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Abstract Oryza sativa commonly called as rice is a second major cereal crop after
wheat and is thought to be originated from Asian regions that contribute about 90%
of its total global production. Besides feeding populations around globe, it is also
producing significant amount of lignocellulosic waste consisting of 28—45% cellu-
lose, 12-32% hemicellulose, and 5-24% lignin along with some other biochemical
constituents. Lack of management and awareness among crop producers leads to the
open field burning of heaps of paddy straw that is of huge environmental concern,
causing air, soil, and water pollution in nearby areas. However, the advent of new
biological and technological techniques has led to the efficient in situ and ex situ
management of paddy straw. The biotechnological approaches using
lignocellulolytic microbes in both solid-state and submerged fermentation condi-
tions to produce important hydrolytic enzymes using paddy straw as a biochemically
rich lignocellulosic waste are gaining much attention.
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9.1 Introduction

Rice crop commonly called as paddy is actually a grass (Gramineae) and a member
of genus Oryza. The rice varieties Oryza sativa and Oryza glaberrima were origi-
nated from Asia and Africa, respectively. Other places like India and Northern
Thailand have also been proposed in literature as origins of O. sativa. In addition,
Yangzi valley of Southern China is also considered among the domesticated places
of rice (Dobermann and Fairhurst 2002; Singh et al. 1995). Rice can be grown in a
variety of environments. But higher yields are reported in dry season characterized
by lesser cloud cover and more photosynthetic active rays in comparison to wet
season (Dobermann and Fairhurst 2002). For various geographical areas and envi-
ronments, the main rice harvesting season lasts from June through October
(Zhiqgiang et al. 2011). Normally, the growing season of rice crop is almost
260 days, but the most of the modern varieties commonly cultivated took relatively
shorter time of about 90—110 days (Dobermann and Fairhurst 2002).

Being the most popular cereal around the globe, rice (Oryza sativa) is mostly
consumed in the developing countries where it is a major diet component of
population (Ramos et al. 2022). For example, in South Asia alone, rice is consumed
by around 1670 million individuals (Meetei et al. 2020; Dutta et al. 2020; Urfels
et al. 2020). It is estimated by FAO (Food and Agriculture Organization of UN) that
164 Mha of global land is covered by around 760 Mt of rice that are produced each
year (FAO 2022). According to regional distribution, about 90% of the total global
rice is produced by Asia, and the remaining is contributed by Africa and Latin
America. In addition some quantity of this cereal crop is also produced in Europe but
only in Mediterranean regions (Ramos et al. 2022). Specifically, 2/3 of the European
rice consumption is supported mainly by European Union and Spain where 7.83
million tons of rice crop is being grown per annum (AEE_2022_WEB n.d.).

Considering abovementioned figures along with the world’s rice consumption,
the post-harvest rice processing produces a blend of lignocellulosic wastes such as
paddy straw (PS) in the fields and rice husk during milling process (Ramos et al.
2022). As a most consumed cereal after wheat, rice generates significant amount of
waste every year (972 t/anum). According to estimates, during each harvesting
season, around 6 t/ha of paddy straw (PS) is produced that is of huge environmental
concern (Torregrosa et al. 2021). The production of paddy straw (PS) annually
ranges from 370 to 520 million tons, making it a prevalent agri-waste globally
(Van Hung et al. 2020). One of the major causes of this enormous waste production
is the usage of combined harvesters in the rice fields that produce more waste as
compared to manual harvesting. This is because of their inability to cut rice stems
deeply, hence resulting in loose straw that offer great difficulties in operation of
agricultural machinery for sowing of subsequent crop (Nagar et al. 2020).

In rural populations, rice cultivation not only provides employment opportunities
but also ensures the food availability (Bhaduri et al. 2017; Nandan et al. 2021;
Taneja et al. 2019). But because of the lack of adequate awareness and poor
management of paddy straw (PS) generated in the fields, the farmers are left with



9 Utilization of Paddy Straw for the Production of Hydrolytic Enzymes 185

Table 9.1 List of air and soil

Pollutants
pollutants.produced by open- Air pollutants Soil pollutants
field burning of paddy straw
(modified from Bressan et al. _St- No- Names kg/ha Names kg/ha
2022) 1 CO 212 ALO; 13.8
2 NO, 18.9 CaO 4.5
3 N,O 0.4 Fe,03 3
4 SO, 12.2 K,O 13
5 CH4 73 MgO 92
6 NMHC 24.4 MnO 0.9
7 PAH 0.11 Na,O 6.1
8 Total PM 79.2 P,0s5 45.7
9 PM 10 22.6 Si0, 973.2
10 PM 2.5 78.9

PM particulate matter, NMHC non-methane hydrocarbons, PAH
polycyclic aromatic hydrocarbons

the only option of burning this waste in the open fields. According to literature the
crop residues that are burnt every year majorly constitutes waste streams from rice
(40%) and then wheat (22%) and sugarcane (20%) (Nagar et al. 2020).

