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ABSTRACT 

The use of lignocellulosic biomass for bioethanol production is largely dependent on 

cost effective production of cellulase enzymes and most importantly, the availability 

of cellulases with sufficient β-glucosidase activity for complete hydrolysis of cellulose 

to glucose. Commercial cellulase preparations are often inefficient in the complete 

hydrolysis of cellulose to glucose. The addition of β-glucosidases to commercial 

cellulase preparations may enhance cellulolytic activity in the saccharification of 

cellulose to fermentable sugars. 

A β-glucosidase producing thermophilic bacterium, Anoxybacillus sp. KTC2 was 

isolated from a hot geyser in the Zambezi Valley, Zimbabwe. The bacterium 

identified through biochemical tests and 16S rDNA sequencing, had an optimal 

growth temperature and pH of 60˚C and pH 8, respectively. The β-glucosidase 

enzyme had an optimal temperature of 60˚C and a broad pH range for activity, 

between 4.5 and 7.5 with an optimum at pH 7. The β-glucosidase enzyme retained 

almost 100% activity after 24 hours’ incubation at 50˚C.  

The Anoxybacillus sp. KTC2 β-glucosidase was partially purified and a partial amino 

acid sequence obtained through MALDI-TOF analysis. The whole genome of 

Anoxybacillus sp KTC2 β-glucosidase was sequenced and a β-glucosidase gene 

identified. The deduced amino acid sequence corresponded to the peptide 

sequences obtained through MALDI-TOF, confirming the presence of the a β-

glucosidase on the genome of Anoxybacillus sp KTC2. Analysis of the deduced 

amino acid sequence revealed that the β-glucosidase enzyme belongs to the GH 

family 1. The β-glucosidase gene was isolated by PCR and successfully cloned into 

an E. coli expression system. 

The saccharification efficiency of the β-glucosidase enzyme was evaluated through 

the creation of enzyme cocktails with the commercial cellulase preparation, 

CelluclastTM. CelluclastTM with the Anoxybacillus sp KTC2 β-glucosidase were used 

to hydrolyse pure Avicel cellulose, at 50˚C over a 96 hour reaction time. The 

Anoxybacillus sp KTC2 β-glucosidase enabled a 25% decrease in the total cellulose 

loading without a decrease in the amount of glucose released. 
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The bacterial strain, Anoxybacillus sp. KTC2 is a good source of thermostable 

enzymes with potential industrial application. The β-glucosidase is a thermostable 

enzyme that has potential of reducing the cost of enzymes in bioethanol production. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background of the study 

Lignocellulosic biomass is an abundant and renewable resource (Kalyani et al. 2013, 

Liu et al. 2014, Ndlovu and Wyk 2019, Wakai et al. 2019), and its hydrolysis and use 

in biofuel production has gained considerable attention in recent years due to the 

rapid rate of depletion of fossil fuel (Khare et al. 2015, Pancha et al. 2016), and the 

resultant hikes in fossil fuel prices (Van Dyk and Pletschke 2012, Banerjee et al. 

2016). In addition to the increased fuel prices, the combustion of fossil fuels causes 

greenhouse gas emission which results in environmental pollution (Sukumaran et al. 

2009, Cheng and Timilsina 2011, Nigam and Singh 2011, Menon and Rao 2012, 

Wakai et al. 2019).  

Biofuels produced from lignocellulosic biomass include bio-ethanol, bio-butanol, and 

methane (Menon and Rao 2012). Bio-ethanol production is of particular importance 

in the transport industry (Lewis Liu et al. 2012, Banerjee et al. 2016), serving as an 

excellent liquid transportation fuel, which is currently used as a blend with petrol. The 

United States of America and Brazil are the world’s leaders in biofuel production and 

they are currently using 10 and 22% ethanol-petrol blends, respectively (Banerjee et 

al. 2016). The USA and Brazil mainly use maize and sugarcane as feedstock, 

respectively (Senthilkumar and Gunasekaran 2005, Balat et al. 2008). However, the 

use of maize and sugarcane for biofuel production raises food safety concerns as it 

competes for land with food and feed production (Yeoman et al. 2010, Bhalla et al. 

2013a). The ethical issues raised have led to a need to find alternative feedstocks for 

bioethanol production. Lignocellulosic biomass is currently being considered as a 

suitable alternative as it is renewable, does not compete directly with food production 

and every country can use what is readily available in their region, which would in 

turn keep production costs low (Menon and Rao 2012).  

Sources of lignocellulosic biomass include agricultural waste such as municipal 

wastes, wood, rice straw, wheat, corn stover, corn cobs and bagasses 

(Harnpicharnchai et al. 2009, Khalil and Sivakumar 2015), molasses (Banerjee et al. 

2016) and waste paper (Yanase et al. 2005). Bioethanol production from 
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lignocellulose requires three steps: pre-treatment, saccharification of the pre-treated 

biomass and fermentation of the resultant sugars to bioethanol (Khare et al. 2015). 

Pre-treatment of lignocellulose is required to break the lignin component between the 

plant material fibres and release hemicellulose and cellulose. Depending on the pre-

treatment method used, hemicelluloses are either hydrolysed during pre-treatment or 

have to be hydrolysed enzymatically after pre-treatment. Cellulose has to be 

hydrolysed enzymatically to produce glucose. Pre-treatment of lignocellulosic 

biomass can be achieved through various methods such as; acid or alkaline 

treatment, steam explosion or ammonia fiber/freeze explosion (Berlin et al. 2005, 

Balat et al. 2008, Zhuang et al. 2016). 

Utilisation of lignocellulosic biomass for bioethanol production requires cellulases; a 

group of enzymes that work together synergistically to hydrolyse cellulose, found in 

lignocellulose. These enzymes include endoglucanases which cleave internal β-1,4-

glycosidic bonds, cellobiohydrolases, which are exo-acting enzymes that release 

cellobiose from the reducing or non-reducing ends of cellulose, and β-glucosidases, 

that hydrolyses cellobiose to glucose. In addition to hydrolysing cellobiose to 

glucose, β-glucosidase reduces cellobiose inhibition on endoglucanases and 

cellobiohydrolases (Florindo et al. 2018 ). β-glucosidase is the rate-limiting enzyme 

in the cellulose hydrolysis system, making it a key enzyme in biofuel production from 

lignocellulosic biomass (Bai et al. 2013, Diogo et al. 2015, Florindo et al. 2018 ). 

A significant proportion of commercial preparations of cellulases possess insufficient 

levels of β-glucosidase. These commercial cellulase preparations are inefficient for 

the complete hydrolysis of cellulose to glucose (Wen et al. 2005, Ahamed and 

Vermette 2008, Harnpicharnchai et al. 2009, Xia et al. 2018a). Therefore, the 

addition of β-glucosidases to commercial cellulase preparations should enhance 

cellulolytic activity in the saccharification of cellulose to fermentable sugars (Sánchez 

and Cardona 2008, Harnpicharnchai et al. 2009). In addition to low levels of β-

glucosidase in commercial cellulase preparations, these commercial enzymes 

generally require long hydrolysis times. This leads to saccharification reactions being 

prone to microbial contamination, along with the enzymes generally being unstable 

and tend to lose activity during incubation (Haki and Rakshit 2003). The use of 

thermostable enzymes in cellulosic biomass conversion would be advantageous 
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since thermostable enzymes are active at higher temperatures, providing improved 

hydrolysis of the cellulosic substrates with lower risk of contamination (Rastogi et al. 

2010).  

In addition, the use of thermostable enzymes in conversion of cellulosic biomass to 

fermentable sugars offers several advantages such as improved hydrolysis, higher 

mass-transfer rates leading to better substrate solubility, as well as increased 

flexibility on process design which in turn lowers production costs (Rastogi et al. 

2010, Bai et al. 2013). While the higher operational temperatures increase energy 

costs, the advantages compensate for these increased costs. 

The increased need for thermostable enzymes has stimulated the search for 

thermophilic microorganisms from the environment for the isolation of thermostable 

enzymes (Patel et al. 2019). High temperature habitats such as hot geysers are a 

potential source of thermostable enzymes from thermophilic bacteria found in these 

habitats. Thermophilic organisms have been isolated from compost heaps, soil and 

wastewater (Rastogi et al. 2010),  as well as hot springs (Wang et al. 2010). 

Depending on the substrate and technology used, cellulase production is often the 

most expensive step in bioethanol production from lignocellulosic material (Haki and 

Rakshit 2003, Zheng et al. 2017). The employment of techniques to improve enzyme 

production in order to lower production costs would improve the prospects of 

bioethanol production from lignocellulosic biomass. The isolation of organisms 

capable of producing higher levels of extracellular β-glucosidases, with higher end 

product tolerance and the development of expression systems capable of high 

β-glucosidase expression, through recombinant DNA technologies may help lower 

the enzyme costs.  

The present study focused on screening, isolation and characterisation of a 

thermophilic β-glucosidase producing bacterium; isolation and characterisation of the 

thermostable β-glucosidase enzyme; evaluation of the β-glucosidase enzyme’s 

saccharification potential and ultimately, identification of the gene coding for the β-

glucosidase. 
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1.2. Aims and Objectives 

1.2.1. Aim 

The study aimed to isolate and characterise a novel β-glucosidase from a 

thermophilic bacterium purified from a hot geyser in the Zambezi Valley of Zimbabwe 

and investigate its potential as part of a cellulase cocktail for conversion of 

lignocellulosic biomass to glucose. 

1.2.2. Objectives of the study: 

i. To identify the β-glucosidase-producing bacterial strain through biochemical 

and molecular biology techniques. 

ii. To optimize production of the β-glucosidase enzyme from the bacterial strain.  

iii. To partially purify the β-glucosidase enzyme through a combination of 

chromatography and electrophoretic techniques.  

iv. To develop an enzyme cocktail for the saccharification of cellulose. 

v. To determine the GH family of the β-glucosidase enzyme.  

 
1.3. Hypothesis 
Combining a thermostable β-glucosidase with commercial cellulase preparations that 

have low β-glucosidase activity will reduce the enzyme load needed for efficient 

hydrolysis of lignocellulosic biomass. 
 
1.4. Significance of the study 

The use of lignocellulosic biomass for bioethanol production is largely dependent on 

the availability of cellulases with sufficient β-glucosidase activity for complete 

hydrolysis of cellulose to glucose. Production of a thermostable β-glucosidase and 

combining it with a commercial cellulase preparation to form an enzyme cocktail 

should result in more efficient use of lignocellulosic biomass for bioethanol 

production.    
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CHAPTER 2 

2. LITERATURE REVIEW 

Successful and cost-effective use of lignocellulosic biomass as feedstock for 

bioethanol production is highly dependent on the structural composition of the 

substrate, a good pre-treatment method, the availability of hydrolytic enzymes for 

complete hydrolysis and fermentative microorganisms (Sukumaran et al. 2005, 

Khare et al. 2015, Zhuang et al. 2016, Artola et al. 2019, Wakai et al. 2019). The 

hydrolytic enzymes should include cellulases as well as accessory enzymes. 

2.1. Lignocellulose 

Lignocellulose accounts for more than 60% of plant biomass on earth (Tengerdy and 

Szakacs 2003). Lignocellulose is made up of lignin, cellulose and hemicellulose 

(Sánchez 2009, Zhuang et al. 2016, Lu et al. 2019) as well as pectin, proteins, ash 

salts and minerals in small qualities (Van Dyk and Pletschke 2012). The exact 

structure of each component varies among different lignocellulosic feedstock’s 

(Narra et al. 2015). Lignocellulose is highly resistant to microbial breakdown due to 

the presence of lignin, the high degree of crystallinity of cellulose and polymerisation 

of the polysaccharides (Meehnian et al. 2016).  

2.1.1. Lignin 

Lignin is the most abundant heterogeneous cross-liked aromatic polymer in nature, 

with a three dimensional structure that covers cellulose in lignocellulosic biomass. 

The rigid structure is resistant to biodegradation and accounts for 10-25% of the 

mass of lignocellulosic material (Senthilkumar and Gunasekaran 2005, Travaini et al. 

2016, Zhuang et al. 2016, Alves et al. 2018). The composition varies between hard 

and soft woods. Woodier plants as well as older plants contain higher levels of lignin, 

which makes the cell walls waterproof and provides a barrier against pathogens (Van 

Dyk and Pletschke 2012). Lignin plays a big role in the ease of hydrolysis of 

lignocellulose. Studies have shown a correlation between the percentage of lignin in 

a substrate and the amount of glucose that is subsequently released. Lignin forms a 

physical barrier that limits the accessibility of hydrolytic enzymes to cellulose and 

hemicellulose and may also inhibit these enzymes directly.  
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2.1.2. Cellulose 

Cellulose is a water-insoluble glucose polymer and is the most abundant 

polysaccharide in nature. It consists of alternating crystalline and amorphous regions 

with a diameter of 20 nm and several micrometres in length. Cellulose accounts for 

about 40 - 50% of the total dry plant cell mass (Senthilkumar and Gunasekaran 

2005, Yeoman et al. 2010, Menon and Rao 2012, Travaini et al. 2016, Ndlovu and 

Wyk 2019, Saha et al. 2019, Yassin et al. 2019). The glucose residues are linked 

together by β-1,4-glycosidic linkages with a degree of polymerization that ranges 

from a few hundred D-glucose units to more than a thousand (Chen et al. 2013, 

Alves et al. 2018). Glucose is the preferred substrate for fermentation to produce 

ethanol (Banerjee et al. 2016).  

Cellulose has a compact crystalline structure resulting from the hydroxyl groups of 

D-glucose units joined by hydrogen bonds, making it hard to degrade. In addition to 

the compact crystalline structure, cellulose is surrounded by hemicellulose and rigid 

lignin structures. This limits enzyme and sometimes water accessibility to cellulose 

(Berlin et al. 2005, Sukumaran et al. 2005, Yeoman et al. 2010, Alves et al. 2018).  

Cellulose hydrolysis can be achieved by either enzymatic or acid hydrolysis 

(Senthilkumar and Gunasekaran 2005, Artola et al. 2019). When partially hydrated, 

the cellulose fibres can swell enough to allow penetration by enzymes, resulting in 

cellulose hydrolysis (Sukumaran et al. 2005). Enzymatic hydrolysis of cellulose is 

achieved through the action of cellulases; a group of enzymes that work together 

synergistically to hydrolyse cellulose (Bernardes et al. 2019, Ndlovu and Wyk 2019, 

Saha et al. 2019). Acid hydrolysis of cellulose involves the application of sulphuric 

acid to cleave the glycosidic bonds within the cellulose chains. There is however a 

downside to using acid hydrolysis; the corrosive nature of acid modifies cellulose 

fibre and produces chemical waste. Enzymatic hydrolysis of cellulose provides an 

eco-friendly alternative to acid hydrolysis (Yassin et al. 2019). 

2.1.3. Hemicellulose 

Hemicelluloses vary in structure and composition (Barr et al. 2012). Hemicellulose is 

composed of xylan, mannan, galactan and arabinan containing polymers (Cheng 

and Timilsina 2011, Khare et al. 2015). Xylan is the most abundant hemicellulose 



 

7 
 

and consists of β-D-xylopyranosyl residues that are linked together by β-1,4 

glycosidic bonds. Xylan accounts for 30 - 35% of a plant cell wall’s total dry weight, 

making it an important part of the cell wall structure. The exact xylan percentage and 

composition of xylan present differ from one plant to another plant. Hardwoods 

typically have higher xylan content, while in softwoods hemicelluloses have a higher 

mannan composition (Van Dyk and Pletschke 2012). 

