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Sequence and Function Based Screening of the Goat Rumen Metagenome for Novel 

Amylases 

 

General Abstract 

 

During one of our preliminary studies in 2015, metagenomic DNA extracted from the goat 

rumen was sequenced and  the in silico mining of the biorefining enzyme showed the presence 

of significant number of different biocatalysts, such as amylases (E.C 3.2.1.1), xylanases (E.C 

3.2.1.8), pectinases (E.C 3.2.1.15) and cellulases (E.C 3.2.1.4). Hence, a subsequent study was 

conducted which is aimed at extracting metagenomic DNA from the goat rumen, constructing 

the metagenomic library using pCC2-FOS™ plasmid vector (Epicentre®), and eventually 

screening the constructed library for potential novel amylases using soluble starch as a 

substrate. Accordingly, rumen digesta was aseptically collected from four compartments of 

each goat and pulled before extraction of metagenomic DNA. The conventional CTAB 

protocol was modified to extract the metagenomic DNA from the rumen digesta. As a result, 

high molecular weight DNA was obtained and used to construct the metagenomic fosmid 

library. Since the host (Escherichia coli EPI 300-T1r) supplied with CopyControlHTP Fosmid 

Library Production Kit has background amylase expression we opted for a knockout E. coli 

strain with deleted starch hydrolysis (amylase expression) pathway. The library was 

subsequently screened for the presence of amylase isoforms using soluble starch as a substrate. 

Therefore, for the purpose of this study, four fosmids clones showing amylase activity were 

selected, recombinant vector isolated and MiSeq-sequenced. Out of four recombinant proteins, 

only one (pET30a(+)-amy-vut12) was successfully expressed. Subsequently, pET30a(+)-amy-

vut12 was further characterize physicochemically. Interestingly, the recombinant enzyme 

showed maximum activity in the pH and temperature ranges of 6.0 - 8.0 and 70 - 90oC, 

respectively. Hence, this implies that novel recombinant protein has sound activity from acidic 

to alkaline pH range and potently thermostable. Further work should be done to optimize and 

improve the solubility of three other recombinant proteins (pET30a(+)-amy-vut2, pET30a(+)-

amy-vut9 and pET30a(+)-amy-vut14) studied, which might harbour important traits. Most 

importantly, immobilization as well as crystallographic studies of pET30a(+)-amy-vut12 and 

downstream applications should further be investigated.   

 

Keywords: Starch, Metagenomics, Rumen, Amylases. 
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Literature Review on Sequence and Function Based Screening of the Goat Rumen 

Metagenome for Novel Amylases 

 

Abstract 

 

Starch is a polysaccharide or a complex carbohydrate molecule that is naturally occurring in a 

variety of plants, and it is required by many organisms for utilization as a source of fuel. 

However, due to its complexity, starch should be degraded or broken down into simple 

fermentable sugars (such as glucose, maltose, and maltotriose) to facilitate ease of assimilation. 

Although chemicals were formerly used industrially to break down starch into fermentable 

sugars and oligosaccharides, enzymatic hydrolysis of starch is now a preferred method for 

complete degradation and liberation of these fermentable sugars. In association with other 

industrial enzymes, amylases are considered to be the most prominent enzymes due to their 

exploration in many applications such as pharmaceutical, food, detergent industry, and many 

others. Most of the enzymes that are applied in the industry are of microbial origin, and to 

capture these enzymes from a selected microbial population, technique progression for 

biotechnological and pharmaceutical research has extended insight on the complexity of 

microbial ecosystems. Accordingly, metagenomics is an advanced approach that is recently 

employed in molecular biology to access microbial ecosystems, and it is widely applied with 

the effort of mining novel biocatalysts for industrial applications. As a potential source, the 

goat rumen is rich with a consortium of microbes for the detection of novel biocatalysts, and 

as far as literature reviews are concerned, no intensive work has been reported yet. Therefore, 

it represents a comprehensive source for the profiling of novel biocatalysts. 

 

Keywords: Starch, Metagenomics, Biocatalysts, Goat rumen, Microbes, sequence-based, 

Function-based. 
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1.1 Introduction 

 

A variety of green plants produce starch which is used as energy storage. It is a significant 

source of carbohydrate that is required by human diet worldwide, and can be obtained from 

several sources. Starch and starch-containing substrates are utilized in food, textiles, alcohol, 

and other applications as a starting material. Hence, the starch industry has a significant stake 

in the market (Gopinath et al. 2017).  

 

Starch is composed of two major components known as amylose and amylopectin. These 

components differ in their composition of linear or branched glucose molecules. Accordingly, 

the former is composed of linear glucose molecules, which are attached by α1→4 glycosidic 

bonds, while the latter is composed mainly of branched glucose molecules, which are branched 

by α1→6 glycosidic bonds (Pérez and Bertoft 2010). Amylolytic enzymes widely known as 

amylases are required to hydrolyze glycosidic bonds and release fermentable sugars that 

ultimately serve as fuel for living organisms. Amylases are produced by animals (salivary 

amylases and pancreatic amylases), plants and microbes. However, that are dominant in the 

industry are of microbial origin. Accordingly, microbial amylases are extensively used in the 

food industry, detergent industry, paper and pulp, bioremediation and textile. Microbes, in 

general, are a preferred source of many industrial enzymes because they are readily available, 

can be genetically modified with ease to obtain high yields toward the desired trait, 

inexpensive, and can grow under adverse conditions. Moreover, microbial enzymes are mostly 

stable thus leading to less energy being consumed during industrial applications (Sindhu et al. 

2017; Tiwari et al. 2015a). 

 

The vast majority of the world’s genomic diversity is hidden in uncultured and untapped 

microbial sources. The goat rumen microbiome harbours one of under exploited rich microbial 

niches. Goats (Capra aegagrus hircus) are well-known ruminants for having a diverse feeding 

habit, eating almost anything that is presented to them including plastics, which makes their 

microbiome a highly dynamic and ideal source of novel biocatalysts. Amylases are among 

other dominant groups of enzymes that can be profiled in the goat rumen (Gupta et al. 2003). 

 

Microorganism in the rumen can be accessed via two different techniques known as the culture-

dependent method and culture-independent (metagenomics) approach, dealing with less than 

1-10% and 100% of the population, respectively. This study, therefore, covers the isolation of 
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goat rumen metagenome, construction of metagenomic library, functional screening of the 

library, and sequencing of the positive fosmid clones, in silico analysis of sequences, cloning, 

expression and physicochemical characterization of the recombinant proteins. In this particular 

chapter recent literatures related to the subject matter are dealt with sufficient detail.  

 

1.2 Literature Review 

 

1.2.1 Amylases 

 

As mentioned in the introduction, amylases are one of the major enzymes that hydrolyze starch, 

and other related polymers into simple fermentable sugars (Saini et al. 2017; Tiwari et al. 

2015a). These simple sugars in starch are held together by glycosidic bonds, which are then 

hydrolyzed by amylases during the breakdown of the polymer (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Hydrolysis of glycosidic bonds into maltose molecules by amylase. 

 

Amylases are one of the most prominent hydrolases (Table 1.1) and have been exploited in a 

wide range of industries for their thermostability and other valuable characteristics (Patel et al. 

2016; Porter et al. 2016).  
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Table 1.1: Commission number, class, reactions catalyzed and enzyme examples of the corresponding 

classes.* 

Commission No:  

 Class 

Reaction catalyzed Enzyme example(s) with 

trivial name 

EC 1: 
Oxidoreductases 

Oxidation and reduction reactions by 
the transfer of hydrogen and oxygen 
atoms or electrons from one molecule to 
another. 

Dehydrogenases, 
oxidases, peroxidases 

EC 2: 
Transferases 

Transfer of different functional groups 
such as methyl-, acyl-, amino- or 
phosphate from one molecule to 
another.  

Transaminases, kinases, 
transketolases 

EC 3: 
Hydrolases 

Formation of two products from the 
breakdown of molecules with the help 
of water (hydrolysis).  

amylases, proteases lipases, 
phosphatases, peptidases  

EC 4: 
Lyases 

Removal of groups to form double 
bonds or addition of groups to double 
bonded molecules.  

Decarboxylases, pectate lyases 

EC 5: 
Isomerases 

Structural transformation of the same 
molecule by transferring groups from 
one position to another  

Mutases, isomerases  

EC 6: 
Ligases 

Joining of two molecules by synthesis 
through covalent bonding with a 
simultaneous breakdown of ATP. 

Ligases, synthetases 

 

* Sourced from (Singh et al. 2016). 

 

There are various types of amylases, and they are classified according to how they act on the 

substrate. The next sub-section describes in detail the primary substrate of amylases, mode of 

action, and the structural variations of amylases. 

 

1.2.2 Mode of action and structure variation 

 

The primary substrate of amylases is the starch polymer, also known as amylum. Starch, is the 

most abundant polysaccharide on earth after cellulose, Green plants produce starch as a result 

of photosynthesis for utilization as a carbon source, and energy storage material. This complex 

carbohydrate consists of many repetitive glucose molecules that are attached by glycosidic 

linkages. It is a crucial constituent of the human diet and a primary storage product of many 

economically important crops. The major sources of starch are corn (maize) (Figure 1.2), 

wheat, potato, rice and tapioca (Buléon et al. 1998). 
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Figure 1.2: Maize, the most abundant source of starch (Jakobsen 2016). 

 

Below we will briefly discuss the major components of Starch. Starch is mostly a pure white, 

tasteless, and odorless powder that is soluble in cold water or alcohol. It is composed of two 

molecules; linear amylose and branched amylopectin (Figure 1.3). They both consist of D-

glucose units at the same carbon conformation. However, the bondage or linkages of these D-

glucose units differ in both molecules; in amylose, there are approximately 6000 glucose units, 

and they are bonded through the α1→4 linear glycosidic bonds whereas, in amylopectin, short 

linear chains linked by α1→4 are branched by the α1→6 glycosidic bonds which are ultimately 

responsible for the overall branching points. Usually, amylose makes up approximately 20-

30% of the starch and amylopectin make 70-80% of the starch. The structure, and composition 

of both these molecules depend highly on the source of the starch. Examples include amylo-

maizes which contain over 50% of amylose whereas ‘waxy’ maize has almost none (~3%) 

(Swinkels 1985; Nakamura 1996; Li and Yeh 2001; Singh et al. 2003; Muralikrishna and 

Nirmala 2005). 

 

 

Figure 1.3: Starch consists of two polymers; (A) Amylose is a linear polymer that consists of 

approximately 6000 glucose units that are attached by α1→4 glycosidic linkages and (B) amylopectin 

has short α1→4 linked to linear chains of 10-60 glucose units that are branched by α1→6 linked to side 

chains with 15-45 glucose units (Alcázar-Alay and Meireles 2015). 
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As mentioned above, starch is a significant component of food and feed as a source of 

carbohydrate for living organisms. However, due to its complexity, it should be broken down 

into fermentable sugar molecules for it to be assimilated by organisms for utilization as fuel, 

and further find its use in industrial applications.  

 

Ultimately, the hydrolysis of starch results in glucose monomers, maltodextrin, modified 

starches, or glucose syrups. This process requires a consortium of amylolytic enzymes to occur. 

Figure 1.4 shows the starch, and sucrose metabolism. Some of the amylolytic enzymes that are 

involved in starch metabolism are highlighted in green and red markings. 

 

Figure 1.4: Starch and sucrose metabolism. Adopted from the KEGG database. The goat is used as the 

reference organism. Highlighted in green and red markings are some of the enzymes involved in starch 

metabolism. 

 

Amylases act differently on the starch, and how they hydrolyze the bonds on the starch is 

accountable for their classification. Hence, they are broadly classified into four distinct 
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categories, and accordingly named as, endoamylases, exoamylases, debranching amylases, and 

glucotransferases. The mechanism of action, selected examples from each group and structural 

variations are outlined in the subsequent subsections. 

 

1.2.2.1 Endoamylases 

 

Endo-acting amylases are the first group of amylases. Accordingly, alpha amylase (Figure 1.5) 

is one of the most used in the industry and well-studied enzyme that falls under this group.   

 

Figure 1.5: (1) Schematic diagram of the action of alpha amylase on starch and (2) the three-

dimensional structure of α-amylase with a Ca2+ in the middle (Ramasubbu et al. 1996). 

 

Known as α1→4 glucan-glucanohydrolase, alpha amylase cleave the α-1,4 glycosidic linkages 

in the internal part of the linear amylose and branched amylopectin chain to yield 

oligosaccharides with varying lengths, and α-limit dextrins, respectively that ultimately 

contributes to the branched oligosaccharides (Aiyer 2005; Walsh 2014). 

 

It is crucial to note that generally, endo-acting amylases cannot cleave the α1→6 of 

amylopectin, one exception, however, being the α-amylase produced by Thermoactinomyces 

vulgaris, which has been reported to hydrolyze both α1→6 and α1→4 glycosidic linkages in 

trisaccharides (Sakano et al. 1983).  Most α-amylases are metalloenzymes and thus require a 

calcium ion for their function and stability. Compared to the other groups of amylases, α-

amylases act at a faster rate because they degrade the starch at random locations (Sarian 2016; 
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Tiwari et al. 2015a). General optimum pH for known endoamylases ranges from 6.7-7.0 

depending on the source of the enzyme (Sundarram and Murthy 2014). 

 

1.2.2.2 Exoamylases  

 

Unlike endoamylases that randomly catalyze the starch at any location, exoamylases are a 

group of enzymes that act from the non-reducing end of a polysaccharide chain to generate 

small oligo- and monosaccharides such as maltose by β-amylase or the smallest monomer 

glucose by glucoamylase. There are three well-known types of exo-acting amylases in the 

starch degradation process; (1) β-amylase (EC 3.2.1.2) that exclusively act on the α1→4 

glycosidic bonds at the non-reducing ends of the substrate to ultimately yield maltose and β-
limit. Animal tissues do not contain this type of amylase, however, is has been reported to be 

present in microbes inhabiting the digestive tract (Gurung et al. 2013), this finding further 

cements the potential of the digestive tract of animals as a source of potent enzymes. (2) 

Glucoamylase (3.2.1.3) hydrolyzes the α1→4 glucosidic bonds at the non-reducing end of 

amylose to generate glucose monomers in the β-configuration and even though, at a slower 

rate, it further acts on the α1→6 glucosidic bonds (branch points) of amylopectin to generate 

glucose molecules (Figure 1.6).  

 

Figure 1.6: (1) Schematic diagram of the action of glucoamylase on starch and (2) the three-

dimensional structure of glucoamylase from Saccharomycopsis fibuligera (Sevcik et al. 1998). 
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Glucoamylases are capable of reversing hydrolysis reactions to produce maltose and 

isomaltose, which in turn has a great significance in the industrial process where sugar content 

is present (Negi and Vibha 2017).  

 

Accordingly, glucoamylase has been reported to be utilized in the production of dietary fiber 

and low-calorie beer in the food and brewing industry and most active at pH 3  (Hii et al. 2012; 

Gurung et al. 2013).  Hence, the most distinguishing feature of glucoamylase is the ability to 

operate under acidic conditions (pH <3). The third type of amylase in the exo-acting group is 

(3) α-glucosidase (3.2.1.20), this type of amylase acts on the external glucose residues of either 

amylose or amylopectin and both to ultimately yield glucose molecules (Sarian 2016).  

 

1.2.2.3 Debranching Amylases 

 

As the word debranching points it out, this group of amylases catalyzes the hydrolysis of α1→6 

glucosidic bonds (branch points) in amylopectin and or glycogen and other related polymers to 

generate linear molecules (Figure 1.7). An example of a debranching enzyme is isoamylase 

(EC 3.2.1.68). Some of the enzymes in this group have been reported to operate at temperatures 

above 100oC (Hii et al. 2012) and alkaline pH ranging from 8.5 to 12 (Hatada et al. 2001).   

 

Figure 1.7: (1) Schematic diagram of the action of isoamylase on starch and (2) the three-dimensional 

structure of isoamylase 1 from Chlamydomonas reinhardtii (Sim et al. 2014). 

 

1.2.2.4 Glucotransferases 

 

The last group of amylases cleaves the α1→4 glycosidic bond of the donor molecule and 

transfer a portion of the donor to a glycosidic acceptor with the formation of a new glycosidic 
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bond. Enzymes such as amylomaltase (EC 2.4.1.25) and cyclodextrin glycosyltransferase (EC 

2.4.1.19) form a new α1→4 glycosidic bond while branching enzymes (EC. 2.4.1.18) 

establishes a new α1→6 glycosidic bond (Van Der Maarl et al. 2002). A unique feature of 

amylomaltase is that it can catalyze the cyclization reaction of amylose to generate cyclodextrin 

molecules (Rachadech et al. 2015). Once the cyclodextrins have been created, the 

amylomaltase is then inactivated, and glucoamylase is introduced to catalyze the hydrolysis of 

the linear oligosaccharides to produce glucose monomers. Accordingly, Figure 1.8 shows the 

action of amylomaltase. Amylomaltase has been found to be active at thermophilic 

temperatures ranging from 50-90oC (Hii et al. 2012). 

 

Figure 1.8: (1) Schematic diagram of the effect of amylomaltase on starch (Fujii et al. 1998) and (2) 

the three-dimensional structure of amylomaltase from Thermus aquaticus (Przylas et al. 2000). 

 

1.2.3 Sources of microbial amylases 

 

Amylases are diversified among different sources such as microbes, plants and animal 

kingdoms (Aiyer 2005). Even though amylases are widely distributed in these kingdoms, 

amylases from microbial sources are preferred for industrial applications due to ease of process 

modification, consistency, and rapid growth rate.  Furthermore, the bulk production of enzymes 

from microbes to meet industrial demands is cost-effective (Singh et al. 2016). Moreover, 

microbes exist in highly dynamic ecosystems where there seems to be no existence of life. 

Hence, it is expected that they should produce enzymes that can operate well under harsh 

conditions. Accordingly, microbial sources are generally dominating driving forces in the 

industry for the production of stable enzymes (Pandey et al. 2000). 
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Among microbial sources, amylases have been isolated from diversified microbes ranging from 

yeasts, fungi, and bacteria where they play an essential role in carbohydrate metabolism. 

However, bacterial and fungal strains have been reported to qualify as potent producers of 

amylases for industrial utilization. Hence, among bacterial strains, Bacillus spp. are widely 

utilized for the production of thermostable α-amylase of which Bacillus amyloliquefaciens, 

Bacillus licheniformis, and Bacillus stearothermophilus have been well-studied and are the 

most dominating in industrial application (Saini et al. 2017; Pandey et al. 2000). Other related 

genera such as Clostridium thermosulfurogenes have further been reported as potent producers 

of amylases (Siroosi et al. 2014; Waleed et al. 2015). From fungal strains, Rhizopus oryzae, 

Aspergillus awamori and  Aspergillus niger have been reported to be the major producers of 

industrial glucoamylases (Tiwari et al. 2015a; Negi and Vibha 2017).  

 

Because the processing of starch and rapid degradation of biomass at very high substantial 

concentrations requires thermostable amylases, a suitable organism is crucial for the production 

of an amylase enzyme that will meet industrial demands. The use of thermostable amylases in 

raised temperature ranges increases the rate of reactions and accelerates the overall process. 

Furthermore, processes carried out in higher temperatures are favourable because they reduce 

the risk of microbial contamination and they lower the viscosity of the reaction mixture, thus 

rendering the process cost-effective (Sarian 2016; Pandey et al. 2000). Hence, researchers now 

started focus on turned the genetic and biological diversity of microbial populations in critical 

area in scientific research for the production of amylases and other industrial enzymes with 

improved characteristics (Gurung et al. 2013).  

 

Thus, the continuous search for thermostable enzymes with enhanced characteristics has led 

scientist to explore microbes from unique niches with genomes that represent a whole untapped 

reservoir of novel biocatalysts and metabolic pathways for industrial exploration (Widder et al. 

2016). The goat rumen one of the potential sources that is rich in a consortium of microbes, 

and as far as literature reviews are concerned, no intensive work has been reported yet. 

Therefore, the goat rumen represents a comprehensive source for the profiling of novel 

enzymes in general. Accordingly, in the next section, the goat rumen is further elaborated as a 

research tool and a source of microbes for screening potential novel amylases. 
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1.2.4 Goat Rumen as a Potential Source of Microbial Amylases  

 

Ruminants are animals that have a distinctively digestive system that sets them out from all 

monogastric mammals. The digestive system of ruminant animals, also called the rumen, is 

described as a four-stomach compartment (Figure 1.9) that harbors a consortium of bacterial, 

archaeal, protozoal and fungal ecosystem collectively called the microbiome (Han et al. 2015).  

 

While the ruminants provide habitat for their microbes, the preliminary function of the rumen 

microbes is to break down the ingested feed into simple, accessible units for the animal to use 

as a source of energy. The process is achieved by the processing of starches, fibers, acids, and 

proteins to furnish useful compounds and elements to support both the growth and productivity 

of their host. Therefore, this pre-gastric, anaerobic fermentation chamber is inhabited by a 

cocktail of microbes which activate the release of amylolytic, fiber-digesting, lignocellulosic, 

proteolytic, lypolytic, and other enzymes, making the overall microbiome of ruminant origin a 

potentially rich source of biocatalysts for utilization in industrial applications. Hence, ruminant 

animals denote a mutually beneficial relationship with their microbes which serves as the 

digestive mechanism of complex ingested feed for nutrient availability. Although the ruminants 

harbor a highly diversified ecosystem of microbes, bacteria make up the most substantial 

number and the diversity of the microbial population living in the rumen. Moreover, the 

microbiome of ruminant origin is reported to be dominated by two major bacterial phyla 

Firmicutes and Bacteroidetes (Cunha et al. 2011; Patel et al. 2014a; Jewell et al. 2015). Despite 

the potential of ruminal microbes as a source of industrial enzymes, knowledge about these 

microbial diversity remains relatively unknown. 

 

 

Figure 1.9: A digestive system of a ruminant animal (https://en.wikipedia.org/wiki/Ruminant). 
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Ruminants are diverse, and they generally possess different traits, mainly due to their preferred 

diet. Usually, ruminants are born with a sterile rumen and then adapt to acquire a microbiome 

from the surroundings as they develop. For example, goats (Capra aegagrus hircus) are one 

such hardy ruminants that can thrive in stressful environments and they are exposed to a lot of 

browse and shrubs. They spend long periods grazing in hot or cold climates. Unlike cows and 

sheep, goats prefer bushes, trees, and hay to grass depending on their environment. 

Furthermore, goats have a reputation to nibble on everything (Figure 1.10), and they become 

beneficial in uprooting any poisonous vegetation (Markegard 2014). Hence, it is expected that 

the goat rumen among other ruminants is endowed with diverse microbial communities that 

could be sources of stable amylases and other biomolecules for industrial applications. 

Moreover, because the goat rumen is subjected to a variety of feed, the chances of obtaining 

potential novel biomolecules with multiple actions are higher. 

 

 

Figure 1.10: A goat eating plastic from a highly contaminated beach (Srini 2013). 

 

Tajima and colleagues studied the phylogenetic analysis of archaeal 16S rRNA libraries from 

the cow rumen which suggested the existence of a novel group of archaea associated with 

known methanogens. It was motivated by their previous study in which they explored the cow 

rumen bacterial diversity through sequence analysis of 16S rDNA libraries (Tajima et al. 1999; 

Tajima et al. 2001). In addition, other ruminants, such as sheep (Wright et al., 2006; Vasta et 

al., 2010), including reindeer (Sundset et al. 2009), the swamp buffalo (Yang et al. 2010), and 

the yak (Guo et al. 2015) have been studied. 

