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ABSTRACT

This study focuses on the isolation and characterization of bacteria from lignocellulosic
biomass obtained from the sediments of the Tyume River in Alice, Eastern Cape and to
determine those bacterial isolates with good potential for modification and decomposition of
lignocellulosic biomass for industrial application. Several bacterial isolates were recovered
and screened for ability to degrade various lignocellulosic materials. Nine of the isolates were
positive for lignocellulolytic activity. Four isolates were cellulase positive and six were
xylanase positive. Moreover, one isolate (SB1) was positive for both xylanase and cellulase
activities and showed the best hydrolysis zone on solid media. This isolate was then chosen
as the best and identified molecularly. The 16S rDNA sequence analysis indicated that SB1
was a Bacillus cereus species. Factors affecting the cellulose and xylanase enzyme
production by the organisms were studied. The organisms produced the enzymes maximally
at earlier hours of incubation (12-30 hr) and optimally at acidic pH (3-5) and at moderate
temperatures (35-45°C). SB1 appears to hold promise in the decomposition of lignocellulosic

wastes.
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CHAPTER ONE

1.1  General Introduction

Lignocellulose is mainly an ubiquitous organic matter found in the biosphere and it
characterizes many aerobic, facultative anaerobic and obligate anaerobic bacteria and fungi
(Woo et al., 2014). There are three types of polymers constituting lignocelluloses biomass,
i.e. cellulose (35-50%), hemicellulose (25-30%) and lignin (25-30%). Cellulose and
hemicelluloses are degradable into sugars, which are versatile materials for further
conversion by fermentation, biocatalytic processes to value-added products, including
biofuels, biopolymers and chemicals (Wongwilaiwalin et al., 2010). Cellulose is a key
structural component of plant cell walls, which is responsible for mechanical strength (Anwar
et al., 2014). This polymer has many properties which depend on its degree of polymerization
(DP), defined as the number of monomeric glucose units that make up one polymer molecule

(Malherb et al., 2002).

In microbial ecology, cellulose, the most abundant naturally occurring biopolymer, is a vital
component of the biospheric carbon cycle and its bioconversion to fuel and chemicals is of
great interest (Lennox et al., 2010). Cellulose is totally insoluble in water and has about 2000
— 10 000 glucose subunits with molecular weight determination value that ranges from 200
000 to about 2.4 million (Lennox et al., 2010). Hemicellulose is the heteropolysaccharide
made up of energy rich polymers of pentoses and hexoses (Zhang et al., 2012). The different
hexoses, pentose, and glucoronic acid of glucose, galactose and 4-O-methylglucose bound by
(1-3)-,(1-6)-and  (1-40)-glycosidic bonds make up the heteropolysaccharide called
hemicelluloses (Hatakka et al., 2010). Unlike cellulose, hemicellulose is more soluble and is

frequently branched with the degree of polymerization of 100 to 200. According to literature



hemicellulose is linked to lignin through cinnamate acid ester linkages, and to cellulose
through inter chain hydrogen bonding, and to other hemicelluloses via covalent and hydrogen

bonds (Hatakka et al.,2010).

Lignin is a natural polymer of aromatic compounds produced through biosynthetic processes
and forms a protective seal around cellulose and hemicelluloses with hydrophobicity and
highly irregular structure (Calvo-Flores & Dobado, 2010; Jiang, Nowakowski & Bridgwater,
2010; Menon & Rao, 2012; Anwar et al., 2014). As a biopolymer, lignin is unusual due to its
heterogeneity and lack of a defined primary structure (Zhang et al., 2012). It consists of
multiple cross-linked phenylpro-panoids, believed to be derived from three
methoxylatedmonolignol monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl

alcohol (Mosier et al., 2005).

Lignocellulose waste is accumulated in abundance annually, resulting to environmental
problems. Nevertheless, they could be utilized for the production of some value added
products, such as ethanol, food additives, organic acids, enzymes, and others, since its
chemical composition is based on sugars and other compounds of interest (Bajaj & Manhas,
2012). Thus, besides the environmental problems caused by their accumulation in nature, the
non-use of these materials constitutes a loss of potentially valuable resources (Mussatto &

Teixeira, 2010).

1.2 STATEMENT OF THE PROBLEM

Resources are scarce, hence, the abundance of useful organic compounds trapped in
lignocellulosic materials found ubiquitously in the biosphere makes it imperative to find
efficient ways of recycling (Dixon & Linger, 2006). Several microbial species have been
isolated from composts and these microbes have shown effectiveness in the degradation of

lignocellulose as well as the conversion of intermediates into useful products like bio-ethanol,



animal feed, and methane gas (Tuomela et al., 2000). Evidence is very scanty implicating
freshwater environments as reservoirs of lignocellulose degrading microbes, yet these
habitats have been well documented to habour microorganisms of diverse metabolic
properties. Exploration for cost effective and efficient lignocellulose-degrading microbes

with “high product yield” and “novel enzymes” capabilities has therefore become imperative.

1.3 HYPOTHESIS

The study hypothesized that Tyume River, a freshwater habitat in the Eastern Cape Province,

is a potential reservoir of important lignocellulosic degrading bacteria.

1.4  AIM AND OBJECTIVES

The aim of the study was to isolate and characterize lignocellulose degrading bacteria from

Tyume River.

1.5 SPECIFIC OBJECTIVES

1. To collect sediment samples from different depths and points locations of the Tyume
River

2. To isolate and characterise cellulolytic and xylanolytic bacteria from the sediment
samples

3. To select and identify one important cellulolytic and xalanolytic bacteria amongst the
isolates and assess its ability to produce cellulases and xylanases.

4. To determine the optimum culture conditions for the production of these enzymes.
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CHAPTER TWO

LITERATURE REVIEW

Human activity generates tons of wastes annually and the most abundant is of biological
character, namely biomass. Biomass refers to all renewable organic matter, including all
plantations, and associated residues, as well as animal, agricultural, industrial and municipal
solid wastes. The biomass has a great potential that enables it to be used to meet the energy
and nutritional demands of humans, used in the production of chemical feed stocks such as
organic acids, solvents and enzymes for different industries (Claassen et al., 1999;
Laufenberg et al., 2003; Wilke &Vorlop, 2004). Unfortunately, much of the lignocellulosic
biomass is frequently disposed of by burning. Nevertheless, lignocellulosic biomasses have
gained so much research interests and special importance due to their renewable nature
(Anwar et al., 2014).

Enormous amounts of agro industrial residues generated yearly from different economic
activities signifies one of the most energy rich resources available on earth, and when not
properly used, may result to an increase in environmental pollution (Heck et al., 2005; Bajaj
& Manhas 2012).

Recently, there has been an awareness and importance of preserving the natural resources
such as lignocelluloses for the development of modern practical technologies and commercial
scale manufacturing processes (Schneider, 1989; Maki et al., 2012). As a result, the
enormous amounts of lignocellulosic biomass can potentially be converted into diverse high
value products including value added fine chemicals, and cheap energy sources for microbial

fermentation and enzyme production (Isroi et al., 2011; Igbal et al., 2013; Irshad et al., 2013).



2.1  Historical background of lignocelluloses

Lignocellulose the main structural constituent of all plants and a renewable organic matter is
made up of three major constituents: cellulose, hemicellulose and lignin (Sanchez &
Cardona., 2008). Lignocellulosic compounds are the most abundant agricultural residues in
the world and are frequently being replenished by photosynthesis. In nature, lignocellulose
accounts for the major part of biomass and, thus its degradation is essential for the carbon

cycle (Tuomela et al., 2000).
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Figure 2. 1: Structure of lignocelluloses (Source: Rubin, 2008).