Mannan is a major component of hemicellulose and it contains mannose, galactose 

and glucose residues. Mannan include glucomannas in hardwood and 

galactoglucomannans for softwood (Van Dyk and Pletschke 2012).   

2.2. Enzymes for cellulose degradation 

2.2.1. Cellulases 

Cellulases are a group of enzymes that work together synergistically to hydrolyse 

cellulose. Endoglucanases (1,4- β-D-glucan 4-glucanohydrolase; EC 3.2.1.4), cleave 

internal β-1,4-glucosidic bonds, cellobiohydrolases (1,4-β-D-glucan 

cellobiohydrolase; EC 3.2.1.91) are exo-acting enzymes that release cellobiose from 

the reducing and non-reducing ends of cellulose (Figure 2.1) and β-glucosidases 

(EC 3.2.1.21), which hydrolyse cellobiose to glucose (Bai et al. 2013, Kalyani et al., 

2013, Santa-Rosa et al. 2017, liew. et al.  2018, Ndlovu and Wyk 2019). The action 

of β-glucosidases helps reduce cellobiose-inhibition on endoglucanases and 

cellobiohydrolases (Xue et al. 2012, Diogo et al. 2015, Florindo et al. 2018 ).  

Cellulases are inducible enzymes; their production and secretion is only achieved in 

the presence of an inducing substrate. Lignocellulosic biomass is used as an inducer 

for cellulase enzyme production and the β-glucosidase enzyme is also directly 

involved in cellulase induction through the trans-glycosylation activity of this enzyme. 

Trans-glycosylation activity of the β-glucosidase enzyme on cellulose degradation 

products results in the formation of sophorose; a potent cellulase inducer. 

Lignocellulosic substrates such as corn stover, rice straw, bran and bagasse have 

been well studied and documented as cellulose inducers (Sukumaran et al. 2005, 

Zhou et al. 2012, Lu et al. 2019).  
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Cellulases are highly specific biocatalysts that are classified as glycoside hydrolases 

by the International Union of Biochemistry and Molecular Biology Committee (NC-

IUBMB) (Santa-Rosa et al., 2017). Cellulolytic enzymes have a saccharification 

efficiency of between 90% and 98% and produce environmentally friendly by-

products (Ahamed and Vermette 2008). Cellulases have found use in industrial 

sectors such as the textile, food, detergent, paper, packaging, agricultural, and 

biofuel industries (da Costa et al. 2015, Artola et al. 2019, Yassin et al. 2019). 

 

Figure 2.1. Schematic representation of the action of cellobiohydrolase and 

endoglucanase enzymes on cellulose. The action of each cellulase enzyme and 

hydrolysis products are illustrated. Cellobiohydrolases act from reducing and non-

reducing ends to produce cellobiose while endoglucanases act from the middle of 

the cellulose polymer to produce oligosaccharides (Ubhayasekera 2005). 
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Sections 2.2.2 to 2.2.4 will address the sources, substrate specificity and the 

classification of β-glucosidase to provide a deeper understanding of this enzyme 

family. The discussion will be limited to β-glucosidases as the focus of the current 

study is on the production of this specific cellulase enzyme. 

2.2.2. Sources of β-glucosidases 

β-glucosidases are found in a broad range of organisms, which include plants, 

animals and microorganisms (Pal et al. 2010, Ndlovu and van Wyk 2019). The 

activity of β-glucosidases is largely dependent on their location, physiological 

function and the biological system where they are found (Roy et al. 2005, Daroit et 

al. 2007). 

2.2.2.1. Plant β-glucosidases 

In plants, β-glucosidases play a variety of roles from lignification, synthesis of β-

glucan during cell wall development, cell wall degradation in the endosperm during 

germination, and phytohormone activation for growth and development. 

Furthermore, these enzymes are involved in pigment metabolism, fruit ripening as 

well as providing protection against pathogens (Roy et al. 2005). 

2.2.2.2. Mammalian β-glucosidases 

Mammalian β-glucosidases, commonly known as glucocerebrosidases, are 

responsible for catalysing the hydrolysis of glucosylceramides in the lysosome 

(Brumshtein et al. 2009, Luan et al. 2010, Alfonso et al. 2013). A glucocerebrosidase 

deficiency leads to Gaucher’s disease, which is hereditary. The glucocerebrosidase 

enzyme acts in lysosomes on the sphingolipid glucocerebroside, catalysing its 

conversion to glucose and ceramide.  Glucocerebrosidase play an important role in 

the metabolism of glycolipids and its absence leads to accumulation of 

glucosylceramide in macrophages, resulting in "foam cells" in the spleen, liver and 

bone.  Type 1 Gaucher disease is the most common form of this disease.  The tissue 

damage is mostly limited to the liver, spleen and bone, but may sometimes involves 

the lungs and kidneys. In type 2 and 3 Gaucher disease, there is also neurologic 

accumulation of foam cells and damage, leading to severe neurologic outcomes in 

infancy or childhood. The main treatment for Gaucher disease is enzyme 
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replacement therapy, in which the defective GlcCerase is supplemented with an 

active enzyme, administered to patients intravenously usually every two weeks. 

Infusions of glucocerebrosidase have been shown to increase the activity of this 

enzyme intracellularly, to decrease foam cells and to ameliorate the signs of 

symptoms of type 1 Gaucher disease (Brumshtein et al. 2009, Luan et al. 2010, 

Alfonso et al. 2013). 

2.2.2.3. Microbial β-glucosidases 

Microbial β-glucosidases have been isolated from both bacterial and fungal species. 

Microbial β-glucosidases are localized as intracellular, extracellular and cell wall-

associated enzymes. These enzymes are responsible for the hydrolysis of cellulose 

and carbohydrates for nutrient up-take and carbon recycling. In addition to these 

functions, β-glucosidases are responsible for cellulase gene induction, cell wall 

metabolism, host–pathogen interactions, and symbiotic association (Gutierrez-

Correa et al. 1999, Roy et al. 2005, Chen et al. 2013, Ahmed et al. 2017). β-

Glucosidases have been used in biotechnological applications such as biofuel 

production, the beverage industry, food industry, cassava detoxification and 

oligosaccharides synthesis. These β-glucosidases are preferred for industrial uses 

due to their robust activity, ease of production and the novel properties they exhibit  

(Ahmed et al. 2017). 

2.2.3. β-glucosidase substrate specificity 

The hydrolysis of natural polysaccharides or glycoconjugates by enzymes cocktails 

or purified enzymes is a complex task. Substrate specificity is dependent on the 

recognition of more than one glycosidic moiety, sometimes an aglycone moiety, and 

the linkages between them. Both polymers and commercial substrates are used to 

study substrate specificity of the hydrolases (Mazzaferro et al. 2012). β-glucosidases 

catalyse the hydrolysis of cellobiose and other glycosides (Gonzilez-candelas et al. 

1990). Experimentally, the activity of β-glucosidase enzyme is measured using p-

nitrophenol β-D-gucoparanoside (pNPG) or 4-methyl umbelliferyl β-D-glucoside 

(MUG) and in some cases cellobiose has been used. The artificial substrates pNPG 

and MUG are preferred over the natural substrate cellobiose, because several β-
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glucosidases have shown a higher catalytic activity (Kcat) and Michaelis constant 

(Km) on the artificial substrates than that of the natural substrate (Rani et al. 2012). 

The kinetics of β-glucosidases are dependent on the configuration of the substrate 

and a conformational change is essential for cellobiose hydrolysis. The rigid 

structure of the substrate binding site of β-glucosidase accommodates the first 

glucose unit of cellobiose but not the second unit. The second glucose unit has to 

change conformation by rotation of the δ-bond of the glucoside in order to fit into the 

substrate binding site, while this conformation change is not necessary for pNPG. 

The conformational change needed for cellobiose hydrolysis is the reason for 

β-glucosidase’s lower Kcat and Km towards cellobiose (Rani et al. 2012).  

2.2.4. β-glucosidase classification   

β-glucosidase classification can either be based on substrate specificity or the 

nucleotide sequence identity scheme. Classification by substrate specificity can be 

(i) aryl β-glucosidase, which acts on the aryl-glucosides, (ii) true cellobiases, which 

hydrolyse cellobiose to glucose and (iii) broad substrate specificity β-glucosidases, 

which act on a wide substrate spectrum (Liew et al., 2018). Most β-glucosidases are 

classified as having broad spectrum specificity (Hong et al. 2009, Singhania et al. 

2013, Yang et al. 2013, Asha et al. 2016, Florindo et al. 2018, Liew et al., 2018).  

The classification based on nucleotide sequence identity is considered the best 

method. This method is based on the sequence and folding similarities (hydrophobic 

cluster analysis (HCA) of the enzymes. The sequence based classification is used to 

characterize the enzyme from a structural point of view while the substrate specificity 

method is useful for isolating and characterizing new or structurally undefined 

glucosidases (Singhania et al. 2013). 

β-glucosidases have been classified into glucoside hydrolase (GH) families GH1, 

GH2, GH3, GH5, GH9, GH30 and GH116 based on their amino acid sequences. 

However, GH3 and GH5 are the most relevant β-glucosidases for biotechnological 

applications. This classification is based on the grouping criteria specified in the 

CaZy database (Harnpicharnchai et al. 2009, Fan et al. 2011, Diogo et al. 2015, Kar 

et al. 2017, Florindo et al. 2018 ). GH family enzymes, are enzymes that hydrolyse 

glycosidic bonds between carbohydrates or between carbohydrates and non-
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carbohydrate moieties. Although GH enzymes have similar catalytic functions, the 

different families have different 3D folds (Pozzo et al. 2010, Garvey et al. 2013, 

Florindo et al. 2018 ). GH1 β-glucosidases are mainly found in archaebacteria, plants 

(Kar et al. 2017) and mammals. These β-glucosidases also possess galactosidase 

activity (Harnpicharnchai et al. 2009) while GH3 β-glucosidases are mostly found in 

bacteria, fungi and yeast (Harnpicharnchai et al. 2009, Yang et al. 2013). The 

conserved catalytic centre of GH1 enzymes typically has an amino acid sequence 

NEP or TENG with E being the catalytic amino acid (Figure 2.2) (Fan et al. 2011, Jun 

et al. 2018).   

 

Figure 2.2. Sequence alignment of GH1 enzymes. Micrococcus antarcticus 

ACM66669), Arthrobacter aurescens TC1 (EAR26226), a marine actinobacterium 

(ACL38401), Arthrobacter chlorophenolicus (ABV97405) and Salinispora arenicola 

(ABM06312). The conserved regions for the catalytic central in GH1 are boxed in 

blue, and the catalytic amino acid is marked with an asterisk. Identical residues are 

shown on a black background and similar residues are shown in grey. The 

sequences were aligned using CLUSTAL W (Fan et al. 2011). 
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2.3. Thermophilic microorganisms as a source of thermostable enzymes 

Thermophilic organisms are organisms found in extreme habitats such as 

geothermal geysers, hot springs and deep sea vents (Belkova et al., 2007). 

Thermophilic and extremophilic organisms are a good source of thermostable 

enzymes as their metabolic processes occur under extreme temperatures. The 

thermophilic organisms are adapted to tolerate extreme environments better than 

mesophilic organisms (Khare et al. 2015). Enzymes can be isolated from a variety of 

sources, however, microbial enzyme sources are preferred as they can easily be 

cultured in large quantities and they are capable of producing large quantities of 

enzyme in a short period of time (Acharya and Chaudhary 2012). Thermophilic 

bacteria have been found to be good sources of thermostable enzymes, including β-

glucosidases.  At 60°C β-glucosidases from bacteria have been found to exhibit 

higher enzyme activity compared to β-glucosidases of archaebacterial origin. This is 

true for β-glucosidases isolated from Clostridium thermocellum, Microbispora 

bispora, Thermoanaerobicbacter brockii and Thermobifida fusca. However, β-

glucosidases from these bacterial species were unstable at 60°C (Hong et al., 2009) 

 2.4. Bioethanol production 

Section 2.4 briefly outlines the sequential steps followed in bioethanol production 

from lignocellulosic biomass, namely; pre-treatment, saccharification and ultimately, 

fermentation or ethanol production.  

2.4.1. Pre-treatment 

Pre-treatment of lignocellulosic biomass is essential for effective enzymatic 

hydrolysis of plant material (Bhalla et al. 2013, Zhuang et al. 2016, Artola et al. 2019, 

Wakai et al. 2019). Untreated biomass contains indigestible polymers that yield less 

than 20% glucose upon hydrolysis. Pre-treatment improves the enzymatic hydrolysis 

process (Cheng and Timilsina 2011, Khare et al. 2015, Wakai et al. 2019), by 

disrupting the lignin structure and its linkages on plant material, removing 

hemicellulose, which limits access to cellulose by cellulases, reducing cellulose 

crystallinity, and reducing the degree of polymerisation of cellulose (Senthilkumar 

and Gunasekaran 2005, Balat et al. 2008). Enhanced lignocellulose hydrolysis 

makes pre-treatment one of the key steps for efficient saccharification, in biofuel 
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production (Khare et al. 2015, Zhuang et al. 2016). Lignocellulosic biomass pre-

treatment increases the accessibility of the cellulose polymer to enzymatic 

hydrolysis.  This step may lower the amount of enzyme required for saccharification. 

Several pre-treatment methods have been developed. These are grouped as follows; 

biological pre-treatment, physical pre-treatment and chemical treatment using acid, 

alkali, ozone or organic solvents (Liu et al. 2014, Zhuang et al. 2016, Wakai et al. 

2019).  

Each pre-treatment method has both advantages and disadvantages, however, the 

choice of pre-treatment method, is dependent on the biomass feedstock. The best 

pre-treatment method should provide high sugar yields, low inhibitor and by-product 

concentrations while being simple to scale up. Acid, alkali. liquid explosion and 

ammonia fibre expansion (AFEX) are considered good pre-treatment methods, 

based on the above criteria. Pre-treatment methods such as acid and liquid hot 

water have drawbacks. Steam explosion produces high amounts of inhibitors, while, 

alkaline pre-treatment typically produces less inhibitors but takes longer, with high 

salt formation (Khare et al. 2015).  

2.4.1.1. Physical Pre-treatment 

Physical Pre-treatment of lignocellulosic material can be achieved by either 

mechanical comminution, steam explosion or AFEX. Mechanical comminution 

employs a combination of chipping, grinding and milling of lignocellulosic material to 

particle size of 0.2-2 mm.  This reduces the material’s crystallinity while increasing 

the surface area for enzyme hydrolysis (Cheng and Timilsina 2011, Zhuang et al. 

2016). Pre-treatment reduces the degree of polymerization of cellulose resulting in 

the formation of more cellulose chain ends, available to exoglucanases (Karimi and 

Taherzadeh 2016).  

Steam explosion is one of the simplest and most environmentally friendly forms of 

pre-treatment methods. The method has a high efficiency and involves subjecting 

the lignocellulosic material to high temperature (160-260˚C) and pressure (2000-

5000 kPa). The pressure is rapidly dropped to atmospheric pressure which causes 

an explosion of the lignocellulosic material (Mood et al. 2013). The explosion breaks 

down lignin causing the release of cellulose and hemicellulose. Hemicellulose is 

hydrolysed by acetic acid and other acids released during the steam explosion (Balat 
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et al. 2008). The advantage of using steam explosion are; the low energy 

requirement compared to mechanical comminution (mechanical comminution 

requires 70% more energy) and does not involve any recycling or environmental 

cost. Steam explosion is the most cost-effective methods for hardwood but less 

effective on softwood. The only disadvantage of using thermal pre-treatment, is the 

formation of compounds that may be inhibitory to the subsequent ethanol production 

process (Luiza et al. 2011). 