 

However, most studies done on the rumen have been conducted by altering the diets of these 

ruminants. Accordingly, this compromises the originating microbiome because insight into the 
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ruminant microbiome can add more value to the industrial sector if the ruminal studies can be 

done on the naturally occurring microbiome of the rumen. Ideally, research in pursuit for novel 

enzymes should be done on ruminants that are free grazing ideally in mountainous and extreme 

environments. As depicted in Figure 1.9, all ruminants, have one true stomach (abomasum) 

and three other compartments (rumen, reticulum, and omasum) which have a particular or 

unique role in the breakdown of the ingested feed (Moran 2005). 

 

The ingested feed pass through the esophagus to the first compartment; the rumen. Also called 

the paunch, the rumen is the largest compartment of all and together with the reticulum has a 

capacity of holding about 50 to 120 L of food and fluid. The rumen is sometimes described as 

a fermentation vat because this is where most microbes break down the ingesta through a 

fermentation process. The ruminal microbes are allowed to grow in a vast range of ecosystem. 

Accordingly, the rumen temperature has been reported to remain stable at 39oC (range 38oC-

42oC). Moreover, due to the alkali treatment in the rumen, the pH is maintained at a high level 

(range 6.0 to 7.0) which is suitable for growth of a vast range of microbes (Moran 2005). 

However, the temperature and pH conditions in the rumen solely depend on the ruminant’s 

environment. For instance, if the ruminant whose rumen is studied resides in the semi-arid 

regions or arctic habitats, the microbes in rumen will adjust accordingly to living under such 

conditions. 

 

There is little separation between the rumen and the reticulum. Thus, the ingested feed goes 

back and forth smoothly, and they primarily maintain the same condition because the reticulum 

serves as a hardware until the feed has been broken down satisfactorily to pass through to the 

omasum. The third chamber, omasum, serves as a giant filter to maintain the ingested feed 

inside the rumen while allowing the fluid which is made up of 90-95% of water, to pass with 

ease to the true stomach (Moran 2005). 

 

The actual stomach, abomasum, is the last compartment and serves the purpose which is similar 

to other monogastric animals. Accordingly, acid digestion rather than microbial fermentation 

is taking place in the abomasum. Moreover, gastric juices containing hydrochloric acid and 

enzymes are produced in this compartment. These gastric juices are then responsible for the 

low pH level in the abomasum which has been reported to be in the range 1.0 to 1.3 making 

the abomasum an acidic chamber with a pH of about 2. As a result, most microbes from other 

compartments die out because this compartment is only suitable for acidophiles (Moran 2005). 
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Although the ruminal microbiome is well adapted to convert ingested feed into nutrients, 

reports highlight that the goat rumen microbiota is still mostly unknown and represents an 

untapped microbial consortium. Most studies that are currently present in the literature focus 

on the rumen microbiome of sheep and other bovine-related ruminants. However, the first study 

to report the characterization of the bacterial and archaeal community structure in the rumen 

microbiome of goats (Capra hircus) from the semiarid region of Brazil was done in 2011 by 

Cunha and colleagues (Cunha et al. 2011). Accordingly, sequences confirm that bacteria from 

the phyla Bacteroidetes and Firmicutes were predominant. Moreover, the overall dominant 

classes in the rumen were Clostridia and Bacteroidia which are generally known to play a 

crucial role in plant fiber degradation in other ruminants. It can be noted as well that the 

percentage of the unclassified bacteria accounted for 4.7% and 16.4% of the liquid and solid 

fraction sequences, respectively.  

 

These data confirm that studying microbes of the goat continue to represent an area of a 

diversified microbial niche for profiling industrial enzymes and it is crucial to improving our 

understanding of these complex microbial populations and their co-operation (Han et al. 2015). 

Microbes adjust to living in harsh conditions, and they are naturally found in various 

environments where there seems to be no life. They are present in hot springs (Tekere et al. 

2011), deep-sea hydrothermal vents (Xie et al. 2011), and decaying matter to mention a few 

(Freedman et al. 2016).  

 

These extreme environments contribute to the microbial genetic diversity with capacities to 

withstand adverse condition and thus become useful for industrial applications. However, these 

diverse microbial communities can be very challenging to characterize. Hence, in the next 

section, two techniques that can be used to access the microbes producing amylases in the goat 

rumen are discussed. 

 

1.2.5 Techniques to Access Microbial Amylases in the Goat Rumen  

 

As an anoxic ecosystem, the rumen was studied by the use of microscopy and conventional 

culture-dependent techniques (Hungate 1947). However, microbes of ruminant origin are 

fastidious and difficult to culture because they are anaerobic, as a result, the rumen microbiome 

continues to represent one of the vast majority of the world's genomic diversity that is not well 
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understood. Culture-dependent techniques cover about 1-10% of the microbial diversity in a 

given ruminal sample (Figure 1.11). Hence, metagenomics has emerged with the primary 

objective of studying at least 90-99% of microbial populations from extreme environments 

(Handelsman 2004; Riesenfeld et al. 2004). The subsection to follow describes both these 

techniques in detail. 

1.2.5.1 Culture-Dependent Techniques  

 

Culture-dependent techniques require that the sample be diluted in a saline solution before 

further analysis (Figure 1.11). However, only a few organisms can grow under monitored 

conditions. The cause for ‘uncultivability’ of these microorganisms varies according to the 

ecosystem. Among others, if an organism has a low prevalence and resistance to grow in 

isolation on the standard media that can have strict growth requirements (Vartoukian et al. 

2010; Köpke et al. 2005). Accordingly, this technique underestimates the microbial diversity 

of the given environmental sample since viable microbes have not been described and 

overworked for biotechnological and other scientific research.   

 

 

Figure 1.11:  Culture-dependent method as a technique for mining microbes in a given sample. 
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As a route to overcome the difficulties and limitations in the conventional culture-based 

techniques, several DNA-based molecular methods (16S rRNA gene analysis) were developed. 

Generally, 16S rRNA gene analysis provides useful information about the taxonomy and 

species present in an environment. However, these data usually yield only limited if any 

information about the functional role of the different microbes within a given community and 

the genetic information represented in microbial diversities (Streit and Schmitz 2004). 

Accordingly, these limitations were then altered by the development of an advanced technology 

that currently provides greater access to the untapped depth of microbial ecosystems which 

have adjusted to living under a vast array of adverse conditions. This technology is known as 

metagenomics. Hence, the preceding subsection outlines the metagenomics technique and what 

it entails in more detail. 

 

1.2.5.2 Metagenomics Technique 

 

Metagenomics is referred to as the culture-independent technique which captures the genetic 

material of the entire microbial populations (genes from the microbes that are both viable and 

viable but unculturable) without the need for standard microbial isolation (Handelsman 2004). 

This approach was developed as a rapid advancement in molecular biology and allows the 

exploration of the collective genome sequences in detail and to understand the structure and 

function, interaction as well as the gradual development of microbial communities of a given 

sample (Huson et al. 2009; Smedile et al. 2014).  

  

As illustrated in Figure 1.12, metagenomics involves capturing the genetic pool of microbial 

populations derived directly from the environmental samples without the need for prior 

isolation; it incorporates the use of genomics, bioinformatics, and system biology to exploit 

these microbial populations. The process is achieved by the primary step of extracting a pure 

metagenomic DNA which can then be assessed in two major approaches, depending on the 

question at hand (Figure 1.12) (Culligan et al. 2014; Handelsman 2004). 
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Figure 1.12: An overview process of a metagenomic approach which involves either/ or both 

sequence-based screening and functional screening for novel gene discovery. Sampling of 

environmental samples (A), extraction of metagenomic DNA (B), sequence-based 

metagenomics and this approach answers questions such as, who is there (C), function-based 

metagenomics approach and answers questions such as what and how are they doing it, and 

this approach involves the construction of a metagenomic library, screening for its activity and 

further analysis of the positive clones, depending on the question at hand (D), and novel gene 

discovery (E),  adopted from (Culligan et al. 2014). 

 

Ancient studies have been populated on the soil as a source because it was believed that the 

soil is the only source that is rich with microbes. However, for the past decade, metagenomics 
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has proved that microbes do exist in extreme or difficult-to-sample environments, and this is 

where most culturable but non-viable microbes colonize. This technique is coupled with the 

expansion of Next-Generation-Sequencing (NGS) technologies and has allowed the 

exploration of comprehensive data from adverse conditions for novel gene discovery. As a 

result, metagenomics data is now available for ecosystems spanning extremes of pH, 

temperature, pressure, and salinity (Cowan et al. 2015).  

 

López-López and colleagues constructed a fosmid library with the metagenomic DNA that was 

extracted from an alkaline hot spring (76oC, pH =8.2) in Galicia, Spain (López-López et al. 

2015). Furthermore, Lauro and Williams studied the abyssal (known as abyssopelagic) 

environment using metagenomics techniques. This is an environment that is characterized by 

the absence of light and this, which, in turn, limits the overall growth of the existing microbial 

population (Lauro and Williams 2015).  Moreover, functional potential and active community 

members of a sediment microbial community in a high-arctic hypersaline Subzero Spring have 

been defined using metagenomics (Lay et al. 2013).  The metagenomic approach employs the 

use of either function or sequence-based screening methods (Figure 1.12). These are the two 

primary approaches to metagenomics that are used to facilitate novel gene discovery.  

 

1.2.5.2.1 Sequence-Based Metagenomics  

 

Sequence-based metagenomics as the word describes it involves sequencing and analysis of 

DNA from environmental samples and can be used to assemble genomes, identify genes, and 

find complete metabolic pathways in order to facilitate the comparison or resemblance of 

organisms from different microbial communities or by generating the phylogenetic trees, and 

heat maps (Sharpton 2014). 

 

Patel and colleagues studied the buffalo rumen metagenome where they outlined CAZymes 

and provided insight on the abundance of other enzyme families and the alteration of microbial 

diversity in response to variation in the diet (Patel et al. 2014a). They described the analysis of 

Carbohydrate-Active Enzymes (CAZymes) from 3.5 gigabase sequences of metagenomic data 

from rumen samples of Mehsani buffaloes fed on different proportions of green or dry 

roughages to concentrate ration. A total of 2597 contigs encoding putative CAZymes were 
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identified, and the phylogenetic analysis of these contigs by MG-RAST revealed the 

predominance of Bacteroidetes, followed by Firmicutes, Proteobacteria, and Actinobacteria 

phyla (Figure 1.13).  

 

 
Figure 1.13: Phylogenetic classification of 2597 putative CAZymes analyzed using MG-RAST 

according to their microbial origin.  The graph depicts the diversity of Bacteroidetes phylum, followed 

by Firmicutes, Proteobacteria, and Actinobacteria (Patel et al. 2014a). 

 

The preliminary study conducted by Rabapane and Feto (2015) focused on only one goat. The 

extracted goat rumen metagenomic DNA pool was randomly sequenced using the NGS 

platform. Accordingly, after sequence alignment, 723 genes encoding for amylase were found 

(Rabapane and Feto 2015). This data brought about the motivation to conduct the current 

research to characterize some of the represented genes further and explore their abundance. 
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Figure 1.14: Neighbor-Joining tree of randomly picked amylase genes (AG-1- AG-5) with 18% genetic 

variation which was generated while mining genes encoding for potential novel bio-refining enzymes 

during a preliminary study (Rabapane and Feto 2015). 

 

The randomly picked amylase genes showed similarities when aligned but nucleotide variation 

is the distinguishing factor. The reference gene AM419455 was used in order to do the 

alignment. AG-2 and AG-3 seems like they have emerged from the same microbial specie 

while the AG-4 from the same genus with AG-2 and G-3. AG-5 and AG-1 showed a significant 

nucleotide variation which further justifies that there is a variety of microbial species in the 

goat rumen that secret the enzyme amylase. Although the sequence-based approach gives 

insight on the taxonomic diversity, gene diversity, gene prediction and function prediction 

(Sharpton 2014), it is essential to study the activity and function of the predicted genes which 

can be proved by conducting the thorough functional analysis. Hence, there was a need for the 

current study. Interestingly, metagenomics studies on the rumen and other environments were 

conducted using the targeted approach (Figure 1.12), which makes use of the universality of 

the 16S rRNA genes as an ideal target for phylogenetic analysis and taxonomic classification 

(Schmidt et al. 1991; DeCastro et al. 2016). Cunha and colleagues were the first to report the 

characterization of the bacterial and archaeal community structure in the rumen microbiome of 

goats (Capra hircus) through target metagenomics approach (Cunha et al. 2011). Tshipise, 

Mphephu and Sagole hot springs in the Limpopo Province of South Africa with temperatures 

of 58, 43 and 45°C; and pH of 8.85, 8.08 and 9.70, respectively were evaluated for bacterial 

diversity using targeted metagenomics (Tekere et al. 2011). 
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However, a shotgun or random approach for high throughput DNA sequencing is becoming 

increasingly customary. Shotgun metagenomics involves the extraction of metagenomic DNA 

directly from the environmental sample and then shearing it into small fragments that are 

independently sequenced. Currently, this is considered the most accurate approach for 

evaluating the structure of an ecological microbial population, since it does not encompass any 

selection and reduces technical biases, especially the ones introduced by amplification of the 

16S rRNA gene (DeCastro et al. 2016; Lewin et al. 2013). The two approaches are compared 

in Figure 1.15, and the taxonomy obtained from these two approaches reveal that they are 

separate and therefore cannot be directly differentiated. Moreover, the study that was done by 

Shah and colleagues further proposed that low abundance species are best identified through 

16S rRNA gene sequencing (Shah et al. 2011).  

 

Figure 1.15: Schematic representation of the main approaches used for metagenomic analysis, 

modified from (DeCastro et al. 2016). 

  

1.2.5.2.2 Function-based metagenomics  

 

As mentioned in the previous section, sequence-based metagenomics represents the 

environmental samples on a gene level whereas function-based metagenomics involves 

screening for a function of these genes or activity depending on the question of the study 

(Handelsman 2004). This approach detects the genes which produce functional gene products, 

but not much is revealed about the origination of the genetic material of the species. Hence, 
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this study is conducted on a combination of the two metagenomic approaches for potential 

novel gene discovery. 

 

The proceding data outlines the mining of biocatalysts using the shotgun approach for function-

based metagenomics. Accordingly, Meilleur and colleagues discovered a novel alkali-

thermostable lipase that was obtained from a metagenomic library of the biomass Sequencing 

Fed-Batch Reactor (SFBR) that had been supplemented with gelatin. E. coli (LE392MP) 

carrying the vector pIAFS2, was used in the enzymatic characterization of the lipase that is 

reported to be active over a wide range of pH values (9 to 11) and at a temperature range of 50 

to 70°C. The lypolytic enzyme has its maximum activity at pH 10.5 and a temperature of 60°C 

(Meilleur et al. 2009). In another study that was conducted by Kang and colleagues, a 

metagenomic library for DNA extracted from compost was obtained and screened for lypolytic 

activity on Tributyrin-containing medium. Only this time, E. coli EPI300T1R was used to carry 

vector pCC1FOS and accordingly, a novel family VII esterase with industrial potential was 

obtained (Kang et al. 2011). Vidya and colleagues constructed a metagenomic library of 

Western Ghats soil sample in a fosmid vector (pCC1FOS) and functionally screened for 

biocatalytic properties. Among the clones that showed amylolytic activity on LB starch agar 

plates, only one of them was investigated further. Accordingly, the amylolytic-enzyme with a 

pH optimum of 5.0, exhibited stability at elevated temperature with 60°C being the optimal 

temperature. The enzyme retained more than 30% of its activity after 60 min incubation at 

80°C. Furthermore, the biocatalyst showed more than 70% activity retention in a 1.5 M NaCl 

solution (Vidya et al. 2011). 

Not only novel enzymes can be obtained with shotgun functional metagenomics approach, it 

has opened many avenues in the field of science and has been used to identify bioactive and 

biosynthetic pathways of industrial interest have been discovered. Moreover, novel 

antimicrobials, anti-infective, pollutant degradation, and antimicrobial resistance genes have 

been found through functional metagenomics (Coughlan et al. 2015). These findings can then 

be applied on an industrial level once they have been thoroughly investigated. The production 

of enzymes through metagenomics techniques is a current development in biotechnology that 

promises new applications as well, due to the potential of novelty and production of enzymes 

with more enhanced characteristics. Hence, this current research study was proposed to 

construct a metagenomic fosmid library using the gDNA extracted from goat rumen in 
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pCC1FOS fosmid vector carried by mutant E. coli EPI300T1R strain to fully understand the 

DNA regulatory elements coding for potential novel amylase enzymes. Accordingly, the next 

section describes how amylases with the potential to meet industrial demands can be employed 

in one or several applications.  

 

1.2.6 Industrial application of amylases 

 

Industrial enzyme market is estimated to reach US$ 6.2 billion by 2020 (Mehta and 

Satyanarayana, 2016). Some of the significant reasons for the continuous increase in the global 

sales of microbial enzymes are because of the rise in the demand for consumer goods and 

biofuels. The use of amylase enzymes has replaced acid hydrolysis of starch, and currently, 

amylases have a great significance in present-day biotechnology having approximately 25–

30% of the world enzyme market to date (Dash et al. 2015).  These vast potentials of amylases 

to be employed in a wide range of industries have placed a more significant challenge for 

researchers. As a result, there is a continuous exploration for more active amylase producing 

strains with enhanced potential characteristics for industrial utilization such as fuel production, 

removal of starch sizer from textile, detergent industry, paper and pulp, brewing, and 

pharmaceutical industry amongst others (Saini et al. 2017).  

 

1.2.6.1 Starch hydrolysis 

 

The starch industry has the most widespread applications of amylases, which are used during 

starch hydrolysis in the starch liquefaction process that breaks down the starch into syrups  

(fructose and glucose syrups) (Nielsen and Borchert 2000).  The enzymatic breakdown of all 

starch molecules includes gelatinization. This process involves the dissipation of starch 

particles, thereby producing gelatinous suspension; liquefaction, which includes the partial 

hydrolysis and loss in viscosity; and saccharification, including the production of glucose and 

maltose via further hydrolysis (Gomes et al. 2003; Sahni and Goel 2015). There has been a 

concern about the pollution caused by fossil fuels, and this continues to be a significant 

problem. Biofuels have generated interest due to the harm they cause to the environment and 

high prices of these fuels. One of these biofuels among others includes ethanol fuel. Ethanol is 

the most utilized liquid biofuel. Ethanol can be derived from renewable resources such as waste 

generated from the crops and by-products. Hence for the production of bioethanol, starch is the 
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most used substrate due to its low price and readily available raw material in most regions of 

the world. Amylases in particular, alpha amylases and glucoamylases are crucial in production 

of fermentable sugars for the manufacture of ethanol (Saini et al. 2017) 

 

Mayo Clinic refers to Malabsorption syndrome as many disorders in which the small intestine 

cannot absorb enough of specific nutrients and fluids. As a result of this syndrome, individuals 

can experience symptoms such as weight loss, bloating, and diarrhoea, and in most cases this 

condition can eventually affect the brain, nervous system, bones, the liver, and other organs. 

One of these disorders caused by Malabsorption is a digestive disorder which generally occurs 

due to lack or insufficient digestive enzymes in the body. In cases like these, amylases are used 

as therapeutic drugs in health issues related to enzymatic deficiency and gastrointestinal 

disorders (Singh et al. 2016; Mane and Tale 2015). 

 

The same is true in the brewing industry, starch has to be solubilized and then submitted to two 

enzymatic steps to obtain fermentable sugars. The standard process for the bioconversion of 

starch into ethanol requires a saccharification step, where starch is hydrolyzed into sugar using 

either glucoamylase or α-amylase, then followed by fermentation, where the produced sugar is 

converted to ethanol using an ethanol fermenting organism such as yeast Saccharomyces 

cerevisiae (Tiwari et al. 2015b; Mobini-Dehkordi and Javan 2012). The increasing awareness 

of sustainability concerns, use of microbial amylases in this industry has grown steadily to 

minimize adverse effect on the environment. Paper and pulp use amylases for the reduction of 

starch viscosity to achieve the appropriate coating of paper for application to fibers. 

Furthermore, amylase is used to enhance deinking and improve the drainage of paper (Saini et 

al. 2017; Singh et al. 2016). 

 

Starch is incorporated into the yarn before fabric production for a fast and weaving process. 

The amylase is then employed to hydrolyze and solubilize starch, which then washes out the 

cloth increasing the stiffness of the finished material. Fabrics are sized with starch. Alpha-

amylase is then used as a desizing agent for removing starch from the grey cloth before it is 

further processed in bleach and dye (Saini et al. 2017). Starch occurs extensively in waste 

materials produced from the processing of plant raw material. Starch processing waste is 

produced in large quantities and this result in environmental pollution. A cocktail of microbial 
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amylases or a consortium of microbes producing amylases are then used for bioremediation of 

starch pollutant materials (Tiwari et al. 2015b; Mobini-Dehkordi and Javan 2012).  

 

The detergent industry is the primary consumers of enzymes, concerning both volume and 

value. The application of biocatalysts in detergent formulations enhances the detergents ability 

to remove tough stains and to make the detergent environmentally safe (Figure 1.16) (Suribabu 

et al. 2018). Amylases are the second group of enzymes used in the formulation of enzymatic 

detergent, and 90% of all liquid soaps contain these enzymes. Amylases catalyze the hydrolysis 

of glucosidic linkages in starch polymers, commonly found in foods such as pasta, fruit, 

chocolate, baby food, barbecue sauce, and gravy. As colored stains, their removal is of interest 

in both detergent and dishwashing contexts. Amylases utilized in the detergent industry are 

obtained from Bacillus and Aspergillus strains (Sahni and Goel 2015; Mobini-Dehkordi and 

Javan 2012). 

 

Figure 1.16: Effect of amylase on carbohydrate stains. (A) Cloth stained with chocolate, (B) Stained 

fabric washed with water only, (C) Stained cloth washed with enzyme only, (D) Stained material 

washed with detergent only and (E) Stained cloth washed with detergent and amylase enzyme (Saini et 

al. 2017). 

 

 

Enzyme utilization in medicine is extensive as in the industry and are overgrowing. Plasma 

serum amylase is measured for medical diagnosis. A standard concentration of amylase in the 

blood is in the range of 21-101 U/L. Higher than normal level may indicate one of several 

medical conditions including acute inflammation of the pancreas, perforated peptic ulcer, and 

strangulation ileus, torsion of an ovarian cyst, macroamylasemia and mumps. Amylase 

concentration may be measured in other body fluids, including urine and peritoneal fluid 

(Tiwari et al. 2015b). In recombinant DNA technology, the presence of amylase serves as an 

additional approach for selecting successful recombinants of a reporter construct in addition to 

antibiotic resistance. As homologous regions of the structural gene flank reporter genes for 
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amylase, successful transformation will disrupt the amylase gene, and inhibit the starch 

degradation, which is easy to detect when stained with iodine (Singh et al. 2011). 

