2008).
B. subtilis MO15 was reported to produce intracellular p-xylosidase (Banka et al., 2014).
B-Xylosidase production has been documented from fungal species such as Aspergillus awamori
(Paredes et al., 2015), A. terricola and A. ochraceus (Michelin et al., 2012a, 2012b),
Neocallimastix sp. M2 (Comlekcioglu et al., 2011), P. janthinellum (Kundu and Ray, 2013) and

P. janczewskii (Terrasan ef al., 2013).

1.5.3.2 Arabinofuranosidase

Arabinofuranosidase is the enzyme that attacks arabinoxylan or arabinan and releases
arabinofuranoside (Araf) residues (Lagaert et al., 2014). They have been grouped in 3, 43, 51,
54 and 62 GH families. There are two types of a-L-arabinofuranosidases based on their
positional specificity and the need for an adjacent hydroxyl group on Xylp residue. The first
type of enzyme that acts on singly substituted Xylp with Arafand the second group of enzymes

that attacks the doubly arabinosylated Xylp (McCleary et al, 2015). Some of the
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a-L-arabinofuranosidases from GH51 showed unique activities on arabinosylated Xylp present
in the non-reducing end (Lagaert et al., 2010; Sakamoto et al., 2013; Borsenberger et al., 2014;
Koutaniemi and Tenkanen, 2016). GH43 a-L-arabinofuranosidases from B. adolescentis and
H. insolens liberated Araf from double substitution of Xylp in arabinoxylan and araf residue in
arabinan (Lagaert et al., 2010; Cartmell ef al., 2011). Most importantly, these enzymes cannot

liberate Araf residue that has any type of substitution or esterification (Biely et al., 2011).

1.5.3.3 Glucuronidase

Glucuronidase cleaves the linkage between MeGlcA and Xylp and plays a vital role in xylan
degradation where a-1,2-linkage is very stable for acid hydrolysis (Biely et al., 2016). To date,
only two types of a-glucuronidases have been recognized and were grouped in GH families;
GH67 and GH115. GH67 a-glucuronidases can release MeGIcA substituted on the Xylp residue
at non-reducing end and are unable to liberate internal Xylp linked MeGIcA (Biely et al., 2000;
Zaide et al., 2001; Nurizzo et al., 2002; Nagy et al., 2003). On the other hand, a-glucuronidases
that belong to GH115 can liberate MeGlcA from Xylp residues present at both internal and

non-reducing sugars (Tenkanen and Siika-aho, 2000; Ryabova et al., 2009).

Unlike GH67 enzymes, GH115 enzymes have a cleft that holds the Xylp at both sides of MeGlcA
substituent (Golan et al., 2004; Kolenova et al., 2010; Rogowski ef al., 2014; Martinez et al., 2016;
Wang et al., 2016). Therefore, theoretically, a cocktail of GH10 and GH11 xylanase with -
xylosidase and a-glucuronidase (GH67/GH115) should completely debranch the alkali
extracted glucuronoxylan. If the MeGIcA is further substituted with other residues, the action
of a-glucuronidase is limited. Such glucuronoxylan is found in Eucalyptus where 30% of
glucuronic acid substitutions have been further substituted with galactose residues (Shatalov et

al., 1999; Teleman et al., 2000; Kabel et al., 2002; Magaton ef al., 2013).
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1.5.4 Application of xylanases

Xylanases constitute the major commercial proportion of hemicellulases but represent only a
small percentage of the total enzyme market. Xylanolytic enzymes from microorganisms have
attracted a great deal of attention owing to their biotechnological potential in various industrial
processes, such as food, feed, and pulp and paper industries (Chavez et al., 2006; Knob et al.,
2014; Patel and Savanth, 2015). Other less well documented putative applications include:
brewing, to increase wort filterability and reduce haze in the final product (Tikhomirov et al.,
2003; Raj et al., 2013; Elleuche et al., 2015); in coffee extraction and in the preparation of soluble
coffee (Wong et al., 1988); in detergents (Kumar et al., 2004); in the protoplastation of plant
cells (Kulkarni et al., 1999); in the production of pharmacologically active polysaccharides
having antimicrobial (Christakopoulos et al., 2003) or antioxidant properties (Katapodis et al.,
2003); in the production of alkyl glycosides having surfactant properties (Matsumura et al.,
1999); and in the washing of precision devices and semiconductors (Imanaka and Sakurai
1992). Other potential applications include the conversion of xylan in wastes from food and
agricultural industry into xylose and xylooligosaccharides (Bhalla et al., 2013), and in the
bioconversion of lignocellulosic materials to fuels and chemical feedstocks (Banka et al., 2014;

Thomas et al., 2014; Palavesam, 2015).

Xylanases are used in the food industry in several applications including baking, juice
preparation, and starch processing (MacCabe ef al., 2002). Xylanases together with amylolytic
enzymes and proteases play a pivotal role in bread-making (Pillai, 2010). The xylanases, like the
other hemicellulases, break down the hemicellulose in wheat-flour, helping in the redistribution
of water and leaving the dough softer and easier to knead (Passarinho et al., 2019). Synergistic
action of xylanase and cellulase mixtures could result in the efficient release of sugars from
lignocelluloses (Harris et al., 2014; Gongalves et al.,, 2015). Degradation of lignocellulosic
biomass by xylanase in synergism with other enzymes can be used for the generation of biofuels
(ethanol), xylitol (sweetener), and organic acids, via fermentation (Ahmed ef al., 2012; Raj et

al., 2013; Bibi et al., 2014).
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In juice making processes, xylanases are applied for juice clarification (Atalah et al, 2019).
Xylanases are also used in the animal feed along with glucanases, pectinases, cellulases,
proteases, amylases, phytases, galactosidases and lipases. These enzymes breakdown xylans in
the ingredients of the feed, reducing the viscosity of the raw material (Polizeli ef al., 2005; Knob
et al., 2014). Xylanases have also significant applications in the paper and pulp industry.
Hydrolysis of xylan facilitates the release of lignin from paper pulp and reduces the level of

chlorine used as the bleaching agent (Morais et al., 2011; Ellis and Magnuson, 2012).

The commercial and biotechnological usage of xylanases have increased over the past few
decades. Due to their great biotechnological potential, xylanases grab attention in food
industries, feed industries, paper industries, pharmaceutical industries and biofuel production
(Kalim ef al., 2015; Jemli ef al., 2016). The major commercial xylanase producing countries are
USA, Canada, Denmark, Germany, Ireland, Finland and Japan (Bajpai, 2014). Humicola
insolens, Aspergillus niger and Trichoderma sp. are some of the commonly used microorganisms
for commercial xylanase production (Polizeli et al., 2005; Harris and Ramalingam, 2010).
Formerly, xylanase was only used to prepare the animal feeds. Nowadays, industries are
focusing to develop acid-free hydrolysis using various enzymatic processes for the treatment of

hemicellulose-included materials (Singh et al., 2019).

The biotechnological potential of xylanase also aroused a huge interest in industrial areas such
as ethanol and xylitol production in paper and pulp industry; fuel, protein from cell and
platform chemical production in food industry (Guimaraes et al., 2013; Irdawati ef al., 2018).
The abundant production of food, agricultural and forest waste materials should be processed
with proper processing and technologies. Since the xylan is the second most polymer in the
plant cell wall, microbial xylanases and xylanase producers can be modified to utilize in the

food, sugar, ethanol, paper and agro-industries (Sridevi et al., 2016; Walia et al., 2017).

In the pulp industry, xylanases are employed in the bleaching of wood pulp, where they remove

the xylan and function as an alternative for chlorine treatment which reduces the environmental
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impact (Walia et al., 2017). In combination with ligninolytic enzymes, xylanases can efficiently
degrade the apparent xylan and make the fibre more accessible. On the other hand, xylanase
has been applied to convert plant biomass into simple fermentable sugars or other anticipated
products. A cocktail of several hydrolytic enzymes can be applied to the complex lignocellulosic
biomass to get monosaccharides which further can be used as substrates for bioethanol
production (Bibra et al., 2018). Recently, xylanases were used in the mucilage extraction from

fern fronds where they showed positive effects (Chiang and Lai, 2019).

Controlled hydrolysis of plant-derived polymers has also been practiced nowadays where the
intermediate products and their features are suitable for various desirable properties. This
includes prebiotic oligosaccharides which are selectively produced by enzymatic hydrolysis.
Due to their various mode of action, xylanases applied on xylan which resulted in the
production of selective oligosaccharides that provide beneficial effects in human intestinal tract
(Karlsson et al., 2018). Xylanase also plays an important role in the partial degradation of plant
biomass for poultry and cattle feed production which resulted in enhanced digestibility and
increased nutritional value (Juturu and Wu, 2012). The usage of thermophilic xylanase is very
important especially in the processing of cellulose and wood fibre which takes place at higher

temperatures.

1.6 VALUE-ADDED PRODUCTS FROM LIGNOCELLULOSE

The basic composition of lignocellulose consists of biopolymers that have the potential to be
converted to value-added chemicals and fuels. New technologies that promote environmentally
friendly and cost-effective processing are the key factors for the conversion of renewable and
biodegradable lignocellulosic biomass into value-added products (Hassan et al., 2018). A large
number of products can be derived from the processing of lignocellulose (Ye et al., 2014). Such
products are mainly grouped into biofuels and biochemicals. Examples of biofuels include
bioethanol, biobutanol, biohydrogen, and biochemicals such as elastomers, fibres, resins,

sugars, oligosaccharides, antibiotics, flavours, dyes, vitamins, polyols, surfactants, oils, dextrin,
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ethyl ester, organic acids and biomaterials. These are used in industries such as transportation,
energy, pharmaceutical, chemical, paper, food, wood, pollution treatment and cleaning

(Chadha et al., 2019).

1.6.1 Bioethanol

Bioethanol is currently one of the most promising alternatives to conventional petroleum-based
transport fuels. It can be produced either from starchy materials or cellulose and hemicellulosic
sources (first-generation ethanol). It is an effective alternative for fossil fuels that causes
pollution (Hasunuma et al, 2013). As a potential biofuel, it is ideally suited to today’s
automobile engines as it exhibits high energy density, requires little energy in their production,
nontoxic, and most importantly result in reduced emissions during combustion (Dutta and Pal,
2014). There are many ongoing efforts devoted towards the use of engineered and native
microorganisms for use as industrial producers of second-generation ethanol (Balusu et al.,
2004; Jarboe et al., 2007; Olofsson et al., 2008; Chen et al., 2009; Mazzoli et al., 2014). In contrast
to fossil fuels, cellulosic ethanol produced through the fermentation of sugars is a renewable
energy source. It is well documented that cellulosic ethanol offers greater environmental
benefits and sustainability; however, the concern is the economic viability of the process. To
implement successfully the bioethanol production process, the first impediment to be resolved
is the efficient removal of lignin and hemicellulose through a cost-effective pretreatment

process (Menon and Rao, 2012).

The biofuels from biomass are more expensive and harder to extract. Researchers have tried to
simplify the production of biofuels to construct the process easier and convenient at a low cost.
The large differences in optimum temperatures between saccharification and fermentation
during the simultaneous saccharification and fermentation process, is a drawback of second-
generation bioethanol production (Hasunuma and Kondo, 2012). Ethanol production is mainly
thought to occur when hexose sugars are fermented, due to the reduction of acetyl-CoA to

ethanol by two extra NADPH molecules that are produced (Mazzoli et al., 2014). Another
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approach for increasing ethanol production could be the selection of enrichment process for
more ethanologenic lactic acid bacteria in which a Lactobacillus pentosus strain was isolated

through a series of selection and enrichment procedures (Kim et al., 2010).

1.6.2 1,2 and 1, 3-Propanediol

1, 2-Propanediol (propylene glycol) is a major commodity chemical with a variety of uses. It is
produced by a synthetic process from propylene oxide, a non-renewable petrochemical
derivative (Corma et al., 2007). Lactic acid has both carboxylic and hydroxyl groups and can be
converted into 1,2-propanediol (Fan et al., 2009). Production of 1,2-propanediol by direct
hydrogenation of bio-based lactic acid can be an alternative route to the petroleum-based
process (Gao et al., 2011). Generally, hydrogenation of lactic acid by chemical catalysts requires

esterification of lactic acid and successive hydrogenation.

A valuable bio-functional molecule, 1,3-propanediol can be produced from renewable
resources like bagasse using microorganisms. It has several promising properties for many
synthetic reactions, particularly for polymer and cosmetic industries. Glycerol is a natural
substrate for microbial production of 1,3-propanediol (Tan et al., 2010). The utilization of crude
glycerol in the fermentation medium offers a remarkable advantage against the traditional use
of pure glycerol as substrate, in some cases, the observed final 1,3-propanediol concentration

was higher than 100 g/l and the productivity was about 3.0 g/l/h (Tan et al., 2010).
1.6.3 Biohydrogen

Hydrogen is considered as the most promising alternative energy since it produces only water
during combustion and has a higher energy density (122 kJ/g) than hydrocarbon fuels
(Anburajan et al., 2019). It is the only fuel that does not produce CO, as a by-product when
used in fuel cells for electricity generation (Florio et al, 2019). Fermentative hydrogen

production from organic substrates has the advantage of simultaneous clean energy production
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and waste reduction (Ghosh and Roy, 2019). To reduce the production cost, it is preferable to

produce biohydrogen from cheap and renewable lignocellulosic materials (Guo et al., 2010).

Biohydrogen production of sugars through anaerobic fermentation is recognized as a very
promising, environmentally friendly and feasible process (Hawkes et al., 2007). The dark
fermentation for biological hydrogen production has gained enormous attention due to its
inherent advantages over the photo fermentation process. The solid waste and wastewaters with
high biodegradable organic content from food processing industries, sugarcane and/or
lignocellulose-based refineries, have high biohydrogen production potential (Das and
Veziroglu, 2001; Ntaikou et al., 2010). Several studies on the utilization of C5 and C6 sugars for
biohydrogen production have been reported (Khamtib and Reungsang, 2012; Gadhe et al.,
2014; Nayak et al., 2014; Reilly et al., 2014; Anburajan ef al., 2019). The microorganisms used
for hydrogen production include cyanobacteria, photosynthetic bacteria, and other bacteria
such as facultative anaerobes (Enterobacter sp. and Citrobacter sp.) and strict anaerobes

(Clostridium sp. and rumen bacteria) (Ramprakash and Muthukumar, 2014).

1.6.4 Lactic acid

Lactic acid is a versatile chemical used widely in the food, cosmetic, pharmaceutical, chemical,
leather, and textile industries mainly as an acidulant, preservative and flavour compound (Tan
et al., 2010; Fan et al., 2011). Search for diverse sources for lactic acid production has surged
due to the increasing demand for eco-friendly polylactic acid (Zhang et al., 2014a). Lactic acid
has been produced from renewable materials such as corncob, molasses, rice and wheat bran,
Jerusalem artichoke tubers, cassava bagasse, sugarcane bagasse derived cellulose, and many
woody residues (Wang et al., 2015). However, complete utilization of both cellulosic and
hemicellulosic sugars is essential for the efficient and cost-effective conversion of lignocellulose

to lactic acid (Ye et al., 2014).

Commercial production of lactic acid is carried out by either chemical synthesis or by biological

fermentation (Wang et al., 2015). The synthetic production route has several limitations which
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include limited yield (because it is a by-product of biochemical process), and inability to make
the desirable L-lactic acid isomer coupled with high manufacturing costs. During the last
decade, lactic acid is manufactured mainly by carbohydrate fermentation. Lactic acid bacteria
and A. niger are the predominant organisms that are used for the commercial production of
lactic acid (Datta and Henry, 2006). Thermotolerant B. coagulans strain has been reported to
be able to ferment pentose sugars completely to L-lactic acid via the pentose phosphate pathway
(Ye et al., 2013). Sugars are also catabolized through the Embden-Meyerhof pathway in
bacteria, and its end product, i.e., pyruvic acid, is enzymatically reduced either by D-lactate
dehydrogenase or L-lactate dehydrogenase, giving rise to the two lactic acid enantiomers
(Mazzoli et al., 2014). In order to reduce the fermentation cost for the production of lactic acid,
much effort has been made on the development of thermophilic lactic acid bacteria and cheaper
feedstocks (Tan et al., 2010). Along with high product specificity, fermentative production of
lactic acid tenders several advantages compared to chemical syntheses, such as the low cost of
substrates, low production temperature requirement, and low energy consumption (John et al.,
2009). However, lactic acid bacteria with industrial potential should be homofermentative and
produce optically pure isomers of lactic acid. The bacteria should be highly tolerant to
inhibitors, lactic acid and salt concentrations, high temperature and low pH (Nguyen et al.,

2012).

1.6.5 Succinic acid

Succinic acid naturally occurs in humans, animals, plants, and microorganisms and plays a
pivotal role in biological metabolism (Jiang et al., 2013). As a promising platform chemical,
succinic acid has been extensively used as an acidulant, flavouring agent or as a preservative in
the food industry. In the pharmaceutical industry, it is mainly used to control acidity (Diaz et
al., 2018). Moreover, it serves as a building block for many industrially valuable chemicals such
as 1,4 butanediol, tetrahydrofuran, y-butyrolactone, adipic acid as well as for biodegradable

polymers such as polybutrate succinate (McKinlay et al., 2007).

42



Currently, the commercial succinic acid production is mostly chemically synthesized from
butane, derived from petroleum (Morales ef al., 2016). In order to produce succinic acid in a
bio-based industrial process, the medium used must be of low-cost and succinic acid could be
separated easily. In comparison to the petroleum-based process, renewable biological resources
used for succinic acid fermentation has gained the focus of research (Jiang et al., 2013). In
biological production, succinic acid can be produced during anaerobic fermentation by some
anaerobic and facultative anaerobic microorganisms (Song and Lee, 2006). Shi et al. (2014)
reported that an immobilized fermentation system is more efficient, economically stable and

suitable for large-scale production of succinic acid.

1.6.6 Furfural

Furfural is a biofuel precursor and a very versatile and promising bio-based platform chemical
with wide applications in several industries including plastics, pharmaceuticals, agrochemicals,
etc. (Zhang et al., 2014b). It is produced from lignocellulosic biomass by dehydrating pentoses
which are abundantly present in hemicellulose (Mao et al., 2012). Mainly, xylan served as the
source that is hydrolyzed to xylose and other monosaccharides, and further dehydration

reactions of the pentoses yield furfural.

In the last 2 decades, plenty of efforts have been made to improve the furfural yield. Although
the furfural yield of more than 80% was achieved when pure xylose was used as a substrate, the
yield of furfural rarely exceeded 60%, when it was produced from lignocellulosic biomass via
the one-step process. Therefore, with focussed research, the furfural production was increased
in acetic acid and FeCl; co-catalyzed hydrolysis of corncob up to 67.89% (Mao et al., 2012). An
efficient method was developed for furfural production with a yield of 79.6% from untreated
corncob using FeCls.6H,O as catalyst (Zhang et al., 2014c). In a different approach, the furfural
yield was achieved up to 75% with butyrate/water at 200°C without the addition of an acid
catalyst (Hua et al., 2016). Recently, a vapor-releasing reactor system was employed in the

absence of catalyst which yielded 73% of furfural (Liu et al., 2018).
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1.6.7 Oligosaccharides

Oligosaccharides are sugar molecules with a DP between 2 and 10 and can be classified as
digestible or non-digestible based on the physiological properties (Koga and Fujikawa, 1993;
Samala et al., 2014). Plant biomass is rich in hemicellulose and cellulose, and can be further
broken down into oligosaccharides by hydrolysis methods (Samala et al., 2014). Currently,
scientific attention has been directed towards finding and producing non-digestible
oligosaccharides, which exhibit the physicochemical and physiological properties beneficial to
human health (Olmos and Hansen, 2012). Mussatto and Mancilha (2007) reported that non-
digestible oligosaccharides are fermentable substances by gut bacteria in the large intestine that
benefit human health and are termed as prebiotics. The modulation of the immune system by
oligosaccharides and their role in the reduction of lifestyle-related diseases as well as the
maintenance and improvement of human health has also been cited as an area of growing
importance. With the increasing health consciousness among consumers and the rapid progress
of physiologically active functional foods, the future profile of products containing

oligosaccharides with biological activities acquires great attention (Cérdova et al., 2019).

1.6.7.1 Oligosaccharides from lignocellulose

Various types of oligosaccharides can be produced from lignocellulose depending on the
depolymerization of suitable raw materials. Most commonly cellooligosaccharides (COS),
xylooligosaccharides (XOS), arabinooligosaccharides (AOS), galactooligosaccharides (GOS),
mannooligosaccharides (MOS), arabino xylooligosaccharides (AXOS), galacturono
oligosaccharides and rhamnogalacturono oligosaccharides are produced from the
lignocellulosic biomass (Zhao et al., 2017). Unlike other oligosaccharides, xylooligosaccharides
gain more attention due to its high range acid stability, organoleptic properties,
multidimensional benefits on human health and it is the only nutraceutical produced from

lignocellulosic biomass (Amorim et al., 2019a).



1.6.7.2 Xylooligosaccharides

Xylooligosaccharides are xylose-based oligomers containing two to ten xylose molecules linked
by B 1-4 bonds (Ferrao et al., 2018). They are decorated with a diversity of substituents, such as
acetyl groups, uronic acids and arabinose units (Rahmani ef al., 2019). Many agricultural
residues have been explored for the production for XOS (Table 1.4). XOS can be produced by
the breakdown of xylan chains using different methods, such as chemical processing, enzymatic

hydrolysis or a combination of both methods (Samala ef al., 2014; Alvarez et al., 2017).

Xylanases attack the xylan backbone randomly to produce both substituted and non-substituted
shorter chain oligomers, xylobiose and xylose. However, xylosidases are essential for the
complete breakdown of xylan as they hydrolyze xylobiose and xylooligosaccharides to xylose
(Zhang et al., 2014c). The enzymes arabinosidase, a-glucuronidase and acetyl xylan esterase act
in synergy with the xylanases and xylosidases by releasing the substituents on the xylan
backbone to achieve total hydrolysis of xylan to monosaccharides (Bosetto et al., 2016). XOS
stabilities can differ greatly depending on the types of oligosaccharide and sugar residues,
linkages, ring forms and anomeric configurations. Generally, p-linkages are stronger than

a-linkages, and hexoses are more strongly linked than pentoses (Carvalho et al., 2013).

Most of the oligosaccharides are susceptible to pH <4.0, higher temperatures for short time or
prolonged storage at room conditions and resulting in the loss of nutritional and
physicochemical properties. Nevertheless, the XOS are stable over a wide range of pH (2.5-8.0),
such as the relatively low pH value of gastric juice and can also withstand at higher temperatures

(100°C) (Carvalho et al., 2013; Amorim et al., 2019a).
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Table 1.4 Production of XOS from different agricultural residues via biological conversion.

Ti Y‘ S ama
Substrate Pretreatment (PTT) Biocatalyst tme XS/ DP¢ Reference
(h)  (mg/g)
Arecanut husk Two-stage alkali PTT endo-1, 4-p-xylanase M1 from Trichoderma viride 24 351.0 X5-X4 Singh et al., 2018b
ial xyl from Tri
Com.mera.a xylanase from Trichoderma 1 4443 X,-Xe
longibrachiatum Amorim et al., 2019d
Brewers' t grai No PTT
Fewers spent grain © Trichoderma reesei 72 326.2 X5-Xs
Recombinant B. subtilis 3610 12 463.41 X2-X Amorim et al., 2018
St losi i idi
Corncobs cam expIosion HUSINg ACKCE  paenibacillus barengoltzii (PbXyn10A) xylanase 12 750.0 X5-X4 Liu et al., 2018
electrolyzed water
Milled, 7% Ca(OH), (1.5 h)
R binant Xyn2 from Trichod i ATCC
Fresh whole kenaf stem and 20% peracetic acid 5;;;)“ tnant Ayns from frichoderma reeset 48 294.92 X5-X; Azelee et al., 2016
(PPA) (2 h)
Defatted, de-starched and C il xvl f T
ommercial xylanase from Thermomyces
Finger millet seed coat water-extracted (25 °C ) Xy 4 5 720.0 Xz, X3 Palaniappan et al., 2017
) lanuginosus
during 8 h)
Mahogany Th 1 PTT (121 °C fi 5720b Xz-Xs
erfna th ( 'or Clostridium sp. BOH3 xylanase 12 Rajagopalan et al., 2017
Mango xylan 15 mm) with 0.05 N NaOH 5040b X5-X5
Pretreated corn cob Ultra-high-pressure PTT  Streptomyces thermovulgaris TISTR1984 xylanase 18 106.6° X5-Xy Seesuriyachan et al., 2017
Akaline extraction (0.5 M
Quinoa stalks ine extraction ( Rhodothermus marinus RmXyn10ACM 12 12.6 X>-Xe Salas-Veizaga et al., 2017

NaOH at 80 °C)
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Table 1.4 Production of XOS from different agricultural residues via biological conversion (continued).

Time YX()S/xyhna

Substrate Pretreatment (PTT) Biocatalyst DP¢ Reference
(h)  (mg/g)
Rice straw . . 841.0°
Magnet -linked xylan: te developed X, Xs,
Milled at particle size < 2 mm agne l',: crossin e‘t xy anaseaggregee ceveloped 4 . Purohit et al., 2017
Corn cobs from Acinetobacter pittii MASK-25 xylanase 691.0° Xs/Xs
da Silva M tal.,
Rice husk Milled Aspergillus nidulans XynC A773 24 690.0 X3-Xs 23181 vatenezes eba
Reddy and Krishnan,
Sugarcane bagasse ~ Aqueous ammonia PTT B-xylosidase-free xylanase of B. subtilis KCX006 30 670.0° Xo-X4 5 g 16 yand Rrshnan
Sugarcane bagasse Gluconic acid pre-hydrolysis, 150°C 1 532.0 X5-Xs Zhou et al., 2019
Woashing with 50 mM R binant Bacill oli .
, .
Wheat bran sodium acetate buffer at elcom 1r11\an acillus amyloliquefaciens 24 161.4 X5-Xe Liu et al., 2017
xylanas
pH 5.5 and alkali extraction ylanase
Pent 1,4-B- xyl from Th
Wheat bran Enzymatic and thermal PTT en oPan (1,4-p- xylanase from Thermomyces 24 228.0° X2-Xs Mathew ef al., 2018
lanuginosus)
Neocallimastix patriciarum NpXynl11A 8 186.0° X5-X4
Alkaline extraction (2% Bacillus halodurans S7 endoxylanase A mutated at
Wheat strz 397.7° X, X F » 2015
e NaOH at 80 °C, 90 min) K8OR » aryar et al

NB: a- yields are represented in terms of amount of XOS per amount of xylan, Yxos/yla (mg/g); b- calculated from text information and converted

to appropriate units; c- degree of polymerization.
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XOS are known to have beneficial health properties and are considered to be functional food
ingredients. XOS are considered prebiotics and soluble fibre because they are not degraded in
the stomach as the humans lack the enzymes required to hydrolyze the B-links and reach the
large intestine intact (Carvalho et al., 2013). The prebiotic properties of XOS can promote the
growth of beneficial microbiota in the animal gut (Crittenden and Playne, 2008; Hoseinifar et
al., 2014). They are known to positively impact the physiological functions of human health
among which are reducing cholesterol level, improving the biological availability of calcium
(Mussatto and Mancilha, 2007), reducing the risk of colon cancer (Swennen et al., 2006) and

having beneficial effect on type II diabetes mellitus (Otieno and Ahring, 2012).

Currently, XOS derived from carbohydrate-rich lignocellulose show wide applications in
chemical, food, nutraceutical and pharmaceutical industries (Xiao ef al., 2013). XOS can also be
used as low-calorie sweeteners and antioxidant additives, especially XOS with a low degree of
polymerization (Chen et al., 2016). Additionally, XOS also has a potential application in
agriculture as fodder additives to improve the growth of fish and to increase the liver function
of livestock and pets (Gullon et al., 2009; Hoseinifar et al., 2014). Regarding its efficiency
towards the improvement of gastrointestinal health, XOS are reported to be way better than
fructooligosaccharides and galactooligosaccharides (Sun et al., 2015; Mohanty et al., 2018). XOS
can also be used to produce biodegradable plastics or nanoparticles (Patel and Goyal, 2011).
Ando et al. (2004) reported that XOS extracted by the hydrolysis of bamboo have a cytotoxic

effect on human leukemia cells.
1.6.7.3 Benefits of oligosaccharides as a prebiotic

Prebiotic is defined as “a substrate that is selectively utilized by host microorganisms conferring
a health benefit to hosts” (Gibson et al., 2017). Prebiotics has applications in pet foods, human
foods, and animal feeds (Samala et al., 2014). Prebiotics supplemented with polyphenolics
(antioxidants) simulate a crucial part in the innate immunity and micro and macronutrient

absorption of the human gut (Reddy and Krishnan 2010). Short-chain low molecular weight
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carbohydrates which are non-digestible are considered as prebiotic. However, there are no clear

physical or chemical properties to define this limit (Alvarez et al., 2017; Zhao et al., 2017).