AFEX is similar to steam explosion, the lignocellulosic material is soaked in liquid 

ammonia at high temperature (100˚C) for a period of time. The pressure is quickly 

dropped, breaking lignin bonds and increasing the material’s permeability (Balat et 

al. 2008). This is a short and simple method, effective for the treatment of corn 

stover and sugarcane, but less effective on materials with high lignin content (Mood 

et al. 2013). This method does not hydrolyse hemicellulose but only serves to 

release hemicellulose and cellulose for enzymatic hydrolysis. AFEX yields high 

hydrolysis rates for pre-treated lignocellulose but requires efficient recovery of 

ammonia to make the process economical (Balat et al. 2008).  

2.4.1.2. Chemical pre-treatment 

Acid pre-treatment can be achieved through the use of sulphuric acid, hydrochloric 

acid, peracetic acid, nitric acid and phosphoric acid. Acid treatment can be done 

using either concentrated or dilute acids. Dilute acid methods are the most studied 

and widely used (Sánchez and Cardona 2008, Narra et al. 2015).This method 

hydrolyses hemicellulose and releases cellulose for enzymatic hydrolysis. Between 

80 and 95% of sugars from hemicellulose can be recovered through the use of dilute 

acid.  

Alkaline pre-treatment methods are generally effective for agricultural waste material 

such as rice straw and herbaceous crops. Alkaline pre-treatment method uses lower 

temperature and pressures, compared to most pre-treatment methods (Mood et al. 

2013, Narra et al. 2015). Alkaline treatment swells the lignocelullosic material, 

increasing the internal surface area while decreasing crystallinity and disrupting 

lignin (Sánchez and Cardona 2008, Narra et al. 2015). The disruption and removal of 

lignin, and the altered state of cellulose amongst other things, results in cellulose that 

can be easily digested by enzymes (Bali et al. 2014). However, the drawback is that 
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some alkali is converted to irrecoverable salts or the salts are incorporated into the 

biomass. These salt formation effects do not occur with acid pre-treatment. The use 

of dilute NaOH is usually more economical than concentrated NaOH. Calcium 

hydroxide has also been used in alkaline pre-treatment of wheat straw, poplar wood 

and switch grass (Mood et al. 2013).  

2.4.2. Enzymatic saccharification 

Lignocellulosic biomass presents a sustainable feedstock for biofuel production. 

Lignocellulose saccharification is a critical step in bioethanol production, as 

fermentation product yields are largely dependent on the concentration of reducing 

sugars released. Enzymatic saccharification is an effective and environmentally 

friendly method for the production of reducing sugars from lignocellulosic biomass 

(Guo et al. 2018, Hyun et al. 2019). Cellulases and accessory enzymes hydrolyse 

cellulose to fermentable sugars.  These sugars are then used as substrate by yeast 

for bioethanol production (Hyun et al. 2019). 

An effective saccharification step requires a highly active enzyme cocktail, optimal 

hydrolysis temperature as well as optimal enzyme loading. An optimal enzyme 

cocktail for industrial saccharification should have sufficient activities of all three 

major cellulases for complete hydrolyses of lignocellulosic biomass to reducing 

sugars (Oleson and Schwartz 2019). Reaction temperature is crucial in enzymatic 

hydrolysis as high temperatures facilitate the breakdown of complex sugars to simple 

sugars and many cellulases are effective at higher temperatures (45 - 60˚C). The 

saccharification process is carried out in an open system with the saccharification 

temperature maintained mostly at 50˚C to prevent contamination by lactic acid 

bacteria. Depending on the optimal temperature of the cellulase enzyme cocktail 

used, the saccharification reactions are kept at temperatures below 60˚C to avoid 

enzyme denaturation (Oguro et al. 2019). Enzyme loading is yet another crucial 

parameter to be considered during saccharification. Very high enzyme loading leads 

to high enzyme costs as well as very high glucose titres which may in turn cause 

product inhibition of cellulases, resulting in low glucose yields. Optimization of 

enzyme loading, results in reduced enzyme costs, optimal glucose production and 

minimal hydrolysis time.  
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Pre-treatment of lignocellulosic biomass is an essential step in enzymatic hydrolysis. 

The pre-treatment step removes lignin and provides enzyme access to the cellulose 

component of the biomass (Xia et al. 2018a, Hyun et al. 2019). Increased glucose 

yields are observed following pre-treatment however, the pre-treatment step may 

introduce inhibitors that reduce the saccharification efficiency. Inhibitors can be 

removed or neutralized by adding extra enzymes, washing, a pressing step or the 

addition of neutralizing agents. The neutralizing step may lead to improved 

saccharification efficiency (Keshav et al. 2018, Oleson and Schwartz 2019). 

However, the choice of neutralization step used should be thoughtfully considered, 

as methods such as those requiring the addition of extra enzymes, lead to increased 

enzyme costs.   

2.4.3. Fermentation 

Conversion of reducing sugars produced during biomass hydrolysis to ethanol, is the 

last step in biofuel production process. Fermentation is carried out by industrial 

ethanol-producing yeast strains. The fermentation process can either be performed 

through separate hydrolysis and fermentation (SHF), simultaneous saccharification 

and fermentation (SSF) or semi simultaneous saccharification and fermentation 

process (SSSF) (Onay 2019).  

The three methods each have their own advantages and drawbacks. SHF is mostly 

used during research and process optimisation, where parameters such as the 

effects of pH, temperature and time, are studied. SHF is difficult to operate, 

expensive and requires higher enzyme loading for tolerable ethanol yields.  SSF is 

often more advantageous due to the low costs associated with the process, because 

reactions are generally easier and occur in a single bioreactor, making the process 

less expensive than the SHF. The drawbacks of SSF include difficulties associated 

with downstream processing, where yeast and enzyme recovery creates a challenge 

for scaling up. SSSF eliminates some of the disadvantages associated with SSF. 

The process is characterized by a short pre-saccharification stage followed by SSF. 

An optimised pre-saccharification step results in higher product yields during 

subsequent SSF (Onay 2019). 
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Effective fermentation requires the availability of ethanol tolerant microbial strains 

that can utilize both hexoses (glucose) and pentoses (xylose). Naturally occurring 

yeast species that can effectively ferment xylose for bioethanol production include 

Scheffersomyces stipitis, Candida shetahae and Pachchysolen tannophilus. 

Additionally, S. stipitis has shown potential for industrial applications due to its ability 

to ferment both hexoses and pentoses (Keshav et al. 2018).  

Yeasts from the genus Saccharomyces are commonly used as ethanol producers 

from hexose sugars. However, other microorganisms such as Kluyveromyces 

marxianus and even the bacterial strain, Zymomonas mobilis have been used 

(Alfenore and Molina-Jouve 2016).   
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CHAPTER 3 

ISOLATION AND CHARACTERISATION OF A THERMOPHILIC BACTERIAL 
STRAIN 

3.1. Introduction 

Microbial cellulases have gained considerable interest in recent years in the 

bioethanol industry for their use in the conversion of biomass to glucose 

(Harnpicharnchai et al. 2009). Currently, fungal cellulases are the most widely used 

in the industry, as fungal strains secrete cellulolytic enzymes of higher activity than 

bacterial strains. Trichoderma reesei is currently the preferred producer of cellulases 

(Zhang et al. 2010, Sumiyo et al. 2013, Bernardes et al. 2019). However, T. reesei 

cellulases have relatively low levels of β-glucosidase which is often insufficient for 

the complete hydrolysis of cellulose to glucose (Wen et al. 2005, Ahamed and 

Vermette 2008, Harnpicharnchai et al. 2009, Xia et al. 2018b). Thus, β-glucosidase 

is usually added to commercial cellulase preparations so as to enhance its total 

cellulolytic activity (Sánchez and Cardona 2008, Harnpicharnchai et al. 2009, 

Florindo et al. 2018). 

There is an increasing need to find thermostable β-glucosidase as most commercial 

β-glucosidases of fungal origin have low stability at high temperatures (Chan et al. 

2016). This is a concern as the saccharification step in biofuel production requires 

high temperatures. The use of thermostable enzymes for the hydrolysis of cellulosic 

biomass offers several advantages that include; improved hydrolysis rates, reduced 

enzyme loading, higher mass-transfer rates leading to better substrate solubility, 

lowered risk of contamination as well as increased flexibility on process design which 

in turn lowers production costs (Rastogi et al. 2010, Bhalla et al. 2013b).  

Thermophilic microorganisms are organisms that grow at temperatures between 50 - 

80˚C. Thermophiles are adapted to survive at high temperatures by producing 

proteins that are thermostable and resist denaturation (Kumar and Nussinov 2001). 

Some thermophiles produce proteins called chaperons that help stabilize 

thermostable proteins, by refolding the proteins to their original state after 

denaturisation (Haki and Rakshit 2003). Thermophilic organisms are generally fast 

growing and they can tolerate extreme temperature conditions (Goh and Kahar 
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2013).Thermophilic organisms are a good source of thermostable enzymes and 

have been isolated from a wide range of habitats, including compost heap, soil, 

wastewater (Rastogi et al. 2010) as well as hot springs and geysers (Wang et al. 

2010, Okumus 2015). Hot springs are defined as a pool of water that has freely 

seeped through an opening in the earth’s surface while geysers are characterised as 

water that periodically erupts through the earth’s surface, spewing hot water and 

steam. The enzymes of thermophilic bacteria are adapted to function at high 

temperatures that are required for the growth of these organisms.  

The need to produce environmentally friendly and cost effective bioethanol from 

lignocellulosic biomass together with the low levels of β-glucosidase in the leading 

industrial cellulases produced by T. reseei have created a need to find new sources 

of β-glucosidases. The saccharification step in production of bioethanol from 

lignocellulosic biomass usually has an optimal temperature of between 50˚C and 

60˚C (Sánchez and Cardona 2008, Khattak et al. 2013). An ideal β-glucosidase for 

use with commercial cellulose preparations would have to be stable at temperatures 

above 50˚C.   

The genus Anoxybacillus is comprised of the following species; Anoxybacillus 

pushchinoensis, Anoxybacillys flavithermus, Anoxybacillus gonesis, Anoxybacillus 

contaminans, Anoxybacillus voinovskieensis, Anoxybacillus ayderensis and 

Anoxybacillus kestanbolensis (Poli et al. 2006). Anoxybacillus sp are gram positive 

spore-forming thermophilic organisms found in various habitats and have been 

successfully isolated from hot springs (Zhang et al. 2014). The thermophilic nature of 

the genus makes it ideal as a source of thermostable and high biological activity 

enzymes for application in biotechnology (Kikani and Singh 2012, Lim et al. 2015). 

The Anoxybacillus genus is known to produce a number of biochemically important 

thermostable enzymes. These enzymes include the polyester poly-3-hydroxybutyrate 

esterase, fructose-1,6-bisphosphate aldolase, xylose isomerase, alpha amylase, l-

arabinose isomerase and l-arabinofuranosidase (Zhang et al. 2014, Lim et al. 2015). 

Thermophilic microbes and their enzymes are highly adaptable to a wide pH range 

making them ideal for various bioprocesses (Bhalla et al. 2013a).  
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This study aimed to isolate and characterise thermophilic bacteria capable of 

producing thermostable β-glucosidases. A hot geyser was chosen to increase the 

likelihood of isolating a bacterial strain capable of producing thermostable enzymes.  
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3.2. Materials and methods 

3.2.1. Maintenance of cultures 

Water, biomass and soil samples were collected from a hot geyser in the Zambezi 

Valley, Zimbabwe and eleven thermophilic cultures were obtained from the three 

samples. Organisms were cultured on nutrient agar plates at 50˚C for 24 hours.  

Stock cultures were prepared on nutrient agar slants. Plate cultures were sub-

cultured every three weeks and the stock cultures were sub-cultured every three 

months. All cultures were stored at 4˚C until needed. 

3.2.2. Screening for β-glucosidase producing organisms 

Bacterial cultures were grown on M9 minimal medium with 5% cellobiose and 0.5% 

glucose as carbon source. The cultures were incubated at 60˚C for 72 hours on an 

orbital shaker at 200 rpm. Samples (1 ml) were withdrawn every 24 hours and the 

absorbance of the culture was read at 605 nm in 96-well microtiter plates, using a 

Beckman coulter DTX 800 multimode detector (USA). β-glucosidase activity was 

determined as described in section 3.2.3.1 using the culture supernatant as the 

source of crude enzyme.   

3.2.3. Enzyme assays 

3.2.3.1 β-glucosidase assay 

β-glucosidase activity was determined using 25 µl crude enzyme, 25 µl of 10 mM 

pNPG in 200 mM phosphate buffer (pH 7) in a final volume of 100 µl. The reaction 

mixture was incubated at 60˚C for 10 minutes after which 100 µl 1 M Na2CO3 was 

added to stop the reaction. The release of p-nitrophenol was monitored at 405 nm in 

96-well microtiter plates using a Beckman Coulter DTX 800 multimode detector, 

microplate reader. One unit of β-glucosidase activity corresponds to the release of 1 

µm p-nitrophenol per minute, under assay conditions. 

3.2.3.2. Effect of temperature and pH on bacterial growth 

Bacterial cultures were grown on M9 minimal broth medium (see section 3.2.2.) and 

incubated at temperatures of 50, 60, 65, 70˚C for 72 hours to assess their ability to 

grow at high temperatures. Optimum pH for growth was determined by growing 
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bacterial isolates in medium with pH adjusted from 3 up to 9. Samples (1ml) were 

withdrawn every 24 hours and the absorbance was measured at 605 nm in 96-well 

microtiter plates using a Beckman Coulter DTX 800 multimode detector, microplate 

reader. 

3.2.4. Identification of β-glucosidase producing isolates 

The eight β-glucosidase producing isolates were identified through 16S ribosomal 

subunit sequencing by Inqaba Biotechnological Industries, Pretoria. All sequences 

were aligned against a representative selection of prokaryote sequences from 

protein databases through the Blast search on the NCBI website.  

Based on the sequencing results, specific biochemical tests were performed to 

check if the isolates were novel strains. The bacterial isolates were grown on M9 

medium with starch, tributyrin, casein and gelatin as sole carbon sources, to detect 

the hydrolysing capabilities of the strains on these substrates. The organisms were 

also grown on media containing 0.5% glucose, fructose, sucrose, mannose, lactose, 

cellobiose or avicel. Growth in the presence of up to 5% NaCl2, up to 3% ethanol and 

the catalase tests were used to aid in identification. The biochemical test results 

were compared to bacterial control strains.  

3.2.5. Gram stain and spore formation test 

The Gram stain was performed on all isolates and the Schaeffer-fulton spore 

formation test was used to determine whether the isolates were capable of producing 

spores (Bartholomew and Mittwer 1883). 
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3.3. Results 

A thermophilic Anoxybacillus sp. that produces a thermostable β-glucosidase was 

isolated and characterised. Strain identification was achieved through biochemical 

test and sequencing of the 16S rRNA region (Veysi Okumus 2015). 