 

In addition, amylases play a pivotal role in the baking industry. They hydrolyze starch and 

produce small dextrins for the yeast to act upon. Amylases degrade the damaged starch in the 

wheat flour to produce small dextrins, which allows the yeast to be continually active during 

dough fermentation. The process results in improved bread volume and crumb texture (Saini 

et al., 2017). Although amylases can be produced by these yeast cells, it takes a while for the 

yeast to produce enough of these amylases to hydrolyze substantial amounts of starch in the 

bread. Hence, amylases are included in the bread improver to accelerate the process thereby 

making the bread-making process economical. Currently, in the baking industry, a 

thermostable maltogenic amylase of Bacillus stearothermophilus is commercially used  

(Mobini-Dehkordi and Javan 2012). Amylases are used for the production of desired softness 

in candy and partial or total hydrolysis of cornstarch to produce large quantities of sweeteners 

in the glucose and syrup industry. Moreover, they are applied for hydrolysis of starch causing 

turbidity due to insolubility in the fruit juice industry (Saini et al. 2017).  

 

1.3 Summary 

 

Many questions that still need to be answered specific to the ruminant population. Accordingly, 

the goat rumen, in particular, has not been studied thoroughly to uncover the wealth of 

biocatalysts and other biomolecules for utilization in research. Therefore, we recommend that 

potential future studies should focus on uncovering the ruminant microbiome for the detection 

of markers for use in the treatment of infections and emerging diseases. 
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1.4 Motivation, Problem Statement, Aim and Objectives of the Study 

 

1.4.1 Motivation 

  

Enzymes are essentially required as catalysts for the acceleration of biological reactions. 

Therefore, this study was motivated by the current high demand for stable amylases for 

biochemical inter-conversions to sustain the lives of everyday consumers. Accordingly, 

amylases are one of the most prominent enzymes and comprise about 25-30% of the world's 

enzyme market (Dash et al. 2015). Amylases are applied in a broad range of sectors in 

biotechnology and pharmacology ranging from food, textiles, paper and pulp, medicine to 

bioenergy industries.  

 

The utilization of microbial sources for enzyme production is beneficial for the cost-effective 

bulk production capacity, and they are easy to modify to derive enzymes of the desired nature. 

Most microbial amylases that are employed in the industry are thermostable, which in turn 

reduces contamination risks, and they reduce the reaction time which then saves a considerable 

amount of energy, rendering the industrial processes cost-effective. Hence, continued research 

for novel amylase enzymes is essential for industrial applications.    

 

1.4.2 Problem statement 

 

Considerable focus has been placed on studying other ruminant metagenomes such as buffalos 

(Patel et al. 2014a), cows (Patel et al. 2014b), sheep (Wright et al. 2006; Vasta et al. 2010) and 

other ruminants. However, limited attention has been invested in the profiling of goat rumen 

microbiota despite apparent richness due to its diversified feeding habit unlike other herbivores. 

As a result, there is little or no knowledge of the goat microbiome and the potential pool of 

biocatalysts enzymatic activity that it possesses.  

 

However, most techniques that are currently used to mine enzymes are culture-based methods 

which only cover around 1% of the microbial diversity and these techniques limit or ignore 

about 99% of the microbes that are viable but unculturable (Riesenfeld et al. 2004). Thus, in 

this study we report extraction of high quality metagenomic DNA from goat rumen digesta, 

subsequent construction of metagenomic fosmid library, functional screening of the library, 
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sequencing of the fosmid constructs in the positive clones, cloning and expression of the 

recombinant amylase. 

 

1.4.3 Aim 

 

The aim of the study was to analyse the goat rumen metagenome for novel amylases based on 

the sequence and function. 

 

1.4.4 Objectives  

 

1.4.4.1 To collect rumen samples from five goats and extract the total metagenomic DNA 

using the modified CTAB protocol. 

1.4.4.2 To construct a fosmid library from the extracted metagenomic DNA using 

CopyControlTM HTP Fosmid Library Production Kit. 

1.4.4.3 To functionally screen the library for potential amylases using starch. 

1.4.4.4 To sequence the vector construct of the positive clones using the Miseq™ NGS 

system. 

1.4.4.5 To de novo assemble the shot-gun sequences and identify the contigs using CLC 

Genomic Workbench 

1.4.4.6 To predict the Open Reading Frames (ORFs) for amylase enzymes and to compare 

the sequenced genes to other proteins in the database using BLAST for protein. 

1.4.4.7 To clone and express the recombinant protein and determine the expression on SDS-

PAGE. 

1.4.4.8 To physiochemically characterize the expressed recombinant protein. 

 

 The next section describes a book chapter that was submitted to Springer publishers for 

publication consideration under the section of Bacilli and Agro-biotechnology. The material is 

part of the thesis that focuses mainly on the amylases obtained from Bacillus spp. of ruminant 

origin in line with the theme of the book.  
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Abstract 

 

The microbiome of ruminant origin is dominated by two major bacterial phyla Firmicutes and 

Bacteroidetes. Bacillus spp., belonging to Firmicutes, have been reported to be potent 

producers of thermostable amylases and other biocatalysts that are of considerable commercial 

interest. Bacillus spp. are well known to have many thermophilic species. Hence, they are 

primarily exploited as a significant source of thermostable biomolecules. Among some 

industrial enzymes, amylases are highly efficient commercial biocatalysts with an extensive 

range of utilization in textile, paper and pulp, detergent, leather, waste management, biofuel 

production, pharmaceutical, and food industry. The ruminant microbiome is a relatively less 

exploited niche despite being the potentially rich source of biocatalysts of therapeutic, 

environmental and industrial importance. Therefore, in this chapter, we highlight recent 

breakthroughs in the unravelling of rumen microbiome using the metagenomic approach with 

particular emphasis on exploiting Bacillus spp. of ruminant origin as a potential source of 

industrial amylases. 

 

Keywords: Bacillus spp., Amylases, Microbes, Ruminant, Microbiome. 
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2.1 Introduction 

 

The use of chemical catalysts to drive several processes in a wide range of sectors has been a 

significant contributor to environmental pollution. Besides the harmful effects they pose to the 

environment, chemical catalysts are carried in adverse reaction condition and thus, leading to 

elevated costs due to high energy consumptions (Sing et al. 2006). Microbes are a preferred 

source of many industrial enzymes because of their short turn-around time, ease for genetic 

manipulation towards desired traits, high yield at low production cost and the relatively stable 

enzymes they produce. Therefore, less energy is consumed during industrial applications. 

Furthermore, microbes can be reproducible within a reasonable time frame and can produce 

more than one enzyme. Hence, enzymes from microbial sources have been exploited in a wide 

range of applications for the production of products and have replaced chemical catalysts due 

to technical advantages and environmental concerns (Tiwari et al. 2015b; Sindhu et al. 2017).  

 

Among major microbial enzymes, amylases are highly efficient commercial biocatalysts with 

a broad range of usage from textile, paper and pulp, detergent, leather, waste management, 

biofuel production, pharmaceutical to food industry. Amylases from fungal strains are 

employed extensively in the starch processing industry. However, most of the amylases that 

are applied in the industry have been reported to be produced by Bacillus spp. Bacillus subtilis 

and Bacillus mesentericus were the first strains to be used for the production of amylase on a 

commercial scale by Boidin and Effront during the early 19th century (Boidin and Effront 

1917). Since this discovery, Bacillus and other bacterial strains have been used for the 

production of other industrial enzymes. 

 

The breakdown process of starch and starch-related polymers in food industries is carried out 

under harsh conditions at very low or high pH and temperature, which involves a two-step 

process, liquefaction and saccharification that run at 50 – 60 oC and thus the process require 

stable amylases that can further tolerate these conditions (Jiang et al. 2015). Furthermore, the 

detergent industry involves amylase with alkaline and oxidative stabilities, consistency, and 

activity at a broad range of temperature (Fitter 2005). Therefore, there is a high demand to 

improve and produce enzymes with stable characteristics that will meet the requirements set 

by specific applications, most importantly concerning temperature and pH.  
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Accordingly, the potential use of microbial enzymes for industrial applications continues to 

encourage the development of novel extracellular enzymes with enhanced characteristics from 

other sources of microbes that have not been exploited. Biocatalysts of ruminal microbiome 

have not been explored comprehensively for industrial use; hence in this chapter, we will 

highlight the importance of recent breakthroughs in unravelling rumen microbiome using the 

metagenomic approach with particular emphasis on exploiting Bacillus spp. of ruminant origin 

as a potential source of industrial amylases. 

 

2.2 Amylases 

 

As mentioned in the previous section, among many industrial enzymes, amylases are highly 

efficient commercial biocatalysts that are in high demand globally. Amylases are a class of 

enzymes that can degrade the starch and other related polymers into simple fermentable sugars. 

The monomeric sugars in starch are held together by glycosidic bonds, which are targeted by 

amylase during the breakdown of the polymer. There are different types of amylases, and they 

are differentiated according to how they hydrolyze the substrate. In the sub-section to follow, 

the primary substrate of amylases, mechanism of action and the structural variations are 

discussed.   

 

2.2.1 Mechanism of action and structure variation 

 

In the previous section, it was stated briefly that amylase enzymes attack the starch and starch 

related polymers at different glycosidic bonds. To differentiate the mechanism of action 

amylases, it is crucial to first elaborate on the metabolism of their primary substrate. Starch is 

a glucose polymer that serves as a major component of food and feed, providing a source of 

energy and carbon to living organisms. This polysaccharide is composed of glucose molecules 

that are linked together through glucosidic bonds. For the starch to be assimilated as fuel, these 

bonds should be broken down into simple fermentable sugar units. Amylases are responsible 

for the breakdown down of these glucosidic bonds to produce glucose monomers, maltodextrin, 

modified starches, or glucose syrups (EL-Fallal et al. 2012). 

 

Furthermore, starch represents the most abundant form of polysaccharide stored in plants and 

next to cellulose is the most abundant polysaccharide on earth (Walsh 2014). The two 

significant constituents that contribute to the complexity of starch are amylose which is a linear 
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molecule and the branched amylopectin (Figure 2.1). Frequently, amylose make up 

approximately 20-30% of the starch while amylopectin makes 70-80% of the starch. The 

structure and composition of these molecules depend highly on the source of the carbohydrate. 

Examples include amylo-maizes which contain over 50% of amylose whereas ‘waxy' maize 

has almost none (~3%) (Swinkels 1985; Singh et al. 2003). 

 
Figure 2.1: Starch consists of two polymers. (A) Amylose is a linear polymer that comprises of 

approximately 6000 glucose units that are attached by α1 →4 glycosidic linkages and (B). Successive 

glucose residues are linked via α1 →4 glycosidic linkages along the linear portion of the molecule, with 

branch points consisting of α1 →6 glycosidic linkages. Amylopectin has short α1 →4 bonded to linear 

chains of 10-60 glucose units that are branched by α1 →6 tied to side chains with 15-45 glucose units. 

 

Starch and starch-containing substrates are utilized in food, textiles, alcohol and other 

applications hence its industry has a significant stake in the market. These substrates are widely 

available from cheap plant sources, rendering the potential uses of the enzyme more plentiful 

regarding costs (Gopinath et al. 2017). The complete breakdown of starch requires a 

consortium of amylolytic enzymes which break down the α1→4 and α1→6 glycosidic linkages 

into glucose. Hence, the amylase-catalyzed degradation process of starch is among the most 

essential industrially applied enzyme reactions (Gupta et al. 2003). Figure 2.2 shows the starch 

and sucrose metabolism and, highlighted in red are some of the amylolytic enzymes that are 

involved in starch metabolism. 
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Figure 2.2: Starch and sucrose metabolism, adopted from the KEGG database. The goat was used as 

the reference organism. Highlighted in red are some of the enzymes involved in starch metabolism. 

 

As mentioned, due to its complexity, starch and starch-related polysaccharides, require the 

action of a consortium of amylolytic enzymes for complete degradation. Hence, they are 

broadly classified into four distinct groups based on how they act on the substrate, mainly as 

endoamylases, exoamylases, debranching amylases, and glucotransferases. Accordingly, their 

mechanism of action and structural variations are outlined in the following sub-section outlines. 

 

2.2.1.1 Endoamylases  

 

Endo-acting amylases such as α-amylase (EC 3.2.1.1), also  known as Endo-1,4-α-D-glucan 

glucohydrolase, cleave the α-1,4 glycosidic linkages in the internal part of the linear amylose 

and branched amylopectin chain to yield oligosaccharides with varying lengths and α-limit 

dextrins, respectively that ultimately contributes to the branched oligosaccharides (Figure 2.3) 

(Aiyer 2005; Walsh 2014).  

 

It is crucial to note that generally, endo-acting amylases cannot cleave the α1→6 of 

amylopectin, one exception being the α-amylase produced by Thermoactinomyces vulgaris, 

which has been reported to hydrolyze both α1→6 and α1→4 glycosidic linkages in 
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trisaccharides (Sakano et al. 1983).  Most α-amylases are metalloenzymes and thus require a 

calcium ion for their function and stability. Compared to the other classes of amylases, α-

amylases are faster rate as they degrade the starch at random locations (Tiwari et al. 2015a; 

Sarian 2016). 

  

 

Figure 2.3: (1) Schematic diagram of the action of alpha amylase on starch and (2) the three-

dimensional structure of α-amylase with a Ca2+ in the middle (Ramasubbu et al. 1996). 

 

2.2.1.2 Exoamylases 

 

The second group of amylases, act on the substrate from the non-reducing end to generate small 

oligo- and monosaccharides such as maltose by β-amylase or the smallest monomer glucose 

by glucoamylase. There are three well-known types of exo-acting amylases in the starch 

degradation process; (i) β-amylase (EC 3.2.1.2) that exclusively act on the α1→4 glycosidic 

bonds at non-reducing ends of the substrate to ultimately generate maltose and β‐limit. Animal 

tissues do not contain this type of amylase, however, it has been reported to be present in 

microbes inhabiting the digestive tract (Gurung et al. 2013), further cementing the potential of 

the digestive tract of the animal as a source of potent enzymes. (ii) Glucoamylase (3.2.1.3) 

hydrolyzes the α1→4 glucosidic bonds at the non-reducing end of amylose to generate glucose 

monomers in the β-configuration and even though, at a slower rate, it further acts on the α1→6 

glucosidic bonds at the branch points of amylopectin to yield glucose molecules (Figure 2.4).   
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Figure 2.4: (1) Schematic diagram of the action of glucoamylase on starch and (2) the three-

dimensional structure of glucoamylase from Saccharomycopsis fibuligera (Sevcik et al. 1998) 

 

Glucoamylases are capable of reversing hydrolysis reactions to produce maltose and 

isomaltose, which in turn has a great significance in the industrial process where sugar content 

is present (Negi and Vibha 2017). The most distinguishing feature of glucoamylase is its ability 

to operate under acidic conditions (active around pH <3). The third type of amylase in the exo-

acting group is (iii) α-glucosidase (3.2.1.20), this type of amylase acts on the external glucose 

residues of either amylose or amylopectin and both to ultimately yield glucose (Sarian 2016).  

 

2.2.1.3 Debranching enzymes 

 

This group of amylases catalyzes the hydrolysis of α1→6 glucosidic bonds in amylopectin and 

or glycogen and other related polymers to yield linear molecules (Figure 2.5). An example of 

this group is isoamylase (EC 3.2.1.68).  
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Figure 2.5: (1) Schematic diagram of the action of isoamylase on starch and (2) the three-dimensional 

structure of isoamylase 1 from Chlamydomonas reinhardtii (Sim et al. 2014). 

 

2.2.1.4 Glucotransferases 

 

The last group of amylases cleaves the α1→4 glycosidic bond of the donor molecule and 

transfer a portion of the donor to a glycosidic acceptor with the formation of the new glycosidic 

bond. Enzymes such as amylomaltase (EC 2.4.1.25) and cyclodextrin glycosyltransferase (EC 

2.4.1.19) form a new α1→4 glycosidic bond while branching enzyme (EC. 2.4.1.18) 

establishes a new α1→6 glycosidic bond (Van Der Maarl et al. 2002). A unique feature of 

amylomaltase is its ability to catalyze the cyclization reaction of cyclic amylose to generate 

cyclodextrins (Rachadech et al. 2015). Once the cyclodextrins have been created, the 

amylomaltase is then inactivated, and glucoamylase is introduced to catalyze the hydrolysis of 

the linear oligosaccharides to produce glucose monomers, Figure 2.6 shows the action of 

amylomaltase. 
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Figure 2.6: (1) Schematic diagram of the effect of amylomaltase on starch (Fujii et al. 1998) and (2) 

the three-dimensional structure of amylomaltase from Thermus aquaticus (Przylas et al. 2000). 

 

2.3 Source of Microbial Amylases 

 

As illustrated by the figures in the previous section, it is clear that the breakdown of the 

glycosidic bonds by amylases is a very crucial process that occurs within biological systems to 

produce and store energy. Therefore, in this section, sources of amylases are outlined in detail. 

Amylases have been isolated from diversified sources ranging from the plant, animal to 

microbial kingdoms where they play a crucial role in carbohydrate metabolism. Though plants 

and animals produce amylases, amylases from both sources do not meet industrial demands, 

mainly because plant sources are seasonal and therefore inconsistencies in enzyme production 

can be experienced, and yield may be less. Furthermore, enzymes from plant sources are not 

stable under adverse conditions. On the other hand, using animal cells to produce enzymes 

involves sacrificing animals in the process, and the overall operation of animal cell culture 

makes the production of enzymes from animal sources uneconomical (Mahalakshmi and 

Jayalakshmi, 2016; Belorkar).  

 

As a result, microbial sources are generally dominating driving forces for industrial 

applications. Enzyme yield, stability, and specificity of microbial enzymes continue to be the 

significant advantages or requirements for industrial demands. Hence, microbial sources are 

preferred over plant and animal sources due to their additional benefits such as cost-
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effectiveness, consistency, less time and space required for production as well as ease of 

genetic manipulation and optimization (EL-Fallal et al. 2012; Pandey et al. 2000).  

 

In the previous review, we discussed on the importance of microbial enzymes; hence in the 

next section, we will discuss the microbial sources and further consider the rumen as a potential 

source of microbes for amylase production. Microbial sources include yeast, bacteria, and 

fungi. However, those from fungal and bacterial strains are utilized for industrial applications. 

Among fungal strains that have been reported to produce amylases are those of the genus 

Aspergillus and have been employed for the preparation of Asian foods (Tiwari et al. 2015b). 

Furthermore, filamentous fungi: namely, Rhizopus oryzae, Aspergillus awamori and 

Aspergillus niger have been reported to be the major producers of industrial glucoamylases 

which operate at a temperature range of 55 - 60oC (Negi and Vibha 2017).  

 

However, from bacterial origin, Bacillus spp. and other related genera produce different 

extracellular enzymes, of which amylases are of particular interest when it comes to meeting 

industrial demands. These are Bacillus cereus (Sundarram and Murthy 2014), B. circulans 

(Singh and Rani 2014), Bacillus subtilis (El-Banna et al. 2007), and Clostridium 

thermosulfurogenes (Siroosi et al. 2014; Waleed et al. 2015) Bacillus spp. are extensively used 

for the production of thermostable α-amylase of which Bacillus licheniformis, Bacillus 

amyloliquefaciens, and Bacillus stearothermophilus contribute to most commonly studied and 

dominating in industrial applications (Saini et al. 2017; Pandey et al. 2000). 

 

Amylases produced by bacterial strains, mainly Bacillus spp. have been reported to have better 

thermostable attributes when compared to other microbial strains. As a result, researchers are 

continuously focusing on developing Bacillus spp. for the production of amylases with 

improved characteristics. The primary interest in this investigation is mainly because the use 

of stable amylases in elevated temperature increases the reaction rate and accelerates the overall 

process. Moreover, higher temperatures are beneficial because they reduce the risk of microbial 

contamination and further reduces the viscosity of the reaction mixture, thus providing 

considerable energy saving process (Pandey et al. 2000; Sarian 2016). 

 

For instance, production of glucose from starch, liquefaction of starch is carried out by a 

thermostable α-amylase produced by B. licheniformis which is then followed by a 

saccharification process which is achieved by the use of glucoamylase. The liquefaction 
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process is completed faster because it is carried out by an α-amylase that can operate at 95-

105oC (Ward 1991; Sundarram and Murthy 2014; Sarian 2016). However, because fungal 

glucoamylases are only stable generally up to a temperature range of 55-60oC, they delay the 

overall process because the reaction mixture must be cooled to a temperature that is within that 

range. Therefore, thermostable glucoamylases from thermophilic bacteria can be used at a 

higher temperature for saccharification processes and thereby reduce the production cost of 

glucose from the high energy required for cooling (Negi and Vibha 2017). 

 

Li and colleagues purified, characterized and cloned a thermotolerant isoamylase produced 

from Bacillus sp. CICIM. This isoamylase displayed its optimal activity at a remarkably high 

temperature of 70oC and pH 6.0, with thermostability between 30 and 70oC and alkaline pH 

range from 5.5 to 9.0 (Li et al. 2013). 

 

Gurumurthy and Neelagund characterized Geobacillus sp. iso5, an industrially viable extreme 

thermostable novel alpha-amylase.  The strain was isolated from the thermal water of a 

geothermal spring for industrial application. Just like the latter, the bacterium showed attributes 

of thermotolerance and alkali-resistance. It is reported as novel due to its ability to withstand 

an optimum activity of temperature 90oC and pH 8.0 (Gurumurthy and Neelagund 2012). 

 

Pavezzi and colleagues produced and characterized glucoamylase from Aspergillus awamori 

and expressed it in yeast Saccharomyces cerevisiae. The glucoamylase presented optimum 

activity at 55oC, and optimum pH activity was reported to be 3.5- 4.0 and was found to be 

stable at pH 5.0 and 7.0 (Pavezzi et al. 2008). 

 

A suitable organism is crucial for the production of amylases that will meet industrial demands. 

For an amylase enzyme and other types of enzymes to meet industrial needs, it has to be 

thermotolerant because thermotolerance is a desirable attribute for significant groups of 

enzymes that are exploited at the industrial level (Gurung et al. 2013).  Table 2.1 shows some 

of the enzymes and parameters produced by fungal and bacterial strains. From these findings, 

it is clear that fungal sources usually have limited thermostability, catalytic activity, and low 

pH range, and this result in limitations for their utilization in industrial applications that are 

carried out at higher temperatures and alkaline conditions.  Hence, there is a continuous need 

to explore bacterial strains with enhanced characteristics more especially those of Bacillus for 

the production of amylases for use in industrial processes.  
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Table 2.1: Optimum pH and temperature of enzymes produced by fungal and bacterial strains. 

Microbe  Enzyme Ph Temperature
 o
C Reference  

B. flavocaldarius Type I pullulanase 7.0 75-80 (Suzuki et al. 1991) 
B. subtilis α-amylase 7.0 135 (Asgher et al. 2007) 
Halomonas 
meridian 

α-amylase 7.0 37 (Coronado et al. 2000) 

Aspergillus flavus α-amylase 6.0 55 (Khoo et al. 1994) 
Aspergillus 
awamori 

Glucoamylase 4.5 60 (Yamasaki et al. 1977) 

Clostridium Glucoamylase 4.5 65 (Ohnishi et al. 1991) 
Thermomyces Glucoamylase - 70 (Rao et al. 1981) 
B. clausii Protease 11.5 60 (Horikoshi 1971) 
Aspergillus 
awamori 

Glucoamylase 5-7 55 (Pavezzi et al. 2008) 

Geobacillus sp. 
Iso5 

α-amylase 8.0 90 (Gurumurthy and 
Neelagund 2012) 

 

Bacillus is a broad and diverse genus of bacteria originating from the family of Bacillaceae. 