XOS are considered as prebiotics which helps in the proliferation of Bifidobacteria and
Lactobacillus, which act as probiotics and prevent the growth of harmful bacteria, thereby
maintaining the healthy gut microflora (Reddy and Krishnan, 2010). The human
gastrointestinal tract represents a complex ecosystem where the available carbohydrates
influence the growth of the gut microbiota (Manisseri and Gudipati, 2010). XOS exhibit
prebiotic effect when consumed as a part of the diet. They are neither hydrolyzed nor absorbed
in the upper part of the gastrointestinal tract (Chapla et al., 2012). The non-degradable property
allows XOS to be used as dietary sweeteners for low-calorie diet foods and for consumption by
individuals with diabetes (Choque Delgado et al., 2011). Prebiotics not only used to maintain
gastrointestinal health but also used as therapeutic agents against several diseases as well as
additives for many food products (Ohbuchi et al., 2010; Samal and Behura, 2015). They also
have potential effects on calcium and other mineral absorption, (Scholz-Ahrens and
Schrezenmeir, 2007) immune modulation (Lomax and Calder, 2009), bowel pH, reduction of
colon cancer risk (Singh et al., 2016), inflammatory bowel disorders (Crohn's disease and
ulcerative colitis; Finegold et al., 2014) hypertension and intestinal regularity, lowering of serum
cholesterol, decreased risk of colon cancer, improved lactose digestion, reduced allergies, and
effect on intestinal microbiota. Human trials have provided further evidence for the potential
role of prebiotics in lowering risk of colon cancer (Serban, 2014). By observing the growing
demand for XOS in food, feed and pharmaceutical sectors, XOS has been chosen as the value-

added product produced from the agricultural residues in this study.
1.7 AIM OF THE STUDY

To characterize enzymatically produced xylooligosaccharides from selected lignocellulosic

biomass and to evaluate their application as a prebiotic
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1.7.1 Objectives
e To optimize pretreatment methods for xylan extraction from lignocellulosic biomass

e To evaluate the efficacy of GH10, GH11, GH30 xylanases on xylooligosaccharide

production and their characterization
e To analyse the structure of xylanases and their mechanisms of action in silico

e To evaluate the potential of xylooligosaccharides as a prebiotic in newly formulated food

products
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CHAPTER TWO

EXTRACTION OF XYLAN FROM BIOMASS AND THEIR

CHARACTERIZATION

2.1 INTRODUCTION

Lignocellulosic biomass, the residual waste materials accumulated from the agricultural sector
primarily after harvest and processing, poses several disposal challenges. Though some of the
biomass is used as a source of energy, the majority of the biomassis stockpiled, which leads to
several environmental challenges (Menon and Rao, 2012; Ouyang et al., 2013; Liu et al., 2014).
The environmental problems associated with the stockpiling of lignocellulosic biomass can be
resolved by employing biomass conversion processes to produce value added products such as
bioethanol, biohydrogen, organic acids, platform chemicals, oligosaccharides, etc. The
lignocellulosic wastes serve as raw material for the production of these value-added products.
Viewed from this perspective, utilization of biomass presents an important opportunity for
innovation and business opportunities. In the last two decades, production of bioethanol,
biohydrogen and organic acids from lignocellulosic biomass has been extensively studied and
the potential of biomass as a carbon source has been proved (Diaz et al., 2018). Considering the
potential applications of oligosaccharides, this work is more focussed on the production and
application of oligosaccharides from various lignocellulosic sources. Oligosaccharides are
considered as dietary fibre and are produced from biomass by the breakdown of
polysaccharides present in them. In this cluster, xylooligosaccharides (XOS) are gaining
importance and their multifarious bioactive properties such as antioxidant, antimicrobial and
prebiotic properties provide an opportunity for its use in the food and pharmaceutical

industries.

Biomass from sugarcane, maize, rice and wheat have been extensively studied for value addition

and some of the products have been commercialized. However, little attention has been paid to
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indigenous crops which are only present in specific geographic locations and contain numerous
carbohydrates Sorghum and peanuts are cultivated commercially in certain areas of Africa,
whereas, among the different under-utilized crops, bambara and cowpea are cultivated as
subsistence crops (Taylor, 2016). The production of peanuts in South Africa is approximately
110,000 tons annually (Meyer and van der Burgh, 2012), whereas sorghum production (170,000
tons per annum) is slightly higher (Agricultural Research Council, 2017). There is no clear data
available on the production of bambara and cowpea in South Africa as they are being used for
domestic consumption and not for commercial purposes. However, the production of bambara
groundnuts in the African continent is estimated as 330,000 tons annually (Agricultural
Research Council, 2016). Similarly for cowpea, the global production is estimated to be

approximately 3 million tons per annum (Agricultural Research Council, 2014).

Lignocellulose has a complex structure is made of cellulose, hemicellulose and lignin. The lignin
covers the cellulose microfibril and provides rigidity to the cell wall (Naidu et al., 2018).
Hemicellulose is rich in xylan, a polysaccharide, whose main constituent is the xylose monomer,
linked by B-1,4 glycosidic bonds, and could serve as a source of xylooligosaccharides. However,
due to the complex hierarchical structure and recalcitrant nature of lignocellulosic biomass,
pretreatment steps are mandatory and presents the most critical challenge for effective biomass

utilization (Hassan et al., 2018).

The extraction of xylan from lignocellulose has several difficulties, which include non-
digestibility of lignocellulosic biomass due to its complex structure and the release of inhibitors
during pretreatment procedures (Jonsson and Martin, 2016). Furthermore, pretreatment the
formation of soluble inhibitory compounds such as furfural, HMF and carboxylic acids (formic,
levulinic and acetic acid) affects the subsequent hydrolysis and fermentation steps (Diaz et al.,
2018). Single pretreatment methods are usually less efficient and affect extraction procedures
low yields. Usually single pretreatments fail to cleave the complex binding between the
lignocellulosic materials resulting in shortened polysaccharides, and the complete breakdown
of biomass cannot be achieved. A combination of physicochemical or chemical methods

coupled with biological treatment provide maximum breakage of the complex lignocellulose
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structure and aid in the easy separation of components (Sindhu et al., 2015). Therefore, a series
of chemical pretreatments were selected and tested to extract the xylan from biomass without
any change in the polymer length. Xylan obtained via the best extraction method was chosen

for XOS production.

2.2 MATERIALS AND METHODS

2.2.1 Selection of raw materials

The lignocellulosic biomass selected for the study were peanut shell (from a peanut processing
plant, Durban), bambara, cowpea (supplied by ARC, Pretoria) and sorghum biomass (UKZN,
Pietermaritzburg campus). The samples were washed with tap water to remove soil particles
followed by several washings with distilled water, chopped and dried at 60°C overnight in a
drier, until a constant weight was reached. The dried samples were powdered using a hammer
mill (Retsch GmbH, Germany) and sieved to a uniform particle size of <500 um. The powdered

samples were stored in an airtight container until further use.

2.2.2 Extraction of xylan from biomass

Two methods were used for the extraction of xylan from lignocellulosic biomass. In the first
method (adapted from Chapla et al. (2012) with slight modification), the powdered biomass
(50 g) was soaked in 125 ml of 1% sodium hypochlorite (NaClO) solution at room temperature
for 1 h to remove lignin. After washing with distilled water, the solid material was dewatered by
filtration through a wet muslin cloth. The delignified wet material was soaked in 15% NaOH
for 24 h at room temperature, to extract the xylan. The mixture was filtered through a muslin
cloth and the filtrate was neutralized and precipitated simultaneously by a mixture of 1% glacial
acetic acid in ice-cold 95% ethanol (3 volumes). The neutralized precipitate was centrifuged at
8800 x g for 10 min at 4°C and washed with 75-80% ethanol. The final precipitate was washed
with 250 ml of acetone and air-dried. The dried precipitate was reconstituted in distilled water,

freeze-dried and stored at room temperature until further use.
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In the second method, xylan from milled biomass was extracted according to the procedure of
Ebringerova et al. (1967). Powdered biomass (50 g) was soaked in 500 ml of distilled water and
heated to 50°C on a hot plate stirrer. Glacial acetic acid (7 ml) was then added to the mixture
followed by the gradual addition of sodium chlorite (NaClO., 35 g) and heated at 70°C on hot
plate stirrer for 1 h in a fume hood to liberate lignin and pigmented materials. This step was
followed by extensive washing with distilled water to remove the lignin and chlorides formed
during the reaction. The neutral wet cake thus obtained was suspended in 350 ml of 1% NH,OH
at room temperature for 2 h. The extract was then filtered, and the solid material was further
extracted with 5% NaOH at room temperature for 2 h intermittent stirring. The slurry was
filtered through a muslin cloth, the extraction procedure was repeated, and the filtrates were
pooled and mixed with 3 volumes of 95% ethanol to precipitate the xylan polysaccharide. The
precipitate was then collected by filtration, washed with 75-80% ethanol containing 2% acetic
acid to neutralize the residual alkali and subsequently washed several times with 80% ethanol.

Finally, the precipitated polysaccharide was mixed with distilled water and freeze-dried.

2.2.3 Quantification of total sugars

The phenol-sulphuric acid method (DuBois et al., 1956) was used for the determination of total
sugars present in the extracted xylan. The optical density of the reaction mixture was measured
at 490 nm using a spectrophotometer. Reference solutions were prepared using xylose as the

standard, and distilled water served as a control.
2.2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR spectral profile of the polysaccharide samples were obtained on a Varian 800 FTIR Fourier
transform infrared spectrophotometer (Varian, USA) operating at 4000-400 cm™" spectral
range with a resolution of 0.9 cm™ using a KBr beam splitter and DTGS detector
(7800-350 cm™). Five mg of finely ground xylans (peanut shell, bambara, cowpea and sorghum

biomass) were used for FTIR analysis (Ruzene et al., 2008).
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2.2.5 Monosaccharide analysis

Neutral sugars were quantified as alditol acetates after hydrolysis with 2 M trifluoroacetic acid
(TFA) for 1 h at 120°C (Englyst and Cummings, 1984). In this method, 3 mg of the
polysaccharide sample were hydrolysed in 2 ml of 2 M TFA for 1 h at 120°C. After cooling, the
sample was vacuum dried and dissolved in 1 ml of distilled water and vacuum dried again for
three more times. The resultant residue was dissolved in 2 ml of 1 M NH,OH followed by the
addition of 10 mg NaBH.. After incubating for 3 h at room temperature, the mixture was treated
with a cation exchanger in H* form (to decompose excess of NaBH, and remove sodium ions)
and evaporated to dryness. The residue was dissolved in 1 ml of methanol, vacuum dried and
this step was repeated thrice to remove boric acid, and finally dried in a vacuum concentrator
at 45°C. The dried residue was dissolved in 0.6 ml of pyridine and acetylated after the addition
of 0.5 ml of acetic anhydride. After 1 h, the mixture was evaporated and dried at 90°C. The
remaining residue was dissolved in chloroform and was analyzed by Gas-Liquid
Chromatography (GLC). GLC was performed using a TRACE Ultra Gas Chromatograph
coupled with TSQ Quantum XLS weight spectrometer (Thermo Scientific, USA) under the
following conditions: Rtx-2330 column (0.32 mmx30 m; Restek) with a temperature program
of 80°C for 12 min followed by gradual increase of 8°C/min to reach 160°C and then 4°C/min
to reach 250°C and was maintained at 250°C for 25 min; the flow rate of helium was
0.4 ml/min; the injector temperature was 240°C and the detector temperature was 200°C.
Detector response of monosaccharide derivatives was evaluated based on the areas of a standard

mixture of alditol acetates.

2.2.6 Determination of uronic acids in the extracted polysaccharides

Total uronic acid content was determined by the 3-hydroxy diphenyl assay (Blumenkrantz and
Asboe-Hansen, 1973) using D-glucuronic acid as the standard. The meta-hydroxy diphenyl
solution was prepared by dissolving 0.15% meta-hydroxy diphenyl in 0.5% NaOH solution.
H.SOs-tetraborate solution was prepared by mixing 0.0125 M solution of sodium tetraborate in

concentrated H,SO,.
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Calibration standards of 0.2 ml (0.5-20 pg glucuronic acid) were mixed with 1.2 ml of H,SO.-
tetraborate solution. The enzyme hydrolysate was also prepared in the same manner and was
refrigerated in an ice bath. The reaction mixture was vortexed thoroughly and the tubes were
heated in a boiling water bath for 5 min followed by cooling in an ice bath and 20 pl of the meta-
hydroxy diphenyl reagent was added. The tubes were stirred, and the pink colour was measured

at 520 nm using a visible spectrophotometer.

2.2.7 Enzymatic removal of contaminating polysaccharides

In accordance with the monosaccharide results, the extracted xylans were treated with some
glycoside hydrolase enzymes to remove the glucose-containing materials. Clostridium
thermocellum GH16 endo-1,3(4)-p-glucanase and Paenibacillus sp. GH5 endo-xyloglucanase
were purchased from Megazyme (Bray, Ireland). Bacillus subtilis a-amylase was procured from
Sigma-Aldrich (St. Luis, MO, USA). To remove the contamination of starch and xyloglucan
from peanut shell xylan, it was treated with a-amylase, -1,3(4)-glucanase and xyloglucanase.
The hydrolysates were further analyzed by TLC and MALDI-TOF MS to identify the
degradation products. Whereas, bambara, cowpea and sorghum xylans were treated only with

a-amylase and analyzed by TLC since they were contaminated with starch.

2.2.8 Thin layer chromatography (TLC) analysis of the hydrolysed products

Qualitative analysis of hydrolysates obtained by the enzymatic hydrolysis of xylans was done on
TLC plates. Samples (2 ul) were spotted on silica gel F 60 (Merck, Germany) plates and the
chromatograms were developed in either ethyl acetate: acetic acid: 2-propanol: formic acid:
water (25:10:5:1:15, v/v) according to the method of Kumar ef al. (2009) or in a solvent system
of n-butanol/ethanol/water (10:8:5, v/v). Sugars were detected by spraying orcinol reagent (1%
orcinol in 10% H,SO, in ethanol) on the plates followed by heating at 100°C for 5 min in an
oven. Xylose, glucose (Sigma-Aldrich, USA), xylobiose, xylooligosaccharides and

maltooligosaccharides (Megazyme, Ireland) were used as standards.
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2.2.9 MALDI-TOF mass spectrometry

Oligosaccharides were also analysed by MALI-TOF MS according to Biely et al. (2013). The
sample plate was prepared by applying 2 ul of a 9 mg/ml mixture of 2,5-dihydroxybenzoic acid
(DHB) in 30% acetonitrile to an MTP 384 ground steel target plate TF (Bruker Daltonics). The
sample (1 pul) was then mixed with the DHB droplet and was crystallized under a stream of air
and analyzed with an Ultraflex MALDI-TOF/TOF instrument (Bruker Daltonics GmbH,
Bremen, Germany) equipped with a nitrogen 337 nm laser beam. The instrument was
controlled by the Flex Control 3.3 software package and operated in positive acquisition mode.
All spectra were obtained using the reflectron mode with an acceleration voltage of 25 kV, a
reflector voltage of 26 kV, and pulsed ion extraction of 40 ns in the positive ion mode. The
acquisition range used was from m/z 0 to 7000. The data was collected from the average of 400
laser shots, with the lowest laser energy necessary to obtain sufficient signal to noise ratios. Peak
lists were generated from the MS spectra using Bruker FlexAnalysis software (version 3.3). Ions

of sodium adducts of XOS fragments were marked using monosaccharide codes.
2.2.10 NMR spectroscopy

For NMR analysis, all samples were freeze-dried twice from D,O. 'H-NMR spectra were
measured at 25°C using automatic chemical shift calibration in D,O on either AVANCE III
HDX 600 MHz equipped with a Triple inverse TCI H-C/N-D-05-Z cryo probe, or AVANCE
I1I HD 400 MHz with a broad band BB-(H-F)-D-05-Z liquid N, Prodigy probe (all from Bruker
BioSpin, Rheinstetten, Germany), using a pre-saturation zgpr sequence, with a pre-saturation

delay of 2 s, a r.f. 90° pulse and an acquisition time of 2.5 s.

2.3 RESULTS AND DISCUSSION

2.3.1 Delignification of biomass by NaClO and NaOH extraction

Peanut shell, bambara, cowpea, and sorghum biomass were subjected to various pretreatments

for the extraction of xylan. The NaClO and NaOH extraction of peanut shell (xylan I) yielded
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14.8% of hemicellulose (Table 2.1) which contained predominantly xylan, along with few other
polysaccharides which were confirmed by further analyses. Direct extraction of ground peanut
shell with NaOH or KOH solutions yielded much lower xylan recovery, which prompted
alkaline extraction of biomass in the presence of a delignification agent, e.g., NaClO. The high
lignin content of peanut shell (being a dicot) makes the biomass more recalcitrant (Martin et
al., 2006). The action of NaClO disrupts the lignin component and its linkages with the
cellulosic material, while NaOH causes swelling of cellulose (Meryandini et al., 2008; Singh et
al., 2014). In general, alkali treatments are more suitable for xylan extraction since they dissolve

the xylan easily and also results in deacetylation of the polysaccharide (Biely et al., 2016).

During the extraction process, bambara and cowpea yielded lower levels of xylan, 11.4% and
12.2% respectively, in comparison to peanut shell (14.8%), which could be due to the lower
content of xylan in those biomasses. Another possible reason could be due to the fact that
bambara and cowpea are dicots with hard stems and are more recalcitrant than monocots.
However, in the case of sorghum, the xylan yield was as high as 30.1%, which showed the
maximum hemicellulose content, among the biomass tested. It is apparent that the recalcitrance
in monocots would be low due to the lower lignin content and could be easily subjected to alkali

treatment.

Oliveira et al. (2010) reported a modified alkali extraction method for xylan from corn cob using
the NaClO and NaOH which yielded 11%. Another report on the extraction of xylan from corn
cob by Gowdhaman and Ponnusami (2015) using similar extraction parameters used in this
study yielded 14.2%. Xylan was also extracted from cassava peel and cassava waste using NaClO
and NaOH method, and yielded 4.83% and 6.23% respectively (Ratnadewi et al., 2016).
However, during our extraction procedures of xylan by the NaClO and NaOH method, some
contamination by other polysaccharides was detected. Hence, to increase the xylan yield and to

eliminate the co-extraction of other polysaccharides, another extraction process was tested.
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2.3.2 Acidic delignification of biomass by NaClO, and NaOH

The NaClO delignification was more effective than NaClO, where most of the lignin portion
was eliminated from the biomass. The addition of 1% acetic acid and incubation at 70°C
certainly influenced the relaxation the lignocellulosic structure by catalyzing the fast breakdown
of linkages between lignin and holocellulose. Using this extraction procedure, a xylan yield of
15.5% was achieved, which is the highest recovery of xylan from peanut shell, to date.
Furthermore, the purity of xylan obtained by NaClO, and NaOH extraction from peanut shell
(xylan II) was found to be much higher compared to the NaClO and NaOH extraction process.
There has been limited research undertaken on the isolation of xylan from peanut shells and a
previous report on xylan extraction from peanut shells yielded only 3.5% xylan through NaOH

treatment (Yang et al., 2007).

The same procedure was employed for the extraction of xylan from bambara, cowpea and
sorghum, which showed a marginal increase in the xylan yield (12.3%, 13.6% and 32.2%,
respectively) compared to the NaClO and NaOH method (Table 2.1). It was also noticed that
the colour of the extracted xylan was much lighter than the NaClO and NaOH extracted
materials. This could be due to the biomass being completely bleached when most of the lignin
was removed by NaClO, treatment (Hubbell and Ragauskas, 2010; Liu et al., 2016; Kim et al.,
2017). The most attractive feature of xylan extraction using this method is that the solubility of
xylan in water and buffer was increased which subsequently improved the effective hydrolysis
of xylan by xylanases. Some other studies have reported xylan yields of 18.5% from mahogany
wood, 15.1% from mango wood (Rajagopalan et al., 2017) and 18.6% from corn cob (Wu et al.,
2019) using the same extraction method. From the two methods tested, it was apparent that
NaClO, and NaOH extraction yielded better results and was used for further analyses. In
addition to this, the extracted xylan from peanut shells, bambara, cowpea, and sorghum was
quantitatively measured by the phenol-sulphuric acid method which showed the presence of
75%, 65.8%, 66.6%, and 75.4% of total sugars (w/w), respectively. The 2-step extraction process

resulted in the highest recovery of polysaccharides.
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Table 2.1 Recovery of xylan by one-step and two-step alkali extraction methods from

agricultural biomass.
. ) Xylan recovery (%)
Lignocellulosic
i Acidic delignificati d
material used NaClO and NaOH extraction cicicdengnitica fon an
NaOH extraction

Peanut shells 14.8+0.30 15.5+0.35
Bambara biomass 11.4+0.40 12.3+0.20

Cowpea biomass 12.240.25 13.6+0.40
Sorghum stover 30.1+0.30 32.2+0.50

NB: Value represents the mean of three replicates and the standard error reported.

2.3.3 Fourier transform infrared spectroscopy analysis of extracted xylans

Fourier transform infrared spectroscopy (FTIR) enables the biochemical identification of a
sample in a quick and non-destructive way (Wang et al., 2010). The extracted xylans were
analyzed by FTIR spectroscopy to reveal their chemical structures based on functional groups.
Commercial beechwood xylan was used for comparison (Figure 2.1). The IR spectra of
extracted xylans showed the characteristic bands at 1465, 1383, 1248, 1158, 1045, 989 and
897 cm™', which indicated the presence of the main chain of B-1,4-xylan. The broad and strong
stretching observed between 3500 and 3200 cm™ corresponded to the vibrations of hydroxyl
groups in the xylan structure. Specifically, the signals at 3455 and 3345 cm™" were due to the
stretching vibrations of OH group whereas, 2925 and 2918 cm™ corresponded to CH, groups
(Figures 2.2, 2.3, 2.4 and 2.5). The abundance of B-glycosidic linkages between xylose units was
also indicated by the presence of a sharp band at 897 cm™. The strong absorption peaks between
1700 and 1600 cm™* could be due to the H-O-H angle vibration of water since hemicellulosic
polymers are usually reported to contain bound water. A sharp band at 1045 (Figures 2.1 and

2.2) and 1084 cm™ (Figures 2.3, 2.4 and 2.5) confirmed the presence of C-O, C-C stretch or C-
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2.3.4 Monosaccharide analysis of isolated xylans and starch removal

Relative monosaccharide composition of extracted xylan was determined by the alditol acetate
method to study the building blocks of xylan and to confirm the type of xylans which were
extracted. As expected, the predominant sugar obtained was xylose in all the four xylans tested
(Table 2.2). The ratio of xylose: glucose in peanut shell xylan was 1:0.14, whereas, in bambara
and cowpea xylans, a notable amount of glucose was detected during the preliminary analysis.
As evident from the monosaccharide analysis, the peanut shell xylan isolated in the one-step
procedure (NaClO and NaOH extraction) was contaminated with other hemicelluloses, and
particularly with glucose-containing polysaccharides (starch and xyloglucan). The occurrence
of glucose could be partially due to the presence of starch co-extracted from the biomass or
could be attributed to the biomass being contaminated by starch-containing materials (Ghosh
et al., 1995). Arabinose and galactose were the other sugars detected in all the four xylans (Table
2.2). Bambara xylan contained a larger amount of arabinose (1:0.31 ratio to xylose) which
indicates more arabinose substitutions than in the other xylans. However, cowpea and sorghum
xylans comprised 1:0.23 and 1:0.28 of arabinose to xylose respectively, confirming substitution
of arabinose in their xylan. Peanut shell xylan contained a very low content of arabinose and

this may suggest that the arabinose substitution was limited in the case of peanut shells.

In addition to neutral monosaccharides, the presence of sugar acids such as glucuronic acids
were also expected in xylan (Cantu-Jungles et al., 2017) which was confirmed in this study by
uronic acid analysis. The glucuronic acid content of the extracted xylans were as follows: peanut
shell- 171 mg/g, bambara- 164 mg/g, cowpea- 197 mg/g and sorghum- 158 mg/g. These results
are consistent with previous studies which reported the presence of arabino-4-O-
methylglucuronoxylans in the leaves of Algerian Argania spinosa (Hachem et al., 2016).
Acetylglucuronoxylans  from  aspen  wood  (Puchart et al, 2019) and
acetylarabinoglucuronoxylan form corn cob (Arai et al., 2019) were also reported recently

which contained 85 mg/g and 36 mg/g uronic acids, respectively. In comparison with the results
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Table 2.2 Monosaccharide analysis of extracted xylans (sugars are estimated as molar ratios in comparison to xylose).

Sample Rhamnose  Fucose Arabinose Xylose Mannose Galactose Glucose MeGlcA
Peanut shell xylan I'  0.027 0.020 0.120 1.00 0.016 0.086 0.144 0.13
Peanut shell xylan II*  0.010 0.001  0.040 1.00 0.003 0.020 0.009  0.14
Bambara xylan 0.048 0.013 0310 1.00 0.047 0.223 0.140  0.06
Cowpea xylan 0.040 0.009 0.232 1.00 0.031 0.190 0.350 0.09
Sorghum xylan 0.014 - 0.285 1.00 0.033 0.082 0.150  0.06

NB: t- xylan isolated by one-step NaClO and NaOH extraction procedure; %- xylan isolated by NaOH extraction of NaClO,-delignified and NH;OH

pretreated peanut shells.
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xylose residues (Mishra and Malhotra, 2009). The presence of fucose serves as evidence that
some of the oligomers also contained galactose residues which cannot be differentiated from
glucose by MALDI-TOF MS analysis since glucose and galactose have the same molecular
weight. The presence of xylose-free hexooligosaccharides in the hydrolysate produced by
xyloglucanase suggests that peanut shell xyloglucan may have unsubstituted or less substituted
regions of the main B-1,4-glucan chain. The identification of xyloglucan as an admixture also
means that a small portion of the overall xylose is a constituent of this minor polysaccharide.
The molar ratios of sugars in xylan I of peanut shell suggest that xyloglucan admixture could

account for 5 to 10%.
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Figure 2.7 MALDI-TOF MS spectrum of xyloglucan oligosaccharides released from peanut
shell xylan (NaClO and NaOH extraction) by xyloglucanase. Abbreviations: G, ions of neutral
cellooligosaccharides; Explanation for the coding: X, Glc-Xyl; L, Gle-Xyl-Gal; F, Glc-Xyl-Gal-
Fuc; A, B, D, Disubstituted backbone Glc by two pentoses or side chain Xyl substituted with

another pentose.
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One of the common plant materials that possess high content of xyloglucan is tamarind seed
(yield 46-48% based on dehulled seed), which is also used for the commercial production of
xyloglucan (Mishra and Malhotra, 2009; Farias et al., 2019). Xyloglucan was also found in plants
such as jojoba seeds, Arabidopsis thaliana, African clubmoss, rough horsetail, various lamiids,
Physcomitrella patens, argan tree, bilberry (Tuomivaara et al., 2015), sycamore, jatoba and
Nasturtium seeds (Pauly and Keegstra, 2016). Since the xyloglucan was not the product of

interest in this study, the content of xyloglucan in peanut shell was not quantified.

The second extraction procedure that involved acid delignification with NaClO, and pre-
extraction with NaOH (Ebringerova ef al., 1967) resulted in much purer peanut shell xylan,
assigned as xylan II (yield, 15.5%), composed mainly of two components, neutral xylose and
uronic acid (Table 2.2). It should be noted that the method used for the analysis of uronic acids
(Blumenkrantz and Asboe-Hansen, 1973) does not discriminate between D-glucuronic acid
and 4-O-methyl-D-glucuronic acid, however, it has indicated a higher degree of branching with
uronic acid in peanut shell xylan than in hardwood xylan (St. John et al., 2006; Li et al., 2007).
This is significant as peanut shell, could exhibit some interesting substitutions in the xylan

structure.

The molar ratio of MeGIcA to xylose in peanut shell glucuronoxylan was more than 7 (Table
2.2). The polysaccharides, starch and xyloglucan that contaminated xylan I (obtained by one-
step extraction) was obviously eliminated during the two-step extraction procedure, preceding
the NaOH extraction. This is clearly evident from the chromatogram (Figure 2.6B). In contrast
to the xylan I preparation, the xylan II was essentially free of other polysaccharide admixtures.
Since the xylan II preparation does not contain any substrate for amylase such as xyloglucanase
or -1,3(4)-glucanase, no products were released after hydrolysis. This demonstrates that xylan

IT was purer than xylan I.

Unlike peanut shell, the other three xylans tested, did not show any traces of xyloglucan.
Therefore, only starch removal was performed on bambara, cowpea and sorghum xylans using

a-amylase which resulted in the liberation of glucose and maltooligosaccharides
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The '"H-NMR spectrum of sorghum xylan (Figure 2.12B) contained basic signals for
glucuronoxylan similar to the previous xylans with minor differences the peak heights. The
intensity of the side chain signals showed that, in comparison to hardwood xylan, the extracted
bambara xylan contained smaller amounts of 2-O-a-linked MeGIcA or GlcA side residues
whereas, cowpea xylan possessed a slightly higher GlcA content. In addition, the peaks at
5.38 ppm (H-1 of a-L-Araf residues) in bambara, cowpea and sorghum xylan indicated the
presence of arabinose in the xylan. All the xylan preparations did not show any significant
H-1a signal for the reducing-end Xyl (at 5.17 ppm) which confirmed the polymeric nature of
the isolated material. These results confirmed the fact that the extraction process did not

disturbed the polysaccharide nature of xylan.