3.3.1. Screening for β-glucosidase activity 

Eleven bacterial strains were isolated from water and soil samples collected from a 

hot geyser at the Zambezi Valley, Zimbabwe (Figure 3.1). However, only eight of the 

eleven isolates (KTS2, KTG1, KTG2, KTBR, KT67, KTC5, KTWO and KTC2) were 

capable of producing β-glucosidase when cultured on cellobiose as the main carbon 

source. The strain designated KTC2 was the best enzyme producer at 60˚C and pH 

8 after 48 hours of incubation, followed by KTG1 (Figure 3.2). The strain producing 

the highest β-glucosidase activity was chosen for further study. All β-glucosidase 

positive strains were capable of growth at temperatures 40, 50, 60, 65 and 70˚C.  

 

Figure 3.1. The hot geyser (3 and 4) in the Zambezi Valley (1 and 2) in Zimbabwe 

where the water and soil samples were collected. 
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Figure 3.2. The β-glucosidase activity of isolates from a hot geyser at the Zambezi Valley, 

Zimbabwe. The isolates were grown at 60˚C for 72 hrs on M9 medium with cellobiose as the 

main carbon source. The results are given as a mean of three independent repeats.  
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3.3.2. Strain identification 

3.3.2.1. Biochemical tests 

The results of biochemical tests performed for strain characterisation are shown in 

Table 3.1. All isolated strains except for strain KTBR were motile. The strains were all 

able to grow in the presence of monosaccharides. The specific biochemical tests 

performed were chosen based on the strain identities obtained from 16S rDNA 

sequencing (Table 3.3).  
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Table 3.1. Biochemical tests for the characterisation of the bacterial isolates.  

 + Positive reaction  
- Negative reaction 

 

KTS2 KTC2 KTG1 KTG2 KTBR KT67 KTC5 KTWO 

Motility + + + + - + + + 

Catalase + +/- - + + + + +/- 

Lipid hydrolysis + + + + + + + + 

Casein hydrolysis - - - - - + + + 

Starch hydrolysis + + + + + + + + 

Gelatin hydrolysis - + + + + - - - 

NaCl 0.1 % + + + + + + + + 

NaCl 2-5 % + + + + + + + + 

0.5% Cellobiose + + + + + + + + 

0.5% Avicel + + + + + + + + 

0.5% Glucose + + + + + + + + 

0.5% Fructose + + + + + + + + 

0.5% Sucrose + + + + + + + + 

0.5% Mannose + + + + + + + + 

0.5% Lactose  + + + + + + + + 
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3.3.2.2. Gram reaction and spore formation 

All isolates producing β-glucosidase were Gram positive and rod shaped. The spore 

formation test revealed that Anoxybacillus sp. KTC2, Anoxybacillus beppuensis 

KTS2, Anoxybacillus beppuensis KTG1, Anoxybacillus flavithermus KTG2 and 

Paenibaccillus sp. KTC5 are spore forming while Anoxybacillus sp. KT67, and 

Anoxybacillus sp KTWO, are not. The un-identified strain KTBR was also non-spore 

forming. 

3.3.2.3. 16S rDNA sequencing and strain identification 

Identification of isolates were achieved through sequencing of the 16S rDNA region.  

Bacteria identified to species level included; Anoxybacillus beppuensis KTS2, 

Anoxybacillus beppuensis KTG1 and Anoxybacillus flavithermus KTG2. Strain KTBR 

could not be identified through 16S rDNA sequencing.  

Following the isolation, identification and characterisation of the β-glucosidase 

producing strains, the highest β-glucosidase producing strain, Anoxybacillus sp 

KTC2, was chosen for further investigation. A comparison of Anoxybacillus sp. KTC2 

with published Anoxybacillus species is documented (Table 3.3). 
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Table 3.2 Characteristics of Anoxybacillus sp KTC2 and related species (Poli et al. 2006, 

Terme 2009) 

 

Anoxybacillus 
sp. KTC2 

A. flavithermus 
DSM 2641 

A. amololyticus 
MR3C 

A. gonensis 
NCIMB 
13933 

A. 
pushchinoensis 
DSM 12423 

Cell morphology Rod Rod Rod Rod Rod 
Gram stain + + + + + 
Relation to  
Oxygen 

Facultative 
Aerobe 

Facultative 
Aerobe 

Facultative 
aerobe 

Facultative 
Aerobe 

Anaerobe 
 

Temp range 30-70 30-72 45-65 40-70 37-66 
Optimum temp 60 60-65 61 55-60 62 
pH range 7.5-9 5.5-9 5-6.5 6-10 8-10.5 
Optimum pH 8 7 5.6 7.5-8 9.5-9.7 
Motility + - + + + 
NaCl (3%, w/v) + (5%) - - + + 
Nitrate 
reduction ND + - - + 
Hydrolysis of 

     Gelatine + - - + - 
Starch + + + + - 
Casein - + ND ND - 
Oxidase 
utilisation of  

    Glucose + - + + + 
Sucrose + - ND + + 
Mannose + + ND - ND 
Xylose + - - + ND 
Avicel + ND ND ND ND 
Cellobiose + ND ND ND ND 

ND Not determined 
+ Positive reaction    
- Negative reaction 
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3.3. Discussion and conclusion 

Thermophiles and hyperthermophiles are common in high temperature environments 

making places such as hot spring and geysers ideal environments for the isolation of 

thermophilic microorganism. Thermophiles are potential sources of thermostable 

enzymes, as the enzymes produced by these organisms are adapted to their 

physical environment. Geobacillus, Meiothermus and Anoxybacillus are amongst 

some of the most commonly isolated genera in hot springs and geothermal geysers.  

A hot geyser in the Zambezi valley, Zimbabwe, was identified as a possible source of 

thermophilic bacteria due to its high temperatures. Thermostable enzymes are of 

great importance in biotechnological processes such as biofuel production (Patel et 

al. 2019). A bacterial strain that produces high levels of β-glucosidase activity was 

isolated and characterised. This strain was chosen from 8 isolates capable of β-

glucosidase production. 

The Gram positive spore forming motile bacterium Anoxybacillus sp. KTC2 grew 

optimally at 60˚C, making it a thermophilic organism.  By definition, the optimal 

temperature of thermophiles is above 55˚C, while hyperthermophiles grow optimally 

at temperatures above 80˚C. In addition to growth at high temperatures, thermophilic 

bacteria also have the ability to grow and thrive under extreme environments such as 

extreme pH and high salt concentrations. Anoxybacillus sp. KTC2 was able to grow 

in the presence of 5% NaCl, classifying it as a moderate halophile. Moderate 

halophiles are organisms that can grow at salt concentrations of 4.7 to 20%.  

Anoxybacillus sp. KTC2 grew optimally at pH 8 classifying it as an alkaliphile. It is an 

alkali tolerant thermophile making it suitable for many industrial applications, 

including the production of industrially important thermostable enzymes.  

Anoxybacillus sp. KTC2 was able to hydrolyse lipids, starch and gelatine, as well as 

the ability to utilise glucose, fructose, sucrose, mannose, lactose, and Avicel as 

carbon sources. The ability to hydrolyse different polymeric substrates highlight the 

potential of Anoxybacillus sp as a source of industrially important thermostable 

enzymes. This is evident from the number of thermophilic species already studied. 

Species such as A. flavithermus, A. beppuensis and A.  amylolyticus have been 

extensively studied for their ability to produce thermostable amylases with potential 

for use in the starch industry (Poli et al. 2006, Kikani and Singh 2012, Okumus 
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2015). Chan et al. 2016, recently published a study on the isolation and 

characterisation of a glucose-tolerant β-glucosidases from an Anoxybacillus sp.  

Phylogenetic analysis based on the 16S rDNA gene sequence indicated that the 

strain belonged to the genus Anoxybacillus. The Anoxybacillus strain showed a 98% 

sequence similarity to Anoxybacillus flavithermus AK1, Anoxybacillus flavithermus 

KW and Anoxybacillus sp. JS40 and 97% similarity to Anoxybacillus pushchinoensis. 

However, the physiological and biochemical characteristics of the isolate suggest 

that the Anoxybacillus sp KTC2 isolated may be a novel strain.  

In conclusion, the thermophilic bacterial strain, Anoxybacillus sp. KTC2 isolated from 

a hot geyser has potential as a source of thermostable industrial enzymes. The 

bacterial strain potentially produces two industrially important enzymes, namely a β-

glucosidase and amylase, based on the organisms’ ability to hydrolase starch. The 

β-glucosidase, an inducible enzyme, was produced in the presence of the inducer 

cellobiose. The β-glucosidase will be characterised and its efficiency as part of a 

commercial cellulase enzyme cocktail for lignocellulosic biomass saccharification will 

be investigated. While the Anoxybacillus sp. KTC2’s ability to produce more 

thermostable industrial enzymes may be explored in the future.  
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CHAPTER 4 

ENZYME PRODUCTION, CHARACTERISATION AND AVICEL 
SACCHARIFICATION 

4.1. Introduction 

Enzyme hydrolysis is an essential step in bioethanol production from lignocellulosic 

biomass. Enzymatic saccharification is preferred over acid based approaches due to 

moderate hydrolysis conditions, higher conversion efficiency, absence of substrate 

loss due to chemical modification and no production of toxic chemicals (Almeida et 

al. 2019). However, cellulase production is still the major cost component in 

lignocellulosic bioethanol production (Berlin et al. 2005, Wen et al. 2005, Brijwani et 

al. 2010, Joo et al. 2010, Kalyani et al. 2013, Pamella Santa-Rosa et al. 2017, Alves 

et al. 2018). The high cost is due to the long fermentation times and low product 

yields. The current cost of cellulases does not allow for cost effective bioethanol 

production (Garvey et al. 2013, Alves et al. 2018), hence, the increased interest in 

finding or development of strains that can produce large quantities of enzymes on 

inexpensive substrates. Some leading manufacturers have tried to lower the cost of 

enzymes by using crude enzyme cocktails instead of purified enzymes. However, 

further cost reduction is needed for bioethanol production from lignocellulosic 

biomass to be economically feasible (Berlin et al. 2005).   

Fungi are known to produce higher levels of extracellular cellulases than bacteria. 

The strains used for commercial cellulase production include; Trichoderma, 

Aspergillus, Penicillium, and Fusarium (Brijwani et al. 2010, Kalyani et al. 2013). 

Trichoderma reesei is however, still the leading cellulase producer (Tengerdy and 

Szakacs 2003, Brijwani et al. 2010, Garvey et al. 2013, Almeida et al. 2019, Ndlovu 

and Wyk 2019). Most commercial cellulase preparations, including those produced 

by T. reseei, have high activities of endo- and exoglucanases, but β-glucosidase 

activity is often rate limiting (Wen et al. 2005, Brijwani et al. 2010, Manickam et al. 

2018). Suboptimal β-glucosidase activities in commercial cellulase preparations 

negatively affects the enzymatic hydrolysis of biomass. In addition, substrate 

loading, enzyme loading and reaction conditions influence enzymatic hydrolysis of 

biomass (Manickam et al. 2018). 
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Thermostability is defined by the capacity of an enzyme to retain its active structural 

conformation at high temperature for a period of time (Bhalla et al. 2013). A number 

of thermostable enzymes are currently used in industrial processes (You et al. 2018). 

Saccharification experiments conducted at high temperatures decrease the risk of 

contamination (Oguro et al. 2019), reduce enzyme loading and offer shorter 

hydrolysis times. Reduced enzyme loading is key to reducing overall process costs 

in bioethanol production from lignocellulosic biomass (Manickam et al. 2018).  

Adaptability of thermophilic organisms and their enzymes to high temperatures and 

wide pH range render them ideal for extremophilic bioprocessing. Thermoacidophilic 

and thermoalkaliphilic enzymes could provide benefits during the saccharification 

step.  Lignocellulosic biomass is usually either acidic or alkaline after pre-treatment 

and requires neutralization before saccharification. Saccharification using 

thermoacidophilic or thermoalkaliphic enzymes could eliminate the need for 

neutralization which will result in reduced bioethanol production cost (Bhalla et al. 

2013a).  

Utilization of lignocellulosic biomass for ethanol production is largely dependent on 

efficient pre-treatment and saccharification. An ideal saccharification process needs 

to produce sufficient concentrations of fermentable sugars for conversion to biofuel 

(Sukumaran et al. 2005). Product yields can be affected by factors such as; the 

degree of access cellulases have to cellulose, the stability of the enzymes during 

saccharification and the enzyme inhibitors produced during pre-treatment (Oleson 

and Schwartz 2019). The isolation of thermostable β-glucosidases with a wide pH 

range will be useful in developing an enzyme cocktail of commercial importance.  

Being the rate limiting factor in enzymatic hydrolysis of cellulose, β-glucosidases play 

an important role in the saccharification step (Ichikawa et al. 2019).  

A thermophilic Gram positive bacterial strain Anoxybacillus sp. KTC2, that produces 

a β-glucosidase enzyme was isolated from a hot geyser and characterized. The main 

aim of this study was to isolate and characterize the β-glucosidase produced by 

Anoxybacillus sp. KTC2. The saccharification efficiency of the β-glucosidase enzyme 

as part of a commercial enzyme cocktail was investigated.  
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4.2. Materials and methods 

4.2.1. Enzyme production and characterisation 

4.2.1.1. β-glucosidase activity determination 

β-glucosidase activity was determined using 25 µl crude enzyme, 25 µl of 10 mM 

pNPG in 200 mM phosphate buffer (pH 7) in a final volume of 100µl. The reaction 

was carried out at 60˚C for 10 minutes before 100 µl Na2CO3 was added to stop the 

reaction. The release of p-nitrophenol was monitored at 405 nm in 96-well microtiter 

plates using a Beckman Coulter DTX 800 multimode detector, microplate reader. 

One unit of β-glucosidase activity corresponds to the release of 1 µm p-nitrophenol 

per minute, under the conditions of the assay. 

4.2.1.2. Effect of substrate on β-glucosidase production 

The bacterial strain Anoxybacillus sp. KTC2 was grown on M9 minimal medium with 

5% cellobiose and 0.5% glucose as carbon sources. The culture was incubated at 

60˚C for 144 hours on an orbital shaker at 200 rpm. The culture supernatant was 

harvested and used as a source of crude enzyme. A sample (1 ml) was collected 

every 24 hours and β-glucosidase activity determined. In addition to growth on 

cellobiose as the main carbon source, Anoxybacillus sp. KTC2 was grown on three 

nutrient sources, to determine the best medium for enzyme production. The 

bacterium was grown on M9 medium with Avicel as a carbon source, nutrient broth 

and nutrient broth with 2% cellobiose.  

4.2.1.3. Effect of cellobiose concentration on enzyme production 

Since cellobiose was the best inducer for β-glucosidase activity, different 

concentrations were used to determine the optimum concentration.  Anoxybacillus 

sp. KTC2 was cultured on 1-5% cellobiose at 60˚C over 72 hours. Crude enzyme 

was harvested and enzyme activity determined.  
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4.2.1.4. Effects of temperature and pH on enzyme production 

The optimum temperature and pH for β-glucosidase production was determined by 

growing the bacterial strain on M9 minimal medium with cellobiose as the main 

carbon source over a temperature range of 30-80˚C and pH 3-5 citrate buffer, pH 6 

acetate buffer and pH 6.5-9 phosphate buffer.  

4.2.1.5. Optimum temperature and temperature stability 

The optimum temperature of the β-glucosidase was determined from 50 to 60˚C, 

while the enzyme’s thermo-stability was determined by incubating the crude enzyme 

at 30 - 80˚C for 24 hours before measuring the residual β-glucosidase activity. 

