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ABSTRACT 

Beta glucanase (EC 3.2.1.x) are group of glycosyl hydrolase, hydrolyses glycosidic bonds in the insoluble beta glucan molecules. β- Glucan rich cereals plays numerous beneficial effects. Since it is 
an immune modulator, it use as a replacement of dietary antibiotics in animal feeds. High β-glucan 
containing barley is the principal component in breweries, which increases flavour, colour and 
nutritional properties. Apart from the positive effects, the studies has also been conducted relating 
with the negative effects. It impairs the energy metabolism in animals such as cattle and poultry. 
Creates the numerous problems in brewing industry including inefficient filtration, gels and hazes 
formations which affect the flavour and taste of beer. The marked effect of β-glucanase enzymes and its applications in particular industrial sectors can overcome the negative effects of β-glucan 
molecules. The currently existing enzymes are not capable of the ample depolymerisation of β-glucan. In cereal β-glucan, around 70% of glycosidic linkage is β- (1→4) and remaining 30% is β-(1→3). Therefore the complete hydrolysis of this polymer require the synergic action of different β-glucanases. When considering current demand and the emerging marketing impact of β-
glucanase in brewing industry and animal feed enzyme industry, we make a passionate attention 
on exo-1,4-β-glucanase and endo-1,3-β-glucanase, projected to applicable in cereal β-glucan 
degradation. Streptomyces are the largest genus of phylum actinobacteria, well characterized as the 
largest reservoirs of unhampered natural sources of novel compounds with vast industrial 
applications. In this study, we are immensely focused on the isolation of exo-β-1,4-glucanase and 
endo-β-1,3-glucanase producing Streptomyces strains by exploring the Western Ghats habitats of 
Kerala. Then the enzyme encoding genes were isolated and codon optimized for obtaining high level 
expression in E. coli host. The over-expressed enzymes were purified and characterised for the 
efficient degradation of beta glucan molecule. The codon optimisation of genes showed 
substantially higher protein expression level as well as enzyme activity than native ones. After 
nickel affinity purification the optimized exo14 (optexo14) and endo13 (optendo13) protein 
showed specific activity of 72 U.mg-1 and 65.63 U.mg-1 respectively, which was the highest 
activities ever reported from Streptomyces spp. Both enzymes showed high thermostability and pH 
stability. The calculated kinetic parameters of exo14 (Km=7.508, Vmax=58.62) and endo13 (Km=9.221, Vmax=95.51) enzymes indicating both have high affinity towards barley β- beta glucan. 
The influence of brewery relevant parameters such as ethanol, ferullic acid, gallic acid and sulphites 
on the activity of individual exo14, endo13 as well as cocktail enzyme mix were tested. It revealed, 
the ethanol, gallic acid and ferullic acid had no significant influence on enzyme activity. The effect 
of sulphite could be detected around 20% of reduction in relative activity of individual enzymes, 
cocktail enzyme mix showed more than 90% of activities under varying sulphite concentrations. 
The results obtained from the present study provide a good understanding for effective industrial 
production as well as utilization of both β-glucanase enzymes and suggested the both enzymes, 
individually as well as cocktail mix, will be the better candidates for the applications in brewing 
industry and animal feed industry.  

Key words: exo-β-1,4-glucanase, endo-β-1,3-glucanase, codon optimization, over-expression, 
cocktail mix. 
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Abbreviations 

% Percent  G score Glide score 

°C Degree Celsius  GC 
content 

Guanine cytosine content 

µL Microlitre  GH Glycosyl hydrolase 

µmol Micromole  GRAVY Grand average of hydropathy 

AZCL Azurin cross-linked  H-bond Hydrogen bond 

BCC Business Communication Company  IMAC Immobilized metal affinity chromatography 

BLAST Basic Local Alignment Search Tool  IPTG Isopropyl β-D-1-thiogalactopyranoside 

bp Base pair  ISP International Streptomyces Project 

CaCl2 Calcium chloride  IUBMB International Union of Biochemistry and 
Molecular Biology 

CaCO3 Calcium carbonate  IUPAC International Union for Pure and Applied 
Chemistry 

CAGR Compound Annual Growth Gate  LB Lauria-Bertani 

CAZy Carbohydrate-Active Enzymes   MEGA Molecular Evolutionary Genetics Analysis 

CBM Carbohydrate binding module  min Minute 

CDD Conserved domain database  rRNA Ribosomal RNA 

MUSCLE Multiple Sequence Comparison by Log-
Expectation 

 RMSD Root-mean-square deviation 

CMC Carboxymethyl cellulose  SCA Starch casein agar 

CM-
Curdlan 

Carboxymethyl curdlan  sdf Structure-data file 

CPD Critical Point Drying  SDS Sodium dodecyl sulphate 

C-score  Confidence score  sp. Species 

C-terminal Caboxy-terminal  spp. Plural of species 

D score Docking score  TM-score  Template modelling Score 

dbCAN Database for carbohydrate active enzyme 
annotation 

 UV Ultraviolet radiation 

dist. H2O Distilled water  w/v Weight/volume 

DNS 3,5-Dinitrosalicylic acid  wl Wild 

dNTPs Deoxyribonucleotide triphosphate  x-gal 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside 

E.C. Enzyme Commission  YEME Yeast extract malt extract 

EC Electrical conductivity  β Beta 

EDTA Ethylene diamine tetra acetic acid  mL Millilitre 

EI Enzymatic index  Fig. Figure 

ENDO13 Endo-β-1,3-glucanase gene  OD Optical density 

endo13 Endo-β-1,3-glucanase protein  BSA Bovine Serum Albumin 

EtBr Ethidium Bromide  kb Kilo base pair 

EXO14 Exo-β-1,4-glucanase gene  KDa Kilo Daltons 

exo14 Exo-β-1,4-glucanase protein  PAGE Polyacrylamide gel electrophoresis 

G score Glide score  cm Centimetre 

GC 
content 

Guanine cytosine content  CFU.g-1 Colony-forming units per gram 

GH Glycosyl hydrolase  U.mL-1 Units per millilitre 

GRAVY Grand average of hydropathy  3D Three dimensional 

H-bond Hydrogen bond  nm Nanomole 

IMAC Immobilized metal affinity chromatography  h Hour 
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Chapter 1 
General Introduction 
1.1. Industrial Enzymes 
Biotechnology has a direct influence on the industrial sectors such as food, feed, 
healthcare, environment and energy, which are mainly focussed on socio-
environmental essentials moreover economic forces. The understanding of 
applications in disciplines such as microbiology, biochemistry, bioprocess engineering, 
genetics and molecular biology merging with the dependency in low energy 
consumption, utilization of renewable feed stock and environmentally favourable 
processing potentially lead to improved industrial production along with sustainable 
development. Though the use of biological processes involving whole cells and cellular 
constitutes in different industrial sectors emerged with the developments in 
engineering sciences has been a real advancement, which subsequently enlighten the 
path to green technology.   
Enzymes are naturally evolved biocatalyst designed with precise suitable regulatory 
mechanism which helps to survive the cells in extreme environmental conditions by 
catalysing mostly all the chemical and biochemical reactions. They are the large 
macromolecules of amino acid polymers ranging from kilodalton to megadalton in 
molecular weight. The specificity of substrates determined by their catalytic sites 
which are deeply buried within hydrophobic pockets (Singh et al., 2016). With the 
advancements in biochemistry, huge number of enzymes were isolated, screened, 
characterized and finally classified based on the specificity to chemical compounds. 
The International Union of Biochemistry and Molecular Biology (IUBMB) in 
collaboration with International Union for Pure and Applied Chemistry (IUPAC) 
recognised an Enzyme Commission (E.C.) which guides the enzymes nomenclature and 
systematic classification (Liese et al., 2006).  
Currently more than 3000 diverse enzymes has been discovered, however only 150 to 
170 are commercially exploited. At present only 5% of chemical products are 
manufactured in industries by using biotechnological aspects. The application of 
enzymes in industrial processes speed up the reactions with an eco-friendly and cost 
effective manner (Pandey et al., 2010). Enzymes are highly unique in activity and 
function, hence they can easily deactivated when needed no longer. It also has the 
ability to execute highly distinct, complex, biocatalytic reactions without any harsh 
chemistries or utilizing excessive energy makes enzymes more attractive for industrial 
purposes.  
1.2. Microbes - As Sources of Industrial Enzymes 

Microorganisms are most preferred sources for industrial enzymes because of easy 
obtainability, and rapid growth rate. It have been utilized since ancient human 
civilization as early as 6000 BC. The prospects of the use of enzymes from microbial 
sources in industrial sectors have increased significantly in 21st century and endlessly 
increasing to encounter the demand of promptly growing population and cope with the 
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exhaustion of natural resources. The microbial enzymes have gained the attention of 
universe for their extensive uses in industrial sectors viz. food, medicine, agriculture, 
chemicals, and energy. Due to the superior performances of enzymes from diverse 
microbes, which works well under diverse physical and chemical conditions, the 
production of microbial enzymes in the industrial sectors are necessitate. Furthermore 
the advancements in genetic engineering and protein engineering can easily be 
manipulated and cultivated the microbial cells in large quantities for elevated enzyme 
production to meet the increased industrial demand (Liu et al., 2012). Microbial 
enzyme usage in numerous industries such as pharmaceutical, food, textile, leather, 
paper etc. are abundant and growing rapidly over conventional methods due to 
harmless to the environment, better efficiency, and the good quality products (Gurung 
et al., 2013). The driving factors which associated to motivate the practice of microbial 
enzymes in various industrial applications are collective demand of consumer goods, 
requirement of cost reduction, natural resources diminution, and environmental safety 
(Choi et al., 2015).  
1.3. Industrial Enzyme Market 

The global enzyme market has been rapidly growing over the recent years on account 
of intensifying awareness and dissemination of industrial enzymes in innumerable 
industrial sectors. Globally, the progression of industrial enzymes market is mainly 
driven by increasing food and beverage consumption predominantly in meat and wine. 
Market projections for industrial enzymes are a sensible indicator of biocatalytic 
processes development for commercial-scale production. The industrial market for 
relevant enzymes applicable in food and animal feed and industries in 2021 is 
estimated to grow globally at an annual growth rate of 4.7% (Chapman et al., 2018). As 
per Business Communication Company (BCC) Research, the global enzyme market is 
expected to grow from $5.01 billion in 2016 to $6.32 billion in 2021 (Dewan, 2018).  
In the global market of industrial enzymes North America has the largest share 
followed by Europe and Asia Pacific. In future also, North America is anticipated to 
maintain the dominance. Though, the Asia Pacific region is predicted to achieve the 
highest growth. India and China are expected as main contributors to boost the Asian 
industrial enzyme emerging markets by investing multinational food and beverage 
companies. Brazil and Middle East countries are also expected to boost the global 
market. While significant growth is expected in overall value of industrial enzymes in 
all parts of world lead an emergence of small to medium scale enzyme industries, 
development of novel technologies, better enzyme production, increasing demand and 
rising environmental safety. Advancements in biotechnology and enzyme engineering 
is a driving force of global enzyme market by introducing novel products. The 
cumulative disposable income of customer can afford expensive food product, which 
probable to increase the global demand of industrial enzymes (Dewan, 2018). 
1.4. Carbohydrases - The Industrial Status 
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Global Industrial enzymes market is diverged to carbohydrases, proteases, lipases and 
others. Due to the increasing global demand for food and beverages, carbohydrases 
have estimated the largest share in industrial enzyme markets. Carbohydrases used in 
the hydrolysis of carbohydrates, to simple sugars, makes useful extensive application 
in industrial processes such as food, beverages etc. (Contesini et al., 2013). 
Carbohydrases viz. amylase, cellulase, lactase, and pectinase commonly used in baking 
industry, fruit juice and wine making, cheese manufacturing etc. Also have other 
applications viz. biofuel production, textile, detergent, leather, animal feed and pharmaceutical industries (Kirk et al., 2002). According to Technavio’s market 
research analysis carbohydrases have predicted to achieve considerable market 
growth during 2018-2022 and estimated to attain a CAGR close to 7% by 2022 
(Technavio, 2018). Industrial application of carbohydrases faces many challenges 
regarding its response to the pH and temperature alterations.  Even though the 
constant effort in innovations and up- gradations anticipated to experience healthy and 
steady growth in carbohydrases production.  
1.5. β-Glucanases β-glucanase (E.C. 3.2.1.x) are group of carbohydrate enzymes, hydrolyses glycosidic bonds within the insoluble β-glucan substrates, which unable to digest by animals 
easily. The enzyme is characterized extensively in microorganisms like bacteria, fungi 
and also in plants. The action of enzyme on β-glucan molecules releases D-glucose, as a carbon source.  β-glucanase can function as exo- and endo-hydrolases.  Exo-β-
glucanase cut the glycosidic bonds serially from non-reducing ends of β-glucan chain, 
while endo-β-glucanase randomly cuts internal bonds. On account of the type of glycosidic bond cleavage, they are further classified as β-1,4-glucanases, β-1,3-glucanases, β-1,6-glucanases, β-1,4-1,3-glucanases etc. (Dake et al., 2004). A wide 
varieties of microbial β-glucanases have exclusively active on β-glucan substrates and cleave the mixed linkage β-glucan chains at different points. This is significant for 
picking precise substrates for the assay of each type of enzymes within this enzyme 
groups. The well recognised specificity and mechanism of action within the enormous 
substrates allow to understand that most of them are varied from cellulases, excluding β-1,4-glucanases. 
1.5.1. β-Glucans β-Glucan is a non- starch, indigestible, partially water-soluble, linear polysaccharide 
molecule made of glucose units. They naturally occur in organic sources like cereal grains, bacteria, yeasts and algae. They are fibrous components and existed as (1→4)-(1→3) linked β-D-gluco pyranose units in cereals and (1→3)-(1→6) linked units in fungus (Havrlentova and Kraic, 2006; Havrlentova et al., 2011). In cereals β- glucan is 
a chief constituent of sub-aleurone layer and endosperm cell wall. Major cereal β-
glucan sources are barley and oats (Wood et al., 1993). Much lower levels they also 
present in cell walls of rye, wheat, rice, maize, sorghum and millet (Fincher and Stone, 
1986; Lee et al., 1997). 

https://www.technavio.com/report/global-carbohydrases-market-analysis%20-
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Nowadays β-glucan rich cereal food plays numerous beneficial effects in improving 
human health (Newman and Newman, 1991). Hull-less waxy barley contains significantly high level of β-glucan (Ehrenbergerova et al., 2008) and productively used 
in food, feed and beverages industries. It exerts an immune-modulatory positive effects 
in animals. In humans it reduces cholesterol level, coronary diseases and blood 
pressure (Kapur et al., 2008; Cui et al., 2009). It use as a replacement of dietary antibiotics in animal feeds (Moon et al., 2016).  High β-glucan containing barley is the 
principal component in breweries, which increases flavour, colour and nutritional properties (Gupta et al., 2010). Apart from the positive effects of β-glucan 
polysaccharide, the studies has also been conducted relating with the negative effects. 
It impairs the energy metabolism in animals such as cattle and poultry. Also creates the 
numerous problems in brewing industry including inefficient filtration, gels and hazes 
formations which affect the flavour and taste of beer (Jin et al., 2004). The marked effect of β-glucanase enzymes and its applications in particular industrial sectors can overcome the negative effects of β-glucan molecules. The currently existing enzymes are not capable of the ample depolymerisation of β-glucan. In cereal β-glucan, around 70% of glycosidic linkage is β-(1→4) and remaining 30% is β-(1→3). Therefore the complete hydrolysis of β-glucan polymer requires the synergic action of different β-glucanases. 
1.5.2. Biotechnological Applications of β-Glucanase β-glucanases have appreciable ecological implication and commercial usages in well-
established biotechnological industries for instance in brewing and wine production, 
animal feed industry, coffee processing, waste treatments, textile industry, biofuel 
production and also in agriculture (Annamalai et al., 2016a). In brewing industry, it 
efficiently degrades the β-glucan contents in cereal grains thereby increases the wort filtration rate and reduce the chance of β-glucan precipitation and also decreases the 
mash viscosity and turbidity (Celestino et al., 2006). During wine making the addition 
of β-glucanase improves colour extraction, must clarification, skin maceration, 
filtration, and finally the wine quality and stability (Singh et al., 2007). In poultry and animal feed enzyme industry, cereal β-glucan rich feed produces a viscose digesta, 
which impede in nutrient release and absorption. Hence the addition of β-glucanases 
in barley rich animal feed reduces the anti-nutritive effects of β-glucan, thereby 
increasing digesta viscosity digestibility, nutrient release and feed passage rates 
(Choct, 2001; Mathlouthi et al., 2002). In textile industry, it is used for cotton softening, 
denim finishing, colour care and cleaning (Cherry and Fidantsef, 2003). In agriculture sectors the β-glucanase is used as a biocontrol agent which is capable of degrading cell 
wall of plant pathogens, weaken the seed endosperm and enhances seed germination 
and also helps for preparation of plant and fungal protoplasts applicable in various 
research purposes (Bhat, 2000).  
1.5.3. β-Glucanase - Market Dynamics 
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The ever-growing beverages market by the popularity of speciality beers and craft breweries, the β-glucanase segment is predictable to be a significant rise in demand 
and as the fastest emergent for brewing enzymes from 2018 to 2023. The market of 
brewing enzymes is projected at $352.1 million in 2018 and is projected to reach 
$484.7 million by 2023, at a CAGR of 6.6% from 2018 (Globe Newswire, 2018). The 
fastest-growing brewing enzymes market is projected to be in the Asia Pacific region 
and expected to witness a significant demand in future also. Maximum growth is 
expected to be seen exactly from India and China. Substantial growth also observed in 
Africa and Latin America (Future market insights, 2019).  
The global feed enzyme market is a fast emergent segment due to increasing 
consumption, rising the quality and safety of meat and milk and attention to favourable 
feeding plans for livestock. The market was valued at $899.19 million in 2014 and is 
estimated to stretch $1,371.03 million by 2020, at a CAGR of 7.3 percent (Wattagnet, 
2015). The steady growth is predominantly higher in developing countries such as 
India, China, and Brazil owing to increase the returns level and attention towards 
superior quality, nutritive and balanced food grades. In terms of value, the major share 
in feed enzyme market is contributed by non-starch polysaccharide enzymes (NSP), in which the β-glucanase is a leading segment (Research and Markets, 2013). The demand 
for healthier and highly efficient feed enzymes with modified capabilities is an 
alternative to feed antibiotics and also manage input production cost of livestock.  
The microbial source of enzymes dominated as major share in the brewing and feed 
enzymes market as they have high growth rate, easy to handle and able to 
manufactured in huge tanks without illumination. Uninterrupted R&D and resultant 
process and product innovations in these areas rising global per capita incomes. When considering current demand and the emerging marketing impact of β-glucanase in 
brewing industry and animal feed enzyme industry, we make a passionate attention on 
exo-1,4-β-glucanase and endo-1,3-β-glucanase, projected to applicable in cereal β-
glucan degradation.  
1.6. Streptomyces - As Source of β-Glucanase 

Now a days the industries are looking for novel microbial strains with the intention of 
producing efficient enzymes to achieve the enzyme requirements with sustainable and 
eco-efficient manner. Innovative enzyme production platforms from potential 
microbes provide more choice and uncover previously unexploited enzyme sources. 
Streptomyces are the largest genus of phylum actinobacteria, well characterized and 
recognized as fundamental unhampered sources of novel compounds with vast 
industrial applications (Sathya and Ushadevi, 2014; Mukhtar et al., 2017). Like other 
actinobacterial members they are saprophytic, aerobic, gram-positive bacteria with 
high G+C rich genome. They are spore producing and can grow in diverse 
environments, however showing most abundance in soil, distinguished with a distinct 
earthy odour by the production of geosmin (Dehnad et al., 2010). The Streptomyces 
genus is well documented as the largest reservoirs of natural bioactive compounds 
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(Terkina et al., 2006). Presently existing 75% of natural antibiotics are produced by 
Streptomyces species (Khattab et al., 2016).  
According to previous reports, Streptomyces produces variety of carbohydrases 
proficient to hydrolyse many soluble and insoluble polysaccharides (Chater et al., 
2010). According to Wu et al. (2018), Actinobacteria considered as better candidates for isolating β-glucan degrading enzymes, however very less have been explored for potential screening and production of β-glucanase. Some Streptomyces spp. has been 
recognised as endo-β-1,3-glucanases producers viz. S. rimosus (Beyer and Diekman, 
1984), Streptomyces sp. Mo (Kurakake et al., 2013), S. torulosus (Park et al., 2012), S. 

sioyaensis (Hong et al., 2002) and S. matensis (Woo et al., 2014). The exo-β-1,4-
glucanase, a cellulolytic enzyme activities has been studied in S. coelicolor A(3) (Lee et 
al., 2018), S. reticuli (Walter and Schrempf, 1996a) and S. thermocerradoensis I3 
(Carolina et al., 2015).  
Even though Streptomyces are immense resource of industrial enzymes, practise as a 
platform of industrial production is comparatively limited due to deliberate mycelial 
growth, inefficient nutrient consumption and the non-existence of advanced 
expression systems. Hence, for the over-production of industrially important enzymes, 
well characterized efficient heterologous production platforms like Escherichia coli or 
Bacillus subtilis may currently be used. 
1.7. Western Ghats in Kerala - Look for Glucanolytic Streptomyces spp.    

Western Ghats in India signifies geomorphic features of enormous importance with 
unique ecological niche, exclusively with old mountain ranges starts from Central 
Maharashtra and stretched up to the extreme Southern point of Kerala. It is a 
tremendously distinguished biodiversity hot spot of gorgeous flora and fauna and are 
recognized by UNESCO as a World Heritage Site (Ruckmani and Chakrabarti, 2011). 
Moreover the dynamic rich biodiversity, nearly all regions are enduring unexplored, 
uninterrupted and are massively treasured with prospective microorganisms. Hence 
the Western Ghats areas are also mentioned as microbial biodiversity treasure houses 
(Namboothiri et al., 2013). 
The search for isolating novel and effective microorganisms from the unexplored 
habitats around the world continues to be an important sector of the research. 
Microbial potential studies focussed to extreme environments can be exploited to 
produce new innovations in enzyme technology that may become future preface of 
green biotechnology. The uniqueness in environmental condition certainly affected the 
Streptomyces distribution (Mitra et al., 2008; Jagan Mohan et al., 2013). As a result of 
extensive screening Streptomyces strains from these natural and well treasured 
habitats have been commercially exploited (Arasu et al., 2008; Balachandran et al., 2015; Rao et al., 2015). Yet, the β-glucanase producing Streptomyces spp. are less 
characterized from the Western Ghats. In this context, we are attempted to exploit the 
unexplored or under-exploited diverse Western Ghats areas in Kerala for β-
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glucanolytic highly efficient Streptomyces strains with potential biochemical enzyme 
characteristics of commercial interest and industrial usage. 
1.8. Objectives of the Research Work 
The main objectives of the study were: 

1. Isolation of novel Streptomyces strains 
2. Screening of β-glucanase activity 
3. Identification and characterization of potent strains 
4. Isolation of β-Glucanase encoding genes from Streptomyces and        its 

sequencing 
5. Development of an E. coli expression vector with β-Glucanase genes 
6. Overexpression of endo-β-1,3-Glucanase gene and exo-β-1,4-        glucanase gene 

in same system 
7. Purification of recombinant β-Glucanase enzymes 
8. Characterization of recombinant β-Glucanase enzymes        

1.9. General Overview of the Report 

With the aforementioned objectives in mind, the scientific informations, the materials 
used, experiments conducted, the results obtained with discussions and conclusions 
are organised as follows.  
Chapter 1: General Introduction 

This chapter deals with the theoretical back ground and rationale behind the study and 
the proposed objectives of the research work. 
Chapter 2: Review of Literature 

This chapter deals the current knowledge and in-depth evaluation of previous 
researches including theoretical and methodological contributions as well as 
fundamental findings.  
Chapter 3: Isolation and Screening of β-Glucanase Producing Actinomycetes 

Strains from Western Ghats Regions 

This chapter deals with the isolation of actinomycetes strains by exploring selected 
Western Ghats areas of Kerala for quantitative and qualitative screening of two β-
glucanase enzymes, exo-β-1,4-glucanase and endo-β-1,3-glucanase. 
Chapter 4: Identification and Characterization of β-Glucanase Producing Potent 

Actinomycetes Isolates 

This chapter deals with the characterization and taxonomical identification of β-
glucanase producing potent Western Ghats actinomycetes isolates TBG-MR17 and 
TBG-AL13 following polyphasic taxonomic approach.   
Chapter 5: Isolation, Sequencing and in silico Analysis of β-Glucanase Genes from 

Streptomyces Strains 

This chapter deals with the isolation of complete sequence of exo-β-1,4-glucanase 
(EXO14) and endo-β-1,3-glucanase (ENDO13) genes from Streptomyces strains TBG-
MR17 and TBG-AL13 and scrutinised the biological structure and interaction 
topographies with particular substrates using in silico approach. 
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Chapter 6: Codon Optimization and Overexpression of β-Glucanase genes in E. coli This chapter deals with the codon optimization of β-glucanase gene sequences, EXO14 
and ENDO13, isolated from Streptomyces strains based on the codon usage bias of E. 

coli for obtaining high level expression and the overexpression of chemically synthesised β-glucanase genes in E. coli expression system. 
Chapter 7: Purification and Characterization of Overexpressed Recombinant β-

Glucanases 

This chapter deals with the purification of overexpressed recombinant exo14 and 
endo13 proteins using nickel affinity chromatography and elucidate detailed 
biochemical characterization of enzymes.  
Chapter 8: Summary  

This chapter summarizes the total outcome of the research and conclusions drawn out 
from each findings. 

Chapter 2 
Review of Literature  
2.1. Actinobacteria 
The phylum Actinobacteria is recognised as one of the foremost taxonomic units 
among the currently recognized major lineages within the Bacteria domain (Ludwig et 
al., 2012). The majority are free-living, that are extensively disseminated in both 
terrestrial and aquatic environments (Macagnan et al., 2006). The name actinomycetes 
derived from Greek words aktis or aktin for ray and mukes for fungi, since the hyphae 
grows by the combination of tip extension and branching (Figure 2.1). Conventionally, 
they were considered as an intermediate form between bacteria and fungi. 
Actinobacteria superficially resembling filamentous fungi, since produces mycelium 
and reproduce by sporulation. However, like bacteria, the cells are thin with 
peptidoglycan cell wall and prokaryotic nucleoid, moreover, they are vulnerable to 
antibacterial agents (Barka et al., 2016). The adequate exclusive features delineate the Actinobacteria into ‘Kingdom bacteria’. They are spore producing aerobic, gram 
positive bacteria with high GC rich genome and characterized with non-septate 
distinctive substrate and aerial mycelium.  
The actinomycetes are ubiquitous microbial group broadly distributed in nature such 
as soils, fresh and salt water, and also in the air (Srinivasan et al., 1991). Majority are 
soil occupants (Kuster, 1968), although they are broadly dispersed in diverse extreme 
habitats including deep sea vent sediments (Colquhoun et al., 1998), deepest of 
Mariana Trench (Pathom-aree et al., 2006), Antarctican cryophilic soils (Moncheva et 
al., 2002) and also in deserts (Diraviyam et al., 2011). Especially they are largely found 
in the superficial layer of soils with alkaline and rich organic matter, and gradually 
decreases when increasing the depth (Takahashi and Omura, 2003).  
The phylum Actinobacteria included in the fourth and fifth volumes of Bergey’s Manual 
of Determinative Bacteriology, represent the largest taxonomic units including 5 
subclasses, 6 orders, and 14 suborders (Ludwig et al., 2012). All actinomycetes are 
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encompassed under the order Actinomycetales and divided in to four families- 
Actinomycetaceae, Streptomycetaceae, Mycobacteriaceae and Actinoplanaceae 
(Williams et al., 1989). The two generally defined actinobacterial genera are 
Streptomyces and Micromonospora. The genus Streptomyces is enormously recognized 
as the largest reservoir of natural bioactive products such as antibiotics, enzymes, 
immunosuppressive agents, antitumor agents etc. (Terkina et al., 2006).  
 

 
 

 

 

 

 

 

Fig 2.1. Life cycle of sporulating actinomycetes (Barka et al., 2016) 

2.2. Streptomyces 

The genus Streptomyces was first introduced in 1943 by Waksman and Henrici 
(Williams et al., 1983). Concerned with the number and species diversity, Streptomyces 
signifies the largest taxonomic unit in actinomycetes (Bhattacharyya et al., 1998). They 
are gram-positive, non-Acid- Fast, aerobic bacteria with around 70% GC content in 
genome (Dehnad et al., 2010). Currently more than 500 species of the Streptomyces 
genus have been defined (Mohanraj and Sekar, 2013) and also unveils extensive 
phylogenetic spread (Aderem, 2005). Streptomyces is the only morphologically diverse 
Actinobacteria and found copious in soil habitats, plays major role in carbon recycling 
by the production of hydrolytic exoenzymes. Due to the production of spectacular 
diversity of secondary metabolites, Streptomyces is considered as chief competent 
chemists in Nature with boundless interest in industry and medicine (Hopwood, 2007). 
Streptomyces usually have small spores around or less than 1μm diameter in size 
(Willemse et al., 2011), formed as straight, helical, or wavy spore chains (Chater, 1993). 
Normally they have slow growing colonies and produces an earthy odour due to the 
production of geosmin, a volatile metabolite. Initially the colonies develop as smooth 
surface and later they form aerial mycelium with granular, powdery, floccose, or 
velvety texture. They are non-motile and secrete variety of pigments which determines 
the aerial and vegetative mycelia colour. Streptomyces species are catalase positive, 
nitrates reducing and cell wall comprises large amount of L- diaminopimelic acid (L-
DAP) (Hasani et al., 2014). They are chemoorganotrophic microorganisms need 
organic carbon and nitrogen sources along with mineral salts as growth factors (Kuster 
and Williams, 1964). Mostly they are grow in temperature between 10-37°C and pH 
6.5-8.0, but some are thermophiles grow in 45-55°C for examples, Streptomyces 

thermovulgaris, S. thermonitrificans etc. (Srivibool et al., 2004). They are highly 
resistant to drought conditions, where it forms arthrospore.  It requires less moisture 
to grow than other microbes (Subbarao, 1999). In biotechnological approach, 
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Streptomyces is extremely important because they are produced two thirds of all 
industrially important antibiotics (Champness, 2000).  
2.2.1. Streptomyces - Developmental Cycle 

Streptomyces spp. characterized by a multifarious development cycle, comprises 
differentiation and programmed cell death (PCD). The life cycle begins with the 
germination of spores and emergence of germ tubes by tip elongation (Figure 2.2). 
Then the germ tube extended and developed a network of branched multinucleoid 
hyphae, called substrate mycelium. After several days substrate mycelium starts to 
differentiate and extended to air forms multinucleated aerial hyphae. The bld genes are 
required for the aerial mycelium development. The expression of whi gene causes the 
growth and coiling aerial hyphae. Finally the growth stops and it undertake massive 
septation which give rise to uninucleoid compartments. Then each compartments 
develop into spores and create spore chains (Li et al., 2016; Manteca and Sanchez, 
2010). At early stages of development, the substrate mycelium shows a dynamic 
primary metabolism and it undergoes first round of PCD. The second round of PCD is 
noted in the aerial mycelium during spore formation. The cellular matters released 
during PCD generates a nutrients pool which support further growth of organism 
(Filippova, and Vinogradovab, 2017; Manteca et al., 2008). Most Streptomyces strains 
in liquid cultures do not sporulate. Regardless of this, the industrial production of 
secondary metabolites are accomplished in liquid cultures. Streptomyces in submerged 
cultures mainly produces four morphological forms- pellets, clumps, branched hyphae, 
and non-branched hyphae (Pamboukian et al., 2002). 