2.4 CONCLUSION

In this chapter, detailed structural characterization of xylans isolated from peanut shells,
bambara, cowpea and sorghum biomass was performed. Xylan is one of the most complex
polysaccharides containing multiple substitutions of different side groups. The heterogenicity
of the xylan in different biomass makes it difficult to study and understand their structure. In
addition, the identification of complete side chain residues in xylan is very challenging because
the chemical treatments during xylan extraction might have influenced the removal of side
chains such as acetyl and feruloyl groups. The alkali-extracted polysaccharide from delignified
peanut shell is very similar to hardwood glucuronoxylan but contained a much higher degree
of substitution with MeGlcA. On the other hand, the delignified and alkali extracted xylan from
the other three sources comprised glucuronoxylan with moderate MeGlcA substitution. The
presence of arabinose in the extracted xylans could also suggest the presence of traces of
arabinan or arabinosylated polysaccharides. It also showed that the biomass from these

underutilized crops could be a potential source for glucuronoxylan.
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CHAPTER THREE

PRODUCTION AND CHARACTERIZATION OF
XYLOOLIGOSACCHARIDES, AND THE INTERACTION STUDIES OF

XYLANASE-XYLAN COMPLEX

3.1 INTRODUCTION

Hemicelluloses account for 25-30% of all lignocellulose, which is the second most abundant
biopolymer after cellulose. One of the main hemicellulosic polymer found in hardwoods and
agro-industrial by-products is xylan, which possesses the xylose backbone. This include cereal
straws, sugarcane bagasse, corn stover, sisal etc., (Aracri and Vidal, 2011; Valls et al., 2013, 2018)
whereas, mannans are more prominent in softwoods (Scheller and Ulvskov, 2010). The xylan
present in cereals and grasses is termed as arabinoxylan, which has abundant substitutions of
arabinose and ferulic acid in them (Ebringerova and Heinze, 2000). On the other hand, xylan
from hardwood species is called as glucuronoxylan, which is highly substituted with glucuronic
acid or 4-O-methyl-D-glucuronic acid (MeGlcA) substitutions, and can be heavily acetylated,
while it does not contain arabinose and ferulic acid.(Valls et al, 2018). Since xylan is a
multibranched polysaccharide, its structural composition is not uniform and mostly complex,
since the monomers present in them might have isomers, for example, xylose and arabinose

(Naidu et al., 2018).

The deconstruction of xylan can be directed towards a particular end-product using xylanases
(EC3.2.1.8), which randomly cleave the p-(1,4) glycosidic bonds of the xylose backbone of xylan
(Xu et al., 2018). These enzymes are glycoside hydrolases (GH), grouped in families such as
GHS5, GH8, GH10, GH11 and GH30, GH43, GH51, GH98 and GH141 based on their hydrolysis
profile and binding ability to the substrate, xylan (Terrapon et al., 2017). Xylanases, which are
grouped under each GH family possess different mode of action based on their amino acid

sequence and the binding pattern with the substrate (Motta et al., 2013). The major end
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products derived from hemicelluloses by these enzymes are xylooligosaccharides (XOS), with a
wide degree of polymerization (Moniz et al., 2016). XOS comprises oligomers with a structure
of around 2-20 xylose units linked together by B-(1,4) bonds, variably substituted with rich
patterns of side groups depending on the source (Mano et al., 2018). For instance, acetyl groups
and MeGIcA units are the major substituents of XOS from hardwoods, whereas, XOS produced
from softwoods comprise mainly arabinose and ferulic acid as substituents. These XOS are low
molecular weight carbohydrates, and are classified into non-digestible oligosaccharides (Mano
et al., 2018). These oligosaccharides could be produced from xylan by several methods which
include mild acid or alkali treatments, and enzymatic hydrolysis (Jonsson and Martin, 2016)
whereas, physical methods mostly breakdown and degrade the polysaccharides severely and
results in undesirable products. During acid hydrolysis, the end-products are mostly xylose
monomers, which is not desirable during XOS production. Conversely, enzymatic hydrolysis
is more preferable than other methods, primarily due to its specificity, high efficiency, and non-

production of undesirable by-products (Ma et al., 2017).

To establish a better understanding of the enzyme-substrate complex, an in-depth structural
analysis is required. The in silico analysis such as enzyme structure prediction, molecular
dynamics and docking etc. facilitates the understanding of the structural complexity and
interaction between the substrate and the enzyme (Dutta et al, 2018). To perform the
interaction studies between an enzyme and substrate, the availability of a good quality three-
dimensional structure of the target protein is essential. There are different approaches used to
generate the 3D structure of a protein which includes homology modelling, threading (Dorn et
al.,2014) and the Ab-initio method (Samudrala et al., 1999). One of the most reliable and widely
used methods for interpreting a protein’s 3D structure is homology modelling, which builds the
structure based on the homology of the query sequence with the target protein, whose 3D
structure is already available (Meier and S6ding, 2015). The protein models generated using the
modelling techniques are stable, however, all proteins are dynamic in nature. To study the

dynamics of the protein, molecular dynamic studies of the given model should be performed
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which allows the understand how a protein model behaves structurally, dynamically and

thermodynamically in a force field (Pandit et al., 2016).

Thus far, several XOS producing strategies have been applied on various lignocellulosic
residues, however, very little attention has been given to XOS production from biomass such as
peanut shell and sorghum. Furthermore, there are no reports on XOS production from
underutilised biomass such as bambara and cowpea. This chapter therefore focuses on the
extraction and effective hydrolysis of xylan from the above-mentioned sources by optimizing
the conditions. Selected xylanases have been tested and the products (XOS) were observed and
characterized. Furthermore, in silico analyses of xylanase sequences from T. lanuginosus,
C. mixtus and E. chrysanthemi were done to characterize the sequential properties, to analyse
the domain and topological architecture, to model the protein 3D structure and its docking with

xylan fragments.

3.2 MATERIALS AND METHODS

3.2.1 Thermomyces lanuginosus SSBP

Thermomyces lanuginosus SSBP (Singh et al., 2003) from the culture collection of the
Department of Biotechnology and Food Technology, Durban University of Technology, was
used in this study. The culture was grown on potato dextrose agar (PDA, Oxoid, UK) plates at

50°C for 5 days and was sub-cultured every 4 weeks.

3.2.2 Production of xylanase

For xylanase production, an agar disc (9 mm diameter) of an actively growing 5-day old
T. lanuginosus culture was inoculated to 500 ml of a production medium (pH 6.5) containing
(g/1) corn cob (31.2), yeast extract (30.2), KH,PO; (5.0) and incubated at 50°C in a shaker
incubator (150 rpm) for 5 days. After incubation, the culture broth was centrifuged (10,000 x g
for 10 min), and the supernatant was used to determine the xylanase activity. All experiments

were performed in triplicate and the standard deviation was calculated.
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3.2.3 Other enzymes used in the study

GH10 xylanase from Cellvibrio mixtus, GH16 endo-1,3(4)-B-glucanase from Clostridium
thermocellum and GH5 endo-xyloglucanase from Paenibacillus sp., GH51 endo-L-1,5-
arabinanase and GH43 a-L-arabinofuranosidase were purchased from Megazyme (Bray,
Ireland). GH30 xylanase from Erwinia chrysanthemi was supplied by Prof. James F. Preston
from the University of Florida, Gainesville, FL, USA. a-amylase from Bacillus licheniformis was

procured from Sigma-Aldrich, USA.

3.2.4 Protein estimation and enzyme assay

The concentration of protein present in the culture supernatant was determined by Lowry’s
method (Lowry et al., 1951) using bovine serum albumin (BSA) as the standard. Xylanase assay
was carried out according to Bailey ef al. (1992) using 1% beechwood xylan (Sigma-Aldrich,
USA) as the substrate. The reaction mixture consisted of 0.9 ml (1%, w/v) substrate in 0.05 M
citrate buffer (pH 6.5) and 0.1 ml culture filtrate. After incubation at 50°C for 5 min, the reaction
was stopped by the addition of 1.5 ml dinitrosalicylic acid (DNS) solution followed by boiling
in a water bath at 100°C for 5 min (Miller, 1959). After cooling the reaction mixture to room
temperature, the absorbance values were read at 540 nm using a spectrophotometer (Biochrom
Libra S21). Xylose (Sigma-Aldrich, USA) served as the standard. Enzyme activity was expressed
as International Units (U) which is defined as the amount of enzyme that produces one u mole
of xylose equivalents per minute (Kaushik et al., 2014). Xylanase activity was also determined
on beechwood glucuronoxylan (Sigma-Aldrich, USA) following the formation of reducing
groups quantified by the Somogyi-Nelson procedure (Paleg, 1959). Commercial enzymes were

used according to the units reported by the supplier.

3.2.5 Partial purification of xylanase

The crude xylanase obtained from T. lanuginosus SSBP was partially purified by ammonium
sulphate precipitation. The crude enzyme (100 ml) was subjected to ammonium sulphate

precipitation (0%-80% saturation) with constant stirring at refrigeration temperature (4-8°C).
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The precipitate was then collected by centrifugation (10,000 x g at 4°C) for 5 min and the pellet
was dissolved in 20 mM phosphate buffer (pH 6.0). The dissolved protein was desalted by
dialysis using a 10 kDa cut off membrane (Sigma-Aldrich, USA) with 20 mM phosphate buffer
(pH 6.0) and stirred at 4°C for 24 h. The dialysed preparation was further purified by passing
through 10 and 30 kDa MWCO membranes. The active fractions were collected, and purity was
checked on SDS-PAGE. Enzyme activity and protein concentrations were estimated after each
purification step. The specific activity, yield, and fold purification were also calculated (Chapla

etal,2012).

3.2.6 Xylooligosaccharide production by enzymatic hydrolysis

Xylan extracted from different biomass (bambara, cowpea, sorghum and peanut shell) was
hydrolysed with xylanase from three hydrolase families viz., GH10, GH11 and GH30. Xylan
(1%, w/v) dissolved in 50 mM sodium citrate buffer (pH 6.5) was treated with T. lanuginosus
GHI11 xylanase (10 U/g) and incubated at 50 °C for 24 h in a water bath. The citrate buffer was
replaced with sodium acetate buffer (pH 5.5) for reaction mixtures of GH10 and GH30
xylanases (10 U/g) and was incubated at 35 °C for 24 h. Xylan solution without the enzyme
served as control for each reaction. The samples were collected every 4 h and analysed for
reducing sugars by DNS method (Miller, 1959). The hydrolysate was separated by

centrifugation at 10000 x g at room temperature for 10 min (Chapla, 2012).

Effect of various biochemical parameters on the enzymatic hydrolysis of xylan was studied in
order to maximize the production of XOS. Effect of enzyme dosage on XOS release was
determined by performing enzymatic hydrolysis at varying xylanase concentrations (1-20 U)
on 1% xylan at 50°C, with mild shaking. The effect of substrate concentration was determined
in a similar manner by varying the substrate concentration (0.2-2.0%) with 10 U/ml of xylanase.
The hydrolysis products were analysed by TLC (Section 2.2.7) and MALDI-TOF MS (Section

2.2.8).
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3.2.7 Sequence retrieval and analysis

The xylanase sequences from three different organisms, C. mixtus (CmGHI10), T. lanuginosus
(TIGH11) and E. chrysanthemi (EcGH30) were retrieved in FASTA format from NCBI
(http://www.ncbi.nlm.nih.gov) with the GenBank IDs AADO09439.3, AEH57194.1 and

AAB53151.1 respectively. The three sequences were individually analysed for secondary

structure and topological studies using PDBsum server (http://www.ebi.ac.uk/thornton-
srv/databases/pdbsum/).

3.2.8 Phylogenetic analysis

Multiple sequence analyses were conducted on GH10, GH11 and GH30 xylanases using the
Clustal Omega program. The phylogenetic tree was calculated with the neighbour-joining
method implemented in the Clustal Omega package using the final alignment. Approximately
80 sequences from different eukaryotes and prokaryotes were retrieved from CAZy database
(http://www.cazy.org/) for the analysis. An attempt was also made to find sequences pattern or
conserved regions within the domain, through multiple sequence analyses. The investigation
was also carried out to study and characterize other functional domains of these xylanase

families.

3.2.9 Protein 3D structure modelling and validation

Modelling of all the three xylanase sequences was done by Modeller 9.20 (Webb and Sali, 2016)
software that relies on the principles of homology modelling. Templates of the query sequences
(xylanase) were selected based on their highest percentage of similarity and coverage area.

Validation and verification studies were also carried out after modelling, with Ramachandran’s

plot, Verify3D (http://servicesn.mbi.ucla.edu/Verify3D/) and ProsA
(https://prosa.services.came.sbg.ac.at/prosa.php) analyses.

80



3.2.10 Docking studies

The best structure for xylanase from three different sources was selected and prepared for

docking and was further implemented using AutoDock Vina (http://autodock.scripps.edu/)

package (Trott and Olson, 2010). Prior to AutoDock suite, the PDB file of receptor xylanase
was prearranged by removing all water (HETATM) coordinates and then the PDB file was
converted to PDBQT format. Binding sites on the receptor were analysed from InterProScan
and ScanProsite (de Castro et al, 2006; Dutta et al, 2018) and CASTp tool
(http://sts.bioe.uic.edu/castp/index.html?2was) which helped in the gridbox generation. A grid
box was created with dimension 30 x 35 x 40 A along the XYZ direction with a grid spacing of
1 A, using the AutoGrid module for the T. lanuginosus xylanase structure. Similar steps were
implemented for the other two xylanase modelled structures, with slightly modified grid box
sizes, 28 x 38 x 36 A and 32 x 44 x 40 A for C. mixtus and E. chrysanthemi respectively. The
dimensions were adjusted by AutoDockTools (ADT) and finally docking was performed with
exhaustiveness set to 100. The PDB files of modelled structures of xylan (ligand) were saved as
AutoDock suitable coordinate files (PDBQT) using ADT (Forli et al., 2016). The docking results

(pose and energy values) were saved in CSV format for every 6 modes.
3.3 RESULTS AND DISCUSSION

3.3.1 Production and purification of GH11 xylanase from T. lanuginosus SSBP

The xylanase from T. lanuginosus SSBP was produced in corn cob medium. The crude culture
filtrate contained xylanase and other accessory enzymes. The GH family of the enzyme (GH11)
was confirmed by comparing the mode of action of this enzyme with other known GH11
xylanases and comparing the products (XOS) released from glucuronoxylan (Kolenova et al.,
2006). The enzyme was purified by the method of Lin et al. (1999). SDS-PAGE analysis was
performed to check the purity of xylanase (Figure 3.1) and a single band was observed at ~24

kDa.
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Figure 3.2 Optimization of xylan concentration for XOS production. Each point represents the

mean (n=3) £+ SD.

The optimum enzyme concentration for the release of sugars from xylan (1%) was determined.
Since TIGH11 xylanase breaks down xylan efficiently, low concentrations (1-20 U/mg) was
used for optimization. The products released were quantified as reducing sugars, as each of the
XOS contains a reducing group at their terminal xylose residue. It is assumed that one mol of
xylose is equivalent to one mole of XOS (Valls et al., 2018). An increase in the XOS release was
observed until 10 U/mg of enzyme and thereafter no further release of sugars was observed with
increased dosages. (Figure 3.3). This could be due to feedback inhibition of xylanase by xylose
released in the solution. The feedback inhibition of xylose was also observed by Bibi et al. (2014).
For this reason, the xylanase dose of 10 U/mg was chosen as the optimal enzyme dosage for

XOS production.
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Figure 3.3 Optimization of enzyme dosage for XOS production. Each point represents the mean

(n=3) + SD.

3.3.3 Hydrolysis of peanut shell, bambara, cowpea and sorghum xylan by GH10, GH11

and GH30 xylanases

Xylan hydrolysis was done on the extracted xylans with xylanases from three different GH
families and the hydrolysis products were analyzed by TLC (Figures 3.4 and 3.5). Xylanases
from distinct GH families exhibit different modes of action (Biely ef al. 2016) by which the
heterogenicity and substitution of the substrate (xylan) could be deduced. The products
generated by the action of xylanases from different families may reveal the type of xylan present
in each biomass. With respect to the mode of action, GH10 and GH11 xylanases release XOS
from glucuronoxylans which are a mixture of linear (neutral) and MeGIcA substituted (acidic)
oligomers, whereas GH30 xylanases release only MeGIcA substituted xylooligomers (Puchart

et al.,2019).

There is a striking similarity between the products generated by the three types of xylanases
from peanut shell xylan and from beechwood glucuronoxylan (Figure 3.4), whereas, the
bambara, cowpea and sorghum xylans yielded similar XOS (Figure 3.5) which were slightly
lower than peanut shell xylan. The main hydrolysis products of CmGH10 xylanase from each

xylan were Xyl, XyL, Xyl;, MeGlcA*Xyl; and MeGlcA*Xyl, (Figures 3.4 and 3.5). In agreement
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whereas Xyl; was observed with varying intensities from each xylan. However, unlike other
xylanases, TIGH11 xylanase did not produce any free xylose units during the xylan hydrolysis.
Based on the mechanism of action of GH11 xylanase, the shortest aldouronic acid released was
MeGlcAXyli, whereas the largest XOS varied according to the substitution behaviour of the
xylan used. A wide range of XOS production was perceived form sorghum and peanut shell
xylan compared to other xylans tested. All these fragments were typical hydrolysis products of
hardwood glucuronoxylan generated by GH11 xylanases. Similar findings were reported from
birchwood xylan hydrolysed by GHI11 xylanase from Ophiostoma piliferum, Coprinopsis
cinereal (Sydenham et al., 2014) and Talaromyces amestolkiae (Nieto-Dominguez et al., 2017).
Conversely, EcGH30 xylanase could only act on uronic acid containing xylan (Biely et al., 2016),
generating a series of aldouronic acids essentially free of linear XOS. A detectable amount of
aldouronic acids such as MeGlcAXyls, MeGlcAXyls and MeGlcAXyls were found in peanut shell
xylan hydrolysate followed by cowpea xylan hydrolysate. Bambara and sorghum xylan
contained small amounts of aldouronic acids after GH30 hydrolysis. A slightly higher
proportion of aldouronic acids was found in the peanut shell xylan hydrolysate than the other
xylans. This was also found to be higher than the previously isolated xylans from sweetgum
wood (Rhee ef al., 2014) and beechwood (Biely et al., 2015). These results strongly support the
preliminary observations made on different xylans by monosaccharide and NMR analyses. It is
noteworthy that the degradation products of xylan resembles those of typical hardwood
glucuronoxylan. As shown in the MALDI-TOF MS analysis of the products (refer section 3.3.4),
the enzyme also generates a small amount of linear xylooligosaccharides which are not visible

on the TLC chromatogram.

3.3.4 MALDI-TOF MS analysis of XOS from different xylans

The MALDI-TOF MS data established the presence of oligosaccharides made up of substituted
and unsubstituted pentose sugars in the xylans (Figures 3.6; 3.7; 3.8 and 3.9). The sodium
adducts of aldouronic acids in MS spectra correlates well with the TLC observations. TLC and
NMR results confirmed that peanut shell xylan has slightly different structural and hydrolysis

patterns in comparison to other xylans.
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GHI11 hydrolysate, neutral XOS (Xyls and Xyls) along with some aldouronic acids were detected
that also include the signals for disodium ions (+22). The aldouronic acids detected ranged from
MeGlcAXyl; to MeGlcAXyly. Products released from peanut shell xylan by GH30 xylanase

mostly comprised of aldouronic acids with >10 xylose units and few uronic acid substitutions.

The products released from bambara xylan by GH10 xylanase mimicked the signal pattern of
peanut shell xylan, mainly composed of Xyl, Xyl; and MeGlcAXyl; (Figure 3.7). Whereas,
GHI11 hydrolysates showed signals of XOS from Xyls-Xyl; along with some aldouronic acids
such as MeGlcAXyls, MeGlcAXyls and MeGlcAXyls. In the case of GH30 xylanase, there was no
significant product formation from bambara xylan. The products from cowpea xylan correlate
well with the previous observations made from monosaccharide and TLC analyses.
Considering the length of the hydrolysed products from cowpea xylan, it can be assumed that
the principal ions in the hydrolysate of CrnGH10 xylanase correspond to Xyl; and aldouronic
acids- MeGlcAXyls and MeGlcAXyls (the ion of the main neutral product, Xyl, is not shown)
(Figure 3.8). In the case of TIGH11, two longer neutral oligosaccharides were detected from
cowpea xylan hydrolysate which had a mass-to-charge ratio values of 569 and 701; the former
was presumably xylotetraose, as well as aldouronic acids comprised of one MeGIcA and 4 to 5
pentose residues. Since these ions were not observed in the GH10 xylanase hydrolysate, the
larger aldouronic acids from MeGlcAXyl; and above must have been hydrolysed by GH10
xylanase. In general, GH10 xylanases require only two unsubstituted residues between two
substituted xyloses for the cleavage of the main xylan chain and can act on linkages closer to the
substituent (Moreira and Filho, 2016). However, GH11 xylanase requires three unsubstituted
residues (Wan et al., 2014; Biely et al., 2016). Moreover, some aldouronic acids produced from
the enzymatic hydrolysis of these xylans also contained ions of their sodium adducts (m/z 22).
GH30 xylanase released a wide range of aldouronic acids starting from MeGlcAXyl, to

MeGlcAXyls.
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the same, it made them difficult to distinguish and the signals in the spectra were denoted as

Pen,.

The catalytic mechanism of CmGHI10, TIGH11 and EcGH30 was shown in both TLC and
MALDI-TOF MS analyses. The product release pattern by three xylanases from all the four
xylans were comparable to each other and their signal intensities varied based on the
concentration of XOS. As expected, the GH10 xylanase released shorter oligosaccharides
compared to GHI11 xylanase, whereas, GH30 xylanase underperformed on bambara and
sorghum xylan, due to the poor substitution of MeGlcA. This data and the NMR spectra
confirmed that all the xylans were glucuronoxylan similar to that found in hardwood. There
could be a possibility of the existence of another type of hemicellulose in the extracted xylans.
A similar study was done with the xylan extracted from Aspenwood treated with the GH10,
GH11 and GH30 xylanases showed the release of acetylglucurono XOS and some key signals

similar to our results (Puchart et al., 2019).

3.3.5 Sequential analysis of xylanases for structural elucidation

Xylanase sequences from the three different GH families used in this study were retrieved from
NCBI and in silico studies were done for the expansion and validation of xylan hydrolysis
patterns. To gain insights into the sequential arrangement of xylanase, analyses were done
using PDBsum, ScanProsite (Dutta et al., 2018) and InterProScan server. The results from
PDBsum illustrated the placement of different secondary structural elements (Figures 3.10, 3.11
and 3.12). It also showed the topological orientation of these elements with N and C terminal
positions. The PDBsum analysis shows key structural features with their annotation and
summary immediately (Laskowski ef al., 2018). The xylanase sequence from T. lanuginosus
consists of 13 helices, 4 p-hairpin loop and 1 disulphide bond (Figure 3.11A), whereas
C. mixtus and E. chrysanthemi xylanases had 17 helices, 1 p -hairpin, 20 strands, 9 y-turns, 2
disulphides (Figure 3.10A) and 1 helix, 5 B-hairpin loops, 13 strands, 1 disulphide (Figure

3.12A) respectively.
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Sorangium cellulosum (ABC94557)
Thermoactinospora rubra (ALR99812)
_: Alicyclobacillus sp. A4 (ADK91076)

Thermoanaerobacterium saccharolyticum (ADQ57411)
I Bacillus sp. HJ14 (AHH02587)
Bacillus pumilus (AAM21605)
— Massilia sp. RBM26 (ALO19936)
L Acidobacterium capsulatum (BAB40957)
Ruminiclostridium cellulolyticum H10 (ACL75297)
= Acidothermus cellulolyticus 11B (ABK52146)
b Cellulosimicrobium sp. HY-12 (ABX88978)
Microbacterium trichothecenolyticum (AGT51093)
Kocuria sp. 3-3 (AGW80520)
Saccharopolyspora pathumthaniensis (ADL60499)
_{: Streptomyces thermocarboxydus (ACJ64840)
Thermobifida fusca YX (AAZ56824)
_{: Pseudoalteromonas sp. An33 (CUV01064)
Xanthomonas citri pv. citri str. 306 (AAM39084)

_: Cellvibrio mixtus (AAD09439)
Cellvibrio japonicus Uedal07 (ACE84280)

Melioribacter roseus P3M-2 (AFN75725)
_: Paraglaciecola mesophila KMM 241 (ACN76857)
Prevotella bryantii B14 (CAA89207)
_: Bacteroides xylanisolvens XB1A (CBH32823)
Sphingobacterium sp. HP455 (AGL51117)
— Sorangium cellulosum (AEB69780)
b Spirochaeta thermophila DSM 6192 (ADN01802)
Thermoclostridium stercorarium (BAA02069)
Geobacillus sp. WBI (ACH43142)
‘ Geobacillus sp. 71 (AE0Q96821)
Geobacillus sp. TC-W7 (ACX42569)
_: Geobacillus thermodenitrificans (AJD08621)
Planococcus sp. SL4 (AIX48023)
Bacillus sp. NG-27 (AAB70918)
Bacillus sp. N16-5 (AD124221)
Bacillus halodurans (AGH25543)
_l: Bacillus firmus (AAQ83581)
Pseudothermotoga thermarum DSM 5069 (AEH51686)
_: Thermobacillus xylanilyticus (CAA76420)
Zunongwangia profunda SM-A87 (ADF53358)

Figure 3.13 Phylogenetic analysis of the amino acid sequences of xylanases from family GH10.

C. mixtus is highlighted in bold letters.

The phylogenetic tree had three groups at the bottom of the tree which were seperated from the
main cluster. The first clade had only three sequences (accession no. AEH51686, CAA76420

and ADF53358), whereas the second clade contained 12 sequences were mainly from Bacillus
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and Geobacillus genera. The third group was the biggest of the three clades and contained
C. mixtus. It was also noted that C. mixtus xylanase had maximum similarity with the
neighbouring sequence C. japanicus Uedal07 (ACE84280) which indicated that they belong to
the same genus. This neighbouring sequence could be used as a template for modelling the
protein of interest. E181, N182, K185 are the amino acids within the active site doamin which
shared 90% consensus with the other sequences. Xylanase from G. thermoleovorans shared
highest homology with Geobacillus sp. TC-W?7 xylanase having E187 and E239 as catalytically
important amino acids (Verma and Satyanarayana, 2012). A GH10 xylanase from Thermotoga
thermarum had a closer relationship with P. mobilis and contained E525 and E726 which were
more conserved among the diverse members of GHI10 xylanase (Shi et al., 2013).
Caldicellulosiruptor lactoaceticus xylanase possessed E161 and E266 as the conserved amino
acids (Jia et al., 2014). The deduced sequence of xylanase from Streptomyces thermovulgaris
TISTR1948 contained one putative conserved GH 10 domain (from Y71 to V359) and the
putative catalytic residues of E169, D212, and E277 showed high identity with S. lividans 1326

(Boonchuay et al., 2016).

In the case of GHI11 xylanase, a total of 50 sequences were retrieved from the CAZy database
for the GH11 family, having sequence similarity with the reference sequence, T. lanuginosus.
The cladogram represented three main clusters, where the reference sequence belonged to
cluster 1. All the three clusters were sharing a common ancestor (root), however, the cluster 1,
2 and 3 in Figure 3.14 refers to a minimum amount of sequential or structural similarity among

the three clusters.

The T. lanuginosus xylanase was most closely related to T. dupontii (AGI02590) and
Paecilomyces thermophila (ACS26244) (Figure 3.14). The overall clade formation and
branching in the phylogenetic tree elucidated the relationship of T. lanuginosus xylanase to the
other xylanases from the GH11 family (Alvarez-Cervantes ef al., 2016). From the multiple
sequence analysis, it was observed that T. lanuginosus shares conserved amino acids with other

input sequences as well.
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Similarly, G118, Y180, G181, W182, P186, E189, Y191, P202, G214, Y224, S236, G239, F244,
Q246, R251, W274, G278 and G305 showed 100% consensus with other input sequences. A
GHI11 xylanase from Thermobacillus xylanilyticus contained eight aromatic residues namely
Y6, Y13, Y42, Y97, W102, W109, Y172, and Y176 and two conserved residues W4 and W161

(Rakotoarivonina et al., 2015).

Twenty protein sequences of GH30 xylanase similar to E. chrysanthemi xylanase were selected.
The sequence length of the E. chrysanthemi was approximately 440 amino acids. From the
cladogram of E. chrysanthemi, the closest neighbour was Dickeya dadantii (AIU97348) as they
shared a common origin of divergence. The clade containing E. chrysanthemi represented 13
sequences which showed the proximity of the sequences (Figure 3.15). Multiple sequence
analyses showed a conserved area for the sequences of GH30 family xylanases and the residues
which were in the region of the active site was selected for the docking studies. The maximum
sequence similarly is often associated with structural similarity while multiple sequence
alignment identifies the conserved region in such similar sequences. Multiple sequence
alignment results showed that residues R142, L143, A150, L155, D156, F157, M162, N165 and
Y170 were within the active site domain having 100% consensus with other protein sequences.
In a previous study, the GH30 xylanase from Penicillium purogenum showed a maximum of
53% similarity with Bispora sp. xylanase and multiple sequence alignment identified the

catalytic residues at E209 and E301 (Espinoza and Eyzaguirre, 2018).