4.2.1.6. Optimum pH and pH stability 

The effect of pH on β-glucosidase activity was determined by conducting enzyme 

activity assays over a pH range of 4 - 9 using different buffers. pH stability was 

determined by incubating crude enzyme in buffers ranging from pH 4-5 citrate buffer, 

pH 6 acetate buffer and pH 6.5-9 phosphate buffer for 24 hours.  

4.2.2. Partial purification of the β-glucosidase 

An appropriately concentrated crude protein sample was dialysed overnight using 

seamless tubing from Sigma Chemical Co; in 10 mM phosphate buffer, pH 7. The 

sample was run on a Q-sepharose column, calibrated with 10 mM phosphate buffer. 

Protein elution was done with 10mM phosphate buffer containing 0.5 M NaCl. The 

active fractions were pooled together, concentrated through ultrafiltration, 

supplemented with 1 M NaCl and loaded onto the butyl sepharose 4 fast flow 

column. The butyl sepharose 4 fast flow column was calibrated with 10mM 

phosphate buffer and proteins eluted with 30% isopropanol in 10mM phosphate 

buffer. The purity of the protein was checked on SDS-PAGE. 

4.2.3. SDS-PAGE and Zymography 

The purity and estimated molecular mass of the protein was determined by SDS-

PAGE while zymography was performed to detect the active band. A 12% 

denaturing SDS-PAGE was run for molecular mass determination and to check the 

purity of the sample after each purification step. The SDS-PAGE gel ran for 
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zymography, was incubated in 40% isopropanol in 10 mM phosphate buffer for 20 

minutes to renature the enzyme. The zymography reaction was carried out at 50˚C, 

using 0.1% esculin as substrate and 0.03% ferric iron for colour detection. The 

reaction was stopped by immersing the gel in a 10% glucose solution.  

4.2.4. Protein sequencing 

4.2.4.1. Isoelectric focusing and 2D gel electrophoresis 

The Anoxybacillus sp. KTC2 crude enzyme extract was precipitated with TCA-

acetone.  A 12 µl sample of the TCA-acetone precipitated crude enzyme extract was 

mixed with 132 µl of rehydration buffer (8 M urea, 2 M thiourea, 2% CHAPS, 2 M 

DTT, 6% ampholytes and a trace of bromophenol blue). The enzyme extract was 

used to rehydrated an immobilised 7 cm pH gradient, 4-7 ReadyStripTM (Bio-Rad) 

IPG strip overnight at room temperature. Following isoelectric focusing, the IPG strip 

was equilibrated for 15 minutes with equilibration buffer 1 (20 ml 0.375 M Tris-HCl 

(pH 8.8), 6M urea, 30% glycerol, 2% SDS, 2% w/v DTT) and DTT was substituted 

with 1.5% iodoacetamide in equilibration buffer 2 for alkylation of proteins. The IPG 

strip was then run on 12% SDS-PAGE gel and stained with Coomassie Brilliant blue 

R250. The protein spots on the SDS-PAGE gel were manually excised and stored at 

-80˚C until further processing. 

4.2.4.2 Trypsin digestion and peptide sequencing 

Protein spots were washed with water for 10 minutes and cut into 1 mm cubes and 

transferred to a 0.5 µl microfuge tube. The gel pieces were destained by adding 

approximately 30 µl of a freshly prepared 1:1 (v/v) mixture of K3[Fe(CN)6] and 

Na2S2O3 dissolved in water. The mixture was incubated for 30 minutes at room 

temperature. Following this incubation, the gel pieces were washed with water and 

50mM NH4HCO3/acetonitrile (ACN) 1:1 (v/v) for 15 minutes and the solution 

discarded. The gel pieces were soaked in acetonitrile and left to shrink and stick 

together. The acetonitrile solution was discarded, and the gel pieces were dried in a 

vacuum centrifuge. The gel pieces were reduced and alkylated by swelling them in 

100 µl of freshly prepared 10 mM dithiothreitol (DTT)/50 mM NH4HCO3 solution and 

incubated for 45 minutes at 56˚C. The tubes were chilled at room temperature and 

excess liquid discarded and replaced quickly with roughly the same volume of freshly 
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prepared 55 mM iodoacetamide (IAA) in 50 mM NH4HCO3. The mixture was 

incubated for 30 minutes at room temperature in the dark. The iodoacetamide 

solution was removed and the gel pieces were washed with 50 mM 

NH4HCO3/acetonitrile (ACN) 1:1 (v/v), one or two changes each, 15 minutes per 

change. The solution was removed, and enough acetonitrile was added to cover the 

gel pieces. The gel pieces were left to shrink and dried down in a vacuum centrifuge. 

For in-gel digestion, freshly prepared enzyme solution (25 mM NH4HCO3 with 5 ng/µl 

trypsin) was added to cover the gel pieces and incubated at 37˚C for 30 minutes. 

The excess enzyme solution was removed and enough 25 mM NH4HCO3 was added 

to keep the gel wet. The mixture was incubated at 37˚C overnight. The peptides 

were extracted by adding extraction buffer [30% ACN, 70% (0.1% Trifluoroacetic 

acid in water)] enough to cover the gel pieces completely.  

4.2.5. Saccharification 

Saccharification experiments were conducted to check the saccharification efficiency 

of the thermostable β-glucosidase enzyme from Anoxybacillus sp. KTC2. Enzyme 

cocktails for Avicel saccharification were created by mixing an appropriate dilution of 

commercial enzyme CelluclastTM with different concentrations of the Anoxybacillus 

sp. KTC2 β-glucosidase. 

4.2.5.1 .Anoxybacillus sp KTC2 β-glucosidase production 

The β-glucosidase used for Avicel saccharification was produced under optimal 

conditions, on M9 minimal medium with 5% cellobiose and 0.5% glucose as carbon 

sources. The culture was incubated at 60˚C for 48 hours with orbital shaking at 200 

rpm. The culture supernatant from multiple batches was harvested pooled together 

and stored at -20˚C for later use. 

4.2.5.2. Preparation of β-glucosidase for saccharification 

Three litres of stored crude enzyme was divided into smaller volumes and 

lyophilised. The powdered crude enzyme was stored at -20˚C until needed.  A gram 

of the lyophilized supernatant was dissolved in 5 ml distilled water. Insoluble residue 

was removed through centrifugation at 13000 rpm for 5 minutes. The supernatant 

was transferred to a new centrifuge tube and used as source of crude β-glucosidase 
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for saccharification experiments. The concentrated enzyme was diluted 10X, 100X 

and 200X to create three concentrations (BGL1, BGL2 and BGL3) for use in enzyme 

mixtures with CelluclastTM. CelluclastTM was mixed with β-glucosidase dilutions in a 

ratio of 3:1 (3 parts CelluclastTM   to 1 part BGL1,2 or 3). 

The enzyme combinations of CelluclastTM and Anoxybacillus sp. KTC2 

β-glucosidase were CelluclastTM: BGL1 (Cocktail 1), CelluclastTM: BGL2 (Cocktail 2) 

and CelluclastTM: BGL3 (Cocktail 3). The filter paper assay for Cocktail 2 showed the 

highest total cellulase activity. Based on the activity profiles obtained, Cocktails 2, 

Cocktail 3 and an appropriate dilution of; CelluclastTM, were used for Avicel 

saccharification. The experiments were performed in triplicates. 

4.2.5.3. β-glucosidase assay 

The initial β-glucosidase activity of CelluclastTM and the crude Anoxybacillus sp.  

KTC2 β-glucosidase was determined. The activity was determined as described in 

section 4.2.1.1. The initial β-glucosidase activity of the cocktails was not measured 

as the total cellulase activity would be measured through the filter paper assay 

(4.2.5.2). The focus of the study was on the saccharification efficiency of the 

commercial enzyme when supplemented with an external β-glucosidase.  

4.2.5.4. Filter paper assay 

Total cellulase activity of CelluclastTM and Anoxybacillus sp. KTC2 β-glucosidase 

were determined using a modified method by Ghose (1987). Two hundred  and fifty 

microliters (250 µl) of enzyme (CelluclastTM, Anoxybacillus sp. KTC2 β-glucosidase, 

Cocktail 1, 2 and 3) was mixed with 500 µl of 50 mM acetate buffer pH 5 in a test 

tube. A filter paper strip (Whatman No 1) measuring 0.5 x 3 cm was placed in a test 

tube that contained enzyme and buffer. Test tubes were incubated for an hour at 

50˚C in a water bath. Following incubation, 1.5 ml of DNS solution was added. The 

reaction mixtures were boiled in a water bath followed by cooling in cold water and 

addition of 10 ml distilled water. Once the pulp had settled, 100 µl was transferred 

into a microplate and colour formation was analysed at 540 nm using the Beckman 

Coulter DTX 800 multimode detector, microplate reader. Released reducing sugars 

were determined using glucose standards. Filter paper activity (FPU) is defined as 
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0.37 divided by the amount of enzyme required to liberate 2.0 mg of glucose from 

filter paper strip (≈ 50 mg) in 1h. 

4.2.5.5. Saccharification of Avicel cellulose 

To check the saccharification efficiency of the thermostable β-glucosidase on 

cellulose, Avicel saccharification was performed according to method described by 

(Kim et al. 2011) with minor modifications. Experiments were conducted in 30ml 

reaction volumes.  Reactions consisted of 2% Avicel, 3 ml enzyme, 2% sodium azide 

and 50 mM acetate buffer pH 5. Saccharification experiments were performed at 

50˚C in a shaking water bath at 150 rpm in 50ml Erlen Meyer flasks. Sampling was 

done at 0, 24, 48, 72, and 96 hours. Samples were boiled at 100˚C for 10 minutes 

and then stored at -20˚C until analyses through the high performance liquid 

chromatography (HPLC). 

4.2.5.6. Analysis of sugars from the Avicel hydrolysis mixture 

The Avicel hydrolysate samples were analysed using the Shimadzu HPLC in an 

Aminex HPX-87C column (300 x 7.8 mm, Ca2+, particle 9 µm) (Biorad, Hercules, CA, 

USA). The Aminex HPX-87C was fitted with an Aminex Resin Microguard, Carbo C 

colunm (Biorad, Richmond CA, USA). The detection of eluents was done using an 

RID 10A refractive index detector (Shimadzu, Kyoto, Japan). The samples were 

filtered through a 0.2 µm syringe filter. Glucose, maltose, mannose, fructose, were 

used as standards to determine the retention time of sugars in the samples 

separated on the column. The Aminex HPX-87C column temperature was 

maintained at 85°C. degassed deionised distilled water at a flow rate of 0.6 ml/min 

was used as the mobile phase for the Aminex HPX-87C column.  The initial glucose 

present was subtracted from the final glucose obtained at each sampling time. Peack 

detection and integration were done using LC solutions software from Shimadzu 

(Tokyo, Japan). Peak height was used for analysis of the results using Sigmaplot  

Data analysis and graphing. 
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4.3. Results 

4.3.1. Enzyme production and characterisation 

The saccharification efficiency of a commercial cellulase preparation in combination 

with the Anoxybacillus sp. KTC2 β-glucosidase was evaluated. 

4.3.1.1. β-glucosidase production on different substrates 

The β-glucosidase was initially produced on M9 medium with 5% cellobiose as the 

main carbon source. Different medium compositions were evaluated to determine 

the best substrate components for optimal enzyme production. Nutrient broth with 

2% cellobiose was found to be the best for enzyme production over 48 hours of 

incubation while M9 salts with Avicel and nutrient broth produced the lowest activity. 

 

Figure 4.1. β-glucosidase enzyme production on M9 medium with Avicel, Nutrient 

broth and Nutrient broth (NB) plus 2% Cellobiose over time of incubation. Results 

are a mean of three determinations. 
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4.3.1.2. Effect of cellobiose concentration on β-glucosidase production 

Anoxybacillus sp. KTC2 was grown on cellobiose as the main carbon source at a 

concentration range of 1-5% over 72 hours to determine the effect of varying 

cellobiose concentration on enzyme production. The highest β-glucosidase activity 

was observed at 5% cellobiose after 48 hours’ inoculation at 60˚C (Figure 4.2). This 

was followed by 4% cellobiose at 24 hours’ incubation. 

 

Figure 4.2. Enzyme production on cellobiose over time of incubation at 60˚C. 

Results are a mean of three determinations ± standard deviation. 
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4.3.1.3. Effects of growth temperature on enzyme production 

The effect of temperature on enzyme production was determined by growing 

Anoxybacillus sp. KTC2 at 50˚C and 60˚C for 72 hours. The optimum temperature 

for β-glucosidase production was 60˚C after 48 hours.  At 50˚C, maximum β-

glucosidase activity was observed after 24 hours incubation.  

 

 

Figure 4.3. Effect of different growth temperatures on β-glucosidase production over 

time of incubation.  Results are a mean of three determinations ± standard deviation. 
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4.3.1.4. Effects of pH on enzyme production 

Growth of Anoxybacillys sp KTC2 over a pH range of 7.5 - 9 showed pH 8 as the 

optimum growth pH for β-glucosidase production, followed by pH 7.5 over 24 hours 

of incubation (Figure 4.4).  

 

 

 

Figure 4.4. β-glucosidase enzyme production pH profile over time of incubation. 

Results are a mean of three determinations ± standard deviation. 
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4.3.1.5. Enzyme optimal activity and thermal stability 

The enzyme was optimally active at 60˚C with over 80% activity observed at 70˚C 

(Figure 4.5). The β-glucosidase enzyme showed 55% residual activity after 24 hours 

of incubation at 60˚C (Figure 4.6).  

 

 

Figure 4.5. The effects of temperature on enzyme activity. Enzyme activity assays 

was performed at temperatures 30 - 80˚C. Results are a mean of three determinants 

± standard deviation. 
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Figure 4.6. Thermal stability of the Anoxybacillus sp. KTC2 β-glucosidase was 

investigated by incubating the enzyme at temperatures 30 - 60˚C for 24 hours’ prior 

the determining the residual β-glucosidase activity. Results are a mean of three 

determinations ± standard deviation. 
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4.3.1.6. Optimum pH and pH stability 

The optimum pH for enzyme activity was determined by performing enzyme activities 

over a pH of 3 - 10. The β-glucosidase was active over a wide pH range with more 

that 60% of the maximum activity between pH 4.5-7.5. The optimum pH for activity 

was pH 7 and 92% activity at pH 5.5. (Figure 4.7).   

 

 

 

Figure 4.7. The effect of pH on β-glucosidase activity, showing a wide pH range (5 - 

7.5). Results are a mean of three determinations ± standard deviation.  
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Enzyme stability was determined by incubating the crude enzyme in different pH 

buffers for 24 hours at 60˚C before determining residual activity. The enzyme 

retained 100% activity at pH 5 and 7, with more than 80% activity at pH 6.5, 7 and 8 

after 24 hours incubation.  

 

 

 

 

 

Figure 4.8. The effects of pH on enzyme stability after incubation in different pH 

buffers for 24 hours. Results are a mean of three determinations ± standard 

deviation. 
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4.3.2. Enzyme purification and size determination 

4.3.2.1. β-glucosidase purification  

Partial purification of the β-glucosidase was achieved through sequential 

chromatography using Q-sephrose and butyl-sepharose fast flow 4B (Table 4.1). The 

presence of the Anoxybacillus sp. TKC2 β-glucosidase was visualised through SDS-

PAGE and active β-glucosidase band determined through zymography (Figure 4.9). 

An active enzyme was recovered after partial purification. The β-glucosidase 

concentration was too low to be visualised on SDS-PAGE with Coomassie staining.  