 

 

 

 

 

 

 

 

 

Fig 2.2. Time course development of Streptomyces species 

(https://digital.wwnorton.com/ebooks/epub/microbio4/OEBPS/image/sfmb4e.0436.jpg) 

 

2.2.2. Streptomyces Taxonomy - A Polyphasic Approach 

Waksman and Henrici (1943) was proposed the genus Streptomyces and categorised 
in Streptomycetaceae family based on morphology and cell wall chemotype. The 
progress of numerical classification employed only phenotypic traits resolved the 
intergeneric relationship within the family, but not disentangled the taxonomy within 
the genus. The genus Streptomyces are the producers of beyond half of currently 
documented bioactive compounds in the world and offered pronounced industrial and 
academic interest. In spite of this, their taxonomy leftovers rather confused and the 

https://digital.wwnorton.com/ebooks/epub/microbio4/OEBPS/image/sfmb4e.0436.jpg
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species definition is unresolved because of the diversity of morphological, cultural, 
physiological and biochemical characteristics observed at the intra- and the 
interspecies level. The Difficulties in classifying new strains highlighting the need of a 
polyphasic approach in Streptomyces taxonomy which employs a combination of 
genotypic, phenotypic and phylogenetic tests (Anderson and Wellington, 2001).  
The International Streptomyces Project (ISP) in 1964 introduced by standard criteria 
for the species determination of Streptomyces, where, Shirling and Gottlieb (1968a, 
1968b, 1969, 1972) described the use aerial mycelium morphology, colour of aerial 
and substrate mycelium, production of soluble and melanin pigment and the utilization 
of certain carbon sources. The ISP described about 450 species of Streptomyces. Based 
on the ISP data numerous classification keys have been described (Kuster, 1972; 
Nonomura, 1974; Szabo et al., 1975). The phenotypic characteristics such as the aerial 
mycelium morphology comprises mode of branching and spore chain configuration 
(Figure 2.3) and spore surface is regarded as significant for Streptomyces classification 
(Pridham et al., 1958). A numerical taxonomic approach described by Williams et al. 
(1983) which studied cell wall chemotype using phenotypic traits. The cell wall 
features of Streptomyces such as presence of LL-diaminopimelic acid and glycine, acetyl 
muramyl residues in peptidoglycans and absence of distinctive sugars are some 
notable characteristics from other actinomycetes (Uchida and Seino, 1997). A 
chemotaxonomic approach includes fatty acid profiling, have long been practiced to 
distinguish Streptomyces species (Saddler et al., 1987). Goodfellow et al. (1988) 
described some biochemical tests for Streptomyces taxonomy. The genome analysis 
through molecular techniques has contributed significant knowledge of Streptomyces 
taxonomy, comprises rRNA gene sequencing and evaluation, which helps the 
taxonomical identification from genus, species and extended up to strain level (Hain et 
al., 1997). The polyphasic approach comprises the usefulness of all these methods in 
taxonomic evaluation of natural Streptomyces isolates.  
At present, mostly numerous novel Streptomyces species and strains are described 
based on polyphasic taxonomic approach. Acharyabhatta et al. (2013) isolated alkaline 
amylase producing Streptomyces rochei BTSS 1001 from marine sediments of the 
southeast coast of Bay of Bengal and studied the taxonomy through polyphasic 
approach. Tanasupawat et al. (2016) described a novel species, Streptomyces 

actinomycinicus isolated from peat swamp forest soil of Rayong Province, Thailand 
using polyphasic approach. Van der Aart et al. (2018) used polyphasic taxonomy for 
describing the classification of novel strain Streptomyces roseofaciens isolated from 
QinLing Mountains and detected more than 40 metabolomic gene clusters, codes 
natural products. Charousova et al. (2018) determined the taxonomic position of most 
active antibiotic producers, Streptomyces globosus DK15 and Streptomyces ederensis 
ST13 strains using a polyphasic approach. Landwehr et al. (2018) used a polyphasic 
approach for clarifying the taxonomic position of the novel roseoflavin producing 
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isolate Streptomyces davaonensis sp. nov. JCM 4913T and cinnabaramide producing 
isolate as Streptomyces cinnabarigriseus sp. nov. JS360T. 
 

 
 
 
 

 

Fig 2.3. Streptomyces Spore chain configuration. (a) Rectiflexibiles type, (b) 

Retinaculiaperti type, (c) Spira type, (d) Verticillati type, (e) fragmenting 

branched aerial hyphae. (Li et al., 2016) 

2.2.3. Streptomyces - A Source of Industrial Enzymes 

The actinobacterial members especially Streptomyces are the dominant, auspicious 
producers of innumerable antibiotics, secondary metabolites and industrial enzymes. 
They have the ability to biotransform and bioconversion of certain organic compounds, 
urban and agricultural wastes into economic valued products. Streptomyces, the 
promising reservoir of a diverse collection of industrially important enzymes actively 
participated in the putrefaction of various organic compounds and the produced 
enzymes are widely exploited in food, leather, detergent, textile, pharmaceutical and 
medical industries (Salwan and Sharma, 2018). Table 2.1 shown the list of various 
Streptomyces strains characterized for industrially important enzymes. 
Table 2.1. Industrially important enzymes characterized from Streptomyces strains 

Enzymes Streptomyces strains References α- amylase Streptomyces sp. D1 Chakraborty et al., 2009 Β-amylase S. gulbargensis DAS Syed et al., 2009a 

Xylanases Streptomyces spp.SKK1-8 
S. viridosporus T7A 

Meryandini et al., 2006 
Alberton et al., 2009 α-L-

arabinofuranosidases 
S.lividans 

Streptomyces sp. SWU10 

Vincent et al., 1997 
Phuengmaung et al., 2018 

Laccases S. ipomoeae CECT 3341 Blanquez et al., 2017 α-glucuronidases S. pristinaespiralis Fujimoto et al., 2010 

Ferulic acid esterases Streptomyces S10 Mukherjee et al., 2007 

Acetyl xylanesterases S. lividans Biely et al., 2003 

Mannanases Streptomyces sp. SirexAA-E Takasuka et al., 2014 β-mannosidases Streptomyces sp. S27 Shi et al., 2011 α-galactosidases S. coelicolor A3(2) Temuujin et al., 2016 

Peroxidases S. thermoviolaceus Tuncer et al., 2009 

Lignin peroxidases S. viridosporus T7A Gottschalk et al., 2008 

Cellulase S. noboritoensis 

S. viridobrunneus 

Arunachalam et al., 2010 
Da Vinha et al., 2011 

Chitinase S. rubiginosus Jha et al., 2016 

Protease S. flavogriseus HS1 Ghorbel et al., 2014 

Keratinase S. gulbargensis Syed et al., 2009b 
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Lipases Streptomyces sp. TEM 33 Vasconcelos et al., 2018 

Halogenases Streptomyces toxytricini Zeng and Zhan, 2011 

Prenyltransferase Streptomyces sp. SN-593 Takahashi et al., 2010 

Pectinase S. lydicus Jacob et al., 2008 

 
For encounter the increasing demand for industrial enzymes, there is a need for 
endless research and innovations to find novel highly efficient enzymes with cost 
effective and environmental friendly production. Further the large accessibility of 
genomic and proteomic data leads the high throughput production of high-value 
enzymes from Streptomyces strains. Numerous genes responsible for the 
polysaccharides hydrolysis recognized in Streptomyces genome indicates the microbes 
are proficient producers of glycosyl hydrolases (GH), decomposes the complex 
polysaccharides which is vital to carbon cycle of earth and animal nutrition 
(Talamantes et al., 2016).  
2.3. Glycosyl Hydrolases (GHs) 

Glycosyl hydrolases (E.C.3.2.1.x) are a renowned and demanding enzyme groups, 
which hydrolyses the glycosidic bonds within carbohydrate molecules or between 
carbohydrate and non-carbohydrate molecules. They are actively researched groups of 
enzymes, have distinguished applications in food industry, biomass degradation, 
bioethanol production, waste processing and also in pest control (Fulop and Ponyi, 
2015). GHs have remarkable functional diversity and are extensively distributed 
prokaryotic, eukaryotic, and also in archaea with multiple in copy number in each 
organisms. GHs categorized primarily based on the substrate specificity and further 
classified according to the sequence similarities, catalytic mechanisms and 
hydrophobic cluster analysis. 
The first GH structure solved more than 30 years before, was hen egg white lysozyme. 
Currently the GHs are grouped into 140 families (Cantarel et al., 2009; Abe et al., 2017), 
deliver an understanding to the comparative structural features, evolutionary 
relationships, and mechanisms of action (Sathya and Khan, 2014). The updated list of 
GH families are available in Carbohydrate-Active Enzymes database (CAZy). GHs have 
a segmental structure (Figure 2.4) comprising a catalytic domain and one or two non-
catalytic domains, some of which involved in substrate binding, example, carbohydrate 
binding domain (Davies and Henrissat, 1995). 
The active site topologies of GHs are categorised into three classes- pocket or crater, 
cleft or groove and tunnel (Figure 2.5). 
Pocket or crater- Recognises the non-reducing extremity of a saccharide, hydrolyses 
mainly the amorphous polymers such as starch and dimers like cellobiose and are not 
very efficient for the hydrolysis of cellulose like fibrous substrates.  
Cleft or groove- An 'open' structure randomly binds the sugar units in polysaccharides, 
usually found in endo-acting GHs such as endocellulases, lysozymes, chitinases, xylanases, α-amylases, β-1,3-glucanases and β-1,3-1,4-glucanases. 
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Tunnel- The catalytic pockets are encompasses within the tunnel and allows the 
progressive hydrolysis of cellulose and exoglucanase like polymers. It allows the 
polysaccharide chain to enter the active site from one entrance of tunnel in an 'exo' 
fashion and release the products from other side while firmly clamping the chain.  

 
 
 
 
 
 
 

 

 

Fig 2.4. A representative structure of GH family protein (Codera et al., 2015) 

2.3.1. Catalytic Mechanism  

Regardless of the enormous number of GH families, they have a common catalytic 
mechanism, either an inversion or a retention of anomeric configuration. The 
hydrolysis occur through general acid/base catalysis, by the action of two essential 
residues: a proton donor and a nucleophile or base residue. The first one is commonly 
glutamate or aspartate, while the second is glutamic or aspartic acid (an exception is 
sialidases, where activated tyrosine is nucleophile). Inverting GHs work through a 
single nucleophilic substitution, whereas the retaining enzymes follows a double-
displacement mechanism through making and hydrolysing covalent intermediate 
(Figure 2.7). In both mechanism, each step contains a sp2 hybridized oxocarbenium 
ion-like transition state (TS), and a positive charge is developed at anomeric carbon. 
The electron donated by ring oxygen, partially stabilizes the positive charge (Ardevol 
and Rovira, 2015).  
In inverting mechanism, a nucleophilic attack is performed by an activated water 
molecule at C-1 position of sugar, along with a concomitant departure of aglycone is 
done by glycosidic oxygen protonation. In contrast, a covalent GH intermediate is 
involving in retaining mechanism. In the first step glycosidic oxygen is protonated by 
one carboxyl group which functions as a general acid and makes a concomitant bond 
cleavage. Then a covalent intermediate is formed by the nucleophile attack of second 
carboxyl group. In the second step, the inward water molecule is activated by 
deprotonated acid catalyst by acting as a base. The activated water molecule executes 
the second nucleophilic attack at the anomeric carbon of sugar, thus releases free sugar 
with same anomeric stereochemistry as the substrate (Nishimura et al., 2001). The 
substrates modifies the conformation to a distorted form when binding to the GHs. 
Particularly, the saccharide unit attaching the catalytic site of enzyme habitually 
changes to a skew-boat or boat type conformation (Espinosa et al., 1998) (Figure 2.7).  
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According to Teegardin et al. (2017) different GHs family proteins are widely 
distributed in Actinobacteria family, especially in Streptomyces species. An attention to 
the understanding GHs 3-dimensional structures is highly significant in the view of the 
application and also towards the protein engineering. 
 
 
 
 

 
 
 
 
 

 

 
 

Fig 2.5. Active site configurations found in glycosyl hydrolases. (a) Pocket or crater (glucoamylase 

from Aspergillus awamori). (b) Cleft or groove (endoglucanase E2 from Thermobifidafusca). (c) 

Tunnel (cellobiohydrolase II from Trichodermareesei). The predicted catalytic residues are shown in 

red (Davies and Henrissat, 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.6. Catalytic mechanisms of glycosyl hydrolases (GHs). (a) inverting GHs and (b) retaining GHs 

(Ardevol and Rovira, 2015). 

2.3.2. Carbohydrate Binding Modules (CBMs) 

GHs are modular enzymes, consisting of catalytic modules and carbohydrate binding 
module (CBM). The CBMs acts like a clamp which helps to focus the enzyme on the 
polysaccharide substrates to improve the degradation efficiency. The structure and 
binding specificities of several CBMs have been reported (McLean et al., 2002). 
Currently there are 84 CBMs families, are recognised to have diverse properties. Within 
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the family CBMs showed similar structural folding and have quite dissimilar 
specificities to substrate binding (Abou-Hachem et al., 2000). 

 

 

 

 
 
 
 
 

 

 

Fig 2.7. Sugar distortion in GHs. (a) The saccharide binding in GH. The enzyme cleaves the bond 

located in between −1 and +1 sub sites. In the “catalytic” −1 sub site the sugar adopts a distorted 
conformation like boat or skew-boat, while other sugar moieties has a relaxed chair like confirmation. 

(b) Sugar distortion at the −1 sub site. (Ardevol and Rovira, 2015). 

 Additionally CBMs provide some other functions, example, the members from CBM 
family 2 binds to crystalline cellulose and helps to disorder the crystalline architecture 
thus increase the accessibility of enzyme to the substrate (Din et al., 1991) (Figure 2.8). 
The position of CBM in carbohydrases can be both N-, C- terminal or centrally. 
 

 
 
 

 

 

 

Fig 2.8. Diagrammatic representation of the GHs action on cellulose fibres (Sajith et al., 2016). 

Based on nature and degree of polymerization to the substrates the CBMs are 
categorised into three types (Armenta et al., 2017) (Figure 2.9). 
Type A: Binds to the hydrophobic regions of highly crystalline polysaccharide surfaces. 
They are the members of CBM family 1, 2, 3, 5, and 10. Also reported have the affinity 
towards soluble polysaccharides (especially CBM2 and CBM3). Binding sites have flat 
or planar hydrophobic architecture, rich with aromatic amino acid residues which play 
key role in substrate binding.  

 
 
 

 
 

 

Fig 2.9. Schematic representation of CBM types showing the affinity to diverse regions of a 

polysaccharide substrate (Nakamura et al., 2008). 
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Type B: Endo-type CBM, mainly found in the C-terminus of laminarinase (endo-β-1,3-glucanase) for recognising the β-1,3-linked saccharide units, also recognize substrates like β-1,3-glucans, β-1,4-mannan, mixed β-(1,3)(1,4)-glucans, galactomannan and 
glucomannan. The binding involves 3 tryptophan residues and 1 tyrosine residue 
(Boraston et al., 2002). The binding sites looks as grooves or clefts and accommodate 
four or more sugar units. It exhibited high binding affinity with increasing the substrate 
chain length. This type includes the CBM family 6, 13, 20, 36 and 60. 
Type C: Exo-type and recognises the non-reducing end of polysaccharide substrate. The 
families of CBM9, 13, 32, 47, 66 and 67 are comes under this type. Type C CBMs are 
considered as 'lectin-like' (Datta and Sapra, 2011). 
CBMs are an accessory modules assisted the catalytic modules for the degradation of 
complex polysaccharides. It also involved in protein toxin delivery, bacterial host cell 
colonization and glycan synthesis. The occurrence of CBM in GHs is a key factor for 
increasing the ability of efficient hydrolysis of insoluble polysaccharides. CBMs have 
four main functional roles during polysaccharide degradation: 
Targeting Effect: Depending on the enzyme catalytic site conformation the CBM target 
the enzyme to the particular binding site on saccharide substrate such as reducing end, 
non-reducing end or internal chains. 
Proximity Effect: CBMs increase the enzyme concentration in close to the binding site 
proximity of a saccharide substrate, increases fast and effective degradation of the 
substrate (Herve et al., 2010). 
Disruptive Effect: CBMs helps to disrupt the tightly packed surface of polysaccharides, 
which loosen the substrates and exposed more to the catalytic module of enzymes for 
effective degradation. The CBM2 (Din et al., 1991) and CBM44 (Gourlay et al., 2012) 
exerts such disruptive role on particular substrate  
Adhesion: CBMs help the enzymes to tightly adhering on the surface of carbohydrate 
substrates (Montanier et al., 2009).  
The studies showed that eliminating the CBM from GHs intensely reduces the 
enzymatic activities (Shoseyov et al., 2006). Instead, replacing the endo-β-1,4-
glucanase CBM from Bacillus subtilis with the exoglucanase I CBM from Trichoderma 

viride resulted higher substrate binding affinity and also enhanced the hydrolytic 
activity towards the microcrystalline cellulose (Kim et al., 1998). Similar findings were 
also reported by Limon et al. (2001), where substituting the CBM of cellobiohydrolase 
II derived from Trichoderma reesei, with CBM of Chitinase from Trichoderma 

harzianum improved the catalytic efficiency of enzyme.  
2.4. β-Glucanases β-glucanases are one among major GHs, hydrolyses the insoluble or partially soluble β-glucan substrates and releases D-glucose through general acid catalysis by proton 
donor and a nucleophile or base. As in typical GHs they have muti-domain architecture. 
They are generally act as exo- and endo-hydrolases. The endo-β-glucanase randomly cleaves the internal β-glucan chain and releases short oligosaccharides. The exo-β- 
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glucanase act on the non-reducing terminals of polypeptide chains and releases 
glucose units. According to the cleavage of glycosidic bonds, additionally they are categorised as β-1,4-glucanases, β-1,3-glucanases, β-1,2-glucanases, β-1,6-glucanases, β-1,3-1,4-glucanases etc. (Dake et al., 2004; Abe et al., 2017). β-1,4-glucanases are a 
common cellulosic type enzyme, whereas others recognised as non-cellulosic types. 
Microorganisms like fungi, bacteria and plants are the actively synthesised the 
enzymes as extracellular or intracellular. This is significant in choosing specific 
substrates for the assay of these groups of enzymes. Till now, no β-specific glucanases 
have been reported in the Archaea (Bauer et al., 1996). Based on similarities in amino acid sequences the β-glucanases are categorised into several GH families in the 
Carbohydrate Active enZymes (CAZy) (http://www.cazy.org/ Glycoside-
Hydrolases.html) database. 
2.4.1. β-Glucanases - Types 

Endo-β-1,3-Glucanase (EC 3.2.1.39) 

Synonyms: 3-β-D-glucan glucanohydrolase; 1-3-β-glucan endohydrolase; glucan endo-β-1,3-D-glucosidase; 1-3-β-glucan 3-glucanohydrolase; β-1,3-glucanase; 1,3-β-D-
glucan 3-glucanohydrolase; endo-(1,3)-β-D-glucanase; callase; endo-(1→3)-β-D-
glucanase; endo-1,3-β-glucosidase; endo-1,3-β-D-glucanase; laminaranase; kitalase; 
laminarinase; 1,3-β-D-glucan glucanohydrolase; curdlanase and oligo-1,3-glucosidase. 
Endo-β-1,3-glucanase efficiently cleaves internal 1,3-β-D-glucosidic linkages in β-D-
glucans and releases short oligosaccharides (Figure 2.10). Bacterial endo-β-1,3-
glucanase classified in GH16 family, while in eukaryotes it classified under GH17 family 
(Gueguen et al., 1997). It has some vital roles in developmental and functional 
processes, as well as in pathogenic defence mechanisms such as antifungal property. It 
hydrolyses substrates like curdlan, laminarin, paramylon, pachyman, cereal β-D-
glucans etc. (Xu et al., 2016). 
Exo-β-1,3-Glucanase (EC 3.2.1.58) Synonyms: β-1,3-glucan exo-hydrolase; 1,3-β-glucosidase; exo-1,3-β-D-glucanase; exo (1→3)-β-glucanase; exo-β-(1→3)-D-glucanase; exo-1,3-β-glucosidase; exo-β-(1→3)-
glucanohydrolase; exo-β-1,3-glucanase;exo-β-1,3-D-glucanase and 1,3-β-glucan 
glucohydrolase. 
The enzyme exo-β-1,3-glucanases cleaves the β-1,3-linkages from the non-reducing tails of (1→3)-β-D-glucans and releases glucose units (Figure 2.10). This enzyme 
classified in GH families 5 and 55. 
Endo-β-1,4-Glucanase (EC 3.2.1.4) Synonyms: cellulase; β-1,4-glucanase; β-1,4-endoglucan hydrolase; cellulase A; alkali 
cellulose; cellodextrinase; cellulosin AP; endoglucanase D; endo-1,4-β-D-glucanase; 
pancellase SS; carboxymethyl cellulose; endoglucanase; endo-1,4-β-glucanase; 1,4-
(1,3;1,4)-β-D-glucan 4-glucanohydrolase and endo-1,4-β-D-glucanohydrolase. 
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Fig 2.10. Mode of action of endo-β-1,3-glucanases and exo-β-1,3-glucanases on β-glucan 

polysaccharide (Mouyna et al., 2013). 

Endo-β-1,4-glucanase performs the endohydrolytic breakdown of (1,4)-β-glucosyl 
linkages in numerous polysaccharides (Figure 2.11). It is mainly linked with the 
hydrolysis cellulose or noncellulosic polysaccharide such as β-glucans during grain 
germination and cell wall breakdown in plants. Some evidences indicated that an endo-
(1,4)-β-glucanase, KORRIGAN, take part a significant role in cellulose biosynthesis 
during cell growth (Buchanan et al., 2012). Particular substrates used for endo-β-1,4-glucanase screening are cellulose, lichenin, Avicel, cereal β-D-glucans, CMC etc. 

 
 

 

 

 

 

Fig 2.11. Mode of action of endo-β-1,4-glucanases on cellulose  polysaccharide. 

Endo-β-1,6-Glucanase (EC 3.2.1.75) 

Synonyms: β-1,6-glucan hydrolase; β-1,6-glucan 6-glucanohydrolase; β-1,6-glucanase-
pustulanase; endo-1,6-β-glucanase; β-1→6-Glucan hydrolase; 1,6-β-D-glucan 
glucanohydrolase; endo-1,6-β-D-glucanase; endo-(1→6)-β-D-glucanase; endo-β-1,6-glucanase; β-1,6-glucanase. 
Endo-β-1,6-glucanase randomly cleaves (1–6)-linkages in (1–6)-β-D-glucans. The 
specific substrates include lutean, pustulan and 1,6-oligo-β-D-glucosides etc. Major 
source of 1,6-β-glucans are fungal cell walls and lichens. 
Endo-β-1,3(4)-Glucanase (EC 3.2.1.6) Synonyms: β-1,3-1,4-glucanase; endo-β-1,3-glucanase IV; β-1,3-glucanase; endo-1,3-β-
D-glucanase; laminarinase; endo-β-1,3-1,4-glucanase; endo-β-(1→3)-D-glucanase; 
endo-1,3-1,4-β-D-glucanase; and 1,3-(1,3;1,4)-β-D-glucan 3(4)-glucanohydrolase. 
It catalyses the hydrolysis of (1→3) or (1→4)-linkages the β-D-glucan polysaccharide 
in an endo- manner. The reducing group of glucose unit in the linkage is participated 
in hydrolysis and substituted at C-3. It belongs to GH16 family, although it is different 
from E.C. 3.2.1.39 and E.C. 3.2.1.52 (β-N-acetylhexosaminidase). As it acts on both β-
1,3-glucan and β-1,3:1,4-glucan, the enzyme has discrete substrate specificity from 
endo-β-1,3:1,4-glucanase and endo-β-1,4-glucanase. Specific substrates for endo-β-
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1,3(4)-glucanase include lichenin, laminarin and cereal D-glucans. It is possible to act on cellobiosyl, cellotriosyl and cellotetraosyl units in β-1,3:1,4-glucan (Figure 2.12). 
 

 
 
 
 
 

Fig 2.12. Mode of action of endo-β-1,3(4)-glucanases onβ-1,3:1,4-glucan (Kuge et al., 2015). 

Endo-β-1,3-1,4-Glucanase (E.C. 3.2.1.73) 

Synonyms: Licheninase; 1,3,1,4-β-glucan 4-glucanohydrolase; 1,3-1,4-β-glucan endohydrolase; β-(1→3), (1→4)-D-glucan 4-glucanohydrolase; lichenase; endo-β-1,3-
1,4-glucanase; mixed linkage β-glucanase; β-glucanase and 1,3–1,4-β-D-glucan 4-
glucanohydrolase. 
It is certainly different from endo-1,3(4)-β-glucanase since it acts only on cereal β-glucans and lichenin, not on β-glucans comprising individual 1,3-or 1,4-bonds. The enzyme hydrolyses only (1→4)-β-D-glucosidic bond just comes after a (1→3)-β-D-glucosidic bond in β-D-glucans comprising (1→3)-and (1→4)-linkages (Figure 2.13). 

 
 

 

 

 

 

Fig 2.13. Mode of action of endoβ-1,3-1,4-glucanases onβ-1,3:1,4-glucan. 

Exo-β-1,4- Glucanase (E.C. 3.2.1.91) 

Synonyms: cellulose 1,4-β-cellobiosidase (non-reducing end); 1,4-β-glucan cellobiosidase; β-1,4-glucan cellobiohydrolase; β-1,4-glucan cellobiosyl hydrolase; C1 
cellulase; CBH 1; avicelase; cellobiohydrolase; cellobiohydrolase I; cellobiosidase; exo-β-1,4-glucan cellobiohydrolase (CBH); exo-cellobiohydrolase; exoglucanase; 
exocellobiohydrolase; 1,4-β-cellobiohydrolase and exo-1,4-β-D-glucanase. It cleaves two to four glucose units from the ends and specifically act on (1→4)-β-D-
glucosidic bonds in cellulose and cellotetraose and liberating cellobiose or glucose. 
Exo-1,4-β-glucanase are two types- CBHI and CBHII. CBHI act on the reducing end 
while CBHII cleaves from the non-reducing end of polysaccharide chains. 
2.4.2. β-Glucanases - Applications β-Glucanases are distributed widely in nature. It is produced by different sources such 
as bacteria, filamentous fungi, yeasts, marine invertebrates and plants (Muller et al., 
1998). These enzymes are believed to have appreciable ecological implication and have commercial usage in several industrial productions. The application of β-glucanase is 
well-established in many biotechnological industries for processes such as preparation 
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of protoplasts from fungi and bacteria; and also from plant cells, beer production, wine extract clarification, barley β-glucan degradation for animal feed enzyme industry, 
saccharification of agricultural and industrial wastes and coffee processing. It is also 
used as an additive in detergents and bio-control agent for disease protection in plants. 
Brewing Industry β-glucanases broadly used in brewing industry, there it permits the degradation β-
glucan degradation of cereal grain such as barley and wheat. Barley contains 4-7% of β-glucan, present cell wall endosperm. The soluble or partially solubleβ-glucan content causes viscosity. During brewing process the excess β-glucan content in barley and less 
modified mash creates high wort viscosity, thereby creates filtration problems. Another problem related with β-glucans in brewery is gel and haze formation in cold beer, this also causes difficulties in final beer filtration. The addition of β-glucanase 
added at the time of mashing helps to improve the wort filterability and also reduces 
haze formation, thereby it improves the yield and quality of beer, gives economically 
beneficial brewery production (Briggs et al., 2004). 
Animal Feed Enzyme Industry 

Animal feeds with viscous cereals like wheat, barley, rye or triticale contain a relatively 
large proportion of soluble and insoluble fibres and non-starch polysaccharides (NSP). 
Monogastric animals such as pigs and poultry are unable to digest fibres due to the lack of digestive enzyme production. A most prominent soluble fibre is β–glucan. A major source of β-glucan in animal feeds is from barley grain. Oats also contain certain levels of β-glucan and these are infrequently served to chickens and pigs. Water-soluble, viscous β–glucans have lethal effect in livestock varieties particularly poultry (Walsh 
et al., 1995). They increase the viscosity of the fillings in the small intestine to 
significantly disturb the rate of movement of barley-based diets. This hinders the 
digestion of nutrients and their absorption, consequently reducing animal growth. The 
problem is also linked with certain digestive disorders such as non-specific colitis in swine and hock burns and sticky litter in poultry. Addition of β–glucan degrading enzyme β–glucanase can effectively solve these problems by improving the digestive 
performance of the feeds and also decrease the chance of digestive disorders (Mathlouthi et al., 2003). β-glucanase action reduces intestinal tract weights, changes 
the intestinal morphology and microflora profiles in the large and small intestine and 
provides overall animal health. As the enzyme utilizes the substrate present in the gut, 
there is a direct impact on the microfloral populations. This helps uplifting the growth 
of poorly performing animals and keeps uniformity in the market. 
Wine Production 

In wine production polysaccharides such as β-glucans, chitin, cellulose etc. originate 
from the autolysis of yeast cell wall, the grape berries, some strains of lactic acid 
bacteria especially Pediococcus spp. and the grape fungus Botrytis cinerea. This viscous, 
colloidal extracellular polysaccharides, which impairing filtration are difficult to 
remove from wine by adsorbents, flocculants or through filtration (Claus and Mojsov, 
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2018). The application of different β-glucanse during enological processing is useful 
for reducing viscosity in wine thus improving mouth feel flavour and colour of wines. 
Biocontrol Activity  

Cell walls of pathogenic fungi like Sclerotium rolfsii, Rhizoctonia solani, etc. are predominantly constituted by polysaccharides β-glucan, which comes after chitin. 
Some evidence propose that β-glucan plays a prominent role in fungal pathogenesis in plants (Ruel and Joseleau, 1991). Enzyme β-glucanase commonly known as 
pathogenesis-related protein (PR) collapse the pathogenic fungi by cleaving the β-
glucan polysaccharide and leads to the leakage of cell contents. Synergistic action of different β-glucanases need complete degradation of β-glucans cell wall. β-glucanase 
from microbial origin have been widely reported to accomplish extensive crop 
protection and also promote plant growths (Gopalakrishnan et al., 2013; Mouyna et al., 
2013). Streptomyces species are also frequently used for producing lysing enzymes 
against a large spectrum of pathogenic fungi. An important factor of actinomycetes 
fungus antagonism is the extracellular enzymes having β-glucanase activities. 
Streptomyces sp. EF-14 produced β-1,6-glucanase and β-1,3-glucanase have been 
recognised as the best effective fungal antagonist of Phytophthora spp. Soil 
supplemented with Streptomyces nigellus NRC 10 strain reduced the percentage of 
damping off diseases in tomato plants caused by Pythium ultimum. Studies indicated that the strains are excellent producers of the β-1,3 and β-1,4-glucanases (Helmy et al., 
2010).  
β-Glucanase in Protoplast Preparation 

Protoplasts, the naked plant cells, are the most commonly used research tool in plant 
cells for the parasexual modification, provide numerous benefits for crop 
improvement. Due to the high specificity and discriminating hydrolysis of cell wall polymers, β-glucanases are widely applied in the protoplast preparations from plant, 
bacterial and fungal cells. Protoplasts are valuable in numerous areas of research such 
as for isolating high molecular weight DNA from cells with the tough cell wall, 
transformation, propagating wild plant species using tissue culture etc. For successful 
protoplast preparation, it is important that adequate cell wall must be removed to 
allow fusion between protoplasts and sufficient cell wall must remain for the successful 
regeneration of the complete cell wall (Ezeronye and Okerentugba, 2001). Nowadays different β-glucanase formulations are commercially available. Some are scientifically 
proved as best for the preparation of protoplasts. Zymolyase® and Novozym 234 is a 
commercially available enzyme preparation of mixture of β-glucanase which has been 
used to prepare protoplasts (Jung et al., 2000). Yatalase, prepared from 
Corynebacterium culture supernatants, is used for preparing protoplasts from 
filamentous fungi. It consists mainly of combinations of chitinase, chitobiase and β-1,3-
glucanase. 
Germination Enhancement by β-Glucanase 
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Recently explored the new function of β-glucanase was endosperm weakening as part 
of seed germination. Endosperm weakening or dissolution of the mechanical resistance 
of the micropylar endosperm seems to be necessary for the successful completion of 
seed sprouting. According to Ikuma and Thimann (1963), the ultimate phase in the 
germination regulating process is the production of an enzyme, which facilitates 
penetration of the tip of the radicle through the coat. Leubner-Metzger (2003) proposed that class β-1,3-glucanase induced within the micropylar endosperm before 
its rupture and is closely accompanying with altered endosperm rupture in the 
regulation of germination in response to light, gibberellins, abscisic acid (ABA) and 
ethylene. These findings support that cell-wall-modifying proteins such as enzyme β-
1,3-glucanase have significant contributions in the regulation of various plant 
physiological and developmental processes like microsporogenesis, pollen 
germination, pollen tube growth, fertilization, embryogenesis, seed development, seed 
germination, mobilization of endosperm, cereal grain storage reserves, dormancy 
release and after-ripening of dicot seeds. Microbial β-glucanases are considered as environmental safe resolutions for many 
environmentally dangerous complications. They may also be used as a sophisticated tool in β-glucan structural analysis. The most remarkable problem related to its 
commercial availability is the cost. Few pure β-glucan products are available from some companies that can be used as the substrate for β-glucanases and are highly 
expensive, which in turn increases the overall production outlays of the enzymes. The 
increased cost of enzyme limits its applications in large-scale industries. As a part of the extensive production, some of the β-glucanase genes have been effectively cloned 
and expressed in heterologous host cells, this also facilitated a better understanding of 
the regulation of synthesis. In addition, genetic engineering approach is a powerful tool to construct recombinant expression cassette encoding different β-glucanase genes 
and production of enzymes with commercially reasonable scale. At present only a few 
organisms are exploited for screening β-glucanase enzyme systems. Further research 
for the purification and characterization of more enzymes will be necessary for better 
understanding of their properties. The use of cost-effective microbial enzymes is an 
efficient tool for maintaining a green environment. 
Even though the β-glucanase have many applications in various sectors, currently 
major portion is utilized in brewing as well as animal feed enzyme industries for 
hydrolysing barley β-glucan. The β-glucanase also has been identified as one of the 
most demanding enzymes in global enzyme market when considering the fastest 
growth and future needs in beverage and animal feed enzyme industries. The existing demand and the growing marketing impact of β-glucanase in breweries and as an 
animal feed supplement, we are mainly concentrating the production, purification and 
characterization of exo-β-1,4-glucanase and endo-β-1,3-glucanase, for the efficient, complete degradation of cereal β-glucan. 
2.5. Cereal β-Glucan 
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Cereals, which are a major source of animal’s nutrients and the principal raw material in breweries comprise different quantities of β-glucans. Cereal β-glucan is a linear 
mixed-linkage (1→3), (1→4)-β-D-glucan polysaccharide made up glucose units. 
Around 70 % is made up with β 1,3 linkages and remaining 30% is β -1,3-linkage. Three or four or more β-(1→4)-linked D-glucopyranose units are separated with single β-(1→3) linked units (Figure 2.14) (Izydorczyk, 1998a, b) and found in the subaleurone 
layer and endosperm cell walls of cereal grains. It is the chief fibre present in barley 
(about 2.8-11%) and oat (about 1.8-7.9%) (Saastamoinen et al., 2004), while in wheat and rye comprises only 2.5%.  The nature of β-glucan is soluble as well as insoluble. 
Around 46% of barley β-glucan and 20% of oat β-glucan are found to be insoluble (Aman and Graham, 1987). The solubility depends on the degree of association of β-
glucan with cell wall insoluble fractions and both showed similar chemical structure.  