Even in this era of agricultural innovations, environmental sustainability is at
greater risk due to the burning of crop residues (Bimbraw 2019; Mondal et al. 2020).
High fiber content of paddy straw makes it less susceptible to biodegradation. So in
order to get rid of heaps of paddy straw, burning has been considered as a cheap,
affordable, and easy traditional solution but with greater social and environmental
effects. For instance, open-field burning of paddy straw (PS) results in smoke that
upon interaction with weather conditions cause certain respiratory diseases in nearby
population. In addition to smoke, this incomplete combustion also results in emis-
sion of highly volatile and polluting organic compounds. Besides, it causes emission
of several atmospheric particles. These particles badly affect the local hydrobiolog-
ical cycle, climate, and aerial clarity (Grillo et al. 2020; Singh et al. 2021; Singh et al.
2020b). The pollutants that badly affect air and soil are also mentioned in Table 9.1.
It is believed by farmers that PS burning is advantageous as it is helpful in the
preparation of fields for subsequent cropping. It is reported by researchers that
burning of PS helps in elimination of phytopathogens present in the soil (Chen
et al. 2019) with reduced energy costs and results in efficient residue removal in less
time (Trivedi et al. 2017; Singh et al. 2020a). On the other hand, the most common
disadvantages of PS burning include air pollution and loss of microbial diversity in
soil which also adversely affects agricultural sustainability (Goncharov et al. 2020).
In addition, it eliminates crucial agricultural resource, namely, straw. Furthermore, it
cause degradation of topsoil that lead to reduced arability of landscapes which can be
replenished by efficiently recycled paddy straw (Raheem et al. 2019). Advances in
science helps to avoid all these problems by both in situ and ex situ management of
PS as presented in Fig. 9.1 and production of various valuable products from it
(Singh and Brar 2021). Besides these, it can also be utilized in fermentation
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Fig. 9.1 In situ and ex situ paddy straw management methods

processes for the production of various multi-functional hydrolytic enzymes like
cellulase, xylanase, laccase, endoglucanase, -glucosidase, etc. The enhanced pro-
duction of these enzymes is reported in the presence of medias supplemented with
other residues and co-cultures of different microbes (Dhillon et al. 2011; Iyer and
Chattoo 2003). The main focus of this chapter is on the production of hydrolytic
enzymes utilizing paddy straw (PS) as a substrate in fermentation processes.

9.2 Paddy Straw as a Substrate

Morphologically, PS consist of cylindrical shaped stalk/stem having length ranging
from 60 to 120 cm with flat-shaped and elongated leaves that are distributed
alternately along the stem. Structural analysis of plant fibers shows that its complex
matrix is buildup of hemicellulose, cellulose, and lignin along with other biologi-
cally active compounds. Cellulose and hemicellulose bound together by hydrogen
bonds provide support to lignin which in turn serve as a natural glue. Hence, the
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individual plant cells in the form of this structural network provide great strength to
plant (Ramos et al. 2022).

Paddy straw 1is actually a lignocellulosic biomass consisting of three
polycarbohydrates among which hemicellulose and cellulose are aliphatic, while
lignin is a natural polycyclic aromatic biopolymer. These hydrocarbon polymers can
easily be distinguished on the basis of their constituent sugars. For instance, cellu-
lose is a long linear biopolymer of f-glucose subunits that are linked by one to four
glycosidic linkages. It is found both in nature and in agro-industrial wastes. Crys-
talline fibers are formed by high molecular mass cellulose (Razali et al. 2022). On the
basis of structural configuration of carbon atoms and hydrogen bonds, cellulose is
categorized as primary (trees), secondary (plants), tertiary (agri-food wastage), and
quaternary (algae, bacteria, and certain marine organisms). In plants, cellulose being
trapped between lignin and hemicellulose is quite difficult to separate. In addition,
cellulose is abundant, cheap, and non-toxic, and owing to its complex structure, it is
insoluble in some common solvents like water (Razali et al. 2022).

On the other hand, hemicellulose is a shorter heteropolymer consisting of several
different polysaccharides including pentoses and hexoses like galactose, arabinose,
mannose, xylose, and rhamnose and uronic acids (Goodman 2020; Qaseem et al.
2021). The structure of hemicellulose is relatively complex. These polymers have
relatively low molecular weight as compared to cellulose which make them suscep-
tible to hydrolysis under mild conditions. These are second most abundant com-
pound that are found commonly in vegetable fibers. Owing to OH group in the
structure, it is hygroscopic in nature (can form bonds with H,O). In addition, it has
less degree of polymerization (80-200) than cellulose (Qaseem et al. 2021). Fur-
thermore, according to variation in structural configuration, hemicellulose are
divided into four groups, namely, xyloglucans, mannoglycans, xyloglycans, and
B-glucans, with mixed linkages showing diversity in ramifications and different
chains and bonds (Huang et al. 2021).

In contrast, the third biopolymer is lignin which is an aromatic hydrocarbon
polymer that is composed of oxidativley coupled 4-hydroxyphenylpropanoids usu-
ally p-coumaric with synapyl and coniferyl alcohols (Ralph et al. 2004). These
abovementioned polymers form very complex and stable 3D structure as illustrated
in Fig. 9.2. This structure is commonly named as lignocellulose in the plant cell wall
(Goodman 2020). Paddy straw also contains some amount of polyphenols. These are
found naturally as secondary metabolite of plants and contain at least a single
aromatic ring bound to one or more OH groups. These compounds prevent cellular
oxidation and play a role in defense mechanism of plants. According to their
structure, polyphenols are categorized mainly into flavonoids, stilbenes, and pheno-
lic acids, but different others can also be found in PS (Khosravi and Razavi 2020).

In addition, minor fractions of some other soluble and insoluble components like
proteins, pectin, waxes, and minerals are also present. Certain parameters like crop
cultivars and varieties, soil quality, growth stage, environmental conditions, and
other factors cause fluctuations in the proportion of these constituents (Kumar et al.
2018). This biochemically rich nature of paddy straw makes it a suitable substrate for
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Table 9.2 Biochemical % Components % Composition (%) | References
?ggl)p"smo“ of paddy straw == llose 2845 Kaur et al. (2017)

Hemicellulose 12-32

Lignin 5-24

Pentosans 23-28

Moisture 3.30-10.97 Kumar et al. (2021)

TS 89.03-96.70

VS in TS 73.28-95.26

Ash content 4.78-26.72

Carbon 31.00-47.00

Hydrogen 4.61-5.40

Nitrogen 0.28-1.39

Sulfur 0.14-0.72

Oxygen 50.46-59.98

TS total solids, VS volatile solids

enzyme production. The complete percentage compositions of all the components
present in PS are depicted in Table 9.2.