The genus Bacillus contains ample genetic biodiversity. Furthermore, Bacillus spp. are capable 

of growing in extreme environmental conditions and therefore, it is expected that they will 

produce enzymes which are stable in such adverse conditions (Feto 2016). Research shows that 

members of the genus Bacillus were found to be prolific producers of different types of 

amylase, and have been widely exploited for the production of many other industrial enzymes 

due to the inheritance of these thermostable attributes (Schallmey et al., 2004; Tiwari et al. 

2015a).  

 

Accordingly, Bacillus spp.  B. subtilis, B. licheniformis, B. amyloliquefaciens, and B. 

stearothermophilus, are reported to provide approximately 60% of commercially available 

enzymes (Dash et al. 2015). Interestingly, Bacillus spp. have been approved as Generally 

Regarded As Safe (GRAS) by the Food Drug and Administration (FDA) (Irajie et al. 2016). 

The rumen is a potential primary source of Bacillus spp., which can be isolated and screened 

further for amylase production for application at a commercial scale. 

 

Many attempts have been made to screen amylases from different microbial sources for 

robustness. The environment from which a given microbe is sourced will reflect on the 

physicochemical as well as catalytic properties of its biomolecules. In other words, if one is 

looking for hydrolytic enzymes that could act upon lignocellulosic compounds, ideally the 

biomolecules should be sourced from a lignocellulose-rich environment. For instance, 

amylase-producing B. subtilis BS5 was isolated from the hindgut of wood-eating termites 
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(Fermi-Ola and Olowe 2011). The soil compost (Miranda et al. 2018), water (Mohapatra et al. 

2017) and other sources of microbes have been comprehensively studied, and moreover, many 

other studies continue to be conducted on these environments. Meanwhile, studies on the 

microbiome of ruminant origin are scarce. 

  

Ruminants are animals that have a distinctively digestive system that sets them out from all 

monogastric mammals. They have a four-stomach compartment instead of one, and this 

digestive system is collectively called the rumen (Figure 2.7). The rumen is a complex 

ecosystem that harbours a consortium of bacterial, archaeal, protozoal and fungal ecosystem 

collectively called the microbiome (Han et al. 2015).  

 

While the ruminants provide habitat for their microbes, the preliminary function of the 

microbes is to then break down the ingested feed into simple, accessible units for the animal to 

use as a source of energy. The process is achieved by the processing of starches, fibers, acids, 

and proteins to furnish useful compounds and elements to support both the growth and 

productivity of their host. Therefore, this pre-gastric, anaerobic fermentation chamber is 

inhabited by a cocktail of microbes that trigger the release of amylolytic, fiber-digesting, 

lignocellulosic, proteolytic, lypolytic, etc., enzymes, making the overall microbiome of 

ruminant origin a potentially rich source of biocatalysts for utilization in industrial applications. 

Hence, ruminant animals denote a mutually beneficial relationship with their microbiota which 

serves as the digestive mechanism of complex ingested feed in their rumen for nutrient 

availability. Although the ruminants harbour a diversified ecosystem of microbes, bacteria 

make up the most substantial number and the diversity of the microbial population living in the 

rumen. Moreover, the microbiome of ruminant origin is reported to be dominated by two major 

bacterial phyla Firmicutes and Bacteroidetes (Cunha et al. 2011; Patel et al. 2014; Jewell et al. 

2015). Despite the potential of ruminal microbes as a source of industrial enzymes, knowledge 

about these microbial diversity remains relatively unknown. 
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Figure 2.7: A digestive system of a ruminant animal (https://en.wikipedia.org/wiki/Ruminant)  

 

The microbes in the rumen grow in a vast range of ecosystem because the paunch temperature 

remains stable at 39oC. Due to the alkali treatment in the paunch, the pH is maintained at a high 

level (range 6.0 to 7.0), which supports microbe’s growth (Moran 2005). The temperature and 

pH conditions in the rumen solely depend on the ruminant’s environment. For instance, if the 

ruminant whose rumen is understudy is from the semi-arid or arctic habitats, the microbes in 

the rumen will adjust accordingly to such conditions.  

 

There is little separation between the paunch and the reticulum, so the ingested food and feed 

goes back and forth smoothly. Primarily, they maintain the same condition because the 

reticulum acts as a hardware where the food and feed is broken down satisfactorily to be able 

to pass through to the omasum. The omasum is the third chamber and serves as a giant filter to 

maintain the ingested feed inside the rumen while allowing the fluid which is made up of 90-

95% of water, to pass with ease to the next compartment (Moran 2005). 

 

The last compartment is the abomasum; this is the true stomach of ruminants just like any other 

monogastric animal. Acid digestion rather than microbial fermentation is taking place in the 

abomasum. Therefore, gastric juices containing hydrochloric acid and enzymes are produced 

in this compartment. These gastric juices are then responsible for the low pH level in the 

abomasum which ranges from 1.0 to 1.3 making the abomasum an acidic chamber with an 

overall pH of about 2; accordingly, the microbes from the paunch die out because this 

compartment is only suitable for acidophilic microbes (Moran 2005). 
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Tajima and colleagues studied the phylogenetic analysis of archaeal 16S rRNA libraries from 

the cow rumen which suggested the existence of a novel group of archaea associated with 

known methanogens. It was motivated by their previous study in which they explored the cow 

rumen bacterial diversity through sequence analysis of 16S rDNA libraries (Tajima et al. 1999; 

Tajima et al. 2001). In addition, other ruminants, such as sheep (Wright et al. 2006; Vasta et 

al. 2010), including reindeer (Sundset et al. 2009), the swamp buffalo (Yang et al. 2010), and 

the yak (Guo et al. 2015) have been studied.  

 

Ruminants are diverse, and they generally possess different traits, mainly their preferred diet. 

Usually, ruminants are born with a sterile rumen and then adapt to acquire a microbiome from 

the surroundings as they develop. Accordingly, most studies done on the rumen have been 

conducted by altering the diets of these ruminants. However, this compromises the originating 

microbiome because insight into the ruminant microbiome can add more value to the industrial 

sector if the ruminal studies can be done on the naturally occurring microbiome of the rumen, 

in short, research in pursuit for novel enzymes should be done on ruminants that are free 

grazing ideally in mountainous and extreme environments. 

 

For example, goats (Capra aegagrus hircus) are one such hardy ruminants that can thrive in 

stressful environments and they are exposed to a lot of browse and shrubs. They spend long 

periods grazing in hot or cold climates. Unlike cows and sheep, goats prefer bushes, trees, and 

hay to grass depending on their environment. Goats nibble on everything, and they become 

beneficial in uprooting any poisonous vegetation (Markegard 2014). Hence, it is expected that 

the goat rumen among other ruminants is endowed with diverse microbial communities that 

could be sources of stable amylases and other biomolecules for industrial applications. 

Moreover, because the goat rumen is subjected to a variety of feed, the chances of obtaining 

an amylase or other biomolecules with multiple actions are higher. 

 

Although the rumen microbiome is well adapted to convert ingested feed into nutrients, reports 

highlight that the goat rumen microbiota is still mostly unknown and represents untapped 

microbial consortium. Most studies that are currently present in the literature focus on the 

rumen microbiome of sheep and other bovine-related ruminants. However, the first study to 

report the characterization of the bacterial and archaeal community structure in the rumen 

microbiome of goats (Capra hircus) from the semiarid region of Brazil was done in 2011 by 

Cunha and colleagues (Cunha et al. 2011). Accordingly, sequences of the bacteria from the 
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phyla Bacteroidetes, and Firmicutes were predominant. Moreover, the overall dominant 

classes in the rumen were Clostridia and Bacteroidia which are generally known to play a 

crucial role in plant fiber degradation in other ruminants. It can be noted as well that the 

percentage of the unclassified bacteria accounted for 4.7% and 16.4% of the liquid and solid 

fraction sequences, respectively.  

 

These data confirm that studying microbes of ruminant origin continue to represent an area of 

a diversified microbial niche for profiling industrial enzymes and it is crucial to improving our 

understanding of these complex microbial populations and their co-operation (Han et al. 2015). 

Microbes adjust to living in harsh conditions, and they are naturally found in various 

environments where there seems to be no life. They are present in hot springs (Tekere et al. 

2011), deep-sea floor from which geothermal mineral-rich water emerges (Xie et al. 2011), as 

well as decaying matter to mention a few (Freedman et al. 2016).  

 

These extreme environments contribute to the microbial genetic diversity with capacities to 

withstand adverse condition and thus become useful for industrial applications. Hence, mining 

for novel enzymes from adverse environments has become an exciting and challenging field 

for research scientists. The only way to mine these organisms is in the laboratory and, thus, in 

the next section, two techniques that can be used to access the microbes of ruminant origin are 

discussed.  

 

2.4 Techniques to Mine Microbial Amylases 

 

As an anoxic ecosystem, the rumen was studied by the use of microscopy and conventional 

culture-dependent techniques (Hungate 1947). However, microbes of ruminant origin are 

fastidious and difficult to culture because they are anaerobic, as a result, the ruminal 

microbiome continues to represent one of the vast majority of the world's genomic diversity 

that is not well understood. Culture-dependent techniques cover about 1-10% of the microbial 

diversity in a given ruminal sample (Figure 2.8). Hence, metagenomics has emerged with the 

primary objective of studying at least 90-99% of microbial populations from extreme 

environments (Handelsman 2004; Riesenfeld et al. 2004).  
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Figure 2.8: Techniques overview for studying microbial communities. 

 

As depicted in Figure 2.8, metagenomics is a technique that involves capturing the genetic pool 

of microbial populations derived directly from the environmental samples without the need for 

prior isolation; it incorporates the use of genomics, bioinformatics, and system biology to 

exploit these microbial populations. The process is achieved by the primary step of extracting 

a pure metagenomic DNA which can then be assessed in two major approaches, depending on 

the question at hand. (i) Sequence-based metagenomics, this approach answers questions such 

as, who is there, while (ii) function-based metagenomics approach answers questions such as 

what and how are they doing it, and this approach involves the construction of a metagenomic 

library, screening for its activity and further analysis of the positive clones, depending on the 

question at hand (Handelsman 2004). 

 

Accordingly, metagenomics continues to reveal the structural and functional information about 

microbial communities from extreme environments. This technique along with the expansion 

of Next-Generation-Sequencing (NGS) platforms has contributed to the exploration of 

comprehensive data from adverse conditions. Regardless of whether they are exposed to 

adverse conditions of heat (López-López et al. 2015), cold (Vester et al. 2014), abyssal, or 

submerged deep within the sea water (Lauro and Williams 2015). 
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Patel and colleagues studied the buffalo rumen metagenome where they outlined CAZymes 

and provided insight on the abundance of other enzyme families and the alteration of microbial 

diversity in response to variation in the diet (Patel et al. 2014). They described the analysis of 

Carbohydrate-Active Enzymes (CAZymes) from 3.5 gigabase sequences of metagenomic data 

from rumen samples of Mehsani buffaloes fed on different proportions of green or dry 

roughages to concentrate ration. A total of 2597 contigs encoding putative CAZymes were 

identified, and the phylogenetic analysis of these contigs by MG-RAST revealed the 

predominance of Bacteroidetes, followed by Firmicutes, Proteobacteria, and Actinobacteria 

phyla (Figure 2.9).  

 

 
Figure 2.9: A pie chart illustrating the phylogenetic classification of 2597 putative CAZymes analyzed 

using MG-RAST according to their microbial origin.  The pie chart depicts the diversity of 

Bacteroidetes phylum, followed by Firmicutes, Proteobacteria, and Actinobacteria (Patel et al. 2014). 

 

Furthermore, metagenomics studies involving the rumen and other environments were 

conducted using the targeted approach, which make use of the comprehensiveness of the 16S 

rRNA genes as a suitable method for phylogenetic studies and taxonomic ranking (Schmidt et 

al. 1991; DeCastro et al. 2016). Cunha and colleagues were the first to report the 

characterization of the bacterial and archaeal community structure in the rumen microbiome of 

goats (Capra hircus) through target metagenomics approach (Cunha et al. 2011). Tshipise, 

Mphephu and Sagole hot springs in the Limpopo Province of South Africa with temperatures 

of 58, 43 and 45°C; and pH of 8.85, 8.08 and 9.70, respectively were evaluated for bacterial 

diversity as well, using targeted metagenomics (Tekere et al. 2011). 
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However, shotgun or random of metagenomics for high throughput DNA sequencing is 

becoming increasingly customary. Shotgun metagenomics involves the extraction of 

metagenomic DNA directly from the environmental sample and then shearing it into smaller 

DNA fragments that are autonomously sequenced. Currently, this is regarded as the most 

precise approach for evaluating the structure of an ecological microbial population, since it 

does not encompass any selection and minimizes technical biases, generally, the ones 

introduced by extension of the 16S rRNA gene (DeCastro et al. 2016; Lewin et al. 2013). 

 

The two approaches are compared in Figure 2.10, and the taxonomy obtained from these two 

approaches reveal that they are separate and therefore cannot be directly differentiated. 

Moreover, the study that was done by Shah and colleagues further suggested that low 

abundance species are best distinguished via 16S rRNA gene sequencing (Shah et al. 2011).  

 

  

 

Figure 2.10: Schematic diagram portraying the main steps that are adhered to in metagenomic analysis. 

Modified from (DeCastro et al. 2016). 

 

To justify the comparison study done by Shah and colleagues, we have outlined in the 

preceding sentences the mining of biocatalysts using the shotgun approach. Accordingly, 

Meilleur and colleagues discovered a novel alkali-thermostable lipase that was obtained from 

a metagenomic library of the biomass Sequencing Fed-Batch Reactor (SFBR) that had been 
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supplemented with gelatin. E. coli (LE392MP) carrying the vector pIAFS2, was used in the 

enzymatic characterization of the lipase that is reported to be active over a wide range of pH 

values (9 to 11) and at a temperature range of 50 to 70 °C. The lypolytic enzyme has its 

maximum activity at pH 10.5 and a temperature of 60 °C (Meilleur et al., 2009). In another 

study that was conducted by Kang and colleagues, a metagenomic library for DNA extracted 

from compost was obtained and screened for lypolytic activity on Tributyrin-containing 

medium. Only this time, E. coli EPI300T1R was used to carry vector pCC1FOS and 

accordingly, a novel family VII esterase with industrial potential was obtained (Kang et al. 

2011). 

 

 Vidya and colleagues constructed a metagenomic library of Western Ghats soil sample in a 

fosmid vector (pCC1FOS) and functionally screened for biocatalytic properties. Among the 

clones that showed amylolytic activity on LB starch agar plates, only one of them was 

investigated further. Accordingly, the amylolytic-enzyme with a pH optimum of 5.0, exhibited 

stability at elevated temperature with 60°C being the optimal temperature. The enzyme further 

retained more than 30% of its activity after 60 min incubation at 80°C. Furthermore, the 

biocatalyst showed more than 70% activity retention in a 1.5 M NaCl solution (Vidya et al. 

2011). 

 

Another amylolytic enzyme was obtained from a metagenomic library of DNA isolated from a 

pilot-plant biogas reactor operating at 55 °C. The library was screened for amylolytic activity 

on AZCL amylose. Amy13A is reported to be highly thermos-active, displayed optimal activity 

at 80 °C, furthermore, it is halophilic and is said to be active at 25 % (w/v) NaCl. Amy13A is 

one of the few enzymes that is halo-thermophilic making it a potential candidate for starch 

processing under extreme conditions (Jabbour et al. 2013). 

 

Furthermore, not only novel enzymes can be obtained with a shotgun functional metagenomics 

approach, bioactive and biosynthetic pathways of industrial interest have been discovered. 

Moreover, novel antimicrobials, anti-infectives, and antimicrobial resistance genes have been 

found through functional metagenomics (Coughlan et al. 2015). These findings can then be 

applied on an industrial level once they have been thoroughly investigated. Hence, Section 5 

describes how amylases with the potential to meet industrial demands can be employed in one 

or several applications. 
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2.5 Industrial Application of Amylases 

 

Industrial enzyme market is estimated to reach US$ 6.2 billion by 2020 (Mehta and 

Satyanarayana 2016). Some of the significant reasons for the continuous increase in the global 

sales of microbial enzymes are because of the rise in the demand for consumer goods and 

biofuels. The use of amylase enzymes has replaced acid hydrolysis of starch, and currently, 

amylases have a great significance in present-day biotechnology having approximately 25–

30% of the world enzyme market to date (Dash et al. 2015).  These vast potentials of amylases 

to be employed in a wide range of industries have placed a more significant challenge for 

researchers. As a result, there is a continuous exploration for more active amylase producing 

Bacillus strains with enhanced potential characteristics for industrial utilization (table 2.2).  

 

Table 2.2: Industrial applications of amylases from Bacillus spp. 

Industry Enzyme Function Source Reference 

Baking Amylase 
Maltogenic 
α-Amylase 

Flour adjustment 
Enhance the shelf 
life of bread 

Bacillus sp. 
B. 
stearothermophilus 

(Singh et al. 2016) 

Beverage α-Amylase 
β-Amylase 

Starch hydrolysis 
Starch hydrolysis 

Bacillus sp. 
Bacillus sp. 

(Rejzek et al., 2011; Singh 
et al. 2016) 

Paper and pulp Amylase Deinking, 
drainage 
improvement 

B. licheniformis (Mojsov 2012) 

Detergent Amylase Carbohydrate 
strain removal 

B. subtilis (Schallmey et al. 2004) 

Leather Amylase Fibre splitting B. subtilis (Singh et al. 2016) 
Waste 
management 

Amylase Bioremediation of 
vegetable wastes 

B. licheniformis (Singh et al. 2016) 

Textile Amylase Desizing Bacillus sp., B. 
licheniformis 

(Schallmey et al. 2004) 

Therapeutic α-Amylase 
 

As a digestive 
disorder treatment 

Bacillus spp. (Singh et al. 2016) 

Ethanol 
production 

α-Amylase 
 

Starch hydrolysis B. licheniformis (Gurung et al. 2013) 

 
 

As mentioned previously, amylases are one of the primary enzymes that are exploited in the 

industry. The historical production of enzymes for industrial purposes dates back to when Dr. 

Jhokichi Takamine produced a digestive enzyme from wheat bran koji culture of Aspergillus 

oryzae in 1894. Subsequently, industrial production of dextrose powder and dextrose crystals 

from starch using α-amylase and glucoamylase then began in 1959. From then on, amylases 

are being utilized for various purposes (Aiyer 2005). Moreover, Amylases have recently found 

their use in other applications such as fuel production, removal of starch sizer from textile, 
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detergent industry, paper and pulp, brewing, and pharmaceutical industry amongst others (Saini 

et al. 2017).  

 

The starch industry has the most widespread applications of amylases, which are used during 

starch hydrolysis in the starch liquefaction process that breaks down the starch into syrups 

(fructose and glucose syrups) (Nielsen and Borchert 2000).  The enzymatic breakdown of all 

starch molecules includes gelatinization. This process involves the dissipation of starch 

particles, thereby producing gelatinous suspension; liquefaction, which includes the partial 

hydrolysis and loss in viscosity; and saccharification, including the production of glucose and 

maltose via further hydrolysis (Gomes et al. 2003; Sahni and Goel 2015). 

 

There has been a concern about the pollution caused by fossil fuels, and this continues to be a 

significant problem. Biofuels have generated interest due to the harm they cause to the 

environment and high prices of these fuels. One of these biofuels among others includes ethanol 

fuel. Ethanol is the most utilized liquid biofuel. Ethanol can be derived from renewable 

resources such as waste generated from the crops and by-products. Hence for the production 

of bioethanol, starch is the most used substrate due to its low price and readily available raw 

material in most regions of the world. Amylases in particular alpha amylases and 

glucoamylases are crucial to producing fermentable sugars for the production of ethanol (Saini 

et al. 2017). 

 

Mayo Clinic refers to Malabsorption syndrome as many disorders in which the small intestine 

cannot absorb enough of specific nutrients and fluids. As a result of this syndrome, individuals 

can experience symptoms such as weight loss, bloating, and diarrhea and in most cases this 

condition can eventually affect the brain, nervous system, bones, the liver, and other organs. 

One of these disorders caused by Malabsorption is a digestive disorder which generally occurs 

due to lack or insufficient digestive enzymes in the body. In cases like these, amylases are used 

as therapeutic drugs in health issues related to enzymatic deficiency and gastrointestinal 

disorders (Singh et al. 2016; Mane and Tale 2015). 

 

The same is true in the brewing industry, starch has to be solubilized and then submitted to two 

enzymatic steps to obtain fermentable sugars. The standard process for the bioconversion of 

starch into ethanol requires a saccharification step, where the starch polymer is broken down 

into sugar with either glucoamylase or α-amylase followed by fermentation, where sugar is 
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converted into ethanol using an ethanol fermenting organism such as yeast Saccharomyces 

cerevisiae (Tiwari et al. 2015b; Mobini-Dehkordi and Javan 2012). The increasing awareness 

of sustainability concerns, use of microbial amylases in this industry has grown steadily to 

minimize adverse effect on the environment. Paper and pulp use amylases for the reduction of 

starch viscosity to achieve the appropriate coating of paper for application to fibers. 

Furthermore, amylase is used to enhance deinking and improve the drainage of paper (Saini et 

al. 2017; Singh et al. 2016). 

 

Starch is incorporated into the yarn before fabric production for a fast and weaving process. 

The amylase is then employed to hydrolyze and solubilize starch, which then washes out the 

cloth increasing the stiffness of the finished material. Fabrics are sized with starch. Alpha-

amylase is then used as a desizing agent for removing starch from the grey cloth before it is 

further processed in bleach and dye (Saini et al. 2017). Starch occurs extensively in waste 

materials produced from the processing of plant raw material. Starch processing waste is 

produced in large quantities and this result in environmental pollution. A cocktail of microbial 

amylases or a consortium of microbes producing amylases are then used for bioremediation of 

starch pollutant materials (Tiwari et al. 2015b; Mobini-Dehkordi and Javan 2012).  

 

The detergent industry is the primary consumers of enzymes, concerning both volume and 

value. The application of biocatalysts in detergent formulations enhances the detergents ability 

to remove tough stains and to make the detergent environmentally safe (Figure 2.11) (Suribabu 

et al. 2018). Amylases are the second group of enzymes used in the formulation of enzymatic 

detergent, and 90% of all liquid soaps contain these enzymes. Amylases catalyze the hydrolysis 

of glucosidic linkages in starch polymers, commonly found in foods such as pasta, fruit, 

chocolate, baby food, barbecue sauce, and gravy. As colored stains, their removal is of interest 

in both detergent and dishwashing contexts. As stated in the literature, amylases used in the 

detergent industry are derived from Bacillus or Aspergillus (Sahni and Goel, 2015; Mobini-

Dehkordi and Javan 2012). 
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Figure 2.11: Effect of amylase on carbohydrate stains. (A) Cloth stained with chocolate, (B) Stained 

fabric washed with water only, (C) Stained cloth washed with enzyme only, (D) Stained material 

washed with detergent only and (E) Stained cloth washed with detergent and amylase enzyme (Saini et 

al. 2017). 