Table 4.1. Partial purification of the Anoxybacillus sp. TKC2 β-glucosidase. 

Enzyme Volume 
(ml) 

Activity 
(U/ml) 

Total 
activity 

Yield Protein 
(mg/ml) 

Specific 
activity 
(U/mg) 

Purification 
fold 

Crude 50 15.2 760 100 4.4 3.5 1 

Q-Sepharose 69 1.4 97 12.8 0.107 13.1 3.5 

Butyl Seph 15 0.9 14 14.4 0.002 450 34.4 

 

Figure 4.9. SDS-PAGE and zymography analysis of the Anoxybacillus TKC2 

β-glucosidase, showing a single band of about 45 kDa. Lane 1: molecular weight 

marker, Lane 2: crude enzyme, Lane 3: zymogram/activity staining. 
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4.3.2.2 High-performance liquid chromatography 

The β-glucosidase enzyme was eluted as a single sharp peak on HPLC against 

known standards (Figure 4.10). 

 

 

Figure 4.10. β-glucosidase HPLC elution profile. β-glucosidase eluted as a single 

sharp band with a retention time of 9 min. Enzyme standards used for calibration are 

indicated. 
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4.3.3. MALDI TOF MS protein sequencing 

Two dimensional analysis of the Anoxybacillus sp KTC2 proteome was done to 

separate proteins based on their isoelectric point (Figure 4.11). The crude enzyme 

was used for isoelectric focusing (IEF) as partial purification resulted in very low 

concentrations of the protein and the bacterium has a large proteome which could 

not be separated through one dimension only. Protein spots between 40 and 50 kDa 

were picked based on the estimated protein size obtained through zymography. 

 

 

 

 

Figure 4.11. 2D gel analyses of the Anoxybacillus sp. KTC2 proteome.  
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Protein spots were excised and trypsin-digested for peptide sequencing through 

Matric Assisted Laser Desorption Ionisation Time of Flight analysis (MALDI-TOF). 

Peptide sequences obtained are listed in Table 4.2. A BLAST search of these 

peptides identified the enzyme as a β-glucosidase. The enzyme belongs to the 

Anoxybacillus genus, with the highest sequence similarity to a β-glucosidase from 

Anoxybacillus flavithermus WK1.  

 

Table 4.2. LC-MS/MS analysis of β-glucosidase protein after trypsin digestion. 

Peptide sequences of the Anoxybacillus sp. KTC2 β-glucosidase 

VANDDNGDIAIDHYNR 

DGEIGITLNLTPGYAVDLKDER 

EGDLQTIQQPIDFFGFNYYSTATLK 

RFGIVYVDYETLER  
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The peptides obtained through MALDI TOF MS were aligned to A. flavithermus WK1 

β-glucosidase protein sequence to determine the positions of the peptides (Figure 

4.12). Sequence alignment showed a high sequence homology between the two β-

glucosidases and the high degree of sequence conservation between bglB family 

enzymes.  

 

 

 

 
 

Figure. 4.12. Sequence alignment of Anoxybacillus flavithermus WK1 β-glucosidase 

and the Anoxybacillus sp. KTC2 peptides. The figure shows the positions of the 

sequenced peptides; identical amino acids are depicted with asterisks.   
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4.3.4. Saccharification of Avicel cellulose 

4.3.4.1. Initial total cellulase and β-glucosidase activity  

The initial CelluclastTM and β-glucosidase activities were determined. CelluclastTM 

had an initial total cellulase activity of 58.73 FPU with 158 U/ml β-glucosidase 

activity. The total cellulase activity for the crude Anoxybacillus KTC2 β-glucosidase 

was not determined as the glucose produced was less than 2 mg/ml. The 

β-glucosidase activity was 302 U/ml. The initial total cellulase activity of Cocktail 2  

and Cocktail 3 was 74.0 and  71.15 FPU, respectively (Table 4.3). 

 

Table 4.3. The initial total cellulase and β-glucosidase activities of the individual 
enzymes and cocktails.  

  

 Total cellulase (FPU) β-glucosidase (U/ml) 

CelluclastTM 58.73 158 

Crude KTC2 β-glucosidase - 302 

Cocktail 2  74.0 - 

Cocktail 3 71.15 - 

Key: - Not determined  
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4.3.4.3. Saccharification of pure Avicel cellulose 

CelluclastTM, Cocktail 2 and Cocktail 3 were used to hydrolyse pure Avicel cellulose. 

Cocktail 3 had the highest glucose production at 7.2% above the glucose produced 

by the commercial enzyme CelluclastTM after 96 hours incubation (Figure 4.13). 

 

 

 

 

Figure 4.13. Saccharification of Avicel by CelluclastTM, and two CelluclastTM-crude 

Anoxybacillus sp. KTC2 β-glucosidase cocktails over 96 hours. Results are a mean 

of three determinations. 
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4.4. Discussion and conclusion  

Lignocellulosic biomass is widely studied for its potential as a feedstock for 

bioethanol production. However, utilization of lignocellulosic biomass for ethanol 

production is dependent on efficient saccharification of lignocellulose with resultant 

high glucose yields. Industrial processes that use lignocellulosic biomass currently 

use fungal cellulase preparations supplemented with external β-glucosidases to 

improve the saccharification efficiency of the commercial cellulase preparations.   

A thermostable β-glucosidase isolated from the bacterium, Anoxybacillus sp. KTC2 

was optimally produced on M9 medium with 5% celolbiose as the main carbon 

source, at 60˚C and pH 7. Enzyme production on different growth medium showed 

cellobiose as the preferred carbon source for maximal enzyme production. Optimal 

enzyme production was observed with nutrient agar with 5% cellobiose. This is due 

to the inducible nature of β-glucosidases. Inducible enzymes are produced in the 

presence of an inducer and cellobiose was the prefered subtrate as it is a good 

inducer for β-glucosidases.  

The Anoxybacillus sp. KTC2 β-glucosidase had an optimum temperature for activity 

of 60˚C with 80% activity at 70˚C, classifying the enzyme as a thermostable enzyme. 

The optimal activity of the Anoxybacillus sp. KTC2 β-glucosidase was comparable to 

those from C. thermocellum, M. biospora, T. brockii and T. fusca which also 

exhibited optimal activity at 60°C. β-glucosidases from C. thermocellum and T. fusca 

were unstable and rapidly inactivated at 60 and 65°C while M. biospora β-

glucosidase retained almost 70°C activity at 60° after 48 hours incubation (Hong et 

al. 2009). The Anoxybacillus sp. KTC2 β-glucosidase retained 55% activity after 24-

hour incubation at 60˚C with almost 100% activity after 24-hours at 50˚C. The high 

residual activity at 50˚C after 24 hours is noted as a crucial characteristic, as this is 

the saccharification temperature of most industrial cellulases. β-glucosidases with 

higher activity and thermostability than that of Anoxybacillus sp. KTC2 β-glucosidase 

have been reported (Hong et al. 2009, Bai et al. 2013) however, these β-

glucosidases are mostly recombinant enzymes that exhibit improved activity and 

stability. Thermostable enzymes isolated mainly from thermophilic organisms, have 

found a number of commercial applications due to their overall inherent stability, 

reduced risk of contamination and increased reaction rates (Haki and Rakshit 2003). 
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The β-glucosidase enzyme exhibited a wide pH range of between 5.0 and 7.5. This 

too is of note for industrial enzymes, the wide pH range exhibited by the β-

glucosidase enzyme allows for its addition to a variety of industrial cellulase 

preparations. Additionally, the enzyme was 100% stable at its optimal pH of 7 and at 

pH 5 after 24-hour incubation. The wide pH range of the Anoxybacillus sp. is a 

common characteristic of thermostable enzymes used in industrial application. 

Thermostable enzymes are highly adaptable to a wide pH range making them ideal 

for various bioprocesses (Bhalla et al. 2013)  

The Anoxybacillus sp. KTC2 β-glucosidase was partially purified through sequential 

chromatographic steps on Q-sepharose followed by Butyl sepharose 4 fast flow. The 

enzyme was partially purified to a 34,4% purification fold, resulting in an increase in 

specific enzyme activity from 3.5 U/mg crude protein, to 450 U/mg protein, while the 

protein concentration reduced from 4.4 mg/ml to 0.002 mg/ml. The activity of the 

enzyme increased with subsequent purification steps. The increase in activity may 

be due to a slight increase in the β-glucosidase enzyme concentration per µl used in 

the reaction, or the reduction in impurities found in the crude enzyme. The partially 

purified β-glucosidase is highly active but the concentration was too low to be 

visualised on SDS-PAGE gel.  The high activity observed even with very low 

concentrations may be due to the enzyme’s high specificity. Thermostable enzymes 

are highly specific, resulting in increased reaction rates. 

The β-glucosidase protein size was estimated to be approximately 45 kDa through 

zymography. Furthermore, the presence of only one active β-glucosidase was 

visually observed.   

Protein analysis through HPLC revealed that the Anoxybacillus sp. KTC2 

β-glucosidase is a monomeric protein and confirmed the presence of a single 

β-glucosidase. The protein eluted as a single sharp peak. Peptide sequencing 

through MALDI TOF further confirmed the active protein as a β-glucosidase from the 

genus, Anoxybacillus. A BLAST search and sequence alignment displayed a high 

sequence homology between the Anoxybacillus sp. KTC2 β-glucosidase and 

β-glucosidases from the genus Anoxybacillus, as well as the high degree of 

sequence conservation between GH1 family enzymes. 
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Addition of an external β-glucosidase to commercial cellulase preparations is known 

to improve the saccharification efficiency of the cocktail. An improvement in the 

saccharification efficiency of CelluclastTM was observed with the addition of diluted 

crude Anoxybacillus sp. KTC2 β-glucosidase. Enzyme Cocktail 3 showed a 7.2% 

increase in saccharification efficiency from that observed for the commercial 

enzyme, containing 25% more CelluclastTM. β-glucosidases function to catalyse the 

final step in cellulose hydrolysis and remove the inhibitory effect of cellobiose on 

endo-glucanase and cellobiohydrolase (Florindo et al., 2018), resulting in improved 

cellulose hydrolysis and glucose production. Cocktail 2 had a lower saccharification 

efficiency than both CelluclastTM alone and Cocktail 3. Cocktail 2 had a higher 

concentration of the crude β-glucosidase, but produced less glucose. The lower 

cellulose hydrolysis efficiency observed in Cocktail 2 is believed to be due to the 

presence of more inhibitory components from the growth mediun, which are more 

diluted in Cocktail 3.  

In addition to increasing CelluclastTM saccharification effieciency, the high activity at 

low concetrations observed, makes the Anoxybacillus sp. KTC2 β-glucosidase a 

good candidate for bioethanol production, as reduced enzyme loading is one way to 

reduce the production cost of bioethanol. The high price associated with enzyme 

production is still a bottleneck in the utilization of lignocellulosic biomass as 

feedstock.  



 

77 
 

4.5. References 

Almeida, M. N. De, Falkoski, D. L., Guimarães, V. M., and Rezende, S. T. De, 2019. 

Industrial Crops & Products Study of gamba grass as carbon source for 

cellulase production by Fusarium verticillioides and its application on sugarcane 

bagasse sacchari fi cation. Industrial Crops & Products, 133, 33–43. Available 

from: https://doi.org/10.1016/j.indcrop.2019.03.008. Online. 

Alves, L. D. F., Meleiro, L. P., Silva, R. N., Westmann, C. A., Guazzaroni, M., and 

Hickey, W. J., 2018. Novel Ethanol- and 5-Hydroxymethyl Retrieved From a 

Brazilian Secondary Atlantic Forest Soil Metagenome. Frontiers in Microbiology, 

9 , 1–17. 

Bai, A., Zhao, X., Jin, Y., Yang, G., and Feng, Y., 2013. A novel thermophilic β-

glucosidase from Caldicellulosiruptor bescii: Characterisation and its synergistic 

catalysis with other cellulases. Journal of Molecular Catalysis B: Enzymatic, 85–

86, 248–256. 

Berlin, A., Gilkes, N., Kilburn, D., Bura, R., Markov, A., Skomarovsky, A., Okunev, 

O., Gusakov, A., Maximenko, V., Gregg, D., Sinitsyn, A., and Saddler, J., 2005. 

Evaluation of novel fungal cellulase preparations for ability to hydrolyze 

softwood substrates - Evidence for the role of accessory enzymes. Enzyme and 

Microbial Technology, 37 (2), 175–184. 

Bhalla, A., Bansal, N., Kumar, S., Bischoff, K. M., and Sani, R. K., 2013a. Improved 

lignocellulose conversion to biofuels with thermophilic bacteria and thermostable 

enzymes. Bioresource Technology, 128, 751–759. Available from: 

http://dx.doi.org/10.1016/j.biortech.2012.10.145. Online. 

Brijwani, K., Oberoi, H. S., and Vadlani, P. V., 2010. Production of a cellulolytic 

enzyme system in mixed-culture solid-state fermentation of soybean hulls 

supplemented with wheat bran. Process Biochemistry, 45 (1), 120–128. 

Garvey, M., Klose, H., Fischer, R., Lambertz, C., and Commandeur, U., 2013. 

Cellulases for biomass degradation: Comparing recombinant cellulase 

expression platforms. Trends in Biotechnology, 31 (10), 581-593. 

Ghose, T. K., 1987. Measurement of cellular activities. Pure & Applied. Chem, 59, 



 

78 
 

257–268. 

Haki, G. D. and Rakshit, S. K., 2003. Developments in industrially important 

thermostable enzymes: A review. Bioresource Technology, 89 (1), 17-34. 

Hong, M. R., Kim, Y. S., Park, C. S., Lee, J. K., Kim, Y. S., and Oh, D. K., 2009. 

Characterisation of a recombinant β-glucosidase from the thermophilic 

bacterium Caldicellulosiruptor saccharolyticus. Journal of Bioscience and 

Bioengineering, 108 (1), 36–40. 

 

Ichikawa, S., Ichihara, M., Ito, T., Isozaki, K., Kosugi, A., and Karita, S., 2019. 

Glucose production from cellulose through biological simultaneous enzyme 

production and saccharification using recombinant bacteria expressing the β-

glucosidase gene. Journal of Bioscience and Bioengineering, 127 (3), 340–344. 

Available from: https://doi.org/10.1016/j.jbiosc.2018.08.008. Online. 

Joo, A. R., Jeya, M., Lee, K. M., Lee, K. M., Moon, H. J., Kim, Y. S., and Lee, J. K., 

2010. Production and characterisation of β-1,4-glucosidase from a strain of 

Penicillium pinophilum. Process Biochemistry, 45 (6), 851–858. 

Kalyani, D., Lee, K. M., Kim, T. S., Li, J., Dhiman, S. S., Kang, Y. C., and Lee, J. K., 

2013. Microbial consortia for saccharification of woody biomass and ethanol 

fermentation. Fuel, 107, 815–822. 

Kim, Y., Mosier, N. S., Ladisch, M. R., Ramesh Pallapolu, V., Lee, Y. Y., Garlock, R., 

Balan, V., Dale, B. E., Donohoe, B. S., Vinzant, T. B., Elander, R. T., Falls, M., 

Sierra, R., Holtzapple, M. T., Shi, J., Ebrik, M. A., Redmond, T., Yang, B., 

Wyman, C. E., and Warner, R. E., 2011. Comparative study on enzymatic 

digestibility of switchgrass varieties and harvests processed by leading 

pretreatment technologies. Bioresource Technology, 102 (24), 11089–11096. 