The phylogenetic analysis assisted the identification of the ancestral roots of xylanase from all
three GH families and they were further aligned with the sequences that showed the maximum
similarity among xylanases from other organisms. By using these observations, docking analysis
was carried out where active sites serve as the most important factor. Sequence analysis assisted

in the identification of the conserved regions which may act as active sites in the docking study.
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_: Dickeya dadantii (ATU97348)
Dickeya chrysanthemi (AAB53151)

_: Clostridium saccharoperbutylacetonicum N1-4(HMT) (AGF55268)
Clostridium saccharobutylicum DSM 13864 (AGX41952)

r— Paenibacillus riograndensis SBR5 (CQR57380)

b Paenibacillus favisporus (AHA38215)

Bacillus pumilus (BAT48890)

— Bacillus licheniformis (BAL45490)

b Bacillus paralicheniformis ATCC 9945a (AGN37958)

Bacillus subtilis (AOR98337)
4‘2 Bacillus sp. BS34A (CE]77432)

Bacillus subtilis BEST7003 (BAM58045)
Bacillus subtilis XF-1 (AGE63659)
— Bacillus atrophaeus subsp. Globigii (ATK48388)

L——— Bacillus sp. BP7 (ADM15019)
Bacillus velezensis (UX93664)

Bacillus amyloliquefaciens KHG19 (AJK65582)
_E Bacillus velezensis UCMB5036 (CCP21790)
Bacillus amyloliquefaciens Y2 (AFJ62124)

r— Bacillus amyloliquefaciens LL3 (AEB63536)
Y Bacillus amyloliquefaciens (AQC91263)

Figure 3.15 Phylogenetic analysis of the amino acid sequences xylanases from GH30 family.

E. chrysanthemi is represented as Dickeya chrysanthemi in bold letters.

3.3.7 Docking studies on xylan and xylanase

Modeller software generated five models for each xylanase sequence from C. mixtus,
T. lanuginosus and E. chrysanthemi (Table 3.1). The best template with percentage sequence
similarity and DOPE score values for all the models represented in Table 3.1. The models with
a lowest DOPE score (with a negative value) —55808.89 (model 2 of C. mixtus), —22966.22
(model 1 of T. lanuginosus) and —48628.11 (model 1 of E. chrysanthemi) (Figure 3.16) were
selected for further analysis. The selection was carried out based on the previous report (Roy

and Mukherjee, 2015).
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Table 3.1 Sequence and structural information of xylanase from different organisms. DOPE
score for all five models are provided along with the lowest score in bold letters using Modeller
9.20. Verification results of the models with the lowest DOPE scores were presented as Verfy3D

and Z score.

Sequence Template Verify ProsA
length with DOPE score 3D value
(amino acid) %similarity score (Z score)

Name of
organism

—55690.26
—55808.89
C. mixtus 379 1UQZ, 83% —54721.53 81.13% 5.99
—55075.13
—55028.68

—22966.22
—22363.17
T. lanuginosus 258 1YNA, 99.7% —22792.88 85.58% 5.39
—22473.98
—22669.17

—48628.11
—48144.49
E. chrysanthemi 413 INOF, 99% —47930.91 92.01% 8.31
—48123.65
—48035.16
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Table 3.2 Description of Docking input and output results. Pose and scoring values are for the

best docking regions (active sites) which are highlighted in Bold letters.

Scoring values®
Enzyme  Receptor Ligand Active Sites® Pose 8

(kcal/mol)
CmGH10 1 940
2 -9.53
X+l ) 3 -9.38
ylanase 165-200,
model2.pdbqt  Xylan.pdbqt 309-319 4 —9.09
(GH10) '
5 -8.80
6 —-8.44
TIGH11 1 90
2 -10.24
Xylanase- 3 -7.97
147-157,
modell.pdbqt  Xylan.pdbqt 239250
5 -8.89
6 -9.30
EcGH30 1 =993
2 -8.85
Xylanase- 145-168, 3 —-8.56
modell.pdbqt  Xylan.pdbqt
330-350
(GH30) 4 ~7.24
5 -8.44
6 -8.01
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Tyrosine and tryptophan have aromatic side chains whereas lysine and asparagine encountered
as positively charged amino acids which represent the strength of binding and affinity between
the xylanase- aldopentaouronic acid complex. Multiple binding poses of the complex structure
were created to identify the key residues responsible for ligand (aldopentaouronic acid)
recognition in the binding site. Scoring values of similar poses suggested that the xylan opted
for its best binding mode inside the cleft of xylanase. Seven H-bonds were formed between
aldopentaouronic acid with the following amino acids Ser47, Asn75, Tyr141, Tyr141, Argl86,
GIn200 and Tyr236 (Figure 3.18D). The docking energy (-10.24 kcal/mol) and the number of
H-bonds formed clearly indicated a good complex formation (Manimekalai ef al., 2015; Sarkar

et al., 2018) between the receptor (xylanase) and ligand molecule (aldopentaouronic acid).

The other two xylanase-ligand complex structures derived from C. mixtus and
E. chrysanthemi were also studied. It was observed that Pose 2 with —9.53 kcal/mol (C. mixtus)
and Pose 1 with =9.93 kcal/mol (E. chrysanthemi) had the highest binding affinity (Table 3.2)
and their docked structures shown in Figures 3.19A and 3.20A. Interacting amino acids, H bond
and bond formation were different for individual complexes. Xylanase of C. mixtus developed
interactions for the neighbouring amino acids Asn264, Trp265, Thr266, Asp356, Ser357,
Pro404 and Leu405 (Figure 3.19C). Likewise, E. chrysanthemi xylanase formed interactions
between Asn264, Trp265, Thr266, I1e269, Asn355, Asp356, Ala380, Pro404 and Leu405 (Figure
3.20C). Thr266 participated in one of the H bond formations whereas the other bond was
formed with a bond length of 2.9 A. Docking was done in this study to ensure the docking
nature of aldopentaouronic acid to its receptor (xylanase) that could endure large scale
processing during product (xylose) formation. A comparison of molecular dynamics and
changes observed between wild type and mutated genes from T. lanuginosus DSM 5826

produced xylanase variants after DNA shuffling (Stephens et al., 2014).
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3.4 CONCLUSION

In this chapter, the efficiency of xylan hydrolysis by TIGH11 xylanase was improved by the
optimization of substrate concentration and enzyme dosage. The analysis of the enzymatic
hydrolysates of peanut shells, bambara, cowpea and sorghum biomass showed that xylanases
from three GH families had unique mode of action towards the substrate. The shorter
oligosaccharides produced from these xylans had a DP of 2-6 which could comply for value
addition. TLC results showed a clear hydrolysis pattern of xylanases on all the four xylans.
MALDI-TOF MS analysis revealed the identity of XOS produced in the xylan hydrolysates by
their molecular masses. It was therefore concluded that XOS produced from all the xylans
comprise mainly glucuronoxylan. The in silico study summarizes of all the three xylanase
sequences showed a good percentage of consensus in multiple sequence analysis thereby
forming clusters in the cladogram. This observation helped in unravelling the xylanase protein
with maximum sequential and structural similarities which can be applied as a reference model
for homology modelling in future. The structure modelling and interaction study by docking
also aided in identification the residues, amino acids and active sites in the enzymes that are
involved in the breakdown of xylan. In addition, this study also provided the information to

prove that T. lanuginosus xylanase was the most suitable enzyme for XOS production.
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CHAPTER FOUR

APPLICATION OF OLIGOSACCHARIDES AS A PREBIOTIC IN FOOD

PRODUCTS

4.1 INTRODUCTION

With increasing consumer’s interest in health and wellness, the demand for functional foods
has increased in the last decade. This has propelled the growth of functional foods market,
subsequently promoting the discovery of new functional food constituents from different
natural sources (Gurpilhares ef al., 2019). The non-conventional biomolecules present in food
which can modulate metabolic pathways in the body, promoting the health and well-being of
humans are termed as functional components. Carotenoids, non-starchy polysaccharides, fatty
acids, phenolics, plant sterols and prebiotic oligosaccharides are some of the examples of such
functional food components (Abuajah et al., 2015). Despite the presence of various dietary
supplements, the search for newer sources is desirable to improve the efficiency of functional
foods. In recent years, research on prebiotics has gained much interest due to its selectivity in
stimulating the growth of beneficial microbes in the gut microbiota that confer health benefits
to the host (Singh et al., 2015). Normal gut microbiota play an important role in the metabolism
of host nutrients, maintaining the integrity of the gut mucosal barrier, metabolism of drugs and
xenobiotic compounds, protection against pathogens and immunomodulation (Jandhyala et

al., 2015).

Prebiotics are non-digestible food ingredients classified as dietary fibres which are rare in
natural foods but can be synthesized from carbohydrate sources. Milk, honey, banana, onions,
garlic, wheat, oats, chicory, leeks, asparagus, Jerusalem artichokes, bamboo shoots and soybeans
are some of the natural sources of prebiotics (Petrova and Petrov, 2017). Prebiotics play a vital

role in improving the growth of gut microbiota in humans (Goulet et al., 2019). However, the
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consumption of prebiotics via natural food products is limited, due to their low concentration.
This could be overcome by supplementing prebiotics in the diet to maintain good intestinal

health.

Among the different prebiotics, inulin, fructooligosaccharides (FOS), galactooligosaccharides
(GOS), and isomaltooligosaccharides are well studied, and have a good share of the
commercial market (Brownawell et al., 2012). Xylooligosaccharides are a new class in this
cluster and are gaining immense attention due to their specific metabolic function as a prebiotic
in the human intestinal system (Ddvila et al., 2019). XOS are reported to improve probiotic
levels in the intestine at the lowest concentration (Amorim et al., 2019b). XOS dosage of 2 g/day
is adequate to improve the intestinal probiotic levels, whereas, oligosaccharides such as GOS
and FOS are required in higher concentrations (up to 10 g/day and 4 g/day, respectively)
(Mohanty et al., 2018). Several biological functions of XOS in the human body have been
studied in the last two decades. It has been noted in a recent study that XOS supplemented
soluble fibre diet helped in reducing adiposity and fat synthesis along with improved intestinal
microbial count (Long et al., 2019). XOS are also reported to possess antioxidant, antidiabetic,
antitumor, anti-inflammatory and immunostimulatory activities (Singh et al., 2015). All these
remarkable properties of XOS make them a strong competitor to the oligosaccharides currently
available in the commercial market. This has stimulated researchers globally to study newer and

novel sources of XOS.

Previous studies have shown that various prebiotics can be produced from different waste
materials and agricultural biomass. In South Africa, biomass from several crops are
underutilized and still need to be explored for value addition. These crops are not
commercialized globally and due to their indigeneity, they are not sufficiently explored. Peanut
shell, bambara, cowpea and sorghum biomass are some of the underexplored crop residues in
South Africa which have potential to be used as a source for oligosaccharide production.
Preliminary studies conducted in our laboratory have shown that all the four biomass have

abundant xylan which could be explored for XOS production. Few studies have been reported
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on the production of XOS from peanut shells, cowpea and sorghum, however, production of
XOS from bambara biomass has never been attempted. On the same note, similar to agricultural
biomass, many of the food crops with high nutrition profiles, such as amadumbe and bambara
groundnut have not been explored well. Both amadumbe and bambara groundnut are rich in
carbohydrates (67% and 80% respectively), while protein (15% and 12% respectively) and fat
(10% and 1% respectively) contents are comparatively low (Mawoyo et al., 2017; Oyeyinka and

Oyeyinka, 2018).

In recent times, the demand for fat-based spreads has declined considerably due to the fact that
fat has being linked to obesity-related diseases. However, carbohydrate-based low-fat spreads
are gaining wide attention due to their health benefits (Do et al, 2016). Amadumbe and
bambara groundnut flours have great demand in the spread industry due to their high
carbohydrate and low-fat content (Mukurumbira, 2017; Oyeyinka, 2017). Yogurt is another
important food ingredient included in almost all diets. It is a probiotic rich food that improves

the commensal bacteria of the gut (Pei et al., 2017).

In this chapter, XOS produced from peanut shells, bambara, cowpea and sorghum biomass were
evaluated for their potential as prebiotics via in vitro fermentation. A novel spread formulation
was developed using amadumbe and bambara groundnut flours and prebiotic supplementation

of bambara XOS in spreads and yogurt was studied.

4.2 MATERIALS AND METHODS

4.2.1 Isolation of probiotic bacteria

Probiotic bacteria were isolated from fermented Mahewu drink and yogurt samples collected
from the local market, Durban, South Africa. Probiotic bacteria were screened and isolated
using MRS agar plates and incubated anaerobically at 37°C for 48 h. For the isolation of
Bifidobacteria, cysteine hydrochloride was used as a selective agent. The Gram-positive and

catalase-negative bacteria were further identified by ribotyping.
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4.2.2 Identification and phylogenetic analysis of the isolated bacteria

The isolated probiotic microorganisms were identified by a ribotyping method involving 16S
rDNA sequencing at Inqaba Biotechnical Industries (Pty) Ltd, Pretoria, South Africa. DNA was
extracted from the bacterial cultures using the ZR Fungal/Bacterial DNA Kit (Zymo Research,
USA), and the 16S rDNA gene was amplified by polymerase chain reaction using the primers
27F (5' AGAGTTTGATCCTGGCTCAG 3') and 1492R (5' TACGGYTACCTTGTTACGACTT
3"). The PCR reactions were performed in a final volume of 25 pl having approximately 1.0 pul
of DNA, 12.5 pl of OneTaq Quick-Load 2X Master Mix (NEB, Catalogue No. M0486), 0.5 ul of
each primer and 10.5 pl of sterile nuclease-free water. The DNA amplification conditions were:
initial denaturation at 94°C for 30 s, 30 cycles of 94°C for 15 s, 45°C for 15 s 68°C for 1 min, and
a final extension step at 68°C for 5 min. PCR products were gel extracted (Zymo Research,
Zymoclean Gel DNA Recovery Kit, D4001), and sequenced in the forward and reverse
directions on the ABI PRISM™ 3500x] Genetic Analyser (Applied Biosystems Inc., Foster City,
CA, USA). Purified sequencing products (Zymo Research, ZR-96 DNA Sequencing Clean-up
Kit, D4050) were analyzed using CLC Main Workbench 7 followed by a BLAST search
(http://blast.ncbi.nlm.nih.gov/ Blast.cgi). The resultant homologous sequences of other species
from BLAST tool were used for phylogenetic analysis. The evolutionary history was inferred
using the Neighbor-Joining method (Saitou and Nei, 1987). The tree was drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite
Likelihood method (Tamura et al, 2004) and were in the units of the number of base
substitutions per site. Codon positions included were of 1* + 2™ + 3 + Noncoding. All
positions containing gaps and missing data were eliminated. Evolutionary analysis was

conducted using MEGAX software (Kumar et al., 2018).
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4.2.3 Measurement of bacterial growth on XOS

Three selected bacterial cultures, viz., Lactobacillus plantarum NS6, Lactococcus lactis NS9 and
Bifidobacterium animalis NS11 were used for the prebiotic study. In vitro fermentation of XOS
by lactic acid bacteria and Bifidobacterium strains was studied by supplementing XOS as the
carbon source in the culture media. The modified MRS media contained 10.0 g/l protease
peptone, 10.0 g/l beef extract, 5.0 g/l yeast extract, 1.0 g/l Tween 80, 2.0 g/l ammonium citrate,
5.0 g/l sodium acetate, 0.1 g/l magnesium sulfate, 0.05 g/l manganese sulfate, 2.0 g/l
dipotassium sulfate, 0.05 g/l cysteine hydrochloride (before inoculation in the case of
Bifidobacterium strain) and 1.0% (w/v) XOS (Chapla et al., 2012). XOS derived by the enzymatic
hydrolysis of xylan from peanut shell, bambara, cowpea and sorghum biomass were tested in

the in vitro fermentation experiments.

The medium containing XOS was inoculated with 5% (v/v) L. plantarum, L. lactis and
B. animalis in separate screw cap bottles and incubated anaerobically at 37°C for 48 h. The
growth of bacteria and the utilization of XOS were monitored at 24 and 48 h by measuring the
pH and absorbance of the culture broth. Positive control fermentations were carried out by
substituting XOS with glucose in the media and uninoculated media served as the blank. For
negative controls, media without a carbon source was used for fermentation. The culture broths
were centrifuged at 5000 x g for 15 min and the cell pellet was washed with sterile distilled water

and oven-dried at 85°C to determine the dry cell mass (Chapla et al., 2012).

4.2.4 Development of prebiotic functional foods

4.2.4.1 Preparation of amadumbe and bambara groundnut flour

Amadumbe and bambara groundnut were collected from local farmers in the KwaZulu Natal
province, South Africa. Freshly harvested amadumbe corms were washed, peeled, sliced into a
thickness of 3.0 mm and dried at 60°C in an air dryer (United Scientific, South Africa) until a

constant weight was obtained. Dried flakes were milled into flour using a grinder (Model:
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8010S, Torrington, USA) and sieved (screen size: 180 mm) to obtain fine flour. The flour was
then mixed with water and gelatinized by heating to modify the starch. The gelatinized starch
was dried using a drum dryer, powdered and stored at room temperature prior to analysis. In
the case of bambara, the groundnuts were roasted in an oven, dehulled and ground using a

grinder. The fine flour was collected by sieving (180 mm) and stored in an airtight container.

4.2.4.2 Development of amadumbe-bambara spread

A new product (amadumbe-bambara spread) was formulated with amadumbe and bambara
flour as the base material, using a modified method from Do et al. (2016). The ground bambara
flour (70%) was mixed with 30% gelatinized amadumbe flour to serve as the basic ingredient
for the spread preparation. Other ingredients in the formulation included vegetable oil, lecithin,
salt and sugar. XOS (2.5%) was added as a dietary supplement. The XOS dosage was finalized
based on earlier reports (Al-Sheraji ef al., 2013; Mohanty et al., 2018). All the ingredients except
flour were mixed with hot water and homogenized. The flour was added slowly to the mixture

and blended thoroughly to form a semi-solid paste.

4.2.4.3 Texture analysis of spread samples

Petri dishes (100 mm x 15 mm) were filled with the spread and levelled for texture analysis.
The spread sample was divided into 4 quadrants and the texture analysis was carried out on
each portion. A texture analyzer (Shimadzu Corporation, Japan) equipped with a load cell of
30 kg was used to obtain the force-time curves. A 2.5 cm diameter acrylic cylindrical probe was
pushed into the spread up to 4 mm at a speed of 0.5 mm/s and was then retracted until the
sample column completely broke from the probe. All measurements were performed atambient

temperature (Tanti ef al., 2016).

4.2.4.4 Accelerated stability tests

The stability of the formulated samples was evaluated by measuring water (and/or oil)

separation after centrifugation. A known amount of the spread sample (1.0 g) was added to
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2.0 ml Eppendorf tubes and centrifuged at 12000 x g for 10 min. Water (and/or oil) syneresis
was measured as the percentage of the amount of free water (or oil) separated to the total

amount of sample (Do et al., 2016).

4.2.4.5 Nutritional analysis of the spread samples

The total fat, protein, ash and moisture content of the spread samples were measured by AOAC
methods (AOAC, 2016). The samples were freeze-dried prior to analysis and the total
carbohydrates were estimated by calculating the difference in protein, lipid, fibre and ash in the

total composition.

4.2.4.6 Sensory analysis of the spread samples

Sensory evaluation was performed to assess the consumer acceptability of the newly formulated
spread samples. The following five parameters were assessed: appearance, aroma, taste, texture
and overall acceptability. The analysis was done by 30 untrained panel members who were
randomly selected from the postgraduate students of the Department of Biotechnology and
Food Technology, Durban University of Technology. The samples were evaluated based on a
9-point hedonic scale (Pimentel et al., 2015). The tests were conducted in separate cabins with

coded samples.

4.2.4.7 Preparation of XOS enriched yogurt

To prepare the prebiotic yogurt, 1% skim milk powder and 0.5% gelatin were added to fresh
milk, heated at 65°C for 15 min and cooled to 46-48°C. Yogurt starter culture (1.0%) and XOS
(2.5%) were added to the milk and were incubated at ambient temperature. The pH of the
sample was monitored every 1 h until it dropped to 4.5 where the fermentation was arrested. A
control yogurt sample was prepared without the addition of XOS and both the samples were

refrigerated for further analysis (Mousavi et al., 2019).
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4.2.4.8 Physicochemical analysis of yogurt samples

pH and titratable acidity of the prebiotic yogurt was determined by the AOAC method (AOAC,
2016) and viscosity was measured using a Haake Visoctester C (Thermo Electron GmbH,
Karlsruhe, Germany). Syneresis of the yogurt was determined by centrifugation according to

Aryana (2003).
4.2.4.9 Microbial analysis of yogurt samples

The viability of probiotic organisms during the storage period was assessed by microbial
counting. The yogurt samples were stored at 4°C and samples were collected weekly for 4 weeks.
The samples were then serially diluted, inoculated on MRS plates and incubated at 37°C for

48 h. After incubation, the microbial content was estimated.
4.2.4.10 Nutritional and sensory analysis of yogurt samples

Nutritional and sensory analysis of plain and XOS enriched yogurt was carried out by the

methods mentioned in section 4.2.3.4 and 4.2.3.5.
4.2.5 Statistical analysis

Data obtained from the above experiments were analyzed using the SPSS software (IBM
corporations, USA). Means and standard deviations were calculated; analysis of variance and
Duncan test were used to detect significant differences (a= 0.05) among the various data

analyzed.

4.3 RESULTS AND DISCUSSION

4.3.1 Isolation and identification of probiotic bacteria

Forty bacterial colonies were isolated from 8 Mahewu samples on MRS agar plates and 10

bacteria were isolated from 2 yogurt samples on MRS media supplemented with cysteine
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hydrochloride, used for the selection of Bifidobacteria. Bacterial colonies obtained from
Mahewu samples were mostly white cream coloured while colonies of the bacteria isolated from
yogurt samples were white coloured. Among these, 12 colonies that have distinctive
morphological features were further screened and identified. Gram staining confirmed that all
the bacteria were gram-positive among which 10 were rod-shaped and the remaining 2 were
cocci shaped. All the 12 colonies were negative for catalase which confirmed both the strict and
facultative anaerobic nature of the bacteria, which is a characteristic feature of probiotic
microorganisms. Ribotyping is a widely accepted method to identify the bacteria and its
phylogenetic analysis. The 16S rDNA sequencing mediated identification showed that majority
of the isolates (8 isolates) obtained from Mahewu were Lactobacillus plantarum, and 2 isolates
were identified as Lactococcus lactis, while the 2 bacterial colonies isolated from yogurt were
identified as Bifidobacterium animalis. All the isolates selected belonged to the probiotic

community.

Probiotic bacteria have been isolated from many sources. In contrast to the natural sources,
fermented products have been observed as one of the best sources of probiotic bacteria.
Probiotic bacteria such as L. plantarum and L. lactis have been isolated from fruits and cattle
milk, respectively (da Costa et al., 2018; Yerlikaya, 2019). Natural sources do have large number
of microorganisms other than probiotics, whereas, the microbial composition of fermented
products is dominated by probiotic microorganisms. Many of the earlier studies have reported
the isolation of potent probiotics from fermented foods. L. plantarum and L. lactis were isolated
from fermented porridge “Mahewu” (Pswarayi and Ginzle, 2019); L. plantarum from yogurt
(Nami et al., 2019) and B. animalis from dairy products (Alhudhud et al,, 2014). Our results

are in agreement with the above reports.

4.3.2 Phylogenetic analysis of probiotic microorganisms

The phylogenetic tree of the 16S rDNA sequences of bacteria was constructed using MEGA-X

software by the neighbor-joining method (Figure 4.1, 4.2 and 4.3) and showed the detailed
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evolutionary relationships between the strains under study, and other closely related species.
Three bacteria from different genus were selected for phylogenetic analysis viz., L. plantarum
NS6, L. lactis NS9 and B. animalis NS11 and their evolutionary history was inferred using the
Neighbor-Joining method (Saitou and Nei, 1987). The bootstrap consensus tree obtained from
1000 replicates was taken to represent the evolutionary history of the taxa analyzed (Felsenstein,
1985). Branches corresponding to partitions reproduced in less than 50% bootstrap replicates
were collapsed. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) was shown next to the branches (Felsenstein, 1985). The
evolutionary distances were computed using the Maximum Composite Likelihood method
(Tamura et al., 2004) and were in the units of the number of base substitutions per site. The
analysis involved 20 nucleotide sequences which were carried out on the selected bacteria. All
ambiguous positions were removed for each sequence pair using the pairwise deletion option.
For L. plantarum NS6 and L. lactis NS9, a total of 1563 and 1536 positions were in the final
dataset with the optimal tree having total branch lengths of 31.86 and 12.36, respectively. In the
case of B. animalis NS11, there were a total of 1549 positions in the final data set which showed
the optimal tree with 72.28 as the sum of the branch length. The 16S rDNA based phylogenetic
analysis demonstrated 99.66% sequence similarity of L. plantarum NS6 with closely related
Lactobacillus plantarum WGX143, whereas, L. lactis NS9 and B. animalis NS11 showed 99.93%
sequence similarity with Lactococcus lactis LLY003 and Bifidobacterium animalis FC13646,

respectively.
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{ Lactobacillus plantarum OSL8A
Lactobacillus plantarum LOSL9A

Lactobacillus plantarum FM02

— Lactobacillus brevis ATCC 14869
———— Lactobacillus herbarum TCF032-E4
— Lactobacillus plantarum NS6
“———— Lactobacillus plantarum WGX143

{ Lactobacillus plantarum W2

Lactobacillus plantarum DS11

— Lactobacillus plantarum HBUAS52251
——— Lactobacillus odoratitofui DSM 19909

—|: Lactobacillus plantarum HN9

Lactobacillus plantarum T32

{ Lactobacillus pentosus 124-2
Lactobacillus mixtipabuli TWT30

Figure 4.1 Phylogenetic tree of L. plantarum NS6 and other closely related Lactobacillus species

based on 16S rRNA sequences. The tree was generated using the neighbour-joining method.

I —

Lactococcus lactis subsp. lactis JCM 12650
Lactococcus lactis subsp. lactis NM53-4
Lactococcus lactis subsp. lactis CCMB1033
Lactococcus lactis subsp. lactis 1B4
Lactococcus lactis subsp. lactis JCM 20128
Lactococcus hircilactis DSM 28960
Lactococcus lactis NS9

Lactococcus lactis LLY003

Lactococcus taiwanensis 0905C15
Lactococcus garvieae subsp. bovis BSN307
Lactococcus lactis subsp. lactis Toyama-SU1
Lactococcus lactis subsp. lactis YF11
Lactococcus nasutitermitis M19
Lactococcus lactis TBZ1

Lactococcus lactis DSM 28961

Figure 4.2 Phylogenetic tree of L. lactis NS9 and other closely related Lactococcus species based

on 16S rRNA sequences. The tree was generated using the neighbour-joining method.
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{ Bifidobacterium animalis PNW?2
Bifidobacterium animalis subsp. lactis CECT 8145
Bifidobacterium animalis FC13646

Bifidobacterium animalis NS11
Bifidobacterium bombi Blucl/TP

{ Bifidobacterium animalis YI'T 4090
Bifidobacterium thermophilum ATCC 25525

—: Bifidobacterium animalis subsp. lactis LCR26
Bifidobacterium animalis subsp. lactis BL2

— Bifidobacterium bohemicum DSM 22767

{ Bifidobacterium animalis subsp. lactis 56

Bifidobacterium animalis subsp. lactis 2501H
Bifidobacterium actinocoloniiforme LISLUCIII-P2

{ Bifidobacterium animalis subsp. lactis S7
Bifidobacterium bifidum ATCC 29521

Figure 4.3 Phylogenetic tree of B. animalis NS11 and other closely related Bifidobacterium
species based on 16S rRNA sequences. The tree was generated using the neighbour-joining

method.

4.3.3 Measurement of bacterial growth on XOS derived from lignocellulosic materials

The prebiotic potential of XOS was determined by growing the probiotic organisms on XOS
supplemented media. Some of the well-established genera of probiotics include
Bifidobacterium, Lactobacillus and Lactococcus which have a pivotal role in improving human
health (de Melo Pereira et al., 2018). The modified MRS media supplemented with XOS from
peanut shells, bambara, cowpea and sorghum xylans were inoculated with L. plantarum NS6,
L. lactis NS9 and B. animalis NS11. pH, optical density, and dry cell mass were monitored to

determine the prebiotic potential of XOS.

All the three probiotic bacteria were able to utilize XOS from peanut shells, bambara, cowpea
and sorghum biomass. This was evident from the increase in absorbance and biomass after
48 h incubation (Table 4.1). XOS were able to enhance the growth of all the three probiotic
bacteria which was substantiated by the acidic conditions in the growth medium. In all the XOS

supplemented media, the pH decreased to 4.1, whereas the control medium with glucose had a
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pH of 5.3 to 5.4. It was noted that the substrates having a higher cell biomass had lower pH
values compared to substrates with low cell growth. This indicates that the decrease in pH is
directly proportional to the growth of probiotic bacteria (Sims et al., 2014). The hydrolytic
enzymes produced by the probiotic microorganisms help in the digestion of non-digestible
oligosaccharides (NDOs) and produce short-chain fatty acids (SCFA) resulting in the reduction
of pH (Ho et al., 2018). That could be one of the reasons for the reduction of pH which was
observed in all the media supplemented with XOS in our study. A recent report has showed a
significant drop in pH after supplementing XOS from beechwood to faecal inoculum as a result

of the production of short-chain fatty acids (Amorim ef al., 2019a).