 

Enzyme utilization in medicine is extensive as in the industry and are overgrowing. Plasma 

serum amylase is measured for medical diagnosis. A standard concentration of amylase in the 

blood is in the range of 21-101 U/L. Higher than normal level may speculate one of several 

medical conditions including acute inflammation of the pancreas, perforated peptic ulcer, and 

strangulation ileus, torsion of an ovarian cyst, macroamylasemia and mumps. Amylase 

concentration may be measured in other body fluids, including urine and peritoneal fluid 

(Tiwari et al. 2015b). In recombinant DNA technology, the presence of amylase serves as an 

additional approach for selecting successful recombinants of a reporter construct in addition to 

antibiotic resistance. As homologous regions of the structural gene flank reporter genes for 

amylase, successful transformation will disrupt the amylase gene, and inhibit the starch 

degradation, which is easy to detect when stained with iodine (Singh et al. 2011). 

 

Additionally, amylases play a pivotal role in the baking industry. They hydrolyze starch and 

produce small dextrins for the yeast to act upon. Amylases degrade the damaged starch in the 

wheat flour to produce small dextrins, which allows the yeast to be continually active during 

dough fermentation. This process results in improved bread volume and crumb texture (Saini 

et al. 2017). Although amylases can be produced by these yeast cells, it takes a while for the 

yeast to produce enough of these amylases to hydrolyze substantial amounts of starch in the 

bread. Hence, amylases are included in the bread improver to accelerate the process thereby 

making the bread-making process economical. Currently, in the baking industry, a 

thermostable maltogenic amylase of Bacillus stearothermophilus is commercially used 

(Mobini-Dehkordi and Javan 2012). Amylases are used for the production of desired softness 

in candy and partial or total hydrolysis of corn starch to produce large quantities of sweeteners 
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in the glucose and syrup industry. Moreover, they are applied for hydrolysis of starch causing 

turbidity due to insolubility in the fruit juice industry (Saini et al. 2017).  

 

2.6  Immobilization of Amylases 

 

The utilization of amylases, in the starch processing, has been crucial for the past decades. 

However, the application of amylases in such harsh conditions can compromise their 

performance, shelf-life, and ease of recovery for reusability. Therefore, to overcome these 

limitations, an alternative approach has been introduced to economize the process and enhance 

the stability and continuous usage of enzymes. Accordingly, immobilization is a technology 

that is employed to ensure specificity and stability of the biocatalysts for continuous 

applications on a large scale under a wide range of adverse conditions such pH and temperature 

(Husain 2017). According to a review done by Ahmad and Sardar, immobilization is a process 

that is introduced to improve the operational activity of an enzyme (Ahmad and Sardar 2015). 

Several approaches have been applied to immobilize amylases and other enzymes to qualify 

them for industrial applications. Therefore depending on the method, enzymes can be attached 

to an inert, organic or inorganic, insoluble support to achieve the immobilization process 

(Homaei and Saberi 2015). Physical adsorption, entrapment, covalent bonding and cross-

linking are some of the most used approaches to facilitate enzyme immobilization. These 

approaches results in varying activities of the enzymes, hence, it is crucial to acquire full insight 

about the structural variation and protein folding of the enzyme following the interaction with 

the support matrix as well as interactions of the enzymes with other proteins so as to avoid 

hindering the active site of the biocatalyst for the substrate to bind (Mohamad et al. 2015). 

 

With the advent frontiers, the use of nanomaterials has become accessible for immobilization 

and stabilization of amylases. Magnetic-nanoparticle-supports facilitate easy of recovery from 

the reaction solution. Hence, they have shown their capacity for the immobilization of essential 

enzymes, especially α-amylases (Mohamad et al. 2015; Husain 2017).  

 

Accordingly, Sohrabi and colleagues employed the covalent-bonding approach to immobilize 

α-amylase enzyme on the surface of silica-coated modified Fe3O4 magnetic nanoparticles 

(MNP’s).  As a result, the immobilized α-amylase showed optimal catalytic activity at pH 6.5 

and temperature 45 oC. Additionally, the kinetic studies showed overall enhancement in the 
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performance of the immobilized enzyme when compared to the free α-amylase enzyme. The 

authors further added that the thermal stability of the enzyme was found to have increased after 

the immobilization (Sohrabi et al. 2014). Their result affirms the added advantage and value of 

an immobilized enzyme as compared to the free enzyme. For further reading on the 

immobilization of α-amylases and other amylolytic enzymes, one may refer to a review by 

Husain (Husain 2017). 

 

2.7 Conclusion  

 

When considering all the research that has been done so far, it can be concluded that the starch 

industry is on a continuous rise due to its high demand in different industries from food, to 

textile industries, which in turn implies the increased demand for amylolytic enzymes. To the 

effect, efforts are being made to develop amylases with an extreme range of pH, temperature, 

and better catalytic efficiency to meet the industrial requirements. According to the literature 

reviews, biomolecules of Bacillus origin are among those that largely fulfil such requirements, 

further affirming the central role of the genus as potential microbial cell factories. Moreover, 

most of the biomolecules including amylases developed to date are sourced from 

microorganisms of terrestrial and aquatic sources, exclusively using the conventional culture-

based method that accounts for 1-10% of the microbiota. Therefore, there is a need to mine 

biomolecules from under exploited but rich niches such as goat rumen using metagenomic 

techniques. 
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Abstract 

 

Metagenomics has been extensively exploited for novel gene discovery from a wide range of 

unique environmental ecosystems. The goat rumen is a complex and a unique source which 

consists of a consortium of microbes with various roles because it is an ideal ecosystem that is 

essential for the detection of novel genes of potential value in industry. However, unlike other 

conventional Deoxyribonucleic acid extraction techniques, metagenomic DNA extraction is 

not easily handy to be extrapolated from other related techniques. It is a source dependent, 

especially when one wants to extract mDNA fit to construct a fosmid library, which requires a 

high quality and high-molecular-weight metagenome. Thus, this chapter is aimed at to 

developing an effective protocol that can be used in extraction of high quality and high-

molecular mDNA from goat rumen digesta fit for successful construction of metagenomic 

fosmid library. An efficient method (Method D) extracted high molecular-weight (~35 kb) and 

high quality mDNA (260:280 ratio range of 1.93 – 2.01) with a concentration ranging from 

215.6-280.9. The 16S rRNA PCR amplification of the purified mDNA was done using 

universal primers to test the efficiency of the method and yielded a PCR product of ~990bp. 

The pure mDNA was subsequently used for metagenomic library construction. 

 

Keywords: CTAB, DNA extraction, Rumen digesta. 
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3.1 Introduction 

 

Metagenomics is a term that refers to a set of techniques used to explore the entire microbial 

populations through direct extraction and sequencing of their DNA without the need for 

isolation and culturing (Handelsman 2004). These techniques can be used to study different 

microbial populations ranging from human, animal, ocean, soil and continental water 

metagenomics (Rodriguez-Valera et al. 2015). Despite the potential usefulness of the 

metagenomic approach, the extraction of pure metagenomic DNA can be cumbersome, 

especially when working with the soil and other complex environments with attempts to 

remove the humic acid, tannins and other components that form part of that habitat. Thus, 

contamination can be a limiting factor if the purpose of the extracted DNA is to be considered 

for further studies such as fosmid library construction, cloning and sequencing (Darling et al. 

2014; Yilmaz et al. 2010).   

 

Several DNA extraction protocols exist that allow for ease of replication and reproducibility 

depending on the composition of the sample that is being investigated. In most cases, extraction 

kits are the alternative tools used to extract pure DNA for downstream analysis. However, some 

kits do not allow for the isolation of high yield DNA and further results in low concentrations. 

Thus one must optimize the protocol that fits the complexity of the sample. Hence, due to the 

complexity of the goat rumen, the protocol used for the extraction of the goat metagenome was 

optimized to suit the current research aim of obtaining a good amount and high quality DNA 

for further downstream analysis. Accordingly, various methods that were optimized and used 

to extract the DNA from the goat rumen and their outcomes are detailed in the next sections.  

 

3.2 Materials and Methods  

 

3.2.1 Sampling 

 

Five goats; one broer breed from Sebokeng, Vanderbijlpark, Gauteng, South Africa and four 

Nguni type goats from the semi-arid regions of Limpopo in South Africa at a rural village 

called Ga-Kgapane were collected as samples on April 2016. All the goats’ were free grazers. 

It must be noted that the diversity of the potential amylases with thermostable characteristics 

among others was more critical than the number of sampled goats and the type of breeds hence 



 

69 
 

the subjects were not balanced.  According to World Weather Online 

(https://worldeatheronline.com), Sebokeng’s maximum temperature during the month of 

sampling was 24oC while Ga-kgapane was 26oC.  

 

 

Figure 3.1: Map of the study area where the goats were collected. 

 

The sampling of the goat rumen was done at a Johannesburg province slaughterhouse located 

in Vereeniging, old Joburg road-R21, South Africa. The animals were slaughtered in terms of 

Section 4 of the regulations promulgated in terms of the Meat Safety Act 40 of 2000 which 

replaced the Abattoir Hygiene act 121 of 1992 which is available on https://www.gov.za. The 

slaughter house workmen presented the rumen after slaughtering and the sampling was 

achieved aseptically using a sterile spatula to scoop and then transferred the contents into a 50 

ml falcon tubes. The samples were then transported in an icebox cooler prior to DNA extraction 

to the OMICS Research Group & Facility Laboratory in the Department of Biotechnology, 

Vaal University of Technology.  

 

3.2.2 DNA extraction  

 

Method A 

The following protocol was adopted from (Bashir et al. 2015).  A total weight of 0.5 g rumen 

digesta was weighed and placed in a 15-mL Falcon tube. Thereafter a 5 mL CTAB extraction 

buffer [1% (w/v) CTAB (Sigma-Aldrich (Pty) Ltd, SA); 100 mM Tris-HCl (Sigma-Aldrich 

(Pty) Ltd, SA), pH 8.0; 50 mM EDTA (Rochelle Chemicals, SA); 1.5 M NaCl (Rochelle 

Chemicals, SA); and 100 µg/mL proteinase K (BioLabs® Inc, Inqaba Bitech™, SA)] was added 
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and the mixture was incubated at 65°C for 2 hours with occasional mixing. (Special note 

Proteinase K was added to the buffer after pre-warming at 65°C). The lysate was then 

centrifuged (NEYA 16R Refrigirated centrifuge, REMI NEYA, Italy) at 10000× g for 5 min, 

and the supernatant was processed further. A total volume of 500 µL of 25:24:1 phenol: 

chloroform: isoamyl alcohol (Sigma-Aldrich (Pty) Ltd, SA) and 100 µL of 35% polyethylene 

glycol (PEG, Mr = 4000, Merck Chemicals (Pty) Ltd, SA) was added and centrifuged at 15 

000× g for 10 min at 4°C. The DNA was precipitated from the recovered aqueous phase with 

0.6 volumes of isopropyl alcohol (Rochelle Chemicals, SA). The DNA was then recovered by 

centrifugation at 10000× g for 15 min at 4°C. Accordingly, the DNA concentration was 

measured spectrophotometrically using the Nanodrop Onec (ThermoFisher, US), and the 

integrity was examined by gel electrophoresis for 45 minutes at 100V on 0.8% agarose. 

 

Method B 

Method B was done using a Macherey-Nagel™ Nucleospin™ Stool kit and followed the 

manufacture’s protocol (Separations, Randburg, South Africa). The kit was chosen based on 

the recommendations of the supplier. 

 

Method C 

This protocol was adopted from Kalisz and Soltis laboratory (Doyle & Doyle 1987). 

Approximately, 1-2 grams of the sample was weighed into a 15 ml centrifuge tube and 5 ml of 

Millipore H2O was added to the sample, homogenized, and then centrifuged at 4000 x g   for 

20 min at 4°C. The debris was then discarded, and the supernatant was suspended in 5 ml of 

pre-warmed (60°C) CTAB extraction buffer (20 g/l CTAB (cetyltrimethylammonium bromide; 

100 ml 1 M Tris-HCl [pH=8]; 40 ml of 0.5 M EDTA; 280 ml of 5 M NaCl). A total volume of 

15 μl β-mercaptoethanol (Merck Chemicals (Pty) Ltd, SA) and 25 μl proteinase K were added 

before use and incubated at 60°C for 1 hour. Gently mixed by inverting the tube from time to 

time during the incubation period. After 1 hour of incubation 5 ml of chloroform:isoamyl 

alcohol (24:1) solution was added under a fume hood. Mixed for 2 min by inverting the tube 

and then centrifuged for 15 min at maximum speed (4000 x g) at 4°C. The aqueous layer was 

carefully transferred to a sterile 15 ml microcentrifuge tube. To precipitate the DNA, 5 ml of 

ice-cold isopropanol was added, and the tube was gently inverted to ensure complete mixing 

of the solution. Left for 5 min on ice, then centrifuged for 10 min (4000) x g at 4°C to pellet 

the DNA. The supernatant was carefully removed, and the pellet was washed twice with 70% 
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ethanol and centrifuged for 10 min at max speed. After removing the supernatant, the pellet 

was dried by leaving the tube open. The dried pellet was then resuspended in 0.2 ml TE (pH 

8.0) and stored at -80oC for further analysis.  

 

Method D 

 

A representative sample of the rumen digesta was collected aseptically from four different 

compartments of the stomach (reticulum, rumen, omasum, and abomasum) and homogenized 

in a 15ml sterile falcon tube. Then, 0.1 g of the homogenized sample was weighed into a 2 ml 

microcentrifuge tube and suspended in 500 μl of pre-warmed (60°C) 2% CTAB extraction 

buffer (See Appendix 3.1). Then 2.5 µl of proteinase K and 1.5 μl β-mercaptoethanol were 

added just before use and incubated at 60 °C for 10 minutes. After 10 minutes of incubation 

500 μl of chloroform: isoamyl alcohol (24:1) solution was added under a fume hood. After that, 

it was gently mixed by inverting the tube and then centrifuged for 15 min at maximum speed 

(13500 xg) at 4 °C. The aqueous layer was carefully transferred to a sterile 2 ml microcentrifuge 

tube. To precipitate the DNA, an equal volume of ice-cold isopropanol was added, and the tube 

was gently inverted to ensure complete mixing of the solution. The solution was then stored in 

the freezer (-20 °C) for 25 minutes, then centrifuged for 5 minutes (13500 xg) at 4 °C to pellet 

the DNA. The supernatant was carefully removed, and then the pellet was washed with 70% 

ethanol and afterward dried by leaving the tube open. The dried pellet was furthermore 

resuspended in 15 μl low TE (pH 8.0) and then stored at -80oC for further analysis (Worden 

2009). 

NB: Same source of chemicals were used unless stated otherwise. 

 

3.2.3 DNA purification, quantification and efficiency of the optimized 

method  

 

The extracted DNA was then quantified using a Qubit® 3 (Life Technologies, USA) and the 

purity was further assesed on the Nanodrop onec (ThermoFisher Scientific, USA). Two 

microliters (2 μl) of the extracted DNA sample was then measured and processed following 

the manufacturer's protocol. The metagenomic DNA extracted was assesed on 0.8% (w/v) 

agarose gel (see appendix 3.2) prepared in 1 X TBE buffer containing (see appendix 3.3) 10 

mg/mL ethidium bromide (VWR Life Science AMRESCO®, Inc) (Sambrook et al. 2001). Six 
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times (6 X) loading dye was added and the sample run at 100V for 45 minutes at room 

temperature. One kilo base pair (1kb) DNA ladder (Kapa Biosystems) was used to detect the 

product sizes visualized under low radiation ultra violet (UV) trans-illuminator (GBOX-

Chemi-XRQ gel documentation, Syngene, Birmingham). Because this DNA was to be used for 

further downstream analysis, its efficiency was verified by conducting 16S rDNA amplification 

analysis using 16S universal primers. Amplification was done in a total volume of 25 µl 

reaction mixture containing 0.2 mM each dNTP (Fermentas, Germany), 10 µmole of each 

forward and reverse primer, ~100 ng mDNA template and one Taq 2X Master Mix with 

standard buffer performed using Applied Biosystems™ PCR thermal cycler. The following 

parameters were adhered to: 3 minutes at 95 ºC; 30 cycles for 30 seconds at 95ºC; 30s at 55 ºC; 

min at 72 ºC; with a final extension step of 5 min at 72°C. The amplified mDNA was 

electrophoresed on 0.8% agarose gel at 100V for 45 minutes. 

 

3.3 Results and Discussions 

3.3.1 Metagenomic DNA extraction 

 

After several attempts (methods A, B, C and D) to obtain a pure metagenomic DNA from the 

goat rumen population, method D (Figure 3.1) gave better yield and showed higher integrity 

on agarose gel in comparison to the other three methods. Method D successfully recovered a 

high-molecular-weight DNA (~35kb) (Figure 3.1) for all the representative goats. Moreover, 

the method was seen to have reduced the level of shearing which is a crucial aspect in further 

downstream analysis. From the extraction analysis, method D was qualified to be the best 

according to the current study for metagenomic DNA extraction. Accordingly, the rumen 

digesta from all the five goats were then pooled in equal amounts, and method D was used to 

extract the DNA. Figure 3.2, section 3.3.2 exhibits the sizes of the pooled DNA samples.  

 

 
Method A      Method B 
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Method C    Method D 

Figure 3.2: Gel electrophoresis of metagenomic DNA extracted from goats rumen digesta using four 

different methods (A, B, C and D) assessed on 0.8% agarose/EtBr gel run at 100V for 45 minutes. Lanes 

M: 1 kb DNA ladder; G1 – G5: goats 1-5 used in the study. 

 

3.3.2 DNA purification, quantification and efficiency of the optimized protocol 

 

Table 3.1: The quality profiles of the metagenomic DNA extracted using different four methods (A-D) 

assessed on Nanodrop onec (ThermoFisher Scientific, US) 

Method Conce. (ng/µl) Ratio 260:230 Ratio 260:280 

A 36.7 - 85.1 2.30 – 2.41 1.43 – 1.51 

B 53.4 - 63.8 1.83 – 1.84 1.92-1.96 

C 42.7 - 100.2 0.72 -1.31  1.84 – 2.02  

D 215.6 - 280.9 1.04 - 1.18 1.93 – 2.01 

 *- inconclusive 

 

Actual pooled DNA extracted using method D suspended in 500 µl of TE buffer resulted in a 

concentration of 215 ng/ µl with a Ratio 260:280 and Ratio 260:230 (1.71 and 1.0) respectively. 

Thus, according to the Nanodrop onec analysis, the total mass of the DNA resulted in 107.5 µg. 

According to the Nanodrop results, it can be concluded that a large concentration usually 

depicts contamination and sheared DNA. So the nanodrop reports anything that is being 

absorbed at 260 and 280 nm including the tannins, carbohydrates and other contaminants. 
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The resulting DNA (Figure 3.2D) was used for further analysis. Thus, the next chapter 

discusses the construction of the metagenomic library using the isolated DNA as the primary 

raw material.  

 
Figure 3.3: 0.8% agarose gel electrophoresis of the extracted metagenomic DNA from the goat rumen 

using Method D. M: 1kb DNA marker; C: Fosmid control DNA (~40 kb); and D: the goat rumen 

metagenomic DNA (~35 kb). 

 

Figure 3.3 shows the 16S amplification product of the DNA isolated using method D to test for 

its efficiency for further downstream analysis. The 16S rRNA amplification resulted in a 

product of approximately 990bp which proves its eligibility for sequence based and 

construction of metagenomic library for functional analysis. 

 

 

Figure 3.4: The efficiency of the isolated metagenomic DNA on 0.8% agarose gel. Lane M: 1 kb plus 

universal ladder (Kapa Biosystems); Lane D: 16S amplification of the metagenomic DNA.  
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3.4 Conclusion 

 

From the current findings, it can be concluded that, the incubation period plays a significant 

role in the extraction of DNA and should be optimized to suite the sample in question. In this 

study, 10 minutes incubation period was used. It is crucial to avoid shearing the DNA during 

handling. Thus, we recommend that vortexing should be limited to a minimum to reduce 

disintegration of the metagenomic DNA depending on the type of sample that is under 

investigation. We further recommend using a temperature controlled centrifuge to avoid to 

avoid disintegration of the DNA. The DNA can be eluted through an ectroeluelution process, 

however the DNA should not come in contact with ethidium bromide and long exposure to UV 

if it is to be used for library construction. The goat rumen metagenomic DNA was successfully 

extracted and the optimized protocol can be recommended for further trials and future use when 

extracting DNA from ruminant samples.  

   

 

 

 

 

  



 

76 
 

Chapter IV 

 Construction and Functional Screening of Fosmid Library from Metagenome of Goat 

Rumen Digesta  

 

Table of Content:              Page 

 

4.1 Introduction....................................................................................................................78 

4.2 Materials and Methods...................................................................................................79 

4.2.1 Bacterial strain used as host for fosmid library construction…………...................79 

4.2.2 Fosmid library construction.....................................................................................80 

4.2.3 Quality control of the fosmid library insert size......................................................82 

4.2.4 Screening of potent amylase producing fosmid clones............................................82 

4.2.5 Crude amylase production........................................................................................83 

4.2.5.1 Effect of pH and temperature on crude amylase activity..........................................83 

4.2.6 Extraction of the plasmid DNA from the positive clones.........................................84 

4.2.7 Sequence analysis and prediction of the ORF’S………….......................................84 

4.3 Results and Discussions..................................................................................................85 

4.3.1 Fosmid library construction......................................................................................85 

4.3.2 Quality control of the fosmid library insert size.......................................................85 

4.3.3 Screening of potent amylase producing fosmid clones.............................................87 

4.3.3.1 Effect of pH and temperature on crude amylase activity..........................................88 

4.3.4 Sequence analysis......................................................................................................90 

4.3.5 Prediction of the ORFs..............................................................................................90 

4.4 Conclusion.......................................................................................................................96 

 

 

 

 



 

77 
 

Construction and Functional Screening of Fosmid Library from Metagenome of Goat Rumen 

Digesta 

Abstract 

 

Metagenomic DNA requires be captured in an expression vector to facilitate its functional 

analysis. The aim of this chapter is to construct a metagenomic fosmid library for screening of 

the potential amylase genes. Construction of the fosmid library was done following the 

CopyControl pCC2FOS™ protocol with minimized optimization. The host E. coli EPI300-T1r 

cells supplied along with CopyControl pCC2FOS™ fosmid library production kit has the 

background expression of amylase genes, hence a need for E. coli EPI300-T1r with a pathway 

for amylase production silenced. Therefore, the study used E. coli EPI300-T1r (ΔyinQ ΔphoA 

ΔappA ΔmalZ ΔaphA ΔmalS), with deleted genes to avoid background amylase production, 

as a host for construction of amylase-specific fosmid library. The library was subsequently 

screened for the presence of amylase isoforms using 0.1% soluble starch as a substrate. 

Therefore four potential amylase positive fosmid clones were selected, recombinant vector 

isolated and then Miseq sequenced.     

 

Keywords: Fosmid library, Screening, background expression, fosmid clones  
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4.1 Introduction 

 

Metagenomics has emerged as an alternative route to the classical microbial screening that 

permits exhaustive screening of microbial genomes in their natural habitats (Cowan et al. 2005; 

Handelsman 2004. As mentioned in the literature review (chapter I), functional screening 

allows the study of genes from unculturable microbes to be exploited. Therefore, to perform a 

functional screening, a pure metagenomic DNA must be fragmented and then ligated to circular 

DNA vectors. As a result, a metagenomic library consists of a random fragment of a pool of  

DNA. This process ensures the stability of the genes coded on these genomic DNA fragments. 

The circular vectors are then made to infect a well-known host organism to facilitate 

replication. Hence, the heterologous expression of the metagenomic DNA is critically 

examined through function-based screening (Cowan et al. 2005; Lorenz and Eck 2005; 

Handelsman 2004). 