2.1.1. Internal structure and physical properties
Lignocellulosic biomass has a complex internal structure. It is made up of major components
that also have complex structures. The description of each of the components are outlined in

the following sections.

Cellulose

Cellulose is the B-1,4-polyacetal of cellobiose (4-O-B-D-glucopyranosyl-D-glucose). It is a
structural component of the primary cell wall of green plants and a linear polymer of glucose
derived from D-glucose units (Yakubu et al., 2011). The chemical formula of cellulose is (C
6H 100 5)n and Figure 2.2 shows the structure of the polymer. It condenses through 3 (1- 4)-
glycosidic bonds, usually set in microcrystalline structures, making its hydrolysis very
difficult under natural conditions (Ghosal et al., 2011). Cellulose accounts for about 50% of
all the carbon utilized by plant biomass during photosynthesis yearly (Song et al., 2013).
Hence, cellulose degraders contribute to the cycling of about 90% of the overall plant
production that enters soils and sediments as dead organic matter (Gessner et al., 2010; Song
et al., 2013). In nature, cellulose is typically hydrolyzed by microorganisms, mainly fungi
and bacteria. Fungi and bacteria produce either free cellulolytic enzymes under aerobic
conditions or extracellular enzyme complexes known as cellulosomes under anaerobic

conditions to hydrolyze cellulose (Demain et al., 2005; Song et al., 2013).

HOH, OH [ HOH OH | HOH
: 77N 2
- O o
0 OH
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Figure 2. 2: Structure of cellulose (Source: Peterson et al., 2008).



Hemicellulose

Hemicellulose is a heteropolysaccharide made up of different hexoses, pentoses, and
glucoronic acid. The most regular types of polymers that belong to the hemicelluloses family
of polysaccharides is xylan. Xylan (Figure 2.3A) is made of D-xylopyranosyl linked by B-1,
4-glycosidic bonds (Bajaj & Manhas, 2012). The xylan backbone can be customized with 4-
O-methyl-D-glucuronic acid, acetic acid, uronic acids, L-arabinofuranose, and phenolic
compounds (p-coumaric and ferulic acids) bound to xylose subunits. -mannans are another
type of hemicellulose can be comprised of repeating B-1,4-linked mannose or alternating
mannose and glucose residues; galactomannan (Figure 2.3B) contains a-1,6-linked galactose
side chains attached to the mannose backbone (Shallom & Shoham, 2003). Important aspects
of the structure and composition of hemicelluloses are the lack of crystalline structure, mainly
due to the highly branched structure and the presence of acetyl groups connected to the

polymer chain (Kirk-Otmer, 2001).
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Figure 2. 3: Composite structures of hemicellulose: A) xylan and B) galactomannan (Source:

Peterson et al., 2008).

Hemicellulose extracted from plants has various characteristic sizes, shapes and masses

(polydispersity, polydiversity and polymolecularity). Nevertheless, the degree of



polymerization does not go beyond the 200 units although the minimum limit can be
approximately 150 monomers (Harmsen et al., 2010). Hemicellulose is insoluble in water at
low temperature. However, its hydrolysis starts at a temperature lower than that of cellulose,

which renders it soluble at elevated temperatures (Harmsen et al., 2010).

Lignin

Among all three lignocellulosic constituents, lignin is the most structurally complex
noncarbohydrate, least abundant biopolymer that is covalently bound to hemicellulose within
plant cell walls (Rahman et al., 2013). It is the most recalcitrant of the biopolymers due to its
complex structure related to heterogeneity, aromaticity, and carbon-carbon cross linking
(Perez et al., 2002). Lignin is composed of coniferyl alcohol, sinapyl alcohol, and p-coumaryl
alcohol as its monomers and they form B- aryl ether, pheylcoumaran, resinol, biphenyl, and
biphenyl ether motifs through crosslinking within the structure (Chang, 2007; Abd-Elsalam
& El-Hanafy, 2009). Dividing higher plants into two categories, hardwood (angiosperm) and
softwood (gymnosperm), it has been identified that lignin from softwood is made up of more
than 90% of coniferyl alcohol with the remaining being mainly p-coumaryl alcohol units.
Contrary to softwoods, lignin contained in hardwood is made up of varying ratios of coniferyl

and sinapyl alcohol type of units (Kirk-Otmer, 2001).

The property of polydispersity, just as with hemicellulose, characterizes lignin as well.
Different branching and bonding in other similar molecules are encountered (Lin & Lin,
2002). Lignin in wood behaves as an insoluble three-dimensional network. It plays an
important role in the cell's endurance and development, as it affects the transportation of
water, nutrients and metabolites in the plant cell (Brodeur et al., 2011). Due to its high

molecular weight and the presence of various biologically stable carbon-to- carbon and ether

10



linkages, it acts as a binder between cells creating a composite material that has a remarkable

resistance to impact, compression and bending (Brodeur et al., 2011).

CH,OH CH _,OH CH,OH
|
( H -;LI‘H CH
CH CH CH
\:-ta ” é"?.m_. _.rl-L-. - C J;
Rl = OCH, 5 Tﬂ“ TOCH,
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Figure 2. 4: P-coumaryl- , coniferyl- and sinapyl alcohol: dominant building blocks of the

three dimensional polymer lignin (Source: Peterson et al., 2008).

Low molecular solvents have been identified to significantly dissolve lignin i.e. dioxane,
acetone, pyridine, and dimethyl sulfoxide. Moreover, it has been observed that at elevated
temperatures, thermal softening of lignin takes place, allowing its depolymeristation reactions

of acidic or alkaline nature to accelerate (O’Connor et al., 2007).

2.1.2 Chemical interaction between components of lignocellulosic biomass

There are four main types of bonds identified in the lignocellulose complex. These include
the ether type of bonds, ester bonds, carbon-to-carbon bonds and hydrogen bonds. These four
bonds are the main types of bonds that provide linkages within the individual components of
lignocellulose (intrapolymer linkages), and connect the different components to form the
complex (interpolymer linkages). The positions and bonding functions of these linkages are

summarized in Table 2.1.
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Table 2. 1: Overview of linkages between the monomer units that form the individual
polymers lignin, cellulose and hemicellulose, and between the polymers to form

lignocellulose (Source: Huijgenet al., 2010).

Bonds within different components (intrapolymer linkages)

Ether bond Lignin, (hemi)cellulose
Carbon to carbon Lignin
Hydrogen bond Cellulose
Ester bond Hemicellulose

Bonds connecting different components (interpolymer linkages)

Ether bond Cellulose-Lignin
Hemicellulose lignin

Ester bond Hemicellulose-lignin

Hydrogen bond Cellulose-hemicellulose
Hemicellulose-Lignin
Cellulose-Lignin

2.1.3 Intra-polymer linkages

The main types of bonds that connect the building molecules within the lignin polymer are
ether bonds and carbon-to-carbon bonds (Table 2.1). Ether bonds may appear between allylic
and aryl carbon atoms, or between aryl and aryl carbon atoms, or even between two allylic
carbon atoms. The total fraction of ether type bonds in the lignin molecule is around 70% of
the total bonds between the monomer units. The carbon-to-carbon linkages form the

remaining 30% of the total bonds between the units. They can also appear between two aryl

12



carbon atoms or two allylic carbon atoms, or between one aryl and one allylic carbon atom
(Kirk-Otmer, 2001).