Manickam, N. K., Rajarathinam, R., and Muthuvelu, K. S., 2018. Bioresource 

Technology New insight into the e ff ect of fungal mycelia present in the bio-

pretreated paddy straw on their enzymatic saccharification and optimization of 

process parameter. Bioresource Technology, 267, 291–302. 

Ndlovu, T. M. and Wyk, J. P. H. Van, 2019. Relative sacchari fi cation of waste paper 



 

79 
 

during successive treatment with garden snail ( Cornu aspersum ) cellulase. 

Sustainable Chemistry and Pharmacy, 11 (December 2018), 54–60. Available 

from: https://doi.org/10.1016/j.scp.2018.12.003. Online. 

Oguro, Y., Nakamura, A., and Kurahashi, A., 2019. Effect of temperature on sacchari 

fication and oligosaccharide production efficiency in koji amazake. Journal of 

Bioscience and Bioengineering, 127 (5), 570–574. 

Oleson, K. R. and Schwartz, D. T., 2019. Bioresource Technology Reports Douglas-

fir extractives inhibit saccharification. Bioresource Technology Reports, 5, 335–

338. Available from: https://doi.org/10.1016/j.biteb.2018.10.001. Online. 

Pamella Santa-Rosa., Anita Souza, Rosemary Roque, Andrade Filho, Spartaco 

Edmar, Adolfo Mota, C. N.-S., 2017. Production of β-glucosidase and CMCase 

thermostables by Penicillium sp. LMI01 isolated in the Amazon region. 

Electronic journal of biotechnology, 31 (31. 10.1016/j.ejbt.2017.11.005.). 

Sukumaran, R. K., Singhania, R. R., and Pandey, A., 2005. Microbial cellulases  

Production , applications and challenges. Journal of Scientific and Industrial 

Research, 64, 832–844. 

Tengerdy, R. P. and Szakacs, G., 2003. Bioconversion of lignocellulose in solid 

substrate fermentation. Biochemical Engineering Journal, 13 (2-3), 169-179. 

Wen, Z., Liao, W., and Chen, S., 2005. Production of cellulase/β-glucosidase by the 

mixed fungi culture Trichoderma reesei and Aspergillus phoenicis on dairy 

manure. Process Biochemistry, 40 (9), 3087–3094. 

You, A., Be, M. A. Y., and In, I., 2018. Review : Engineering of thermostable 

enzymes for industrial applications, APL Bioengineering. 2, 011501; 

https://doi.org/10.1063/1.4997367. 

 

 

 

 

 

 



 

80 
 

 

CHAPTER 5 

SEQUENCING OF THE Anoxybacillus sp. KTC2 β-GLUCOSIDASE GENE  

5.1. Introduction 

The high cost of cellulosic enzymes is driving research to find ways to improve 

enzyme production and organisms to reduce the cost of production. These 

approaches range from modifying cellulase producing strains to optimizing 

parameters involved in enzyme production. Improvement in cellulase expression has 

the potential to reduce the cost involved in biofuel production (Garvey et al. 2013, Li 

et al. 2019). Cellulases play a major role in biofuel production as they are 

responsible for enzymatic hydrolysis of plant biomass to fermentable sugars. 

However, the use of these cellulases is currently not economically viable due to the 

high costs associated with enzyme production and the quality of cellulase enzymes 

currently available (Srivastava et al. 2018).  

The cellulolytic fungus, Tricoderma reesei is still the leading producer for industrial 

cellulases (Li et al. 2019). However, the T. reesei enzyme cocktail widely used in 

industrial preparations has one major limitation of a lack of sufficient activities of the 

β-glucosidase, for complete hydrolysis of lignocellulosic biomass (Xia et al. 2018a). 

Many research groups are working on the development of heterologous systems to 

improve enzyme production yields. However, T. reesei remains the preferred 

cellulase producer because of its high production yields and the high costs involved 

in the development and use of genetically modified organisms (GMO’s) (Garvey et 

al. 2013, Srivastava et al. 2018). These challenges drive the need to explore 

alternative methods to improve cellulase enzyme production.  

Current methods to improve cellulase cocktails for the complete hydrolysis of 

lignocellulosic biomass for biofuel production involves the use of externally produced 

β-glucosidases (Florindo et al. 2018 , Wei et al. 2019). There are many reports in 

literature on studies to find new organisms capable of producing highly active 

extracellular β-glucosidases. This is due to the vital role these enzymes play in 

cellulose hydrolysis. β-glucosidases are responsible for the final step in cellulose 
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hydrolysis, converting cellobiose to two glucose molecules and relieving product 

inhibition effect of cellobiose on the endoglucanases and cellobiohydrolases (Mei et 

al. 2016, Srivastava et al. 2018).  

The ideal β-glucosidases for industrial use should be active at high temperatures, be 

thermostable, exhibit high catalytic efficiency and be tolerant to inhibitors that result 

from pre-treatment (Alves et al. 2018). Thermostable enzymes from thermophilic 

organisms are important due to their characteristic high stability under different 

environmental stress, high specific activity, long shelf life, activity at high 

temperatures resulting in higher substrate solubility and higher diffusion rates. These 

are important traits for industrial enzymes and may ultimately assist in lowering the 

cost of enzymes in bioethanol production, through improved hydrolysis rates, product 

yields and reduced energy costs.  Less cooling required after pre-treatment (Ay et al. 

2011, Diogo et al. 2015, Srivastava et al. 2018). Recombinant enzyme expression 

systems for β-glucosidase production may help to improve enzyme yields.  

Escherichia coli is the most commonly used expression system for recombinant 

proteins. Cellulases from extreme environments have been expressed and 

characterised through the use of E. coli (Garvey et al. 2013). A number of 

recombinant β-glucosidases have been expressed in E. coli and are well-studied.  

The main aim of this study was to sequence the Anoxybacillus sp. KTC2 

thermostable β-glucosidases gene (GLU), to gain sequence information for further 

characterisation of the gene.  
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5.2. Materials and methods 

5.2.1. Genomic DNA extraction and sequencing  

Genomic DNA was isolated using the Quick-DNATM Fungal/Microbial Miniprep Kit 

(Zymo Research, USA), following the manufacturer’s instructions and separated on a 

0.8% agarose gel to assess the quality of the DNA. The extracted DNA was sent to 

Inqaba Biotechnology Industries for whole genome sequencing. All subsequent 

sequence analysis was performed in silico. 

5.2.2 Cloning of the β-glucosidase gene  

Gene specific primers were designed to amplify the β-glucosidases gene from the 

genome of Anoxybacillus sp. KTC2 (Table 5.1). Restriction sites were added to the 

primers, to facilitate directional cloning into the pTYB21 expression vector. Genomic 

DNA isolated as stated in section 5.2.1. was used as template for gene amplification.  

Table 5.1. Primers used for PCR amplification of the β-glucosidase gene from the 

genome of Anoxybacillus sp. KTC2. 

      

Primer name Sequence (5’-3’) Restriction site 

   BGLfor1 5’-CGCATATGGGCATAGTTTATGATTCGATTTCCG-3’ NdeI 

BGLrev1 5’-GCGTCGACCCATCACCTCCTTCATTTATATCG-3’  SalI 
Restriction sites introduced are indicated in bold. 

5.2.3 Recombinant strain construction 

Gene amplification through PCR was performed according to the manufacturers 

specification using the Q5 High fidelity master mix (New England Biolabs, USA). The 

PCR amplicon was separated on a 0.8% agarose.  DNA was recovered and purified 

using the ZymocleanTM Gel DNA Recovery Kit (USA), according to the manufactures 

instructions.    The expression vector pTYB21 and amplified GLU gene were 

digested with restriction enzymes; NdeI and SalI (Table 5.3), according to the 

manufacturer’s instruction. The digested GLU fragment was ligated into the 
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corresponding sites on the pTYB21 expression vector to create pTYB21-GLU 

(Figure 5.1).  

The β-glucosidase gene was cloned into an E. coli expression N-terminal fusion 

vector designed for in-frame insertion of a target gene into the polylinker downstream 

of the intein tag. The intein tag can be used for purification of the recombinant 

protein. The recombinant vector was propagated in E. coli T7. Recombinant E. coli 

cells were cultured at 37˚C in Luria Bertani medium (LB medium) supplemented with 

50 µg/ml ampicillin. Plasmid DNA isolation was done according to the manufacturers 

instruction using the ZiggyTM Plasmid Miniprep Kit. The presence of an insert was 

confirmed through recombinant vector sequencing. 

 

Figure 5.1. An illustration of the pTYB21-BGL construction.  
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5.3. Results 

5.3.1. Whole genome sequencing  

Whole genome sequencing of Anoxybacillus sp. KTC2 revealed the presence of only 

one gene coding for a β-glucosidase. The open reading frame (ORF) finder was 

used to locate the 1362 bp putative complete β-glucosidase gene 

(https://www.ncbi.nlm.nih.gov/orffinder/). The gene codes for a 453 amino acid 

protein with a molecular mass of 53 kDa and a theoretical pI of 5.44. The deduced 

amino acid sequence was analysed using BlastP against non-redundant databases. 

Protein alignments were performed using the ClustalW alignment tool 

(http://www.ebi.ac.uk./tools/clustalw2/index.html).  

Sequence alignment of the deduced amino acid sequence to similar proteins 

revealed that the β-glucosidase belongs to the Glycoside Hydrolase family 1 proteins 

(GH1), with high sequence homology between the sequences (Figure 5.2).  

https://www.ncbi.nlm.nih.gov/orffinder/
http://www.ebi.ac.uk./tools/clustalw2/index.html
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Anoxybacillus sp            EDVALMKALHLKAYRFSTSWARLYSETPGKFNEKGLDFYKRLV 50 
ACL38401             ------VEDVSLMKTLHLKGYRFSTSWARLYSGMPGKFSEKGLDFYKRLV 44 
ABV987405            -----------------IQSYRFSISWPRIFPQGTGQANLKGLDFYKRLI 33 
ACJ34717.1           -------------GRLNMKAYRFSTSWARCMPDGVTP-NPDGIAFYSRLV 36 
WP_025027279.1       DHYHRLDRDVALMAELGLRSYRFSVSWSRVQPGGHGPVNQEGLDFYRRLV 50 
 
Anoxybacillus sp     HELLENDIEPMLTIYHWDMPQALQEKGGWENRDIVHYFREYAEFLYKNLG 100 
ACL38401             NELLENDIEPMLTIYHWDMPQALQEKGGWENRDIVYYFQEYASFLYENLG 94 
ABV987405            DQLLKQGIEPMATIYHWDLPQALEDQGGWQNREMVDHFEQYASFLYEELG 83 
ACJ34717.1           DELLAAGITPWLTLYHWDLPQALEDNGGWANRDTAYRFADYAALMHSVLG 86 
WP_025027279.1       DQLLANGIEPWLTLYHWDLPQPLEDAGGWPTRDTSARFAEYTSLVAGALG 100 
                   

Anoxybacillus sp     DVVKKWITHNEPWVVTYLGYGNGEHAPGIQNFTSFLKAAHHVLLSHGEAV 150 
ACL38401             DVVKKWITHNEPWVVTYLGYGNGEHAPGIQSFKSFLAAAHHVLLSHGEAV 144 
ABV987405            DVVKKWITHNEPWVVAYLGYGNGEFAPGIKGFEEYLRAAHHVLLSHGKSV 133 
ACJ34717.1           DRVRIWTTLNEPWCSAFLGYAAGIHAPGRQEPRAALAAAHHLLLGHGLAA 136 
WP_025027279.1       DRVRYWTTLNEPWCSAFLGYGSGAHAPGRSDPADAVRAGHHLMLGHGLAV 150 
      

Anoxybacillus sp     KAFREIGSKDGEIGITLNLTPGYAVDPQDEKAVDAARKWDGFMNRWFLDP 200 
ACL38401             KAFRSIGPKDGEIGITLNLTPGYAVDLKDERAVDAARKWDGFMNRWFLDP 194 
ABV987405            SAFREKGPKDGQIGITFNLNSTYAGSPSRE-DQEAARRYDGFLNRWYLDP 182 
ACJ34717.1           AELRRRD-TEASLGITLNLTVSDPRDPGSESDRDAARRIDGQFNRIFLDP 185 
WP_025027279.1       QALRSSARSDAEVGVTVNLYPVTP-ATDSPGDADAARRIDALANRFFLDP 199 
       

Anoxybacillus sp     VFKGHYPQDMLEVY-KDYLPDVYREGDLQTIQQPIDFFGFNYYS------ 245 
ACL38401             VFKGKYPTDMLEVY-KDYLPDVYKEGDLQTIQQPIDFFGFNYYS------ 237 
ABV987405            VFKGEYPKDMLDLYLQKYNLDFVQDGDLKAISQPIDFLGINYYS------ 226 
ACJ34717.1           LFRGEYPADVLADVAHLGMADLVQDGDLELIATPLDLLGVNYYHGESLTK 235 
WP_025027279.1       LLRGAYPVDLMLDLERVADFGHVHEGDLDTIAAPLDLVGINYYS------ 243 
 

Anoxybacillus sp     -----TATLKDWKKGER------------EPIVFEHVSTGRPVTDMNWEV 277 
ACL38401             -----TATLKDWKKGER------------EPIVFEHVSTGRPVTDMNWEV 270 
ABV987405            -----IMTALDESQAE-------------DVLKFQALKTGRPTTAMDWEI 258 
ACJ34717.1           DLAGAQEQAAPETTSVPGQATRAVASPFVAADGARSVRRGLPVTGMGWEV 285 
WP_025027279.1       ----RHVVAAPAAQAPP-QPYWRTPSCWPGSEHVRFVTRGVPVTDMDWEI 288 
                    

Anoxybacillus sp     NPNGLFDLLVRLKNDYG---DIPLYITENGAAYKDFINEQGKVEDDERVA 324 
ACL38401             NPNGLFDLLVRLKKDYG---DIPLYITENGAAYKDFVNEDGKVEDDERIT 317 
ABV987405            EPNGLFDLLVRINKEYCS--KTPIFITENGAAFEDQVVN-GEIMDDDRLD 305 
ACJ34717.1           QPEGLRRLLNRLHTEYTGPAGIPIYITENGAAYDDVPDATGFVDDQDRLG 335 
WP_025027279.1       DPPGLVETLQRVYEEYT---DLPLYVTENGSAFVDT-VVEGHVDDPDRVA 334 
      

Anoxybacillus sp     YIQEHLAACHRAIEQGVNLRGYYVWSLFDNFEWAFGYDKRFGIVYVDYET 374 
ACL38401             YIQEHLMACHRAIEQGVKLKGYYVWSLFDNFEWAFGYDKRFGIVYVDYET 367 
ABV987405            YIKQHLQACHKGIEHGINVSGYYVWSLLDNFEWASGYEKRFGIVHVDFDS 355 
ACJ34717.1           FFAAHLDAVHRAIADGVDVRGYLAWSLLDNFEWSFGYHQRFGMVRVDYCT 385 
WP_025027279.1       YFDAHLRAAHQAITAGVPLRGYFAWSLMDNFEWAWGYTKRFGMIHIDYRS 384 
 
Anoxybacillus sp     LERIPKKSALWYKETI----------------------- 395 
ACL38401             LERIPKKSALWYKETIMNNGLIDQ--------------- 391 
ABV987405            LKRTPKKSALWYKEVISNQGCFE---------------- 378 
ACJ34717.1           QDRIPKASALWYSSVASGNALPAGSSPVPPPARGVVLSV 424 
WP_025027279.1       QVRTLKSSGRWYAEVIRRNGLAAQ--------------- 408 
 

Figure 5.2. Alignment of the deduced-amino acid sequence of the Anoxybacillus sp. 