 
 
 

 

 

 

Fig. 2.14. General structure of cereal β-glucan (Retrieved from: https://secure.megazyme.com/Beta-

Glucan-MW-Standard). Cereal β-glucans have both positive and negative properties. In human beings, their 
ingestion increases satiety, thus diminishing obesity. Previous studies showed that β-
glucan is highly effective against numerous diseases and disorders. They have the 
propensity to reduce obesity, prevent colorectal cancer, lower the levels of serum 
cholesterol, reduces the risk of coronary heart disease, lowers glycemic index, prevents 
constipation by increasing stool bulk, reduces the chance of hepatic damage and 
flourishes beneficial gut microflora (Ahmad et al., 2012). According to Watzl et al. (2005), β-glucan is an immunomodulant, hence in animals it supplemented as a replacement of dietary antibiotics. Use of barley β-glucan in beverages makes it as an 
excellent soluble dietary fibre and also providing a smooth mouth feel. As shown in 
previously, it creates certain harmful effects also, hence it negatively distress the farm 
animal energy metabolism since the animal feeds contains major quantity of barley and 
in breweries it causes difficulties in filtration, formation of hazes and gels thus leaving 
residues in beer. 
2.6. Endo-β-1,3-Glucanase 

Endo-β-1,3-glucanase, a non-cellulosic enzyme which hydrolyses internal linkages of β-1,3-glucan, also termed as laminarinase. Chesters and Bull (1963) first used the term 
laminarinase because the enzyme efficiently degraded laminarin (β-1,3-glucan) 
polysaccharide, mostly present micro algae and see weeds. Laminarin from Laminaria 

digitata contains linear 1-3 and 1-6 glycosidic linkages. Laminarinase is a ubiquitous 
enzyme found in fungi, bacteria, yeast, algae, invertebrates such as earth worms and 
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higher plants. It associated in fungi for development, defence, β-glucan mobilization 
and fungal-plant pathogen interactions. Laminarinase in microorganisms assists the 
extracellular degradation of plant debris and in animals it improves the digestive 
metabolism (Lee et al., 2014). Commonly used β-1,3-glucans for the isolation and 
screening of endo-β-1,3-glucanase are pachyman from mushroom Poria cocos, 
laminarin from the marine macro-alga, callose from plants, zymosan or schizophyllan 
from yeasts and fungi cell walls and curdlan from bacteria Alcaligenes faecalis var. 
Myxogenes (Fuchs et al., 2003). 
Like other GHs, endo-β-1,3-glucanase are also have multi domain structural 
configuration, contains catalytic domain, CBM, linkers etc. Mostly bacterial 
laminarinases are classified in GH family 16 and characterized with a β-jelly roll folding 
in open cleft like catalytic domain. Two glutamate residues occupied inactive site 
region participated in typical GHs catalysis as mentioned earlier through double 
displacement mechanism. Jeng et al. (2011) reported the Thermotoga maritima 
laminarinase catalytic domain (TmLamCD) has loop controlled the opening at the 
active site of laminarinase. It suggested that the open gate way permit the easy passage 
of substrates and products, that is the enzyme binds the substrates like an endo mode 
whereas closed gate allowed the efficient cleavage of polysaccharides (Figure 2.16). 
The study of catalytic domain structure of GH16 family endo-β-1,3-glucanase from 
Streptomyces sioyaensis revealed it was closed at one end by protruding two key amino 
acid residues, Tyr38 and Tyr134 (Hong et al., 2008). 
 

 

 

 

 

 

 

 

Fig 2.15. The cleft like active site of endo-β-1,3-glucanase showing open and closed 

conformations (Jeng et al., 2011). Hong et al. (2002) isolated a β-1,3-glucanase gene from Streptomyces sioyaensis using 
based on an activity plate assay with pachyman as substrate. The protein had N-
terminal GH 16 catalytic domain, cleaved with 1,3-β-linked glucans with endo- mode 
of action and C-terminal CBM family 6. The binding assay indicated CBM binds to insoluble β-glucans. The study with entire protein and the CBM-truncated proteins 
shown CBM at C-terminal end enhances S. sioyaensis β-1,3-glucanase the activity to 
insoluble 1,3-β-glucans.  
Homology modelling studies of laminarinase isolated from Flavobacterium sp. strain 
UMI-01 showed a hydrogen bonding interaction of Trp113 and asn33 together with Phe212 at the active site region to degrade β-1,3-linked laminarin (Qin et al., 2017). 
Lee et al., (2014) purified a endo-β-1,3-glucanase (laminarinases) with molecular 
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weight of 75 kDa had optimum activity at 75°C and pH 4 to 7. It efficiently hydrolysed 
laminarin and produced laminaribiose and glucose. According to Guan et al. (2018), 
codon-optimized laminarinase gene from Streptomyces was expressed in E. coli system 
produced 19.1U.mL-1, depolymerize curdlan polysaccharides and yields 
pentasaccharides. Molecular characterization of an endo-β-1,3- glucanase gene 
(bglS27)  isolated from Streptomyces sp. S27 expressed in E. coli BL21 (DE3) produced 
the 42.7 kDa protein with GH16 family catalytic domain and family 13 CBM and a glycine rich linker region. It preferably hydrolysed β-1,3-linked laminarin, produced 
236.0 U.mg-1 of specific activity and showed optimum activity at  65°C and pH 5.5 (Shi 
et al., 2010).  
2.7. Exo-β-1,4-Glucanase A cellulosic type β-glucanase, cellobiohydrolase (CBH) or exo-β-1,4- glucanase act the ends of β-glucan or cellulose polymers and producing cellobiose or glucose units. 
Different CBHs have been studied in fungi and bacteria and their catalytic domain 
belongs to different GHs families such as 5, 6, 7, 9, 48, and 74. CBHs of aerobic bacteria 
belongs to GHs family 6 and 48, aerobic fungi belongs to GHs family 6 and 7, CBHs of 
anaerobic bacteria are in GHs 9 and 48 families, anaerobic fungi belongs to GHs family 
48 (Zhang and Zhang, 2013). Exo-β-1,4-glucanase or CBHs are classified into two types: 
CBHI and CBHII (Figure 2.15). The first one hydrolysis the glycosidic bonds from 
reducing ends and later releases glucose or cellobiose from non-reducing ends. Cel7a 
(CBH I) and Cel6A (CBH II) are widely studied fungal cellobiohydrolases usually 
expressed in Hypocrea jecorina (Trichoderma reesei) for large scale production 
(Suominen et al., 1993). 

 
 
 
 

 

 

Fig 2.16. Schematic representation of mode of action of cellobiohydrolase I (CBH I) and II (CBH II) 

hydrolyse the cellulose chains processively from their reducing and non-reducing ends (Teeri, 1997). 

Cellobiohydrolases display domain architectural structure containing a catalytic 
domain, cellulose-binding modules (CBMs), cell interaction motifs, linkers, fibronectin 
(Fn3) type III modules etc, provides stabilized efficient catalysis (Annamalai et al., 
2016b). CBHI contains N-terminal catalytic domain and C-terminal CBM, while CBHII 
has N-terminal CBM and C-terminal catalytic module. The most noteworthy structural 
feature of CBHs is the tunnel shaped catalytic module and the catalytic amino acids are 
buried inside the tunnel cavity (Zhang and Zhang, 2013). Catalytic core domain 
structural studies of CBHI (TrCBH I) belongs to the GH7 family in T. reesei suggested the central motif is mainly constituted by antiparallel β-sandwich loops (Stahlberg et 
al., 1996). During catalysis, the polysaccharide chain slides through the tunnel and 
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progressively releases disaccharide and cellulose units. The CBMs significantly 
increases the proximity of enzyme to the substrates, enhancing accessibility, and 
modifying crystalline surface of substrates. CBHs or exoglucanases effectively 
hydrolyses microcrystalline cellulose by shedding chains from whole structure. 
According to Maki et al. (2009), the enzyme shows significant activity on Avicel and 
very little towards carboxymethyl cellulose (CMC) were identified as exoglucanases 
(CBHs). Avicel (microcrystalline cellulose or hydrocellulose) is mostly used for 
detecting and quantifying exo-β-1,4- glucanase activity (Wood and Bhat, 1988). 
Recombinant Saccharomyces cerevisiae were developed by sequential incorporation of 
three CBH-encoding genes (Aspergillus aculeatus cbh1 and T. reesei cbh1, cbh2) with a 
strong Ptpi constitutive promoter. The recombinant strains resulted high ethanol 
production than wild strains (Hong et al., 2014). Heinzelman et al. (2010) described an 
effectual approach based on SCHEMA recombination for screening thermostable CBHI 
chimeras. Predicted 16 chimeras, which showed more thermostability than the parent 
Talaromyces emersonii CBHI. Sanchez et al. (2003), reported recombinant expression 
of a unique cellobiohydrolase Cel48C from Paenibacillus sp. BP-23. The reported 
enzyme belongings to GH48 family with multi domain structure and showed maximum 
activity on Avicel, acid-swollen cellulose and cellodextrins at 45°C and pH 6.0. 

Chapter 3 
Isolation and Screening of β-Glucanase Producing Actinomycetes 
Strains from Western Ghats 

3.1. INTRODUCTION 

Screening of potential soil actinomycetes is static at infant phase because less than one 
part of soil biodiversity has been explored (Baltz, 2007). An important factor 
considered before isolating microorganisms with potential application is 
understanding the biodiversity and environmental features associated with growth. 
Search of distinctive enzymes from unusual ecological habitats are highly fascinating 
and have great opportunities that may also pointed the developments in high 
throughput screening programs.  
Western Ghats in India are well-known biodiversity hot spot of rich flora and fauna, 
also recognised highly productive ecosystems. It is a forested strip of relatively old 
mountain ranges, beginning from Central Maharashtra and stretched up to the Southern tip of Kerala. These areas are granted with a “heritage tag” by UNESCO as a 
gene pool, sheltering millions of species of animals, plants and microbes. Western 
Ghats regions are domicile to immense collection of unexplored and novel microbial 
diversity including actinomycetes species. Exploitation of unique, natural, highly 
documented and less explored biodiversity ecosystems for actinomycetes is highly 
necessary for the discovery of novel bioactive metabolites with prospective 
applications (Jalaja et al., 2011; Mohandas et al., 2012; Balachandran et al., 2012; 
Nampoothiri et al., 2013).   
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Microbial β-glucanase have been isolated from variety of microbes and well 
characterized (Velho-Pereira and Kamat, 2013). Actinomycetes have been extensively recognised as a source of β-glucan degrading enzymes. Among the wide genus, 
Streptomyces are most prevalent group of enzyme producers (Wu et al., 2018). Some 
of them includes Streptomyces sioyaensis (Hong et al., 2008), Streptomyces sp. 9X166 
(Sakdapetsiri et al., 2016), Streptomyces sp. S27 (Shi et al., 2010), Streptomyces 

matensis ATCC 23935 (Woo et al., 2014), Streptomyces rochei (Wu et al., 2002) and 
Streptomyces sp. EF-14 (Fayad et al., 2001).  Nevertheless β-glucanase are less characterized in actinomycetes strains within the 
Western Ghats regions. These regions remain less explored, and also due to 
inextricable altered habitat the chances of obtaining potential strains of actinomycetes 
including Streptomyces species with exceptional β-glucanase activities are much 
higher. This chapter deals with the isolation of actinomycetes strains by exploring 
selected Western Ghats regions of Kerala for quantitative and qualitative screening of two β-glucanase enzymes, exo-β-1,4-glucanase and endo-β-1,3-glucanase. The synergic action of both β-glucanases requires the complete degradation of barley and oat β-glucans, which is essential for industrial applications such as brewing industry 
and feed enzyme industry. 
3.2. MATERIALS AND METHODS 

3.2.1. Sample Collection 

Soil samples were collected from Western Ghats of Kerala; include Wayandu, Munnar, 
Chinnar, Marayoor, Anamala, Neryamangalam, Nelliyampathi, Agasthyarkoodum, 
Palode and Kulathuppuzha. After removing the surface layer (approximately top 4 cm), 
the soil samples were taken from a depth of 5 to 10 cm of the superficial layers in each 
location. Three different samples were collected from each areas. 
3.2.2. Determination of Soil pH and Electrical Conductivity  

Electrical conductivity (EC) and soil pH were determined by a combination glass 
electrode HI98129, Hanna Instruments in 1.0: 3.0 soil/water ratio. 
3.2.3. Pre-treatment of Soil Samples 

Soil samples were pre-treated with 1% CaCO3 incubated at 28°C for 10 days before use 
(El-Nakeeb and Lechevalier, 1963). One gram of soil taken in 100mL Erlenmeyer flask 
was pre-treated by heating the soil at 50°C for 1 h.   
3.2.4. Isolation of Actinomycetes Strains 

Standard serial dilution plate method was employed for the isolation of actinomycetes 
strains. 9mL sterile distilled water was added to the 1g of previously oven dried soil 
samples and mixed thoroughly in a rotary shaker for 30 min at 150 rpm at room 
temperature. The suspension was serially diluted to obtain 10-3 to 10-7 dilutions. 1.0mL 
of each dilution was pour plated on starch casein agar (SCA) plates in triplicate. After 
incubation at 28°C for 7 days the actinomycetes colonies were counted and 
represented as colony-forming units per gram (CFU.g-1) of soil. For the purification of 
single isolated colonies, streak plate method was used. 
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3.2.5. Screening for Exo-β-1,4-Glucanase Activity 

3.2.5.1. Primary Screening  

Plate assay method was used for primary screening of enzymes (Meddeb-Mouelhiet al., 
2014). Isolated actinomycetes strains were spot inoculated on a modified agar 
screening media with 1% (w/v) Avicel® PH-101 (Sigma) as a substrate and incubated 
for 5 days at 28°C (Ventorino et al., 2016). The plates were spread over 1% Congo red 
solution and incubated half an hour. After incubation plates were washed with 1M NaCl 
solution. The presence of clear zone around the growth indicated the exo-β-1,4-
glucanase activity. The enzymatic index (EI) of each strain was calculated as follows by 
measuring the diameter of hydrolysis zone and diameter of colony.  

                                  EI=  
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑧𝑜𝑛𝑒 (∅ℎ)𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑦 (∅𝑐)  

The experiment was performed using three replicates for each strain. The average EI 
of three experiments were calculated, together with standard deviation. 
3.2.5.2. Inoculum Preparation  
For inoculum preparation, spore suspension was prepared from 5 days old cultures 
grown on ISP4 agar slants. 3mL of minimal broth was added to the slants surface and 
gently scratched. The spores were counted using Blaubrand® Thoma counting chamber 
under light microscope and added to culture media under sterile conditions (El-
Enshasy et al., 2000). 
3.2.5.3. Secondary Screening 

Modified liquid media with 0.5% (w/v) Avicel was used for the secondary screening of 
exo-β-1,4-glucanase activity. A concentration of 3x108 spores.mL-1 of each strains were 
inoculated 250mL Erlenmeyer flask containing 50 mL of autoclaved broth and 
incubated at 28°C for 5 days with constant agitation at 120 rpm in an orbital shaker. 
Crude enzyme was prepared by filtering the mycelia through Whatman No.1 filter 
paper. The filtrate was used for the determination of enzyme activity. 
3.2.5.4. Enzyme Assay 

The exo-β-1,4-glucanase activity was estimated by measuring reducing sugars (Miller, 
1959) liberated from 0.5% (w/v) Avicel dissolved in 100 mM sodium- acetate buffer 
(pH 5.0) was used as substrate for the reaction. The enzyme reaction mixture was 
prepared by adding 1mL of 0.5% Avicel substrate solution and 0.5mL of crude enzyme. 
Enzyme blanks were prepared with substrate solution without crude enzymes.  1.5mL 
of water was maintained as blank. The reaction mixture was incubated in shaker 
incubator for 1 h at 30°C. After incubation, 2mL of DNS reagent was added to all the 
test tubes and incubated in boiling water bath for 5 min. Samples were cooled to room 
temperature and 0.5mL of 40% Rochelle salt added. Absorbance of developed orange 
reddish colour was read at 540 nm wavelength using visible spectrophotometer.  
A glucose standard curve was prepared based on the absorbance of known glucose 
concentrations (1000µmol to 5000µmol). Using this standard curve, product (reducing 
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sugar) concentration was determined and enzyme units (U.mL-1) were calculated as 
follows: 

  U.mL-1 = (µ𝑀 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑)×(𝑇𝑜𝑡𝑎𝑙 𝐴𝑠𝑠𝑎𝑦 𝑉𝑜𝑙𝑢𝑚𝑒)(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐸𝑛𝑧𝑦𝑚𝑒 𝑈𝑠𝑒𝑑)×(𝑇𝑖𝑚𝑒 𝑜𝑓 𝐴𝑠𝑠𝑎𝑦)×(𝑉𝑜𝑙𝑢𝑚𝑒 𝑈𝑠𝑒𝑑 𝑖𝑛 𝑆𝑝𝑒𝑐𝑡𝑟𝑜𝑝ℎ𝑜𝑡𝑜𝑚𝑒𝑡𝑒𝑟)  
Total assay volume – 4 mL 

Volume of enzyme used – 0.5 mL 

Time of assay – 60 minutes 

Volume used in spectrophotometer – 1 mL  
One unit of exo-β-1,4-glucanase activity is defined as the amount of enzyme required 
to release 1 µmol reducing sugar (as glucose equivalence) in one minute under defined 
conditions (Fulop and Ponyi, 1997). 
3.2.6. Screening for Endo-β-1,3-Glucanase Activity 

3.2.6.1. Primary Screening  

Isolated strains were spot inoculated on a modified agar media with 0.2% (w/v) AZCL- 
Pachyman as substrate (Sakamoto et al., 2006). The plates were incubated for 5 days 
at 28°C. The presence of blue zones around the colonies indicated the endo-β-1,3-
glucanase activity. The enzymatic index (EI) of each strain was calculated as described 
in section 3.2.5.1. The experiment was performed using three replicates for each strain. 
The average EI of three experiments were calculated, together with standard deviation. 
3.2.6.2. Secondary Screening 

0.2% (w/v) CM-curdlan in a modified liquid media was used for the secondary 
screening of endo-β-1,3-glucanase activity. Spores with concentration 3x108 
spores.mL-1 of each strains were inoculated into 50 mL broth and incubated at 28°C for 
5 days with constant agitation at 120 rpm. Crude enzyme was prepared as described 
in the section 3.2.5.3 and the filtrate was used for the determination of enzyme activity. 
3.2.6.3. Enzyme Assay 

The endo-β-1,3-glucanase activity was determined by measuring the liberated 
reducing sugars (Miller, 1959) from 0.2% (w/v) CM-curdlan in 100mM sodium- 
acetate buffer (pH- 5.0) as substrate for the reaction. The enzyme assay was carried 
out as described in section 3.2.5.4.  One unit of endo-β-1,3-glucanase activity is defined 
as the amount of enzyme required to releases 1µmol reducing sugar (as glucose 
equivalence) in one minute under standard conditions. 
3.2.7. Optimization of Fermentation Conditions for Enzyme Production under 

Submerged Fermentation 

Optimization of culture condition viz. incubation time, pH and temperature for the 
production of exo-β-1,4-glucanase and endo-β-1,3-glucanase under submerged 
fermentation by the potent actinomycetes isolates were carried out in the modified 
media containing 0.5% (w/v) Avicel and 0.2% (w/v) CM-Curdlan as carbon source, by 
which the enzymes production was monitored. The results were presented as the 
average of three experiments together with standard deviation.  
3.2.7.1. Optimization of Incubation Time 
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Spore inoculum with concentration of 3x108 spores.mL-1 were inoculated onto 
previously mentioned media (section 3.2.5.3 and 3.2.6.2) and incubated for 8 days at 
28°C at 120 rpm. Samples were withdrawn every 24 h and exo-β-1,4-glucanase and 
endo-β-1,3-glucanase activities, and protein content were estimated. 
3.2.7.2. Optimization of Temperature 

Fermentation was carried out at different temperatures from 20 to 50°C at 10°C 
interval to study the effect on enzyme activities. At the optimum incubation time the 
samples were taken and the enzyme activities were determined. 
3.2.7.3. Optimization of Initial pH 

Optimization of initial pH on exo-β-1,4-glucanase and end-β-1,3-glucanase production 
was determined by varying the pH of previously mentioned fermentation media from 
4.0 to 12.0 at optimum incubation time and optimum temperature.  
3.3. RESULTS 

3.3.1. Isolation of Actinomycetes Strains The study explored Western Ghats biodiversity for the isolation of β-glucanase 
producing actinomycetes strains. 10 different areas of Western Ghats of Kerala such as 
Wayanad, Nelliyampathy, Neriyamangalam, Munnar, Chinnar, Anamalai, Marayoor, 
Kulathupuzha, Palode and Agasthyarkoodam, were explored (Figure 3.1). All the 
selected sample collection spots were mountain and natural forest areas. Soil samples 
from these areas showed very negligible variations in pH, ranging from 6.20 to 7.50 
and EC was laid in between 0.70 to 3.30 ds.m-1 (Table 3.1).  
Table 3.1. Description of soil sampling areas, pH, EC and number of colonies 

The pH and EC are critical soil quality indicators, directly related to soil microbial 
biomass (Mohd-Aizat et al., 2014). Actinomycetes strains were isolated using SCA 
media after the incubation of 7 days at 28°C. A total of 127 morphologically different 
actinomycetes strains were isolated. All isolates formed well branched substrate 
mycelia and ample aerial hyphae that segregated into well-developed spores chains. 
The number of actinomycetes strains obtained per gram of soil samples from these 
areas are shown in Table 3.1. 
 
 
 
 

Area Description pH EC 
Actinomycetes 

Colonies (CFU.g-1) 

Wayanad Mountain forest 7.20 0.70 15x10-3 
Nelliyampathy Hill range 7.00 1.10 10x10-3 
Neryamangalam Natural forest 6.80 3.10 7x10-3 
Munnar Hill station 6.50 2.00 11x10-3 
Chinnar Lower mountain forest 7.50 0.80 23x10-3 
Anaimalai Mountain 7.45 1.30 24x10-3 
Marayur Natural sandal wood forest 6.00 3.20 5x10-3 
Kulathupuzha Natural forest 7.50 1.30 13x10-3 
Palode Reserve forest 6.20 3.30 5x10-3 
Agasthyakoodam Hill range 7.30 1.20 14x10-3 
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Fig 3.1. Sampling locations of Kerala Western Ghats regions. 1.Wayanad, 2.Nelliyampathy, 

3.Marayoor, 4.Anaimalai, 5.Munnar, 6.Chinnar, 7.Neryamangalam, 8.Kulathupuzha, 9.Palode, 

10.Agasthyakoodam 

3.3.2. Primary Screening of Exo-β-1,4-Glucanase and Endo-β-1,3-    

   Glucanase Activities 

All the isolated actinomycetes strains were evaluated for semi-quantitative production 
of exo-β-1,4-glucanase and endo-β-1,3-glucanase activities using plate assay method. 
Exo-β-1,4-glucanase production was screened using 1% Avicel (microcrystalline 
cellulose) as sole carbon source. The presence of a pale halo around the colonies after 
congo red dye staining indicated the production of enzyme exo-β-1,4-glucanase 
(Figure 3.2.a). This zone of clearance was due hydrolysis of Avicel by exo-β-1,4-
glucanase to glucose residues, it does not have any affinity to congo red. Out of 127 
isolates, 106 strains (83% of total strains) produced exo-β-1,4-glucanase enzyme 
activity (Table 3.2). 
The endo-β-1,3-glucanase activity of isolated actinomycetes strains were screened 
using 0.2% AZCL- Pachyman as a carbon source in plate assay. AZCL- Pachyman is an 
insoluble blue coloured azurine dye cross-linked substrate specifically for the 
determination of endo-β-1,3-glucanase activity. The endo-β-1,3-glucananolytic activity 
of actinomycetes strains were produced a blue halo around the colonies indicating the 
zone of hydrolysis (Figure 3.2.b). This is due to the activity of enzyme on insoluble 
AZCL-Pachyman released water soluble blue colour dyed fragments. Among the total 
127 isolated strains, only 79 strains (62%) showed endo-β-1,3-glucanase activity 
(Table 3.3). 
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Fig 3.2. Zone of hydrolysis produced by actinomycetes strains on (a) Avicel agar plate and (b) AZCL-

Pachyman agar plate  

Both enzyme activities were calculated by determining the enzymatic index (EI) of each 
strains by measuring diameter of colony and hydrolysis zone. The experiment was 
performed using three replicates for each strain. The mean halo diameter (Øh), colony 
diameter (Øc) and EI of three experiments together with standard deviation were 
calculated. 

 
Table 3.2. Primary screening of exo-β-1,4-glucanase activity 

No Strain 
Mean 

Øh 
Mean Øc Mean EI SD 

1 TBG-CH1 2.9 0.7 4.10 0.089 
2 TBG-CH2 2.4 0.7 3.40 0.089 
3 TBG-CH3 3 0.7 4.30 0.155 
4 TBG-CH4 3 0.9 3.30 0.179 
5 TBG-CH5 3.3 0.9 3.73 0.137 
6 TBG-CH6 3.2 1 3.23 0.186 
7 TBG-CH7 3.3 0.8 4.13 0.137 
8 TBG-CH8 3.4 0.9 3.80 0.089 
9 TBG-CH9 No zone    
10 TBG-CH10 No zone    
11 TBG-CH11 3 0.9 3.33 0.258 
12 TBG-CH12 2.4 0.7 3.40 0.089 
13 TBG-CH13 2.3 1 2.30 0.089 
14 TBG-CH14 2 0.6 3.30 0.089 
15 TBG-CH15 2.9 0.7 4.13 0.052 
16 TBG-CH16 2.5 0.6 4.20 0.089 
17 TBG-CH17 3.3 0.9 3.63 0.052 
18 TBG-CH18 3.1 0.8 4.10 0.322 
19 TBG-CH19 1.8 0.8 2.23 0.052 
20 TBG-CH20 3.1 0.8 4.00 0.089 
21 TBG-CH21 2.5 0.6 4.20 0.179 
22 TBG-CH22* 2.7 0.6 4.50 0.089 
23 TBG-CH23 3.2 0.8 4.00 0.089 
24 TBG-AL1 1.5 0.9 1.73 0.052 
25 TBG-AL2 No zone    
26 TBG-AL3 2.3 1.2 1.87 0.052 
27 TBG-AL4 1.5 0.8 1.90 0.179 
28 TBG-AL5 2.9 1.2 2.40 0.155 
29 TBG-AL6 3 0.9 3.30 0.089 
30 TBG-AL7 3.5 1.2 2.90 0.089 
31 TBG-AL8 1.75 0.7 2.50 0.089 
32 TBG-AL9 2.8 0.7 4.03 0.052 
33 TBG-AL10 3.15 0.8 3.87 0.052 
34 TBG-AL11 2.1 0.8 2.60 0.089 
35 TBG-AL12 3 0.9 3.30 0.089 
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36 TBG-AL13 3.5 1.3 2.73 0.137 
37 TBG-AL14 1.8 0.8 2.30 0.155 
38 TBG-AL16 2.5 1.2 2.10 0.155 
39 TBG-AL17 1.5 0.5 3.03 0.052 
40 TBG-AL18 2.7 0.7 3.93 0.186 
41 TBG-AL19* 3.6 0.6 6.03 0.137 
42 TBG-AL20 2.6 0.7 3.67 0.052 
43 TBG-AL21 2.8 1 2.80 0.089 
44 TBG-AL22 2.5 1 2.50 0.089 
45 TBG-AL23 2.5 0.9 2.83 0.052 
46 TBG-AL24 3.1 0.9 3.40 0.089 
47 TBG-AL25 2.1 0.8 2.60 0.089 
48 TBG-NR1* 3.7 0.8 4.63 0.052 
49 TBG-NR2* 3.7 0.8 4.63 0.137 
50 TBG-NR3* 2.9 0.4 7.27 0.225 
51 TBG-NR4 1.7 0.5 3.37 0.137 
52 TBG-NR6 3.9 1 3.90 0.089 
53 TBG-NR7 3 1 2.97 0.186 
54 TBG-NR11 3.6 0.9 4.00 0.179 
55 TBG-NR14 3.6 0.9 3.90 0.089 
56 TBG-NR16 2.8 0.9 3.07 0.052 
57 TBG-NR18 3.7 0.9 4.07 0.103 
58 TBG-NR19* 3.6 0.8 4.47 0.052 
59 TBG-NR21* 3.8 0.8 4.80 0.179 
60 TBG-NR22 No zone    
61 TBG-NR23* 3.6 0.7 5.10 0.089 
62 TBG-NR24* 3.6 0.8 4.50 0.089 
63 TBG-MN1 3.4 0.9 3.83 0.137 
64 TBG-MN2 3.3 0.8 4.07 0.207 
65 TBG-MN3 3.7 1.2 3.13 0.137 
66 TBG-MN5* 3.3 0.7 4.67 0.186 
67 TBG-MN6 3.5 1 3.47 0.137 
68 TBG-MN7 3 0.8 3.80 0.089 
69 TBG-MN8 3.3 0.8 4.13 0.137 
70 TBG-MN9 3.4 0.8 4.27 0.137 
71 TBG-MN10 3.1 0.9 3.40 0.089 
72 TBG-MN11 3.5 1 3.53 0.137 
73 TBG-MN12 3.3 0.8 4.13 0.137 
74 TBG-MR1 3.7 0.9 4.07 0.137 
75 TBG-MR2 2.9 0.8 3.57 0.052 
76 TBG-MR3* 3.8 0.8 4.77 0.137 
77 TBG-MR4 3.5 1 3.47 0.052 
78 TBG-MR5 2.8 1 2.77 0.052 
79 TBG-MR7 2.2 1 2.17 0.137 
80 TBG-MR8* 4 0.8 5.03 0.052 
81 TBG-MR9* 4.2 0.9 4.67 0.186 
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82 TBG-MR12 3.5 1 3.50 0.089 
83 TBG-MR17* 3.5 0.7 5.03 0.137 
84 TBG-MR18 2.8 0.8 3.47 0.052 
85 TBG-MR19 3 0.8 3.75 0.089 
86 TBG-I5II 3.7 0.9 4.10 0.089 
87 TBG-N1 3.3 0.8 4.12 0.207 
88 TBG-N2 3.4 0.8 4.20 0.155 
89 TBG-N3 No zone    
90 TBG-N5 No zone    
91 TBG-N6 3.6 0.8 4.33 0.273 
92 TBG-N7  No zone    
93 TBG-N8 2.7 0.8 3.40 0.155 
94 TBG-NMP6 No zone    
95 TBG-NMP5 3.4 1.2 2.80 0.089 
96 TBG-NMP7 No zone    
97 TBG-AM1A 2.5 0.9 2.80 0.089 
98 TBG-AM5 3.5 0.8 4.40 0.089 
99 TBG-AM31 3.7 1.1 3.40 0.155 
100 TBG-AM21 2.4 0.8 3.00 0.390 
101 TBG-AM27 No zone    
102 TBG201 2.8 0.8 3.50 0.390 
103 TBG19 No zone    
104 TBG3-6 3.4 1.2 2.80 0.179 
105 TBG3-8 No zone    
106 TBG3-12 No zone    
107 TBG-AM47 No zone    
108 TBG-AM83 3.3 0.8 4.10 0.473 
109 TBG-AM2 2.3 0.4 3.80 0.237 
110 TBG-AM42 No zone    
111 TBG-AM55 3.5 1 3.50 0.179 
112 TBG-AM57 No zone    
113 TBG-AG21 3.7 0.6 4.03 0.186 
114 TBG-AG20 No zone    
115 TBG-AG28 3.7 0.9 4.10 0.089 
116 TBG-B1 No zone    
117 TBG-B2 2.3 1.3 1.80 0.237 
118 TBG-B3 No zone    
119 TBG-B4 No zone    
120 TBG-B5 No zone    
121 TBG-WY1 No zone    
122 TBG-WY2 3.1 0.9 3.40 0.358 
123 TBG-WY5 3.1 0.9 3.40 0.358 
124 TBG-WY8 2.7 0.8 3.40 0.358 
125 TBG-WY9 2.7 0.6 4.50 0.322 
126 TBG-WY17 2.5 0.9 2.80 0.237 
127 TBG-WY19 No zone    
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*strains selected for secondary screening 
 