The maximum cell biomass of L. plantarum NS6 was observed in the media containing peanut
shell XOS (0.79+0.03 mg/ml) followed by cowpea XOS (0.72+0.04 mg/ml) and bambara
(0.71+0.02 mg/ml). In the case of L. lactis NS9, the growth on all the four XOS media showed a
similar trend (~0.65+0.03 to 0.69+0.04 mg/ml). The highest growth (0.82+0.01 mg/ml) of B.
animalis NS11 was observed with the media containing XOS from peanut shell (Table 4.1). The
purity of the XOS produced from peanut shell could be the reason for the maximum growth of

the probiotics compared to other XOS from other sources (MALDI-TOF MS data; Figure 3.6).

XOS obtained from all the four xylans (peanut shells, bambara, cowpea and sorghum) were
utilized efficiently by B. animalis NS11, L. plantarum NS6 and L. lactis NS9 than the control
media which had glucose as the main carbon source. In the presence of glucose, cell biomass
was 0.47+0.02 mg/ml for B. animalis NS11, 0.49+0.03 mg/ml for L. plantarum NS6 and
0.60+0.01 mg/ml for L. lactis NS9 after 48 h of incubation. This could be due to the efficiency
of some probiotic bacteria in utilizing pentose sugars over hexoses (Finegold et al., 2014).
Therefore, it can be concluded that XOS could be a better carbon source for growth of probiotics

than glucose.
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Table 4.1 Growth characteristics of L. plantarum NS6, L. lactis NS9 and B. animalis NS11 on XOS from different sources and glucose.

_ 24 h 48 h
?;::inal Substrates* Absorbance Dry cell mass bH Absorbance Dry cell mass pH

(600 nm) (mg/ml) (600 nm) (mg/ml)
PS XOS 0.45+0.02 0.42+0.01 5.3 0.62+0.02 0.79+0.03 4.2
Bam XOS 0.39+0.01 0.40+0.02 5.2 0.56+0.01 0.71+0.02 4.6

L. plantarum

CP XOS 0.41+0.01 0.45+0.02 5.4 0.63+0.03 0.724+0.04 4.4
NS6 SS XOS 0.45+0.02 0.50+0.04 5.3 0.62+0.02 0.68+0.03 4.6
Glu 0.31+0.02 0.32+0.01 5.6 0.52+0.02 0.49+0.03 53
PS XOS 0.39+0.03 0.40+0.01 5.6 0.68+0.02 0.66+0.04 4.3
Bam XOS 0.35+0.02 0.41+0.01 5.5 0.67+0.03 0.65+0.03 4.2
L. lactisNS9  CP XOS 0.39+0.02 0.46+0.03 55 0.68+0.03 0.66+0.02 4.6
SS XOS 0.39+0.03 0.43+0.01 5.1 0.67+0.02 0.69+0.04 4.2
Glu 0.31+0.03 0.35+0.02 5.8 0.59+0.02 0.53+0.01 5.4
PS XOS 0.55+0.03 0.41+0.02 5.4 0.81+0.03 0.82+0.01 4.2
B. animalis Bam XOS 0.47+0.01 0.39+0.01 5.6 0.71+0.02 0.66+0.02 4.4
NSI1 CP XOS 0.51+0.03 0.32+0.01 5.2 0.72+0.04 0.63+0.03 43
SS XOS 0.50+0.02 0.36+0.03 5.7 0.69+0.04 0.67+0.03 4.1
Glu 0.34+0.01 0.2940.02 5.7 0.55%+0.03 0.47+0.02 53

NB: Value represent the mean of three replicates and the standard error is reported.

*PS (peanut shell), Bam (Bambara), CP (Cowpea), SS (Sorghum) and Glu (Glucose).
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Many Bifidobacteria and lactic acid bacteria were shown to catabolize a variety of mono and
oligosaccharides released by glycosyl hydrolases from non-digestible plant polysaccharides.
Studies have shown the ability of selected strains of Lactobacillus and Bifidobacterium to
ferment XOS (Moure et al., 2006). Furthermore, positive effects of XOS on the growth of
probiotic bacteria are also documented (Buruiana et al., 2017; Davila et al., 2019). Moura et al.
(2007) studied in vitro fermentation of XOS from corncob using B. adolescentis and L. brevis
and reported that better growth was observed with XOS than control. Similarly, a study was
reported on the in vifro fermentation of XOS from Bengal gram husk and wheat bran xylan by
B. adolescentis NDRI 236 which readily utilized the oligosaccharide (Madhukumar and
Muralikrishna, 2010). In another study, XOS extracted from sugarcane bagasse has been
reported to promote the growth of Bifidobacteria (Reddy and Krishnan, 2016). Rajagopalan et
al. (2017) highlighted the positive effect of XOS from hardwood on the growth of Bifidobacteria
and Lactobacilli strains. Similar results have been observed in our study where XOS from peanut
shells, bambara, cowpea and sorghum biomass enhanced the growth of L. plantarum NS6,

L. lactis NS9 and B. animalis NS11.

4.3.4 Development of prebiotic functional foods

4.3.4.1 Textural properties of the formulated spread

In this study, a new spread was developed using amadumbe and bambara flour as the base and
the impact of bambara XOS supplementation on the spread’s quality was assessed using texture
analysis. Textural differences between plain and XOS enriched spread samples were significant.
XOS enriched spread had less adhesive and was stretchy than the control spread (Table 4.2).
The force applied to penetrate and retrieve the probe in XOS enriched spread was less than the
force required for the control spread. The plain spread (2.75 N) was harder than the XOS
enriched spread (2.59 N). This clearly indicates that the addition of XOS lowered the hardness

moderately, which aids in spreading. Adhesiveness was not detected in both the spread samples
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and could be easily applied on bread or crackers and did not adhere to teeth or the palate. Low

adhesiveness is considered a desirable textural quality of spreads (Radocaj et al., 2011).

Table 4.2 Texture analysis of plain spread and XOS enriched spread.

Parameters tested

Spread type Hardness Adhesive force Adhesiveness
(N) (N) ()

Plain spread 2.75+£0.05 0.01168+0.0006 0.0000

XOS enriched spread 2.59+0.12 0.01047+0.0003 0.0000

NB: Value represents the mean of three replicates and the standard error is reported.

4.3.4.2 Accelerated phase separation of plain and XOS enriched spreads

Accelerated phase separation is a useful technique to determine the stability and water holding
capacity of a food product. Syneresis is the oozing of the liquid portion from the semi-solid
foods (Wolfschoon-Pombo et al., 2018). This property makes the food undesirable which
subsequently affects its market and production. The spreads formulated with bambara XOS
showed lower water and/or oil syneresis than the plain spread which contained slightly more
oil and water (Figure 4.4). The water content in bambara XOS enriched spread was 22.7%
whereas the plain spread comprised 23.4% water. Compared to water, the oil content in XOS
enriched spread (11.6%) was marginally lower than the plain spread (12%). As bambara XOS
supplemented spread had low oil and water syneresis, they could be efficiently utilized in
making various other food products. Conventional emulsion instability processes such as
flocculation, coalescence and phase separation can be efficiently reduced by increasing the
viscosity of the continuous phase to block the movement of droplets in any semi-solid samples
(McClements, 2015). In this study, bambara XOS increased the viscosity of the spread, which
was confirmed by accelerated phase separation, where the XOS enriched spread showed a slight

increase in the solid portion in comparison to the control.
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yogurt containing barley-based B-glucan showed a slight pH drop (0.1) during 28 days of

storage (Ozcan and Kurtuldu, 2014).

In food analysis, pH and titratable acidity are two interrelated concepts that deal with the
measurement of acidity. A change in the titratable acidity over the storage period was similar to
that of the pH change. A steady increase in the titratable acidity was observed in both plain
yogurt and XOS enriched yogurt, where it increased in the first three weeks from 0.78% to 0.95%
for plain yogurt and 0.82% to 0.96% for XOS enriched yogurts respectively. No significant
change was observed in titratable acidity as well as pH during the last week of storage. Our
results agree with a previous study where titratable acidity of yogurt supplemented with
B-glucan was slightly increased (0.88%) during the 4-week storage (Ozcan and Kurtuldu, 2014).
Lactic acid bacteria produce both acetic acid and lactic acid as the by-products when grown on
xylose. In general, lactic acid is a strong acidifier that leads to a quicker drop in pH than acetic
acid. This suggests that more acetic acid was produced in XOS supplemented yogurt which had
high pH in comparison to plain yogurt. Similar results were observed where
arabinoxylooligosaccharide (AXOS) supplementation produced more acetic acid (Gullon et al.,

2014).

Syneresis of yogurt is an important characteristic as the whey separation affects the texture of
yogurt and decreases the consumer acceptability (Akgun et al., 2016). The syneresis values of
prebiotic yogurt samples are presented in Table 4.3. The syneresis values obtained throughout
the storage period were slightly decreased from 29.89% to 26.96% for XOS enriched yogurt and
30.67% to 27.54% for plain yogurt. The decrease in syneresis of prebiotic yogurt could be due
to the increase in texture consistency. The structural complexity of XOS prevented syneresis by
increasing the water-binding capacity. Table 4.3 shows that on day 1, a higher syneresis value
was observed for the control sample and the lower value was recorded for the XOS
supplemented sample. The syneresis decreased until day 21 and then it showed a slight increase
on day 28. At the end of the storage period, plain yogurt had a higher syneresis than XOS

supplemented yogurt, suggesting the potential of XOS to minimize the syneresis.
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Table 4.3 The physicochemical properties of plain and XOS enriched yogurt.

Plain yogurt XOS enriched yogurt
(Slt;):;g)e time pH Z::;?:;IEZL A) Viscosity (cP) Syneresis (%) pH Z::;?:;?})ZL A) Viscosity (cP) Syneresis (%)
1 4.61+0.16 0.78+0.02 19.34+0.65 30.67+0.71 4.73%0.12 0.82+0.00 20.16+0.12 29.89+0.92
7 4.59+0.21 0.85+0.01 19.39+0.77 29.95+0.88 4.70+0.17 0.87+0.01 20.72+0.11 28.67+0.73
14 4.43+0.19 0.92+0.03 19.42+0.58 28.83+0.73 4.52+0.22 0.94+0.02 20.81+0.29 27.56+0.84
21 4.35+0.13 0.95+0.02 19.56%0.87 27.28+0.97 4.48+0.15 0.96+0.01 21.05%+0.23 26.12+0.81
28 4.35+0.18 0.9610.01 19.55+0.59 27.54+0.63 4.47+0.13 0.98+0.03 21.10+0.42 26.96+0.72

NB: Value represents the mean of three replicates and the standard error reported.
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A similar result has been reported by Shaghaghi et al. (2013) where yogurt supplemented with
oligofructose showed a syneresis reduction from 30.65% to 26.47% until the 21* day of storage
which increased to 27.10% on further storage. This may be due to the depletion of

oligosaccharides in yogurt sample which could have led to an increase in syneresis.

Viscosity increased gradually in both plain yogurt and XOS enriched yogurt during the 28 days
of storage. In the case of plain yogurt, it increased from 19.34 cP to 19.55 cP, whereas, for XOS
enriched yogurt, the viscosity increased from 20.16 cP to 21.10 cP. The increased acidity affects
the formation of the yogurt which eventually leads to the decrease in its firmness. The decrease
in pH was directly proportional to the increase in viscosity. This was corroborated by an earlier
report which observed the same trend where yogurt supplemented with oligofructose showed
a decrease in pH from 4.71 to 4.34 and an increase in viscosity from 21.77 cP to 23.09 cP

(Shaghaghi et al., 2013).
4.3.4.4 Viability test of yogurt samples

Milk-based products provide a favourable environment for probiotics to grow. Viability of
probiotic bacteria in fermented food products throughout their shelf life is an important factor
which fulfils the necessity of functional foods. The yogurts were tested for the viability of
probiotic bacteria during the 28 days of storage. The initial population of lactic acid bacteria on
XOS enriched yogurt sample on day 1 was higher than the plain yogurt sample. The viable count
observed for plain yogurt was 7.49 log CFU/g while it was slightly higher in the case of XOS
supplemented yogurt (7.65 log CFU/g). This could be correlated with the positive effects of XOS
on the growth of lactic acid bacteria. During storage at 4°C, the bacterial count declined in
both the samples on day 14 and was stagnant from the 21* to 28" day of storage (Figure 4.5).
On day 28, the bacterial count in plain yogurt was 6.69 log CFU/g and 6.87 log CFU/g in XOS
enriched yogurt; which is higher than the minimum desirable count of 6 log CFU/g (Sah et al.,
2015). The probable reason for the decline of lactic acid bacteria is the increase in acidity in

both yogurt samples during storage, which could have adversely affected its growth. Our results
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Carbohydrate content was higher in XOS supplemented spread (24.7%) than plain spread
(24.0%). XOS enriched spread generated a slightly higher amount of energy (1709 kJ) as
compared to plain spread (1699 kJ). A slight decrease in protein, fat, moisture and ash content
was observed in the case of XOS enriched spread which could be correlated with the
replacement of spread with bambara XOS at 2.5% level, which subsequently decreased the

mentioned composition in the spread.

Table 4.4 Nutritional profile of plain spread and XOS enriched spread.

Composition Plain spread (%) XOS enriched spread (%)
Protein 28.5£0.95 28.2+0.81

Fat 19.3£0.68 19.2+0.73

Dietary fibre 11.6+0.43 12.4+0.46

Carbohydrates 24.0£1.02 24.7+0.94

Energy (k) 1699+64 1709+58

Moisture 11.3+0.46 10.4+0.37

Ash 5.30+0.16 5.10+0.09

NB: Value represents the mean of three replicates and the standard error is reported.

Nutritional analysis of the freeze-dried yogurt samples was showed in Table 4.5. Dietary fibre
increased in XOS enriched yogurt (5.95%) in comparison to plain yogurt (5.57%); a similar
trend was observed with the carbohydrate content where plain yogurt (55.9%) had lower levels
than XOS enriched yogurt (56.3%). The increase in both the dietary fibre and carbohydrate can
be related to the supplementation of XOS in yogurt. Protein, moisture and ash content also
declined in XOS enriched yogurt. In contrast to the above trend, the fat content was slightly
higher in XOS enriched yogurt (16.6%) than the plain yogurt (16.2%). The reason behind
elevated levels of fat can be correlated with the ability of lactic acid bacteria to produce short
chain fatty acids during XOS fermentation. The estimated output in terms of energy from XOS
enriched yogurt was slightly higher (1842 kJ) than the plain yogurt (1822 kJ) and hence could

be more preferable.
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Table 4.5 Nutritional profiles of freeze-dried plain and prebiotic yogurt.

Composition Plain yogurt (%) XOS enriched yogurt (%)
Protein 13.4+0.64 12.94+0.34

Fat 16.2+0.73 16.6+0.51

Dietary fibre 5.57+0.08 5.95+0.13

Carbohydrates 55.9+1.31 56.5+1.56

Energy (kJ) 1822+61.0 1842+52.0

Moisture 6.24+0.09 5.59+0.15

Ash 2.69+0.08 2.46+0.12

NB: Value represents the mean of three replicates and the standard error is reported.
4.3.5 Sensory evaluation

Over the past 6 decades, consumer assessment has been extensively used to evaluate the quality
and acceptability of food products. Prominent product properties can be effectively assessed
with the help of sensory analysis which subsequently determines the product acceptability.
Sensory properties of spread have a large effect on consumer acceptability, and especially, the
appearance which is the first sensory characteristic, perceived by the consumer (Figure 4.6).
The mean value for appearance of XOS enriched spread samples was 7.27 which was greater
than the plain spread (7.13) which suggested the positive effect of XOS on the appearance of the
spread. There was a similar score (~7.0) for the aroma of the samples which indicated that it
does not impart any aroma or odour to the product. In the case of taste, the XOS enriched
spread was preferred (7.03) to the plain spread (6.3). The texture of XOS enriched spread was
7.1 which was slightly higher than plain spread (6.8). The sensory properties of the XOS
enriched spread are essential before commercialization and they should display similar
sensorial acceptance and sensory attributes (texture, aroma, and flavour) of traditional spreads
(Cruz et al., 2010). All the five aspects clearly indicated that XOS enriched spread was more
preferential than plain spread (Figure 4.6). A similar trend was observed by Prakash and Priya

(2016) who studied the incorporation of FOS in a blueberry jelly. The addition of FOS in
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probiotic growth and maintained a good microbial count during storage than plain yogurt. In
both spread and yogurt samples, the addition of XOS did not affect their sensory characteristics
which is an advantage for using them in any kind of food formulation. The XOS enriched spread
and yogurt samples were well accepted by the consumers which substantiates that the trails were
successful. The prebiotic supplementation could offer more underlying health benefits to the
consumers and hence the formulated products are alternatives to the products already present

in the market.
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5 CONCLUDING REMARKS

Global lignocellulosic biomass production exceeds 220 billion dry tons annually (Fang et al.,
2019) due to the massive generation of agricultural and forest biomass. However, most of this
energy rich biomass remains unutilized or dumped as waste or burnt. Such biomass has various
biomolecules in them which could be exploited for value addition. Conversion of these
biomolecules, however, requires greater attention and the concept of valorization of
lignocellulosic biomass to value-added products is an innovative approach in this regard.
Products such as bioethanol, biohydrogen, fibres, oligosaccharides, resins, sugars, antibiotics,
dyes, vitamins, polyols, flavours, surfactants, organic acids, and biomaterials could be produced
by the effective processing of lignocellulosic biomass through chemical and biological methods.
Hence, recent research has focused more on converting these waste materials into useful

products in a cost-effective and eco-friendly manner to meet the market demands.

Though lignocellulose has great potential, due to its complex matrix, the biomass needs to be
derivatised into simpler forms employing different pretreatment techniques. The primary
motive of pretreatment is to alter their chemical composition, acetyl and methyl ester groups,
crystalline nature, degree of polymerization and accessibility to different polymers present in
them. However, each pretreatment method affects and modifies the structure of lignocellulose
in a different manner. In the current scenario, where stringent laws on waste clearance are
implemented globally, there is a scope for developing novel pretreatment techniques for
exploring agriculture-derived lignocellulose. The pretreatment developed must be based on the
physical and chemical composition of biomass, targeting the separation of each component of

the lignocellulosic framework.

Currently, several pretreatments are available for the deconstruction of the lignocellulosic
framework which includes physical, chemical, physicochemical and biological methods. In
general, physical pretreatment reduces the particle size and crystallinity and expands the surface

area of materials, whereas, chemical treatments breakdown the bonding between hemicellulose
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GH30 xylanase products were below the detection limits in the case of bambara and sorghum

xylan.

The in silico analysis was performed to understand the hydrolytic mechanism of xylanases, with
respect to their structural and functional characteristics. The amino acid sequence of GH10,
GH11, and GH30 xylanases showed maximum similarity to the xylanases from closely related
species. Further, these sequences were analyzed by the PDBsum server that revealed the
secondary structure, topology and conserved regions of the enzymes. Using the structural data,
3D structures were modelled, and their stability was verified. The docking of these enzymes
with aldopentaouronic acid was performed which showed that TIGH11 xylanase had the best
docked pose with a binding energy of —10.24 kcal/mol. The in silico study suggested that

TIGH11 xylanase was more appropriate than GH10 and GH30 xylanases for binding to xylan.

Application of acidic XOS (aldouronic acids) as prebiotics is an emerging area of application
than the use of conventional neutral XOS. Aldouronic acids derived from hardwood xylan have
shown to have potential as a bioactive material to be applied in medicine. On experimental
animals such as mouse and rat, it has been demonstrated that the aldouronic acids promote
recovery from iron deficiency anaemia by enhancing serum ion levels (Kobayashi et al., 2011)
and prevent the development of atopic dermatitis-like skin lesions (Ohbuchi et al., 2010). In
earlier studies, XOS have been reported to have multifarious bioactive properties which
prevents gut infection, diabetes (Yang et al., 2015), neuro-toxicity (Krishna et al., 2015),
suppress colon cancer initiation (Aachary et al., 2015), prevention of colon inflammation
(Femia et al., 2010; Lin et al., 2016), and improvement of intestinal health (Amorim et al., 2019).
They also have various applications in medical, food, pharmaceutical, feed, and cosmetic
industries. The ability of dietary XOS to function as prebiotics in humans is governed by their

substitution patterns where simple oligosaccharides could be readily utilized by probiotics.

In vitro fermentation of the isolated probiotics on media containing XOS as a sole carbon source
has shown that XOS from all the biomass was effective as a substrate for enhancing the growth

rate and cell mass of Lactobacillus plantarum NS6, Lactococcus lactis NS9, and Bifidobacterium
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animalis NS11. In addition, the observed rate of XOS utilization was found to be strain specific.
Results from our study have shown the prebiotic potential of XOS during in vitro fermentation,
however, further studies are recommended exploring the animal model and human clinical

trials which would form a basis for their commercialization.

Indisputably, functional food development is increasing as one of the promising and
dynamically growing practices in the food industry. Gradually, novel components have been
introduced with potential prebiotic activity. In this context, XOS was supplemented in food
products to improve their nutritional efficiency. In this study, a novel XOS enriched spread was
formulated using bambara and amadumbe flours with low-fat content. The newly formulated
spread mimics the commercial spreads in terms of nutritional and sensory characteristics with
increased dietary fibre. A prebiotic yogurt was also prepared which possessed good probiotic
activity during storage than control. Considering the profound nutraceutical characteristics of
XOS, the spread and yogurt supplemented with XOS offers the potential to be explored in the

food sector.

5.1 Future perspectives

The demand for ecofriendly, industrially viable technologies for the bioconversion of raw
materials are increasing tremendously. Engineering the microorganisms to convert whole
biomass into platform chemicals and biofuels is recommended to reduce the usage of
pretreatments and production costs. Though significant progress has been made in the
bioprocessing of agricultural residues to higher value-added products, there are still knowledge
gaps that need attention. This study provided a scientific insight into the production and
characterization of XOS from peanut shell, bambara, cowpea, and sorghum biomass. Further
research on the following will pave a new direction for biomass beneficiation and XOS

application.

i.  Optimizing pretreatment technologies to directly convert biomass into XOS without the

formation of monomers and inhibitors
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ii.  Evaluation of antimicrobial and antioxidant property of XOS
iii.  Efficacy of bioactive XOS through animal studies and clinical trials

iv.  Further application of XOS in regular food products and their commercialization
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endo B 1,4 xylanase (EC 3.2.1.8) which interacts with the xylan back
bone and breaks down (3 1,4 linkages between the adjacent xylose
units. Based on their catalytic mechanism and amino acid sequence in
formation, xylanases are grouped into different glycoside hydrolase
(GH) families. Among them, GH10 and GH11 are the most widely
used xylanases [10]. In addition, GH30 xylanases also drew attention
due to its distinct substrate specificity [11].

XOS are reported to have applications in many sectors including
food, feed, pharmaceutical or chemical industries. [12,13]. They are
available naturally in fruits, shoots, vegetables, honey and milk but
XOS content in these foods is very low [14,15]. This offers an opportu
nity to explore biomass rich in xylan for XOS production. Furthermore,
lignocellulosic biomass could be a good source for the production of
XOS rich food and nutraceuticals, which provide health benefits such
as increased immunity and prevention of diseases [16].

Till date, there are no reports on the chemical properties of hemicel
lulose or XOS derived from bambara and cowpea. Hence, this study has
primarily focused on elucidating the potential of bambara and cowpea
as a source of xylan. Biochemical characterization of xylan and its con
version to XOS was also performed. Lastly, an in silico analysis was con
ducted to validate the productive binding of xylanase to xylan.

2. Experimental section
2.1. Sources of plant materials and polysaccharide extraction

Bambara and cowpea biomass were collected from the Agricultural
Research Council Vegetable and Ornamental Plant Institute, Pretoria.
The sun dried biomass was ground with a ball mill (United Scientific,
South Africa), sieved into a fine powder (500 um particle size) and
stored in airtight containers. Xylan from these biomass was extracted
by acidic delignification and sodium hydroxide dissolution [17]. To re
duce the presence of starch in the extracted materials, a commercial Ba
cillus subtilis o amylase was used (Sigma, St. Louis, MO, USA).

2.2. Characterization of extracted xylan

Total carbohydrate content was estimated by phenol sulphuric acid
method [18] using D xylose as a standard. Neutral sugars were quanti
fied as alditol acetates after hydrolysis with 2 M trifluoroacetic acid
(TFA) for 1 h at 120 °C [19]. Total uronic acid content was determined
by the 3 hydroxydiphenyl assay [20] using p glucuronic acid as a stan
dard. NMR analysis was carried out by AVANCE III HD 400 MHz
equipped with a broad band BB (H F) D 05 Z liquid N, Prodigy probe
(all from Bruker BioSpin, Rheinstetten, Germany) in D,0 at 25 °C
using automatic chemical shift calibration. The following parameters
were used for recording 1 D 'H spectra: pre saturation zgpr sequence,
pre saturation delay 2.5 s, a r.f. 90° pulse and acquisition time 2.5 s.

2.3. Enzymatic hydrolysis of xylan and product analysis

Purified GH11 xylanase from the thermophilic fungus Thermomyces
lanuginosus SSBP (TIGH11) was prepared as described earlier [21].
Cellvibrio mixtus GH10 xylanase (CmGH10) was purchased from
Megazyme Int. (Bray, Ireland). GH30 xylanase from Erwinia
chrysanthemi (EcGH30) was kindly provided by Prof. James F. Preston,
University of Florida (Gainesville, FL, USA).

Xylan (2%; w/v) extracted from bambara and cowpea was dissolved
in 50 mM sodium citrate buffer (pH 6.5) and incubated with 10 U/g
TIGH11 xylanase at 50 °C for 24 h in a water bath. For CmGH10 and
EcGH30 xylanases, the incubation was carried out in sodium acetate
buffer (50 mM; pH 5.5) at 35 °C. Hydrolysis products were analyzed
by TLC on silica gel coated aluminium plates (Merck, Darmstadt,
Germany) developed in 1 butanol/ethanol/water (10:8:5, v/v) and de
tected with orcinol reagent [22]. MS spectra of XOS were obtained
using an Ultraflex MALDI ToF/ToF instrument (Bruker Daltonics

GmbH, Bremen, Germany) equipped with a nitrogen laser emitting at
337 nm which was operated in a reflectron positive acquisition mode
[17].

24. Structure analysis and docking studies

The amino acid sequences of xylanases from T. lanuginosus SSBP,
C. mixtus and E. chrysanthemi were retrieved from NCBI (http://www.
ncbi.nlm.nih.gov) database with the GenBank IDs AAB94633.1,
AAD09439.3 and AAB53151.1, respectively. Primary sequence analysis
of the xylanases was performed using ScanProsite [23,24] and
InterProScan server. In order to gain information on the active sites,
CASTp (http://sts.bioe.uic.edu/castp/index.html?2was) analysis was
performed. The docking studies were further executed using AutoDock
Vina (http://autodock.scripps.edu/) package. The PDB file of
aldopentaouronic acid was transformed as AutoDock suitable coordi
nate file (PDBQT) using AutoDock Tools (ADT) [25]. Gasteiger charges
were added, and the nonpolar hydrogen atoms were merged to carbon
atoms in the ligand structure. A grid box was created with dimension 30
x 35 x 40 A along the XYZ direction with a grid spacing of 1 A, using the
AutoGrid module for T. lanuginosus SSBP xylanase structure. Similar
steps were implemented for the other two xylanase modelled struc
tures, with slightly modified grid box sizes, 28 x 38 x 36 A and 32
x 44 x 40 A for C. mixtus and E. chrysanthemi respectively. Six conforma
tions were generated for each complex, and the best pose with the low
est docked binding energy was selected for further analysis. The docking
results (pose and their energy values) were saved in CSV format.

3. Results and discussion
3.1. Xylan isolation from bambara and cowpea

The sodium chlorite delignification method was more effective than
sodium hypochlorite in removing most of the lignin from both bambara
and cowpea biomass. The addition of 1% acetic acid and incubation at 70
°C, apparently induced the relaxation of lignocellulosic structure. The
xylan yield (w/w) from bambara and cowpea biomass was 12.3 and
13.6%, respectively.

3.2. Carbohydrate composition of extracted xylan

Total carbohydrate analysis of sodium chlorite delignified xylan
showed that bambara and cowpea xylan contained 65.8% and 66.6%
(w/w) of total carbohydrates, respectively. Xylose was the major mono
saccharide observed in both bambara and cowpea xylan, however, they
contained a notable amount of glucose which was an unexpected find
ing after xylan extraction (Table 1). The high content of glucose could be
partially due to the presence of starch co extracted with xylan or may
be a result of the biomass being contaminated by starch containing ma
terials [26]. To reduce the glucose contamination of starch origin, the ex
tracted xylan was treated with a commercial o amylase which led to
the liberation of significant amounts of glucose and short
maltooligosaccharides (Fig. 1). It is noteworthy that starch removal by
the amylase treatment resulted in a markedly reduced abundance of
glucose in amylase treated xylans (Table 1). The NMR spectroscopy
also confirmed the removal of starch by the reduction in signals at
5.38 ppm (Fig. 2).

Arabinose and galactose were also detected in xylan from both bam
bara and cowpea (Table 1). This might be due to the presence of
arabinogalactan coextracted with the main polysaccharide. Both xylans
contained 4 O methylglucuronic acid in the concentration of 164 mg/g
(bambara) and 197 mg/g (cowpea). These results are comparable with
a previous study where the presence of glucuronic acid in xylan from
the leaves of Algerian Argania spinosa was reported [2].
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Table 1
Molar ratio of monosaccharides in bambara and cowpea xylan.