 

Metagenomic libraries are required for generating large, and stable libraries from complex 

genomes, physical mapping, positional cloning and analysis of gene structure and function 

(Lorenz and Eck 2005; Handelsman 2004; Li et al. 2015). Examples of these libraries include 

cosmids which are vectors that contain cos sites for phage packaging that are used to close 

large DNA fragments. Bacterial Artificial Chromosomes, also known as BAC’s, are used for 

large insert (180-50kb) as well and Fosmids which are vectors that clone the DNA based on 

the F-plasmid of E.coli, and they are ideal for smaller inserts (40 kb) (Li et al. 2015). Hence, 

the choice of a vector depends mainly on the length of the inserts. Accordingly, because the 

insert size in this study ranges from ~35-42kb, the HTP CopyControl™ Fosmid Library 

Production Kit with the pCC2FOS™ fosmid vector (Epicentre Biotechnologies, Madison, WI, 

USA) was used to construct the metagenomic library. 

 

Various strains of E.coli are reported (Kang et al., 2011; Vidya et al., 2011) as the dominant 

organisms for hosting metagenomic libraries because they are well-characterized and can be 

easily cultivated. E.coli strain offer an essential tool in metagenomics because it consists of 

mutations that reduce recombinant DNA and DNA degradation. Moreover, E.coli strains aids 
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in the blue and white colony recombinant screening due to the presence of the lacZ gene 

(Handelsman, 2004). However, functional screening of the metagenome libraries is often 

problematic due to the insufficient and biased expression of the recombinants in some E.coli 

strains (Uchiyama and Miyazaki 2009).  

 

4.2 Materials and Methods 

4.2.1 Bacterial strain used as host for fosmid library construction 

 

Nyyssonen and colleagues discovered that E.coli EPI300-T1r, used as the parental strain for 

the construction of the fosmid library to facilitate screening carries genes that are involved in 

amylose degradation (Nyyssönen et al., 2013). Attempts were made to delete these four genes, 

however due to the time-frame for this stud, we used E. coli EPI300-T1r (ΔyinQ ΔphoA ΔappA 

ΔmalZ ΔaphA ΔmalS) obtained from the Coli Genetic Stock Center (CGSC), UK, with deleted 

genes to avoid background amylase production, as a host for construction of amylase-specific 

fosmid library. 

 

Table 4.1: Four genes involved in the starch degradation pathway in E. coli  

     EPI300-T1r strain 

Gene Protein Function 

1. amyA Cytoplasmic α-amylase 1.4- α-D-glucan degradation 

2. malS Periplasmic α-amylase 1.4- α-D-glucan degradation 

3. malZ Maltodextrin glucosidase 1.4- α-D-glucan degradation 

4. yihQ α-glucosidase 1.4- α-D-glucan degradation 

 

The genes amyA, malS, malZ and yihQ are involved in the starch degradation pathway as 

illustrated in Figure 4.1. Deletion of these genes prevents the carbohydrate from being 

converted to end products such as D-glucose, maltodextrin and dextrin (Figure 4.1). Hence, 

knockout of these genes is necessary prior construction of a fosmid library especially when 

screening for an enzyme that is involved in the carbohydrate metabolism, as is the case with 

this current study.  
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Figure 4.1: In-frame deletion of the genes involved in starch degradation from the E. coli EPI300-T1r 

parental strain (KEGG) (Nyyssönen et al., 2013). 

 

4.2.2 Fosmid library construction 

 

E. coli EPI300-T1r (ΔyinQ ΔphoA ΔappA ΔmalZ ΔaphA ΔmalS) were transported from 

CGSC to OMICS Research Facility in three soft LB agar tubes. The strain was then streaked 

on the prepared LB agar plates supplemented with 1% starch agar to verify its inability to 

degrade starch against a positive control. For fosmid library construction, the knocked out E. 

coli EPI300-T1r strain was streaked on LB agar without the antibiotic and grown at 37°C 

overnight. The overnight plate was then sealed with parafilm and stored at 4°C.  

 

The day before the Lambda Packaging reaction, 50 ml of LB broth supplemented with 10 mM 

MgSO4 and 0.2% maltose was inoculated with a single colony of the strain mentioned above. 

The flask was shaken at 150 rpm at 37°C for 16 hours. 

 

The metagenomic DNA was End-Repaired to generate blunt-ends, 5′-phosphorylated DNA. 

The reagents (Table 4.2) were thawed on ice and thoroughly mixed before dispensing. The 

steps reaction was performed on ice.   
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Table 4.2: End-Repair mix 

Reaction component Amount (μl) 

sterile water 2 

10X End-Repair Buffer 8 

2.5 mM dNTP Mix 8 

10 mM ATP 8 

μg sheared insert DNA (approximately 0.5 

μg/μl) 

50 

End-Repair Enzyme Mix 4 

Total reaction volume 80 

 

This mixture was then incubated at room temperature (37°C) for 45 minutes. 

 

The purification of End-repaired DNA steps was performed using the GeneJET gel extraction 

and DNA clean-up micro kit (ThermoFisher Scientific, see appendix 4.1). The purified DNA 

was then ligated using the ligation reagents provided in the extraction kit. The kit reaction 

component are as indicated in (Table 4.3) 

 

 Table 4.3: Ligation reaction mix 

Reaction component Amount (μl) 

sterile water 0 

10X Fast-Link Ligation Buffer 1 

10 mM ATP 1 

CopyControl pCC1FOS or pCC2FOS™ Vector (0.5 

μg/μl) 

1 

concentrated insert DNA (0.25 μg of ~40-kb DNA) 6 

Fast-Link DNA Ligase 1 

Total reaction volume 10 

           

The Ligation reactions were packaged into MaxPlax Lambda packing extract and then used to 

transfect into EPI300-T1r phage resistant strain. A volume of 62 μL infected cells were plated 

on LB agar supplemented with 12.5 μg/mL chloramphenicol and incubated at 37 °C overnight 

to select the CopyControl fosmid clones. Colonies were counted, and the colony forming units 

were estimated using the formula below (HTP CopyControl™ Fosmid Library Production Kit): 
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Titer = (no of colonies) (dilution factor) (1000 μl/ml) 

  Volume phage plated (μl) 

NB: The CopyControl fosmid library construction protocol was slightly modified. 

4.2.2 Quality control of the fosmid library insert size 

 

To confirm whether the pCC2FOS™ vector was ligated with the insert DNA ( ~35-40 kb 

Metagenomic DNA), one clone was picked from the LB plate and grown overnight at 37°C  

while shaking at 150rpm in LB broth supplemented with 12.5 μg/mL chloramphenicol. These 

cultures were then used as the inocula for the copy number amplification procedure. The 50 ml 

of clone induction (See appendix 4.2 for CopyControl auto-induction Solution) culture was 

then incubated for 5 hours to induce the copy number. The construct/plasmid (Vector and the 

~40kb insert) from these clones was then extracted using the GeneJET Plasmid MiniPrep Kit 

(ThermoFisher Scientific, USA) (see appendix 4.3). The purified plasmid was then diluted 

according to the set up in (Table 4.4) and digested using restriction enzymes, KpnI, Pst1, and 

Nco1. The remaining was stored at -80°C. After restriction, digested mean average size was 

calculated from the ~35-40kb insert. 

 

Table 4.4: Restriction enzyme reaction set up of pCC2FOS™ vector digestion 

 

 

 

 

 

 

 

 

4.2.3 Screening of potent amylase producing fosmid clones 

 

The library was inoculated on a medium supplemented with 12.5 μg/mL chloramphenicol and 

0.1% (w/v) soluble starch for the production of extracellular amylases following described 

methods (Vidya et al., 2011). The master plate was kept for overnight growth at 37oC and then 

stored at 4oC, while the replica plates were then incubated for 48 hours at 37oC. After maximum 

Components  FC Vector  

H2O (µl) 16.3 16.8 

RE 10X Buffer (µl) 2.0 2.0 

BSA (µl) 0.2 0.2 

DNA (µl)  1.0 0.5 

KpnI/PstI/NcoI (µl) 0.5 0.5 

Total volume (µl) 20 20 
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growth, Lugol's iodine solution (0.03%: 0.06%) was flooded on the culture plate, and the starch 

which was present converted into a dark colour. The disappearance of the dark colour around 

the colony showed secretion of the extracellular amylase enzyme. Accordingly, three positive 

clones were chosen randomly according to the resulting halos on the 0.1% starch agar 

supplemented with 12.5 μg/mL chloramphenicol.    

4.2.4 Crude Amylase Production 

 

For the production of extracellular amylase enzymes, the clones were grown on a fermentation 

medium prepared by dissolving: soluble starch 1g/l, nutrient broth 8.0, (NH4)2SO4 0.225, 

(NH4)2HPO4 0.1, NaCl 0.085, MgSO4.7H2O 0.05, CaCl2 0.01 in phosphate buffer (0.02 M) pH 

7.0 (ADNAN, 2010) and then sterilized by autoclaving at 121oC for 15 minutes. The production 

media (50 ml) supplemented with 12.5 μg/mL chloramphenicol was then inoculated with a 

single colony of the overnight positive clones using a sterile toothpick and then incubated for 

24 hours at 37oC while shaking at 150rpm. The fermented broth was periodically harvested by 

centrifugation at 4000 x g for 30 min and the supernatant analyzed for amylase activity. 

 

4.2.4.1 Effect of pH and temperature on crude amylase activity 

 

The crude amylase activity was assayed by measuring the reducing sugar liberated in the 

reaction mixture by following the standard protocol described by (Miller 1959). Soluble starch 

(0.1 g) was dissolved into 100 ml PBS (0.02M) and boiled on a hot plate until the particles 

dissolved. The buffered starch was then was cooled to room temperature, and the pH was 

adjusted accordingly (3- 12) to fix the pH on crude amylase activity. Two hundred microliters 

of each pH range were transferred to sterile test tubes and then stabilized/equilibrated in a water 

bath at 30oC.  

 

The reactions were carried out with an equal amount (1:1) of the crude enzyme for each clone 

at 15s interval for 15 minutes. Afterwards, 1.0 ml of DNS (3.5-dinitrosalicyclic acid) reagent 

(Sigma-Aldrich (Pty) Ltd, SA) was added to each test tube to stop the reaction. The test tubes 

were then placed in a boiling water bath for 5 minutes and then cooled to room temperature 

with running tap water.   The volume was made up to 6 ml using distilled water and then read 

on the spectrophotometer at 540 nm against maltose as standard (see appendix 5.6). The solvent 

(distilled water) was used as the blank. This process was carried out in triplicate. Once the pH 
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was fixed, the optimum pH of the clones was then used to check the temperature optimum for 

the clones in a water bath set at 40, 50, and 60oC respectively. The following formula (Miller 

1959) was used to determine the activity of the clones from the maltose concentration standard 

curve: 

Enzyme	activity = 	 C	x	V
time(min) 

Where C = concentration of product released, V = Volume of reaction 

4.2.5 Extraction of the plasmid DNA from the positive clones 

 

Positive colonies were grown on LB broth supplemented with 12.5 μg/mL chloramphenicol 

and incubated overnight (16 hours) at 37oC while shaking (Stuart Bench-top laboratory 

incubator S1600, UK) at 150 rpm. The resulting growth was then induced following the 

protocol in appendix 2.3. The 50 ml of clone induction culture was then incubated for 5 hours 

to induce the copy number. After 5 hours of induction, 1.5 ml of the cell culture was pipetted 

into a 1.5 ml microcentrifuge tube and then centrifuged (NEYA 16R Refrigirated centrifuge, 

REMI NEYA, Italy) for 2 min at 12500 rpm. The supernatant was discarded, and the pellet 

was processed immediately. The plasmid DNA was isolated from the starch hydrolyzing clones 

with the GenJet miniprep kit (ThermoFisher Scientific, USA) (see the appendix 5.3).  

 

The purified plasmids were diluted accordingly for assessment on the Qubit® 3 (Life 

Technologies, USA). The purity was further electrophoresed on 0.8% agarose gel for 45 

minutes at 100 V. The purified plasmid DNA was then sent to Inqaba Biotech® (Pretoria, SA) 

for sequencing using the NGS platform, and the remaining was stored at -80°C. 

 

4.2.6 Sequence analysis and prediction of the ORF’s  

 

The resulting sequences were then mined in silico for the relation of genes with known amylase 

gene collections. The assembly and alignment were done using the CLC genomic workbench. 

NCBI website (http://www.ncbi.nlm.nih.gov/) was used to predict the Open Reading Frames 

(ORF’s) for amylase enzymes and for comparisons between the sequenced gene and other 

amylase proteins in the database by using BLAST (Basic Local Alignment Search Tool) for 

protein (UniProt). 
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4.3 Results and Discussions 

4.3.2 Fosmid library construction 

  

As previously mentioned, due to time frame allocated for the current study, before constructing 

the fosmid library, a strain that shows no carbohydrate degradation had to be outsourced from 

E.coli Genetic Stock Center. The strain was verified by plating on 1 % starch agar against the 

wild type. The mutant ΔyinQ ΔphoA ΔappA ΔmalZ ΔaphA ΔmalS (CGSC, UK) illustrated in 

figure 4.2 shows no starch hydrolysis. Therefore the fosmid library was constructed using the 

mutant.  

 

 

Figure 4.2: Mutant strain ΔyinQ ΔphoA ΔappA ΔmalZ ΔaphA ΔmalS (CGSC, UK) growing on 1% 

starch agar against positive controls. 

 

4.3.3 Quality control of the fosmid library insert size 

 

The size of the original metagenomic DNA was estimated to be approximately 35-40kb. The 

plasmid was restricted with KpnI (A), PstI (B) and NcoI (C). However, there was a redundancy 

on the restriction arrangement that resulted from KpnI, but no redundancy resulted from 

restriction by Pst I and Nco I (Figure 4.3). As mentioned in the CopyControl™ Fosmid Library 

Production Kit with pCC2FOS™ Vector (see appendix 4.4) KpnI cuts the pCC2FOS™™ 

vector at 348 and 5253, and so it was on the gel, but there was a redundancy on the fosmid 

clone. 
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Figure 4.3: 0.8% agarose gel electrophoresis of A KpnI (A), PstI (B) and NcoI (C) restriction digest on 

the fosmid construct. M: 1 kb ladder; 1: Fosmid control DNA (~42 kb); 2: “Plasmid” extracted from 

the mutant EPI300 cells; 3: Digested “plasmid” extracted from the mutant EPI300 cells; 4: 

Construct/Plasmid DNA extracted from the randomly picked clone; 5: KpnI A/PstI B/ NcoI C digested 

construct/Plasmid DNA from the randomly picked clone; 6: pCC2FOS™ fosmid vector; 7: KpnI A/PstI 
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B/ NcoI C digested pCC2FOS™ Fosmid vector. The total concentration of the plasmid DNA was 4.87 

ng/μl.  

 

For the restriction enzyme digestion reaction set up see appendix 4.6. Due to the redundancy 

of the digestion with KpnI (Figure 4.3A), the second digestion was repeated using a different 

restriction enzyme. As mentioned in the CopyControl™ Fosmid Library Production Kit with 

pCC2FOS™ Vector ( see appendix 4.4), PstI cuts the pCC2FOS™ vector at 429, 4067 and 

5608 sites (Figure 4.3B), and it cut randomly within the fosmid clone. The resulting average 

size of the insert was estimated to be approximate ~36kb. Hence there was no redundancy. 

 

The last restriction digest was performed using NcoI enzyme, which was observed to cut the 

pCC2FOS™ vector at, 959 and 7229 sites as was expected (Figure 4.3C). It was further 

observed to cut randomly within the fosmid clone. The resulting average size of the insert was 

estimated to be approximate ~39.80kb. Hence there was no redundancy. 

 

4.3.4 Screening the fosmid library for potential amylase enzymes 

 

The fosmid clones started growing after 16 hours but they were relatively small to be picked, 

so they were allowed to grow for up to 24 hours (Figure 4.4). The four randomly positive clones 

were selected based on the zone clearance were studied further, and this preliminary test gave 

a profile of the activity of the presumptive amylase enzymes in terms of optimum pH and 

temperature.  

 

 

Figure 4.4: The positive fosmid clones transformed into E. coli EPI300 – T1r (ΔyinQ ΔphoA ΔappA 

ΔmalZ ΔaphA ΔmalS) on 0.1% starch agar. 
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4.3.3.1 Effect of pH and temperature on amylase activity 

 

The maltose standard curve (see appendix 4.6) was constructed and used to measure the 

unknown concentrations of the products from the assay for the determination of the optimum 

pH and temperature activity of the clones. Accordingly, Figure 4.5 and Figure 4.6 show both 

the optimum pH and temperature respectively. 

 

Figure 4.5: Optimum pH for all the clones at temperature 30oC determined by measuring enzyme 

activity using 0.1% starch as a substrate. The percentage is calculated based on the concentration of the 

product released. FC = Fosmid Clones 2,9,12 and 14. 

 

According to the literature, the microbes in the rumen grow in a vast range ecosystem because 

the paunch temperature remains stable at 39oC (range 38oC – 42oC). Furthermore, due to the 

alkali treatment in the paunch, the pH is maintained at a high level (range 6.0 to 7.0) which is 

suitable for growth of a vast array of microbes (Moran 2005). Figure 4.5 illustrates the optimum 

pH of clone 2, 9 and 12 which is pH 6 while clone 14 shows optimum activity at acidic pH 4. 

Moreover, FC 12 shows the highest activity with FC 14 showing the least activity. Interestingly 
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the stability of the FC 2, 12 and 14 remains consistent at the alkaline range. In a study done by 

Vidya and colleagues, an amylase enzyme from Western Ghats soil metagenome was profiled 

and it was suggested to be a unique acidic thermostable amylase, which was also functional 

under alkaline pH (Vidya et al. 2011). In another study conducted on the metagenome of Kargil 

soil, the amylase was reported with a pH range of 5.5–7.5 (Sharma et al. 2010). 

 

 

Figure 4.6: Optimum temperature for all the clones at optimum pH 6 determined by measuring enzyme 

activity using 0.1% starch as a substrate. The percentage is calculated based on the concentration of the 

product released. FC = Fosmid Clones 2,9,12 and 14. 

 

In terms of temperature, FC 2 and FC 12 showed maximum activity at 30oC while FC 9 showed 

optimum activity at 40oC. However, clone 14 exhibited that same activity at both temperatures 
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30oC and 40oC. While both FC 2 and FC 12 shows consistency in the higher temperature range, 

FC 9 and FC 14 shows a slight increase from temperature 50 to 60oC which could suggest that 

both clones might withstand even higher temperatures. The next section discusses the 

sequencing results of all the clones. 

 

4.3.4 Sequence analysis 

The fosmid clones were sequenced to a depth of 50 MB which was more than enough to have 

complete coverage of 60 KB base pair fosmid clones. Accordingly, after doing the alignment 

and assembly, fosmid clone 2 resulted in a count of 568 contigs with an average length of 387 

bp; fosmid clone 9 resulted in a count of 391 with an average length of 442; fosmid clone 12 

had the highest count of 862 among all the clones and an average contig length of 361 while 

fosmid clone 14 resulted in a count of 736 with an average length of 388. See appendix 4.7 for 

a statistical summary of the alignment and assembly report of all the fosmid clones.     

 

4.3.5 Prediction of the ORF’s 

The sequences were then blasted to predict the open reading frames. Accordingly, Appendix 

4.8 shows the putative nucleotide sequences, and translated amino acid sequences coding for 

amylase enzymes. The Blast search indicated that the amino acid sequences codes for an 

amylase enzyme. Each ORF was ran and blasted on the NCBI database to check for the 

identification percentage related to the homology sequences.  

 

After the Blast search for each, pET30a(+)-amy-vut2, (from FC 2), pET30a(+)-amy-vut9 (from 

FC 9) and Amy 14 (from FC 14) were resembling each other. However, pET30a(+)-amy-vut12 

showed maximum difference between the three genes depicting that it could be harbouring 

some essential or novel properties of the enzyme which makes it different from other genes.   

A multiple sequence alignment was then executed against the four genes using an alpha-

amylase sequence from Bacillus licheniformis (NCBI_accession no: WP_095325322.1). The 

highly conserved regions between the four genes are shown under the column highlighted in 

red (top of alignment) (Figure 4.7) 
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Figure 4.7: Multiple sequence alignment of pET30a(+)-amy-vut2, pET30a(+)-amy-vut9, pET30a(+)-

amy-vut12 and pET30a(+)-amy-vut14 using ClustalW. WP_095325322.1 obtained from the NCBI 

database was used as a reference sequence. The highly conserved regions between the four genes 

are shown under the column highlighted in red (top of alignment). Generated using SnapGene. 

 

NCBI Blast of the putative amylase genes was done to find the best hit at the amino acid and 

nucleotide sequence level. Accordingly the central domains of the putative amylase genes are 

described in detail in the figures below. 
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Figure 4.8: Central domain screenshot of pET30a(+)-amy-vut2 depicting that it belongs to the Alpha-

amylase superfamily. 

The pET30a(+)-amy-vut2 ORF  is 1551bp in length  bp in length and encoded a polypeptide 

of 513 amino acids. Sequence analysis of The pET30a(+)-amy-vut2 has identified with several 

alpha amylases  at the amino acid level obtained from species of the genus Bacillus, mostly 

licheniformis. The best hit is the alpha amylase from Bacillus with a 96.25% identity (acession 

no:WP_011197602.1). 

  

Figure 4.9: Central domain screenshot of pET30a(+)-amy-vut9 depicting that it belongs to the Alpha-

amylase superfamily. 

The pET30a(+)-amy-vut9 ORF  is 1548bp in length  bp in length and encoded a polypeptide 

of 512 amino acids. Sequence analysis of pET30a(+)-amy-vut9 has identified with several 

alpha amylases  at the amino acid and nucleotide sequence level obtained from species of the 

genus Bacillus, mostly licheniformis. The best hit is the Alpha-amylase from Bacillus 

licheniformis with a 90.25% identity (acession no: WP_095325322.1). 
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Figure 4.10: Central domain screenshot of pET30a(+)-amy-vut12 depicting that it belongs to the 

Alpha-amylase superfamily. 

The pET30a(+)-amy-vut12 ORF  is 1548bp in length  bp in length and encoded a polypeptide 

of 512 amino acids. Sequence analysis of pET30a(+)-amy-vut12 has identified with several 

alpha amylases  at the amino acid and nucleotide sequence level obtained from species of the 

genus bifidobacteriuma. The best hit is the novel alpha-amylase (AmyPL) from an uncultured 

bacteria which was obtained from the faecal microbial metagenomic library of pigmy loris with 

a 94.66% identity (acession no: AHB399934.1). According to the authors, this is the first study 

to report the molecular and biochemical characterization of a novel α-amylase from a 

gastrointestinal metagenomic library (Xu et al. 2014). 

 

 

Figure 4.11: Central domain screenshot of pET30a(+)-amy-vut14 depicting that it belongs to the 

Alpha-amylase superfamily. 

 

The pET30a(+)-amy-vut9 ORF  is 1548bp in length  bp in length and encoded a polypeptide 

of 512 amino acids. Sequence analysis of pET30a(+)-amy-vut14 has identified with several 

alpha amylases  at the amino acid and nucleotide sequence level obtained from species of the 
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genus Bacillus, mostly licheniformis and paralicheniformis. The best hit is the alpha-amylase 

from Bacillus with a 99.02% and 98.83% identity at the nucleotide sequence amino acid level 

respectively (accession no: WP_011197602.1). Followed by an alpha amylase from Bacillus 

licheniformis with a 98.83% identity at the nucleotide sequence level (acession no: 

WP_095325322.1). pET30a(+)-amy-vut2, pET30a(+)-amy-vut9, and pET30a(+)-amy-vut14 

share the same catalytic, ion binding (Na+/ca2+) and active sites while pET30a(+)-amy-vut12 

has shown distinctive differences. 