Table 3.3. Primary screening of endo-β-1,3-glucanase activity 

No Strain Mean Øh Mean Øc Mean EI SD 

1 TBG-CH1 2.2 0.6 3.60 0.200 
2 TBG-CH2 No zone    
3 TBG-CH3 2 0.8 2.50 0.300 
4 TBG-CH4 No zone    
5 TBG-CH5 1.9 0.9 2.13 0.252 
6 TBG-CH6 2.2 0.6 3.60 0.300 
7 TBG-CH7 1.5 0.5 3.00 0.300 
8 TBG-CH8 No zone    
9 TBG-CH9 2.4 1 2.43 0.058 
10 TBG-CH10 No zone    
11 TBG-CH11 No zone    
12 TBG-CH12 1.4 0.7 2.03 0.058 
13 TBG-CH13 No zone    
14 TBG-CH14 No zone    
15 TBG-CH15 No zone    
16 TBG-CH16 No zone    
17 TBG-CH17 No zone    
18 TBG-CH18 No zone    
19 TBG-CH19 No zone    
20 TBG-CH20 2.2 0.8 2.80 0.100 
21 TBG-CH21 2.4 0.7 3.40 0.458 
22 TBG-CH22* 1.7 0.2 8.53 0.058 
23 TBG-CH23 1.8 0.6 3.00 0.346 
24 TBG-AL1 2.2 0.7 3.10 0.265 
25 TBG-AL2 2.5 0.8 3.10 0.346 
26 TBG-AL3 2.4 0.9 2.70 0.265 
27 TBG-AL4 3.2 1.1 2.90 0.200 
28 TBG-AL5 1.8 0.7 2.60 0.361 
29 TBG-AL6 No zone    
30 TBG-AL7 No zone    
31 TBG-AL8 1.8 0.5 3.60 0.173 
32 TBG-AL9 No zone    
33 TBG-AL10 No zone    
34 TBG-AL11 No zone    
35 TBG-AL12 2.3 0.8 2.90 0.200 
36 TBG-AL13* 2.6 0.4 6.90 0.100 
37 TBG-AL14* 3.4 0.8 4.60 0.458 
38 TBG-AL16 No zone    
39 TBG-AL17 No zone    
40 TBG-AL18 No zone    
41 TBG-AL19 2.8 0.9 3.10 0.265 
42 TBG-AL20 2.2 0.8 2.80 0.200 
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43 TBG-AL21 No zone    
44 TBG-AL22 2 1 2.00 0.300 
45 TBG-AL23 2.5 0.7 3.90 0.265 
46 TBG-AL24 2.5 0.6 4.10 0.173 
47 TBG-AL25 2.3 0.8 2.80 0.200 
48 TBG-NR1 3.2 0.9 3.50 0.361 
49 TBG-NR2* 2.3 0.5 4.60 0.346 
50 TBG-NR3 No zone    
51 TBG-NR4 No zone    
52 TBG-NR6 3 0.9 3.30 0.300 
53 TBG-NR7 No zone    
54 TBG-NR11 3.5 0.8 4.30 0.200 
55 TBG-NR14* 1.5 0.3 5.00 0.600 
56 TBG-NR16 No zone    
57 TBG-NR18 3 0.9 3.30 0.265 
58 TBG-NR19 2.8 1 2.80 0.100 
59 TBG-NR21 3.1 0.9 3.40 0.361 
60 TBG-NR22 No zone    
61 TBG-NR23 3.6 1.1 3.20 0.361 
62 TBG-NR24* 2.5 0.5 5.00 0.600 
63 TBG-MN1 2.2 0.7 3.10 0.200 
64 TBG-MN2 1.9 0.9 2.10 0.200 
65 TBG-MN3 3.5 0.9 3.80 0.265 
66 TBG-MN5 2.7 0.7 3.80 0.265 
67 TBG-MN6 2.6 1 2.60 0.300 
68 TBG-MN7 1.9 0.5 3.80 0.200 
69 TBG-MN8 2.5 0.6 4.10 0.361 
70 TBG-MN9 2.2 0.8 2.75 0.466 
71 TBG-MN10 2.5 0.8 3.10 0.265 
72 TBG-MN11 2.5 1 2.50 0.265 
73 TBG-MN12 No zone    
74 TBG-MR1 2 0.8 2.57 0.306 
75 TBG-MR2* 2.3 0.5 4.60 0.100 
76 TBG-MR3 2.5 0.8 3.10 0.100 
77 TBG-MR4 2.1 0.7 3.00 0.173 
78 TBG-MR5 1.3 0.6 2.10 0.100 
79 TBG-MR7* 2.4 0.5 4.80 0.300 
80 TBG-MR8 2.9 1 2.90 0.200 
81 TBG-MR9 No zone    
82 TBG-MR12 2.6 0.8 3.20 0.400 
83 TBG-MR17 2.8 0.9 3.10 0.265 
84 TBG-MR18 No zone    
85 TBG-MR19 1.5 0.6 2.50 0.265 
86 TBG-I5II 1.8 0.7 2.60 0.200 
87 TBG-N1 2.2 0.7 3.10 0.100 
88 TBG-N2 2.1 0.6 3.50 0.300 
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89 TBG-N3 2.7 0.7 3.90 0.265 
90 TBG-N5 No zone    
91 TBG-N6 3 0.9 3.30 0.436 
92 TBG-N7  1.5 0.6 2.50 0.300 
93 TBG-N8 2.8 0.8 3.50 0.300 
94 TBG-NMP6 No zone    
95 TBG-NMP5 No zone    
96 TBG-NMP7 2.7 0.8 3.30 0.265 
97 TBG-AM1A 1.7 0.6 2.80 0.100 
98 TBG-AM5 3.5 0.9 3.90 0.100 
99 TBG-AM31 2 0.8 2.50 0.265 
100 TBG-AM21 No zone    
101 TBG-AM27 No zone    
102 TBG201 1.7 0.7 2.40 0.100 
103 TBG19 3.2 0.9 3.50 0.500 
104 TBG3-6 No zone    
105 TBG3-8 No zone    
106 TBG3-12 No zone    
107 TBG-AM47 No zone    
108 TBG-AM83 1.3 0.3 4.30 0.265 
109 TBG-A6-2 2.4 0.7 3.33 0.416 
110 TBG-S14A2 No zone    
111 TBG-S40A5 3 1 3.00 0.200 
112 TBG-S13A5 No zone    
113 TBG-AG21 No zone    
114 TBG-AG20 No zone    
115 TBG-AG28 2 0.8 2.50 0.300 
116 TBG-B1 No zone    
117 TBG-B2 2.3 1.3 1.80 0.300 
118 TBG-B3 No zone    
119 TBG-B4 No zone    
120 TBG-B5 No zone    
121 TBG-WY1 No zone    
122 TBG-WY2 3.7 1.1 3.40 0.173 
123 TBG-WY5 3.3 0.9 3.70 0.200 
124 TBG-WY8 2.1 0.5 4.20 0.361 
125 TBG-WY9 3.2 0.9 3.60 0.265 
126 TBG-WY17 No zone    
127 TBG-WY19 2.7 0.7 3.90 0.265 

*strains selected for secondary screening 

The EI value of exo-β-1,4-glucanase was shown in between 1.7 to 7.3 and that of endo-β-1,3-glucanase was in between 1.8 to 8.5. Strains showed high EI values (in and above 
4.5) were considered as potential enzyme producers and were selected for secondary 
screening (quantitative screening). 
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3.3.3. Secondary Screening of Exo-β-1,4-Glucanase and Endo-β-1,3-Glucanase 

Activities 

Potential isolates selected by primary screening of both exo-β-1,4-glucanase and endo-β-1,3-glucanase enzymes were subcultured and prepared spore inoculum. Secondary 
or quantitative enzyme screening was performed by submerged fermentation. 14 
strains with exo-β-1,4- glucanase and 8 strains with endo-β-1,3-glucanase activities 
were selected for quantitative enzyme screening. Prepared 3x108 spores.mL-1 were 
inoculated into liquid media for both enzymes. After 5 days of incubation in the 
particular screening media, the actinomycetes strain TBG-MR17 showed maximum 
exo-β-1,4-glucanase activity and TBG-AL13 showed maximum endo-β-1,3-glucanase 
activity. The exo-β-1,4-glucanase and endo-β-1,3-glucanase activities obtained in 
secondary screening are shown in table 3.4 and 3.5 respectively.  

Table 3.4. Secondary screening of exo-β-1,4-glucanase activity 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5. Secondary screening of endo-β-1,3-glucanase activity 

 
 
 

 
 
 
 
 
 
The strains produced highest enzyme activities, TBG-MR17 for exo-β-1,4-glucanase 
activity (95 U.mL-1) and TBG-AL13 for endo-β-1,3-glucanase activity (219 U.mL-1), 
where considered as potent enzyme producers and selected for further studies.  

No Strain Enzyme (U. mL
-1

) 

1 TBG-MR17 95±0.11 
2 TBG-AL19 90±0.13 
3 TBG-NR3 83±0.16 
4 TBG-MR3 77±0.09 
5 TBG-CH22 76±0.14 
6 TBG-NR1 75±0.13 
7 TBG-NR2 72±0.19 
8 TBG-NR23 71±0.17 
9 TBG-NR24 70±0.16 
10 TBG-MR9 70±0.15 
11 TBG-MR8 61±0.14 
12 TBG-NR19 58±0.16 
13 TBG-MN5 56±0.08 
14 TBG-NR21 55±0.17 

No Strain Enzyme (U. mL
-1

) 

1 TBG-AL13 219±0.06 
2 TBG-NR2 217±0.14 
3 TBG-MR7 217±0.12 
4 TBG-CH22 199±0.09 
5 TBG-AL14 196±0.11 
6 TBG-MR2 186±0.13 
7 TBG-NR24 17.4±0.15 
8 TBG-NR14 17.2±0.13 
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3.3.4. Optimization of Fermentation Conditions for Enzyme Production under 

Submerged Fermentation 

3.3.4.1. Optimization of Incubation Time 

3x108 spores.mL-1 concentration of spore inoculum were inoculated onto specified 
liquid media with 0.5% (w/v) Avicel and 0.2% (w/v) CM-Curdlan as sole carbon source 
respectively for estimating exo-β-1,4- glucanase and endo-β-1,3-glucanase production 
under batch culture method. Both enzyme production was initiated from the 1st day 
(24 hour) of incubation. It clearly indicated that both enzyme production was started 
during the primary growth phase of actinomycetes strains. The exo-β-1,4-glucanase 
activity reached maximum production (98 U.mL-1) on the 5th day (120 hours) of 
incubation (Figure3.3) and thereafter a gradual decrease in production. Protein 
concentration (10 mg.mL-1) and biomass production (12 g.L-1) were also found highest 
on the 5th day itself. Protein content gradually decreased with increasing incubation 
time, but cell biomass remained as constant.  
Maximum production of endo-β-1,3-glucanase activity (357 U.mL-1) was recorded on 
the 6th day (144 hours) of the incubation (Figure 3.4), thereafter it showed a gradual 
decrease in production. Highest protein concentration (13 mg.mL-1) and biomass 
production (13 g.L-1) were also showed on the 6th day. There after protein 
concentration showed declined values and showed constant biomass content. 
 
 
 
 
 

 

 

 

 

Fig 3.3. Effect of incubation period on exo-β-1,4-glucanase production by actinomycetes strain TBG-MR17 

 
 
 
 
 

 

 

 

 

 

Fig 3.4. Effect of incubation period on endo-β-1,3-glucanase production by actinomycetes strain TBG-AL13 
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3.3.4.2. Optimization of Temperature 

The optimization of temperature on the production of both exo-β-1,4- glucanase and 
endo-β-1,3-glucanase enzyme were studied by incubating the actinomycetes strains at 
a range of temperatures from 20, 30, 40 and 50°C with optimum incubation time of 
actinomycetes strains. The results showed, maximum exo-β-1,4-glucanase production 
(110 U.mL-1) by strain TBG-MR17 was recorded at temperature 30°C and the activity 
was declined with further increase in temperature. Highest concentration of protein 
content (10 mg.mL-1) and cell biomass (13 g.L-1) were also recorded at 30°C (Figure 
3.5). Highest production of endo-β-1,3-glucanase (400 U.mL-1) by strain TBG-AL13 was 
also observed at temperature 30°C. Highest protein content (15 mg.mL-1) and biomass 
production (13 g.L-1) were also recorded in the same temperature (Figure 3.6). 

 
 
 
 

 

 

 

 

Fig 3.5. Effect of temperature on exo-β-1,4-glucanase production by actinomycetes strain TBG-MR17 

 

 

 

 

 
 

 

 

 

Fig 3.6. Effect of temperature on endo-β-1,3-glucanase production by actinomycetes strain TBG-MR17 

3.3.4.3. Optimization of Initial pH   

The optimization of initial pH of fermentation broth for both exo-β-1,4- glucanase and 
endo-β-1,3-glucanase production was studied by inoculating the actinomycetes strains 
into the culture media with varying pH from 4.0 to 12.0 on optimum incubation time 
and temperature. The results revealed both actinomycetes strains, TBG-MR17 and 
TBG-AL13 were able to grow over a broad ranges of pH. The exo-β-1,4-glucanase 
activity was highest at pH 6 and produced 141 U.mL-1. The protein concentration (20 
mg.mL-1) and biomass content (20 g.mL-1) were also found to be increased at same pH 
(figure 3.7). When increase in pH value to strong alkaline phase, the enzyme showed 
very negligible activity than acidic phase. The higher endo-β-1,3-glucanase activity 
(892 U.mL-1) was observed in the initial media pH 6. Here protein concentration was 
also found to be best at pH 6 (Figure 3.8). 
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Fig 3.7. Effect of pH on exo-β-1,4-glucanase production by Actinomycetes strain TBG-MR17 

 

 
 

 

 

 

 

Fig 3.8. Effect of pH on endo-β-1,3-glucanase production by Actinomycetes strain TBG-AL13 

3.4. DISCUSSION 

Western Ghats are one of the treasurable natural resources of earth (Gadgil, 1979). 
Mostly it has protected and conserved unique biodiversity, point out the chance to discover unidentified microorganisms. Study on actinobacterial diversity for β-
glucanase enzymes from 10 different less explored unusual and unique ecological 
niche in Western Ghats regions, has led to the isolation of 127 morphologically 
different actinomycetes strains.  We have selected unexploited Western Ghats regions 
in Kerala mainly natural mountain and forest areas of Wayanad, Nelliyampathy, 
Neriyamangalam, Munnar, Chinnar, Anamalai, Marayoor, Kulathupuzha, Palode and 
Agasthyarkoodam. According to Nampoothiri et al., (2013), Western Ghats soil samples 
were immensely utilized for the isolation of industrially important novel enzyme 
producing microorganisms. Forest soils are the huge domicile of taxonomically diverse 
actinomycetes strains especially Streptomyces sp. Despite the presence of rich 
recalcitrant biopolymers they are actively involved forest nutrient turnover 
(Bontemps et al., 2013).  
pH and EC are the most significant parameters for measuring soil quality, directly 
related to soil microbial biomass (Mohd-Aizat et al., 2014). Collected Western Ghats 
soil samples showed weekly acidic to neutral in nature and between samples showed 
very negligible variations in pH, ranging from 6.50 to 7.50. The week acidity of Western 
Ghats soil is due to the accrual of organic acids by the decomposition of surface high 
leaf litter (Chen and Yang, 2000). Soil pH greatly influences the load and diversity of 
actinomycetes strains. Here highest number of actinomycetes were obtained on and 
above pH 7.0. The number of isolates gradually declines to week acidic pH. This pointed 
out that they are intolerant to acidic pH. According to Basilio et al., (2003), soil pH range 
of 7 to 11 was the most favourable for obtaining highest number of actinomycetes. 
Number of microbial isolates and activity may be affected by EC of soil. EC values 
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indicate large accumulation of soluble salts in soils. As per our result soil with less EC 
had highest actinobacterial load. This significant negatively correlated result between 
EC and number of isolates authenticates the salinity and sodicity increase immensely 
distress the soil actinobacterial community. In addition with microbial biomass, the 
enzyme activity similarly reduced linearly with increase in EC (Rietz and Haynes, 
2003). 
Pre-treatment of soil samples with CaCO3 (1%) produced better colony counts. CaCO3 
accelerates the growth of actinomycetes spores in the collected soils. It is one of the 
good method for enriching actinomycetes propagules, which significantly yielded high 
total plate counting. This method was also proved effective in increasing the number 
of rare isolates. It yielded two-fold higher number of microbes than from untreated soil 
samples (Tiwari and Gupta, 2012). According to Otoguro et al. (2001), calcium 
carbonate soil treatment yielded good colony count (2.9x105 CFU.g-1) of dried soil and 
leaf litter samples. CaCO3 alter the pH of soil, thus favours the growth of spores and 
stimulate the formation of aerial mycelia (Natsume et al., 1989).  Current study also intended to screen and quantify two different β-glucanase, exo-β-
1,4-glucanase and endo-β-1,3-glucanase, from isolated actinomycetes strains. Avicel 
(microcrystalline cellulose) was used as the substrate for exo-β-1,4-glucanase. As per 
earlier reports, Avicel is the specific substrate for exo-acting β-1,4-glucanase 
(Florencio et al., 2012; Annamalai et al., 2016b). Exo-glucanase or avicelase produced 
by Streptomyces reticuli was efficiently utilize Avicel (crystalline cellulose), when 
provided Avicel as a sole carbon source (Wachinger et al., 1989; Walter and Schrempf, 
1996b).  
Primary screening is based on the clear halo formation around the isolated colonies 
which directly indicated the region of enzyme action to produce glucose units. The congo red dye remain attached to areas where the presence of β-1,4-D-
glucanohydrolase bonds (Lamb and Loy, 2005). Out of total 127 isolates, 106 strains 
(83%) produced exo-β-1,4-glucanase enzyme activity, indicated majority of Western 
Ghats actinomycetes isolates are good producers of exo-β-1,4-glucanase. AZCL- 
Pachyman was used as substrate for screening endo-β-1,3-glucanase activity. 
According to previous reports, pachyman is a purely β-1,3-linked substrate so can be 
used for determining precise endo-β-1,3-glucanase activity (Zantinge et al., 2002; 
Sakamoto et al., 2006). Azurine cross-linked (AZCL) polysaccharide substrates are 
widely used for screening glycosyl hydrolases (Li et al., 2011; Nyyssonen et al., 2013). 
Out of total 127 isolated strains, only 79 strains (62%) produced blue halo by the action 
of the endo-β-1,3-glucanase which degraded dye linked polysaccharides to 
monosaccharide and subsequently released dye.   
Enzyme degradation in agar media was calculated in terms of enzymatic index. It is 
modest and fastest methodology to screen the strains prospective for enzyme 
production within the same genus (Ruegger and Tauk-Tornisielo, 2004). Ten et al. 
(2004), indicated that cellulase, xylanase and amylase producing strains effectively 
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selected using halo zone diameter and colony diameter based enzymatic index. Strains showed high EI values (≥ 4.5) were considered as potential enzyme producers and 
selected for quantitative enzyme assays. Bhaturiwala et al., (2017), reported enzyme activity profiling of 20 actinomycetes strains such as cellulase, lipase, chitinase, β-
mannanase, amylase, caseinase, caffeinase and xylanase activities by determining 
enzymatic index. Highest EI values were observed in TBG-NR3 (7.27±0.225) and TBG-
CH22 (8.53±0.058) respectively for exo-β-1,4-glucanase and endo-β-1,3-glucanase 
plate assays. 
Based on EI values 14 strains with exo-β-1,4-glucanase activity and 8 strains with 
endo-β-1,3-glucanase activity were selected for quantitative evaluation using 
submerged fermentation. After five days of incubation, actinomycetes strain TBG-
MR17 showed highest exo-β-1,4-glucanase activity (95 U.mL-1) and TBG-AL13 showed 
the highest endo-β-1,3-glucanase activity (219 U.mL-1). Florencio et al. (2012), 
reported that no straight correlation was obtained between quantitative enzyme 
activity and enzymatic indexes. The same results were observed in our results also. 
However quantitative method considered as final validation, as it deliver more exact 
data with slight variability, greater sensitivity and allow to compare relative amount of 
enzymes (Bisswanger, 2014; Farris et al., 2016). So the strains TBG-MR17 and TBG-
AL13 were considered as potent enzyme producers and selected for further studies.  
Optimization of fermentation conditions such as optimum incubation time for enzyme 
production, optimum temperature and optimum pH of strains TBG-MR17 and TBG-
AL13 is necessary to determine the maximal enzyme production. The study of effects 
of incubation time showed both isolates started enzyme production at primary growth 
phase itself. We observed the maximum production of exo-β-1,4-glucanase activity (98 
U.mL-1) on the 5th day (120 hours) of incubation. Whereas production of endo-β-1,3-
glucanase activity reached maximum (357 U.mL-1)  on the 6th day (144 hours). 
According to Bettache et al. (2014), Streptomyces sp. TKJ2 exhibited the maximum 
production of endoglucanase (0.89 U.mL-1) only after 7 days. But the quantity of 
enzyme in terms of unit was not as much while comparing with our study. More reports 
of exo-β-1,4-glucanase and endo-β-1,3-glucanase production from actinomycetes 
genera are unavailable (Lekshmi et al., 2014). Studies of cellulase production from 
marine actinomycetes showed a gradually increased production from 3rd to 6th day and 
decreased subsequently. Actinomycetes genera, Streptomycetes required prolonged 
incubation periods to achieve maximum enzymatic production (Arunachalam et al., 
2010).   
Temperature and pH values were considered as important parameters that influenced 
enzyme production (Khurana et al., 2007). The results showed that optimum 
temperature for maximum exo-β-1,4-glucanase (110 U.mL-1) and endo-β-1,3-
glucanase (400 U.mL-1) production respectively by strain TBG-MR17 and TBG-AL13 
was observed at 30°C. Earlier reports revealed that maximum endoglucanase activity 
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from Streptomyces sp. F2621 (Tuncer et al., 2004) and S. albogriseous (Van Zyl, 1985) 
were displayed at temperature 26-30℃. 
Medium pH strongly effects the transport of cellular metabolites across the cell 
membrane (Liang et al., 2010). Here the actinomycetes strains, TBG-MR17 and TBG-
AL13 showed good growth over a broad pH ranges. TBG-MR17 was active over pH 6.0-
10.0, but produced maximum exo-β-1,4-glucanase enzyme (141 U.mL-1) at pH 6.0. 
Similarly maximum endo-β-1,3-glucanase (892 U.mL-1) production by TBG-AL13 was 
also at pH 6.0, but it was active at pH 6.0-7.0. Jaradat et al. (2008) revealed that CMCase 
enzyme produced by Streptomyces sp. strain J2 showed highest activity at pH 6.0, but 
it also produced activity under wide pH ranges of 4.0-7.0.  
3.5. CONCLUSION 

Microbial communities from diverse Western Ghats ecological niches are almost 
unexplored and rich reservoirs of valuable metabolites, likely to provide extensive 
applications beneficial to humanity. Especially fast growing prerequisites for enzymes 
in diverse extents demands an urgent need to explore actinomycetes as a treasured 
source of marketable enzymes. Our exploration revealed that Western Ghats 
ecosystems are unusual habitat for promising actinobacterial diversity with extraordinary β-glucanase activity. Extensive range of climatic environments, rich 
woodland areas and less discrepancies in soil type with less acidic to alkaline pH and 
low EC, are relatively favourable for the largest distribution of actinobacteria with high β-glucanase activity. Total of 127 actinomycetes isolates were documented during the 
course of study. Qualitative enzyme assay revealed, 106 strains (83%) showed exo-β-
1,4-glucanase enzyme activity and only 79 strains (62%) produced endo-β-1,3-
glucanase activity. According to quantitative activity profiling, the actinomycetes 
strains TBG-MR17 and TBG-AL13 recognised as respective dominant exo-β-1,4-
glucanase and endo-β-1,3-glucanase producers. Under optimum culture conditions 
actinomycetes strain TBG-MR17 produced 141 U.mL-1 exo-β-1,4-glucanase and TBG-
AL13 produced 892 U.mL-1 endo-β-1,3-glucanase. This is the first report of exploration 
of Western Ghats actinomycetes for both exo-β-1,4-glucanase and endo-β-1,3-
glucanase enzymes with tremendously high activities.  

Chapter 4 
Identification and Characterization of β-Glucanase Producing Potent 
Actinomycetes Strains 
4.1. INTRODUCTION 

The major part of earth's natural biodiversity is occupied by microbes which plays 
beneficial roles in diversified environments. Conversely, microbial taxonomy is 
developing as very slowly manner, accordingly not more than 1% of microbial 
population has been identified until now. The foremost problem related with taxonomy 
was lack of reliable, uniform, and advanced methodologies for microbial systematic 
and identification studies (Das et al., 2014). To establish microbial biodiversity, 
functional features and association to environment and other organisms, the 
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taxonomic information of unknown microbes is extremely indispensable (Gevers et al., 
2005). The established traditional and conventional methods of microbial 
classification mainly depends on morphological, biochemical and physiological aspects 
are insufficient to produce a flawless image relating the taxonomical status (Prakash et 
al., 2007). It necessitates certain additional elucidation regarding accurate taxonomy.  
Nowadays with the advancements in genomics, the microbial taxonomical complexity 
is more comprehensible. Addition of genotypic approaches in classification delivered 
an understanding to the phylogenetic interactions of organisms up to the subspecies 
level. Molecular genomics, cultural, biochemical, physiological and chemotaxonomic 
studies collectively constitute the taxonomic position of microorganisms is named as ‘polyphasic taxonomic approach’ (Vandamme et al., 1996), which helps to determine 
the species level taxonomy within the genus (Anderson and Wellington, 2001). 
Currently this approach is more popular in bacterial classification and provides new insights into the organism’s species and genus level sortings. Accurate taxonomical 
identification is obligatory for each and every novel microbial isolates from unusual 
environmental habitats. 
Actinobacteria is one of the largest taxonomic entities among the currently recognized 
major lineages in the Bacteria domain (Ludwig et al., 2012). The genera within the 
phylum exhibits massive diversity in terms of morphological, physiological and 
metabolic competencies. The taxonomy of Actinobacteria has significantly developed 
gradually with the accumulation of understandings. Though it remains rather confused 
and the species level definition become an incomplete task because of the variability in 
cultural, morphological, physiological and biochemical characteristics observed at 
both inter- and intra-species level (Anderson and Wellington, 2001). Consequently, 
polyphasic taxonomic approach is more advisable in actinomycetes taxonomy. The key 
characteristics used to define the taxonomy of Actinobacteria into genus and species 
levels includes morphological studies based on microscopy, cellular chemistry based 
chemotaxonomy, cultural studies mainly on growth mycelia formation and pigments, 
biochemical-physiological characteristics and finally molecular genotypic studies 
based on 16s rRNA gene sequencing (Acharyabhatta et al., 2013; Barka et al., 2016).  
Accordingly the polyphasic taxonomic approach can encounter the challenges of 
classifying unknown strains, this study explicates the characterization and taxonomical identification of β-glucanase producing potent Western Ghats actinomycetes isolates 
TBG-MR17 and TBG-AL13 by using the possibilities of polyphasic approach.   
4.2. MATERIALS AND METHODS 

4.2.1. Morphological Characterization 

The potent isolates were inoculated into starch casein agar media (SCA) and incubated 
28°C for 7 days. Colony appearance, texture, shape, odour, oxygen relationships and 
motility were examined. 
4.2.1.1. Determination of Spore Chain Morphology 
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Spore chain morphology of actinomycetes strains were examined using inclined cover 
slip culture method (Chakrabarti, 1998).  Sterile coverslips were aseptically inserted 
at an angle of 45° in starch casein agar medium.  Actinomycetes cultures were 
inoculated at the intersection of the medium and coverslip.  After incubation of seven 
days at 28°C, coverslips were removed and observed using light microscope (Nikon 
Eclipse Ci-E) under high power (1000x) magnification. 
4.2.1.2. Determination of Spore Surface Morphology 

Spore chain surface morphology was observed using scanning electron microscope 
(SEM) (Sharma et al., 2016). Sporulated culture grown over the coverslip on starch 
casein agar media was taken for observation.  Fixation was done using 1% 
paraformaldehyde prepared in 0.2 M Sorensen phosphate buffer (pH 7.2-7.4).  After 
fixation it was washed in 0.2 M phosphate buffer for 5 min. Then the specimen was 
dehydrated using different concentrations of ethanol viz. 30%, 50%, 70%, 90% and 
100%, with two changes on 15 min each and finally with isoamylacetate for 5 min. Then 
the specimen was subjected to Critical Point Drying (CPD).  Specimen immersed in 
acetone was loaded in to CPD apparatus (HCP-02, Hitachi) and dried using liquid 
carbon dioxide as a transition fluid.  The dried specimen was then mounted on 
aluminium stub and was made electrically conductive by sputter coating with a thin 
film of gold palladium using sputter coater (Model E-101, Hitachi), under vacuum. 
Observation and photography were done at suitable magnifications using scanning 
electron microscope (FEI QUANTA 200, Netherland). 
4.2.2. Cultural Characterization 

4.2.2.1. Determination of Growth, Pigmentation, Aerial Mycelium  

              and Substrate Mycelium Colour 

Growth, presence of soluble pigments, aerial mycelium and substrate mycelium colour 
(reverse colony colour) were noted in 7 to 14 days old culture on different culture 
media as described by International Streptomyces Project (ISP) viz. tryptone-yeast 
extract agar (ISP-1), yeast extract-malt extract dextrose agar (ISP-2), oatmeal agar 
(ISP-3), inorganic salts starch agar (ISP-4), glycerol aspargine agar (ISP-5), peptone 
yeast extract agar (ISP-6), tyrosine agar (ISP-7) and Sabouraud's dextrose agar (SDA) 
(Shirling and Gottlieb, 1966).  The colour of mycelia and soluble pigments, if any, were 
noted and compared with the ISCC-CNBS colour charts (Kelly, 1964). 
4.2.3. Biochemical Characterization 

Biochemical tests like Gram’s staining, hydrogen sulphide production, nitrate 
reduction, numerous degradation tests and carbon source utilization tests were 
carried out according to Williams et al. (1983). 
4.2.3.1. Gram’s Staining 

Thin smears of 5 days old culture was made on clean glass slides.  The smear was then 
air dried, heat fixed and covered with crystal violet solution for 30 seconds.  After 
washing gently with dist. H2O, the smear was covered with iodine solution for 30 
seconds.  Then it was decolourized with 95% ethyl alcohol.  The slides were washed 
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with dist. H2O and after draining, the smear was counter stained with safranin for 30 
seconds.  The slides were blot dried after washing with dist. H2O and examined under 
microscope using high power objective. 
4.2.3.2. Hydrogen Sulfide Production Test 
H2S production was detected by stab inoculating the isolates in sulphide indole motility 
(SIM) agar tubes.  The inoculated tubes were incubated at 28°C for 48 h.  The tubes 
were examined for the presence or absence of black colouration along the line of stab 
inoculation. Hydrogen sulfide when produced reacts with the metal salt (Ferrous 
sulphate) forming visible insoluble ferrous sulfide precipitates.   
4.2.3.3. Nitrate Reduction Test 

The nitrate reductase activity of the isolates was tested based on the method described 
by Gottlieb (1961).  The isolates were inoculated into 10 mL nitrate broth and 
incubated at 28°C for five days on a shaker. After incubation, 3-4 drops of sulfanilic acid 
and same amount of dimethyl α-napthyl amine were added.  The appearance of pink 
colour indicated the positive reaction for nitrate reductase activity. 
4.2.3.4. Degradation Tests 

Various degradation tests were carried out growing the isolates in respective media for 
5 days at 28°C. 
Gelatin hydrolysis was carried out by growing the isolates in nutrient gelatin slants.  
The tubes were incubated at 28°C for 5 days and an uninoculated tube was maintained 
as control.  After incubation, the tubes were kept in refrigerator at 4°C for 1h.  The tubes 
were examined for the presence or absence of liquefaction compared with control. 
Determination of catalase activity was done by growing the isolates on SCA slants. 
After incubation at 28°C for 5 days, H2O2 was flooded over culture. Catalase positive 
cultures produce bubbles of gas (oxygen) within one minute after addition of H2O2.  
Protease activity determination was done by growing the actinomycetes isolates on 
skimmed milk agar and incubated 28°C for 4 days. Plates were examined for the 
presence of clear zones around the positive colonies.   
Amylase activity was determined by growing the isolate on basal agar medium with 
1% starch (Hankin and Anagnostakis, 1975). After sufficient incubation period and 
growth of the cultures, the surfaces of the plates were flooded with iodine potassium-
iodide solution.  The plates were examined for the appearance of yellow halo zone 
around the positive colonies. 
Chitinase activity was determined on 5th day after incubation by the appearance of 
clear zones around colony spotted on basal agar medium with 4% colloidal chitin (Hsu 
and Lockwood, 1975).   
Xylanase activity was determined by spotting the isolates on basal agar medium with 
0.5% birch wood xylan. After 5 days of incubation the hydrolysis zones were detected 
by staining with 1.0 % Congo red for 10 min and destained with 1M NaCl. 
For detecting lipase activity, the isolate was spotted on tween 80 agar and the activity 
was determined by zone of clearance around the colony. 
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Cellulase activity was determined by growing the isolate on basal agar medium 
containing 1% carboxy methylcellulose (CMC).  Hydrolysis zones were detected by 
flooding the plates with 1% Congo red solution on 5th day after incubation, then 
destained with 1M NaCl. 
The degradation of tyrosine (0.5% w/v), xanthine (0.4% w/v), and aesculin (0.1% 
w/v) was detected on basal agar medium supplemented with 1% glycerol.  
Degradation was noted as clear zones on 5th day after incubation. 
4.2.3.5. Utilization of Carbon Sources 

Organic carbon sources viz., D-arabinose, D-fructose, meso-inositol, D-mannitol, 
raffinose, L-rhamnose, sucrose, cellulose, D-xylose at  1% w/v were sterilized using di-
ethyl ether and incorporated to basal agar medium (Shirling and Gottlieb, 1966).   The 
isolate was streaked and the results were observed after 7 and 14 days of incubation 
by comparing with a negative control (without carbon source) and a positive control 
(containing D-glucose). 
4.2.4. Physiological Characterization 

Growth on various temperatures and pH, NaCl tolerance and resistance to antibiotics 
were done (Williams et al., 1983).  
4.2.4.1. Effect of Temperature on Growth 

The strains were inoculated into SCA media and incubated at different temperatures 
viz., 10°C, 20°C, 30°C, 40°C and 50°C. Growth of the strains were noted up to 7th day of 
incubation.  
4.2.4.2. Effect of pH on Growth 

The growth of isolates in different pH was determined by inoculating the strains in SCA 
media with different pH ranges viz., 4, 5, 6, 7, 8, 9, 10, 11 and 12 and incubated for 5 
days at 28°C.  
4.2.4.3. Effect of NaCl Concentration on Growth 