989

Sample Xylose Rhamnose Fucose Arabinose

Mannose Galactose Glucose Glucose (after amylase treatment)

0.310
0.232

0.013
0.009

0.048
0.040

1.00
1.00

Bambara xylan
Cowpea xylan

0.14
0.35

0.39
0.91

0.047
0.031

0.223
0.190

Xyl
Gle
Gle,

Glc,
Gle,

Fig. 1. TLC analysis of products after a-amylase treatment of xylans from bambara and
cowpea; S, standards (Glucose; maltooligosaccharides - maltose to maltotetraose; Xyl,
xylose); 1, control bambara xylan; 2, products released by a-amylase from bambara
xylan; 3, control cowpea xylan; 4, products released by a-amylase from cowpea xylan;
5, products released by oi-amylase from commercial starch.

3.3. NMR analysis of the isolated polysaccharides

The "H NMR spectra of both bambara and cowpea xylan did not
show a significant H 1o signal of the reducing end xylopyranosyl

a-Gley,,
MeGlcAy,

Bambara xylan before
starch removal

MeGlcA

Bambara xylan after
starch removal

\ a-Gley,
5‘? MeGlcAy

Cowpea xylan before
starch removal

(
{

MeGlcAy

Cowpea xylan after
starch removal

Xyline

residue (at 5.17 ppm) which corresponds to the polymeric nature of
the isolated materials. The signals for acetyl and feruloyl groups were
absent in both the xylans due to the fact that alkali extraction process
destroyed their ester linkages [11].

The NMR spectra of bambara and cowpea xylan were interesting as
they contained peaks of MeGIcA both at 5.27 ppm (H 1) and 3.46 ppm
(4 0 methyl ether group) (Fig. 2). In 'H '3C HSQC spectra of the amy
lase treated xylans (Figs. S1 and S2) these signals gave cross peaks at
5.27/97.7 ppm and 3.46/60.1 ppm which are unambiguously assigned
to glucuronoxylan, providing the evidence for chemical nature of the
isolated polysaccharides. The intensity of the side chain signals showed
that cowpea and bambara xylan have a similar content of MeGIcA (this
finding is in line with the determination of uronic acids). However, in
comparison to hardwood, the extracted xylans contained significantly
smaller amounts of 2 O « linked MeGlIcA side residues.

3.4. Enzymatic breakdown of bambara and cowpea xylan

Enzymatic hydrolysis on the extracted xylans was performed with
xylanases from three different GH families and the hydrolysis products
were analyzed by TLC (Fig. 3) and MALDI ToF MS (Fig. 4). Xylanases
from distinct GH families exhibit different modes of action [11],
resulting in a heterogenicity of their hydrolysis products, which might
be helpful in the identification of the type of xylan present in the bio
mass. TLC analysis showed that TIGH11 xylanase released mainly Xyl,
and Xyls as neutral oligosaccharides from bambara and cowpea xylan,
in addition to some aldouronic acids such as MeGlcA3Xyl,, MeGlcAXyls
and MeGlIcAXylg. All these fragments are typical hydrolysis products of
hardwood glucuronoxylan generated by GH11 xylanases [27,28].

The mode of action of CmGH10 xylanase on both xylans was similar
and resulted in similar hydrolysis pattern. The main hydrolysis products

g

:

Xyling
< MeGlcA,;

MeGlcA s

Fig. 2. "H NMR spectra of the bambara and cowpea xylan before and after starch removal. Description of signals: OCHs, 4-0-methyl ether group of MeGlcA; MeGlcAy ; and MeGlcAy 5, H-1
and H-5 signals of MeGIcA, respectively; Xylin, H-1 signal of internal xylose; o-Glcy 1, H-1 of a-1,4-linked glucopyranosyl residues originating from starch.
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and docking of xylan to them. Primary sequence analysis revealed some
characteristics of all the xylanase proteins. InterProScan results showed
that all the three xylanases possessed a hydrolase domain. The results
also confirmed that the sequences of C. mixtus, T. lanuginosus, and
E. chrysanthemi belong to the GH10, GH11 and GH30 family, respec
tively. The InterProScan results revealed the domain positions and
their sequence length, indicating that more than half of the sequence
lengths comprise hydrolase domain. For TIGH11, two amino acids near
150 and 255 residue position were predicted within the hydrolase do
main. It is reported that normally catalytic residues can form a charged
network that activates nucleophile, which helps in releasing product
with the help of substrate [30]. The location of the active site within
the hydrolase domain was also predicted for the other two xylanases
studied (Fig. 5).

Further, molecular docking studies using AutoDock Vina suite was
performed to explore the best docked pose of the complex structures.
The results obtained from the CASTp server suggested that the pockets
stretching from amino acid residues 147 157 and 239 250, form an ac
tive site of T. lanuginosus SSBP xylanase. Similar results were also ob
served for C. mixtus amino acid residues 165 200 and 309 319, and
E. chrysanthemi regions 145 168 and 330 350. Docking the ligand
was successfully performed for these predicted active sites with all the
three xylanase structures. Each structure generated six poses of interac
tion mode with different scoring values (Table 2). Multiple binding
poses and the scoring values of their complexes aim to identify the
key residues and predict the best binding mode inside the cleft of
given xylanase. The lowest score (binding affinity) was identified as
—10.24 kcal/mol for complex structure (Pose 2) of T. lanuginosus SSBP.
Further, interaction study was focused on pose 2 to identify the interac
tions of TIGH11 with the ligand. They were also visualized using PyMOL
plugin (Fig. 6).

(@)

(c)

Table 2
Interaction data of xylanase-ligand complexes obtained by AutoDock Vina suite.

Enzyme Receptor Ligand Active Pose Scoring
sites? values®
(kcal/mol)

TIGH11  Xylanase-modell. Xylan. 147-157, 1 9.0

pdbqt pdbqt 239-250 2 10.24

(GH11) 3 7.97

4 8.49

5 8.89

6 9.30

CmGH10 Xylanase-model2. Xylan. 165-200, 1 9.40
pdbqt pdbqt 309-319 2 9.53

(GH10) 3 9.38

4 9.09

5 8.80

6 8.44

EcGH30 Xylanase-modell. Xylan. 145-168, 1 9.93
pdbqt pdbqt 330-350 2 8.85

(GH30) 3 8.56

4 7.24

5 8.44

6 8.01

2 Bold letter highlights the best final hit.
b Scoring values shows the binding energy of each pose of the predicted complexes.

The modelled structure of TIGH11 holds a 3 barrel type of super
secondary structure that acts as a nice cleft for the aldopentaouronic
acid to be bound inside (Fig. 6a and b). Tyrosine, tryptophan, histidine,
lysine and arginine residues are known as strong binding factors as
they comprise aromatic and positive charged side chains [23,31]. In
the complex structure, these amino acids (Tyr137, Tyr152, Trp48,
Trp49) indeed form non polar stacking interactions between xylanase

(b)

Fig. 5. Sequential insight to xylanase domains identified using InterProScan server. (a) TIGH11, (b) CmGH10, (c) EcGH30.
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(a)

(c)

(b)

(d)

ASN75 GLN200

TRP143

SER47 TYR141

ARG186

Fig. 6. Schematic illustrations of TIGH11 xylanase (T. lanuginosus SSBP) complex with aldopentaouronic acid MeGlcA*Xyl,. (a) Hydrophobicity surface view of the complex using a colour
range from blue (the most positive charge) to red (the most negative charge); (b) Cartoon view of the complex; (c) Three letter code of the residues of the enzyme interacting with the
ligand; (d) Inter-molecular H-bonds are represented by green bonds. In parts (b) to (d) the ligand is shown in blue sticks and the enzyme in pink colour. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

and the ligand. Proline residues at positions 162 and 190 (Fig. 6¢) might
have also helped in non bonded interaction. Moreover, receptors (pro
tein) are amphoteric in nature, showing the properties of both hydro
gen acceptor and donor. Hydrogen bond is one of the main
contributors to the ligand affinity to the receptor. In the docked struc
ture, seven intermolecular H bonds were visible in the docked pose
with the following residues of TIGH11 xylanase: Ser47, Asn75, Tyr141
(two hydrogen bonds), Arg186, GIn200, and Tyr236 (Fig. 6d). The bind
ing energy (—10.24 kcal/mol) and the number of H bonds formed in
the complex clearly indicate that the enzyme is well suited for accom
modating the polymeric xylan.

4. Conclusion

A detailed structural characterization of xylans isolated from bam
bara and cowpea biomass which represent unexplored lignocellulose
feedstock, was provided. By biochemical and spectroscopic methods,
the extracted xylans were identified as glucuronoxylan. In addition,
the hydrolysis of these xylans by three different xylanases resulted in
the release of linear XOS (2 7 dp) and acidic oligosaccharides differing
in the degree of polymerization. To support the interaction between
xylanase and xylan, an in silico study was performed which suggested
that TIGH11 xylanase was more appropriate for binding to xylan. Fur
ther, XOS produced from these indigenous crops could be explored for
their value addition in the forthcoming research.
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2. Materials and methods
2.1. Biomass collection

Peanut shells were obtained from a peanut processing plant in
Durban, KwaZulu Natal, South Africa during the autumn season (April).
The shells were washed, dried to constant weight at a temperature of
60 °C, ground in a ball mill grinder and sieved. The fraction consisting
of particles smaller than 0.35mm was collected and used for xylan
isolation.

2.2. Extraction of xylan from peanut shells

Two different alkali extractions were employed for xylan isolation.
For the first procedure, i.e., one step NaClO/NaOH extraction, 50 g of
powdered shells were stirred with 125 ml of 1% NaClO solution for 1 h
at room temperature. The wet material was washed several times with
distilled water and soaked in 15% NaOH for 24 h at room temperature,
as described by Chapla et al. [17]. The mixture was filtered through a
muslin cloth followed by neutralizing with glacial acetic acid, and the
filtrate was precipitated by 3 volumes of ice cold 95% ethanol. The
neutralized precipitate was centrifuged at a speed of 8800 x g for
10 min at 4 °C, washed with 75% ethanol and dried at 60 °C till constant
weight was reached.

Xylan II was extracted according to the procedure of Ebringerova
et al. [18]. Briefly, powdered peanut shells (50g) were soaked in
500 ml of distilled water and heated to a temperature of 50 °C. Acid
ification with glacial acetic acid (7 ml) was followed by the gradual
addition of sodium chlorite (35 g). The mixture was heated at 70 °C for
1h in a protected fume hood to liberate lignin and coloured materials.
This was followed by extensive washing with water. The neutral wet
cake was suspended in 350 ml of 1% NH4OH at room temperature for
2 h. The extract was then filtered off and discarded. The remaining solid
material was extracted with 5% NaOH at room temperature for 2h
under occasional stirring. The mixture was then filtered through a
muslin cloth; the solid material extraction was repeated, and the two
filtrates were combined and mixed with 3 volumes of 95% ethanol to
precipitate the polysaccharide. The precipitate thus formed was col
lected by filtration, followed by washing with 75 80% ethanol con
taining 2% acetic acid to neutralize the residual alkali and subsequently
washed several times with 80% ethanol. Finally, the precipitated
polysaccharide, assigned as xylan II, was suspended in water and
freeze dried.

2.3. Monosaccharide composition of isolated polysaccharides

Neutral sugars were quantified by GLC in the form of alditol acetates
after hydrolysis of the samples with 2 M trifluoroacetic acid (TFA) for
1h at 120 °C [19]. The uronic acid content of the extracted xylan was
determined using H,SO4/3 hydroxybiphenyl reagent [20].

2.4. Enzymes used in the study

GH11 family xylanase from the thermophilic fungus T. lanuginosus
SSBP was purified as already described [21]. Cellvibrio mixtus GH10
xylanase, Clostridium thermocellum GH16 endo 1,3(4) 3 glucanase and
Paenibacillus sp. GH5 endo xyloglucanase were obtained from Mega
zyme (Bray, Ireland). GH30 xylanase from Erwinia chrysanthemi was
supplied by Prof. James F. Preston (University of Florida, Gainesville,
FL, USA). Bacillus subtilis o amylase was procured from Sigma Aldrich
(St. Luis, MO, USA). Xylanase activity was determined on beechwood
glucuronoxylan (Sigma Aldrich, USA) following the formation of re
ducing groups quantified by Somogyi Nelson procedure [22]. One unit
of xylanase activity is defined as the amount of pmol equivalents of
xylose generated in 1min. Other enzymes were applied in units re
ported by the supplier.
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Table 1
Molar ratio of monosaccharides in peanut shell xylan.
Xylan preparation Xyl MeGlcA Glc Gal Man Ara Fuc Rha
Xylan I (NaClO/ 1.00 0.13 0.14 0.09 0.02 0.12 0.02 0.03
NaOH one-step
extraction)
Xylan II (NaOH 1.00 0.14 0.009 0.02 0.003 0.04 0.001 0.01

extraction after
NaClO,
delignification
and NH,OH
treatment)

2.5. Enzymatic degradation of peanut shell xylan and beechwood
glucuronoxylan

Isolated peanut shell xylan II and commercial beechwood glucur
onoxylan were dissolved (1%, w/v) in 50 mM sodium citrate buffer (pH
6.5) and incubated in a water bath at 50 °C for 24 h with T. lanuginosus
GH11 xylanase (10 U/g). The citrate buffer was replaced with sodium
acetate buffer (pH 5.5) for reaction mixtures of GH10 and GH30 xyla
nases (10 U/g) and was incubated at 35 °C for 24 h. In the search for co
extracted polysaccharides, both xylan I and xylan II were treated with
other pure glycoside hydrolases under similar conditions. The hydro
lysis products of xylan II were analysed by thin layer chromatography
(TLC) and MALDI TOF MS as described below. The GH11 hydrolysate
of xylan II was also subjected to 'H NMR spectroscopy.

2.6. TLC analysis of enzymatically released carbohydrates

TLC analysis was carried out on silica gel coated aluminium sheets
(Merck, Darmstadt, Germany) and developed in a solvent system of n
butanol/ethanol/water (10:8:5, v/v). Appropriately diluted samples
and standards were spotted (3 ul) and detected using orcinol reagent
(1% in 10% H,SO, in ethanol). Standards of linear XOS were procured
from Megazyme Int. (Bray, Ireland). Shorter aldouronic acids in the
peanut shell xylan hydrolysate were identified using hydrolysates of
beechwood glucuronoxylan by GH10 and GH11 xylanases containing
MeGlcA®Xyl; and MeGlcA®Xyl, as the predominant acidic products,
respectively [23]. Supporting information on the nature of acidic oli
gosaccharides was obtained by NMR spectroscopy and MALDI TOF
mass spectrometry.

2.7. NMR spectroscopy and MALDI TOF mass spectrometry

For NMR analysis, all samples were freeze dried twice from D,0. 'H
NMR spectra were measured at 25 °C using automatic chemical shift
calibration in D,0 on either AVANCE III HD X 600 MHz equipped with
a Triple inverse TCI H C/N D 05 Z cryo probe, or AVANCE III HD
400 MHz with a broad band BB (H F) D 05 Z liquid N, Prodigy probe
(all from Bruker BioSpin, Rheinstetten, Germany), using a pre satura
tion zgpr sequence, with a pre saturation delay of 2 s, ar.f. 90° pulse and
an acquisition time of 2.5s.

Analysis of oligosaccharides was done by MALDI ToF MS as pre
viously described [24]. An Ultraflex MALDI TOF/TOF instrument
(Bruker Daltonics GmbH, Bremen, Germany) equipped with a nitrogen
337 nm laser beam was operated in reflectron positive acquisition mode
and controlled using the Flex Control 3.3 software package. Ions of
sodium adducts of xylan fragments were marked using monosaccharide
codes while ions of fragments of xyloglucan were marked using the one
letter nomenclature for xyloglucan derived oligosaccharides [25].
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Fig. 1. TLC analysis of products released by a-
amylase (1), xyloglucanase (2), B-1,4-p-1,3-
glucanase (lichenase) (3) and GH11 xylanase
(GH11) from one-step-extracted peanut shell
xylan I (A) and from xylan II, extracted from
NaClO,-delignified and NH4OH pretreated
peanut shells (B). C, control, enzyme untreated
samples; S, standards (Glcy-Gley, mal-
tooligosaccharides; Xyl, xylose; Xyl,, xylo-
biose; Xyls, xylotriose); MeGlcA®Xyl,,
Aldopentaouronic acid; MeGlcAXyls,
Aldohexaouronic acid.
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3. Results and discussion
3.1. Extraction of xylan and its monosaccharide composition

Both extraction procedures produced a xylan yield range of
14 15.5% from peanut shells. Monosaccharide analysis (Table 1) has
revealed that the product isolated with one step procedure, xylan I
(yield, 14.8%), was contaminated with other hemicelluloses, particu
larly, Glc containing polysaccharide(s). Hydrolysis of this material with
pure a amylase, 3 1,3 (3 1,4 glucanase (lichenase) and xyloglucanase,
followed by TLC analysis (Fig. 1A), has shown that the major source of
Glc in xylan I is xyloglucan. Of the three endoglycanases, only xy
loglucanase generated significant amount of oligosaccharides and
MALDI ToF MS analysis (Fig. 2) confirmed their identity as typical
xylosylated glucooligosaccharides with the following three types of side
chains: 1) Xyl (X); 2) Gal Xyl (L) and Fuc Gal Xyl (F). The presence of
Fuc is evidence that some of the oligosaccharides also contain Galp
residues which cannot be differentiated from Glcp residues by MS. Fuc
occurs in the xyloglucan side chains as the non reducing sugar linked to
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Gal attached to the side chain Xylp residues [26]. The presence of Xyl
free hexooligosaccharides in xyloglucanase hydrolysate suggests that
peanut shell xyloglucan may have unsubstituted or less substituted re
gions of the main 3 1,4 glucan chain. The identification of xyloglucan
as an admixture also implies that a small portion of the overall Xyl is a
constituent of this minor polysaccharide. The molar ratios of sugars in
xylan I suggest that xyloglucan admixture could account for 5 10%.
The second extraction procedure that involved acid delignification
with NaClO, and pre extraction with ammonium hydroxide [18] af
forded much purer peanut shell xylan, assigned as xylan II (yield,
15.5%) and composed mainly of two sugars, neutral Xyl and uronic acid
(Table 1). Obviously, the polysaccharides contaminating the one step
extracted xylan I were eliminated during the two step treatment pre
ceding the NaOH extraction. This is apparent from the comparison of
chromatograms (Fig. 1A and B) showing products released with a
amylase and certain hemicellulases. In contrast to xylan I, xylan II was
essentially free of other polysaccharide admixtures. It should be noted
here that the method used for uronic acid analysis [20] does not dis
criminate between p glucuronic acid and 4 O methyl b glucuronic acid,
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Fig. 4. TLC analysis of XOS produced from peanut shell xylan II and beechwood
xylan by GH10, GH11 and GH30 xylanases; C, control (xylan incubated without
enzyme); S, standards. Xyl, Xylose; Xyl, Xylobiose; Xyls, Xylotriose; Xyls,
Xylotetraose; MeGlcA2Xyl,, aldotriouronic acid; MeGlcA®Xyls, aldotetraouronic
acid; MeGlcA®Xyl,, aldopentaouronic acid; MeGlcAXyls - aldohexaouronic acid;
MeGlcAXylg - aldoheptaouronic acid.

however, it has displayed a higher degree of branching with uronic acid
than in hardwood xylan [27,28]. The identification of the uronic acid as
a 4 O methyl etherified derivative and as the sole uronic acid present in
peanut shell xylan was confirmed by spectral methods (see below). The
molar ratio of Xyl:MeGIcA in peanut shell glucuronoxylan thus appear
to be around 7 (Table 1). Purity of xylan II is evident from 'H NMR
spectroscopy results. The spectrum (Fig. 3, spectrum B) of xylan II ap
pears to be sharper than that of xylan I (Fig. 3, spectrum A) and does
not contain a signal at 5.38 ppm which could correspond to H 1 of a
1,4 linked Glcp or a 1,3 L Araf. Consequently, the xylan II extracted
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Fig. 3. 'H NMR spectrum of peanut
shell xylan I isolated by one-step
NaClO/NaOH extraction procedure (A)
and xylan II isolated by NaOH extrac-
tion of NaClO,-delignified and NH,OH
pretreated peanut shells (B), and H
NMR spectrum of peanut shell xylan II
hydrolysate by T. lanuginosus GH11
xylanase (C). In contrast to spectra B
and C, spectrum A is less sharp and
contains a signal at 5.38 ppm that may
correspond to H-1 of a-1,4-linked Glcp
or a-1,3-L-Araf residues. The spectrum
of GH11-generated XOS (C) contains
signals of reducing-end (Xyliedqq, and
Xylreqp) and non-reducing-end Xyl re-
sidues (Xylnrea)-

from NaClO, delignified material was used in all further experiments.

3.2. Characterization of peanut shell xylan by NMR spectroscopy

'H NMR spectrum of peanut shell xylans extracted by both proce
dures (Fig. 3, spectra A and B) showed unusually high signals of H 1 for
the MeGIcA at 5.28 ppm and for the 4 O methyl ether group of MeGlcA
at 3.45 ppm, which corresponds to a higher uronic acid content than
that observed in hardwood xylans [29]. Both xylan preparations did not
show any significant H 1a signal for the reducing end Xyl (at 5.17 ppm)
which confirms polymeric nature of the isolated material. The sharper
NMR spectrum of xylan II extracted from NaClO, delignified peanut
shells (spectrum B) also confirms its higher purity.

3.3. Engymatic evidence for the nature of isolated peanut shell xylan

A striking similarity exists between the products generated by the
three types of xylanases from peanut shell xylan II and beechwood
glucuronoxylan (Fig. 4). From both polysaccharides, GH10 xylanase
generated some Xyl, but mainly Xyl,, Xyl; and MeGlcA3Xyl;. The T.
lanuginosus GH11 xylanase generated mainly Xyl,, Xyls, MeGlcA®Xyl,
and MeGlcAXyls. A slightly higher proportion of aldouronic acids in the
peanut shell xylan hydrolysate than in the beechwood xylan hydro
lysate is in accordance with previous information on higher MeGlcA
content.

GH30 xylanase hydrolysed peanut shell xylan II to a series of al
douronic acids with different number of Xylp residues, as reported
earlier for hardwood xylan [30,31]. The action of this enzyme depends
on the presence of MeGlcA side residues, and the primary products of its
action on glucuronoxylan are aldouronic acids of the structure MeGl
cA%Xyl, [27,32].

Final evidence for the glucuronoxylan nature of the peanut shell
xylan was provided by MALDI TOF MS analysis of the XOS generated
from xylan II using the three xylanases (Fig. 5). Principal ions in the
hydrolysate of GH10 xylanase correspond to Xyls and aldouronic acids
MeGlcAXyl; and MeGlcAXyl, (the ion of the main neutral product, Xyl,,
is not shown). The GH11 xylanase hydrolysate showed mainly ions of
Xyl;, Xyly and aldouronic acids MeGlcAXyly, MeGlcAXyls and
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Fig. 5. MALDI ToF MS spectra of hydrolysates of xylan II by GH10, GH11 and GH30 xylanases. The numbers correspond to m/z values of generated oligosaccharides.
Xyly,, Xylooligosaccharides; MeGch’Xyl,.- Aldouronic acid; + 22 - Disodium ions.

MeGlcAXylg. Since such ions were not observed in the GH10 xylanase
hydrolysate, the larger aldouronic acids must have been hydrolysed by
this xylanase. GH10 xylanases require just two unsubstituted residues
between two substituted ones for the cleavage of the main xylan chain
[33,34]. However, GH11 xylanase requires three unsubstituted residues
[30,35]. Under the experimental conditions used, all aldouronic acids
also afforded ions of their sodium salts, that means by m/z 22 larger
than the ions of their sodium adducts. The absence of ions containing
hexoses supports the view that hexoses are not constituents of the

peanut shell xylan.

4. Conclusion

This work provides the first insight into structural features of xylan
isolated from peanut shells, which represent abundant lignocellulose
feedstock. The alkali extracted polysaccharide from delignified peanut
shell is very similar to hardwood glucuronoxylan but contains a much
higher degree of substitution with MeGlcA. Consequently, the portion
of acidic oligosaccharides will be higher, but they could be separated
easily from neutral ones on anion exchangers and used as a separate
group of biologically active compounds. The area of neutral xylooli
gosaccharides applied as prebiotics [36] is not as new as the area of
application of acidic xylooligosaccharides [37]. One Japanese patent is
dedicated to the isolation of acidic xylooligosaccharides [38]. Al
douronic acids derived from hardwood xylan have been shown to have
potential to be applied in medicine. On experimental animals (mouse
and rat), it has been demonstrated that the aldouronic acids promote
recovery from iron deficiency anaemia by enhancing serum ion levels
[37] and prevent the development of atopic dermatitis like skin lesions
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[39]. The GH11 xylanase from T. lanuginosus SSBP was found to be very
efficient in hydrolysing peanut shell glucuronoxylan into XOS with
essentially no release of free xylose. Suitability of peanut shell XOS as
prebiotics and nutraceuticals in foods and beverages is under current
investigation.
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ABSTRACT

Thermophilic organisms provide a reservoir for a plethora of enzymes that
are generally thermostable and many of them can also withstand dena-
turants of extremely acidic or alkaline nature, which is ideal for many

industrial applications. Furthermore, thermostable enzymes have bet-
ter substrate solubility, high mass transfer rate, and lowered risk of con-
tamination. Enzyme production from thermophilic microorganisms can
be achieved either by using optimized fermentation conditions or clon-
ing and expressing the functional genes in fast-growing bacteria or yeast
by recombinant DNA technology. Latest developments in the field of
genetic and protein engineering provide a platform for the advancement
of enzymes with superior properties. In this chapter, the commonly used
industrial enzymes, their source microorganisms, properties, and applica-
tions are discussed.

INTRODUCTION

Environmental and economic concerns over the application of conven-
tional chemical processes in industries have led scientists to explore
alternative technologies that are safer and that do not negatively impact
the environment. Biocatalysis that exploits the catalytic potential of
enzymes through enantioselectivity and regioselectivity under appro-
priate conditions has emerged as a promising approach to the chemi-
cal synthesis of novel and industrially significant compounds (Schmid
et al. 2001; Shoemaker et al. 2003). Enzymes have been used in several
manufacturing processes since ancient times, in the production of
food products, such as cheese, sourdough, beer, wine and vinegar, and
in the manufacture of commodities such as leather, indigo, and linen.
The development of fermentation processes during the latter part of the
last century has resulted in the production of enzymes on a large scale.
The continuously expanding applications of enzymes for the chemical,
pharmaceutical, and food industries are creating a growing demand for
biocatalysts that exhibit improved or new properties. Advancements in
biotechnology, especially in the area of genetics and protein engineer-
ing have made it possible to provide tailor-made enzymes displaying
new activities and adapted to new process conditions, enabling a further
expansion of their industrial use. Based on such favorable properties,
enzymes are widely used as catalysts and processing aids in many indus-
trial processes.
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Despite the fact that more than 3000 diverse enzymes have been iden-
tified and many of these have found their way into biotechnological and
industrial applications, the current enzyme pool is still insufficient to meet
all demands. A major reason for this is the fact that many available enzymes
are incapable of withstanding harsh industrial reaction conditions. This
has resulted in the screening and characterization of thermophilic micro-
organisms that are able to thrive in extreme environments as a potential
enzyme source. Such enzymes generally exhibit good temperature, pH and
enzymatic stability, and faster reaction rates, which are important param-
eters for the industrial application of any enzyme. Some commonly used
industrial enzymes and their application are described in this chapter.

XYLANASES

Among the various hydrolases, hemicellulases are a diverse group of
enzymes that are widely used in industry. Xylanases are glycosidases
(O-glycoside hydrolases) that catalyzes the endohydrolysis of 1, 4-B-p-
xylosidic linkages in the xylan backbone resulting in its conversion
into xylooligosaccharides and xylose (Verma and Satyanarayana 2012;
Rakotoarivonina et al. 2015). However, the extend of xylanase action
depends on the type, solubility, degree of polymerism, and degree of sub-
stitution of the polysaccharide. Endoxylanases have also been reported to
catalyze intermolecular transglycosylation in the presence of high con-
centrations of xylooligomers (Masui et al. 2012). Furthermore, there are
also reports regarding the existence of multiple forms of xylanases pro-
duced by microorganisms (Turner et al. 2007). Elegir et al. (1994) reported
that Streptomyces sp. B-12-2 produced five endoxylanases when grown on
oat spelt xylan. Around 15 xylanases have been reported from the cul-
ture filtrates of Aspergillus niger and 13 xylanases from Trichoderma viride
(Biely 1985). From Phanerochaete chrysosporium, more than 30 different
xylanases have been reported when grown on Avicel (Dobozi et al. 1992).
Heteroxylans having a complex structure require the action of multiple
xylanases with overlapping but different specificities as all of the xylosidic
linkages in the substrates are not equally accessible to xylan-degrading
enzymes (Elleuche et al. 2015).