 

The phylogenetic tree (Figure 4.12) shows the relationship among the aligned homology 

sequences which were established during the Blast search. The alignment analysis revealed 

that pET30a(+)-amy-vut2, pET30a(+)-amy-vut9 and pET30a(+)-amy-vut14 are similar.  

 
Figure 4.12: Alignment and phylogenetic reconstructions performed using the function "build" of 

ETE3 v3.0.0b32 as implemented on the GenomeNet (https://www.genome.jp/tools/ete/).The reference 

sequences were randomly chosen from the standard protein Blast search. 
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4.4 Conclusion 

 

Though, the temperature in the rumen has been reported to be in the range of 38-42oC, the 

current study showed that, the environment and feeding habits of the ruminants do play a 

significant role in the development of the microbial population in the rumen. The condition 

that are exhibited by the amylases from the crude makes them ideal for utilization in the 

manufacturing of probiotics. However, because these clones are a collection of many other 

enzymes that are capable of degrading starch, the results can only be conclusive when the 

individual enzymes have been expressed and ideally purified.  

 

Although the fosmid library was successfully constructed and the clones sequenced, the 

efficient cloning for expression of the gene of interest relies on various elements such as 

maximal expression signals related to both transcriptional and translational, correct protein 

folding and cell growth attributes (Schumann and Ferreira 2004). This process requires further 

knowledge which at this level was not adhered to due to the time frame for this study. Hence, 

for this study, the genes coding for amylase enzymes (see appendix 4.9) were In-silico mined 

in house using the CLC Genomic Workbench. These genes were further blasted on NCBI to 

find the ORF’s and then submitted to GenScript for synthesis and cloning. Accordingly, the 

next chapter reviews the expression, and physiochemical characterization of pET30a(+)-amy-

vut2, pET30a(+)-amy-vut9, pET30a(+)-amy-vut12, and pET30a(+)-amy-vut14. 
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Expression and Physicochemical Characterization of Recombinant Amylases 

 

 

Abstract 

 

 

The production of recombinant proteins involve cloning of the target gene into an expression 

vector driven by an inducible promoter. The recombinants are then allowed to multiply in a 

suitable range of expression host system. The choice of the expression host takes into account 

the protein quality, function, and yield as well as speed of production (Schumann and Ferreira 

2004).The effort to get recombinant protein through the use of prokaryotic expression systems 

in particularly with metagenomic DNA can shift from an advantageous and rapid procedure to 

a daunting and time-consuming experience. In this study, pET30a(+) vector cloned putative 

amylase constructs (pET30a(+)-amy-vut2, pET30a(+)-amy-vut9, pET30a(+)-amy-vut12 and 

pET30a(+)-amy-vut14) were transformed in E.coli BL21(DE3) and expressed. The potential 

proteins were then extracted from the cells using B-PER reagent and subsequently 

characterized physiochemically. Accordingly, one out of four recombinant proteins, 

pET30a(+)-amy-vut12, successfully expressed, with an estimated molecular mass of ~34 kDa 

on SDS-PAGE. This recombinant enzyme exhibited optimum activity at pH 6.0 and 

temperature 70oC and 90oC with a stability at pH range 6.0-8.0 and temperature 60-90oC.   

 

Keywords: Cloning, Expression, Physicochemical, Recombinant Protein 
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5.1 Introduction  

 

Escherichia coli has been extensively used as a protein factory because it grows rapidly on a 

cost-effective medium, easy to culture and it expresses rapidly. Thus, E.coli models have been 

engineered as protein factories to facilitate optimal protein recovery, soluble protein production 

and ease of protein purification. However, despite the existence of exhaustive knowledge of 

genetics and molecular biology, about E.coli there is no guarantee that all genes can be 

expressed efficiently. Most amino acids are encoded by more than one codon, and analysis of 

E.coli codon usage reveals that several codons are underrepresented. The main factors that 

contribute to the expression level include the stability and efficiency of mRNA, correct and 

efficient protein folding, codon system, degradation of the recombinant protein by ATP-

dependent proteases and toxicity of the protein (Schumann and Ferreira 2004). 

 

Soluble proteins are easy to purify and facilitate ease of characterization. The solubility of 

targeted recombinant proteins can be determined by a variety of factors such as the individual 

protein sequence, expression host, the choice of vector and growing conditions (Rosano and 

Ceccarelli 2014). These factors can be manipulated to increase or decrease the proportion of 

both soluble and insoluble forms obtained. Approaches have been developed to promote the 

solubility of the targeted recombinant proteins (Rosano and Ceccarelli 2014). Some of these 

approaches include the incorporation of fusion tags which facilitate the detection and 

purification of the targeted recombinant proteins (Rosano and Ceccarelli 2014). These systems 

allow the tagged proteins to bind to the functional matrix and allows the unbound to pass 

through within the column during purification (Yamamoto et al. 1988; Rosenberg 2013; 

Bonner 2007). However, due to the timeframe allocated for this study, we could not purify the 

protein after expression. 

 

As mentioned in the literature review, amylases have major differences in biochemical 

attributes. Thus, their molecular weight has been reported within the ranges 10 – 270 kDa 

depending on the source (Mohamed et al. 2014; Mehta and Satyanarayana 2016; Prajapati et 

al. 2014). Amylases have significant differences in physiology attributes, the temperature and 

pH optimum of amylases depends mainly on the type of substrate and the source as well. The 

current section discusses on how to clone, express, and characterize amylase genes. 
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5.2  Materials and Methods 

 

5.2.1 Cloning of putative amylase genes in pET30a(+)  

 

As mentioned previously, cloning of the amylase genes into pET30a-c(+) expression vector 

(Figure 5.1) was outsourced to avoid the likelihood of experiencing issues associated with a 

synthesized gene and protein expression to efficiently address the protein solubility problems 

generally encountered when working with metagenomic samples. Hence, both the cloning and 

gene synthesis was performed using GenScript (Piscataway, USA). 

 

 

 

Figure 5.1: pET30a(+) expression vector used for the current study, generated using SnapGene v4.2.11. 

 

5.2.2 Transformation of the constructs in E. coli BL21 (DE3)  

 

To facilitate the transformation of the cloned genes into the expression strain, BL21 (DE3) 

competent cells from Novagen® (Novagen Pharma (Pty) Ltd, Pretoria, South Africa) were 
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used. An appropriate number of competent cell tubes from the freezer (-80 oC) were removed 

and placed on ice immediately while immersing all but the cap. The cells were then allowed to 

thaw on ice for 2-5 minutes. The cells were visually examined for thawing and gently flicked 

the tube 1-2 times to re-suspend the cells evenly. Snap-cap polypropylene tube (1.5 ml) were 

pre-chilled on ice for each transformation. Twenty microliters of thawed competent cells were 

pipetted into each pre-chilled tube. One microliter of purified recombinant plasmid DNA (1-

10 ng) was added to expression host competent cells stirred gently to mix and then placed on 

ice. This reaction was then incubated on ice for 5 minutes. After 5 minutes, the tubes were 

heated exactly for 30 s in a 42°C water bath without shaking and returned on ice for 2 minutes. 

When the 2 minutes was complete, 80 μl room temperature SOC medium was added to each 

tube on ice. The reaction was then incubated at 37°C with shaking (160 rpm) for 60 minutes 

before plating on selective medium. To select the transformants, 70 μl of the transformation 

was plated on LB medium containing kanamycin (50 μg/ml) for the plasmid-encoded drug 

resistance. The aliquots were then spread evenly and the plates were allowed to settle on the 

bench for several minutes for absorption to take place. The plates were inverted and incubated 

overnight for 16 hours at 37°C. 

  

5.2.3 Quality control of succesful cloning and transformation 

 

The transformants were grown at 37oC in LB broth, and the plasmid DNA was extracted using 

the GeneJET plasmid purification kit. The purity of the plasmids was quantified using 

Nanodrop onec (ThermoFisher Scientific, USA) and the integrity was assesed on 0.8% 

agarose/EtBr gel run at 100V for 45 minutes.  

 

To verify the transformants, restriction analysis was carried out using restriction enzymes fast 

digest XbaI and SmaI (ThermoFisher Scientific, USA). The concentration of plasmid DNA 

used was in the range of 0.2- 1.5 ng/ μl (Appendix 5.1). The reaction was incubated for 10 

minutes in a water bath set at 37°C. After incubation, the digests were electrophoresed on 0.8% 

agarose gel and ran for 45 minutes at 100V.  With the aid of the construct sequences, SnapGene 

was used to predict the band size after restriction digestion. Accordingly, Table 5.1 shows the 

expected band size. 
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Table 5.1: Expected band size after restriction with SmaI and XbaI 

Construct Band Size 

pET30a(+)-amy-vut2 3969 bp and 2835 bp 

pET30a(+)-amy-vut9 3969 bp, 1423 bp, and 1409 bp 

pET30a(+)-amy-vut12 3969 bp and 2853 bp 

pET30a(+)-amy-vut14 3969 bp, 1430bp, and 1423 bp 

 

 

Figure 5.2: Simulated 0.8% agarose gel of the band size. This gel was simulated using SnapGene 

version 4.2.11. 

 

5.2.4 Expression of recombinant protein 

 

After the target plasmid has been established in the BL21 (DE3) host strain, expression of the 

target plasmid was induced by the addition of 1 mM IPTG to a growing culture. A total amount 

of 250 ml LB containing 50 μg/mL of Kanamycin in a 500 ml Erlenmeyer flask was inoculated 

with a single colony from an overnight culture. The medium was added to only 20% of the 

total volume to allow good aeration. The inoculums were incubated with shaking at 37°C until 

OD600 reached 0.4-1 (0.6 recommended; about 3 hours). Five milliliters of the uninduced 

control was removed, and 1 mM of IPTG was added to the remainder and continued to incubate 

overnight at 15-20°C to avoid accumulation of inclusion bodies as recommended by Novagen 

(pET Manual System, 10th Edition).  
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5.2.5 Protein extraction from host cells 

 

After overnight induction, the bacterial cells were pelleted by centrifugation at 5000 x g for 10 

minutes. A total amount of 4 ml of B-PER reagent (ThermoFisher Scientific, USA) was added 

per gram of cell pellet. The suspension was pipetted up and down until a homogenous mixture 

was obtained. The homogenous solution was then incubated at room temperature for 15 

minutes. To separate the soluble proteins from the insoluble ones, the mixture was centrifuged 

at 15000 x g for 2 hours. The protein concentration was quantified at 280 nm using Nanodrop 

Onec (ThermoFisher Scientific, USA).  

 

5.2.6 Detection and quantification of recombinant proteins 

 

Protein expression was determined by 12% SDS-PAGE (see appendix 5.2) as previously 

described by Laemmli (1970). Before loading the samples were normalized based on the OD600 

so that comparisons of the stained band’s intensity accurately reflects the relative amounts of 

the target protein in various fractions. Then for loading on SDS-PAGE, an equal volume of the 

proteins and Novex™ Tris-Glycine SDS Sample Buffer (2X) were mixed and boiled for 5 

minutes. The gel was prepared using 1x TGS buffer and run for 45 minutes at 200 V. After 

electrophoresis, the recombinant protein bands were visualized after staining with Coomassie 

brilliant blue R-250 (ThermoFisher Scientific). 

 

5.2.7 Physio-chemical characterization of the recombinant protein 

5.2.7.1 Determination of amylase activity and protein content: 

 

Before doing further characterization, the presence of amylase activity was determined by the 

DNS (3.5-dinitrosalicyclic acid) method as described in Chapter Four. Briefly, 10 μl enzyme 

solution (10 mg/mL) and 190 μl of starch (1% w/v) in 0.02 M phosphate buffer (pH 7.0) were 

mixed and allowed to react for 15 minutes in a water bath set at 30°C. An equal amount of 

DNS reagent was then added to each tube and then boiled at 100°C for 5 minutes. To prepare 

the control solutions, the enzyme was added after boiling the reactions. The tubes were then 

cooled by running the tubes under running tap water, and the absorbance of the reaction mixture 

was read at 540 nm in a UV-Vis spectrophotometer (T60 Visible Spectrophotometer, UK). The 

reducing sugar was determined by comparing the reading at 540 nm of the assay solution with 
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a maltose standard curve. One unit (U) of the amylase activity was defined as the rate of 

production of 1μM of the reducing sugar (maltose) from 1% soluble starch in 1 min at 30°C 

and pH 7.0.  

 

5.2.7.2 Effect of pH and temperature on amylase activity and thermostability: 

 

The optimum pH of the expressed amylase activity was obtained at different pH range from 

2.0 to 12.0 at 30oC for 15 minutes. The amylase activity was assayed using 1% (w/v) starch as 

a substrate in 20 mM PBS buffer. 

 

The effect of temperature on amylase enzyme activity was determined at various temperatures 

ranging from 30-90oC. Thermostability of the expressed amylase enzyme was determined 

according to the highest temperature starting from 60-70oC for 15 minutes, and the residual 

activity was assayed as mention in the above section. The following formula was used to 

determine the activity of the clones from the maltose concentration standard curve: 

Enzyme	activity = 	 4	5	6
time(min) 

 Where; 

 C = concentration of product  

V = total volume 

 

5.3 Results and Discussions 

 

5.3.1 Cloning of putative amylase genes in pET vector 

 

Figure 5.3 illustrates the constructs that were cloned into pET30a(+) expression vector as 

mentioned in section 5.2.1 . The constructs were generated using SnapGene v4.2.11. They were 

then transformed into an E. coli BL21 (DE3), and the next section discusses the quality control 

on the cloning of these constructs. 
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Figure 5.3: Constructs pET30a(+)-amy-vut2(A), pET30a(+)-amy-vut9(B), pET30a(+)-amy-vut12(C), and pET30a(+)-amy-vut14(D)  

generated using SnapGene v4.2.11. 
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5.3.2 Quality control of the constructs 

 

The presence of the insert in the pET30a(+) expression vector prepared from the positive 

transformants was confirmed by the restriction enzyme digestion with XbaI and SmaI (Table 

5.2).  
Table 5.2: Set up for restriction reaction of pET-30a-c(+)digestion 

Components Volume 

Molecular grade H2O 14 μl 

10X Fast digest buffer (green) 2 μl 

Plasmid DNA (0.2-1.5 ng/ μl) 3 μl 

Enzyme/s 0.5 μl 

Total 20 μl 

 

Accordingly, Figure 5.4 shows that the transformation was successful for constructs 

pET30a(+)-amy-vut12 (Lane 7-8) and pET30a(+)-amy-vut14 (Lane 1-2). As expected 

according to Table 5.1, pET30a(+)-amy-vut14 resulted in three bands and pET30a(+)-amy-

vut12 resulted in two bands. pET30a(+)-amy-vut2 and pET30a(+)-amy-vut9 did not show any 

digestion. Several attempts were made to increase the concentration of the plasmid DNA, and 

difference set of enzymes, but there was still no restriction or undigested on the gel. Either the 

constructs were somehow degraded during transportation, or the cloning was just not 

successful. It could be that the amylase enzyme in the crude extracts were acting in synergy 

with other enzymes from the same source. According to the results obtained in Figure 5.4, it 

was expected at least that pET30a(+)-amy-vut12 or pET30a(+)-amy-vut14 to be expressed 

when induced with 1 mM IPTG under the specified conditions in section 5.2.5.  
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Figure 5.4: 0.8% agarose digestion of the constructs with SmaI and XbaI showing successful cloning 

and transformation of pET30a(+)-amy-vut12 and PET30a(+)-amy-vut14. Lane M: DNA ladder. Lane 

1: pET30a(+)-amy-vut14 undigested; Lane 2: pET30a(+)-amy-vut14 digested; Lane 3: pET30a(+)-

amy-vut2 undigested; Lane 4: pET30a(+)-amy-vut2 digested; Lane 5: pET30a(+)-amy-vut9 undigested; 

Lane 6: pET30a(+)-amy-vut9 digested; Lane 7: pET30a(+)-amy-vut12 undigested; Lane 8: pET30a(+)-

amy-vut12 digested.  The concentration of plasmid DNA is in the range of 0.2- 1.5 ng/ μl. The restriction 

enzymes used are fast digest XbaI and SmaI (ThermoFisher Scientific, USA). This is a 10 minute 

reaction in a water bath set at 37°C. Electrophoresed for 45 minutes at 100V. 

 

5.3.3 Detection and quantification expressed recombinant proteins: 

 

The molecular weight of amylases been reported within the ranges 10 – 270 kDa depending on 

the source (Mohamed et al. 2014; Mehta and Satyanarayana 2016; Prajapati et al. 2014). All 

four constructs in this study were prepared for induction. SDS-PAGE analysis (Figure 5.5) of 

putative proteins from the culture of E.coli BL21 (DE3) cells carrying pET-30a (+) expression 

vector (pET30a(+)-amy-vut2/ pET30a(+)-amy-vut9/ pET30a(+)-amy-vut12/ pET30a(+)-amy-

vut14) and following induction with 1 mM IPTG for 16 hours at 20oC resulted in only 

pET30a(+)-amy-vut12 showing expression as discussed in the previous section. The band for 

‘pET30a(+)-amy-vut12’ corresponds to approximately 34 kDa as per the molecular weight 

marker (Blue Prestained Protein Standard, Broad Range (11-190 kDa) see appendix 5.2. From 

the studied recombinant protein ‘pET30a(+)-amy-vut12’ showed better expression and 

solubility, thus was characterized further as discussed in the subsequent section.  
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Figure 5.5: 12% SDS-PAGE analysis of the constructs before and after induction. Lane 1: pET30a(+)-

amy-vut2 before induction IPTG; Lane 2: pET30a(+)-amy-vut2 after induction with IPTG; Lane 3: 

pET30a(+)-amy-vut9 before induction IPTG; Lane 4: pET30a(+)-amy-vut9 after induction with IPTG; 

Lane 5: pET30a(+)-amy-vut12 before induction IPTG; Lane 6: pET30a(+)-amy-vut12 after induction 

with IPTG; Lane 7: pET30a(+)-amy-vut14 before induction IPTG; Lane 8: pET30a(+)-amy-vut14 after 

induction with IPTG. 

 

5.3.4 Physicochemical characterization of the expressed recombinant protein 

5.3.4.1 Effect of pH and temperature on amylase activity and stability 

 

The optimum pH of an enzyme is described as the pH at which the enzyme catalyses a reaction 

at the highest rate. General optimum pH for known endoamylases ranges from 6.7-7.0 

depending on the source of the enzyme (Sundarram and Murthy 2014). Literature further 

reports alpha-amylases having an optimum pH varying from 2.0-12.0 (Vihinen and Mantsiila 

1989). In the study done Jabbour and colleagues an amylolytic enzyme was obtained from a 

metagenomic library of DNA isolated from a pilot-plant biogas reactor operating at 55°C. 

Amy13A is reported to be highly thermos-active and displayed optimal activity at 80°C. 

(Jabbour et al. 2013). The study done on marine metagenomic library of Arabic sea sediments 

has reported an alpha-amylase with optimum pH 7 and temperature maximal activity of 40°C 

(Nair et al. 2017).  Recombinant protein pET30a(+)-amy-vut12 in this study, was found to have 

an optimum pH of 6.0 and stable in the range 6.0 - 8.0 (Figure 5.6). Interestingly, the pH 

optimum of 6.0 relates to that of the FC 12 (Figure 4.5). 
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Figure 5.6: Effect of pH on recombinant protein pET30a(+)-amy-vut12. Activity was measured with 

1% soluble starch as a substrate. 

 

pET30a(+)-amy-vut12 in this study when blasted on NCBI resulted in a 95% hit to AmyPL 

from a Fecal Microbial Metagenome of pygmy lory. AmyPL was cloned and characterized and 

reported to show optimal activity at pH 5.6, with an optimal thermal activity at 50°C when 

assayed at pH 5.6 (Xu et al. 2014). Recombinant protein pET30a(+)-amy-vut12 in this study 

was found to be highly active at temperature 60-90oC with an optimum temperature of 70oC 

and 90oC (Figure 5.7). 
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Figure 5.7: Effect of temperature on recombinant protein pET30a(+)-amy-vut12. Activity was 

measured with 1% soluble starch as a substrate. 

 

5.4 Conclusion 

Currently, there is a continuous search for alpha-amylases with improved characteristics. 

Metagenomic techniques have shown yet again in this study that it is feasible with the current 

approach to obtain enzymes with enhanced characteristics. Accordingly, pET30a(+)-amy-

vut12 obtained in this study is a potential enzyme for utilization ideally in the starch 

liquefaction process which requires an α-amylase that can operate at 95-105oC. Recombinat 

protein pET30a(+)-amy-vut12 has the potential to be of importance in the detergent industry 

which requires an alpha amylase that can operate at moderate temperatures and alkaline pH, 

textile industry, and for the production of low viscosity high molecular weight starch for 

coating of paper. The temperature that is required in the production of paper lies between 45-

60oC (EL-Fallal et al. 2012). Thus, recombinant protein pET30a(+)-amy-vut12 is ideal for such 

purposes.  
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General Summary and Conclusion 

 

The primary interest in this study was driven by the need to recover potential thermostable 

stable amylases for industrial utilization. Amylases that operate at elevated temperatures are 

beneficial in that they reduce the risk of microbial contamination, maximize the reaction rate 

and accelerate the overall process. Moreover, thermostable enzymes reduce the viscosity of the 

reaction mixture thus providing considerable energy saving process (Pandey et al. 2000, Sarian 

2016). In the present study, we have successfully recovered alpha-amylase (pET30a(+)-amy-

vut12) from the goat rumen metagenomic library with an optimum pH activity of 6.0 and 

temperature optimum of 70oC and 90oC. A molecular mass of approximately 34 kDa was 

determined by SDS-PAGE. To the best of our knowledge, pET30a(+)-amy-vut12 is the first α-

amylase to be recovered from a goat rumen metagenomic library. This study gives insight of 

the diversity of amylolytic genes and that the rumen microbiome is indeed a potential source 

of many other relatively novel biocatalytic genes. Future study could investigate 

immobilization of amy-vut12 and subsequent application under different industrial settings 

Moreover, crystallographic studies should be carried out as well.  
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Appendices 

 

Chapter I 

Appendix 1.1: List of Outcomes  

  

The literature and data that is outlined in this dissertation has contributed to the following 

outcomes:  

  

Abstract 1: Rabapane KJ, Alisoltani A, Nelson KE, Feto NA. (2016). Functional Metagenomics 

Based Approach for Identification of Potential Novel Amylases in the Goat Rumen.  

  

The abstract was presented at the VUT 1st Inter-disciplinary conference held at Sebokeng VUT 

campus (Science Park) in November 2016.  

  

Abstract 2:  Arghavan Alisoltani, Kgodiso Judith Rabapane, Grace Mujinga Mukendi, Molefe 

MDL, and Naser Aliye Feto. (2017). Core-bacterial composition and function of ruminant 

animals based on integrative analysis of metagenomics data.   

   

This abstract was presented at the Annual Conference on microbial pathogenesis, infectious 

disease, antimicrobials and drug resistance in Toronto, Canada on August 23-24, 2017.  