The isolates were inoculated onto SCA agar medium with different concentration of 
NaCl viz., 0.5, 1, 3, 5, 7 and 10% (w/v), and incubated at 28°C for 5 days.  
4.2.4.4. Antibiotic Resistance 

Antibiotic resistance was determined by streaking the isolates on SCA plates with chloramphenicol (5μg.mL-1), ampicillin (2μg.mL-1), kanamycin (2μg.mL-1) and tetracycline (2μg.mL-1) and incubated 28°C for 5 days. 
4.2.5. Molecular- Taxonomical Characterization 

4.2.5.1. Isolation of Genomic DNA 

Genomic DNA was isolated according to Murray and Thompson, (1980) with slight 
modifications. Spores from SCA plates were inoculated in to 25mL YEME broth and 
incubated 28°C for 2-3 days at room temperature. Well grown mycelia were harvested 
by centrifugation at 12,000 rpm for 10 min. 1g of each wet mycelia were suspended in 
500µL TE buffer. 100µL lysozyme and 35µL SDS (10%) were added and swirled to 
dissolve and incubated at 30°C for 30 min with triturating in every 10min, until the 
suspension is completely cleared. 5µL of RNase (25mg.mL-1) was added and incubated 
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at 37°C for 45min. 200µL of 0.5M EDTA was added and mixed gently. Then 7µL 
proteinase K was added, gently mixed by inversion and incubated at 37°C for 2h. 600µL 
phenol: chloroform: isoamyl alcohol (25:24:1) was added and mixed thoroughly for 
10min. Centrifuged 10min at 12,000 rpm. The aqueous phase was collected and phenol 
traces were removed by adding 600µL chloroform: isoamyl alcohol (24:1) followed by 
gentle mixing and spinning at 12,000 rpm for 10min (repeated 3-4 times). The upper 
aqueous phase was removed to fresh tubes. 20µL 4M NaCl was added and mixed well. 
Then DNA was precipitated by adding 2 volume of ice cold ethanol and kept it in -20°C 
for overnight. After incubation centrifuged at 12,000 rpm for 10min. The pellet was 
washed in 1mL of 70% ethanol for 3-4 times. Precipitated DNA pellets were air dried 
and dissolved in adequate amount of TE buffer and stored at -20°C. Isolated DNA were 
resolved in 1.0% agarose gel containing 10µg.mL-1 ethidium bromide. 
4.2.5.1.1. Quantification of DNA 

The quantification and purity of isolated DNA was analysed by BioPhotometer 
(Eppendorf). The DNA was diluted in Nuclease free water to make dilution factor 50 
(1µL DNA sample+49µL Nuclease free water). For the assessment of purity, the reading 
of absorbance ratio at A260/A280 were recorded. The concentration of DNA was 
calculated as equation:  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑔. 𝑚𝐿−1) = 50 × 𝐴260 × 50 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) 
4.2.5.1.2. Agarose Gel Electrophoresis 

Total DNA was mixed with 6X gel loading buffer and loaded on to agarose gel (1%) 
containing ethidium bromide (10µg.mL-1) along with 1kb molecular weight marker 
(Takara, Clontech Laboratories, USA) for electrophoresis at 100V for 30-40 min. The 
gel was documented using Gel documentation Unit, UVP upland CA, USA. 
4.2.5.2. Sequence Analysis of 16s rRNA Gene 

4.2.5.2.1. PCR Amplification of 16s rRNA Gene 

PCR amplification of approximately 1.6 kb of 16S ribosomal RNA (rRNA) gene of the 
actinomycetes isolates were performed using universal primers  8-27F  and 1495R 
(Appendix IV) that were modified from primers fD1 and rP2 respectively of Weisburg 
et al. (1991). PCR reaction was carried out in a final volume of 25µL containing 10µL of 
20-50ng of template DNA, 1µL of 10pmol forward primer (8-27F), 1µL of 10pmol of 
reverse primer (1495R), 12.5µL of GoTaq® G2 Hot Start Green Master Mix (2X). The 
amplification was done in Bio-Rad thermal cycler (S1000TM) with the following 
conditions: 95°C for 2 min, 35 cycles of 95°C for 1 min, 58°C for 30 sec and 72°C for 
1.30 sec and a final extension of 72°C for 5 min. The amplified products were resolved 
in 1.0% EtBr-agarose gel. 
4.2.5.2.2. Purification of PCR Product 

Purification was carried out using Wizard® SV Gel and PCR clean-up system (Promega Corporation, Wisconsin, USA) according to manufacturer’s instructions. DNA 
fragments were excised using a sterile scalpel with minimal exposure in UV and placed 
in a sterile microcentrifuge tube. Sufficient volume of membrane binding solution 
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(10µL/10mg of gel) was added and mixed well by vortexing. The tubes were incubated 
at 50-65°C for 10min until the agarose was completely dissolved. Then it was 
transferred to SV mini column placed in a collection tube and incubated at room 
temperature for 1min. The assembled column with collection tube was centrifuged at 
16,000xg for 1min and discarded the flow through. 700µL membrane wash solution 
was added to the reinserted mini column and centrifuged 16,000xg for 1 min. The 
washing step was repeated with 500µL membrane wash solution. Flow through was 
discarded and the column was again centrifuged for 1 min for completely removing the 
residual ethanol. Mini column was transferred to new 1.5mL microcentrifuge tube. 
50µL of nuclease free was added and incubated 1 min at room temperature. Purified 
DNA was eluted by centrifugation at 16,000xg for 1 min. 
4.2.5.2.3. Sequencing of PCR product 

The purified PCR products were sequenced using universal primers 8-27F and 1495R 
along with internal primers 338F and 798R (Appendix IV), at Eurofins Genomics, 
Banglore. Sequencing reaction was done in ABI PRISM 3730xl Genetic Analyzer 
(Applied Biosystems, Foster City, CA, USA) using BigDye® Terminator v3.1 Cycle Sequencing Kit from Applied Biosystems based on Sanger’s dideoxy chain termination 
method.  The sequencing PCR was set up in a final volume of 10µL containing 2µL of 
DNA, 1µL of Primer and 7µL of ready Reaction Mix. The reaction was performed 
following the standard PCR conditions: Initial denaturation 95°C for 2 min followed by 
25 cycles of denaturation of 95°C for 10 sec, annealing at 55°C for 5 sec and extension 
at 60°C for 4 min and finally hold 4°C forever. 
A post reaction clean-up was carried out after sequencing for removing the unused 
dNTPs and other contaminants which could interfere with the automated sequencing run. 2μL of 125mM EDTA and 2μL of 3M sodium acetate (pH 4.6) was added to the 
entire PCR product and gently mixed by tapping. Then it was transferred to 1.5mL tube and added 50μL of absolute ethanol, mixed well and incubated at room temperature 
for 15 min.  After centrifugation at 12000 rpm for 20 min at room temperature, the 
supernatant was carefully removed and washed the pellet twice with 250μL of freshly 
prepared 70% ethanol. Centrifugation at 12000 rpm for 10 min each time. The 
supernatant was carefully removed and the pellet was air dried.  
For the electrophoresis of the sequencing samples, 10μL of the template suppression 
reagent (TSR) (Applied Biosystems, Foster City, CA, USA) was added to the dried pellet 
and mixed well by vortexing. The sample was denatured at 95°C for 5 min and loaded 
into ABI PRISM 3730xl Genetic Analyser. The sample was resolved through POP7 
polymer and sequencing data was analysed using the sequence analysis software.   
4.2.5.2.4. Sequence Analysis 

The sequence quality of 16s rDNA sequences were checked using Sequence scanner 
software v5.2 (Applied Biosystems). Sequences were assembled using BIOEDIT v7.2.5. 
Presence of chimeric artefacts within the obtained sequence was analysed using 
DECIPHER GPL v3.0 (Wright et al., 2012). Phylogenetic neighbours were identified 
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using EzBioCloud server (https://www.ezbiocloud.net/identify) along with homology 
search was performed using BLAST search algorithm (Yoon et al., 2017).  
4.2.5.2.5. Phylogenetic Analysis 

Alignment of similar sequences and nucleotide similarity values were calculated using 
CLUSTAL MUSCLE programme (Edger, 2004). The evolutionary history was inferred 
using the Neighbor-Joining (NJ) method (Saitou and Nei, 1987). The evolutionary 
distances were computed using the Maximum Composite Likelihood method (Tamura 
et al., 2004). The tree topologies were evaluated by performing bootstrap analysis 
based on 1,000 replications (Felsenstein, 1985). Evolutionary analyses were conducted 
in MEGA X (Kumar et al., 2018). 
4.3. RESULTS 

Taxonomic and phylogenetic characterization of tremendous β-glucanase producing 
Western Ghats actinomycetes isolates, strain TBG-MR17 (potent exo-β-1,4-glucanase 
producer) and strain TBG-AL13 (potent endo-β-1,3-glucanase producer), were studied 
based on a polyphasic taxonomical approach. The strains were thus characterized for 
morphological, cultural, biochemical, physiological, chemo-taxonomical and molecular 
basis. 
4.3.1. Morphological Characterization 

Morphological characterization of actinomycetes strains TBG-MR17 and TBG-AL13 
were studied on starch casein agar media. TBG-MR17 produced grey coloured 
powdery colonies with geosmin (earthy) odour. Under light microscopic examination, 
spore chain topography revealed the strain has spirales (S) spore chains (Figure 4.1.a) 
and based on scanning electron microscope observation spore surface morphology 
was observed as spiny (Figure 4.1.b). Individual spore was oval-rod shaped, measuring 
around 690 nm wide and 720 nm long. 
 

 

 

 

 

 

 

 

Fig 4.1. Microscopic studies of actinomycetes strain TBG-MR17. (a) Light microscopic view showed 

spirales (S) spore chains. (b) Scanning electron microscopic view showed oval-rod shaped spores 

with spiny surface topography. 

The strain TBG-AL13 also produced grey round, dry powdery colonies with geosmin 
odour. Whereas it produced a Rectiflexibiles (RF) spore chains (Figure 4.2.a) with 
smooth spore surface topology (4.2.b). The spores were oblong and the average spore 

size measuring around 800 nm width and 1.5m long 

a b 
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Fig 4.2. Microscopic studies of actinomycetes strain TBG-AL13. (a) Light microscopic view showed the 

stain has Rectiflexibiles (RF) spore chains. (b) Scanning electron microscopic view showed oblong 

spores with smooth surface. 

The both isolates showed well sporulated aerial and substrate mycelia on starch casein 
agar media. The detailed studies of morphological characters of TBG-MR17 and TBG-
AL13 were showed in Table 4.1.  
Table 4.1. Morphological Characteristics of Strains TBG-MR17 and TBG-AL13 

Characteristics TBG-MR17 TBG-AL13 

Appearance Grey colonies Grey round colonies 
Texture Powdery Powdery 
Shape Round with multiple rings Round with ring 
Odour Geosmin Geosmin 
Oxygen relationship Aerobic Aerobic 
Motility Non-motile Non-motile 
Spore chain morphology Spirales (S) Rectiflexibiles (RF) 
Spore surface Spiny Smooth 

4.3.2. Cultural Characterization 

The cultural characteristics of actinomycetes strains TBG-MR17 and TBG-AL13 were 
examined according to International Streptomyces Project (ISP) (Gottlieb and Shirling, 
1967). Growth, presence of soluble pigments and colouration of aerial and substrate 
mycelium colour were observed on different ISP media viz. ISP1, ISP2, ISP3, ISP4, ISP5, ISP6 and ISP7 and also on Sabouraud’s dextrose agar (SDA). The strain TBG-MR17 
found good growth on ISP1, ISP2, ISP3, ISP4, ISP6 and ISP7 media. The poor growth 
was observed on ISP5 and SDA (Figure 4.3). It developed a grey to yellow aerial 
mycelium on all tested media and showed different colour gradations. The detailed 
cultural characteristics of strain TBG-MR17 are given in Table 4.2.  
The strain TBG-AL13 showed good growth on ISP1, ISP2, ISP3, ISP4, ISP5 and ISP7 with 
well-developed aerial and substrate mycelia and produced very negligible growth on 
ISP6 and SDA (Figure 4.4). The aerial mycelium showed dark grey, yellow to white 
colour gradations. Substrate mycelium produced brown, black, green and yellow to 
white colours on tested media. A blackish yellow soluble melanin pigment was 
produced in ISP6 media. The detailed cultural characteristics of strain TBG-AL13 are 
shown in Table 4.3. 
4.3.3. Biochemical Characterization 

Characteristics like gram staining property, H2S production, nitrate reduction, 
degradation tests and utilization of various carbon sources were studied. The strains 
TBG-MR17 and TBG-AL13 observed to be gram positive. TBG-MR17 gave positive 
results for catalase, amylase, chitinase, xylanase and cellulase activities and 
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degradation of asculin. It gave negative results for gelatin, protease, lipase, tyrosine and 
xanthin. Strain TBG-AL13 produced positive results for gelatin, catalase, protease, 
amylase, chitinase, lipase, cellulase and tyrosine. It showed negative results for 
xylanase, asculin and xanthin. The detailed biochemical characteristics of strain TBG-
MR17 and TBG-AL13 are listed in Table 4.4. 
 

 
 
 
 
 
 

 

 

 

Fig 4.3. The growth of strain TBG-MR17 on different ISP media (ISP1, ISP2, ISP3, ISP4, ISP5, ISP6 and 

ISP7) and SDA 

Table 4.2. Cultural characteristics of strain TBG-MR17 

Medium Growth Aerial mycelium Substrate mycelium Pigmentation 

ISP1 Good Greyish White Pale yellow Nil 

ISP2 Good Yellowish grey Greyish yellow Nil 

ISP3 Good Grey Pale white Nil 

ISP4 Good Greyish white Yellow brown Nil 

ISP5 Poor White Pale yellow Nil 

ISP6 Good Greyish white Yellow brown +green NIl 

ISP7 Good Yellowish white Yellow brown +orange Nil 

Sabouraud’s Poor Pale yellow Pale yellow Nil 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.4. The growth of strain TBG-AL13 on different ISP media (ISP1, ISP2, ISP3, ISP4, ISP5, ISP6 and 

ISP7) and SDA 

Table 4.3. Cultural characteristics of strain TBG-AL13  

Medium Growth Aerial mycelium Substrate mycelium Pigmentation 

ISP1 Good Dark grey Brownish yellow Nil 

ISP2 Good Dark grey Greenish yellow Nil 
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ISP3 Good Greyish white Yellowish white Nil 

ISP4 Good Yellowish white Yellowish white Nil 

ISP5 Good Greyish white Pale yellow Nil 

ISP6 Poor Greyish white Brownish black Blackish yellow 

ISP7 Good Yellowish white Yellowbrown +green Nil 

Sabouraud’s Poor Yellow white Yellowish white Nil 
 

 

 

 

Characteristics TBG-MR17 TBG-AL13 

Gram staining + + 

H2S production - + 

Nitrate reduction - + 

Degradation Tests 
Gelatin hydrolysis - + 

Catalase  + + 

Protease - + 

Amylase  + + 

Chitinase + + 

Xylanase + - 

Lipase - + 

Cellulase + + 

Aesculin + - 

Tyrosine  - + 

Xanthin - - 

Carbon Source Utilization 
D-arabinose ± + 

D-fructose ± ++ 

Meso-inositol + - 

D-mannitol - - 

Raffinose - - 

L-rhamnose ± ± 

Sucrose + ++ 

Cellulose - + 

D-xylose  + + 

 

Table 4.4. Biochemical characteristics of strains TBG-MR17 and TBG-AL13 
 

++ (strongly positive utilization); + (positive utilization); ± (utilization doubtful) 
- (utilization negative) 

4.3.4. Physiological Characterization 

Effect of temperature, pH, NaCl concentration and antibiotics resistance of strains TBG-
MR17 and TBG-AL13 were studied. Both the isolates showed very good growth at 
temperature range of 20-40°C. TBG-MR17 grew well at pH 4-10 and showed tolerance 
at 0.5- 5.0% of NaCl. It is resistant to ampicillin and tetracycline. The growth of isolate 
TBG-AL13 observed at pH 4-12 and 0.5 to 3.0% NaCl. It showed resistance to ampicillin 
and tetracycline. The detailed physiological characteristics of strain TBG-MR17 and 
TBG-AL13 are listed in Table 4.5. 
    Table 4.5. Physiological characteristics of strains TBG-MR17 and TBG-AL13 

Characteristics TBG-MR17 TBG-AL13 

Temperature range (°C) 20 - 40 20 - 40 

pH range 4 -10 4 -12 

NaCl (%) 0.5, 1.0, 3.0 and 5.0 0.5, 1.0 and 3.0  

Antibiotic Resistance   
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Kanamycin - - 

Ampicillin + + 

Tetracycline    + + 

Chloramphenicol - - 

 

4.3.5. Molecular Taxonomical Characterization 

Molecular taxonomic characterization of the isolates TBG-MR17 and TBG-AL13 were 
done by extracting genomic DNA followed by PCR amplification of 16s rRNA gene, 
sequencing and sequence analysis. The DNA was extracted following Murray and 
Thompson (1980) with some modifications. The A260/A280 ratio was found to be 
between 1.6 and 1.8. The extracted genomic DNA was resolved in 1.0% agarose gel 
containing 10 µg.mL-1 ethidium bromide (Figure 4.5.a). 

 
 
 
 
 
 

 

 

 

Fig 4.5. Genomic DNA and 16s rRNA gene amplicons of actinomycetes strains TBG-MR17 and TBG-
AL13. (a) The genomic DNA extraction. Lane 1: TBG-MR17 and Lane 2: TBG-AL13. (b) PCR 
amplification of 16s rRNA gene. Lane 1: TBG-MR17, Lane 2: TBG-AL13, Lane M: 1 kb DNA ladder. 
The amplification of 16s rRNA gene sequences were done using universal primers 8-
27F and 1495R and the molecular size of the products in 1% agarose gel were found to 
be approximately 1600 bps (Figure 4.5.b). The amplified product of TBG-MR17 and 
TBG-AL13 were sequenced and gave almost full- length of 16s rRNA gene sequences.  
After checking the sequence quality, the sequences were assembled using contig 
assembly program of BIOEDIT v7.2.5. The assembly and alignment of forward and 
reverse contig segments of TBG-MR17 and TBG-AL13 obtained nearly full length 
sequences ie., 1372 bases of strain TBG-MR17 and 1448 bases of strain TBG-AL13. The 
16s rRNA gene sequences of both strains are given below; 
>TBG-MR17_16s rRNA gene aligned 1372bases 
CGATGAACCACTTCGGTGGGGATTAGTGGCGAACGGGTGAGTAACACGTGGGCAATCTGCCCTGCACTCTGGGACAAGCCC
TGGAAACGGGGTCTAATACCGGATACTGATCCGCTTGGGCATCCTGGCGGATCGAAAGCTCCGGCGGTGCAGGATGAGCCC
GCGGCCTATCAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACAC
TGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCGA
CGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAGA
AGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCGAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCT
CGTAGGCGGCTTGTCACGTCGGTTGTGAAAGCCCGGGGCTTAACCCCGGGTCTGCAGTCGATACGGGCAGGCTAGAGTTCG
GTAGGGGAGATCGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGGTGGCGAAGGCGGATCTCTG
GGCCGATACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTAACGCCGTAAACGGTGGG
CACTAGGTGTGGGCGACATTCCACGTCGTCCGTGCCGCAGCTAACGCATTAAGTGCCCCGCCTGGGGAGTACGGCCGCAAGG
CTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAGCATGTGGCTTAATTCGACGCAACGCGAAGAACCTTAC
CAAGGCTTGACATACACCGGAAAGCATCAGAGATGGTGCCCCCCTTGTGGTCGGTGTACAGGTGGTGCATGGCTGTCGTCA
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GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCCGTGTTGCCAGCAGGCCCTTGTGGTGCTG
GGGACTCACGGGAGACCGCCGGGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAGTCATCATGCCCCTTATGTCTTGGGC
TGCACACGTGCTACAATGGCCGGTACAATGAGCTGCGATACCGCGAGGTGGAGCGAATCTCAAAAAGCCGGTCTCAGTTCG
GATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTCGCTAGTAATCGCAGATCAGCATTGCTGCGGTGAATACGTTCCC
GGGCCTTGTACACACCGCCCGTCACGTCACGAAAGTCGGTAACACCCGAAGCCGGTGGCCCAACCCCTTGTGG 
>TBG-AL13_16s rRNA gene aligned 1448 bases 
TTGCCGGCCGTTGTTTAAACATGCAAGTCGAACGATGAAGCCCCTCGGGGTGGATTAGTGGCGAACGGGTGAGTAACACGT
GGGCAATCTGCCCTTCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGATACGACCCGCCGAGGCATCTCGGCGGG
TGGAAAGCTCCGGCGGTGAAGGATGAGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG
TAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGCACAATGGGGGCGAAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAGG
GAAGAAGCGAAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAA
GCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCACGTCGGGTGTGAAAGCCCGGGGCTTAACCCCGG
GTCTGCATCCGATACGGGCAGGCTAGAGTGTGGTAGGGGAGATCGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCA
GGAGGAACACCGGTGGCGAAGGCGGATCTCTGGGCCATTACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTA
GATACCCTGGTAGTCCACGCCGTAAACGTTGGGAACTAGGTGTTGGCGACATTCCACGTCGTCGGTGCCGCAGCTAACGCA
TTAAGTTCCCCGCCTGGGGGAGTACGGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCAGCGGAGC
ATGTGGCTTAATTCGACGCAACGCGAAGAACCTTACCAAGGCTTGACATATACCGGAAAGCATTAGAGATAGTGCCCCCCT
TGTGGTCGGTATACAGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTTGTCCTGTGTTGCCAGCATGCCCTTCGGGGTGATGGGGACTCACAGGAGACCGCCGGGGTCAACTCGGAGGAAGGTGG
GGACGACGTCAAGTCATCATGCCCCTTATGTCTTGGGCTGCACACGTGCTACAATGGCCGGTACAAAGAGCTGCGATGCCG
CGAGGCGGAGCGAATCTCAAAAAGCCGGTCTCAGTTCGGATTGGGGTCTGCAACTCGACCCCATGAAGTCGGAGTTGCTAG
TAATCGCAGATCAGCATTGCTGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACGTCACGAAAGTCGGTAACA
CCCGAAGCCGGTGTCCCAACCCCTTGTGGAGGGAGCTGTCGAAGTGGACTGCAGGTTTTTTTCTTTTCT 

The sequences were analysed for the presence of chimeric artefacts using the program 
DECIPHER GPL V3.0 generated the results that the sequences are pure without any 
biological contamination. The outputs was as follows; 

Index Name Group Result 

1 TBG-MR17 1372 bases Streptomyces Not deciphered to be a chimera 

2 TBG-AL13 1448 bases Streptomyces Not deciphered to be a chimera 

Phylogenetic neighbours of TBG-MR17 and TBG-AL13 isolates were identified using 
EzBioCloud server, provided proven similarity-based searches against quality-
controlled databases of 16s rRNA gene sequences. This similarity search confirmed 
that both sequences with all the signature nucleotides designated genus Streptomyces. 
Based on EzBioCloud similarity search, the sequence TBG-MR17 closely related with 
Streptomyces althioticus NRRL B-3981T (99.85%). The pairwise similarity value of 
TBG-MR17 with its closely related members of 30 Streptomyces species are in between 
98.7 to 99.85 %. These 30 species were selected for phylogenetic tree construction. The 
Neighbor-Joining (NJ) phylogenetic tree of TBG-MR17 clearly indicated that the strain 
placed in genus Streptomyces and forms a distinct clade with Streptomyces althioticus 
NRRL B-3981T (Figure 4.6). The 16s rRNA gene sequence of strain TBG-MR17 was 
deposited in GenBank under the accession number KY458759. 
EzBioCloud similarity search of TBG-AL13 16s rRNA gene sequence revealed that it is 
closely related with Streptomyces cinereoruber subsp. cinereoruber NBRC 12756T 

(98.39%). 32 closely related Streptomyces species with pairwise similarity value in 
between 96.93 to 98.39 % were selected for phylogenetic tree construction.  The 
Neighbor-Joining (NJ) phylogenetic tree of TBG-AL13 confirmed that the strain came 
under genus Streptomyces and showed a close relation with Streptomyces cinereoruber 
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subsp. cinereoruber NBRC 12756T (Figure 4.7). The TBG-AL13 16s rRNA gene sequence 
was deposited in GenBank under the accession number MF686453. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.6. Evolutionary relationships of TBG-MR17. The evolutionary history of TBG-MR17 was inferred 

using the Neighbor-Joining method. The optimal tree with the sum of branch length = 0.08637777 is 

shown. The percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to scale, with branch 

lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The 

evolutionary distances were computed using the Maximum Composite Likelihood method and are in 

the units of the number of base substitutions per site. The analysis involved 31 nucleotide sequences. 

Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were removed for 

each sequence pair. There were a total of 1455 positions in the final dataset. Evolutionary analyses 

were conducted in MEGA X. 

4.4. DISCUSSION 

Soil is a natural reserves encompassing the diversity of microorganisms, with amazing 
production of useful metabolites. Over past few decades, enormous number of 
actinomycetes species have been isolated from soil samples (Williams et al., 1989). The 
isolation and taxonomical description of actinomycetes with the novel metabolites 
production from under-exploited or unexplored environments is tremendously crucial, 
which unlocks exhilarating avenues in biotechnology research. 
This study was conducted with an aim of identifying the taxonomic affiliation of β-
glucanase producing potent soil actinomycetes strains, TBG-MR17 and TBG-AL13 
using polyphasic taxonomic approaches such as morphological, cultural, biochemical, 
physiological, chemo-taxonomical and molecular basis. Preliminary confirmation of 
taxonomy was done based on the morphological, cultural, biochemical and 
physiological features such as appearance, texture, spore chain morphology, colour, 
pigmentation, growth and utilization of various conditions etc. This classical approach 
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explained within the identification keys by Nonomura (Nonomura, 1974), ninth edition of Bergey’s Manual of Determinative Bacteriology (Holt et al., 2000) and Laboratory 
Manual for Identification of Actinomycetes (Chakrabarti, 1998). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.7. Evolutionary relationships TBG-AL13. The evolutionary history was inferred using the 

Neighbor-Joining method. The optimal tree with the sum of branch length = 0.13152078 is shown. The 

percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (50 

replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same 

units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary 

distances were computed using the Maximum Composite Likelihood method and are in the units of the 

number of base substitutions per site. The analysis involved 32 nucleotide sequences. Codon positions 

included were 1st+2nd+3rd+Noncoding. All ambiguous positions were removed for each sequence 

pair. There were a total of 1463 positions in the final dataset. Evolutionary analyses were conducted 

in MEGA X. 

Starch casein agar (SCA) has been identified as good media for growing actinomycetes 
strains (Mincer et al., 2002) and supressed the fungal and bacterial contamination. The 
detected powdery texture, earthy odour of geosmin and spore chains on aerial 
mycelium on SCA facilitated to categorize our actinomycetes strains, TBG-MR17 and 
TBG-AL13, in the family Streptomycetaceae. The colony formation, mycelia colour, 
structure of spore chains are the important features of Streptomyces identification 
(Waksman, 1957; Waksman, 1961; Kuster, 1963). 
Strains showed well-established filamentous spore chains in SCA and produced 
Spirales and Rectiflexibiles spore chain morphology for TBG-MR17 and TBG-AL13 
respectively. Identification of spore chain morphology by SEM is another significant 
characteristics for Streptomyces identification and used widely in actinomycetes 
research (Cui et al., 2001; Kim et al., 2004). Considering the total soil actinomycetes, 
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more than 95% of filamentous actinomycete population comprises genus Streptomyces 

(Cook and Meyers, 2003). 
Aerial and substrate mycelium colour notified in different ISP media are considered as 
an important character in actinomycetes identification. Both potential β-glucanase 
producing isolates propagated well on a range of ISP agar media exhibited typical 
characteristics of Streptomyces species. The melanin production has been also 
considered as the other significant factor in the taxonomical identification of 
actinomycetes (Shirling and Gottlieb, 1966). Among the isolates, the strain TBG-AL13 
produced a blackish yellow pigment.  
Several biochemical and physiological parameters were widely used in actinomycetes 
identification (Gottlieb, 1961; Manfio et al., 2003). Current results indicated that both 
isolates produced catalase, amylase, chitinase and cellulase. But individually they 
produce other compounds such as protease, xylanase, lipase etc. The degradation and 
production of many compound by actinomycetes isolates especially Streptomyces sp. 
have been reported so far (Waksman, 1961; Mishra, 1980; Sharma et al., 2014). Carbon 
sources utilization confirmed the identity of Streptomyces spp. (Shinobu, 1958; 
Sanchez et al., 2010). However physiological studies used in taxonomy found to be 
slightly unreliable with a little taxonomic value. Both strains showed good growth in 
wide range of pH and very less salt tolerance.  
Comparison of morphological, cultural, physiological and biochemical characteristics 
of actinomycetes strains TBG-MR17 and TBG-AL13 with Nonomura Key for 
classification (1974) and ISP descriptions (Shirling and Gottlieb, 1966, 1968a, 1968b, 
1969, 1972) revealed that both strains comes under genus Streptomyces. Since the 
classical and chemo-taxonomy is very beneficial in the actinomycetes classification, 
moreover it is enormously time consuming and laborious (Harvey et al., 2001). Certain 
levels it produces imprecise and unauthenticated interpretations especially in species 
level identification. The ambiguity in species definition can overcome by the study of 
genomic characteristics.  
At present various molecular techniques are existing for the identification and 
characterization of new strains from soil samples, though 16S rDNA gene application 
is simple, reliable and a powerful tool for concluding evolutionary and taxonomical 
relationships of actinomycetes strains (Anderson and Wellington, 2001). 16S rDNA 
gene has fewer alterations and changes throughout the evolution (Maleki et al., 2013). 
The amplification of hyper variable regions in 16s rDNA deliver a precise signature, 
which frequently describe the identification new actinomycetes strains (Goodfellow, 
1988; Pandey and Mishra, 1995). 16s rDNA sequence related phylogenetic studies 
provides a conclusive evidence that confirmed the strain TBG-MR17 as ‘Streptomyces 

althioticus TBG-MR17’ and TBG-AL13 as ‘Streptomyces cinereoruber subsp. 

cinereoruber TBG-AL13’. The usefulness of 16S rDNA gene sequence confirms the 
molecular identity of several Streptomyces species (Maleki et al., 2013; Seipke, 2015). 
4.5. CONCLUSION 
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The polyphasic taxonomic approach exploiting morphological, cultural, biochemical, 
physiological, and molecular characteristics, assist the taxonomists to develop a 
universal eloquent actinomycetes taxonomic identification system. This approach 
effectively identified actinomycetes isolates from genus level and fairly extends up to 
species level. The cumulative result of polyphasic characterization elucidate the taxonomic position of efficient β-glucanase producing Western Ghats actinomycetes 
isolates TBG-MR17 and TBG-AL13 as Streptomyces althioticus TBG-MR17 and 
Streptomyces cinereoruber sub sp. cinereoruber TBG-AL13 respectively. Further research are being conducted to determine protein structure elucidation of β-
glucanase enzymes produced by both strains. 