The polymer of cellulose is formed on the basis of two main linkages:

1. The glucosidic linkage is the one that forms the initial polymer chain. More specifically, it
is a 1-4 B D-glucosidic bond that connects the glucose units together. The glucosidic bond
can also be considered as an ether bond, since it is in fact the connection of two carbon atoms

with an elementary oxygen interfering.

2. The hydrogen bond is considered to be responsible for the crystalline fibrous structure of
cellulose. The arrangement of the polymer in long straight parallel chains together with the
fact that the hydroxyl groups are evenly distributed in both sides of the glucose monomer,
allows the formation of hydrogen bond between two hydroxyl groups of different polymer

chains (Huijgenet al., 2010).

It has been identified that carboxyl groups are also present in cellulose in a fraction of 1
carboxyl per 100 or 1000 monomer units of glucose (Krassig & Schurz, 2002), although this
does not appear obvious from the main structure of cellulose. As already mentioned,
hemicellulose consists of polysaccharides other than cellulose. Its structure reveals that ether
type of bonds, such as the fructosic and glucosidic bonds, is the main one that forms its
molecule. The main difference with cellulose is that the hydrogen bonds are absent and that
there is significant amount of carboxyl groups. The carboxyl groups can be present as

carboxyl or as esters or even as salts in the molecule (Kirk-Otmer, 2001).

2.1.4 Inter-polymer linkages
In order to determine the linkages that connect the different polymers of the lignocellulose

complex, lignocellulose is broken down and the individual components are separated.
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However, their separation is commonly achieved by methods that result in alteration of their
original structure. As a consequence, the conclusions on the connecting linkages between the
polymers are not definite. It has been identified that there are hydrogen bonds connecting
lignin with cellulose and with hemicellulose, respectively. Furthermore, the existence of
covalent bonds between lignin and polysaccharides is identified. More specifically, it is
certain that hemicellulose connects to lignin through ester bonds. It is also known that there
are ether bonds between lignin and the polysaccharides. It is still not clear though whether the
ether bonds are formed between lignin and cellulose, or hemicellulose. Hydrogen bonding
between hemicellulose and cellulose is also identified. However, this linkage is not expected
to be strong due to the fact that hemicellulose lacks a primary alcohol functional group that is

external to the pyranoside ring (Faulon et al., 1994).

2.2 Lignocellulose biodegradation

Lignocellulose is a complex substrate and its biodegradation is not dependent on
environmental conditions alone, but also the degradation capacity of the microbial
population. The enzymes responsible for the lignocellulosic biodegradation are: Cellulase,

hemicellulase, and ligninase.

Cellulases

These are freely secreted enzymes or enzyme complexes that are attached to the surface of
microorganisms and can be used for cellulose degradation (de Souza, 2013). Anaerobic
organisms usually have cellulosomes while aerobic bacteria and fungi usually employ free
enzymes. Cellulose degradation is achieved through the action of three types of enzymes,
endo-glucanases, cellobiohydrolases (or exo-glucanases) and B-glucosidases (Figure 2.5).
Endo- and exo-glucanases cut inside or at the end of the glucan chain, respectively, and are

classified according to both their structural fold and catalytic mechanism (de Souza, 2013).
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Cellulose hydrolysis by glucanases is catalyzed by two carboxyl groups in the active site and

can either invert or retain configuration of the anomeric carbon.

endo-glucanase cellobiohydrolase

HOH,) H HOH OH HOH,
— Q O < Lo} (=}
NS oo g B TLT e,
aH Hy OH Z QH
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(cellobiose)

v

OH  HOH,
O
I e
HOH_ T e ‘E‘l OH
2 + HH

B—glucosidase

Monomeric Sugars

HOH,, o
H3S OH

OH
glucose

Figure 2. 5: Cellulases. Sites of enzymatic cleavage are indicated by arrows. Resultant

monomeric sugars are listed below the structure (Source: Henriksen, 2008).

Enzymes that retain chirality use a double-displacement mechanism with a covalent enzyme-
substrate intermediate while enzymes that invert chirality function by a single-step concerted
mechanism (Henriksen, 2008). B-glucosidases are essential for overall cellulose degradation
and cleave cellobiose to monomeric glucose. Glucanases activity can be inhibited by

accumulation of cellobiose and glucose (Henriksen, 2008).

Hemicellulases

Hemicellulases are either glycoside hydrolases or carbohydrate esterases and are classified
into families based on their activity and homology of primary sequence. The hydrolysis of
glycosidic bonds is carried out by glycoside hydrolases enzymes, whereas carbohydrate
esterases enzymes cleave the ester linked acetate and ferulic acids side chains. As the
structure of hemicellulose is known to be heterogeneous, a wide range of enzymes is essential

for its hydrolysis (Shallom & Shoham, 2003). Furthermore, many hemicellulases have
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carbohydrate-binding modules in addition to catalytic domains; as much of the hemicellulose

structure can be insoluble, the carbohydrate-binding modules are vital for targeting of the

enzymes to the polymers (Henriksen, 2008).

Xylan is one major type of hemicellulose (Figure 2.6). The B-1,4glycosidic bonds of the

xylose backbone found in the xylan are cleaved by xylanases. On the other hand, xylosidases

hydrolyze resultant oligomers to monomeric xylose. The ester bonds of ferulic acid and

acetate side chains are cleaved by ferulic acid esterases and acetyl-xylanesterases

respectively. Arabinofuranosidases hydrolyze arabinofuranosyl side chains from the xylose

backbone and can have an altering specificity as to the location of the arabinofuranosyl

group. Ultimately, glucuronic acid side chainare cleaved by glucuronidases (Shallom &

Shoham, 2003).

OoH
glucuronidase

MeO C§/ acetyl-xylan esterase
HO “‘/ -

OHY P
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ferrulic acid esterase

endo-xylanase B-xylosidase

Monomeric Sugars
OH

"
R e
MeCr
HO oH
HO o OH HO

Ol—bH OH
glucuronate xylose arabinose

Figure 2. 6: Xylanases. Sites of enzymatic cleavage

monomeric sugars are listed below the structure (Source:

2.3 Lignocellulose biomass recalcitrance

are indicated by arrows. Resultant

Henriksen, 2008).

Lignocellulose is the primary building block of plant cell walls. The complex hierarchy

structure of lignocellulosic biomass is the main obstacle for key components fractionation,

where cellulose, hemicellulose, and lignin are hindered by many physicochemical, structural,
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and compositional factors. Generally, cellulose fibrils are coated with hemicellulose to form

an open network, whose empty spaces are gradually filled up with lignin (Cosgrove, 2005).

In order to utilise the cellulose component of lignocelluloses, they must first be separated
from lignin, which binds cellulose sheets in an enzymatically inaccessible matrix. Aside from
lignin removal being a barrier, cellulose itself is a relatively intractable polymer with strong
inter glucose hydrogen bonding making it resistant to enzymatic degradation, as well as
hydrophobic sheet formations imparting resistance to acid hydrolysis via the presence of a

dense water layer near the hydrated cellulose surface (Matthews, et al., 2006).