For its use in fermentation processes, PS must first be converted into simpler
forms through several pretreatment methods, because its complex components
cannot be utilized efficiently by enzyme producing microbes. The stable complex
structure of lignocellulose and other components makes it difficult to separate the
individual subunits from the polymers present in plant cell wall, although various
chemical, physical, or biological treatments are used individually or in combination
as displayed in Fig. 9.3 to convert polymers into simpler reducing sugars and
phenolic subunits. However, efficient utilization of PS-derived biomass is yet
under development (Wi et al. 2013). So accumulation of PS in soil and open field
burning are still commonly practiced despite their hazards to environmental sustain-
ability (Goodman 2020).

9.3 Microbes Utilized in Process

Different types of microbes can be used in fermentation process including bacteria,
fungi, yeast, and some others. Due to lignocellulosic nature of paddy straw, those
microbes are preferentially utilized in fermentation process that have ability to
degrade rigid complex structure of lignocellulose and to use its reduced subunits
as a carbon source to produce various desired valuable bioproducts. This chapter
mainly focus on the production of hydrolytic enzymes from fermentation of paddy
straw. The microbes that can be used for this purpose are discussed in this section.
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Fig. 9.3 Different types of pretreatment methods used for lignocellulosic biomass

9.3.1 Bacteria

Bacteria being the earliest and most basic form of life on earth play a crucial role in
cycling nutrients and maintaining earth’s ecology (Ho et al. 2020). It also plays
significant role as a producer microbe in fermentation processes. And due to the
accessibility and economy of lignocellulosic biomass, it is commonly used in
fermentation media as carbon source. So in order to break down lignocellulose,
bacteria use its cellulases and hemi-cellulases (Taha et al. 2015a, 2015b). Bacteria
are effective microbe for this purpose because of several advantages like ease of
culturing, possibilities of enhanced expression and accelerated production (Taha
et al. 2015a, 2015b), shorter generation times (Muaaz-Us-Salam et al. 2020), etc. In
addition, their metabolic versatility makes them able to endure environmental stress,
e.g., fluctuations in pH, temperature, oxygen availability, and salinity (Daniel and
Nilsson 1998). Also a recently discovered advantage is that during the latter stages of
lignocellulose breakdown, bacteria might show accelerated growth which is benefi-
cial because these stages are renowned for having components that are difficult to
hydrolyze. These accelerated growth rates leads to enhanced enzyme production.
Bacterial lignocellulases work in the form of multi-enzymatic complexes that are
affective for complicated degradation of complex biomass (Lépez-Mondéjar et al.
2019).
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Although bacteria use a variety of methods to degrade lignocellulosic biomass,
free-enzyme system is most commonly used among them. Aerobic bacteria largely
use this system of free enzymes. On the other hand, anaerobic bacteria mostly utilize
intricate protein complexes such as xylanosomes and cellulosomes which play role
as supportive enzymes to hydrolyze complex biomass (Malgas et al. 2017).

As cellulose is most abundant and common biomolecule, so the microbes that
degrade it are actually playing significant role in carbon flux in ecosphere
(McDonald et al. 2012). The cellulose degrading bacteria (cellulotyic bacteria) that
are mostly isolated belongs to two phylums Actinobacteria (order Actinomycetales)
that are aerobic and Firmicutes (order Clostridiales) that are anaerobic. Among these
two, Actinobacteria efficiently degrade cellulose because the other one is incapable
of penetrating cellulosic substances (Chukwuma et al. 2021). Mechanism of cellu-
lose degradation in aerobic and anaerobic bacteria is slightly different (Mohee et al.
2008). Aerobic bacteria do so by the action of free-cellulolytic enzymes in two steps
(Singhvi and Gokhale 2019). In first step (depolymerization), it converts cellulose
present in biomass into cellobiose; then in second step (fermentation), it hydrolyzes
cellobiose into organic acids, hydrogen, and carbon dioxide (Hassan et al. 2019).
After this, in the latter stages, bacteria dominating in the medium produce valuable
products by utilizing these secondary products as carbon and energy source (Beaton
et al. 2019). On the other hand, anaerobic cellulose fermentation also takes place in
two steps. It involves conversion of sugars into acids or alcohol in first step and then
production of biogas from these acids and/or alcohols (Hassan et al. 2019).

Following cellulose, the second most common macromolecule is lignin (Liao
et al. 2020) which cannot be easily hydrolyzed and is a major deterrent to lignocel-
lulose degradation. Streptomyces has been commonly identified as ligninolytic
bacteria that belong to Actinobacteria. Some other types of bacteria that can break-
down both lignin and carbohydrate content in lignocellulose include Thermobifida
fusca, Caldicellulosiruptor bescii, and Clostridium thermocellum (Lee et al. 2019).
Lignolytic bacteria breakdown lignin by three ways: cavitation, tunneling, and
erosion (Berg and Laskowski 2005). But the bacteria such as Proteobacteria and
Actinobacteria do lignin degradation by depolymerization, catabolism of aromatic
compounds, and biosynthesis of specific product. Depolymerization of lignin is
distinct from hemicellulose and cellulose because of the involvement of electron
transfer and redox reactions in it (Xie et al. 2016). The bacterial strains used
commonly for paddy straw bioconversion are mentioned in Table 9.3.