Chapter 5 
Isolation, Sequencing and in silico Analysis of β-Glucanase Genes 
from Streptomyces Strains 
5.1. INTRODUCTION Genes encoding β-glucanase enzymes have been widely explored in various organisms 
because of enormous importance in industrial applications. Recently it has been 
concerned to commercial attentiveness due to the importance in beer fermentation 
and as a poultry feed formulation (Wettstein et al., 2000; Lamp et al., 2015) and possess 
certain substantial ecological significance also (Bull and Chesters, 1963; Mann et al., 1978). Considering the diverse applications of β-glucanases, the current study is 
undertaken for the in silico analysis of enzymes at genomic and proteomic levels. It is 
enormously fascinating to distinguish the particular function of enzymes by interpreting the structural features. Protein motifs of β-glucanases have been 
annotated in the Carbohydrate-Active Enzymes (CAZy) modules as sequence related 
families (Blackman et al., 2014) and the activities has been annotated according to 
sequence similarities, protein structural folding and recognised enzyme activities 
(Cantarel et al., 2009). The better understanding of molecular structure of enzymes are 
essential as it helps to discover the relationship with functional properties. The 
molecular structure predominantly controlled the chemical and physical properties of 
enzymes which retains their particular roles in nature and biological systems (Bielecki 
and Galas, 1991). 
Bioinformatics applications deliver more insights in to sequence based analysis and 
molecular level structure prediction of proteins. Computational biology paving the 
techniques to predict three dimensional structure and providing functional 
understandings will permit to perform required modifications to applicable in many 
industrial applications. Number of β-glucanase sequences has been resolved and their 
comparison has been used for elucidating the functional and structural - relationship 
(Abraham et al., 2013; Lim et al., 2016). The knowledge from molecular docking studies 
allows to predict the binding affinity and strength of association between two 
molecules, especially the candidates in drug designing. In enzyme studies it can be 
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applicable to predict the catalytic domains for binding substrate molecules (Lanka et 
al., 2015).   
Many molecular in silico characterization reports are available relating with β-
glucanases from prokaryotes and eukaryotes (Hrmova and Fincher, 2001), among this 
source of fungi and bacteria are more prominent, however the studies in Streptomyces 
spp. are rarely reported (George et al., 2010; Da Vinha et al., 2011). In this report, we 
have isolated complete sequence of exo-β-1,4-glucanase (EXO14) and endo-β-1,3-
glucanase (ENDO13) genes from Streptomyces althioticus TBG-MR17 and Streptomyces 

cinereoruber subsp. cinereoruber TBG-AL13, potent β-glucanase producers isolated 
from Western Ghats of Kerala and also studied the detailed molecular characterization 
studies in silico. With an aim to understand the enzyme substrate interaction, 
homology modelling and docking analysis of predicted exo14 and endo13 proteins 
were deliberated. 
5.2. MATERIALS AND METHODS 

5.2.1. Designing Primers for β-Glucanase Genes 

Exo-β-1,4-glucanase and endo-β-1,3-glucanase gene sequences respectively from the 
phylogenetic neighbouring species of Streptomyces althioticus TBG-MR17 and 
Streptomyces cinereoruber sub sp. cinereoruber TBG-AL13 were retrieved from NCBI 
database. Those were aligned and the primers were picked from conserved regions of 
the aligned sequences. Oligo quality parameters were checked using Oligo Analysis 
Tool, Eurofins Genomics. Synthesis of designed oligos were done in Eurofin Genomics, 
Banglore. 
5.2.2. PCR Amplification 

PCR amplification of exo-β-1,4-glucanase gene from Streptomyces althioticus TBG-
MR17 was carried out using EX3F and EX3R primers (Appendix IV). The reaction 
mixture was prepared as follows: 
 

 

 

 

 
PCR amplification of gene endo-β-1,3-glucanase from Streptomyces cinereoruber sub 
sp. cinereoruber TBG-AL13 was carried out using EN3F and EN3R primers (Appendix 
IV). The reaction mixture was prepared as follows: 
 

 

 

 

20-50 ng template DNA 1µL 
Forward primer (EX3F) 1µL 
Reverse primer (EX3R) 1µL 
GoTaq® G2 Hot Start Green Master Mix 12.5µL 
Sterile water 9.5µL 
Total Volume 25µL 

20-50 ng template DNA 1µL 
Forward primer (EN3F) 1µL 
Reverse primer (EN3R) 1µL 
GoTaq® G2 Hot Start Green Master Mix 12.5µL 
Sterile water 9.5µL 
Total Volume 25µL 
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The PCR reaction was carried out in a temperature profile of an initial denaturation at 
95℃ for 2 min followed by 35 cycles of denaturation at 95℃ for 1 min, annealing at 
66℃ for 30 sec and extension at 72°C for 1.30 sec and a final extension at 72°C for 5 
min. The PCR products were visualized on 1% EtBr-agarose gel and documented.  
5.2.3. Purification of PCR Product 
PCR product of both exo-β-1,4-glucanase and endo-β-1,3-glucanase genes were 
purified as described in section 4.2.5.2.2. 
5.2.4. Cloning of PCR Product into pGEM®-T Easy Vector  

Purified PCR product of exo-β-1,4-glucanase and endo-β-1,3-glucanase genes were 
individually cloned into pGEM®-T Easy Vector (Promega Corporation, Wisconsin, USA) 
(Appendix VI). 10µL of ligation reaction mix was prepared by adding 3.5µL of PCR 
product, 1µL pGEM®-T Easy Vector, 1µL T4 DNA ligase and 5µL ligation buffer. The 
mixture was incubated at room temperature for 1h. The product was used for 
transformation into competent E. coli strain of DH5α. 
5.2.5. Transformation of pGEM-T/EXO14 and pGEM-T/ENDO13 into E. coli DH5α 

The E. coli DH5α competent cells were prepared by using CaCl2 method (Morrison, 
1977). A single colony of E. coli DH5α strain was inoculated into 2mL LB broth and 
incubated overnight at 37°C with constant shaking at 180 rpm. 500µL of overnight 
grown culture was inoculated into 50mL LB broth and incubated 37°C at 180 rpm until 
it reached the early log phase. Once OD A600 was observed as 0.5, the culture was 
transferred to pre-chilled 50mL oakridge tubes and centrifuged at 5000 rpm for 15 min 
at 4°C. The pellet was resuspended in 10mL ice cold 0.1M CaCl2 and centrifuged 5000 
rpm for 5 min at 4°C. The pellet was again resuspended in 5mL ice cold 0.1M CaCl2 and 
incubated in ice for 30 min. After centrifugation at 5000 rpm for 5 min at 4°C, the pellet 
was resuspended in 700µL of 0.1M CaCl2 and 300µL of glycerol. An aliquot of 100μL 
was transferred into sterile 1.5mL microfuge tubes, snap frozen with liquid nitrogen 
and stored at -80°C deep freezer. Transformation into DH5α E. coli cells were carried out using heat shock method. 5µL 
of ligation mix was added to 100µL competent cells and incubated in ice for 30 min. 
The heat shock was given by transferring the tubes to water bath preset at 42°C for 45 
seconds followed by a sudden cold shock on ice for 5 min.  500µL of LB broth was added 
to the tubes and incubated horizontally for ensuring good aeration at 37°C at 180 rpm 
for 1h. The cells were pelleted at 4500 rpm for 5 min and resuspended in 100µL of LB 
broth. The suspended bacterial cells were spread on LB agar plates supplemented with 100 μg.mL-1 ampicillin, 10mM IPTG and 2% x-gal. Plates were incubated at 37°C for 
overnight. White colonies from transformed plate were patched on fresh LB/ampicillin 
agar plates and incubated overnight at 37°C.   
5.2.6. Screening of Recombinants by Colony PCR 

Positive transformants were screened by colony PCR using gene specific primers EX3F 
and EX3R for exo-β-1,4-glucanase and EN3F and EN3R for endo-β-1,3-glucanase. Trace 
amount of transformed colonies from patch plates were added to PCR reaction mixture 



 

 

70 

 

and PCR was carried out as mentioned in section 5.2.2. The PCR products in 1% EtBr-
agarose gel was documented. 
5.2.7. Plasmid Isolation from Positive Colonies 

Plasmid isolation was carried out using PureYeildTM Plasmid Miniprep System (Promega Corporation, Wisconsin, USA) according to manufacturer’s instructions. 
Positive recombinant colonies were inoculated in 5mL LB agar medium containing 100μg/mL-1 ampicillin and incubated overnight at 37°C with shaking at 180 rpm. 
600µL of overnight cultures were transferred to 1.5mL microcentrifuge tubes. 100µL 
of cell lysis buffer was added and mixed by inverting until the solution turned opaque 
to clear blue. Within 3 min, 350µL of neutralization solution was added and again 
mixed thoroughly by inverting the tubes. Tubes were centrifuged at maximum speed 
for 3 min. 900µl of supernatant was transferred to pure yield mini column. Column was 
placed with collection tube and centrifuged at maximum speed for 15 seconds. After 
discarding the flow through, 200µL of endotoxin removal wash was added to the mini 
column and centrifuged at maximum speed for 15 seconds. 400µL of column wash 
solution was added and centrifuged at maximum speed for 30 seconds. Column was 
transferred to new sterile 1.5 mL microcentrifuge tubes and added 30µL of elution 
buffer to each column. Tubes were allowed to stand 1 min at room temperature. The 
pure plasmid DNA was eluted by centrifugation at maximum speed for 15 seconds. The 
plasmid DNA was checked in 1.0% EtBr-agarose gel and stored at -20 °C. 
5.2.8. Confirmation of the Presence of Gene of Interest 

5.2.8.1. PCR Amplification of Plasmid DNA with Gene-specific and   

                Vector-specific Primers 

To confirm the presence of gene of interest (EXO14 and ENDO13) within the vector, 
PCR amplification was done with gene specific primers and vector specific primers, 
using the plasmid DNA (pGEM-T/EXO14 and pGEM-T/ENDO13) as template. PCR 
amplification of pGEM-T/EXO14 and pGEM-T/ENDO13 with gene specific primers 
(EX3F/EX3R and EN3F/EN3R) was carried out as described in section 5.2.2. 
PCR reaction was also performed for the amplification of EXO14 and ENDO13 genes 
from both plasmid DNA with vector specific primers TvectF and TvectR (Appendix IV) 
as follows: 
 

 

 

 
 
The amplification was done with the following temperature profile: initial 
denaturation at 95°C for 2 min followed by 35 cycles of denaturation at 95℃ for 1 min, 
annealing at 58℃ for 30 sec and extension at 72°C for 1.30 sec and a final extension at 

20 ng plasmid DNA 1µL 
Forward primer (TvectF) 1µL 
Reverse primer (TvectR) 1µL 
GoTaq® G2 Hot Start Green Master Mix 12.5µL 
Sterile water 9.5µL 
Total Volume 25µL 



 

 

71 

 

72°C for 5 min. The PCR products were visualized on 1% EtBr-agarose gel and 
documented.  
5.2.8.2. Sequencing of pGEM-T/EXO14 and pGEM-T/ENDO13      Plasmids 

The purified plasmid DNAs were sequenced using TvectF and TvectR primers at 
Eurofins Genomics, Banglore as described in the section 4.2.5.2.3. Sequence scanner 
software (Applied Biosystems) was used to view and analyse the chromatogram. 
5.2.9. In silico Analysis of EXO14 and ENDO13 Genes 
5.2.9.1. In silico Sequence Analysis 

Forward and reverse contig sequences of EXO14 and ENDO13 genes were assembled 
using CAP contig program of BIOEDIT v7.2.5 (Hall, 1999). Vector sequences were 
separated from the both assembled gene sequences using VecScreen tool from NCBI 
(https://www.ncbi.nlm.nih.gov/tools/vecscreen/). Open reading frames (ORF) were 
determined and the nucleotide sequences were translated to protein, using ExPASy 
Translate tool (http://web.expasy.org/translate/). Homology searches of protein 
sequences were carried out in NCBI GenBank database using BLASTp algorithm 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with default settings. Sequence alignments 
were performed with MAFFT v7 (http://align.bmr.kyushu-
u.ac.jp/mafft/online/server/) with the E-INS-I algorithm (Katoh and Standley, 2013). 
The aligned sequences were viewed using ESPript 3.0 (Robert and Gouet, 2014). The 
phylogenetic trees were constructed using Neighbor-joining algorithm in MEGA X 
(Kumar et al., 2018). Protein functional domains and motifs were identified using 
conserved domain database (CDD) search in NCBI (Marchler-Bauer et al., 2013). The 
CAZyme families and carbohydrate binding modules of predicted putative protein 
were identified by using the database for Carbohydrate-active enzyme ANnotation 
(dbCAN) (http://csbl.bmb.uga.edu/dbCAN/index.php) (Yin et al., 2012). Signal 
peptide cleavage sites were predicted by SignalP v4.1 
(http://www.cbs.dtu.dk/services/SignalP/). Physico- chemical  parameters like 
molecular weight, theoretical isoelectric point (pI), half-life, instability index, number 
of positive (+R) and negative residues (-R), aliphatic index, extinction coefficient and 
grand average of hydropathicity (GRAVY) values were determined by the EXPASY tool 
ProtParam (http://web.expasy.org/protparam/) (Gasteiger et al., 2005). Protein 
topology or secondary structure predictions were performed using the PSIPRED v3.3 
(McGuffin et al., 2000). 
5.2.9.2. Homology Modelling 

Three dimensional models of exo14 and endo13 proteins were generated using I-
TASSER webserver of University of Michigan, USA maintained by Zhang Lab which uses 
the treading technique (Roy et al., 2010). The models were visualized by the Maestro 
11.5 element tool of Schrödinger Suites 2018-1 (Schrödinger, LLC, New York, NY, 
2018). The structural models were validated by assessing the model stereochemical 
quality using BioLuminate module of Schrödinger Suites 2018-1. 
5.2.9.3. Molecular Docking 

https://www.ncbi.nlm.nih.gov/tools/vecscreen/
http://web.expasy.org/translate/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://csbl.bmb.uga.edu/dbCAN/index.php
http://www.cbs.dtu.dk/services/SignalP/
http://web.expasy.org/protparam/
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Protein Preparation : Protein structures in pdb file format were directly imported to 
molecular docking software (Glide, Schrödinger Suites 2018-1). Protein structural 
minimizations and optimizations were carried out accordingly the Protein Preparation 
Wizard (PrepWizard) in Schrödinger Suites 2018-1. The preparation protocol built 
loops and side chains with missing atoms, added hydrogen molecules, optimized H-
bonding network and finally a restrained minimization was done to get a refined 
protein structure for docking studies. Active sites (ligand binding sites) of proteins 
were predicted using SiteMap application of Schrödinger Suites 2018-1 (Halgren, 
2009). The binding site within the catalytic domain was considered for docking study.    
Ligand Preparation : Two dimensional structures of ligand molecules in sdf format 
were retrieved from PubChem compound database 
(https://pubchem.ncbi.nlm.nih.gov/) of NCBI. The ligands were prepared by adding 
hydrogen, eliminates the discrepancies between bond length and angle and finally 
converted to the 3D structure using the LigPrep module of Schrödinger Suites 2018-1.  
Docking : Receptor grid of 15Å×15Å× 15Å grid points and spacing 0.25 was generated 
at the centre of predicted active site, using the Grid Generation module of Schrödinger 
Suites 2018-1. The prepared grid was selected and docked with a single best 
conformation of the ligands using Glide dock-XP mode in Schrödinger Suites 2018-1. 
Subsequently, the best gliding pose of ligand to protein with maximum glide score (G 
score) and glide energy (G energy) was generated (Friesner et al., 2006). 
5.3. RESULTS 

5.3.1. PCR Amplification 

For isolating the exo-β-1,4-glucanase (EXO14) and endo-β-1,3-glucanase (ENDO13) 
genes respectively from Western Ghats isolate Streptomyces althioticus TBG-MR17 and 
Streptomyces cinereoruber subsp. cinereoruber TBG-AL13, the primers were designed 
based on the available gene sequences present in the phylogenetic neighbouring 
species of TBG-MR17 and TBG-AL13. For each genes 3 set of primers were designed 
(EN2, EN3 and EN4 for endo-β-1,3-glucanase and EX2, EX3 and EX4 for exo-β-1,4-
glucanase). The primer details are given in Appendix IV. PCR amplification of genomic 
DNA with primers EN3 and EX3 provided approximately full length sequences for 
ENDO13 and EXO14 genes (Figure 5.1). 

 

 

 

 

 

 

 

 

Fig 5.1. PCR Amplification of ENDO13 and EXO14 genes. Lane M: 1 kb DNA ladder, Lane 1: ENDO13 
gene from Streptomyces cinereoruber subsp. cinereoruber TBG-AL13 yielded ~1400bp and Lane 2: 
EXO14 gene from Streptomyces althioticus TBG-MR17 yielded ~2000 bps. 

https://pubchem.ncbi.nlm.nih.gov/
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5.3.2. Cloning of EXO14 and ENDO13 Genes in pGEM®-T Easy Vector 

Purified ENDO13 and EXO14 PCR products were separately cloned into linear TA 
cloning pGEM®-T Easy Vector (Appendix VI) for obtaining stable clones (Figure 5.2.a, 5.2.b) and transformed to DH5α E. coli cells. The recombinant colonies with 
pGEMT/ENDO13 and pGEMT/EXO14 constructs were selected by colony PCR (Figure 
5.2.c). As shown in figure almost all selected colonies were positive. Validation of the 
presence of gene of interest was done by isolating the plasmids from positive colonies 
and subjected to PCR amplification using gene specific (EN3 and EX3) and vector 
specific primers TvectF and TvectR, which confirmed the presence of gene of interest 
(Figure 5.2.d). The further validation of full length genes were done through 
sequencing. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.2. Cloning of ENDO13 and EXO14 genes in pGEM®-T Easy Vector. (a) Construction of 
pGEMT/ENDO13 plasmid. (b) Construction of pGEMT/EXO14 plasmid. (c) Screening of positive 
colonies by colony PCR.  Lane 1-5: Positive colonies with ENDO13 gene, Lane M: 1 kb DNA ladder, Lane 
6-10: Positive colonies with EXO14 gene. (d) Confirmation of the presence of gene of interest in isolated 
plasmids. Lane 1: PCR amplification of pGEMT/ENDO13 with gene specific primers, Lane 2: PCR 
amplification of pGEMT/EXO14 with gene specific primers, Lane 3: pGEMT/ENDO13 plasmid, Lane 4: 
pGEMT/EXO13 plasmid, Lane 5: PCR amplification of pGEMT/ENDO13 with Tvect primers, Lane 6: 
PCR amplification of pGEMT/EXO14 with Tvect primers. 

5.3.3. In silico Sequence Analysis of EXO14 and ENDO13 Genes 

The pGEMT cloned inserts such as EXO14 and ENDO13 genes were sequenced and 
annotated to ascertain the genomic information. The sequencing with TvectF/TvectR 
primers, helped to obtain full length protein coding sequences from both genes. The 
open reading frames (ORF) were determined after assembling and vector screening. 
The ORF of EXO14 gene was 1737 bp (Figure 5.3.a) and ENDO13 was 1293bp (Figure 
5.3.b). Polypeptide sequences of corresponding EXO14 and ENDO13 ORF coded 578 
and 438 putative amino acids respectively (Figure 5.4). Combined and detailed nucleic 
acid sequences and corresponding amino acid sequences are shown in Appendix V. 
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Fig 5.3. Aligned Gene sequences obtained after sequencing and frame analysis. (a) EXO14 sequence, 
5’3’ frame 1 showed 1737 bp full gene sequence. (b) ENDO13 sequence, 5’3’ frame 3 showed 1293 bp 
full gene sequence. Yellow colour sequence denotes the pGEMT vector sequences, green and red 
codons represents start and stop codons respectively.  

 

 
 

 

         

 

 

 

 

 

 

 

 

 

 Fig 5.4. Putative protein coding amino acid sequences. (a) Putative exo14 protein containing 578 
amino acids. (b) Putative endo13 protein containing 438 amino acids. Green and red colour represents 
start and stop codons respectively. 

The deduced amino acid sequence of putative exo14 and endo13 proteins were 
analysed using the BLASTp algorithm. The search results revealed that both proteins showed sequence similarity and identity to specific β-glucanases from Streptomyces 
species only. The amino acid sequence of exo14 showed 99% of sequence identity with 
Streptomyces sp. 4F cellulose 1,4-β-cellobiosidase (GenBank Acession No. 
WP058917325) and Streptomyces griseorubens cellulose 1,4-β-cellobiosidase 
(GenBank Acession No. WP037642617). The endo13 protein amino acid sequence 
exhibited 82% identity with Streptomyces globisporus endo-β-1,3-glucanase, GH16 
family (GenBank Acession No. WP030690772) and Streptomyces sp. TLI-105 
laminarinase like, GH16 family protein (GenBank Acession No. WP093872583). 
Using MAFFT algorithm, multiple sequence alignments (MSA) of obtained sequences 
from BLASTp analysis of exo14 and endo13 amino acid sequences were done. The MSA 
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of exo14 protein sequence revealed that it showed greatest similarity with 
Streptomyces sp. 4F (WP058917325) and Streptomyces griseorubens (WP037642617) 
proteins (Figure 5.5). The exo14 protein also contained a consensus sequence 
VIYNLPGRDCAALASNG, which is the key characteristics consensus pattern, V-x-Y-x(2)-
P-x-R-D-C-[GSAF]-x(2)-[GSA](2)-x-G, of all other exo-β-1,4-glucanase (cellulose 1,4-β-
cellobiosidase) protein,  potentially involved in the catalytic mechanism (Gilkes et al., 
1991). This confirmed the catalytic domain of exo14 resembled that of cellulose 1,4-β-
cellobiosidase (exo-β-1,4-glucanase). 
MSA of endo13 protein showed the presence of consensus sequence EIDVMENVGFEP, 
similar to the characteristic consensus pattern, E-[LIV]-D-[LIVF]-x(0,1)-E-x(2)-[GQ]-
[KRNF]-x-[PSTA], of all other endo-β-1,3-glucanase (laminarinase) proteins (Figure 
5.6). However exhibited very close similarity to S. globisporous and S. bikiniensis and 
showed minor changes with other Streptomyces endo-β-1,3-glucanase genes. The two 
glutamic acid residues within this conserved region are thought to be involved in 
catalysis (Juncosa et al., 1994) while the aspartic acid residue is significant in 
preserving the relative position of above catalytic amino acids (Michel et al., 2001). 
While the alignment also showed that endo13 protein produced some significant 
divergence in sequence similarities with other sequences except active site consensus 
sequence. This clearly exposed towards the novelty of endo13 protein sequence.  
The nucleotide sequence for exo-β-1,4-glucanase (EXO14) and endo-β-1,3-glucanase 
(ENDO13) were deposited in GenBank database under the accession number of 
MG983485 and MH719000 respectively.  
The phylogenetic tree constructed based on the BLASTp result revealed that the exo14 
protein grouped in a clade with Streptomyces sp. 4Fcellulose 1,4-β-cellobiosidase and 
Streptomyces griseorubens cellulose 1,4-β-cellobiosidase .But the sequence showed 
very close similarity to the Streptomyces sp. 4F cellulose 1,4-β-cellobiosidase (Figure 
5.7). Constructed Neighbor-joining phylogenetic tree of endo13 protein exposed, it was 
grouped in a first clade and showed more similarity to Streptomyces globisporus endo-β-1,3-glucanase (Figure 5.8). But it displayed a prominent discrepancy from other 
sequences, evidently confirmed the endo13 protein from Streptomyces cinereoruber 

subsp. cinereoruber TBG-AL13 is a novel one. The functional domain and motif 
architectures of exo14 and endo13 proteins were identified using CDD search and 
dbCAN annotation. It would be vital for determining the molecular functions of 
proteins. CDD search of exo14 protein in concise mode showed that protein comprises 
two main functional domains, N-terminal carbohydrate binding module 2 (CBM2) 
family and C-terminal glycosyl hydrolase family 6 (GH6) (Figure 5.9.a). dbCAN domain 
search of exo14 protein done through Hidden Markov models for each CAZy families 
confirmed the protein belongs to GH6 CAZyme family with N- terminal CBM2  domain 
(residues 37 to 136) and C-terminal GH6 catalytic domain (residues 181 to 522) 
(Figure 5.9.b). These two sites are the characteristics functional domains of enzyme 
exo-β-1,4-glucanase (cellulose 1,4-β-cellobiosidase or cellobiohydrolase). 
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Fig 5.5. Multiple sequence alignment of exo14 protein and other exo-β-1,4-glucanase. The selected sequences from 
NCBI database are as follows: Streptomyces sp. 4F (WP058917325), Streptomyces griseorubens (WP037642617), 
Streptomyces vinaceus (WP086699320), Streptomyces pseudogriseolus (WP086681553), Streptomyces 
viridosporus (WP081241171), Streptomyces toyocaensis (WP037926726), Streptomyces griseoflavus 
(WP004922770), Streptomyces antibioticus (WP059195250), Streptomyces mirabilis (WP037706533) and 
Streptomyces canus (WP028807940). Conserved residues are shown in dark shaded boxes and light shaded boxes 
indicated similar residues. Conserved active site region of exo-β-1,4-glucanase protein are specified in green box. 
The catalytic amino acids residues are indicated by arrows. 
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Fig 5.6. Multiple sequence alignment of endo13 protein and other endo-β-1,3-glucanase. The selected sequences 
from NCBI database are as follows: Streptomyces globisporus (WP030690772), Streptomyces venezuelae 
(WP041663301), Streptomyces pristinaespiralis (WP037772968), Streptomyces bikiniensis (WP030222470), 
Streptomyces flavochromogenes (WP030317051), Streptomyces sp. TLI (WP093872583), Streptomyces sp. CB02009 
(WP073905603), Streptomyces antioxidants (WP079343793), Streptomyces griseus (WP069173959) and 
Streptomyces bobili (WP086771346). Conserved residues are shown in dark shaded boxes and light shaded boxes 
indicated similar residues. Conserved active site region of endo-β-1,3-glucanase protein are specified in green box. 
The catalytic amino acids residues are indicated by arrows. 
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Fig 5.7. Phylogenetic analysis of exo14 protein. The evolutionary history was inferred using the Neighbor-Joining 
method. The optimal tree with the sum of branch length = 0.51628067 is shown. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. 
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units 
of the number of amino acid substitutions per site. The analysis involved 11 amino acid sequences. Evolutionary 
analyses were conducted in MEGAX. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig 5.8. Phylogenetic analysis of endo13 protein. The evolutionary history was inferred using the Neighbor-Joining 
method. The optimal tree with the sum of branch length = 0.78494038 is shown. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. 
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method and are in the units 
of the number of amino acid substitutions per site. The analysis involved 11 amino acid sequences. There were a total 
of 415 positions in the final dataset. Evolutionary analyses were conducted in MEGAX. 

 
 

 

 

 

 

 

 

 

 

Fig 5.9. Conserved domain search of exo14 protein. (a) NCBI Conserved domain search based on 
sequence alignment recognised exo14 has linker which separates N-terminal CBM2 family and C-
terminal GH6 family domains. (b) dbCAN domain search also confirmed the above domain 
architecture and the protein belongs to GH6 CAZyme family. 
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The amino acid sequence of endo13 protein perfectly matched with domain of glycosyl 
hydrolase 16 family (GH16) in CDD search and it was located at N-terminal domain 
including active site and a C-terminal Ricin-B-lectin domain, which are very typical for 
endo-β-1,3-glucanase enzymes (Figure 5.10.a). dbCAN annotation represented Ricin-
B-lectin domain was structurally identical to carbohydrate binding module13 (CBM13) 
in the CAZy database. Also confirmed the length of N-terminal GH16 catalytic domain 
(residues 50 to 296) and C-terminal CBM13 domain (residues 312 to 429) (Figure 
5.10.b). 

 

 

 

 

 

 

 

 

 

Fig 5.10. Conserved domain search of endo13 protein. (a) NCBI Conserved domain search based on 
sequence alignment recognised endo13 has N-terminal GH16-laminarinase-like domain and C-
terminal Ricin-B-lectin family domains, both are separated by a linker sequence. (b) dbCAN Domain 
architecture of endo13 confirmed, the protein belongs to GH16 CAZyme family and Ricin-B-lectin 
domain was a carbohydrate binding module 13 (CBM13) family of CAZy database.  

The signal peptide prediction through software SignalP v4.1 showed that the exo14 
protein was secretory in nature, with signal peptide of 32 amino acid in length. The 
cleavage site existed in between the amino acid positions of Ala-32 and Ala-33 (Figure 
5.11.a). Endo13 protein also contained a signal peptide sequence of 35 amino acids 
long at N- terminal domain and cleavage occurred in between Ala-35 and Ala-36 amino 
acid positions (Figure 5.11.b).  
 
 

 

 

 

 

 

 

 

 

Fig 5.11. Signal peptide prediction of exo14 and endo13 proteins. (a) Predicted signal sequence of 
exo14 protein showed cleavage site in between A-32 and A-33 with cutoff value 0.450. (b) Predicted 
signal sequence of exo14 protein showed a cleavage site in between A-35 and A-36 residues with 0.450 
cutoff. 

Based on the results of signal analysis, CDD search and dbCAN analysis a schematic 
representation of exo14 and endo13 proteins are shown in Figure 5.12. 
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Fig 5.12. Schematic representation of structural and functional domains of (a) exo14 and (b) endo13 
proteins based on signal peptide analysis, CDD search and dbCAN analysis. 

The computed physicochemical analysis of the predicted exo14 and endo13 proteins 
using ExPASy ProtParam were shown in Table 5.1. 
Table 5.1.Physicochemical properties of proteins exo14 and endo13 

Parameters exo14 endo13 

No of amino acid residues  578 430 
Molecular weight (Daltons) 61152.67 44360.76 
Chemical formula C2661H4046N742O892S14 C1918H2956N582O615S11 
Theoretical PI 4.34 8.11 
+R residues 38 33 
-R residues 76 31 
Extinction coefficient 111270-111645 79410-79910 
Instability index 24.65 29.37 
Aliphatic index 66.26 59.35 
Estimated half-life in E.coli >10 hours >10 hours 
GRAVY -0.446 -0.424 

A protein with instability index is smaller than 40 is predicted as stable, so both exo14 
and endo13 proteins were considered as stable. The aliphatic index (AI) is considered 
as a positive factor for determine the thermal stability of proteins, which is the relative 
volume of a protein occupied by aliphatic side chains (A, V, I and L). Aliphatic index of 
66.26 and 59.35 predicted respectively for exo14 and endo13 indicated that both 
proteins are stable at different range of temperatures. The GRAVY (Grand average 
hydropathy) value a peptide or protein indicates their interaction with water, it is the 
sum hydropathy values of all residues divided by total number of residues in the 
peptide chain. Low GRAVY values of exo14 (-0.446) and endo13 (-0.424) indicated that 
both have the property to interact with water. 
Secondary structures of exo14 and endo13 proteins were predicted with high 
confidence using the PSIPREDv3.3 based on local sequence similarity. Analysed 
secondary structures was shown in figure 5.13. Both proteins have varied secondary 
structures containing several alpha-helices and beta-sheets with loop structural 
intervals, while both have a predicted N-terminal helical structure which indicated N-
terminal leader peptide.  
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Fig 5.13. Predicted secondary structure of exo14 and endo13 by PSIPRED v3.3 (a) Predicted secondary 
structure of exo14 protein have 11 helixes and 15 sheets (b) Predicted secondary structure ofendo13 
have only 2 helixes and 24 sheets. α-helixes indicated in orange and β-sheets in blue. 
 

5.3.4. Homology Modelling  

Three dimensional models of exo14 and endo13 proteins were prepared using an 
online webserver I-TASSER. It used multiple threading approaches for selecting the 
templates and predicted full-length models of exo14 and endo13 proteins by iterative 
structure assembly. Based on Z-score one template was selected from each threading 
program to predict the target model of each protein. It generated 5 models by 
clustering the stimulated structural confirmations based on pair-wise structural 
similarity with the template. The three dimensional models were evaluated based on 
TM-score (template modelling Score), C-score (confidence score) and RMSD (Root-
mean-square deviation). The confidence of models was measured quantitatively by C-
score, normally in range of -5 to 2. The higher C-score value signified a high confidence 
model. The RMSD and TM-score calculated mainly based on the C-score. Finally using 
the TM-align structural alignment program I-TASSER aligned the best model to all 
available PDB structures. The programme selected 10 best structural analogs from 
protein data bank based on closest structural similarity.   
The best 3D structural model of exo14 predicted by I-TASSER showed C-score = -2.07, 
estimated TM-Score = 0.47±0.15 and estimated RMSD = 12.7±4.3 Å (Figure 5.14.a). 
Table 5.2 showed the top 10 proteins from PDB, selected after structural assembly 
simulation with predicted best exo14 protein model as target.  These proteins also 
exhibited very closest structural similarity to exo14 protein and also have similar 
function. The protein 4b4fA found top ranked among the 10 structural analogs of exo14 
model with TM-score 0.717 and RMSD 0.30.  The results also indicated the predicted 
exo14 model was accurate, good, and reliable. I-TASSER also identified the enzyme 
commission classification of exo14 protein E.C.3.2.1.91 using structure based function 
annotation algorithm of COFACTOR. The predicted exo14 structure was further 
validated based on Ramachandran Plot (Figure 5.14.b). It showed none of the 
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individual amino acids except proline and glycine was in a bad packaging region, 
indicated the predicted model was good.  
       Table 5.2. Identified 10 best structural analogs of exo14 protein 

Rank PDB Hit TM-Score RMSD IDEN Cov 

1 4b4fA 0.717 0.30 0.706 0.718 
2 1qk0B 0.579  1.91 0.344 0.604 
3 1qk0B 0.577 1.75 0.373 0.599 
4 3vohA 0.577 1.82 0.350 0.599 
5 1oc5A 0.575 2.02 0.365 0.602 
6 1eg8A 0.572 1.91 0.371 0.597 
7 5xcyA 0.571 1.88 0.375 0.595 
8 1dysa 0.542 1.98 0.309 0.566 
9 5jx5A 0.508 1.89 0.339 0.528 

10 1uozA 0.472 2.48 0.294 0.503 

 

 

 

 

 

 

 

Fig 5.14. Molecular 3D model of exo14 protein and structural validation through Ramachandran Plot. 
(a) Predicted 3D model of exo14 protein showed a cavity like catalytic pocket. (b) Ramachandran plot 
of exo14 protein. Glycine is plotted as triangles, proline as squares and other residues as circles. The 
orange regions represented as "favored" regions, the yellow regions are the "allowed" regions, and the 
white regions are the "disallowed" regions.  

The best 3D structural model of endo13 by I-TASSER showed C-score = -1.01, estimated 
TM-Score = 0.59±0.14 and estimated RMSD = 9.3±4.6 Å (Figure 5.15.a). Among the 
highly similar the top 10 proteins predicted from PDB search using the best I-TASSER 
endo13 protein model as target, the protein 3dgtA found top ranked with TM-score 
0.814 and RMSD 1.92. (Table 5.3).  The results also indicated the predicted endo13 
model was perfect and consistent. The identified E.C. classification of endo13 by I-
TASSER was EC 3.2.1.39. The structure conformational quality was validated using 
Ramachandran Plot, there almost all residues are laid in the allowed regions except 
proline and glycine (Figure 5.15.b). 
        Table 5.3. Identified 10 best structural analogs of endo13 protein 

Rank PDB Hit TM-Score RMSD IDEN Cov 

1 3dgtA 0.814 1.92 0.122 0.858 
2 1upsA  0.481 3.49 0.226 0.553 
3 2vy0A 0.477 3.84 0.237 0.558 
4 5t9xA 0.473 4.07 0.151 0.565 
5 4awdA 0.467 4.17 0.124 0.567 
6 4dfsA 0.464 3.78 0.253 0.539 
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7 4asmB 0.463 4.10 0.150 0.556 
8 3juuA 0.463 3.88 0.131 0.544 
9 3atgA 0.462 3.38 0.343 0.528 

10 3ilnA 0.461 3.73 0.235 0.535 
 

The predicted structure of both exo14 and endo13 proteins were deposited 
successfully in Protein Model Database (PMDB) under the respective PMDB IDs of 
PM0081868 and PM0081804. 