Different types of biomass, such as woody plants, herbaceous plants, grasses, aquatic plants,
agricultural crops and residues, municipal solid waste and manures, contain different amounts
of cellulose, hemicelluloses, lignin and extractives (Chandra et al., 2007; Agbor et al., 2011).
Generally plant biomass contains 40-50% cellulose, 20-40 % hemicelluloses, 20-30% lignin
by weight (Mackendry, 2002; Chandra et al., 2007; Agbor et al., 2011). Biomass
recalcitrance to bioprocessing is directly related to the inherent properties of the biomass
source. Properties such as lignin content, cellulose accessibility to cellulase (CAC), and
cellulose crystallinity (CC) determine the overall digestibility of the biomass (Agbor et al.,
2011). The complexity of a given biomass type is reflected in the relationship between its
structural and carbohydrate components. The factors that contribute to biomass recalcitrance
include: Crystallinity and degree of polymerization of cellulose, accessible surface area,
protection of cellulose by lignin, cellulose sheathing by hemicelluloses and fibre strength
(Mosier et al., 2005; Agbor et al., 2011). It is this variability that accounts for differences in
the digestibility or hydrolysis of a given biomass feedstock. Removal of lignin enhances the

biomass digestibility up to the point where the effect of lignin present is no longer sufficient
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to limit enzymatic hydrolysis or microbial digestibility. It has also been shown that highly
crystalline cellulose (Chang & Holtizapple, 2000) and the cellulose accessibility to cellulase
is one of the most important factors in enzymatic hydrolysis when the effect of lignin is

minimized (Jeoh et al., 2007; Agbor et al., 2011).

2.4. Lignocellulose degrading microorganisms

In nature, lignocellulosic biomass is degraded with the cooperation of many microorganisms,
mainly including diverse fungal and bacterial genera producing a variety of cellulolytic and
hemicellulolytic enzymes under aerobic and anaerobic conditions (Wongwilaiwalin et al.,
2010). The composition of wastes is diverse amongst which is the most abundant
lignocellulosic matter, responsible for limiting degradation (Dixon & Linger, 2006). Hence,
the ability of microorganisms to decompose lignocelluloses is a key factor in recycling of
wastes and mainly, in composting. Lignocellulose degrading microorganisms are naturally

present in wastes and take part in the composting process (Tuomela et al., 2000).

There has been a known challenge in the isolation and cultivation of individual lignocellulose
degrading microbial species from complex environments, but an important improvement has
been made in recovering cellulolytic taxa from a range of ecological niches including the
human, herbivore, termite gut, terrestrial, and aquatic environment (McDonald et al., 2012) .
The lignocellulosic biomass can be degraded by both fungi and bacteria. Although
lignocellulolytic fungi such as Aspergillus, Penicillium, Schizophyllum, Trichoderma,
Phanerochaete and Sclerotium can secrete industrial quantities of extracellular
enzymes,bacterial enzyme production can be more cost effective (Woo et al., 2014). This is
due to the fact that they grow more rapidly, produce multi enzyme complexes with increased
functionality and higher specificity, and can stand larger and more various environmental
stress (Maki et al., 2009).
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Lignocellulolytic bacteria could also potentially allow better separation of lignin from
cellulose and thereby increasing the value of lignin, which is currently a waste product, and
cellulose. The few bacterial species currently known to breakdown cellulose and lignin are
within Pseudomonas (order Pseudomonadales), Cellulomonas (order Actinomycetales),
Streptomyces (order Actinomycetales), and other genera within the order Actinomycetales
(Lynd et al.,, 2002). Some of the most important microorganisms that breakdown the
lignocellulosic biomass to produce lignocellulolytic enzymes include Aspergillus,
Trichoderma,  Streptomyces,  Phanerochaetes,  Chytridiomycetes, = Ruminococcus,

Fibrobacteres, Clostridium sp. and Bacillus (Motta et al., 2013).

Microorganisms developed cellular mechanisms to take energy from plant biomass which
includes the production and secretion of carbohydrate-active enzymes. These enzymes
breakdown the plant cell wall to release sugar monomers such as glucose that can be used as
substrates for the metabolism of the microorganism. The microbial use of plant biomass is

responsible for large portions of carbon flux in the biosphere (Woo et al., 2014).

2.4.1. Bacillus genus

The Bacillus genus is ubiquitously found both above and below the surface of the earth. Six
closely related species have so far been described in this taxonomic group: Bacillus
anthracis, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides, Bacillus
weihenstephanensis and B. cereus (sensustricto). According to some literature these species
are not strictly based on genomic variance (Helgason et al., 2004; Priest et al., 2004), but
rather on subjective consideration of practical usefulness such as virulence (B. anthracis, B.

thuringiensis), physiology (B. weihenstephanensis), morphology (B. mycoidesand B.
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pseudomycoides) and ill-defined features (B. cereus sensustricto) (Pirttijarvi et al., 2000).
These species vary in practical importance. Bacillus anthracis is known to be the causal agent
of anthrax. Bacillus cereus (sensustricto) includes pathogenic strains that may cause food
poisoning, eye infections and periodontal disease in humans (Helgason et al., 2000). By
contrast, certain B. cereus strains are used as probiotics. Spore and crystal toxin preparations
from B. thuringiensisare used as commercial biopesticides. Bacillus weihenstephanensis, B.
mycoides and B. pseudomycoides have not been described as food poisoning agents, but their
toxigenic potential remains uncertain (Helgason et al., 2000). Bacillus cereus is a Gram
positive, aerobic to facultative, spore forming rod found ubiquitously in the environment both
above and below the Earth’s surface. The Bacillus cereus bears a close phenotypic and
genetic (16S rRNA) relationships to reveal other Bacillus species (Bottone, 2010). Bacillus
cereus may be the most common aerobic spore bearer in any types of soil and in sediments,
dust, and plants (Woo et al., 2014). Microbiologically, members of the B. cereus group
exclusive of B. anthracis display a range of morphological forms depending upon the milieu
in which they are observed. The studies have shown that it is also frequently present in food
production environments due to the adhesive nature of its endospores. This characteristic

enables the bacterium to spread to all kinds of food.

2.5 Potential uses of lignocellulosic waste

Biomass is the mass of organic material from any biological material or any large mass of
biological matter. A broad diversity of biomass resources is available on our planet for
conversion into bioproducts (Table 2.2). These may include whole plants, processing
byproducts, materials of marine origin and animal byproducts, municipal and industrial

wastes (Howard et al., 2003).
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Table 2. 2: Types of Lignocellulosic waste materials and their current uses (Source: Howard

et al., 2003).

Lignocellulosic material

Residues

Competing use

Grain harvesting

Wheat, rice, oats barley and corn
Processed grains

Corn, wheat, rice, soybean

Fruit and vegetable harvesting

Fruit and vegetable processing

Sugar cane, other sugar products

Oils and oil seed plants

Nuts, cotton seeds, olives, soy
bean etc.

Animal waste

Forestry-paper and pilp
Harvesting of logs
Saw- and plywood waste

Pulp and paper mills
Lignocelluloses waste from

communities
Grass

Straw, cobs, stalks, husks
Waste water, bran

Seeds, peels, husks,stones, rejected
whole fruit and juice

Seeds, peels, husks, shells, stones,
rejected whole fruit and juice

Bagasse

Shells, husks, lint, fibre, sludge,
presscake, waste water

Manure, other waste

Wood residuals, barks, leaves etc.