9.3.2 Fungi

Fungal species that can degrade lignin include mostly filamentous fungi. These can
be isolated from soil, plants, and lignocellulosic wastes where they are found
indigenously. It is reported in various studies that brown- and white-rot fungi display
effective lignocellulolytic capabilities. They have been found to degrade various
lignocellulosic biomass like softwood, wheat straw, wood chips, and Bermuda grass
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Table 9.3 Strains of bacteria that can convert paddy straw into various hydrolytic enzymes

% of Fermentation
Strain name degradation | state Time Enzymes References
Firmicutes, - Submerged 84 h Cellulase and Taha et al.
Proteobacteria fermentation xylanase (2015a)
Aeromonas 100 Submerged 72 h Strawase, Taha et al.
hydrophila, Strepto- conditions cellulase (2015b)
myces
thermoviolaceus,
Pseudomonas poae,
Bacillus
amyloliquefaciens,
Klebsiella oxytoca
Bacillus, Strepto- - Submerged 4 days | Cellulase Hu et al.
coccus, Enterococ- state (2017)
cus,
Sediminibacterium,
Lactococcus,
Rhodanobacter,
Afipia, Ralstonia,
Alkaliphilus,
Burkholderia,
Geobacillus, and
Erwinia
Streptomyces 6 Solid-state 6 days | Endoglucanase, Saratale
sp. MDS conditions exoglucanase, et al.
cellobiases, filter | (2017)
pa-perase, amy-
lase, and
xylanase
Paenibacillus - Submerged 48 h Endoglucanase, Bohra
polymyxa ND25 fermentation exoglucanase and | et al.
B-glucosidase (2018)
Sphingobacterium 60 Submerged 24 h Cellulase, Neelkant
sp. ksn-11 fermentation xylanase, et al.
pectinase, (2019)
mannanase, and
laccase
Lactobacillus - Both solid- 7 days | Endoglucanase, Zabidi
plantarum RI 11 state and sub- exoglucanase, et al.
merged B-glucosidase, (2020)
conditions and mannanase
Alcaligenes, 71 Submerged 20 days | Endo-glucanase | Zheng
Parabacteroides conditions et al.
Clostridium, (2020)
Lysinibacillus, and
Sphingobacterium
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Table 9.4 Fungal species that are reported to produce hydrolytic enzymes utilizing paddy straw

State of Incubation
Fungal species fermentation | time Enzyme References
Trichoderma reesei and | Submerged |5 days Cellulase Naher et al.
Aspergillus awamori fermentation (2021)
Streptomyces Solid-state 48 h Laccase Niladevi et al.
psammoticus fermentation (2007)
Aspergillus niger Solid-state 4 days Cellulase Maftukhah and
ITBCC L74 fermentation Abdullah

(2018)

Trichoderma reesei and | Submerged |7 days Cellulase, xylanase, Kogo et al.
Humicola insolens fermentation and beta-glucosidase | (2017)
Ganoderma lucidum Submerged |5 days Laccase Yuliana et al.
(white-rot fungi) fermentation (2020)
Fomitopsis meliae CFA | Solid-state 225.17h Endoglucanase Patela et al.
2 (brown-rot fungi) fermentation (2021)
Aspergillus fumigatus Submerged | 5 days Xylanase and Sarkar and
NITDGPKA3 fermentation cellulase Aikat (2014)
Aspergillus flavus Solid-state 7 days Protease Muthulakshmi

fermentation et al. (2011)

(Alexandropoulou et al. 2017; Cohen et al. 2017; Mishra et al. 2017). In ecosystem,
fungal species are the main degraders of wood in the forests. Also various fungal
species are used especially for their greater lignolytic efficiencies. For example,
white-rot fungus can breakdown lignin, hemicellulose, and cellulose. On the other
hand, brown-rot fungus degrades hemicellulose and cellulose polymers while leav-
ing the tougher lignin walls intact (Tsegaye et al. 2019). Despite their greater lignin
degrading potential, fungi are not suitable for larger-scale operations because of their
requirement for longer residence time which leads to increasing demands of larger
space and higher production costs. However, chemical-free operation,
eco-friendliness, and ability to work at mild temperature make them economic
alternative producer microbe in fermentation processes (Tsegaye et al. 2019).

In fungi, the mechanism of degradation of lignocellulosic biomass is classified
into two types, namely, oxidative and hydrolytic degradation. During oxidative-type
lignin degradation, reactive species of oxygen in the form of free radicals such as
hydroxyl are produced (Hammel et al. 2002). First, the mutual catalytic action of
three enzymes including glyoxaline oxidase, pyranose-2 oxidase, and aryl-alcohol
oxidase produces hydrogen peroxide (Martinez et al. 2009). Then these hydrogen
peroxides react with iron to produce hydroxyl radicals (Fenton reaction) which act
on lignin to degrade it into products of low molecular mass (Hammel et al. 2002).
Some other enzymes like laccases and manganese peroxidase also catalyze lignin
degradation in oxidative-type reactions (Eggert et al. 1997). In contrast, the mech-
anism of hydrolytic type of reaction involves the breakdown of glycosidic linkages
by means of hydrolytic enzymes (Feijoo et al. 2008). Fungal species used for
production of enzymes from paddy straw are indicated in Table 9.4.
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9.3.3 Yeast

Saccharomyces cerevisiae commonly called as yeast is mostly used in fermentation
processes. However, its inability to utilize hexose and lower metabolic activity at
higher concentration of ethanol make it less suitable for fermentation operations
involving lignocellulosic biomass. This is a major hindrance in its selection as
producer microbe in fermentation processes. Larger-scale production of enzymes
using paddy straw as lignocellulosic biomass is still poorly developed due to the
unavailability of suitable producer microbe that can efficiently utilize reducing
sugars like hexose and pentose (Gabriel and El-halwagi 2013).

9.4 Fermentation Process

The metabolic process of fermentation is used to convert carbohydrates to various
valuable metabolites. Paddy straw is lignocellulosic in nature and is used by
microbes as a carbon source in fermentation process to produce various hydrolytic
enzymes as demonstrated in Fig. 9.4. On the basis of physical state of medium,
fermentation is categorized into two types: solid-state and submerged fermentation.
The characteristics of these types of fermentation and the microbes utilized in them
are discussed below.