KTC2 β-glucosidase and related GH1 enzymes, Arthrobacter chlorophenolicus, 

Salinispora arenicola, Anoxybacillus flavithermus WK1 and Bacillus mannanilyticus. 

The conserved catalytic central in GH1 are shown in grey background with E as the 

catalytic amino acid.  
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Secondary structure prediction was done through web based tools, I-TASSER 

server. The crystal structure was modelled against the Ruminiclostridium 

thermocellum β-glucosidase A (Figure 5.3 B), a GH 1 family enzyme that hydrolyses 

terminal non-reducing β-D-glycosyl residues with the release of a β-D-glucose (Yang 

et al., 2015).  Sequence alignment of the two enzymes (Figure 5.3 C) and active site 

prediction through I-TISSER showed the same catalytic amino acid observed for 

GH1 family enzymes (Figure 5.2). Based on the template model, the first catalytic 

amino acid at position 164 is predicted to be a proton donor while the catalytic amino 

acid at position 354 is predicted to be a nucleophile.  

 

 
Figure 5.3. The predicted tertiary structure of the Anoxybacillus sp. KTC2 

β-glucosidase (A), the secondary protein structure of β-glucosidase A from 

Ruminiclostridium thermocellum (B), and sequence alignment of the two protein 

sequences (C).  
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5.3.2 Cloning of the Anoxybacillus sp. KTC2 β-glucosidase gene 

The β-glucosidase gene was amplified using gene specific primers BGLF1/BGLR1. 

DNA analysis of the PCR amplicon showed a single band of 1423 bp in size (Figure 

5.4). This was the expected size range based on the β-glucosidase gene sequence 

obtained from whole genome sequencing (section 5.3.1).    

 

Figure 5.4. PCR amplification of the β-glucosidase gene amplicon. The gene was 

amplified from Anoxybacillus sp. KTC2 genomic DNA. Lane M, GeneRuler 1kb DNA 

Ladder, Lane 1, β-glucosidase gene. 
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The amplified gene was cloned into pTYB21 expression vector and transformed into 

E. coli T7 and the cells propagated on LB medium with ampicillin to maintain plasmid 

selection. The presence of the β-glucosidase gene was confirmed through 

sequencing (Figure 5.4). 

Anoxybacillus sp. KTC2       MIRFPKHFIWGAATSSYQIEGTATGEDKVYSIWDHFSRIPGKVANDDNGD    50                                                                    
Anobaxycillus sp. KTC2        --------------------------------------------------------------------------------------      0 

Anoxybacillus sp. KTC2       IAIDHYNRYVEDVALMKALHLKAYRFSTSWARLYSETPGKFNEKGLDFYK       100 
Anoxybacillus sp. KTC2      -------------------------MKALHLKAYRFSTSWARLYSETPGKFNEKGLDFYK       35 
      *************************************   
Anoxybacillus sp. KTC2       RLVHELLENDIEPMLTIYHWDMPQALQEKGGWENRDIVHYFREYAEFLYK    150 
Anoxybacillus sp. KTC2      RLVHELLENDIEPMLTIYHWDMPQALQEKGGWENRDIVHYFREYAEFLYK    85 
                                               ****************************************************** 
Anoxybacillus sp. KTC2       NLGDVVKKWITHNEPWVVTYLGYGNGEHAPGIQNFTSFLKAAHHVLLSHG  200 
Anoxybacillus sp. KTC2      NLGDVVKKWITHNEPWVVTYLGYGNGEHAPGIQNFTSFLKAAHHVLLSHG  135 
                 ******************************************************* 
Anoxybacillus sp. KTC2       EAVKAFREIGSKDGEIGITLNLTPGYAVDPQDEKAVDAARKWDGFMNRWF  250 
Anoxybacillus sp. KTC2      EAVKAFREIGSKDGEIGITLNLTPGYAVDPQDEKAVDAARKWDGFMNRWF  185 
                                               ******************************************************* 
Anoxybacillus sp. KTC2       LDPVFKGHYPQDMLEVYKDYLPDVYREGDLQTIQQPIDFFGFNYYSTATL       300 
Anoxybacillus sp. KTC2      LDPVFKGHYPQDMLEVYKDYLPDVYREGDLQTIQQPIDFFGFNYYSTATL       235 
                                               ***************************************************** 
Anoxybacillus sp. KTC2       KDWKKGEREPIVFEHVSTGRPVTDMNWEVNPNGLFDLLVRLKNDYGDIPL   350 
Anoxybacillus sp. KTC2      KDWKKGEREPIVFEHVSTGRPVTDMNWEVNPER-LVRLACSLKNDYVTFRI   285 
                                               ***********************************      *     *      ***** 
Anoxybacillus sp. KTC2       YITENGAAYKDFIN-EQGKVEDDERVAYIQEHLAACHRAIEQ--GVNLRGYY     399 
Anoxybacillus sp. KTC2      HYRNGAAYQDFYHEQGKVETNERXAVXTEHLASVSSCID-QXGXTX-------      330 
                                                      ******   **     ******       **  *        ***                   *   *              
Anoxybacillus sp. KTC2       VWSLFDNFEWAFGYDKRFGIVYVDYETLERIPKKSALWYKETIINNGFEM      449                                                              
Anoxybacillus sp. KTC2       --------------------------------------------------------------------------------------      330 

Anoxybacillus sp. KTC2       KRYK    453                       
Anoxybacillus sp. KTC2      ------     330 

 

 

Figure 5.5. Sequence alignment of the deduced-amino acid sequence of the 

Anoxybacillus sp. KTC2 β-glucosidase from whole genome sequencing and the 

cloned gene (bold), showing the high sequence similarity between the two 

sequences.   

 

 



 

89 
 

5.4. Discussion and conclusion  

Recombinant technology may help combat the high cost of cellulases through the 

use of expression systems such as E. coli. Overexpression of recombinant 

cellulases will lower the cost of enzymes in bioethanol production. Thermostable 

enzymes are highly specific and thus have considerable potential for many industrial 

applications. The enzymes can be produced by thermophilic microorganisms through 

either optimised fermentation or cloning of genes into fast-growing mesophiles such 

as E. coli (Haki and Rakshit 2003).  

Sequence analyses of the translated protein revealed that, the β-glucosidase gene 

has high sequence homology to other GH1 family enzymes. The protein shared 

conserved regions with related GH1 enzymes as well as the catalytic amino acids. 

The β-glucosidase gene has the two TL/FNEP AND I/VTENG motifs that have 

glutamic residues involved in the catalysis of β-glucosidic bonds as consistent with 

GH1 family enzymes (Li. 2012, Bai et al. 2013). Additionally, the gene sequence 

shows E as the catalytic amino acid as observed in β-glucosidase genes from 

Caldiecellulosiruptor bescii and a β-glucosidase gene isolated from a metagenomic 

library (Li. 2012, Bai et al. 2013).  Characterisation based on the sequence 

information is done using protein similarities from a structural point of view 

(Singhania et al. 2013). Glycosyl hydrolases are enzymes that hydrolyse the 

glycosidic bonds between carbohydrates or between carbohydrates and non-

carbohydrate moieties. Although GH enzymes have similar catalytic functions, the 

different families have different 3D folds (Pozzo et al. 2010, Garvey et al. 2013, 

Florindo et al. 2018 ).  

The tertiary structure of the Anoxybacillus sp KTC2 β-glucosidase was modelled 

against similar proteins in protein data bases though the I-TISSER server. The 

Anoxybacillus sp KTC2 β-glucosidase was modelled against a GH1 family enzyme, 

β-glucosidase A isolated from Ruminiclostridium thermocellum, with a confidence 

score (C score) of 1.32. The confidence score estimates the quality of the predicted 

model at a range of -5 to 2 (Roy et al. 2010, Yang et al. 2015). The ligand binding 

sites/catalytic sites of the β-glucosidase were confirmed at a C score of 0.97 (score 

range 0 - 1). The high C-score obtained confirms the amino acids at position 164 and 

354 as catalytic sites for studied β-glucosidases. Furthermore, modelling against a 
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GH1 family enzyme with catalytic activity against cellulose confirms the activity of the 

current enzyme. 
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSIONS 

6.1. Discussion and conclusion  

The main aim of the study was to find a thermostable β-glucosidase enzyme, that 

could be added to commercial cellulase preparations, with low β-glucosidase activity. 

The addition of a β-glucosidase was to increase the saccharification efficiency of 

cellulase the cocktail, for use in bioethanol production. A hot geyser was chosen for 

the isolation of thermophilic cellulase-producing bacteria, to increase the likelihood of 

obtaining thermostable enzymes. 

A thermophilic bacterial strain with potential as a source of industrial enzymes was 

isolated and characterised. The bacterium produced a thermostable β-glucosidase 

and may be a source of more industrially important enzymes. The observation is 

based on the bacteria’s ability to hydrolyse substrates such as starch and lipids.  

Phylogenetic analysis based on the 16S rDNA gene sequence indicated that the 

strain belonged to the genus Anoxybacillus. However, comparison of the 

physiological and biochemical characteristics with other Anoxybacillus strains, 

suggests that the strain may be novel. The bacterium was denoted as Anoxybacillus 

sp. KTC2. 

Anoxybacillus sp. KTC2 was able to grow on cellobiose as the main carbon source. 

The strain produced very low amounts of both the endoglucanases and 

cellobiohydrolases which are responsible for the hydrolysis of the crystalline 

cellulose to produce cellobiose. This is consistent with literature that indicates that 

most bacterial species have an incomplete cellulase system, rendering them 

inefficient in cellulose hydrolysis (Kalyani et al. 2013).  

The β-glucosidase enzyme has a potential application in biomass conversion to 

fermentable sugars; as part of a cellulose cocktail with commercial cellulases. This is 

evident from the increase in saccharification efficiency of the commercial cellulase 

preparation when mixed with the Anoxybacillus sp. KTC2 β-glucosidase. The 
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addition of external β-glucosidases to commercial cellulase preparations of fungal 

origin, is a commonly used and documented industrial practice (Florindo et al. 2018 

). The β-glucosidase enzyme has been proven to be the limiting factor in the 

enzymatic hydrolysis of cellulose by T. reesei cellulases (Florindo et al. 2018 ).  

Anoxybacillus sp. KTC2 β-glucosidases exhibited the crucial characteristics required 

for an industrial enzyme and an enzyme that would be beneficial during the 

saccharification step in biofuel production. An ideal industrial β-glucosidase should 

be active over a wide pH range, should be stable at high temperatures and exhibit 

high catalytic efficiency (Diogo et al. 2015, Alves et al. 2018). All these 

characteristics were observed in the Anoxybacillus sp. KTC2 β-glucosidase. The 

enzyme had a pH range of 5.0-7.5, retained almost 100% residual activity after 24-

hour incubation at 50˚C and had high catalytic activity as well as specificity towards 

cellobiose. 

Sequence analyses of the deduced amino acid sequence revealed that the 

β-glucosidase enzyme belongs to the GH1 family enzymes. β-glucosidases have 

been classified into families GH1, GH2, GH3, GH5, GH9, GH30 and GH116. 

However, GH3 and GH5 are documented to be the most relevant β-glucosidases, for 

biotechnological applications. The β-glucosidase enzyme in this study shows great 

potential as an industrial enzyme although it belongs to the GH1 family. 

In conclusion, the Anoxybacillus sp. KTC2 β-glucosidase has shown great potential 

as an industrial strain due to its high catalytic activity and thermostability. 

 

6.2 FUTURE WORKS. 

Protein expression studies will be conducted on the cloned Anoxybacillus sp. KTC2 

β-glucosidase gene.  
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APPENDIX 

atgattcgctttccgaaacattttatttggggcgcggcgaccagcagctatcagattgaa 

ggcaccgcgaccggcgaagataaagtgtatagcatttgggatcattttagccgcattccg 

ggcaaagtggcgaacgatgataacggcgatattgcgattgatcattataaccgctatgtg 

gaagatgtggcgctgatgaaagcgctgcatctgaaagcgtatcgctttagcaccagctgg 

gcgcgcctgtatagcgaaaccccgggcaaatttaacgaaaaaggcctggatttttataaa 

cgcctggtgcatgaactgctggaaaacgatattgaaccgatgctgaccatttatcattgg 

gatatgccgcaggcgctgcaggaaaaaggcggctgggaaaaccgcgatattgtgcattat 

tttcgcgaatatgcggaatttctgtataaaaacctgggcgatgtggtgaaaaaatggatt 

acccataacgaaccgtgggtggtgacctatctgggctatggcaacggcgaacatgcgccg 

ggcattcagaactttaccagctttctgaaagcggcgcatcatgtgctgctgagccatggc 

gaagcggtgaaagcgtttcgcgaaattggcagcaaagatggcgaaattggcattaccctg 

aacctgaccccgggctatgcggtggatccgcaggatgaaaaagcggtggatgcggcgcgc 

aaatgggatggctttatgaaccgctggtttctggatccggtgtttaaaggccattatccg 

caggatatgctggaagtgtataaagattatctgccggatgtgtatcgcgaaggcgatctg 

cagaccattcagcagccgattgatttttttggctttaactattatagcaccgcgaccctg 

aaagattggaaaaaaggcgaacgcgaaccgattgtgtttgaacatgtgagcaccggccgc 

ccggtgaccgatatgaactgggaagtgaacccgaacggcctgtttgatctgctggtgcgc 

ctgaaaaacgattatggcgatattccgctgtatattaccgaaaacggcgcggcgtataaa 

gattttattaacgaacagggcaaagtggaagatgatgaacgcgtggcgtatattcaggaa 

catctggcggcgtgccatcgcgcgattgaacagggcgtgaacctgcgcggctattatgtg 

tggagcctgtttgataactttgaatgggcgtttggctatgataaacgctttggcattgtg 

tatgtggattatgaaaccctggaacgcattccgaaaaaaagcgcgctgtggtataaagaa 

accattattaacaacggctttgaaatgaaacgctataaa 
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Figure 1. The β-glucosidase nucleotide sequence and an Illustration of the 
glucosidase gene position on contig 80.   
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L L V R L K N D Y G D I P L Y I T E N G A A Y K D F I N E Q G K V E D D E R V A Y I 
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Y V D Y E T L E R I P K K S A L W Y K E T I I N N G F E M K R Y K 

 

Figure 2. Deduced amino acid sequence of the β-glucosidase enzyme from the 

bacterium Anoxybacillus sp KTC2. 

 

 

 

Figure 3. DNA analysis of the Anoxybacillus sp KTC2 genomic DNA. Lane 1 and 2: 

The extracted genomic DNA with a molecular weight larger than the 10000bp. Lane 

M: GeneRuler 1kb DNA Ladder.  
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The pTYB21 expression vector and the β-glucosidase Insert were double digested 

with restriction enzymes SalI and NdeI. Restriction analysis of the vector shows a 

linearized vector (Figure 5.4 A).  

 

 

Figure 4: Restriction analysis of Ptyb21 expression vector (figure A). Lane 1 shows 

the unrestricted vector, showing both the nicked and supercoiled plasmid forms. 

Lane 2 and 3 show a linear double digested ptyb21 Vector. Figure B shows the 

double digested β-glucosidase PCR amplicon in both lane 1 and 2. Lane M: 

GeneRuler 1kb DNA Ladder   
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