 

 

 

 

 

 

Fig 5.15. Molecular 3D model of endo13 protein and structural validation through Ramachandran 
Plot (a) 3D model of predicted endo13 protein showed a cavity like catalytic pocket. (b) 

Ramachandran plot of endo13 protein. Glycine is plotted as triangles, proline as squares and other 
residues as circles. The orange regions represented as "favoured" regions, the yellow regions are the 
"allowed" regions, and the white regions are the "disallowed" regions.  

5.3.5. Molecular Docking 

The interaction of exo14 and endo13 proteins with its specific ligand molecules was 
evaluated through molecular docking analysis. The molecular docking of prepared exo14 protein was done with a ligand cellotriose, a smallest unit of long chain β-(1,4)-
D-glucan, obtained from PubChem database  
For molecular docking studies, Site Map predicted 5 different active sites of exo14 
protein model. The first active site (site score 1.008, size 102, Dscore 1.052, volume 
407.484) with a groove containing catalytic residues performed a favourable docking 
interaction with cellotriose, which produced better docking score of -7.393 and Emodel 
energy -79.575 (Figure 5.17.a), however other predicted active sites are inaccessible for ligand’s binding. The molecule cellotriose showed desirable hydrophobic and H-
bonding interactions within the binding cavity (Figure 5.17.b). The key amino acid 
residues involved in the binding of cellotriose were found to be Tyr239, Asp245, 
Ala247, Ala248, Ser251, Asp292, Asn296, Thr299, Asn300, Thr306, His345, Gly347, 
Trp348, Trp351, Asn354, Thr383, Ala384, Asn385, Asn479, Thr480, Gly481, Trp483, 
Met533, Pro542, Arg543 and Asn544 (Figure 5.18). Although only 3 residues (Asp245, 
His345 and Arg543) were involved in H-bonding interactions. 
The molecular docking studies of endo13 protein was executed with ligand laminaritriose (PubChem CID: 11477625), a smallest unit of β-(1,3)-D-glucanlong 
chain, acquired from PubChem database. The active site prepared by Site Map 
consisted site score of 0.952, size 994, Dscore 1.070 and volume 749.455 was used for 
the molecular docking studies of endo13 protein. It had a groove with catalytic residues 
actively involved in docking with laminaritriose molecule. The docking interaction 
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results suggested that it produced a positive interaction at better energy level with 
docking score of -11.026 and Emodel energy -78.365 (Figure 5.20.a). The molecule 
laminaritriose showed favourable polar, hydrophobic and H-bonding interactions to 
catalytic residues within the binding cavity (Figure 5.20.b). 
 
 
 
 
 
 
 
 
 
Fig 5.17. Molecular docking of exo14 protein (a) Docked structures of exo14 and cellotriose molecule 
(ball and stick representation) (b) Interaction complex formed between the active site of exo14 
protein and ligand cellotriose. 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.18. Ligand interaction diagram of exo14 protein showing the interaction of active site amino 
acid residues with cellotriose molecule. 

The detected amino acid residues of endo13 protein involved in the laminaritriose 
binding were Thr69, Tyr108, Tyr112, Tyr117, Thr118, Ser119, Ala155, Ser157, 
Leu159, Leu160, Asn162, Ser168, Trp170, Ser173, Gly174, Glu175, Asn177, Pro196, 
Ile264, Asn266 and Tyr272. Six amino acid residues viz., Thr118, Ser157, Glu175, 
Ser173, Asn162 and Trp170 were actively involved in eight hydrogen bonding 
interactions for grasping the ligand molecule within the catalytic pocket (Figure 5.21).  
 
 
 
 
 
 

 

Fig 5.20. Molecular docking of endo13 protein (a) Docked structures of endo13 and laminaritriose 
molecule (ball and stick representation) (b) Interaction complex formed between the active site of 
endo13 protein and ligand laminaritriose.  

5.4. DISCUSSION 

Streptomyces sp. has been widely exploited for the searching naturally occurring new 
compounds predominantly antibiotics. Soil isolates are acknowledged as chief 
producers of extracellular enzymes. However, current understanding of the glucano-
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lytic enzymes from Streptomyces is very limited. As per our preceding studies, two soil 
isolates Streptomyces althioticus TBG-MR17 and Streptomyces cinereoruber subsp. 

cinereoruber TBG-AL13 were illustrious as potent producers of extracellular exo-β-1,4-
glucanase and endo-β-1,3-glucanase respectively. In this study we have isolated the 
complete gene sequence of exo-β-1,4-glucanase (EXO14)  from Streptomyces 

althioticus TBG-MR17 and endo-β-1,3-glucanase (ENDO13) from Streptomyces 

cinereoruber subsp. cinereoruber TBG-AL13 and scrutinised the biological structure 
and interaction topographies with particular substrates using in silico approach.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.21. Ligand interaction diagram of endo13 protein showing the interaction of active site amino 
acid residues with laminaritriose molecule.  

PCR amplification provided 1737 bp complete gene sequence of EXO14 which encoded 
a putative protein of 578 amino acids.  According to BLASTp analysis and phylogenetic 
tree construction confirmed exo14 protein have very close resemblance to the 
Streptomyces sp. 4F cellulose 1,4-β-cellobiosidase. dbCAN domain annotation and CDD 
search confirmed the exo14 protein has N-terminal CBM2 domains and C-terminal GH6 
domain, the characteristics functional domains of enzyme exo-β-1,4-glucanase 
(cellulose 1,4-β-cellobiosidase or cellobiohydrolase) (Leo et al., 2018). According to 
Tomotsune et al. (2014), cellulose producing Streptomyces have been assigned to the 
protein families of GH5, GH6, GH9, GH12, and GH48 in CAZy database. Annotation of 
complete genome sequence of a pine-boring wood wasp associated Streptomyces sp. 
SirexAA-E (ActE) predicted 1,4-β-cellobiohydrolase with GH6 and CBM2 domains, but 
structural information are not elucidated (Takasuka et al., 2013). In fungi and plants 
also, GH modules are accompanied by CBM modules (Lopez-Casado et al., 2008; 
Hakkinen et al., 2012). Mostly CBM2 was fused on the C -terminal side of the catalytic 
domain in all glycoside hydrolase families, whereas in GH5 and GH6 domain families it 
located on the N -terminal end of domain architecture (Teegardin et al., 2017). Both GH 
and CBM domains are separated by a linker sequence, rich with Pro/Thr residues 
(Tomme et al., 1995; Jensen et al., 2018). In CBM2/GH6, the average length of linker is 
35 (Sammond et al., 2012). In our case a linker with 45 amino acid are found in between 
these two domains. As per reports of Gilkes et al. (1991), the catalytic site of exo-β-1,4-
glucanase (cellulose 1,4-β-cellobiosidase) have a key characteristics consensus 
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pattern, of V-x-Y-x(2)-P-x-R-D-C-[GSAF]-x(2)-[GSA](2)-x-G. The exo14 protein 
alignment also showed similar catalytic core pattern, VIYNLPGRDCAALASNG, in 
between amino acid 236 and 254.  
The complete sequence of ENDO13 have 1293 bp which encoded of putative protein of 
438 amino acids. Based on the multiple sequence alignment, phylogenetic analysis and 
domain annotations the endo13 protein came under GH16 family endo-β-1,3-
glucanase and showed more similarity to Streptomyces globisporus endo-β-1,3-
glucanase. However, it displayed a prominent divergence from other sequences, 
evidently confirmed the endo13 protein a novel one. Functional annotation of endo13 
protein confirmed that it have a N-terminal Ricin-B-lectin like GH16 and C-terminal 
CBM13 domains which is typical for endo-β-1,3-glucanase enzymes. Both domains are 
separated by a 16 amino acid long linker sequence. GH16 is one of the largest CAZyme 
family, including endoglucanases involved in glucan degradation (Temuujin et al., 
2012). Endo-1,3-β-glucanase from Cellulosimicrobium cellulans reported a N-terminal 
GH16 catalytic domain and C-terminal CBM13 regions separated by a Gly/Ser-rich 
linker (Tanabe et al., 2008). Catalytic region of endo13 protein showed a consensus 
sequence WPNSGEIDVMENVGFEP, similar to the characteristic consensus pattern, W-
P-x(2)-G-E-[LIV]-D-[LIVF]-x(0,1)-E-x(2)-[GQ]-[KRNF]-x-[PSTA], found in all other 
endo-β-1,3-glucanase (laminarinase) proteins. The two glutamic acid residues, Glu-
175 and Glu-180, within this conserved region are thought to be involved in catalysis 
(Juncosa et al., 1994), though the aspartic acid residue, Asp-177, is significant in 
preserving the relative position of above catalytic amino acids (Michel et al., 2001). 
Minor difference was revealed in active site sequences, WPKCGEIDIMELLG, of 
Clostridium thermocellum endo-β-1,3-glucanase, Lic16A (Fuchs et al., 2003). Our 
Streptomyces endo13 also showed some differences in the catalytic site regions of 
Laminarinase genes from Rhodothermus marinus, Thermotoga neapolitana, Bacillus 

circulans, and Strongylocentrotus purpuratus (Krah et al., 1998). 
SignalP program detected the exo14 protein has a TAT signal peptide sequence of 32 
amino acid in length, enhance the efficiency of protein cleaves the mature protein in 
between Ala-32 and Ala-33. TAT pathway mostly secretes proteins in native folded 
state, found in both Streptomyces and E. coli (Ize et al., 2003; Anne et al., 2014). 35 
amino acids long N-terminus signal peptide domain was found in endo13 protein, 
cleaves in between Ala-35 and Ala-36 positions. 
Physico-chemical property analysis showed the isoelectric point (pI) of exo14 was 
4.34, provided the possibility to develop buffer system for pH based purification 
(Abraham et al., 2013). At pI, proteins are compact and stable (Sahay and Shakya, 
2010). Estimated half-life of exo14 in E. coli was more than 10h and the designated 
instability index value of 24.65 predicted the protein was stable. The high aliphatic 
value of 66.26 showed that the protein was stable at varying range of temperatures 
since the aliphatic index is directly related with thermostability of protein (Ikai, 1980). 
Very low GRAVY value -0.446 concludes that the protein makes good interaction with 
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water molecules. Secondary structure of exo14 protein have 11 helixes and 15 sheets. 
Physico-chemical properties deduces that the endo13 pI value of 8.1 (pI>7.0), revealed 
the basic nature of protein. Estimated half-life in E. coli was more than 10 h and the 
protein predicted as stable with instability index of 29.37. The aliphatic value of 59.35 
showed that the endo13 was less thermostable than exo14. Low GRAVY value, -0.424 
revealed the good hydrophilic interaction. Predicted secondary structure have only 2 helixes and 24 sheets. Greater β- sheet content above other consistent secondary structures is a collective feature of β-1,3 glucanases (Abraham et al., 2013). 
Predicted three dimensional structure of exo14 and endo13 proteins using I-TASSER 
were proved as good quality with proper fold confirmation. Structural modelling in I-
TASSER is based on the secondary structure enhanced Profile-Profile threading 
alignment (Deshmukh et al., 2016). Initially it predicts secondary structure and then 
goes to tertiary structure. In the current study, for exo14 protein modelling, 4b4fA 
(Thermobifida fusca Cel6B, Sandgren et al., 2013) were selected as best template with 
Z-score 2.46 and model 1 was selected as top ranked model based on high C-score (-
2.07), signified the model was good. This was additionally validated by highest TM-
Score (0.47±0.15) and RMSD (12.7±4.3 Å). The molecular modelling of endo13 protein 
selected 3dgtA with Z-score= 8.44 (endo-1,3-β-glucanase from Streptomyces sioyaensis, 
Hong et al., 2008) was selected as a best template and the best model was built with 
high C-score value 1.01, estimated TM-Score = 0.59±0.14 and estimated RMSD = 
9.3±4.6 Å.  These two models were selected for further molecular docking studies to 
understand the enzyme substrate interaction. 
The exo14 docking studies used cellotriose as ligand. It forms a favourable interaction 
with active site groove (site score 1.008, size 102, Dscore 1.052, volume 407.484) of 
protein and produced better docking score of -7.393 and Emodel energy -79.575. As 
mentioned by Wu et al. (2013), we also found that a tunnel-type active site within the 
protein structure. The key amino acid residues involved in the binding of cellotriose 
were found to be Tyr239, Asp245, Ala247, Ala248, Ser251, Asp292, Asn296, Thr299, 
Asn300, Thr306, His345, Gly347, Trp348, Trp351, Asn354, Thr383, Ala384, Asn385, 
Asn479, Thr480, Gly481, Trp483, Met533, Pro542, Arg543 and Asn544. Although only 
3 residues (Asp245, His345 and Arg543) were involved in H-bonding interactions. By 
correlating the multiple sequence alignment of exo14 protein with other Streptomyces 

cellobiohydrolase, these residues are conserved in all sequences. According to 
Chinnathambi et al. (2015) cbhII putative catalytic site residues are conserved in 
different Trichoderma sp. 
The molecular docking studies of endo13 protein was executed with ligand 
laminaritriose. The active site prepared by Site Map consisted site score of 0.952, size 
994, Dscore 1.070 and volume 749.455 was used for the molecular docking studies of 
endo13 protein. Here the active site is an open cleft like structure, more propensity to 
cut internal bonds (Wu et al., 2013). The docking results produced a positive 
interaction at better energy level with docking score of -11.026 and Emodel energy -



 

 

88 

 

78.365. The detected amino acid residues involved in catalysis binding were Thr69, 
Tyr108, Tyr112, Tyr117, Thr118, Ser119, Ala155, Ser157, Leu159, Leu160, Asn162, 
Ser168, Trp170, Ser173, Gly174, Glu175, Asn177, Pro196, Ile264, Asn266 and Tyr272. 
six amino acid residues viz., Thr118, Ser157, Glu175, Ser173, Asn162 and Trp170 were 
actively involved in eight hydrogen bonding interactions. 
5.5. CONCLUSION 

In short, the study enlighten the theoretical overview of exo-β-1,4-glucanase and endo-β-1,3-glucanase encoding genes and corresponding predicted putative proteins from 
respectively from Streptomyces althioticus TBG-MR17 and Streptomyces cinereoruber 

subsp. cinereoruber TBG-AL13 isolated from Western Ghats areas. It provided an 
overall idea about protein structural domain architecture that prospective governs 
their stability, function, and interaction with particular substrates. The study of 
structure–function relationships exclusively exposing the complete potential of both 
enzymes. Overall, our data provide new conceptions into the β-glucanases in 
Streptomyces spp. and moreover deliver a basis for enhancing the expression studies 
and protein stability towards the industrial applications.  

Chapter 6 
Codon Optimization and Overexpression of  
β-Glucanase Genes in E. coli 
6.1. INTRODUCTION 

Currently, the industrial enzymes are merchandised as commodity products, which 
tremendously requires continuous production and moderate manufacturing cost with 
the intention of persisting as economical in the global markets. Recombinant enzyme 
production through heterologous expression is considered as a pivotal pace for 
establishing the cost effective, unconventional productions in modern industrial 
biotechnology. E. coli is preferred as the host for heterologous protein production due 
to rapid growth, easy management, cost-effective fermentation and well-comprehend 
genetics (Fath et al., 2011). However species-specific discrepancies in codon usage due 
to genetic code degeneracy are usually cited as a major hindrance which adversely 
impact protein expression levels in E. coli (Zhou et al., 2004). The occurrence of rare 
codons can diminish the translation rate and also generate translation errors, which 
are interrelated with low levels of cognate tRNAs species in the cell (Ikemura, 1981).  
The strategy of synonymous codons usage while conserving the original protein 
sequence is termed as codon optimization have been proved as an advanced and 
successful tool for improving the overall expression levels of heterologous proteins, 
which reducing the vast dissimilarity between the codon usage of the host cell and the 
inherent heterologous protein-encoding sequence (Yu et al., 2013). To date, higher 
number of codon-optimized and synthesised genes have been demonstrated successful 
overexpressions (Jung and McDonald, 2011). Codon optimized genes mimic the codon 
bias of host cell or eliminate rare codons thus substantially increase the translation 
rates with great accuracy. As the rapid progress of these approaches, numerous online 
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tools for codon optimization have been developed (Lanza et al., 2014), which also 
assisted to remove the gene expression inhibitory elements such as certain 
DNA/mRNA based bad motifs, RNA secondary structures etc. (Graf et al., 2004).  
Streptomyces genome encompasses elevated (>70 %) GC content and different 
compositional bias in codon usage might significantly decreases the protein expression 
(Liu et al., 2016) in heterologous host. Moreover, significant codon usage heterogeneity 
was found in between different Streptomyces genomes (Wu et al., 2005). Hence the 
production of proteins in E. coli as host system produces low yield expression because 
of this codon adaptation discrepancies. Previous findings strongly advised that a 
comprehensive codons optimization strategy with concurrent modulation of multi-
parameters such as GC content, codon quality, ribosome entry site, secondary structure 
formation etc. might be the pre-eminent solution for overexpression in heterologous 
system (Xiong et al., 2006; Teng et al., 2007). The optimisation of target protein coding 
sequence according to the codon bias of expression host significantly increases the 
protein production at an average of 10- to 50-fold (Sinclair and Choy, 2002; Kanekiyo 
et al., 2005). In this scenario, isolated gene sequences of exo-β-1,4-glucanase and endo-β-1,3-glucanase respectively from Streptomyces althioticus TBG-MR17 and 
Streptomyces cinereoruber subsp. cinereoruber TBG-AL13 were optimized as per the 
codon bias of E. coli. Finally the chemically synthesised β-glucanase genes were 
successfully expressed in E. coli expression system.  
6.2. MATERIALS AND METHODS 

6.2.1. Codon Optimization and Gene Synthesis 

The coding regions of isolated exo-β-1,4-glucanase (EXO14) and endo-β-1,3-glucanase 
(ENDO13) genes respectively from Streptomyces althioticus TBG-MR17 and 
Streptomyces cinereoruber subsp. cinereoruber TBG-AL13 were optimized using the GeneArt™ GeneOptimizer® expert software from Life Technologies, Invitrogen, in 
order to maximize their expression in E. coli expression system. The codon 
optimization was done by using an approach of sliding window algorithm with 
multiparametric optimization of DNA sequences. The optimization parameters 
included codon usage, GC content, ribosomal entry sites, and RNA instability motifs. 
Both optimized genes (optEXO14 and optENDO13) were synthesised as 
oligonucleotides and then assembled by a batch-Polymerase Extension Reaction of 
overlapping nucleotides. The assembled fragments were cloned into a pMA-T vector 
(GeneartTM, Germany) (Appendix VI) and transformed to E. coli K12 OmniMAX™ 2 T1R 
cells. The transformed plasmid DNAs were purified, amplified using primers 
pmaXf/pmaXr and pmaNf/pmaNr (Appendix IV) constructed according the optimized 
gene sequences and the final construct was verified by sequencing. 
6.2.2. Construction of E. coli Expression Vector for Wild (wl) and Optimized (opt) 

β-Glucanase Genes 

6.2.2.1. Primer Designing 
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The Champion™ pET101 directional TOPO® Expression System (Invitrogen, California) 
(Appendix VI) was used for the expression of wild and optimized EXO14 and ENDO13 genes. Forward primers were designed with 5’CACC overhang sequence, which base 
pair with GTGG overhang sequence present in the pET101/D-TOPO® vector. The 
reverse primers were designed without complementary stop codons, so that allowed 
to hybridized just downstream of the stop codon. Primers were synthesised without 5’ 
phosphates to allow the directional blunt end ligation to the pET101/D-TOPO® vector. 
Primer synthesis was done at Eurofin Genomics, Banglore. 
6.2.2.2. PCR Amplification 

For TOPO cloning reaction, PCR amplification of wild genes from pGEMT construct and 
optimized genes from pMA-T construct were done using Phusion™ Flash High-Fidelity 
PCR Master Mix (Thermo Fisher Scientific, Inc., USA) for obtaining blunt end PCR 
product. PCR reaction mixture for wild EXO14 gene amplification was prepared as 
follows: 
 

 

 

 
 
 
 
PCR reaction mixture for wild ENDO13 gene amplification was prepared as follows: 
  

 

 

 
 
 
 
Reaction mixture for optimized EXO14 gene amplification was prepared as follows: 
 

 

 

 

 
 
 
Reaction mixture for optimized ENDO13 gene amplification was prepared as follows: 
 

 

 

20 ng of pGEMT/EXO14 construct  1µL 
Forward primer (wlEX-f) 1µL 
Reverse primer (wlEX-r) 1µL Phusion™ Flash High-Fidelity Master Mix 10µL 
Sterile water 7µL 
Total Volume 20µL 

20 ng of pGEMT/ENDO13 construct  1µL 
Forward primer (wlEN-f) 1µL 
Reverse primer (wlEN-r) 1µL Phusion™ Flash High-Fidelity Master Mix 10µL 
Sterile water 7µL 
Total Volume 20µL 

10 ng of  pMA-T/optEXO14 construct  1µL 
Forward primer (optEX-f) 1µL 
Reverse primer (optEX-r) 1µL Phusion™ Flash High-Fidelity Master Mix 10µL 
Sterile water 7µL 
Total Volume 20µL 

10 ng of  pMA-T/optENDO13 construct  1µL 
Forward primer (optEN-f) 1µL 



 

 

91 

 

 

 
 
 
 
Fast and two-step PCR amplification was carried out in a temperature profile of an 
initial denaturation at 98ºC for 10 sec followed by 30 cycles of denaturation at 98ºC for 
1 sec, extension at 72°C for 15 sec and a final extension at 72°C for 1 min. The PCR 
products were visualized on 1% EtBr-agarose gel and documented. 
6.2.2.3. Purification of PCR Amplicons 

PCR product of both wild and optimized EXO14 and ENDO13 genes were purified as 
described in section 4.2.5.2.2. 
6.2.2.4. pET101/D-TOPO® Cloning Reaction 

The PCR products viz. wlEXO14, wlENDO13, optEXO14 and optENDO13 were 
separately cloned into pET101/D-TOPO® expression vector. 2:1 molar ratio of PCR 
product: vector was used in cloning reaction. The reaction set up was as follows. 
 
 
 
 
 
 
The reaction components were mixed gently and incubated at room temperature (22-
23°C) for 10 min. Then it was placed in ice and proceeded transformation.  
6.2.2.5. Transformation of One Shot® TOP10 E. coli Competent Cells with Cloning 

Products 

3µL of each cloning reaction products was mixed independently with cloning strain 
One Shot® TOP10 E. coli competent cells and incubated on ice for 30 min. The cells were 
then exposed to heat shock at 42°C for 30 seconds and then immediately placed in ice. 
250µL of S.O.C medium was added to each tube and incubated in 37°C at 200 rpm for 
1 h. 200µL of each transformation were spread on LB agar plates supplemented with 100μg.mL-1 ampicillin, and incubated at 37°C for overnight. Positive transformants 
were confirmed by colony PCR using wl and opt gene specific primers for EXO14 and 
ENDO13 genes. 
6.2.2.6. Confirmation of Recombinant Expression Constructs 

Plasmid DNAs were extracted from positive colonies as described in 5.2.7. The 
presence of gene of interest in expression constructs were checked by performing PCR 
amplification with gene specific primers using purified recombinant plasmid DNAs viz. 
pET101/wlEXO14, pET101/wlENDO14, pET101/optEXO14 and pET101/optENDO14 
as templates. The PCR reaction was carried out as described in section 6.2.2.2. 

Reverse primer (optEN-r) 1µL Phusion™ Flash High-Fidelity Master Mix 10µL 
Sterile water 7µL 
Total Volume 20µL 

20ng of fresh PCR product  2µL 
Salt solution 1µL 
pET101/D-TOPO® vector 1µL 
Sterile water 2µL 
Total Volume 6µL 
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The purified recombinant plasmid DNA constructs were further assessed by restriction 
digestion analysis to confirm the presence of gene of insert. Both EXO14 expression 
constructs, pET101/wlEXO14 and pET101/optEXO14, were digested using EcoRI and 
ClaI restriction enzymes. The reaction set up was prepared independently as follows. 
 

 

 

 

 
 
 
Recombinant ENDO13 expression constructs, pET101/wlENDO13 and 
pET101/optENDO13 were digested using restriction enzymes EcoRI and SacI. The 
digestion reaction was prepared as follows. 
 

 

 

 

 
 
 
All the reactions were incubated 37°C for 1 h and it was stopped by heat inactivation 
at 65°C for 20 min. Then the samples were analysed by resolving on a 1.0% agarose gel 
and documented on UV transilluminator. Finally the recombinant constructs were 
sequenced using primers T7 and T7 Reverse (Appendix IV) to confirm the insertion of 
construct is in the frame with proper C-terminal fusion tags. Sequencing was carried 
out at Eurofins Genomics, Banglore as described in the section 4.2.5.2.3. 
6.2.3. Overexpression of β-Glucanase Genes in E. coli 

6.2.3.1. Transformation of BL21 StarTM (DE3) One Shot® E. coli  

             Expression Strains with pET101 Expression Constructs  

Fresh competent E. coli BL21 StarTM (DE3) One Shot® cells were independently 
transformed with all the wild and optimized expression constructs of EXO14 and 
ENDO13 viz. pET101/wlEXO14, pET101/wlENDO14, pET101/optEXO14 and 
pET101/optENDO14 using the procedure described in section 6.2.2.5. After transformation, 250μL S.O.C. medium was added and incubated with shaking at 37°C 
for 1h at 200 rpm. The entire transformation reaction was added to 10mL of LB supplemented with 50 μg.mL-1carbenicillin, and incubated at 37°C for overnight. 
6.2.3.2. Induction of Protein Expressions in BL21 StarTM (DE3) One Shot® E. coli 

cells 10mL of Terrific Broth (TB) containing 50μg.mL-1 carbenicillin was inoculated with 500μL of LB grown the overnight cultures and incubated at 37°C to an O.D600 reached 

Plasmid DNA (1µg) 5µL 
10X CutSmart Buffer (1X) 3μL 
EcoRI HF (10 units) 1µL 
ClaI (10 units) 1µL 
Sterile water 20µL 
Total Volume 30µL 

Plasmid DNA (1µg) 5µL 
10X CutSmart Buffer (1X) 3 μL 
EcoRI HF (10 units) 1µL 
SmaI (10 units) 1µL 
Sterile water 20µL 
Total Volume 30µL 
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0.5-0.8. Then the cultures were induced with 0.1-1mM IPTG (Biosynth International, 
USA) and further incubated for 3-6 h at particular temperatures (used different 
temperatures for exo14 and endo13 induction). The cells were harvested by 
centrifugation at 5000 rpm, washed with PBS buffer. Then resuspended in lysis buffer 
with 1mg.mL-1 lysozyme and 1% (v/v) protease inhibitor cocktail (Sigma, P8849) and incubated on ice for 30 min. 10μg.mL-1 RNase A and 5μg.mL-1 DNase were added to the 
lysate and incubated on ice for 10-15 min. Lysate was collected by the centrifugation 
at 10,000 g for 10 min at 4°C. The proteins were analysed by loading on 12% SDS gel. 
6.2.3.3. SDS-PAGE Analysis 

Wild and optimized exo14 and endo13 protein expressions were confirmed by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) according to 
Laemmli (1970). 16µL of protein samples were mixed with 4 µL 6x loading buffer and 
boiled for 5 min. The samples were loaded to 12% SDS polyacrylamide gel, prepared using TGX™ FastCast™ Acrylamide Kit (Bio-Rad, USA). Electrophoresis was performed 
using Bio-Rad mini protein system (Bio-Rad, USA) at 40mA for 30-45 min. The running 
buffer used for electrophoresis contained 0.05 M Tris base, 1.44% glycine and 0.1% 
SDS. The gel was stained with Coomassie Brilliant Blue stain and destained using 
destaining solution until clear visibility of protein bands. The pre-stained medium 
range (10 to 180 kDa) PageRuler protein marker (Thermo Fischer Scientific, USA) was 
used as reference. Finally the documented protein bands were quantified by 
densitometry using ImageJ v1.52a (NIH, USA) software (Schneider et al., 2012). 
6.2.4. Confirmation of Recombinant Overexpression 

6.2.4.1. Western Blotting 

The expression of the recombinant protein was confirmed by transferring the protein 
bands from the SDS-PAGE gel to a PVDF membrane and probing with Anti-V5-HRP 
Antibody, specific to V5 epitope tag present in the pET101/D-TOPO® expression 
constructs located just before the His-tag and stop codon.   
SDS-PAGE was run at 40mA, according to the procedure explained in section 6.2.3.3. 
Western blot analysis was performed on TV100-EBK mini electroblotters (SCIE-PLAS, 
Cambridge, UK). Prior to transfer, the Immobilon®-P PVDF membrane (Merk, India) 
were equilibrated with 100% methanol for 1-2 min and immersed in sterile water. 
Sponges and Whatman filter paper No.3 (GE Healthcare Life Sciences, USA) were soaked in fresh Towbin’s buffer. After placing the sponge in the positive side of the 
gasket, three pieces of Whatman filter paper No.3 were placed and then the membrane 
was mounted on to this stack. The gel was carefully placed on the membrane and then 
the set up was sandwiched with another three pieces of Whatman filter paper and 
sponge. Electrotranfer was carried out at 100V for 2h at 4°C using fresh Towbin’s 
buffer. The protein transfer was confirmed by Ponceau acetate stain. Then it was 
washed with wash buffer, Tris-buffered saline in tween-20 (TBST) buffer, until the 
stain gets completely removed. The membrane was blocked using 5% non-fat dry milk 
for 1h at room temperature to reduce nonspecific protein binding followed by three 
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times washing with TBST buffer. Then it was incubated with Anti-V5-HRP Antibody 
(1:2000 dilution in TBST) for overnight at 4°C with continuous shaking. The membrane 
was washed twice with TBST. The blot was developed by Di-aminobenzoic acid (DAB) 
stain and finally washed with TBST and photographed. 
6.2.5. Comparison of Enzyme Activity and Protein Quantification 

Enzyme activity of wild and optimized exo14 (Avicel as substrate) and endo13 (CM-
Curdlan as substrate) proteins were determined under standard conditions as 
described respectively in sections 3.2.5.4. and 3.2.6.3. Protein concentration was 
determined by Bradford Protein Assay kit (Bio-Rad Laboratories, USA) with bovine 
serum albumin (BSA) as a standard (Bradford, 1976). 800µL of samples were mixed 
with 200µL Bradford Protein Assay reagent and incubated 5 min at room temperature. 
The absorbance was measured at 595 nm. 
6.3. RESULTS 
6.3.1. Codon Optimization and Gene Synthesis 

To increase the Streptomyces EXO14 and ENDO13 gene expression in E. coli, the codons 
were optimized in silico according to E. coli codon preference without altering amino acid sequences, by GeneArt™ GeneOptimizer® expert software from Life Technologies-
Invitrogen. The software used multiparameter algorithm and sliding window approach 
for the optimization process, which helped to remove non-appropriate motifs such as 
GC-rich sequences, internal ribosomal entry sites, RNA instability motifs, repeat 
sequences and RNA secondary structures. The optimized genes were synthesised 
denovo by oligonucleotide assembly and cloned into pMA-T cloning vectors (Figure 
6.1.a and b) and transformed to E. coli K12 OmniMAX™ 2 T1R cells. Plasmids were 
purified (Figure 6.1.c) and confirmed the presence of gene of interest through PCR 
amplification (Figure 6.1.d) and sequencing confirmed the 100% sequence identity of 
final construct. 

 

 

 

 

 

 

 

 

 

Fig 6.1. Cloning of codon optimized synthetic genes in pMA-T vector. (a) Schematic representation of 
pMA-T vector with optEXO14 gene. (b) Schematic representation of pMA-T vector with optENDO13 
gene. (c) Purified pMA-T plasmids with codon optimised genes. Lane 1: 1 kb DNA ladder, Lane 2: pMA-
T/optEXO14, Lane 3: pMA-T/optENDO13. (d) Confirmation of the presence of gene of interest by PCR 

a b 

c d 
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amplification of pMA-T plasmids with gene specific primers. Lane 1: 1 kb DNA ladder, Lane 2: 
Amplified optENDO13 gene, Lane 3: Amplified optEXO14 gene. 