9.4.1 Submerged Fermentation (SmF)

SmF is a biochemical process in which microbes are cultivated in liquid medium
called broth. Several industrially important enzymes have been produced by this
method. This involves first the selection of a suitable microbe and then the prepa-
ration of fermentation medium containing sterilized raw material and some nutrients
that are essential for the growth of microbes in the presence of sufficient oxygen.
Finally, the microbe utilize these nutrients and ultimately degrade them into final

Fig. 9.4 Steps involved in Paddy Straw selection of microbe
paddy straw fermentation
Pre-treatment Inoculum development

Steriliza}tion

Fermentation
(Under controlled conditions)

Enzyme separation

Purification of enzymes
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product usually enzymes that are secreted into the fermentation broth (Renge et al.
2012).

Due to advancements in biotechnology, enzymes are now produced in significant
proportions in larger-sized bioreactors that can accommodate volumes of around
1000 cm®. According to the time limit and operation method, submerged fermenta-
tion is further classified into batch, fed-batch, and continuous modes. Batch mode
involves the addition of nutrients at the start of reaction only. Fed batch involves the
addition of nutrients during the reaction, and continuous mode involves the contin-
uous addition of nutrients and removal of broth from the system at a similar flow
rate. One of the advantages of submerged fermentation is that it is a highly controlled
process. All the parameters like pH, temperature, oxygen utilization, formation of
carbon dioxide, etc. are optimized for efficient working of microbe and enzyme
production. In downstream processing, first step mostly involves the removal of
insoluble microbial biomass by centrifugation and its recycling and inactivation by
its treatment with lime. Most industrially important enzymes are usually extracellu-
lar and are secreted in broth from which they can be concentrated by membrane
filtration, evaporation, crystallization, etc. according to their desired application.
Enzymes can be further purified by techniques like ion or gel chromatography,
etc. The final enzyme produced (powdered form) can be used either in solid form
(granules) or in liquid form (enzyme solutions) depending upon the required state for
particular application. Mostly enzymes are immobilized on the solid support for
prolonged usage (Renge et al. 2012).

Various microbes including bacteria and fungi can be used for paddy straw
degradation to produce enzymes. Some microbial strains (fungi and bacteria) that
can be utilized include species of Fusarium, Aspergillus, Phoma, etc. In addition,
Vibrio, Cytophaga, Cellulomonas, Polyangium, Nocardia, and Streptomyces also
show cellulolytic activities. Some white-rot fungi like Phanerochaete
chrysosporium have also been reported in literature for this purpose. These lignolytic
and cellulolytic microbes have frequently been utilized for the synthesis of enzymes
such as p-glucosidase, exo- and endo-cellulases, peroxidases, laccases, etc. using
lignocellulosic wastes like paddy straw in submerged fermentation conditions
(Mishra and Pandey Lata 2007).

9.4.2 Solid-State Fermentation (SSF)

The other method that is used for enzyme production is solid-state fermentation. It is
a type of fermentation in which microbes are cultivated on a solid support or raw
materials that are in solid state with low water content such as paddy straw, wheat
bran, sugar bagasse, husks, paper pulp, etc. (Renge et al. 2012; Subramaniyam and
Vimala 2012).

Like submerged fermentation, SSF has some advantages like simple operation
with less equipment, production of product in high concentration and volumes, and
generation of less effluent. These advantages make SSF a suitable alternate to
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submerged fermentation. In SSF, various substrates can be used, but lignocellulosic
substrates like straws, brans, and husks of wheat and rice are preferable. In addition,
corn and wheat flour, pulp of sugar beet, etc. are also used. Substrate selection
depends upon some factors like availability and cost of substrate. Moisture level and
particle size are some other factors. For example, small-sized particles result in better
proliferation of microbe on large surface area. However, too small particles cause
poor growth, impeded respiration, and hence lower enzyme production as well.
Similarly, larger particles result in efficient respiration, but the reduced surface
area badly affects other aspects (Renge et al. 2012). In the same way, moisture of
substrate also affects the rheology of medium and metabolic activity of microbe in
SSF and in turn enzyme production. So, water content should be carefully
maintained to minimize its detrimental effects on microbial activity. SSF have
widely been employed for the synthesis of vital hydrolytic enzymes like cellulases,
pectinases, proteases, and glucoamylases (Renge et al. 2012; Suganthi et al. 2011).

Microbes that are used mostly in SSF include filamentous fungi and yeast. Some
species of bacteria are also used. Filamentous fungi that are mostly used include
genera of Fusarium, Aspergillus, Trichoderma, Penicillium, and Rhizopus. Yeast
such as Candida sp., Saccharomyces cerevisiae, and Saccharomyces boulardii are
employed in SSF. Actinobacteria species used for this purpose include Streptomyces
thermonitrificans and Streptomyces chattanoogensis (Hu et al. 2012; Orozco et al.
2008; Munishamanna et al. 2017). Bacterial species that are notably used in SSF
include Bacillus mycoides, Bacillus megaterium, etc. Some species of Lactobacillus
including L. plantarum, bulgaricus, acidophilus, delbrueckii, coryniformis, and
rhamnosus are also reported to be involved in SSF (Oboh 2006; Hongzhang et al.
2011; Hsu et al. 2013; Andriani et al. 2015; Saanu and Oladiti 2018).