  

Abstract 3: Naser Aliye Feto, Kgodiso Judith Rabapane, Grace Mujinga Mukendi, Maria 

Molefe, and Arghavan Alisoltani. (2017). Comparative and functional metagenomic analyses 

of goat rumen microbiota.   

  

This abstract was presented at the 15th Asia-Pacific Biotechnology Congress in Melbourne, 

Australia on the 20th -22nd, July 2017.  

  

Peer Review Book Chapter: Kgodiso Judith Rabapane, Karen Nelson, and Naser Aliye Feto. 

Bacillus spp. of Ruminant Origin as Major Sources of Potential Industrial Amylases. The book 

chapter was submitted to the authors of Bacilli and Agro-biotechnology for publishing in 

Springer publishers. The book is expected to be out for the public in 2019. (Chapter Two)  
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The data in the dissertation has the potential to be submitted for publication of at least two 

papers at a high impact factor journal. 

 

Chapter III 

Appendix 3.1: CTAB Formulation 

• 20 g/L CTAB (cetyltrimethyl ammonium bromide) 

• 100 ml 1 M Tris-HCl [pH=8] 

• 40 ml of 0.5 M EDTA, 

• 280 ml of 5 M NaCl 

The total volume was then brought to 1 L with ddH2O (Doyle & Doyle, 1986) and all the 

reagents were sterilized by autoclaving at 121oC for 15 minutes.  

Appendix 3.2: 0.8% agarose Preparation. 
 

Agarose particles powder (0.8 g) was dissolved in 100 ml of 1X TBE buffer, boiled till the 

solids dissolved and left to cool to temperature 65oC and then 2 µl of ethidium bromide was 

added before casting. 

Appendix 3.3: 10X TBE Formulation 

• 108 g of Tris-base  

• 55 g of Boric acid 

• 7.5 g of EDTA, disodium salt 

Total volume was made up to 1 L using ddH2O and then sterilized by autoclaving at 121oC for 

15 minutes. 

Chapter IV  

Appendix 4.1: GeneJET gel extraction and DNA clean-up microkit protocol (ThermoFisher 

Scientific). 

The purification protocol followed was the: General DNA clean-up from enzymatic reactions 

protocol. This protocol was carried out at room temperature. 
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The volume of the reaction mixture was adjusted to 200 µL with molecular grade water. 

Thereafter, 100 µL of Binding Buffer was added and then mixed thoroughly by pipetting with 

p1000 pipette. Ethanol (300 µL) at a concentration of 99.9% was added and mixed by pipetting 

as before. The mixture was the transferred to the DNA purification Micro Column 

preassembled with a collection tube, placed in a centrifuge and then processed for 3 minutes at 

14,000 × g. Wash buffer (700 µL) was added to the DNA Purification Micro Column and 

centrifuged for 3 minutes at 14,000 × g and the flow-through was discarded and the purification 

column was placed back into the collection tube. The previous step was done twice. The empty 

DNA Purification Micro Column was centrifuged for an additional 90 seconds at 14,000 × g 

to completely remove residual Wash Buffer and the DNA Purification Micro Column was 

transferred into a clean 1.5 mL microcentrifuge tube. Elution Buffer (12 µL) was added to the 

center of the DNA Purification Micro Column membrane and centrifuged for 90 seconds at 

14,000 × g to elute DNA. This elution step was done twice.  

Appendix 4.2: Standard Induction Using the CopyControl auto-induction Solution 

 

Total volume of clone 
induction culture 

Volume of fresh LB + 
Chloramphenicol 
(12.5 μg/ml) 
 

Volume of overnight 
50 ml culture 

Volume of 1000X  
CopyControl auto-
induction Solution 

50 ml 45 ml 5 ml 50 µl 
 

Appendix 4.3: GeneJET Plasmid Mini Prep Kit (Thermo Fisher Scientific, USA) 

 

A total volume of 1.5 ml the cell culture was pipetted into 1.5 ml microcentrifuge tube and then 

centrifuged for 2 min at 12500 rpm. The supernatant was discarded and the pellet was processed 

immediately as below. 

 

 Thereafter, 250 µl of the resuspension solution was added to the cells in order to resuspend 

the pelleted cells. The cell suspension was resuspended completely by pipetting up and down 

gently until no cell clumps were visible. 

Lysis solution (250 µl) was added and mixed thoroughly by inverting the tube 4-5 times until 

the solution turned slightly clear and viscous. Neutralizing solution (350 µl) was added and 

mixed thoroughly by inverting the tube 4-6 times and then centrifuged for 5 minutes to pellet 

cell debris and chromosomal DNA. The supernatant was the transferred to the supplied GenJET 
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spin column be decanting and centrifuged for 1 minute. The flow-through was then discarded 

and the column was placed back into the same collection tube. 

 

The wash solution (500 µl) was added to the GeneJET spin column, centrifuged for 60 seconds 

and then discarded the flow-through. The column was placed back into the same collection 

tube. The wash step was repeated using the same solution of the wash solution (500 µl). The 

flow-through was discarded and centrifuged for additional 1 minute to remove residual was 

solution.  

 

The GeneJET spin column was transferred into a fresh 1.5 ml microcentrifuge tube. Then 35 

µl of the elution buffer was added to the center of the GeneJET spin column membrane to elute 

the plasmid DNA. Then incubated at RT for 2 minutes and centrifuged for 2 minutes to recover 

the plasmid DNA. 

Appendix 4.4: Restriction site of KpnI, PstI and NcoI on the pCC2FOS™ CopyControl Vector. 
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Appendix 4.5: 1kb plus Kapa Universal ladder (Kapa Biosystems) that was used in this 

experiment in order to identify the average estimated insert DNA size after restriction. 

 

Appendix 4.6: Standard curve of the maltose concentration (mM) vs absorbance at 540 nm used to 

measure the unknown concentrations of the fosmid clones.  
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Appendix 4.7: Statistical summary of the alignment and de novo assembly report of fosmid clones done 

using CLC Genomic Work Bench  

 

Fosmid Clone 2 de novo assembly summary report 
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Fosmid Clone 9 de novo assembly summary report 
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Fosmid Clone 12 de novo assembly summary report 

 



 

132 
 



 

133 
 



 

134 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

135 
 

Fosmid Clone 14 de novo assembly summary report 
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Appendix 4.8: Summary of best hits related sequences homologies obtained using Blast 

(next page). 
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Genes Nucleotide Sequence Translated Amino Acid sequence Family/Class Best Hit 

PET30a(
+)-amy-
vut2 

aagcttttagcccaccacatacgcaatgttcgcccattcatcgttcaccagaatcggaaacacctgcggaataaacagcgcgtta
atgctgctttccggaatggtgccatcgccgttgttgcgatcatgccactggcggcccacatacatgcgtttcgcaatcaccgcgc
catcggtaatcagcgccgccaggccgctgttcgccacgctgctatcgccttcgcgggtccagcccacaatatcatgatgatcaa
aataatcatgctgcgcgccatacgcatactgtttgcgcgctttcagaatcggttcaattttatgtttcagcgccggaatttcgcgctg
gctatcgcctttggtgccatacatatcgccataaaacacctgcggatagccgctttcgcgggtcagaataaacgcatacgccag
cggtttaaaccaggtctgcacggtgctttccaggctctggcccggctgggtatcatggttatccacaaaggtcaccgctttcagc
ggatgtttgctcaccacggtgccgttcagcagtttgcgcatatcatagccgccgccctgggtgctcgccgcatgaaactgataat
gcagcggcacatcaaacacgctatggttaaagttggttttgttcagatagttttccagcgcgcccagatcgttctgccaatattccg
ccacggtaaacatttctttgccggttttttcgcgcacatggttcacccaatcgcgcagaaagctaaatttaatatgtttcaccgcatc
caggcgaaagccatccagctgcagttcgttcgcataccaggtgccccagcgtttaatttccgccgccacatccggatgatcata
atcaatatccgcataaatcagataatcatagttgccgttttcgttgctcacttcccaatcccacgctttgccctgaaatttataaatgc
ggttcagtttgcggctttcatcccaatcggtgccatcaaaatgataccaatgccatttaaaatcgctataggtgctgccgcggccc
ggaaaatgaaaatgggtccacgctttaatgcgatgttcgccgctaatcacgcggttgcgatccgccggatccacttccaccgcg
gtcacatcttcggtcgcatccgcgccgcctttatggttaatcaccacatcgccatacacgttaatatcgcggctatgcaggctttta
atcgcgctctgcagttcgcctttggtgccatatttggtgcgcacggtgcctttctgatgaaattcgcccagatcatacagatcatac
gcgccatagcccacatccgcctggctggtgcctttatacgccggcggaatccacaccgcggtaatgccatgttccgccagata
cgcgctatcgttctgcaggcgtttccaatgctggccatcgttcggcatataccattcaaaatactgcatcagggtgcctttcaggtt
gcggcgcagcagaatgctatgcggcagcagaaaaatcagcgcaaacagcagcggcagcaggcgcgcatacaggcgtttgt
tcgcccacatatg 

 
 
  

MWANKRLYARLLPLLFALIFLLPHSILLRR
NLKGTLMQYFEWYMPNDGQHWKRLQND
SAYLAEHGITAVWIPPAYKGTSQADVGYG
AYDLYDLGEFHQKGTVRTKYGTKGELQS
AIKSLHSRDINVYGDVVINHKGGADATED
VTAVEVDPADRNRVISGEHRIKAWTHFHF
PRGSTYSDFKWHWYHFDGTDWDESRKLN
RIYKFQGKAWDWEVSNENGNYDYLIYAD
IDYDHPDVAAEIKRWGTWYANELQLDGF
RLDAVKHIKFSFLRDWVNHVREKTGKEM
FTVAEYWQNDLGALENYLNKTNFNHSVF
DVPLHYQFHAASTQGGGYDMRKLLNGTV
VSKHPLKAVTFVDNHDTQPGQSLESTVQT
WFKPLAYAFILTRESGYPQVFYGDMYGTK
GDSQREIPALKHKIEPILKARKQYAYGAQH
DYFDHHDIVGWTREGDSSVANSGLAALIT
DGAVIAKRMYVGRQWHDRNNGDGTIPES
SINALFIPQVFPILVNDEWANIAYVVG 

Endo-amylase  

(Alpha-amylase) 

Alpha-amylase 
MULTISPECIES: 
alpha-amylase [Bacillus] 

AccNo. 
WP_011197602.1 

Ident: 96.25% 
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PET30a(
+)-amy-
vut9 

aagcttttactgcgcgttgcggccgttaatcacgcggttgccggtaatatcatgttcgctgcgtttccaggtttcgcccacatacatc
accgggttgccggtaatatcatgccaggtttcgcccgcgttctggcggcccacatacatgcgtttcgcgccgcccgggccatcg
gtaatcagcgccgccaggccgctgttccagcccacaatatcatgatgatcaaaataatcatgctgcgcgccatacgcatactgtt
tgcgcgctttcagcgccacgctgctatcgccttcgcgggtaatcggttcaattttatgtttcagcgccggaatttcgcgctggctat
cgcctttggtgccatacatatcgccataaaacacctgcggatagccgctttcgcgggtcagaataaacgcatacgccagcggttt
aaaccaggtctgcacggtgctttccaggctctggcccggctgggtatcatggttatccacaaaggtcaccgctttcagcggatgt
ttgctcaccacggtgccgttcagcagtttgcgcatatcatagccgccgccctgggtgctcgccgcatgaaactgataatgcagc
ggcacatcaaacacgctatggttaaagttggttttgttcagatagttttccagcgcgcccagatcgttctgccaatattccgccacg
gtaaacatttctttgccggttttttcgcgcacatggttcacccaatcgcggccatccagctgcagttccagaaagctcgctttaatat
gtttcaccgcatccaggcgaaagttcgcataccaggtgccccagcgtttaatttccgccgccacatccggatgatcataatcaat
atccgcatacatcagataatcatagttgccgttttcgttgctcacttcccaatcccacgctttgccctgaaatttataaatgcggttca
gtttgcggctttcatcccaatcggtgccatcaaaatgataccaatgccatttaaaatcgctataggtgctgccgcggcccggaaaa
tgaaaatgggtccacgctttaatgcgatgttcgccgctaatcacgcggttgcgatccgccggatccacttccaccgcggtcacat
cttcggtcgcatccgcgccgcctttatggttaatcaccacatcgccatacacgttaatatcgcggctatgcaggcttttaatcgcgc
tctgcagttcgcctttggtgccatatttggtgcgcacggtgcctttctgatgaaattcgcccagatcatacagatcatacgcgccat
agcccacatccgcctggctggtgcctttatacgccggcggaatccacaccgcggtaatgccatgttccgccagatacgcgctat
cgttctgcaggcgtttccaatgctggccatcgttcggcatataccattcaaaatactgcatcagggtgcctttcaggttgttaatcac
caccggttcgctgcggttgccggtaatatcatgccaggtttcgcccgcgttcgcctggcggcccacatacatgcgtttcatatg 

MKRMYVGRQANAGETWHDITGNRSEPVV
INNLKGTLMQYFEWYMPNDGQHWKRLQ
NDSAYLAEHGITAVWIPPAYKGTSQADVG
YGAYDLYDLGEFHQKGTVRTKYGTKGEL
QSAIKSLHSRDINVYGDVVINHKGGADAT
EDVTAVEVDPADRNRVISGEHRIKAWTHF
HFPGRGSTYSDFKWHWYHFDGTDWDESR
KLNRIYKFQGKAWDWEVSNENGNYDYL
MYADIDYDHPDVAAEIKRWGTWYANFRL
DAVKHIKASFLELQLDGRDWVNHVREKT
GKEMFTVAEYWQNDLGALENYLNKTNFN
HSVFDVPLHYQFHAASTQGGGYDMRKLL
NGTVVSKHPLKAVTFVDNHDTQPGQSLES
TVQTWFKPLAYAFILTRESGYPQVFYGDM
YGTKGDSQREIPALKHKIEPITREGDSSVA
LKARKQYAYGAQHDYFDHHDIVGWNSGL
AALITDGPGGAKRMYVGRQNAGETWHDI
TGNPVMYVGETWKRSEHDITGNRVINGR
NAQ 

Endo-amylase 
(Alpha-amylase) 

Alpha-amylase (Bacillus 
licheniformis) 

AccNo. 
WP095325322.1 

Ident: 90.25% 

 

PET30a(
+)-amy-
vut12 

aagcttttacaggctcgcgttggtcatcaggttcgcatacgcgcgggtatccaggccgctaataatcacatcatcggtcgctttcg
cggtaattttgccgccgctcacggtaatcgcgccgccgttcacctgatcggtataggtgccatcatccagggtggtcgcggtgc
ccgccaggctggtatcgccgcccatgttggtaatcaccacgccatcgttcgcgctctggccatctttcgcatagcgttccacgct
caggcagctgccgttgttcgggcagttgcgcagatattccgcgttgccatccgctttgttatgaaatttgttcacctgcaccaccgc
tttatctttccacatgccatcgcccgcatcgcccagctggctcacttccgcaaactgcgggttggtgccgccgctgcccaccggg
cggttaaaatacagcggcgcgcccgcgctgcggctcgccaccagcgcccagccaaagcgcagctgatcgttggtcagatag
gtgctttctttatcgccgttcgcatagttatcatggctttccacccaggtcacatcctggctggtcgccacgccgcctttgctcatgtt
gctcaggctgcccgcgctcaggttgcggcttttcaccgcgctgcgcacggtgcggccataatcgctcgcggtgttgccgccgc
cgcggctgctatggttggtcatcaggttcgcatacgcgcgataatccaggccgctatcgccctgcagcacttcgccatactgttc
ctgcgcgccgttttccagaatggtatcccaatacacgctatgttcgcccagttcatccggcagttccacatgtttcgccgccagaa
aatcaaagccatccacgccatcgttcaccgcctgcaccagaaattctttaattttgttcgccgcggtctggttctgggtgttaatatc
ccacaggcccagcagatggcactgggtcacctgccagcggttgccatagttaatgttatcgccgttcgcgccgctgcagttgct
gcgtttatgaaacaggctcgcatctttccagctgctatcaatcgcgttccaatcgctggtaaaatggttcgccaccacatccacaat
aatgcgaatgccatatttatgcgcttccgcgcacatgcgtttcagatcatcctgggtgcccaccacaaagttgccaatgctggtgc
tggtcggctgatacacataataccagttttcggtaaattttttgccgttcgcggtgttggttttaatatggctcatcggttcggtctgaa
tgctggtatagcccgcttccgcaatatctttgctgttcgcggtaatggtgttaaagctccaaatccacgcatgcagaatggtgccat
ggctcgcatcttcggtcaggccatagcgctggcgcgccgcttcaaaggtcgcatcgcccagggtatccgcatagctatcgcgg

MAIVAAGVDDATTAPGDISIGLVTATIITN
RDSYADTLGDATFEAARQRYGLTEDASH
GTILHAWIWSFNTITANSKDIAEAGYTSIQT
EPMSHIKTNTANGKKFTENWYYVYQPTST
SIGNFVVGTQDDLKRMCAEAHKYGIRIIVD
VVANHFTSDWNAIDSSWKDASLFHKRSN
CSGANGDNINYGNRWQVTQCHLLGLWDI
NTQNQTAANKIKEFLVQAVNDGVDGFDF
LAAKHVELPDELGEHSVYWDTILENGAQE
QYGEVLQGDSGLDYRAYANLMTNHSSRG
GGNTASDYGRTVRSAVKSRNLSAGSLSN
MSKGGVATSQDVTWVESHDNYANGDKE
STYLTNDQLRFGWALVASRSAGAPLYFNR
PVGSGGTNPQFAEVSQLGDAGDGMWKDK
AVVQVNKFHNKADGNAEYLRNCPNNGSC
LSVERYAKDGQSANDGVVITNMGGDTSL
AGTATTLDDGTYTDQVNGGAITVSGGKIT
AKATDDVIISGLDTRAYANLMTNASL 

Endo-amylase 
(Alpha-amylase) 
 

Amylase (Uncultured 
bacteria 

 

AccNo: AHB399934.1 

 

Ident: 94.66% 
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ttggtaataatggtcgcggtcaccaggccaatgctaatatcgcccggcgcggtggtcgcatcatccacgcccgccgccacaat
cgccatatg 

 

 

 

PET30a(
+)-amy-
vut14 

aagcttttagcgctgcacataaatgctcacgctgccgccgttcacatgaaattcgccccagccttcgctgttaatcaccaccggtt
cgctgcggttgccggtaatatcatgccaggtttcgcccgcgttctggcggcccacataaatgcgtttcgcgccgcccgggccat
cggtaatcagcgccgccaggccgctgttcgccacgctgctatcgccttcgcgggtccagcccacaatatcatgatgatcaaaat
aatcatgctgcgcgccatacgcatactgtttgcgcgctttcagaatcggttcaattttatgtttcagcgccggaatttcgcgctggct
atcgcctttggtgccatagctatcgccataaaacacctgcggatagccgctttcgcgggtcagaataaacgcatacgccagcgg
tttaaaccaggtctgcacggtgctttccaggctctggcccggctgggtatcatggttatccacaaaggtcaccgctttcagcggat
gtttgctcaccacggtgccgttcagcagtttgcgcgcatcatagccgccgccctgggtgctcgccgcatgaaactgataatgca
gcggcacatcaaacacgctatggttaaagttggttttgttcagatagttttccagcgcgcccagatcgttctgccaatattccgcca
cggtaaacatttctttgccggttttttcgcgcacatggttcacccaatcgcgcagaaagctaaatttaatatgtttcaccgcatccag
gcgaaagccatccagctgcagttcgttcgcataccaggtgccccagcgtttaatttccgccgccacatccggatgatcataatca
atatccgcataggtcagataatcatagttgccgttttcgttgctcacttcccaatcccacgctttgccctgaaatttataaatgcggtt
cagtttgcggctttcatcccaatcggtgccatcaaaatgataccaatgccatttaaaatcgctataggtgctgccgcggcccggaa
aatgaaaatgggtccacgctttaatgcgatgttcgccgctaatcacgcggttgcgatccgccggatccacttccaccgcggtcac
atcttcggtcgcatccgcgccgcctttatggttaatcaccacatcgccatacacgttaatatcgcggctatgcaggcttttaatcgc
gctctgcagttcgcctttggtgccatatttggtgcgcacggtgcctttctgatgaaattcgcccagatcatacagatcatacgcgcc
atagcccacatccgcctggctggtgcctttatacgccggcggaatccacaccgcggtaatgccatgttccgccagatacgcgct
atcgttctgcaggcgtttccaatgctggccatcgttcggcagataccattcaaaatactgcatcagggtgcctttcaggttcgccg
ccgccgccgcgctatgcggcagcagaaaaatcagcgcaaacagcagcggcagcaggcgcgcatacaggcgtttctgctgtt
tcatatg 

MKQQKRLYARLLPLLFALIFLLPHSAAAA
ANLKGTLMQYFEWYLPNDGQHWKRLQN
DSAYLAEHGITAVWIPPAYKGTSQADVGY
GAYDLYDLGEFHQKGTVRTKYGTKGELQ
SAIKSLHSRDINVYGDVVINHKGGADATE
DVTAVEVDPADRNRVISGEHRIKAWTHFH
FPGRGSTYSDFKWHWYHFDGTDWDESRK
LNRIYKFQGKAWDWEVSNENGNYDYLTY
ADIDYDHPDVAAEIKRWGTWYANELQLD
GFRLDAVKHIKFSFLRDWVNHVREKTGKE
MFTVAEYWQNDLGALENYLNKTNFNHSV
FDVPLHYQFHAASTQGGGYDARKLLNGT
VVSKHPLKAVTFVDNHDTQPGQSLESTVQ
TWFKPLAYAFILTRESGYPQVFYGDSYGT
KGDQREIPALKHKIEPILKARKQYAYGAQ
HDYFDHHDIVGWTREGDSSVANSGLAALI
TDGPGGAKRIYVGRQNAGETWHDITGNRS
EPVVINSEGWGEFHVNGGSVSIYVQR 

 

Endo-amylase 
(Alpha-amylase) 
 

MULTISPECIES: 
alpha-amylase [Bacillus] 

Acc No. 

WP_011197602.1 

  

Ident:99.02% 
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CHAPTER V 

Appendix 5.1: Preparation of SDS-PAGE Gels 
 

12% Resolving Gel 

Solution components 10 ml 20 ml 50 ml 

DdH2O 3.3 6.6 16.5 

30% Acrylamide mix 4.0 8.0 20.0 

1.5 M Tris (pH 8.8) 2.5 5.0 12.5 

10% SDS 0.1 0.2 0.5 

10% APS 0.1 0.2 0.5 

TEMED 0.004 0.008 0.02 
 

 

5% Stacking Gel   

Solution components 1 ml 5 ml 10 ml 

DdH2O 0.68 3.4 6.8 

30% Acrylamide mix 0.17 0.83 1.7 

1.5 M Tris (pH 8.8) 0.13 0.63 1.25 

10% SDS 0.01 0.05 0.1 

10% APS 0.01 0.05 0.1 

TEMED 0.001 0.005 0.01 
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Appendix 5.2: Blue prestained protein standard broad range (New England, BioLabs® Inc.) 

 
 

Appendix 5.3:  Standard curve of the maltose concentration (mM) vs absorbance at 540 nm 

used to measure the unknown concentrations of pET30a(+)-amy-vut12. 
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