Woodchips, wood shavings, saw
dust
Fiber waste, sulphite liquor

Old newspapers, paper, cardboard,
old boards, disused furniture
Unutilised grass

Animal feed, burnt as fuel,
compost, soil conditioner
Animal feed

Animal and fish feed, some
seeds for oil extraction
Animal and fish feed, some
seeds for oil extraction

Burnt as fuel

Animal feed, fertilizer, burnt
fuel

Soil conditioners

Soil conditioners, burnt

Pulp and paper industries,
chip and fibre board
Reused in pulp and board
industry as fuel

Small percentage recycles,
others burnt

Burnt

2.5.1 Bio-fuel

Ethanol demand has the most important market, where ethanol is either used as a chemical

feedstock, petrol additive and as an octane enhancer. Global crude oil production is predicted

to decline from 25 billion barrels to approximately 5 billion barrels in 2050 (Balat & Balat,

2009). Ethanol production from sugars or starch has a negative impact on economic

processes; hence ethanol is more expensive compared to fossil fuels. Thus technology

development focus for ethanol production has shifted towards the use of residual

lignocellulosic materials to lower production costs (Balat & Balat, 2009).
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2.5.2 Chemicals

Bioconversion of lignocellulosic wastes could make an important input to the production of
organic chemicals. Five primary base-chemicals: ethylene, propylene, benzene, toluene and
xylene produce over 75% of organic chemicals used to synthesize other organic compounds
that are then used to produce various chemical products including polymers and resins
(Howard et al., 2003). Lignin produces aromatic compounds while the low molecular mass
aliphatic compounds can be derived from ethanol produced by fermentation of sugar
generated from the cellulose and hemicellulose. Table 2.3 shows estimations of total demands

for chemicals which could be made by fermentation.

Table 2. 3: Annual production of chemicals which could potentially be made from

fermentation (Howard et al., 2003).

Products World demand (thousand of tonnes)
Fumaric acid 60

Citric acid 300

Acetic acid 2539

Glycerol 414

Butanol 1400

Acetone 1659

Ethanol 16 000

2.6 Industrial applications of lignocellulases

2.6.1 In detergent and textile industries

Alkaline cellulases found in the composition of the detergent can easily pass through the inter
fibril spaces and help in effective removal of stains from cloths. Furthermore, cellulases
process the cellulose fibrils. They are also normally used in textile processing and finishing
of the cellulose based textiles. Cellulases are useful in removing furriness of the cellulose

threads which are used in textile production with insignificant weight loss, developing
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smooth and glossy appearance of the cloth and giving color brightness (Sukumaran et al.,

2005).

2.6.2 In animal feed industries

Cellulases along with hemicellulases are used in the production of animal and poultry feeds.
Advantages of adding enzymes during feed processing are partial hydrolysis of cellulase and
hemicellulase components present in the silage, dehulling of cereal grains and better

emulsification of feeds (Cinar, 2005).

2.6.3 In food processing industries

Cellulases have broader applications in food processing industry. Cellulases together with
xylanases and pectinases are known as macerating enzymes. They have been used in
extraction and clarification of fruit and vegetable juices to increase their yields. Macerating
enzymes reduce viscosity; improve cloud stability and aromatic properties of the fruit juices

and their pulps during processing (Sukumaran et al., 2005).

2.7 Application of xylanases

Potential application of xylanases in biotechnology include biobleaching of wood pulp,
treating animal feed to increase digestibility, processing food to increase clarification and
converting lignocellulosic substances to feedstock and fuels (Motta et al., 2013).The most

common of which is in paper and pulp industries.

2.7.1 The paper and pulp industries

Xylanases have been used in pulp bleaching mainly to decrease lignin and increase the
brightness of the pulp (Bajpai, 2011). The significance of xylanase in the pulp and paper
industries is associated with xylan hydrolysis, which speeds up the release of lignin from
paper pulp and, as a result, reducing the use of chlorine as the bleaching agent (Subramaniyan
and Prema, 2002). Bleaching is referred to as the process of removing lignin from chemical
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pulps producing bright and completely white finished pulp (Beg et al., 2001). Hence,
biobleaching is the bleaching of pulp using enzymes or lignocellulolytic microorganisms
(Perez et al., 2002). The presence of residual lignin and its derivatives in the pulping process
makes the resultant pulp to gain a brown color, thus, biobleaching is necessary. The
bleaching of pulp includes destruction, alteration or solubilization of the lignin, colored
organic matter and other unwanted residues on the fibers (Subramaniyan & Prema, 2002)

The use of xylanase in bleaching pulp requires the use of enzymes with special characteristic
which include being cellulose free and avoiding damage of the pulp fibers (Motta et al.,
2013), since cellulose is the primary product in the paper industry (Subramaniyan & Prema,
2002). Other desirable characteristics are stability at high temperatures (Chidi et al., 2008)

and an alkaline optimal pH (Perez et al., 2002)
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CHAPTER THREE

Abstract

Lignocellulose is the main structural component of plant cell walls and can be degraded into
simple sugars with the help of hydrolytic enzymes. Lignocellulose is composed of three
polymers: cellulose, hemicelluloses and lignin. Certain bacteria have evolved the ability to
degrade lignocelluloses, most of which are gram positive and spore formers. A
lignocelluloses degrading bacteria isolated from the fresh water sediments of the Tyume
River in the Eastern Cape province of South Africa was assessed for its potential to produce
lignocellulolytic enzymes i.e. cellulase and xylanase under submerged fermentation. Based
on 16S r DNA sequence analysis, the isolate was identified as Bacillus cereus sp. The
bacteria produced the lignocellulolytic enzymes optimally at acidic pH (3-5) and at moderate
temperatures (35 and 45° C). The time course for the enzyme production was optimal at 12-

30 hr of incubation.

Keywords: Bacillus cereus sp., Lignocellulose, Sediments
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3.1 Introduction

Lignocellulose is a renewable, plentiful and cheap natural resource which could be converted
to biofuels and other bioproducts (Maki et al., 2011). It is the main structural component of
plant cell wall and can be degraded into simple sugars with the help of hydrolytic enzymes
(Maki et al., 2011). It is comprised of mainly cellulose which is a homologous polymer of
glucose molecules connected by B-1, 4 linkages (the most abundant organic polymer in the
world). Lignocellulose also contains some heterologous polymer including the 5- and 6-
carbon sugars (hemicelluloses) and a less complex aromatic polymer (lignin). The various
sources of lignocellulosic biomass include municipal waste, agricultural residues, forestry or

pulp and paper excesses, and, switch grass (Greene, 2004).

Several microbes have evolved the ability to degrade lignocelluloses and to this effect cell-
bound enzymes and multi-protein complexes expressing cellulase and hemicellulase activity
have effectively degraded lignocellulosic materials (Woo et al., 2014). Cellulose is degraded
to glucose by the synergistic action of three distinct classes of enzymes: endoglucanases,
exoglucanases and PB-glucosidases. However, due to the variability in the structure and
organisation of hemicellulose, its degradation requires various enzymes with diverse modes
of action. The enzyme batteries involved in hemicellulose degradation includes
endoxylanases, endomannanases, f-xylosidases, [-mannosidases, [-galactosidases,
a-glucuronidases, a-arabinofurnosidases, a-galactosidases, acetyl xylan esterases, feruloyl
esterases and glucuronyl esterases. Hemicellulose has been anticipated as a physical
obstruction for cellulose hydrolysis in the utilization of lignocellulosic materials for value
added products (Yoshida et al., 2008). Nonetheless, the hemicellulose-degrading enzyme
activities of most commercial cellulase enzymes are insufficient as the achievement of

complete conversion of hemicelluloses is not usually the situation (Hu et al., 2011; Qing &
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Wyman, 2011). Xylanases, on the other hand, are fast becoming a major group of industrial
enzymes finding significant application in paper and pulp industry (Shoham et al., 1993).
They are of importance to the pulp and paper industries, the hydrolysis of xylan facilitates the
release of lignin from paper pulp and reduces the level of usage of chlorine as the bleaching
agent (Shoham et al., 1993). The importance of xylanases is not bound to the paper and pulp
industry alone as there are other industries where xylanases are of equal importance and
applicability. The potential applications of xylanases also include the bioconversion of
lignocellulosic material and agro-wastes to fermentative products, clarification of juices,
improvement in consistency of beer and the digestibility of animal feed stock (Agustini et

al.,. 2012)

The need for enhanced lignocellulose bioconversion to value added product has motivated the
continual exploration of different ecological milieu for microbial species with enzyme
batteries sufficient degrade the hemicellulose and release the abundant glucose held up as
cellulose. Consequently, this work aimed at exploring the bacterial diversity of the sediments

of Tyume River of the Eastern Cape Province of South Africa.