9.5 Hydrolytic Enzymes
9.5.1 Cellulases

Cellulase are the group of enzymes that are known for hydrolyzing -1, 4 glycosidic
bonds present in the polymeric cellulose to convert it into glucose molecules. The
classes of enzymes that are included in cellulase are beta-glucosidases, endo-
glucanases (endo 1, 4-p-d-glucanase), and exo-glucanases (exo 1, 4-p-d-glucanase)
(Schiilein 1988). Glycosyde hydrolase (GH) is a family of catalytic modules that are
further categorized into several sub-classes based upon their 3D structure and
sequential arrangement of amino acids. The catalytic modules of cellulase belong
to this family. The enzymes of this family hydrolyze glycosidic bonds present in
cellulose mainly via mechanism of acid—base catalysis. This catalysis take place by
the interaction of two major enzyme residues: a nucelophile and a proton donor
present at the regions of active site (Davies and Henrissat 1995). On the basis of
difference in spatial arrangement of the catalytic modules in enzyme structure, the
mechanism of hydrolysis may be inversion or retention. Three classes of cellulase
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enzymes containing particular catalytic residues do stepwise hydrolysis of cellulose
polymer as follows: (1) endoglucanases contain catalytic residues belonging to GH
families of mostly 74, 51, 48, 45, 44, 12, and 5-9. Endoglucanases act on cellulosic
polymer to break p-1, 4 linkages to expose its reducing and non-reducing ends. The
presence of catalytic module along with carbohydrate-binding module (CBM) is
reported mostly in fungal endoglucanases but with few exceptions (Kubicek 2013).
On the other hand, bacterial endoglucanases contain multiple catalytic modules with
their CBMs (Payne et al. 2015). (2) The next step of hydrolysis is performed by
exoglucanases also called as cellobiohydrolases (CBHSs) containing catalytic mod-
ules that belong to GH families of 74, 48, 9, 7, 6, and 5. These enzymes cause the
hydrolysis of polymeric cellulose into cellobiose by acting on the exposed
non-reducing or reducing ends in the chain. A great diversity has been observed in
both bacterial and fungal CBHs (Naga Padma et al. 2017). (3) The final step of
cellulose hydrolysis is performed by p-glucosidases. It catalyzes the cleavage of
terminal non-reducing p-d-glucosyl residues as well as the removal of f-d-glucose
(Leah et al. 1995). Catalytic modules of 9, 3, and 1 GH families are present in
B-glucosidases. Feedback inhibition regulates this cellulolytic process by the inter-
action of end product glucose with b-glucosidases. The main difference in the
structure of CBHs and b-glucosidases is absence of carbohydrate binding module.
At the last of this cellulose hydrolysis, glucose units are released from cellobioses
(Payne et al. 2015). A diverse range of microorganism, when grown on cellulose-
based material, produce cellulases as listed in Table 9.5. Most of the industrial
cellulases are produced by microbial sources like fungi and bacteria. Both aerobic
bacteria and aerobic fungi show similar cellulose-degrading mechanism. Cellulases
are widely used in food, textile, and paper industry. Most cellulases that are used in
food industry are obtained from fungal species Trichoderma and Aspergillus, while
bacterial cellulases are obtained from species Paenibacillus and Bacillus
(Sukumaran et al. 2005).

9.5.2 Xylanases

Hemicellulose consists of xylan that can be cleaved by using xylanases. These
enzymes are secreted by microorganisms. One of these three enzymes,
endoxylanases, exoxylanases, and p-xylosidases, is used to cleave the xylan, com-
ponent of hemicellulose. The p-1, 4 bonds of xylan core break by endoxylanase
(EC 3.2.1.8). Xylooligosaccharides are generated by non-reducing ends of xylan.
These xylooligosaccharides are secreted when exoxylanase breaks down the p-1,
4 linkages of xylan. Xylose is secreted when f-xylosidase cleaves the
xylooligosaccharides and xylobiose (Sukumaran 2009). Few kinds of xylanases
have an extra CBM for interacting to substrates, and the catalytic component
performs the majority of the enzyme’s important tasks. Carbohydrate esterases
(CE) and glycoside hydrolases (GH) are two main catalytic modes of hemicellulose.
The xylan core is hydrolyzed by endoxylanase, which includes catalytic cores from
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Table 9.5 Cellulases produced by various microbes using paddy straw as a substrate

State of Incubation

Microbe fermentation | PH | Temp time References

Aspergillus niger Submerged 6.0 |20 °C 48 h Saranraj (2011)
fermentation

Pleurotus ostreatus - 4.8 [3545° |- Vijaya and

(white-rot fungus) C Singaracharya (2005)

Trichoderma reesei Submerged - - 5 days Nabher et al. (2021)
fermentation

Aspergillus awamori | Submerged - - 3 days Naher et al. (2021)
fermentation

Volvariella volvacea | Submerged - 35+2° | 8 days Choudhary et al. (2009)
fermentation C

Bacillus subtilis - 4.0 [35°C 48 h Anu et al. (2021)

Stenotrophomonas Submerged 7.0 |37°C 72 h Tamilanban et al.

maltophilia conditions (2017)

Penicillium expansum | Solid-state - 30°C 8 days Sharifzadeh et al.
fermentation (2020)

Trichoderma Solid-state - 32°C 7-10 days | Karthick Raja

harzianum fermentation Namasivayam et al.

(2015)

Aspergillus fumigatus | Solid-state 4.0 [33°C 90 h Aikat (2012)

fermentation

the GH families 8, 10, 11, 30, and 43, with GH 10 and 11 proving to be most
prevalent (Collins et al. 2005). The GH10 seems to be more effective on modified
xylan, and these have different substrate aspects. They could possibly include
CBMs, much like cellulases (Sweeney and Xu 2012). The xylan core is randomly
split by exoxylanases from the inner side, generating longer chain xylo-oligomers
which then act as substrate for xylosidase enzymes. The mode of action of these
enzymes makes them the members of the GH families 3, 30, 39, 43, 52, and 54.
Xylanases is the name given to such two enzymes when they are combined.
Xylooligosaccharides and xylobiose are affected by xylosidase or xylan-1,
4-xylosidase, which secrete xyloses (Juturu and Wu 2014). Various microbes are
capable of producing xylanases as depicted in Table 9.6. Microbes such as actino-
mycetes, bacteria, and fungus secrete xylanases. Streptomyces, Bacillus, and Pseu-
domonas are the main actinomycete and bacterial species that produce xylanase
(Sanghi et al. 2010; Sharma and Chand 2012). The best temperature for xylanase
function is somewhere between 35 and 60 °C, whereas those produced by bacterial
and actinobacterial stains are efficient throughout wider pH ranges (5.0-9.0).
Because of the elevated concentration and extracellular emission of the enzyme,
fungi are important sources of xylanase (Nair et al. 2008). Aspergillus species,
Fusarium species, and Penicillium species are the main fungi that secrete xylanase.
The fungal xylanases are more catalytically active relative to bacteria or yeast
(Mandal 2015).