Enzyme Sources

Xylanases are produced by a plethora of organisms including bacteria,
algae, fungi, protozoa, gastropods, and arthropods (Knob and Carmona
2010) and some members of higher animals, including freshwater mollusks
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(Yamura et al. 1997). Most of the microbial xylanases have been reported
from bacteria and fungi (Kulkarni et al. 1999; Chavez et al. 2006); how-
ever, many of them are mesophilic in nature. A number of thermophilic
(optimal growth at 50-80°C) and hyperthermophilic (optimal growth at
>80°C) xylanase-producing microorganisms have been isolated from a
variety of sources, including terrestrial and marine solfataric fields, ther-
mal springs, hot pools, volcanic islands, composts, and self-heating decay-
ing organic debris (Haki and Rakshit 2003; Singh et al. 2003; Cannio et al.
2004; Bouacem et al. 2014; Elleuche et al. 2015; Palavesam 2015).

Xylanases with high thermostability are better candidates for indus-
trial applications, particularly for enzymatic hydrolysis at elevated tem-
peratures (e.g., biopulping), where mesophilic xylanases fail to meet the
desired results. Several thermophilic strains have been screened for the
production of thermostable enzymes and they are found more appropriate
for industrial applications, as compared with their mesophilic counter-
parts (Uday et al. 2016). Among the reported fungal xylanase producers,
strains of Thermomyces have been found to produce high titers of thermo-
stable xylanolytic enzymes (Kumar et al. 2009) with Thermomyces lanugi-
nosus SSBP being the highest (Singh et al. 2000a,b).

Enzyme Production Level

Enzyme production level varies with different microorganisms depend-
ing on the class, genus and species as well as the type of media/substrate
used for enzyme production. Thermobacillus xylanilyticus has been
reported to produce xylanase with a specific activity of 480.66 U/mg
(Rakotoarivonina et al. 2015) and Stenotrophomonas maltophilia strain
X6 with 313.38 U/mg (Raj et al. 2013). Xylanase produced by Halomonas
meridiana APCMST-KS4 has 26.13 U/mg specific activity (Palavesam
2015). Clostridium thermocellum has been reported to produce a family
10 xylanase with a specific activity of 93 U/mg and Streptomyces lividans
produced family 11 xylanase with 119.5 U/mg specific activity (Gongalves
et al. 2015). Xylanase produced by Streptomyces sp. CS428 has 926,103 U/
mg of specific activity (Pradeep et al. 2013). Scytalidium thermophilum has
been observed to produce xylanase with a specific activity of 841.1 U/mg
(Kocabas et al. 2015). Among the different thermophilic fungal strains, T.
lanuginosus SSBP has recorded the highest endoxylanase (family 11) activ-
ity of 3575.28 U/mg (Singh et al. 2000a,b) when grown on corn cob media.
Penicillium janczewskii also produced xylanase with a specific activity of
179.1 U/mg (Terrasan et al. 2013).
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There are several reports on the cloning and expression of xylanase on
prokaryotic and eukaryotic hosts. A xylanase gene from the extremely
thermophilic bacterium Geobacillus thermoleovorans was cloned and
expressed in Escherichia coli BL21 (DE3) with a specific activity of 270 U/
mg (Verma and Satyanarayana 2012). Similarly family 10 endoxylanase
gene from Geobacillus sp. WSUCFI1 was cloned and expressed in E. coli
with a specific activity of 461 U/mg (Bhalla et al. 2014). The genes encoding
for endoxylanase of B. subtilis M015 was also expressed in E. coli JE5505
(Banka et al. 2014). A highly thermostable xylanase from Thermotoga
thermarum was cloned and expressed in E. coli BL21 (DE3) with a specific
activity of 145.8 U/mg (Shi et al. 2013). Recombinant xylanases have also
been expressed in E. coli and Pichia pastoris from Neocallimastix patri-
ciarum with a specific activity of 5778.3 U/mg and 7995.3 U/mg, respec-
tively (Cheng et al. 2014). An overexpression of xylanase from Penicillium
occitanis Pol6 in P. pastoris was also observed with a specific activity of
8549.85 U/mg (Uday et al. 2016).

Applications

Among the different hemicellulase enzymes, xylanases represent the
major commercial proportion; however, they only constitute a small per-
centage of the total enzyme market. Microbial xylanases have attracted
a great deal of attention owing to their biotechnological potential in
various industrial processes such as food, feed, and pulp and paper
industries (Chavez et al. 2006; Patel and Savanth 2015). Other potential
applications include the conversion of xylan in biomass from food and
agricultural industry into xylose and xylooligosaccharides (Bhalla et al.
2013), and in the bioconversion of lignocellulosic materials to fuels and
chemical feedstocks (Banka et al. 2014; Thomas et al. 2014; Palavesam
2015). Other less well documented putative applications include: brew-
ing, to increase wort filterability and reduce haze in the final product
(Tikhomirov et al. 2003; Raj et al. 2013; Elleuche et al. 2015); in coffee
extraction and in the preparation of soluble coffee (Wong et al. 1988);
in detergents (Kamal Kumar et al. 2004); in the protoplastation of plant
cells (Kulkarni et al. 1999); in the production of pharmacologically
active polysaccharides for use as antimicrobial agents (Christakopoulos
et al. 2003) or antioxidants (Katapodis et al. 2003); in the production
of alkyl glycosides for use as surfactants (Matsumura et al. 1999); and
in the washing of precision devices and semiconductors (Imanaka and
Sakurai 1992).
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Xylanases are of significant importance to the pulp and paper indus-
tries because hydrolysis of xylan by xylanase facilitates the release of lignin
from pulp and aid in reducing the level of chlorine usage as a bleaching
agent (Morais et al. 2011; Ellis and Magnuson 2012). In the food industry,
xylanases are used in a number of applications including baking, juice
preparation, and starch processing (MacCabe et al. 2002). Xylanases can
also be used in bread-making, together with o-amylase, malting amylase,
glucose oxidase, and proteases. Synergistic action of xylanase and cellu-
lase mixtures could result in the efficient release of sugars from lignocel-
luloses (Harris et al. 2014; Gongalves et al. 2015). Xylanases break down
the hemicellulose in wheat-flour thereby helping in the redistribution of
water and leaving the dough softer and easier to knead (Polizeli et al. 2005;
Javier et al. 2007; Butt et al. 2008).

In juice making processes, xylanases, in conjunction with cellulases,
amylases, and pectinases, help to improve the yield of juice by means of
liquefaction of fruit; stabilization of the fruit pulp; increased recovery of
aromas, essential oils, vitamins, mineral salts, edible dyes, pigments, etc.
It also helps in the reduction of viscosity, hydrolysis of substances that hin-
der the physical or chemical clearing of the juice, or that may cause cloudi-
ness in the concentrate. Xylanases are also used in animal feed along with
glucanases, pectinases, cellulases, proteases, amylases, phytases, galac-
tosidases, and lipases. These enzymes break down arabinoxylans in the
ingredients of the feed, reducing the viscosity of the raw material (Polizeli
et al. 2005; Knob et al. 2014).

CELLULASES

Cellulases, a general term used for cellulolytic enzymes, are composed of
three classes of enzymes and are recognized on the basis of their mode
of action and substrate specificities: endoglucanases (EC 3.2.1.4), exoglu-
canases (EC 3.2.1.74 and EC 3.2.1.91), and B-glucosidases (EC 3.2.1.21)
(Varnai et al. 2014; Haq et al. 2015). Endo-[-glucanase acts randomly on
the cellulose polysaccharide and produces cello-oligosaccharides, while
exo-P-glucanase acts on the exposed chain ends by splitting oft cello-
biose (Raghuwanshi et al. 2014). The release of glucose is as a result of
the synergetic action of these enzymes. Action of cellulases results in
either exo- or endo-cleavage of the substrate and mostly all the cellulases
target specifically on the  1,4-glycosidic bonds (Juturu and Wu 2014),
whereas -glucosidases or cellobiases cleave the products of exocellulase
into monosaccharides (Jabbour et al. 2012; Lee et al. 2015). Most of the
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reported cellulases are from mesophilic organisms that cannot fulfill the
requirements for industrial application, where the physical factors, such
as pH, temperature, ionic strength, acidity, and alkalinity are at their
extremes (Gunny et al. 2014; Khelila and Cheba 2014; Bhalla et al. 2015).
The performance of cellulase mixtures in biomass conversion processes
relies on several of their properties including stability, product inhibition,
specificity, synergism between the different enzymes, productive binding
to the cellulose, physical characteristics as well as the composition of cel-
lulosic biomass (Heinzelman et al. 2009).

Enzyme Sources

Many microorganisms have been reported to produce cellulases, which
include bacteria, and fungi, aerobes and anaerobes, mesophiles and ther-
mophiles. Organisms generally adopt two strategies for utilizing their
cellulases: (i) distinct noncomplexed cellulases that are typically secreted
by aerobic bacteria and fungi and (ii) complexed cellulases (cellulosome)
that are typically expressed on the surface of anaerobic bacteria and fungi.
Cellulose degradation mechanism by aerobic bacteria and fungi are simi-
lar; however, it differs with anaerobic fungi and bacteria (Kuhad et al. 2016).

A plethora of bacteria and archea belonging to diverse genera such as
Bacillus, Clostridia, Fervidobacterium, Rhodothermus, Thermoplasma,
Thermotoga, Pyrococcus, Sulfolobus, Thermococcus, and Desulfurococcus
have been reported to produce thermostable cellulases with different
properties (Kuhad et al. 2016). Most of the fungal cellulases are produced
by the genus Trichoderma, however, of mesophilic nature. On the other
hand, a thermo-alkalistable cellulase has been produced by extremophilic
tungus Penicillium citrinum with multiple pH optima (Dutta et al. 2008).

Enzyme Production Level

Clostridium thermocellum has been reported to produce cellulase with a
specific activity of 2.4 U/mg (Thomas et al. 2014). A recombinant cellulase
from Thermococcus sp. AM4 was expressed in E. coli BL21 (DE3) which
has a specific activity of 700.4 U/mg (Leis et al. 2015). A marine Bacillus
VITRKHB has been reported to produce cellulase with a specific activity
of 1.92 U/mg (Singh et al. 2013) and cellulase from Bacillus sp. BCCS A3
has been reported with a high level of enzyme production of 50.3 U/mL
(Kazemi et al. 2014).

Xanthomonas sp. EC102 has shown to produce endoglucanase with
a specific activity of 1.97 U/mg (Woo et al. 2014) and a recombinant
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endoglucanase from C. thermocellum ATCC 27405 has been reported with
a specific activity of 30 U/mg (Haq et al. 2015).

Endocellulase gene from Ciboria shiraiana has been cloned into pPIC9K
and expressed in P. pastoris has an activity of 17.44 U/mL (Lu et al. 2015).
A gene encoding for cellobiohydrolase from Chaetomium thermophilum
was cloned into pMD 18 T and expressed in P. pastoris (Li et al. 2009).
Similarly, cellobiohydrolase gene from Penicillium funiculosum NCL1 was
cloned into pPICZ0.A4 and expressed in P. pastoris with a specific activity
of 0.8 U/mg (Chinnathambi et al. 2015).

Carboxy methyl cellulase (CMCase) gene from C. thermocellum was
cloned into pET21a which was expressed in E. coli with a specific activ-
ity of 3.5U/mg (Mutreja et al. 2011). Similarly, CMCase gene from
Neocallimastix sp was cloned into pCT and expressed in E. coli EC100
with a specific activity of 2.06 U/mg (Comlekcioglu et al. 2010). Bacillus
sp. BSS3 has produced CMCase which showed a maximum specific activ-
ity of 104.06 U/mL (Sreedevi et al. 2013). The mutant strain T. asperel-
lum SR1-7 has produced CMCase (13.2 U/g) and B-glucosidase (9.2 U/g)
simultaneously under controlled conditions (Raghuwanshi et al. 2014).

Applications

Cellulases have been commercially available for more than 3 decades and
have also demonstrated their potential in industries such as food, animal
feed, brewing and wine, agriculture, pulp and paper, textile, and laundry
(Kuhad et al. 2011; Ferreira et al. 2014). However, the type of cellulases
required is completely different with respect to different industries. The
predominant application of cellulolytic enzymes is in biomass processing
specifically for biofuel and bioenergy generation. The biofuel industry pre-
fers thermostable cellulases that are resistant to acidic conditions, while
the detergent industry prefers enzymes operating at higher pH with good
thermostability (Kumar et al. 2011). Cellulolytic enzymes are also used in
detergent industries for softening and color brightening, stoning of jeans,
and in the pre-treatment of industrial wastes (Salahuddin et al. 2012).

AMYLASE

Amylases are mostly a group of extracellular enzymes that break down
the complex polysaccharide starch to yield assorted products such as
dextrins, maltose, glucose, and maltooligosaccharides (Jyoti et al. 2011;
Janecek et al. 2014). The complete hydrolysis of starch requires a combina-
tion of enzymes which include oi-amylases (EC 3.2.1.1), glucoamylases or
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B-amylases (EC 3.2.1.3), and pullulanases (Oziengbe and Onilude 2012).
o-Amylase (endo-1,4-alpha-p-glucan glucohydrolase) randomly cleaves
the 1,4-a-p-glucosidic linkages between the adjacent glucose units in the
linear amylose chain. These endoacting enzymes cleave the substrate in
the interior of the molecules and are categorized based on their proper-
ties and mode of action. Amylases that liberate free sugars are termed as
“saccharogenic” and those that liquefy starch without generating free sug-
ars are known as “starch-liquefying.” Amylolytic enzymes are categorized
by the similarities in their amino acid sequences and three-dimensional
structures, reaction mechanisms, and catalytic machineries which reflect
their evolutionary relatedness than specificity (Janecek et al. 2014).

Enzyme Sources

Amylases can be obtained from several sources such as plants, animals,
and microorganisms. However, the enzymes from microbial sources par-
ticularly obtained from extreme environments, proved to be useful for
industrial processes (Joshi 2011; Jyoti et al. 2011; Ibrahim et al. 2013; Zafar
et al. 2015). Furthermore, microorganisms offer easy manipulation for
obtaining oi-amylases of desired characteristics with good expression levels
(Abdel-fattah et al. 2013). Some of the bacteria that produce amylases are
Bacillus licheniformis (Oziengbe and Onilude 2012), B. licheniformis BT5.9
(Ibrahim et al. 2013), B. circulans (Joshi 2011), B. subtilis ]S-2004, B. mega-
terium, Bacillus sp. Strain PM1, Pyrococcus furiosus (Cuong et al. 2015),
Amphibacillus sp. NM-Ra2 (Mesbah and Wiegel 2014), and Halobacillus sp.
LY9 (Sharma et al. 2014). Some of the fungal species that produce amylases
are Rhizomucor pusillus (He et al. 2014), Penicillium fellutanum, (Sharma
et al. 2014), Penicillium camemberti, Pestalotiopsis microspore, Aspergillus
oryzae, and Acremonium sporosulcatum (Rana et al. 2013).

Enzyme Production Level

Bacillus licheniformis JAR-26 was reported to produce o-amylase with
a specific activity of 317.9 U/mg (Jyoti et al. 2011) and B. licheniformis
AI20 produced amylase with a specific activity of 748.98 U/mg (Abdel-
fattah et al. 2013). o.-Amylase gene from B. licheniformis was cloned into a
Gateway shuttle vector pMMC and expressed in E. coli and B. megaterium
(Atanassov et al. 2013). Specific activity of amylase produced from Bacillus
sp. strain EF_TYKI1-5 was 132.44 U/mg (Pathak and Rekadwad 2013). B.
circulans PN5 produced amylase which had 2625 U/mg of specific activity
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(Joshi 2011). oi-Amylase from Amphibacillus sp. NM-Ra2 has 250 U/mg
of specific activity (Mesbah and Wiegel 2014). An o-amylase gene from
the thermophilic bacterium B. subtilis was cloned and expressed in E. coli
DH5ao which has 15950 U/mg specific activity (Park et al. 2013). B. subtilis
A28 ai-amylase gene was also cloned and expressed in E. coli with a specific
activity of 2814 U/mg (Ozturk et al. 2013). A gene encoded for o-amylase
from acidophilic bacterium B. acidicola was cloned into pET28a(+) vector
and expressed in E. coli BL21 (DE3) with a specific activity of 1166 U/mg
(Sharma and Satyanarayana 2012). Similarly Thermotoga petrophila was
cloned into pET-21a(+) and expressed in E. coli BL21 (DE3) and has a spe-
cific activity of 126.31 U/mg (Zafar et al. 2015). Amylase produced from
Thermoactinomyces thalpophilus KSV 17 has a specific activity of 145.8 U/
mg (Rao et al. 2012). o.-Amylase gene of a fungal glucoamylase and the
oi-amylase genes from Rhizomucor pusillus were cloned, and expressed in
P. pastoris which have a specific activity of 1953 U/mg and 20732 U/mg,
respectively (He et al. 2014).

Applications

Amylases are the important digestive enzymes of starch which have various
applications in several industries such as food, clinical, medical, and agri-
culture (Pathak and Rekadwad 2013; Sharma et al. 2014). In food industry,
amylases aid in starch processing which includes starch liquefaction and
saccharification and also in brewing and sugar production (Nigam 2013).
Amylases are also used for baking (to delay the staling of bread), in textile
industries for sizing of textile fibers and in detergent manufacturing pro-
cesses (Joshi 2011; Jyoti et al. 2011; Mesbah and Wiegel 2014). Amylases
are also used for the production of fructose and glucose by the enzymatic
conversion of starch (Van Der Maarel et al. 2002). Amylases also play an
important role in removing stains from fabrics when added to detergents
(Sundarram and Murthy 2014).

PULLULANASE

Pullulanase (3.2.1.41) belongs to the a-amylase family and hydrolyses
the glycosidic linkages in pullulan, amylopectin, starch, and glycogen (Li
etal. 2015). Pullulanase is generally used as a debranching enzyme during
starch saccharification. Pullulanases are grouped into four categories: pul-
lulan hydrolase type I (neopullulanase), pullulan hydrolase type II (isopul-
lulanase), pullulanase type I, and pullulanase type II (amylopullulanase)
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(Ramanathan 2011). Microbial pullulanases are gaining more interest due
to their specific action on o.-1,6 linkages in pullulan, a linear a-glucan
made of maltotriosyl units (Hii et al. 2012).

Enzyme Sources

Pullulanases are mainly produced by bacteria compared with fungi or
other organisms. Pullulanase has been reported from Anaerobranca gott-
schalkii, Fervidobacterium pennavorans, Thermotoga neapolitana, Bacillus
acidopullulyticus,and Bacillus sp. CICIM 263 (Kangetal. 2011; Lietal. 2012,
2015). Pullulanase has also been produced by Bacillus flavocaldarius, B.
acidopullulyticus, B. deramifican (Duan and Wu 2015), B. thermoleovorans
US 105, Aspergillus niger (Hii et al. 2012), Pyrococcus furiosus, Pyrococcus
woesei, Thermococcus aggregans, T. hydrothermalis, T. celer, T. hydrother-
malis, Sulfolobus solfataricus, Thermus caldophilus, Thermoanaerobacter
ethanolicus, Clostridium thermosulfurogenes, and Desulfurococcus muco-
sus (Bertoldo and Antranikian 2002; Kang et al. 2004; Chiang et al. 2005;
Mrudula et al. 2011; Ramanathan 2011). Pullulanase is also reported from
Staphylothermus marinus (Li et al. 2013b), Streptomyces sp. No. 27, and
Geobacillus sp. LM14-3 (Sun et al. 2011).

Enzyme Production Level

Bacillus halodurans has been reported to produce pullulanase with a spe-
cific activity of 87.64 U/mg (Asha et al. 2013). A high level of amylopullu-
lanase was noticed with Geobacillus thermoleovorans NP33 with a specific
activity of 1260 U/mg (Nisha and Satyanarayana 2013). Staphylothermus
marinus produced amylopullulanase with a specific activity of 42.1 U/mg
(Lietal. 2013b) and S. erumpens had a specific activity of 98.84 U/mg (Kar
et al. 2012). Thermus thermophilus HB27 has been reported with 280 U/
mg specific activity (Wu et al. 2014). A recombinant pullulanase from
Thermococcus kodakarensis KOD1 was reported with a specific activity
of 118 U/mg (Han et al. 2013) and pullulanase from Geobacillus sp. was
expressed in E. coli BL21 (DE3) with a specific activity of 134.3 U/mg
(Jasilionis et al. 2014). There are reports on the cloning of pullulanase from
Anaerobranca gottaschalkii and expression in E. coli BL21 (DE3) with a
specific activity of 56 U/mg.

Applications

Pullulanase is used as a principal enzyme for the industrial production
of high-glucose and high-maltose syrups and has major applications in
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starch processing (Malakar et al. 2010; Li et al. 2015). Pullulanases also
have applications in other industries. This includes production of cyclo-
dextrins, liquefaction and saccharification of starch, making of low-calo-
rie beer, and as an antistaling agent to improve texture, volume, and flavor
of bakery products and also as a dental plaque control agent (Sun et al.
2011; Hii et al. 2012; Asha et al. 2013; Wu et al. 2014).

XYLOSIDASE

B-xylosidases (EC 3.2.1.37) are exo-type glycosidases that catalyze the
hydrolysis of 1,4--p-xylooligosaccharides by removing successive xylose
residues from the nonreducing termini. It also releases xylose from
branched or substituted xylo-oligosaccharides produced by the action
of endo-1,4-B-xylanases (Subramaniyan and Prema 2002; Biely 2003;
Terrasan et al. 2013). The systematic name is 1,4-B-p-xylan xylohydrolase;
however, the commonly used name is -xylosidase and is found in fami-
lies 3, 39, 43, 52, and 54 (Shallom and Shoham 2003). For many industrial
applications such as improving bread dough, production of xylitol, and
deinking of recycled paper, B-xylosidases are used in combination with
xylanases (Jordan and Wagschal 2010).

Enzyme Sources

Various microorganisms including bacteria and fungi are reported to pro-
duce B-xylosidase; however, very few yeast strains are known to produce
the enzyme (Basaran and Ozcan 2008). Bacillus subtilis M015 was reported
to produce intracellular B-xylosidase (Banka et al. 2014). B-Xylosidase pro-
duction has been documented from fungal species such as Thermomyces
lanuginosus (Singh et al. 2000a), Aspergillus awamori (Paredes et al. 2015),
A. terricola and A. ochraceus (Michelin et al. 2012a,b), Neocallimastix
frontalis (Hebraud and Fevre 1990), Neocallimastix sp. M2 (Comlekcioglu
et al. 2011), Aspergillus japonicas (Wakiyama et al. 2008), Penicillium jan-
thinellum (Kundu and Ray 2013), Fusarium verticillioides (Saha 2001), F.
proliferatum (Saha 2003), Trichoderma reesei RUT C-30 (Herrmann et al.
1997), and Penicillium janczewskii (Terrasan et al. 2013).

Enzyme Production Level

Bacillus thermantarcticus has been reported to produce -xylosidase with
a specific activity of 160 U/mg (Lama et al. 2004). B-Xylosidase with a spe-
cific activity of 261.1 U/mg was produced by Alicyclobacillus sp. A4 (Zhang
et al. 2014) and 41.43 U/mg by A. ochraceus (Michelin, Peixoto-Nogueira,
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et al. 2012). Paecilomyces thermophila has been reported to produce
B-xylosidase with 45.4 U/mg specific activity (Teng et al. 2011). A thermo-
tolerant -xylosidase of Aspergillus sp. BCC125 was cloned and expressed
as a secreted protein using the P. pastoris KM71 expression system with a
specific activity of 156 U/mg (Wongwisansri et al. 2013).

The genes (Xyn A, GH Family 11 and Xyn B, GH Family 43) encoding
for B-xylosidase from B. subtilis MO15 was isolated and expressed in E. coli
JE5505 which has an activity of 2.75 £ 0.30 U/mL and 0.41 £ 0.02 U/mL,
respectively (Banka et al. 2014). A B-xylosidase gene (Tlxynl) from the
thermophilic fungus T. lanuginosus SSBP was cloned and expressed in P.
pastoris GS115 with a specific activity of 2.29 U/mg (Gramany et al. 2015).
A gene (designated T1Xyl43) encoding B-xylosidase was cloned from T.
lanuginosus CAU44 and expressed in E. coli with a specific activity of
45.4 U/mg (Chen et al. 2012). Kirikyali et al. (2014) implemented the het-
erologous expression of Aspergillus oryzae B-xylosidase (XylA) in P. pas-
toris under the control of the glyceraldehyde-3-phosphate dehydrogenase
promoter which has a specific activity of 150 U/mg.

Applications

B-xylosidase has immense biotechnological potential especially in food,
pharmaceutical animal feed, paper, and pulp industries. It is also used in
the bioconversion of lignocellulosic wastes into value-added chemicals
(Beg et al. 2001; Chapla et al. 2010). B-Xylosidase in combination with
xylanase cocktails is also used in the bleaching of pulp liquor (Marques
et al. 2003; Kumar et al. 2009) and processing of wood pulp (Tsujibo et al.
2001). In food industry, it is used in the extraction of juice by hydrolyzing
the bitter xylosylated compounds and liberates aroma from grapes during
wine making (Jordan and Wagschal 2010). B-Xylosidase also plays a role
in improving bread dough baking and nutritional quality (Dornez et al.
2007) and in the release of p-xylose residues from xylan for subsequent
reduction to xylitol, a sweetener used in food industry (Polizeli et al. 2005;
Jordan and Wagschal 2010).

LIPASE

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are lipolytic enzymes
that catalyze the hydrolysis of long-chain triglycerides by forming diac-
ylglycerides, monoglycerides, glycerol, and free fatty acids at the inter-
face between the insoluble substrate and water (Masomian et al. 2013).
Thermostable microbial lipases can be used for a variety of applications




Downloaded by [Nanthakumar Arumugam)] at 13:26 07 March 2017

Thermostable Enzymes and Their Industrial Applications m 129

including many bioconversion processes. Hydrolysis, interesterification,
alcoholysis, aminolysis, esterification, and acidolysis are some of the
bioconversion processes that have been performed effectively by micro-
bial lipases (Deive et al. 2012; Borrelli and Trono 2015). Their industrial
significance is due to their distinctive characteristics such as substrate
specificity, stereospecificity, regioselectivity, and the ability to catalyze
heterogeneous reactions at the interface of water soluble and water insol-
uble systems (Haki and Rakshit 2003; Saxena et al. 2003; Li and Zhang
2005; Ebrahimpour et al. 2011; Puchart et al. 2015).

Enzyme Sources

Lipases are available in most of the flora and fauna and also in microbial
sources such as bacteria, fungi, and yeasts. One of the major sources for
lipases are Bacillus sp. such as B. acidocaldarius, B. thermocatenletus, B.
thermoleovorans, and Bacillus sp. RSJ-1 (Nawani and Kaur 2000; Haki and
Rakshit 2003; Dror et al. 2014; Espinosa-Luna et al. 2015). Bacillus stearo-
thermophilus MC 7 has expressed lipase activity even at an elevated temper-
ature of 75°C to 80°C (Kambourova et al. 2003). Lipase QL, an extracellular
enzyme produced by Alcaligenes sp., has optimum activity at pH and tem-
perature of 7.0 and 50°C, respectively (Wilson et al. 2006). An organic
solvent-tolerant lipase was reported from Aneurinibacillus thermoaerophi-
lus HZ with an optimal temperature and pH of 65°C and 7.0, respectively
(Masomian et al. 2013). Lipase from Aspergillus carneus is reported to be
active at alkaline pH and has extreme temperature tolerance (Saxena et al.
2003). Similarly, a lipase produced by Thermomyces lanuginosus is optimally
active at 80°C and at a pH of 10 (Avila-Cisneros et al. 2014). Some other fungi
that are reported to produce lipases are Rhizopus homothallicus, Candida
rugosa, Penicillium simplicissimum, Humicola lanuginosa, A. niger, etc.

Enzyme Production Level

Bacillus coagulans BTS-3 produced lipase with a specific activity of 4.8 U/
mg (Kumar et al. 2005). Bacillus thermoamylovorans CH6B produced sig-
nificant levels (0.45 U/mL) of extracellular lipase (Deive et al. 2012). Lipase
gene from Geobacillus strain T1 has been cloned and expressed in E. coli
with a specific activity of 30.19 U/mg (Leow et al. 2004). Alcaligenes sp. has
produced a thermostable lipase with 0.049 U/mg specific activity (Wilson
et al. 2006). Gutarra et al. (2009) have reported a lipase from Penicillium
simplicissimum with a specific activity of 4.5 U/mg. A high level produc-
tion of lipase was reported from Aspergillus carneus with a specific activity
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of 502 U/mg (Saxena et al. 2003). Thermomyces lanuginosus produced
lipase with a specific activity of 0.12 U/mg (Avila-Cisneros et al. 2014).

Applications

Thermostable lipases have a wide range of applications in various sectors
including bakery food dressing, beverages, oleochemical, agrochemical,
polymer synthesis, pulp and paper, leather, synthesis of surfactants, and
pharmaceutical industries (Haki and Rakshit 2003; Sharma et al. 2011;
Espinosa-Luna et al. 2015). In detergents, lipase is used to remove oil
stains from fabric and in cleaning products, it aids in fat removal. Lipases
are also used to treat oily wastewaters and for biodiesel production from
vegetable oil (Cammarota and Freire 2006; Gutarra et al. 2009). Lipases
are also used to enhance the flavor and aroma in dairy products (milk,
cheese, and butter) and beverages. Lipases help the interesterification of
fats and oils and they catalyze the hydrolysis of lipids in butter, fats, and
cream. Lipases also serve as an emulsifier in food, cosmetics, and pharma-
ceuticals and they prolong the shelf life of bakery foods and improve their
flavor (Sharma et al. 2011).