3.2 Materials and Methods

3.2.1 Description of the study area

The Tyume River is located in Alice town in the Eastern Cape province of South Africa,
with geographical co-ordinates of 32° 46” 44.6’S, and 26° 51’ 21.5”’E. The River flows next
to the University of Fort Hare, under Nkonkobe District Municipality. Currently, the river
serves as source of water in use for grazing animal flows from the upper part of the Amathole
Mountains in Hogsback, passing through the lower coastal escarpment down to Alice,
through several rural settlements, and finally joins the Keiskamma River at Manqulweni

community.
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3.2.2. Sample collection

The murky water samples (disturbed water and sediments) were collected from two different
points of the Tyume River, Eastern Cape using 1.7 L sterile bottles and transported in ice
packs to the Applied and Environmental Microbiology Research Group (AEMREG)

laboratory, University of Fort Hare for analysis.

3.2.3 Media for Bacterial Isolation, Cellulose Utilization

The M1 medium amended with Nystastin (50mg/l) to prevent the fungal growth was used for
the cultivation of bacteria from the samples in accordance to the method described by Jensen
et al. (1991). The media was composed of the following (g/l) starch (10) I, yeast extract (4),
peptone (2) and agar (18) (Mincer et al., 2002).

Basal salt medium supplemented with xylan and CMC were respectively used for the
screening of cellulase and xylanase activity. The media was composed as follows; substrate
carboxymethyl cellulose or beechwood xylan (5g), NaNOs; (1g), Ko;HPO, (1g), KCI (1g),

MgSO, (0.5g), Yeast extract (0.5g) and agar (15g) in 1 L of sterile deionised water.

3.2.4. Bacterial isolation

With slight modifications, bacterial species were isolated on M1 agar (composition is as seen
in section 3.2.3) in accordance with the methods of Mincer (2002). The experiment was
carried out by shaking and heating 100ml of murky (sediment and water) sample at 55 °C for
15 minutes in a conical flask. A series of dilutions of the sample suspension from 10 to 10°®
was carried out using phosphate buffer saline (PBS). Approximately 100 ul of the suspension
was pipetted and spread onto M1 medium amended with Nystatin (50mg/L) and nalidixic
acid (20mg/L). The culture experimentation was in triplicate. All the plates were then
incubated at 28° C for 3 weeks. The morphology, size and color of bacterial cultures were

documented and discrete colonies of distinct isolates were then selected and purified. After
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purification, distinct culture colonies were stocked in 30% glycerol solution at 4°C until

further use.

3.2.5 Inoculum standardization for cellulase and xylanase activity screening

About 10 ml of sterile basal salt media was inoculated with a loop full of purified isolate and
incubated at 28 °C for 48 hr at an agitation speed of 200 rpm. After incubation, 1ml of the
culture was taken from the test tubes and transferred to sterile 2.5 ml capacity eppendorf
tubes, centrifuged at 10000 g for 5-10 min to sediment the cells. The supernatant was
carefully decanted. Approximately, 1ml of sterile distilled water was added to the tube and
vortexed to re-suspend the cells. The suspension was aseptically transferred to sterile
McCartney bottle containing 9 ml of sterile distilled water and vortexed afterwards. The
suspension was read spectrophotometrically at an optical density (OD) of 600 nm and

adjusted to an OD of about 0.1.

3.2.6 Screening for cellulase activity

The method previously described by Maki et al., (2012) was used to screen isolates for
CMCase activity. Isolates were grown in 10 ml of sterile basal medium broth amended with
the appropriate substrates for 72 hours, at 28°C, with shaking at 12000 rpm. After incubation,
the resulting broth cultures were screened for cellulase activity using the Gram’ iodine
method (Kasana et al., 2008). The inoculum standardization was done as described earlier.
Approximately, 5 p | of each culture suspension was singly dropped onto a plastic Petri dish
containing CMC agar: 5g of a substrate (CMC, beechwood xylan, 1g NaNOs, 1g K;HPQOy,,
1g KCl, 0.5g MgSO, ,0.5g Yeast extract ,15 agar in 1L sterile deionised water) and incubated
for 120 hours at 28 °C. After incubation, the plates were taken out to be flooded with Gram’s
iodine solution (2.0 g Kl and 1.0 g I, per 300 ml ddH 2 O) for 5 min to visualize and snap
those that have the halo zone. The agar containing CMC stained brown and areas without

CMC (degraded) were clear. The clear areas are described as halo zones, as seen in Figure 3
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and 4. Halo diameters were measured using a ruler for a semi-qualitative comparison of
cellulose activity among the isolates after 120 h of incubation. The presence of a halo

measurement is used to confirm cellulase activity of the bacteria.

3.2.7. Screening for xylanase activity

The xylanase activity of all of the isolates was evaluated using the same method described
above for the screening of cellulase activity. However, for the xylanase activity, 0.5 g of
beechwood xylan (Sigma Aldrich) was used instead of CMC. Similarly, the presence of halos

after staining with Gram’s iodine was positive for xylanase activity.

3.2.8. Identification of the bacterial isolate by 16s rRNA gene sequencing

The genomic DNA (Deoxyribo nucleic acid) used for the PCR was prepared from pure
culture of the bacterial isolate grown on nutrient agar plates. The total genomic DNA from
the positive strain was extracted employing the DNA purification Kit according to the
manufacturer’s instruction. The 16S rRNA gene fragment was amplified using the universal
primers. The PCR conditions were standardized with initial denaturation at 94 °C for 3
minutes followed by 30 cycles amplification (Denaturation at 94 °C for 60 sec, annealing
temperature was 55 °C for 60 seconds and extension at 72 °C for 60 sec) and an addition of 5
minutes at 72 °C as final extension. The amplification reactions were carried with the total
volume of 50 pL consisting of 25 pL master mix, 0.5 pL each of forward and reverse
primers, 10 pL of template DNA and 14 pL nuclease free water in a gradient PCR. PCR

product was analysed.

3.2.9. Enzyme production
The production of crude enzyme was carried out in the same medium used for screening
without the addition of agar. A loop full of culture from agar plates was inoculated into glass

tubes containing 5 ml of production medium, and incubated at 120 rpm and 30°C. This
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culture was then inoculated (9x10* CFU/ml) into a 250-ml capacity Erlenmeyer flask
containing 100 ml of the same medium, 2 ml aliquots was drawn out and centrifuged at
10,000 g for 10 min. The enzyme activity was measured in cell-free supernatant was then

used as the source of crude enzymes (El-Sersy et al., 2010).