9 Utilization of Paddy Straw for the Production of Hydrolytic Enzymes 199
Table 9.6 List of microbes that can produce xylanases using paddy straw
State of Incubation
Microbe fermentation PH | Temperature |time References
Volvariella volvacea | Submerged - 35+2°C 8 days Choudhary et al.
fermentation (2009)
Trichoderma Solid-state - 32°C 7 to Karthick Raja
harzianum fermentation 10 days Namasivayam
et al. (2015)
Bacillus flexus Both solid-state | — 37 °C 48 h Meurial and
and submerged Uthandi (2020)
conditions
Phanerochaete Submerged - - 15 days Mishra and
chrysosporium condition Pandey Lata
(2007)
Cytophaga Submerged — - 7 days Mishra and
hutchinsonii fermentation Pandey Lata
(2007)
Bacillus altitudinis - 7.0 |37°C 72 h Ketsakhon et al.
(2022)
Penicillium oxalicum | Submerged - 30 °C 4 days Zahari et al.
fermentation (2016)
Promicromonospora | Submerged 8.0 |65 °C 48 h Joshi et al.
sp. MARS fermentation (2011)
Aspergillus Solid-state 4.0 [33°C 90 h Aikat (2012)
fumigatus fermentation
Schizophyllum Solid-state 7.0 |30°C 8 days Gautam et al.
commune fermentation (2018)

9.5.3 Proteases

These are the enzymes that cause the hydrolysis of polypeptides and proteins by
breaking the peptide bond present between the amino acid subunits. Proteases are
extensively used in various sectors which include food, drug, and detergent indus-
tries. In market, about 60% of the enzymes that are used in industries are proteases
(Singh et al. 2016). The market demand for this enzyme has been increased globally
by 5.3% in the years 2014-2019. And the increasing applications of protease in
leather processing and bioremediation might increase its demands further more.
Microorganisms (including fungi and bacteria), plants, and animals are considered
as major sources from which protease can be obtained. Proteases can be categorized
according to their origin, type of reactive groups bound to the catalytic sites, and
their catalytic activities. Also according to the site of action along the polypeptide
chain, proteases are classified into endopeptidases and exopeptidases (Rao et al.
1998). Endopeptidases hydrolyze the peptide bonds in the inner chain region, while
exopeptidases do so at the ends of chain. On the basis of reactive groups linked to the
active sites, proteases are categorized into six classes such as metallo, serine,
cysteine, threonine, aspartic, and glutamic acid protease (Li et al. 2013). Various
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proteases that are obtained from plants include ficin, papain, and bromelain that are
widely used at industrial scale for food applications including brewing, milk coag-
ulation, and meat tenderization, for dihestive aid, etc. (Patel et al. 2013). Fungal
proteases that are acidic in nature have ability to work efficiently in low pH
environment hence playing a role in improving beer quality by balancing the profile
of its amino acids (Nogent-sur-Seine, France). In the process of cheese manufactur-
ing, proteases are used for the production of macropeptides and para casein by
hydrolyzing its peptide bonds at specific sites (Salleh et al. 2006).

9.5.4 a-Amylases

These are hydrolytic enzymes that are capable of degrading starch by the hydrolysis
of a-1, 4glycosidic linkages present in polysaccharides. This hydrolysis reaction
result in the short-chain product called dextrins (Sindhu et al. 2017). A variety of
living organisms are capable of producing a-amylases as indicated in Table 9.7.
These are actually metallo-enzymes that require Ca* ions for their structural integ-
rity, stability, and activity (Sindhu et al. 2016). These hydrolytic enzymes are of
great industrial importance with variety of applications including brewing, baking,
digestive aids, and starch liquefaction (Rodriguez Couto and Angeles Sanroman
2006). In addition, they play role in manufacturing of branched dextrins of high
MW. Powdery foods and rice cakes are also prepared by a-amylases by their glazing
action (Aiyer 2005). These enzymes do starch liquefaction as well which involves
the conversion of starch polymer into fructose and glucose syrups. This process of
starch conversion is comprised of three steps including (1) gelatinization, (2) lique-
faction, and (3) saccharification. The granules of starch are dissolved to form a
viscous suspension in gelatinization. Then partial hydrolysis of this suspension takes
place in liquefaction which results in reduced viscosity. At last, maltose and glucose
are produced in the final step of saccharification. This process of saccharification
requires a-amylase enzymes of thermostable characteristic that are obtained from
Bacillus stearothermophilus, B. licheniformis, and B. amyloliquefaciens (Van der
Maarel et al. 2002). In ethanol preparation, a-amylases are involved in the conver-
sion of starch to reduced sugars that are further fermented by Saccharomyces
cerevisiae to alcohol. The collaborative activities of pectinases and cellulases
along with a-amylases contribute to the clarity of fruit juices, yield improvement,
and reduce the processing cost as well (Kumar 2015; Garg et al. 2016).