PHOSPHOLIPASE

Phospholipases, are a group of lipolytic enzymes that cleave the ester
bonds of phospholipids, are classified into A, B, C, and D classes, based
on the type of reaction they catalyze. Phospholipases A1 (PLAI, 3.1.1.32)
and A2 (PLA2, 3.1.1.4) catalyze the hydrolysis of the ester bond at sn-1
and sn-2 positions, respectively, of the phospholipids, thus producing a
free fatty acid and 2-acyl lysophospholipid or 1-acyl lysophospholipid,
respectively (Borrelli and Trono 2015). Phospholipases Al, in general,
constitute a large group of 1-acyl hydrolases, some of which also degrade
neutral lipids (Istivan and Coloe 2006). Phospholipases B (PLB, 3.1.1.5)
can hydrolyze fatty acids esterified at both the sn-1 or sn-2 position of
the phospholipid. Phospholipase C (PLC, 3.1.4.3) breaks down the glyc-
erophosphate bond, thus releasing diacylglycerol and the phosphorylated
head group, while phospholipase D (PLD, 3.1.4.4) cleaves the terminal
phosphodiesteric bond, thus releasing phosphatidic acid (PA) along with
the head group (Borrelli and Trono 2015). Phospholipase D is abundant in
nature and is secreted by a plethora of organisms ranging from viruses to
bacteria, yeast, plants, and animals (Simkhada et al. 2009). Phospholipases
have various functions, ranging from nutrient digestion to bioactive mol-
ecule formation, making them a vital enzyme in life (Istivan and Coloe
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2006). Substrate specificity, stability to organic solvents, tolerance to high
and low temperatures, and tolerance to acidic and alkaline pHs, tolerance
to proteases are some of the outstanding properties of phospholipases
(Wei et al. 2015). The amphipathic character of phospholipids restricts the
enzymes by forming bilayers or micelles making them very rare to have as
a single soluble substrate. Since all phospholipases target phospholipid as
the substrate, variations are observed with their specific active site, mode
of action and regulation (Istivan and Coloe 2006).

Enzyme Sources

Commercial phospholipases are mostly produced by yeasts and fungi, fol-
lowed by bacteria. The most important genera of yeasts and fungi that
are exploited for the production of phospholipases include Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Candida albicans, Thermomyces
lanuginosus, Tuber borchii, Gibberella zeae, Magnaporthe grisea,
Aspergillus oryzae, A. fumigatus, A. nidulans, and Neurospora crassa
(Istivan and Coloe 2006; Borrelli and Trono 2015). The most important
bacteria that have been investigated for the production of phospholipases
are Serratia liquefaciens, Yersinia enterocolitica, E. coli, Streptomyces albo-
flavus, S. coelicolor, S. olivochromogenes, S. violaceoruber, Ochrobactrum
sp., Bacillus subtilis, B. cereus, Clostridium perfringens, Listeria mono-
cytogenes, L. monocytogenes, Pseudomonas fluorescens, P. aeruginosa, P.
cepacia, Thermotoga lettingae, Burkholderia pseudomallei, and Legionella
pneumophila (Hu et al. 2013; Borrelli and Trono 2015).

Enzyme Production Level

PLA, has been produced from A. oryzae with a specific activity of 2000 U/
mg which was the higher level reported from filamentous fungi (Shiba et al.
2001). PLA, gene from a hyperthermophilic archaeon Aeropyrum pernix K1,
which comprised 474 bases was cloned and expressed in E. coli BL21 (DE3)
which has a specific activity of 120 U/mg (Wang et al. 2004). Phospholipase
B from Thermotoga lettingae TMO has been cloned, and functionally over-
expressed in E. coli with a specific activity of 158 U/mg (Wei et al. 2015).
A lysophospholipase/PLB gene from the hyperthermophilic archaeon
Thermococcus kodakarensis KOD1 (LysoPL-tk) was cloned and expressed
in E. coli which has a specific activity of 95.5 U/mg (Cui et al. 2012).
Phospholipase D was produced from Streptomyces sp. CS684 with a spe-
cific activity of 37.5 U/mg (Simkhada et al. 2009) and from Ochrobactrum
sp. ASAG-PL1 with 83.5 U/mg specific activity (Hu et al. 2013).
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Applications

Phospholipases have various functions, ranging from the breakdown of
nutrients to the formation of bioactive molecules (Borrelli and Trono 2015).
Among the fungal phospholipases, PLA1s and PLA2s from Fusarium oxy-
sporum, T. lanuginosus, A. niger, and Trichoderma reesei have been com-
mercialized and are used for the degumming of vegetable oils, while PLA1s,
PLA2s, and PLBs from A. oryzae and A. niger have been used primar-
ily in food industry (Maria et al. 2007; Casado et al. 2012). Furthermore,
PLA2 proteins are of great interest to the pharmaceutical industry. They
are responsible for the release of arachidonic acid from membranes, and
the successive conversion of fatty acids to leukotrienes and prostaglan-
dins (Istivan and Coloe 2006). PLDs from Actinomycetes strains are also
commercially available and are used in many industrial processes, owing
to their high transphosphatidylation and hydrolytic activities (Casado
et al. 2012; Borrelli and Trono 2015). Phospholipases play essential roles
in a number of different physiological processes, including phospholipid
metabolism, signal transduction, cell cycle progression, cytoskeletal orga-
nization, and inflammatory responses (Cockcroft 2001; Cherif et al. 2010;
Wei et al. 2015).

CHITINASE

Chitinases (EC 3.2.1.14) are essential enzymes that hydrolyze the 3 (1, 4)
linkages of chitin and convert the polysaccharide to its monomeric or
oligomeric components (low-molecular-weight products). The breakdown
of chitin happens in two steps. First chitinase cleaves the chitin polymer
into chitin oligosaccharides and further release N-acetylglucosamine, and
monosaccharides catalyzed by chitobiases (Suginta et al. 2000; Hamid et al.
2013). Chitinases have been found in a wide range of organisms, including
bacteria, plants, viruses, fungi, animals, insects, and crustaceans (Dahiya
et al. 2006). The chitin-binding domain of bacterial chitinases can either
be located in the amino terminal or in the carboxyl terminal domains
of the enzyme. Fungal chitinases play an important role in the nutrition,
morphogenesis, and fungal development processes (Hamid et al. 2013).

Enzyme Sources

The thermophilic organisms such as Bacillus licheniformis X-7u
(Takayanagi et al. 1991), Bacillus sp. BG-11 (Bharat and Hoondal 1998),
and Streptomyces thermoviolaceus OPC-520 (Tsujibo et al. 1995) were
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reported to be the chief sources of chitinases. Thermostable exochitinases
were also isolated from B. stearothermophilus CH-4, isolated from a com-
post of organic solid wastes (Haki and Rakshit 2003). Bacillus thuringiensis
subsp. kurstaki strain HBK-51 (Kuzu et al. 2012) and B. cereus (Liang et al.
2014) also produced thermostable and alkaline chitinase. Brevibacillus lat-
erosporus also can produce chitinase which is stable at 70°C and 6-8 pH
(Prasanna et al. 2013). Chitinase is also produced from the extreme ther-
mophilic anaerobic arachaeon Thermococcus chitinophagus (Huber et al.
1995).

Enzyme Production Level

Chitinase has been reported from B. cereus with a specific activity of
16598 U/mg (Liang et al. 2014). Bacillus sp. Hul that was isolated from
hot springs produced a chitinase with a specific activity of 11.1 U/mg (Dai
et al. 2011). Another chitinase enzyme with a specific activity of 494.5 U/
mg has been reported from B. licheniformis strain LHH100 and was cloned
and expressed in E. coli (Laribi-Habchi et al. 2015). Chitinase gene from
Aeromonas veronii was cloned into P. pastoris GS115 using pPIC9 vector
with a specific activity of 553.8 U/mg (Y. Zhang et al. 2014). Aeromonas
hydrophila SBK1 has been known to produce chitinase with 71.6 U/mg of
specific activity (Halder et al. 2012). Paenibacillus barengoltzii has secreted
chitinase (30.1 U/mg) after recombination into E. coli (Yang et al. 2016).
Chitinase II was produced from T. lanuginosus with 150 £ 3.48 U/mg spe-
cific activity (Zhang et al. 2015).

Applications

Chitinolytic enzymes have a wide range of applications in diverse fields.
This includes preparation of pharmaceutically important chitooligosac-
charides with antimicrobial, anticholesterol, and antitumor activities.
Chitinases are also used for the production of N-acetyl p-glucosamine,
preparation of single-cell protein, isolation of protoplasts from fungi and
yeast, treatment of chitin wastes, etc. (Haki and Rakshit 2003; Dahiya
et al. 2006; Hamid et al. 2013). Chitinases have also been implicated in
plant resistance against fungal pathogens and has shown considerable
antifungal activities in vitro (Cho et al. 2011). Chitinases are also used as
mosquitocides (Halder et al. 2012) and as biocontrol agents in agricultural
applications against worms and insects that cause crop damage (Hamid
et al. 2013; Liang et al. 2014).
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LACCASES

Laccases (1.10.3.2) are copper-containing enzymes that belong to the group
of blue oxidase which is produced by many bacteria, fungi, and yeasts (Lu
et al. 2013). These enzymes are characterized by their unusual substrate
specificity and a wide range of oxidizable substrates that depend on the
source organism (Madhavi and Lele 2009). Laccases mostly have the struc-
ture as monomeric, dimeric, and tetrameric glycoprotein. The presence of
glycosylation is important for copper retention, thermal stability, and sus-
ceptibility to proteolytic degradation. After purification, laccase enzymes
show considerable heterogeneity. Variation in laccase glycosylation and
composition of glycoprotein is a result of various growth medium com-
position (Shraddha et al. 2011). Substrates that are oxidized by laccases
include mono-, di-, and polyphenols, methoxyphenols, aminophenols,

aromatic amines, and ascorbate, with the associated four-electron reduc-
tion of oxygen to water (Madhavi and Lele 2009; Giardina et al. 2010).

Enzyme Sources

Majority of the laccases are reported from fungi, whereas few reports are
from bacteria. Fungi belonging to the class Ascomycetes, Basidiomycetes,
and Deuteromycetes have been implicated for the production of most
laccases (Kiiskinen et al. 2004; Gochev and Krastanov 2007). Fugal spe-
cies that are known to produce laccases are Stereum ostrea, S. hirsutam,
Fomitella fraxinea, Lentinus tigrinus, Trametes versicolor, T. hirsuta, T.
ochracea, T. villosa, T. gallica, Ganoderma sp. MKO05, Cerrena unicolor,
C. byrsiana, C. maxima, H. cylindrosporum, Pycnoporus sanguineus,
Trichoderma harzianum, Coriolopsis polyzona, Pleurotus eryngii, and P.
ostreatus. Bacterial species such as B. subtilis, Azospirillum lipoferum,
Streptomyces lavendulae, S. coelicolor, and Stenotrophomonas maltophilia
AAP56 are also reported for the production of laccases (Morozova et al.
2007; Madhavi and Lele 2009; Desai and Nityanand 2011).

Enzyme Production Level

A thermostable laccase from Pleurotus sp. MAK-II has been reported with
a specific activity of 1613 U/mg (Manavalan et al. 2015). Laccase produced
from Neurospora crassa has a specific activity of 333 U/mg (Grotewold
et al. 1998). A laccase produced by the basidiomycete Marasmius quer-
cophilus C30 has a specific activity of 934 U/mg (Klonowska et al. 2002).
The white-rot fungus Trametes pubescens MB 89 has been reported to
produce laccase with an activity of 743 U/mL (Galhaup et al. 2002). The
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laccase gene lac48424-1 from Trametes sp. 48424 was cloned and expressed
in P. pastoris and the enzyme has a specific activity of 49.32 U/mg (Fan
et al. 2011). Similarly a thermo-alkali-stable laccase gene from Bacillus
licheniformis was cloned and expressed in P. pastoris with a maximum
activity of 227.9 U/L (Lu et al. 2013). Pleurotus ostreatus strain 32 has been
induced with ABTS and produced laccase with 410 U/mL activity (Hou
et al. 2004). Phenol has been used as an inducer for laccase production by
T. versicolor with an activity level of 2.575 U/mL (Pazarlioglu et al. 2005).

Applications

Laccases are used for a variety of applications including textile, food,
wood processing, chemical, and pharmaceutical industries (Kunamneni
et al. 2007). Laccases are also used for coupling reactions during organic
synthesis (Kudanga and Le Roes-Hill 2014). Laccases also catalyze some of
the processes such as dye decolorization, degradation of xenobiotics, and
effluent treatment. They also play a vital role in the oxidation of toxins and
contaminants from industries. Laccases also have potential for biological
delignification of pulp. In food industry they are used to eliminate the
phenolics, haze formation, and turbidity development in fruit juice, wine,
and beer. Laccases are also used in hair dyes, which are less irritant and
are easier to handle (Kunamneni et al. 2007; Roriz et al. 2009; Desai and
Nityanand 2011).

PROTEASE

Proteases are lytic enzymes that cleave other proteins by hydrolyzing the
peptide linkages (Li et al. 2013a). Cleavage of peptide bonds result in the
degradation of protein substrates into their principal amino acids, or it
can be specific, leading to selective protein chopping for post-translational
modification and processing. Proteases are classified as peptide hydrolases
or peptidases (EC 3.4) and are commonly grouped into two categories
(exopeptidases—that slice off amino acids from the ends of the protein
chain and endopeptidases—which cleave peptide bonds within the pro-
tein) (de Souza et al. 2015). Proteases have wide applications in the food,
pharmaceutical, leather, and textile industries (Fan et al. 2001; Mozersky
et al. 2002).

Proteases play a critical role in many physiological and pathologi-
cal functions such as protein catabolism, blood coagulation, cell growth
and migration, tissue arrangement, morphogenesis in cell line develop-
ment, tumor growth and metastasis, activation of zymogens, release of
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hormones and pharmacologically active peptides from precursor proteins,
and transport of secretory proteins across membranes (Li et al. 2013a; de
Souza et al. 2015). Extracellular proteases convert the proteins into smaller
peptides and amino acids for subsequent absorption into cells, thereby
playing a vital role in nitrogen metabolism (Sabotic and Kos 2012).

Enzyme Sources

The dominant producers of proteases are microorganisms of the gen-
era Pyrococcus, Thermococcus, and Staphylothermus. Few examples
are Pyrococcus sp. KODI, S. marinus, T. aggreganes, T. celer, T. litoralis,
Thermoacidophiles (archeal and bacterial origin), and Thermotoga mari-
tima. Few thermophilic protease-producing Bacillus spp. have been
identified, such as B. brevis, B. licheniformis, B. stearothermophilus, B.
stearothermophilus TP26, Bacillus sp. JB-99, and B. thermoruber (Haki
and Rakshit 2003). A huge number of fungal strains have also been
known to produce proteases such as Aspergillus, Penicillium, Rhizopus,
Mucor, Humicola, Thermoascus, Thermomyces sp. (de Souza et al. 2015),
Trichoderma asperellum (Yang et al. 2013), and Aureobasidium pullulans
(Banani et al. 2014).

Enzyme Production Level

Bacillus megaterium has been reported to produce protease with 41.09 U/
mg specific activity (Asker et al. 2013) and Anoxybacillus sp. KP1 with
16.39 U/mg (Bekler et al. 2015) activity. Bacillus subtilis has shown a good
protease production level of 205.87 U/mg (Pant et al. 2015). Protease with
1052 U/mg of specific activity was produced by B. pumilus (Jayakumar
etal. 2012). A nattokinase/subtilisin (serine proteases family) from B. sub-
tilis VTCC-DVN-12-01 was expressed in B. subtilis WB800 with a specific
activity of 12.7 U/mg (Nguyen et al. 2013). Haloalkaliphilic bacteria iso-
lated from saline habitats have been reported to produce protease with
6765.76 U/mg specific activity (Purohit and Singh 2013). A protease gene
APLS5 of Aureobasidium pullulans strain PL5 was cloned and expressed in
E. coli BL21 with a specific activity of 129 U/mg (Zhang et al. 2012).

Applications

A vast array of commercial proteases is available which has potential
applications in various industrial processes such as textile, food, dairy,
and pharmaceutical preparations (Nguyen et al. 2013; de Souza et al.
2015). Proteases such as alkaline protease, pancreatic protease, rennin,
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and papain have major applications in detergent formulations (to enhance
the ability to remove tough stains and making the detergent environmen-
tally safe), baking (altering the viscoelastic properties of dough), meat
tenderization, and leather industries (dehairing of animal hides and skin)
(Zambare et al. 2011; Kumari et al. 2012; de Souza et al. 2015).

PEROXIDASES

Peroxidases (1.11.1.x) are pervasive enzymes that oxidize a wide range of
reducing substrates with the help of H,0, or other peroxides (Fodil et al.
2012). This extensively utilized group of heme-containing peroxidases is
produced from fungal or plant source and has advantages due to its wide
range of substrates (Loncar and Fraaije 2015). Catalase has been transformed
into either peroxidase or oxidase and is resistant to inactivation by hydrogen
peroxide, this being the drawback of many peroxidases. Bacterial enzymes
are preferred for industrial application because of their thermostability as
fungal/plant is normally quite labile at higher temperatures. Thermostable
peroxidases may be used in situ for the treatment of process water enabling
fast recycling and with low energy usage (Loncar and Fraaije 2015).

Enzyme Sources

A catalase which has peroxidase activity has been reported from
Thermobifida fusca (Loncar and Fraaije 2015). An extracellular thermosta-
ble humic acid peroxidase (HaP3) was isolated from a Streptomyces sp. strain
AH4 (Fodil et al. 2012). Dye-decolorizing peroxidases were isolated from B.
subtilis, P. putida MET94 (Santos et al. 2014), and Kocuria rosea MTCC 1532
(Parshetti et al. 2012). Microorganisms belonging to the genera Agaricales,
Corticiales, Polyporales, and Hymenochaetales are reported for manganese
peroxidase production (Tello et al. 2000; Hilden et al. 2008; Morgenstern
et al. 2010; Janusz et al. 2013). Fungal species such as Phlebia sp. MG60, P.
radiata 79, Dichomitus squalens , Lentinula edodes, Phanerochaete chryso-
sporium, P. sordida, Ganoderma lucidum, Ceriporiopsis subvermispora, and
Trametes versicolor 9522-1 have genes encoded for Mn peroxidase (Janusz
etal. 2013). A novel peroxidase (SviDyP) was isolated, purified, and charac-
terized from Saccharomonospora viridis DSM 43017, a pentachlorophenol-
degrading thermophilic actinomycete (Webb et al. 2001).

Enzyme Production Level

Kocuria rosea MTCC 1532 produced lignin peroxidase which was hav-
ing 168.33 U/mg specific activity (Parshetti et al. 2012). Humic acid
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peroxidase (HaP3) was produced from a Streptomyces sp. strain AH4
which has a specific activity of 9.45 U/mg (Fodil et al. 2012). Peroxidase
from Saccharomonospora viridis DSM 43017 was reported with 17.8 U/
mg specific activity (Yu et al. 2014). Thermobifida fusca also produced
peroxidase with a specific activity of 67 U/mg (Loncar and Fraaije 2015).
Peroxidase genes from B. subtilis and P. putida MET94 were cloned into
plasmid pET-21a(+) to yield plasmids pRC-1 and pRC-2, respectively.
These were introduced into the host expression strains E. coli BL21 and E.
coli BL21 star, respectively, in which the target genes were expressed under
the control of the T7lac promoter with a production level of 40 U/mg and
15 U/mg, respectively (Santos et al. 2014).

Applications

Peroxidases have applications in the selective delignification of lignocellu-
losic materials for the production of cellulose or conversion into feed and
biofuels. They also have applications in the treatment of toxic industrial
effluents, such as those containing synthetic dyes, generated in numerous
industrial practices as they have also potential to be used as biological
decolorizing agents (Santos et al. 2014). Peroxidase has potential applica-
tions in biopulping, biobleaching (Yu et al. 2014), biodegradation, and bio-
remediation (Fujii et al. 2013; Janusz et al. 2013). Peroxidase is also used
in analytical chemistry, immune chemistry, biosensor construction, food
processing, and food storage (Mall et al. 2013).

LIGASES

Ligases are enzymes that join the DNA fragments together by catalyzing
bond formation between neighboring nucleotides. DNA and RNA ligases
are ubiquitous enzymes that catalyze the formation of phosphodiester
bonds between opposing 5-phosphate and 3’-hydroxyl termini in nucleic
acids (Wang et al. 2013). They belong to the nucleotidyl transferase super-
family together with the RNA capping enzymes and tRNA ligases. All of
the enzymes in this superfamily catalyze phosphodiester bond formation
in a conserved, three-step mechanism that utilizes ATP, GTP, or NAD+as
ahigh-energy cofactor (Wangand Shuman 2005; Shuman 2009; Chambers
and Patrick 2015). Ligases are the most important catalysts in the central
biological processes, including DNA replication, recombination, and rear-
rangement of immunoglobulin genes. Their activities in vitro have also
been exploited in numerous molecular biology protocols, making them
crucial tools for modern biotechnology (Chambers and Patrick 2015). For
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decades, DNA ligases have been used to create recombinant DNA mol-
ecules (i.e., cloning) and for genetic disease detection using the ligation
chain reactions (Gibson et al. 2009).

In vivo, DNA ligases catalyze the formation of phosphodiester bonds
at single-stranded nicks in double-stranded DNA. This activity is critical
for maintaining genomic integrity during DNA replication, DNA recom-
bination, and DNA excision repair (Wang et al. 2013). They are essen-
tial in all organisms and they are conventionally categorized into two
families according to their cofactor specificity (Doherty and Suh 2000;
Wang et al. 2013). ATP-dependent ligases (EC 6.5.1.1) are typically found
in Eukarya, Archaea, and viruses (including bacteriophages), while the
NAD+-dependent DNA ligases (EC 6.5.1.2) are typically found in bacteria
and some eukaryotic viruses. Most notably, the archaeal species Haloferax
volcanii holds two active DNA ligases: one ATP-dependent (LigA) and
the other NAD+-dependent (LigN) (Zhao et al. 2006). However, there is
some protein sequence uniformity between bacterial and eukaryotic DNA
ligases. Further, bacterial DNA ligase requires NAD+ as a cofactor, while
eukaryotic and most viral DNA ligases utilize ATP (Stokes et al. 2011).

Enzyme Sources

Several bacteria are capable of producing the ligase enzymes. This
include Thermus aquaticus, Aeropyrum pernix, Desulfurolobus ambiv-
alens, Staphylothermus marinus, Sulfolobus acidocaldarius, S. shiba-
tae, S. solfataricus, Sulfophobococcus zilligii, Archaeoglobus fulgidus,
Methanothermobacter  thermautotrophicus, — Pyrococcus  horikoshii,
Thermococcus sp. 1519, T. fumicolans, T. kodakaraensis, T. onnurineus,
T. sibiricus, Methanocaldococcus jannaschii, Thermotoga maritima, and
Schizosaccharomyces pombe (Lai et al. 2002; Lohman et al. 2011; Stewart
etal. 2011; Le et al. 2013; Wang et al. 2013; Chambers and Patrick 2015).

Applications

DNA ligases are most importantly having a role in DNA repair and most
archeal DNA ligases have the ability to seal single-stranded nicks in
double-stranded DNA (Kotani et al. 2012; Le et al. 2013). Their ability to
ligate the double-stranded, cohesive-, or blunt-end fragments made these
enzymes receive great attention in biotechnological applications. Ligations
of cohesive-ended fragments have been performed by the enzymes from
Aeropyrum pernix, Staphylothermus marinus, Thermococcus sp. 1519, and
T. fumicolans. In addition, the S. marinus (Seo etal. 2007) and T. fumicolans
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DNA ligases could also ligate blunt-ended fragments (Rolland et al. 2004;
Chambers and Patrick 2015). A number of next-generation sequencing
methods also depend on DNA ligases (Quail et al. 2008; Lohman et al.
2011) either for adapter ligation during sample preparation (e.g., [llumina
and 454 sequencing) or for the sequencing reaction itself (SOLiD sequenc-
ing) (Chambers and Patrick 2015).

DNA POLYMERASE

The polymerase chain reaction (PCR) process has directed a huge
advancement in genetic engineering due to its capacity to amplify DNA.
The three sequential steps in this process include denaturation or melt-
ing of the DNA strand (separation) carried out at 90-95°C, renaturation,
or primer annealing at 55°C followed by synthesis or primer extension
at around 75°C. Development in this process has been to a large extent
facilitated by the availability of thermostable DNA polymerases, which
catalyze the elongation of primer DNA strand (Haki and Rakshit 2003).
Many microbial sources have been used for the production of DNA
polymerases.

Enzyme Sources

DNA polymerase has been reported from E. coli, however, did not retain
the activity at higher temperatures. Tag polymerase from the bacterium
Thermus aquaticus was the first thermostable DNA polymerase identified
and characterized biochemically (Chien et al. 1976; Kaledin et al. 1980).
Some commercially used DNA polymerases are produced from bacte-
ria which includes Thermus caldophilus, T. filiformis, T. flavis, T. ther-
mophiles, Pyrococcus species GB-D, P. abyssi, P. furiosus, Thermococcus
kodakaraensis, T. brokianus, T. fumiculans, T. gorgonarius, T. litoralis, T.
peptonophilus, T. zilligii, Thermotoga maritima, and T. neopolitana (Terpe
2013). The DNA polymerase I (Taq PolI) gene from T. aquaticus was cloned
into a plasmid expression vector that utilizes the strong bacteriophage PL
promoter. It was transferred to E. coli for expression with a specific activ-
ity of 292,000 U/mg (Lawyer et al. 1993). Escherichia coli BL21 was trans-
formed with pTaq gene and expressed the DNA polymerase which has a
specific activity of 5263.16 U/mg (Engelke et al. 1990).

Applications

DNA polymerases have applications in forensic science, nucleic acid
sequencing industries, molecular characterization of plants, animals, and
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microorganisms. The enzyme is involved in molecular processes such as
the construction of gene cloning (Ikehara et al. 2004; Herrin et al. 2005),
genomic DNA cloning (Nisole et al. 2004), synthesis of second-strand
cDNA (Sasaki et al. 2004), knockout targeting vector (Kim et al. 2005),
and synthetic gene manufacture (Wu et al. 2006).

REVERSE TRANSCRIPTASE

Reverse transcriptase (RTase) is the enzyme that catalyzes DNA polym-
erization using RNA as a template (RNA-dependent DNA polymerase)
(Baranauskas et al. 2012). The enzyme is used in various genetic experi-
ments, such as in microarray analysis by synthesizing cDNA or the start-
site mapping of transcript mRNA. RTases play central roles in these genetic
experiments, and the enzymes used are derived from retroviruses, such as
the Moloney murine leukemia virus (MMLV) or the avian myeloblastosis
virus which are not thermostable (AMV) (Arezi and Hogrefe 2007; Sano
et al. 2012). To develop thermostable RTase, several strategies have been
attempted (Yasukawa et al. 2008; Arezi and Hogrefe 2009; Kranaster et al.
2010; Mizuno et al. 2010; Jozwiakowski and Connolly 2011), and some
genetically engineered enzymes are commercially available. RTase pos-
sesses three enzymatic activities: the RNA-dependent DNA polymerase,
the DNA-dependent DNA polymerase, and RNase H, which degrade RNA
strand in the RNA-DNA hybrid (Sambrook and Russell 2001). The syn-
thesis of cDNA is probably the second most important technique in pres-
ent molecular biology after the PCR and its modifications (Baranauskas
et al. 2012).

Enzyme Sources

Thermus thermophiles has been reported for RTase activity in the pres-
ence of Mn?" (Mohr et al. 2013). A DNA polymerase from T. aquaticus
has been mutated to have RTase activity (Kranaster et al. 2010). RTase can
also be produced from Moloney murine leukemia virus RTase (M-MuLV
RTase) variants (Baranauskas et al. 2012). A mutant RTase has been pro-
duced from Thermotoga petrophila K4 (Sano et al. 2012). Some other
organisms that produce RTase are avian myeloblastosis virus (Arezi and
Hogrefe 2009), human immunodeficiency virus type 1 (HIV-1) (Sarafianos
et al. 2009), and Carboxydothermus hydrogenoformans (Vieille and Zeikus
2001). Thermostable DNA-dependent DNA polymerase of Bacillus
stearothermophilus has been reported which have RTase activity (Jestin
et al. 2015).
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Applications

RTases are extensively used to generate cDNA libraries for cloning, end-
point and quantitative RT-polymerase chain reaction (RT-PCR), RACE
technique, microarray analysis, RNA amplification (Sambrook and Russell
2001; Baranauskas et al. 2012), transcriptome and miRNA profiling, next-
generation RNA sequencing (RNA-seq), RNA structure mapping, and the
analysis of protein- or ribosome-bound RNA fragments (Wang et al. 2009;
Mayer et al. 2011; Ozsolak and Milos 2011).

CONCLUSIONS

The application of thermostable enzymes as effective catalysts in industry
would result in substantial savings of resources, mainly energy and water.
With the fast increasing global population and shrinking natural resources,
enzyme technology offers a great perspective for many industries to help
meet the future challenges. Furthermore, with a paradigm shift in indus-
try moving from natural to renewable resource utilization, the need for
thermostable microbial catalysts is predicted to increase in the future. This
warrants for further research in identifying novel thermostable enzymes
with superior properties that address specific industrial needs.
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