3.2.10 Cellulase and Xylanase activity

Cellulase activity was assayed using a modified method described by Lo et al., (2010). About
0.2 ml of culture filtrate was added to 1.8 ml of 1% CMC prepared in 0.05M phosphate
buffer (pH 7) in a test tube and incubated at 40 °C for 30 min. The reaction was terminated
by adding 3.0 ml of dinitrosalicylic acid (DNS) reagent and by subsequently placing the
reagent tubes in a water bath at 100°C for 15 min. 1 ml of Rochelle salt solution (40 g
Rochelle salt in distilled water to make the volume 100 ml) was then added to stabilize the
colour. Using spectrophotometer, the absorbance was recorded at 575 nm against the blank
(0.05 M sodium citrate buffer). One unit of CMCase activity was expressed as 1.0 uM of
glucose liberated per ml enzyme per min (Ariffin et al., 2006). By using a calibration curve
for glucose, one unit of enzyme activity was defined as the amount of enzyme that released 1
uM of glucose per min (Ahmed et al., 2009; El-Sersy et al., 2010).

Xylanase activity was determined using the same method as cellulose; 0.2ml of enzyme,
solution appropriately diluted in phosphate buffer (pH7) with 1.8ml of aqueous suspension
containing 1% xylan. The reaction was carried out at 37° C for 30 min. The amount of
reducing sugar released was estimated with DNS method using xylose as standard. The DNS
method for the protein estimation was performed according to the method of Miller 1959 as
follows: The standard was pipette out solution into the dry, clean test tubes in the range of O
to 2ml, the final volume in all tubes was made up to 2ml with distilled water concentrations
ranging from 0-750mg. 1ml of DNS reagent was then added to all the test tubes, mixed well

and capped to avoid the loss of liquid due to evaporation, the test tubes with the reaction
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mixture were then put into the boiling water bath for ten minutes. The tubes were taken out

and cooled to room temperature and the extinction was read at 540nm against the blank.

3.2.11 Optimum conditions determination for the production of cellulase and xylanase

€enzymes.

In order to obtain the maximum cellulase and xylanase production, the effects of pH,
temperature and incubation time were evaluated. The Initial pH of the fermentation medium
was varied from 3 to 9. The pH was adjusted by using 1M-HCI or NaOH prior to autoclaving.
The temperatures ranged from 25 to 50° C and the incubation time was varied from 6 to 54 h.
The crude enzyme was extracted and assayed at regular intervals of 6 h (Adhyaru et al.,

2014).

3.3  Results and Discussion

3.3.1. Isolation of lignocellulase producing bacteria

After isolation, the bacteria were then selected according to their morphology, size and colour
and then picked and streaked onto fresh M1 medium plates for purification and were
incubated at 28 °C for a week. After purification, the cultures were observed and those with
similar color, morphology and size were selected and coded for identification purposes. The
codes were termed based on the colony characteristics and the sample from which it was
obtained. For instance, SB1 was the code for the organism isolated from the sediment sample
with a beige-creamish colour and was from a 10 plate.

The photograph of some of the isolates that were taken after isolation (Figure 3.1.)
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Figure 3. 1: Colonies on M1 culture plates obtained through spread plate technique

3.3.2. Screening for Carboxymethyl cellulose activity

A total of 23 isolates were obtained from the isolation stage. From the 23 isolates 14 were
removed as they had similar cultural characteristics. The remaining 9 isolates were then
screened for the hydrolysis of cellulose and xylan on agar plates containing the substrates
(CMC and xylan). Four of these were positive for cellulose hydrolysis, and 6 for xylan
hydrolysis respectively. One (SB1) isolate out of the 9 showed the degradation for both xylan
and CMC as it is shown in Figure 3.2, and exhibited the greatest enzyme activity shown by
the halo (Figure 3.2 and Figure 3.3) zone diameter and in Table 3.1. The morphological
characteristics of the bacterium revealed the colony to be creamish beige, with a rod shape,
and smooth surface. The 16S rDNA revealed the bacteria to have 98% similarity to Bacillus
cereus species.The genus Bacillus are Gram positive, aerobic to facultative, spore forming
rod found ubiquitously in the environment both above and below the earth’s surface Bacillus
cereus may be the most common aerobic spore bearer in any types of soil and in sediments,
dust, and plants (Woo et al., 2014). Microbiologically, members of the B. cereus group
exclusive of B. anthracis display a range of morphological forms depending upon the milieu
in which they are observed. The studies have shown that it is also frequently present in food
production environments due to the adhesive nature of its endospores. This characteristic
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enables the bacteria to spread to all kinds of food. By contrast, certain B. cereus strains are
used as probiotics (Carlandrelli et al., 2008). Although a number of enzymes have been
reported to be produced by some of the species belonging to the Bacillus genus, such as

Bacillus subtilis, to the best of our knowledge ours is the first report implicating the Bacillus

cereus in lignocellulolytic enzyme production.

Figure 3. 2 : Xylanase activity shown by the clearance, the halo zone around the colony.

Figure 3. 3: Cellulase activity shown by the clearance of the halo zone around the colony.
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Table 3. 1: Summary of Isolates based on their activity to degrade xylan and cellulose

showed by the average halo zone diameter and standard deviation (SD).

Isolate code Halo zone diameter (mm) (£SD)

Xylan Cellulose,
SB1 71.6 (+2.9) 61.5 (+2.1)
WYO0 72.5 (+3.5) -
sc1 64.5 (+4.5) -
WC2 47.5(%£3.5 -
WC1 65 -
sc2 56 (+7.8) -
SY1 - 66.3 (+14.2)
SY2 - 46 (£5.7)
SY0 - 42 (+5.7)
3.3.3. Enzyme production

Both

the cellulase and xylanase enzymes were produced by SB1 under submerged

fermentation conditions. The enzymes were produced at the temperature of 30 °C at 1200-

1500 rpm and pH 7 after 72 hours. Culture conditions (pH, temperature and incubation time)

for the production of the enzymes, they were optimized by shaken flask fermentation

experiments. The optimal pH of the enzyme came out to be ranging between 4 and 5 (Figure

3.4) with the enzyme activities: 16.29 U/ml and 19.91 U/ml. The enzyme activity dropped at

pH 6 and then slowly increased to pH 8 and it dropped rapidly to pH. This therefore suggests
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that SB1 is able to produce the enzyme at slightly alkaline to alkaline pH, in corroboration of

previous report (Verma et al., 2012).
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Figure 3. 4: Effect of pH on cellulase production by SB1.

Also, with regards to effect of pH on xylanase production by SB1, the maximum xylanase
production occurred at the medium pH 3-4 (Figure 3.4) with enzyme activity calculated to
range between 289.32 U/ml-271.83 U/ml, and mostly at acidic or slightly alkaline pH in

support of the reports of Sanghi et al., (2010) and Bajaj & Manhas, (2012).
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Figure 3. 5: Effect of pH on xylanase production by Bacillus cereus.

Figure 3.5 shows that the SB1 was able to produce the cellulase enzyme maximally at 45 °C
with the enzymatic activity of 39.82 U/ml. Also, results revealed that the enzyme remained
stable after 50 °C and the enzyme stability declined at temperatures above 50 °C in support of

another report (Verma et al., 2012).
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Figure 3. 6 : Effect of temperature on cellulase production by SB1.