9.5.5 Pectinases

Pectinase are the hydrolytic enzymes that hydrolyze pectic polymers by breaking
their glycosidic bonds. Pectin (substrate) is found in the walls/peels of fruits such as
tomato, apple, pineapple, lemon, orange, and some other fruits. On the basis of their
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functions, pectinase are classified into pectin esterases (responsible for removal of
methoxyl and acetyl groups), polygalacturonases (that catalyze hydrolysis of a-(1-4)
glycosidic bonds), pectate lyase, and pectin lyase (Saadoun et al. 2013). These
enzymes can be obtained from natural microbes as reported in Table 9.7, but
attempts have been made by recombinant technology for their increased yield and
thermostability (Rebello et al. 2017). Pectinases can attack both the hairy and
smooth regions present in pectin (Pedrolli et al. 2009). On the basis of pH, these
are classified as alkaline and acidic pectinases. While on the basis of site of action,
these are categorized as endopeptidase (random cleavage of bonds) and
exopeptodases (acting on terminal ends). Pectinases have vast range of industrial
applications like food processing, bleaching of paper, remediation, etc. (Pasha et al.
2013). Pectinase give juices a relatively clear appearance with filter-ability as
compared to other enzyme counterparts (Saadoun et al. 2013).

9.5.6 Laccase

Laccases are diversified group of multi-copper oxidases. They are usually called blue
oxidases. These are employed in numerous industries due to their higher capabilities
of oxidizing phenolic compounds. These enzymes have many applications as a
biocatalyst in synthesizing various chemicals, paper bio-bleaching, bio-sensing,
bioremediation, finishing fabrics, and stabilizing wines. They show distinct speci-
ficity regarding its substrates and hence have an extensive range of oxidizable
substrates which is primarily dependent on the microbial origin of enzymes
(Madhavi and Lele 2009). The large number of compounds can be oxidized by
laccases which include aromatic-amines, ascorbates, and phenolics (Giardina et al.
2010; Madhavi and Lele 2009). For the purpose of splitting up dioxygen linkage,
laccases contain four atoms of copper with four oxidized and four reduced electrons
(Giardina et al. 2010). Several microbial species are known to synthesize laccases as
mentioned in Table 9.7. Few fungal species are used in production of laccases by
secondary metabolism during fermentation (Morozova et al. 2007). Deuteromycetes,
Ascomycetes, and Basidiomycetes are well-known for the production of enzyme
lacasses (Gochev and Krastanov 2007; Sadhasivam et al. 2008). Laccase can be
produced from Funaliatrogii a white-rot fungus in absorbent mode of fermentation.
F. rogii can produce laccase at a maximum yield of 11,900 U/L, which is 4.97 times
higher than the output obtained by regular fermentation (Li et al. 2017). Transgenic
laccases are produced by Bacillus licheniformis for industrial applications (Tonin
et al. 2016). In last few decades, laccase production had been achieved by its
heterologous expressions in various microbes. For instance, fmb-103 genes of
Bacillus vallismortis were cloned in BL21 (DE3) cells of Escherichia coli to express
heterologously (Sun et al. 2017).
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9.5.7 Mannanase

Mannanases is an enzyme group that breakdown mannan, an integral component
found in cell wall of plants along with hemicellulose (Guan et al. 2018). Mannanases
is group of three enzymes that play role in hydrolyzing linear mannans. These
enzymes include beta-mannanases or 1, 4-f-D mannohydrolases, beta-glucosidases
or 1, 4-p-D glucoside glucohydrolases, and beta-mannosidases also called 1,4-p-D
mannopyranoside hydrolases (Chauhan et al. 2012). p-Mannanases catalyze the
endo-hydrolysis of mannan chains and produce short-chain products such as
B-1,4-manno-oligosaccharides also called mannobiose by breaking inner glycosidic
bonds (McCleary and Matheson 1983). Further hydrolysis is catalyzed by
B-mannosidases. This enzyme, by its exo-hydrolysis activity, attacks the
non-reducing ends of mannan polymer, hence hydrolyzing the mannobiose complex
(disaccharide) into separate mannose (monomer) units (Gomes et al. 2007). Beta-
glucosidase hydrolyzes the oligomers generated from hydrolysis of
galactoglucomannan and glucomannan. It attacks the non-reducing terminals of
their oligomers and results in individual B1, 4-glucopyranose units (Mamma et al.
2004). Several species of bacteria and fungi are reported in literature for production
of variety of mannanases. Among Bacillus spp., different strains of B. subtilis
produce mannanases. Some fungal organisms like Aspergillus spp. are reported as
producers of mannan-degrading enzymes (Dhawan and Kaur 2007). Some other
fungal and bacterial species that are known as mannanase producers include Strep-
tomyces spp., Penicillium spp., and Clostridium spp. (Chauhan et al. 2012).
Mannanase is attracting great attention in pulp and paper industries owing its
hemicellulolytic capability (Clarke et al. 2000). In addition, mannanases also have
a multitude of applications in textile, feed, oil, and food industries (Christgau et al.
1994; Naganagouda et al. 2009). The synthesis of mannanase utilizing lignocellu-
losic feedstock has also been reported by several researchers and is shown in
Table 9.7.

9.6 Conclusion

The biochemically rich nature of paddy straw makes it a potential substrate for its
bio-processing into numerous important biological products like hydrolytic enzymes
that are significant part of most of the industrial processes. Environmental pollution
and inefficient management strategies stimulate the utilization of PS in fermentation
processes. Isolation of new strains of microbes having high lignocellulolytic poten-
tial and advancement in pretreatment methods along with improvements in fermen-
tation technology has paved the way for efficient utilization of paddy waste.
Although various tests have been proven effective for production of hydrolytic
enzymes from PS, most of these finding are confined to lab-scale level and need
further developments in order to be scaled up. In order to scale up these processes to
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industrial level, interdisciplinary efforts involving microbiology, biotechnology,
mechanical engineering, software engineering, and analytical chemistry may be
required keeping in view the economics of whole process of manufacturing and
the end product cost in market.
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