With respect to effect of temperature on xylanase production, results showed that xylanes was
produced over a temperature range of 25°C-50 °C (Figure 3.6). The maximum Xylanase
activity as observed at 35 °C (273.58 U/ml). However, substantially high activity was
observed at 25° C and even at 40° C. Bajaj et al., (2012) reported a similar observation for
Bacillus pumilus SS1, and previous reports suggest that most of the bacterial xylanases show

optimum activity at 50 °C-60 °C (Bajaj & Manhas, 2012).
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Figure 3. 7: Effect of temperature on xylanase production by SB1.
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Time course studies of cellulase and xylanase enzymes productions by SB1 were carried out
and the results revealed that with respect to cellulose production, the enzyme production
increased with time and attained a peak after 30 hr of incubation with the enzyme activity of
27.15 U/ml (Figure 3.8) after which production declined. However, xylanase production on
the other hand was short-lived reaching a peak in about 12 hours and thereafter significantly

decreased.
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Figure 3. 8: Effect of incubation time on cellulase production by SB1.
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Figure 3. 9: Effect of incubation time on Xylanase activity production by Bacillus cereus.
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Conclusion

This study revealed that Tyume River is an important source of cellulase and xylanase
producing bacteria. The Bacillus cereus strain investigated (SB1) showed good promise as a
cellulose and xylanase producer that could be beneficial in the bioconversion of
lignocellulosic wastes to simple sugars for bioethanol production which is the future prospect

of this research.
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CHAPTER FOUR

GENERAL DISCUSSION AND CONCLUSION

In the past years, culturable, cellulase and xylanase producing bacteria have been isolated
from a wide variety of environments including agricultural wastes, composting heaps,
decaying plant material, the feces of ruminant animals such as cows, soil and organic matter,
and extreme environments like hot springs, to name a few (Doi, 2008). On this work, a
number of isolates were obtained from the isolation stage mostly from the sediment samples
of the fresh water milieu compared to disturbed water samples. The sediment samples gave a
variety of colonies as compared to the disturbed water sample. The colonies differed in size,
colour and morphological characteristics and amongst these were the ones that were removed

due to similar characteristics.

Screening for cellulase and xylanase production can be done by enrichment growth on
microcrystalline cellulose and or beechwood xylan as a sole source of carbon, followed by
the extraction of 16S rDNA/RNA to determine the molecular community structure of the
environment and analyze whether families containing cellulase or xylanase producing species
are present. Strains with lignocellulase potential can be isolated by sub-culturing from the
enrichment culture on the agar containing substrates as sole carbon sources. This method was
used to identify cellulase-producing bacteria in the deep subsurface of the Homstake gold
mine, Lead, South Dakota, USA (Rastogi et al., 2009). For this study the screening for
bacterial xylanase and cellulase activity in microbial isolates was performed on
carboxymethylcellulose (CMC) containing plates and for xylanase activity beechwood xylan
containg plates were used. This method can be timely and zones of hydrolysis are not easily

evident but we managed to get good results (Maki et al., 2009).
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Kasana and colleagues have recently found that Gram’s iodine for plate flooding gave more
rapid and highly discernible results compared to hexadecyltrimethyl ammonium bromide or
Congo red (Kasana et al., 2008). Similar to our study, the Gram’s iodine solution was used as
well for flooding the plates during screening and the results were good.

The characterization of cellulase and xylanase producing bacteria has gained more attention
due to the readily available abundance of cellulosic and hemicellulosic carbon sources in the
world, which can be degraded into reducing sugars and optionally fermented to valuable by-
products such as bioethanol as an alternative source of renewable energy (Ragauskas et al.,

2006; Maki et al., 2012).

Of all the isolates screened for cellulase and xylanase production, only one isolate SB1 was
able to hydrolyse both cellulose and xylan. Other isolates were only capable of hydrolyzing
one substrate each respectively. Five isolates (WYO0, SC1, WC2, WC1, SC2) hydrolysed only
xylan and the three isolates (SY1, SY2, SYO0) hydrolysed carboxymethyl cellulose. However,
they all showed a potential in lignocelluloses degradation. SB1 shows to be the best candidate
for greater lignocellulolytic activities including degradation of crystalline cellulose, xylanase
activities and the ability to degrade lignin. Generally, all of the isolates showed a good
industrial potential for degradation of lignocellulosic biomass. However, SB1, which

degraded both CMC and xylan, with the greatest halo zone displayed the greatest potential.

Screening requires knowledge or rather an objective for the isolation of specific enzymes
with specific activities whether it be with activity on microcrystalline cellulose or
endoglucanases with activity on soluble cellulose such as carboxymethyl cellulose (Duan et

al., 2009). For this study the screening was targeted on endoglucanases and xylanases since

53



we screened for carboxymethyl cellulose and beechwood xylan. The isolation and
identification of lignocellulases has been limited in the past to culturable microorganisms.
However, recent advances in molecular techniques, such as the creation of metagenomic
libraries will extend the pool of lignocellulolytic enzymes available for future research.

Bacteria present attractive potencies for exploitation of cellulase and hemicellulase due to

their rapid growth rate and enzyme complexity (Maki et al., 2009). Xylan, the major
hemicelluloses component, like carboxymethyl cellulose, requires the synergistic action of
several hemicellulase enzymes for its complete hydrolysis to monomer sugars. The major
enzyme in this process is endo-1, 4-pB-xylanase, which cleaves the glycosidic bonds between
xylosides, generating short xylooligosaccharide. Xylanases that comply with bad industrial
process conditions are enviable for many biotechnological applications and such enzymes can
be specially made by protein engineering or immense microbial diversity could be exploited

to get the organisms which produce process suitable xylanases (Bajaj et al., 2012).

Maximum xylanase production was observed after 12 h of fermentation, and thereafter
xylanase activity decreased (Fig. 3.9). This may be due to the interaction of xylanase with
some other medium/cell-secreted components or due to the inhibition of the enzyme by the
end products (Sudan & Bajaj, 2007). The maximum cellulase production was observed after
24 h. The enzyme was also found to be produced maximally at pH 3 and at 45 °C.
Nevertheless, the optimum time for maximum enzyme production by different Bacillus spp.
has been reported to be as low as 18 h or up 2-4 days (Yang et al., 1995; Sa’. Pereria et al.,

2002). Thus, our study has revealed the same for our Bacillus cereus.

In conclusion, as the world’s present economy is highly dependent on various fossil energy

sources such as oil, coal, natural gas, to name a few. These are being used for the production

54



of fuel, electricity and other goods. Excessive consumption of fossil fuels, particularly, in
urban areas, has resulted in generation of high levels of pollution during the few decades. The
level of greenhouse gases in the earth’s atmosphere has drastically increased. In this regard,
lignocellulosic biomass holds considerable potential to meet the current energy demand of the
modern world. This is also crucial to overcome the excessive dependence on petroleum for
liquid fuels. Further advanced biotechnologies are crucial for discovery, characterization of
new enzymes, and production in homologous or heterologous systems and ultimately lead to
low-cost conversion of lignocellulosic biomasses into bio-fuels and bio-chemicals. In the
current situation, future trends are being directed to lignocellulose biotechnology and genetic
engineering for improved processes and products. To overcome the current energy problems
it is advised that lignocellulosic biomass in addition of green biotechnology will be the main

focus of the future research.
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APPENDIX C: Xylose standard curve
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APPENDIX D: Glucose Standard curve
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