GeneOptimizer® program changed 431 codons out of 578 total codons of EXO14 wild 
sequence (72% of changes), and also changed the codon adaptation index (CAI) from 
0.73 (wlEXO14) to 0.97 (optEXO14). Additionally, overall GC content was decreased 
from 69 to 49%. Sequences of wild type and optimized EXO14 with corresponding 
amino acid sequence are shown in Appendix VIII. Codon optimization of ENDO13 gene 
by GeneOptimizer® changed 324 codons out of total wild type 430 codons (75%). The 
CAI was improved from 0.67 (wlENDO13) to 0.98 (optENDO13) and GC was reduced 
from 71 to 53%. Both wild and optimized ENDO13 sequence with corresponding amino 
acid sequence are shown in Appendix VIII. The summary of GeneOptimizer® based 
sequence analysis result of EXO14 and ENDO13 were shown in Appendix IX. 
6.3.2. Construction of E. coli Expression Vector for Wild (wl) and Optimized (opt) 

β-Glucanase Genes 

Expression of wild and optimized EXO14 and ENDO13 genes were carried out using Champion™ pET101 directional TOPO® Expression System (Invitrogen, California). 
Full length of wild and optimized sequences were amplified using designed primers, 
wlEX-f/wlEX-r, wlEN-f/wlEN-r, optEX-f/optEX-r and  optEN-f/optEN-r, precisely for 
cloning in pET101 directional TOPO® cloning vector. Details of primers are given in Appendix IV. PCR amplification was carried out using Phusion™ Flash High-Fidelity 
Master Mix for obtaining blunt end PCR product which directly cloned to the pET101 
expression vector, without ligase. pET101 is a linear vector which carry 5´-CCCTT-3´ 
sequences at two ends. The free 3´phosphate group of each 3´thymidine covalently 
bound with enzyme topoisomerase I. When the vector is mixed with PCR product, the 
covalently linked topoisomerase I assisted to ligate the compatible 5´-OH end of PCR 
product (because primers are designed without adding the 5´-P) to the 3´end of vector 
strand and the enzyme released. Additionally the GTGG- 3´overhang sequence in the 
vector conquered and annealed the 5´-CACC overhang of PCR product, confirmed the 
ligation of insert by topoisomerase was in correct orientation. Schematic 
representation showing the detailed architecture of recombinant expression 
constructs are shown in Figure 6.2.  
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Fig 6.2. Schematic representation of detailed architecture of pET101 recombinant expression 
constructs. (a) pET101/wlEXO14 construct. (b) pET101/optEXO14 construct. (c) pET101/wlENDO13 
construct. (d) pET101/optENDO13 construct. All the recombinant constructs worked under T7 
promoter. CACC overhang of PCR product is captured by the complementary GTGG overhang sequence 
in the vector. C-terminal V5 epitope (14 amino acid epitope) is specific to AntiV5 antibody helped for 
probing the expression product. 6xHis tag permitted the expressed proteins for the Ni-affinity 
purification. 

Cloned products were first transformed to One Shot® TOP10 E. coli cells. The positive 
clones were identified by colony PCR. The wild and optimized EXO14 exhibited 
expected amplification of 1737 bp (Figure 6.3.a) and ENDO13 with 1293 bp (Figure 
6.3.b). The plasmids from positive clones were isolated and the presence of gene of 
interests in recombinant constructs were confirmed by performing PCR with gene 
specific primers (Figure 6.3.c and 6.3.d). The further confirmation was carried out by 
restriction analysis, also released approximately 1737 bp EXO14 fragment and 1293 
bp ENDO13 fragment (Figure 6.3.e and 6.3.f). Finally sequencing of the recombinant 
constructs using primers T7 and T7 Reverse confirmed the insertion of genes within 
the vector was in correct frame and right orientation with V5-epitope tag and 6x His 
tags at C-terminal end. Sequencing was carried out at Eurofins Genomics, Banglore as 
described in the section 4.2.5.2.3. 
 
 
 
 
 
 
 
 

 

 

 

 
 

 

 

 

 

 

Fig 6.3. Selection and confirmation of pET101 D-TOPO® cloned wl and opt EXO14 and ENDO13 genes. 
(a) Screening of positive colonies with pET101 plasmids with wild genes by colony PCR. Lane 1-7: 
Positive colonies with wlENDO13 gene, Lane M: 1 kb DNA ladder, Lane 8-14: Positive colonies with 
wlEXO14 gene. (b) Screening of positive colonies with pET101 plasmids containing optimized genes 
by colony PCR. Lane 1, 2 and 4: Positive colonies with optEXO14 gene, Lane M: 1 kb DNA ladder, Lane 
6,8,9 and 10: Positive colonies with optENDO13 gene, Lane 3 and 7: Negative colonies. (c) 

Confirmation of the presence of wild genes within the purified pET101 constructs by PCR amplification 
with gene specific primers. Lane M: 1 kb DNA ladder, Lane 1: pET101/wlENDO13, Lane2: 
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pET101/wlEXO14. (d) Confirmation of the presence of optimised genes by PCR amplification of 
pET101 constructs with gene specific primers. Lane M: 1 kb DNA ladder, Lane 1: pET101/optEXO14, 
Lane2: pET101/optENDO13. (e) Restriction digestion of pET101 plasmids containing wild genes. Lane 
M: 1 kb ladder, Lane1: Uncut pET101/wlENDO13, Lane2: Uncut pET101/wlEXO14, Lane 3: EcoRI+SacI 
digested pET101/wlENDO13, Lane 4: EcoRI+ClaI digested pET101/wlEXO14. (f) Restriction digestion 
of pET101 plasmids containing optimized genes. Lane M: 1 kb ladder, Lane 1: Uncut 
pET101/optENDO13, Lane 2: Uncut pET101/optEXO14, Lane 3: EcoRI+SacI digested 
pET101/optENDO13, Lane 4: EcoRI+ClaI digested pET101/optEXO14.  

6.3.3. Overexpression of β-Glucanase Genes E. coli 

The protein expressions were induced in E. coli BL21 StarTM (DE3) strains transformed 
with pET101 constructs of wild and optimized EXO14 and ENDO13 genes in TB medium supplemented with 50μg.mL-1 of carbenicillin. Wild and optimized exo14 
protein showed expression on 4th h when induced with 1mM IPTG at 37°C, while both 
wild and optimized endo13 protein displayed expression in 0.5mM IPTG at 27°C on 4th 
h. The detected proteins in lysate supernatant as soluble fractions assumed that it was 
transported to periplasmic space using signal sequences. The approximate molecular 
weight of induced proteins determined from the SDS-PAGE were around 70 kDa for 
wild and optimised exo14 proteins, which is anomalously higher molecular weight 
than expected (~61 kDa, after removing signal peptide, but including V5-epitope tag 
and His-tag). According to Graceffa et al. (1992) and Alves et al. (2004) the anomalous 
slow migration might be due to the great proportion of acidic amino acids. The exo14 
protein has high acidic amino acids which is already determined by in silico 
computation of physico-chemical parameters (Table 5.1). The endo13 proteins 
exhibited around 44 kDa protein (with V5-epitope tag and His-tag), which is almost 
equal to the theoretical molecular weight determined in silico (Figure 6.4.a). The 
intensity of each band was determined by densitometry, using ImageJ software (Figure 
6.4.b). The relative fold expression levels of optimized proteins were calculated based 
on percentage peak area of each intensity plots (Figure 6.4.c). In both cases the 
sequence optimization produced substantially elevated levels of expression than the 
native ones. Comparison of expression levels of wild and optimized proteins are shown 
in Table 6.1. 
Table 6.1. Comparison of CAI, GC content and expression profile of wild and optimized genes 

* CAI-codon adaptation index- is a measure of the relative adaptiveness values of the used codons 

which representing the ratio of frequency of codons in codon usage of an expression system and 

frequencing of synonymous codons for same amino acid, which gives a value of 1 for optimal codon 

and less frequently used codons are scaled down accordingly. **Ratio of expression calculated by 

analysing the intensity of each band as percentage peak area of intensity plots using ImageJ (NIH, 

USA) gel quantification through densitometry.  

Protein Length CAI* GC% Codon 

Altered 

(No) 

Codon 

Altered 

(%) 

Ratio of 

Express

ion** 

Expression 

Statistics 
wl opt wl opt 

exo14 578 0.73 0.97 69 49 431 74 1:13 + 
endo13 430 0.67 0.98 71 53 324 75 1:3.75 + 



 

 

98 

 

Exo14 gene with optimized codons revealed a 13 fold increase in protein expression 
when compared with wild codons, whereas endo13 optimized gene showed only 3.75 
fold increase in expression when relating with wild genes, which is comparatively less 
than exo14 protein. The expressed recombinant proteins were finally subjected to 
western blotting using Anti-V5-HRP Antibody. It confirmed the initial expression 
findings (Figure. 6.4.d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig 6.4. Overexpression of wild and optimized exo14 and endo13 proteins. (a) SDS-PAGE (12%) 
analysis of overexpressed exo14 and endo13 proteins. (b) The intensity plot of over expressed bands 
were determined by densitometry, using ImageJ software. (c) The relative fold expression levels of 
overexpressed proteins were calculated based on percentage peak area of each intensity plots. (d) 
Confirmation of expressions by Western blot analysis. 
6.3.4. Comparison of Enzyme Activity and Protein Quantification 
The comparison of the recombinant crude enzyme activities of the native and codon-
optimised gene transformed in E. coli BL21 StarTM (DE3) cells exposed both the codon-
optimised protein produced higher activity in comparison to the original ones. The 
maximal yield of recombinant exo-β-1,4-glucanase enzyme encoded by optimised 
EXO14 gene was 5300 U.mL-1 which showed 16.56 fold increase than wild exo14 
protein (320 U.mL-1). The total protein content of optexo14 and wlexo14 showed 830 
mg.mL-1 and 64 mg.mL-1 respectively, revealed 12.96 fold increase in optimised 
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proteins (Figure 6.5.a). The maximum activity of endo-β-1,3-glucanase produced by 
optimised ENDO13 gene showed 1076 U.mL-1, which detected 6.32 fold increase than 
wild one (170 U.mL-1). Observed optendo13 and wlendo13 protein content was 322 
mg.mL-1 and 62 mg.mL-1 respectively, which shown 5.19 fold increase in the 
concentration of optimised protein (Figure 6.5.b). While comparing with densitometry 
experiments, nearly the similar pattern of fold increases were detected in both exo14 
and endo13 protein contents.  
6.4. DISCUSSION 

Recent developments in sequence optimization by frequently used host cell codons 
combined with de novo synthesis of genes delivers significant impacts on recombinant 
protein expression tailored for precise industrial applications. Codon optimization 
deliberated as an efficient technique to improve the level of heterologous gene 
expression, while the codon alteration through traditional choices like site-directed 
mutagenesis could yield mRNA instability sequentially reduced the protein yield 
(Lammertyn et al., 1996). By the development of advanced algorithms, the traditional 
sequence optimization strategies has been replaced to multiple measures to calculate 
ideal solutions for suitable experimental requirements. The calculation and merging of 
multiple optimization parameters such as codon usage, GC content, restriction sites, 
ribosomal entry sites, RNA instability motifs, hair pin loops etc. to develop the best 
combination for suitable expression can achieved by performing a comprehensive 
search absolutely in a small sequence window, which is progressed along the entire 
reading frame (Fath et al., 2011).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.5. Comparative recombinant enzyme activity and protein content of wild and optimised β-
glucanase gene expressing recombinant E. coli BL21 StarTM (DE3) cells. The cells were lysed under mild 
conditions and the expressed proteins containing soluble fractions were collected for analysing 
enzyme assay and protein concentration.  (a) exo-β-1,4-glucanase enzyme activities (orange) and 
total protein content (violet) of expressed wild and optimized EXO14 genes. The enzyme activity of 
optimized gene produced 5300 U.mL-1, which showed 16.5 fold increase than wild gene and the total 
protein of optimized construct containing E. coli BL21 StarTM (DE3) transformants shown an increase 
in 12.9 fold. (b) endo-β-1,3-glucanase enzyme activities (pink) and total protein content (grey) of 
expressed wild and optimized ENDO13 genes. The optimized protein produced 1076 U.mL-1total 
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activity, which revealed 6.3 fold increase than native ones and the total protein content optimised 
transformants also displayed 5.19 fold increase.  
The GeneOptimizer® expert program used our study has a deterministic algorithm 
implemented a sliding window approach, which executes the sequences as unidirectional like naturally within the cell, starts from 5’ and end to 3’. GeneOptimizer 
algorithm considers more than 50 parameters to determine the optimal gene sequence 
for further consistent and higher level expression without changing the protein 
sequence (Raab et al., 2010). To improve the expression of exo14 (exo-β-1,4-
glucanase) and endo13 (endo-β-1,3-glucanase) genes isolated from  Streptomyces spp., 
the variances in the relative codon adaptiveness between the expression host E. coli 
and Streptomyces spp. were considered in detail, then codon usage was adapted 
according to E. coli codon bias resulting CAI value of 0.97 and also the GC content 
adjusted to acquire prolonged mRNA half- life and better expression. The elevated GC 
content of target genes against E. coli codon bias could be the major cause of declined 
protein expression in E. coli host (Redwan, 2006), hence, the GC content of both gene 
sequences (~70%) were reduced as per to E. coli genome GC content (~50%).  Champion™ pET101 directional TOPO® Expression vector (5753 bp) was used for this 
study due to their highly successful production of recombinant proteins (Tokano et al., 
2008; Zarif et al., 2013; Kishore et al., 2015) and also the action of topoisomerase 
assistances the direct integration of blunt end PCR product without ligase (Shuman, 
1994). The codon optimised synthetic human insulin gene cloned in pET101/D-TOPO 
expression vector expressed in E. coli cells produced high yield of pro-insulin protein 
(El-Aziz et al., 2014). Habib-ur-Rehman et al. (2018) reported effective recombinant 
expression of pullulanase gene from a hyperthermophilic Archaeon, Pyrobaculum 

calidifontis, cloned in pET101/D-TOPO vector and heterologous production in E. coli. 
The induction temperature is one of the critical factor influences extremely on protein 
expression (Salazar et al., 2001). wl and optexo14 showed expression at 37°C, while wl 
and optendo13 produced expression at 27°C.  
The outcome of overexpressions were calculated in terms of relative fold expression of 
optimized proteins based on percentage peak area of intensity plots of each bands by 
densitometry analysis of ImageJ software. ImageJ can compare the density of each 
bands in SDS-PAGE gel, by making comparisons between bands in different lanes (vlab.amrita.edu, 2012; Motojima, 2018). As the result of overexpression of β-
glucanase genes, optimized exo14 gene revealed a 13 fold increase in protein 
expression when compared with wild codons, whereas endo13 optimized gene showed 
only 3.75 fold increase in expression when relating with wild genes. In both cases the 
sequence optimization produced substantially elevated levels of expression than the 
native ones. According to the previous studies, the codon optimised malaria vaccine 
gene dramatically improved recombinant protein expression levels in E. coli when 
compared with native sequence (Yadava and Ockenhouse, 2003). The significant 
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increase in codon optimised human cystatin expression in E. coli expression produced 
by techniques may be applicable to commercial production system (Qing et al., 2012). 
The comparison of the exo-β-1,4-glucanase and endo-β-1,3-glucanase enzyme 
activities and protein concentrations of the native and codon-optimised proteins were 
determined. The enzyme activities of optexo14 and optendo13 showed an increase in 
16.56 fold and 6.32 fold respectively. The improved function of proteins is due to the 
production of significantly high yield with more native folded state, can be established 
by codon optimization approach (Li et al., 2014). Previous reports also proved the 
sequence optimization of enzyme coding genes exposed significantly upgraded 
catalytic activities than native ones in heterologous expression. The codon 
optimization of 𝛼-amylase gene isolated from Bacillus licheniformis exhibited 2.62 fold 
higher expression in Pichia pastoris (Wang et al., 2015). The expression of lipase from 
Candida rugosa in P. pastoris was enhanced by 4.6-fold expression by optimising its 
codons to favour the codon bias of P. pastoris (Chang et al., 2006). The wild-type lipase 
gene from Candida rugosa produced no lipase activity in heterologous host P. pastoris, 
while its optimised gene product produced the hydrolytic activity of 4.7 U.mL-1 in P. 

pastoris (Xu et al., 2010). The total protein content of optexo14 and optendo13 
revealed 12.96 fold and 5.19 fold respective increases. Nearly similar fold increases in 
the protein quantities were detected when comparing with densitometry 
determination of fold expressions of both exo14 and endo13 proteins. The sequence 
optimised genes have positive effects on expression at different levels such as 
transcription, translation, and mRNA stability, which improves the overall protein 
yield and activity of recombinant proteins (Fath et al., 2011).  
6.5. CONCLUSION 

The study revealed that the codon optimisation can efficiently improve the expression 
of Streptomyces spp. β-glucanase genes such as EXO14 (exo-β-1,4-glucanase) and 
ENDO13 (endo-β-1,3-glucanase) in E. coli and accomplished a profitable result on 
protein yield and functional activity. Both optimized and synthesised constructs of 
EXO14 and ENDO13 performed far better than the wild type genes with enzyme 
activities of  5300 U.mL-1 and 1076 U.mL-1 respectively, that is 16.5 fold and 6.3 fold 
corresponding increase than native ones, which was the highest activities ever 
reported from Streptomyces spp. The increased heterologous gene expression certainly 
resulted from the application of multiparameter algorithm in gene optimization. The 
enhancement in enzyme activity revealed that the optimised construct directly 
influences mRNA stability and native folding of proteins. In all together gene 
optimization improves the gene expression at the transcriptional, translational and 
posttranscriptional level, which significantly improves protein yield and functional 
activity. 
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Chapter 7 
Purification and Characterization of Overexpressed Recombinant β-
Glucanases 

7.1. INTRODUCTION 

The advancements in recombinant DNA technology as well as protein engineering 
revolutionized the production of proteins in massive quantity. Although it has 
produced by facilitating modern technologies, it requires the subsequent purification 
to remove all the contaminants that creates complications in solubility, structural 
integrity and functional activities. The genetic engineering approach makes the protein 
purification relatively more simple and powerful by making fusion proteins which 
permits the purification by affinity techniques without making prior knowledge of the 
targeted protein properties (Scopes, 1995). An extensively employed affinity 
purification technique exploits the immobilized metal-affinity chromatography 
(IMAC), using metal ions like Ni2+, Co2+, Zn2+, Cu2+ etc. allows the purification of 
recombinant proteins containing short polyhistidine fusion tags (Bornhorst and Falke, 
2000). 
IMAC is an adaptable method can be utilized for the rapid purification of polyhistidine-
tagged proteins. Usually the affinity tags comprising of six histidine residues, long 
enough to yield better interactions with affinity matrix, ensuing 100-fold enrichments 
in a single purification phase and the purities achieved high yield of up to 95% 
(Janknecht et al., 1991). It has been successfully carried out in variety of expression 
systems such as E. coli (Van Dyke et al., 1992), Saccharomyces cerevisiae (Li et al., 2012), 
insect cells (Kollewe and Vilcinskas, 2013) mammalian cells (Cass et al., 2005) etc. Characterization of newly developed products has utmost important space in today’s 
science. Once a pure protein is acquired, it is essential for determine the detailed 
physio-chemical characterizations as well as assay conditions in laboratory scale for 
achieving maximum activity, stability and storage for industrial applications. Here the 
inclusive aim is to launch a link between biological activities and external parameters 
like pH, temperature etc. The study of catalytic switching characteristics such as 
temperature and pH optima, stability under different pH and temperatures, substrate 
specificity, effects of cofactors and inhibitors, kinetic parameters etc. is crucial to use 
the catalytic proteins in respective industrial sectors.  
The current chapter elucidate the purification of overexpressed optexo14 and 
optendo13 enzymes using Ni2+ charged IMAC and followed by studying the key physio-
chemical characteristics such as the optimum pH and temperature conditions, stability 
under varying pH and temperatures, specificity to different substrates, effect of metal 
ions and inhibitors and kinetic parameters such as Vmax and Km. Finally for confirming 
the efficient application of enzymes in breweries, the influence of selected brewery 
relevant parameters such as ethanol, sulphites, ferulic acid and gallic acid on enzyme 
activities were also studied. The results obtained permit to recommend the enzymes 
as a better candidates in brewing industry as well as feed enzyme industry.  
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7.2. MATERIALS AND METHODS 

7.2.1. Purification of Expressed Proteins Using Nickel Affinity 

            Chromatography 

The soluble crude lysates of recombinant optexo14 and optendo13 proteins were 
raised by scale-up expression in 100mL culture and subjected to Nickel affinity chromatography using Profinity™ IMAC (immobilized metal affinity chromatography) 
Nickel charged resin (Bio-Rad, USA) in Bio-Scale MT10 12 x 88 mm column (Bio-Rad, 
USA). Column containing 2mL nickel resin was equilibrated with binding buffer (5mM 
imidazole). Then the crude clear lysate was loaded into the column and incubated at 
room temperature for 1h. The column was washed with 5 column volume of wash 
buffer (10mM imidazole). Finally the proteins were eluted into elution buffer (250mM 
imidazole). The protein fractions were pooled and analysed using 12% SDS gel 
(Laemmli, 1970) and documented. The purified proteins were desalted and 
concentrated using Amicon® Ultra-15 Centrifugal Filters, 30K (Merk Millipore, 
Ireland). 
7.2.2. Enzyme Functional Activity Assay and Protein Quantification 
Enzyme activity assay of optexo14 protein was carried out as described in section 
3.2.5.4 using Avicel (0.5%) as substrate. Optendo13 protein activity assay was done as 
described in section 3.2.6.3 using CM- Curdlan (0.2%) as substrate. Protein 
concentration was measured as mentioned in section 6.2.5 using BSA as standard. The 
specific activity, yield and fold purification of affinity purified proteins were calculated 
as follows: 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈. 𝑚𝑔−1) =  𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑌𝑒𝑖𝑙𝑑 𝑜𝑓 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑃𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑇𝑜𝑡𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑟𝑢𝑑𝑒 𝐸𝑥𝑡𝑟𝑎𝑐𝑡  𝑋 100 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑜𝑙𝑑 =  𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑃𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑟𝑢𝑑𝑒 𝐸𝑥𝑡𝑟𝑎𝑐𝑡  

7.2.3. Characterization of Recombinant Enzymes 

7.2.3.1. Optimal Temperature 

Temperature optimum for maximal optexo14 and optendo13 activities were 
determined by incubating the 100µg concentration of each purified enzymes at various 
temperature ranges from 20-80°C in 100mM sodium- acetate buffer (pH- 5.0) with 
particular substrates for 1h. The Avicel and CM-Curdlan were used as substrates 
respectively for optexo14 and optendo13 proteins. Enzyme activities were measured 
as described in sections 3.2.5.4 and 3.2.6.3 for exo14 and endo13 respectively. The 
values were expressed as relative activities (%) to the maximal activity. The maximum 
activity was defined as 100 %.  
7.2.3.2. Thermostability  

Thermostability of enzymes were determined by measuring the residual activity. The 
enzymes (100 µg) were pre-incubated at 50-80°C without substrate in 100mM sodium- 
acetate buffer (pH 5.0) for 5h and the enzyme assay was performed with particular 
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substrates for every one hour. The values were expressed as residual activity (%) in 
relation with control sample. 
7.2.3.3. Optimal pH 

The optimum pH for optexo14 and optendo13 activities were determined by 
conducting enzyme assays (100µg of enzymes) in various ranges of pH from 2.0-10.0 
at optimum temperature and the activity was calculated. The buffers (0.1M) used were 
KCl-HCl buffer (pH 2.0), Glycine-HCl buffer (pH 3.0), Sodium-Acetate buffer (pH 4.0-
5.0), Citrate buffer (pH 6.0), Citrate-Phosphate Buffer (pH 7.0), Phosphate Buffer (pH 
8.0), Tris-HCl Buffer (pH 9.0) and Carbonate-Bicarbonate Buffer (pH10.0). The values 
were expressed as relative activities (%) to the maximal activity. The maximum activity 
was defined as 100 %.  
7.2.3.4. pH Stability 

The pH stability of enzymes were estimated by measuring the residual activity by pre-
incubating the 100µg enzyme solution with buffers at different pH ranges from 2.0-
10.0 at optimum temperature for 6h and the enzyme assays were performed with 
specific substrates. The values were expressed as residual activity (%) in relation with 
control sample.  
7.2.3.5. Substrate Specificity 

The hydrolysing efficiency of enzymes optexo14 and optendo13 on various substrates 
were determined by performing enzyme assays containing 100µg of enzyme with 
different substrates such as Avicel (0.5%), CM-Curdlan (0.5%), Barley β-glucan (0.5%), 
salicin (0.5%), carboxy methyl cellulose (CMC) (0.5%), birch wood xylan (0.5%) and 
chitin (0.5%) under optimal conditions for each enzyme and expressed as relative 
activity (%). Maximum activity was expressed as 100%.  
7.2.3.6. Effect of Metal Ions 

The influence of metal ions Mg2+, Co2+, Mn2+, Ca2+, Cu2+, Fe2+, Zn2+, Ag+, K+ and Na+ were 
determined by pre-incubating the purified enzymes with 5mM concentrations of 
MgSO4, CoCl2, MnCl2, CaCl2, CuSO4, FeSO4, ZnSO4, AgNO3, KI and NaCl respectively. The 
enzyme activities were determined by standard assay under optimum conditions as 
described above. The activities were expressed as relative activity (%). Reaction 
mixture without metal ions were set as control (100%). 
7.2.3.7. Effect of Inhibitors 

Effect of various inhibitors such as ethylene diamine tetra acetic acid (EDTA), 
Dithiothreitol (DTT), phenyl methyl sulfonyl fluoride (PMSF), beta-mercaptoethanol (β-ME) and sodium dodecyl sulphate (SDS) on optexo14 and optendo13 enzymes were 
determined by preparing 2mM solutions and pre-incubated with enzymes in 1:1 ratio 
(v/v). Then the enzyme activities were measured. Reaction mixture without inhibitors 
were set as control. 
7.2.3.8. Kinetic Parameters 

The kinetic constants such as Km and Vmax of optexo14 and optendo13 enzymes were 
analysed under optimal assay conditions by incubating the enzyme with 2-100mM 
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concentrations of barley β-glucan as substrate. The Km and Vmax were determined by 
Lineweaver-Burk plot using nonlinear regression analysis of GraphPad Prism version 
8.0. 
7.2.3.9. Effect of Brewery-relevant Parameters on Enzyme Activity 

Investigation of brewery-relevant parameters on enzyme activity was done according 
to Blattel et al. (2011). The optexo14, optendo13 and cocktail-mixture of both were 
studied individually. Standard enzyme assays were carried out with a specific 
substrate solution, supplemented with various concentrations of ethanol (1 to 10% 
[v/v]), sulfite (10 to 100 mg.L-1), and phenols like ferulic acid and gallic acid (5 to 40 
mg.L-1). All the experiments were made at pH 6.5 and temperature 50°C for 60 min. 
7.3. RESULTS 

7.3.1. Purification and Functional Assay of Expressed Proteins  

The hexa-histidine (His6) tagged exo14 and endo13 proteins respectively from 
Streptomyces althioticus TBG-MR17 and Streptomyces cinereoruber subsp. cinereoruber 

TBG-AL13 were overexpressed in E. coli heterologous system by using pET101/D-
TOPO® expression vector and purified by using Profinity™ IMAC Nickel charged resin. 
Both proteins were eluted using elution buffer containing 250mM imidazole. The 
purity of proteins were analysed by SDS-PAGE indicated the homogenous nature of 
protein as detectable single bands with the molecular masses of 70 kDa and 44 kDa for 
optexo14 and optendo13 correspondingly well to the pervious predictions (Figure 
7.1.a and 7.1.b). 

 

 

 

 

 

 

 

 

 

Fig 7.1. SDS-PAGE analysis of purified recombinant proteins. 12% polyacrylamide gel was used 
for SDS-PAGE and the proteins were stained with Coomassie Brilliant Blue G-250. (a) SDS-PAGE 
analysis of purified optexo14 protein. Lane 1: Nickel affinity purified optexo14 protein, Lane 2: 
Soluble total protein of cell lysate after induction, Lane 3: Protein molecular weight marker. (b) 

SDS-PAGE analysis of purified optendo13 protein. Lane 1: Protein molecular weight marker, Lane 
2: Soluble total protein after induction, Lane 3: Nickel affinity purified optendo13 protein. 

The nickel affinity column purification of 100mL of Terrific Broth (TB) culture yielded 
42mg.mL-1 of optexo14 protein with 72.0 U.mg-1 exo-β-1,4-glucanase activity and 
optendo13 protein yielded 11mg.mL-1 protein with 65.63 U.mg-1 endo-β-1,3-glucanase 
activity. The yields of the enzymatic activities were 57% for exo-β-1,4-glucanase and 
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67% for endo-β-1,3-glucanase, considering the total activity in the crude extract as 
100%. The details of purification summarized in Table 7.1. 
Table 7.1. Purification of optexo14 and optendo13 proteins 

optexo14     

Step 
Volume 

(mL) 

Total 
Activity 
(U.mL-1) 

Total 
Protein 

(mg.mL-1) 

Specific 
Activity 
(U.mg-1) 

Yield 
(%) 

Purification 
Fold 

Crude 
Extract 

5 5300 830 6.3 100 1 

Ni2+ Affinity 
Column 

1 3024 42 72.0 57.0 11.42 

optendo13 
Crude 
Extract 

5 1076 322 3.34 100 1 

Ni2+ Affinity 
Column 

1 722 11 65.63 67.1 19.64 

7.3.2. Characterization of Recombinant Enzymes 

The common characteristics including optimal temperature, pH, stability of 
temperature and stability of pH were investigated with Avicel and CM-Curdlan as 
substrates for purified optexo14 and optendo13 proteins respectively.  
The optexo14 showed the best activity at 50°C, whereas optendo13 showed best 
activity at 60°C (Figure 7.2.a). Temperature stability of both enzymes at 50 to 80°C was 
carried out for 360 min. The optexo14 showed more than 60% activity at 50 and 60°C 
after 360 min incubation. At 70°C after 120 min incubation, 25% of enzyme activity 
was remained (Figure 7.2.b). The optendo13 enzyme at 50 and 60°C showed more than 
70% activity after 360 min incubation. The results demonstrated that at 70°C, after 300 
min it retained 30% of enzyme activity. After 240 min incubation at 80°C, more than 
10% of its activity was maintained (Figure 7.2.c). 

 

 

 

 

 

 

 

 

 

 

 

Fig 7.2. Influence of temperature on optexo14 and optendo13 activities and stabilities. (a) 

Temperature optimum was determined by incubating the enzyme substrate mixture at 20 to 80°C 
in 100mM Na-C2H3O2 buffer for 1hr under standard assay conditions. The values were expressed 
as relative activities (%) to the maximal activity. The maximum activity was defined as 100%. (b) 
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Effect of temperature on stability of optexo14. (c) Effect of temperature on stability of optendo13. 
The enzymes were pre-incubated in varying temperature for 6 h in 100mM Na-C2H3O2 buffer. The 
loss in activities were expressed as residual activities (%), determined under standard assay 
conditions. The results were presented as mean ± standard deviations (n=3).  

The influence of pH on the optexo14 enzyme activity revealed that the recombinant 
enzyme had the highest activity at pH 7.0, however optendo13 showed maximum 
activity at pH 6.0 (Figure 7.3.a). The study of pH stability shown that the pH 6 and 7 
were noted as the desirable pH for the activity of optexo14 enzyme, where it 
maintained above 85% activity after 6h of incubation (Figure 7.3.b). Based on the result 
the enzyme optendo13 was stable in a wide range of pH. It showed higher stability at 
pH 4.0, 5.0, 6.0, 7.0 and 8.0, where it maintained more than 78% activity after 
incubation of 6h. At pH 9.0 it remained 46% of activity (Figure 7.3.c). 
 

 

 

 

 

 

 

 

 

 

 

Fig 7.3. Effect of pH on optexo14 and optendo13 activities and stabilities. (a) pH optimum was 
determined by incubating the enzyme substrate mixture at varying pH in 100mM Na-C2H3O2 
buffer for 1h. The values were expressed as relative activities (%) to the maximal activity. The 
maximum activity was defined as 100 %. (b) Effect of pH on stability of optexo14. (c) Effect of pH 
on stability of optendo13. pH stability was determined by pre-incubating the enzyme in varying 
pH for 6h at optimum temperature. The loss in activities were expressed as residual activities (%), 
determined under standard assay conditions. The results were presented as mean ± standard 
deviations (n=3).  

To investigate the substrate specificity of recombinant enzymes, multiple substrates 
such as Avicel (1,4-glycosidic bond), barley β-glucan (1,4-and 1,3-glycosidic bond), 
carboxy methyl cellulose (1,4-glycosidic bond), CM-Curdlan (1,3- glycosidic bond), 
birch wood xylan (1,4-xylopyranose bond) and chitin (1,4-glycosidic bond) were 
selected. The enzyme optexo14 showed 100% activity towards Avicel, 80% towards barley β-glucan and only 22% to CMC, whereas it showed no activity towards CM-
Curdlan, birch wood xylan and chitin (Figure 7.4.a). Optendo13 were highly active 
towards CM-Curdlan and showed 60% activity towards barley β-glucan, but didn’t 
shown any activities towards CMC, Avicel, birch wood xylan and chitin (Figure 7.4.b). 
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The influence of metal ions on proteins activity can be indicated as positive to some, 
while negative to others. The optexo14 activity was highly stimulated by metal ion 
Mn2+, which increased enzyme activity to 75%. Ca2+ and Mg2+ produced 18% and 8% 
increase respectively, whereas Zn2+ showed extremely high inhibitory activity (11%) 
on optexo14 enzyme. Other inhibitor metal ions are Fe2+, Cu2+ and Co2+, which showed 
reduction in 20%, 37% and 65% respectively. Lowest inhibitory effect was shown by 
KI, which maintained 98% activity. Na2+and Ag2+ didn’t showed any influence on 
optexo14 activity (Figure 7.5). 

 

  

 
 
 

 

 

 

 

Fig 7.4. Analysis of substrate specificity of recombinant proteins (a) optexo14 and (b) optendo13 
against various substrates. The activity was assayed using Avicel, barley β-glucan, carboxy methyl 
cellulose, CM-Curdlan, birch wood xylan and chitin as substrates, at a final concentration of 0.5% 
under optimum conditions. The values were expressed as relative activities (%) to the maximal 
activity. The maximum activity was defined as 100%. The results were presented as mean ± 
standard deviations (n=3).  

 

 
 
 
 

 

 

 

Fig 7.5. Effect of metal ions on the recombinant optexo14 and optendo13 activities. The enzymes 
were pre-incubated with 5mM of MgSO4, CoCl2, MnCl2, CaCl2, CuSO4, FeSO4, ZnSO4, AgNO3, KI and 
NaCl. The enzyme activities were determined by standard assay under optimum conditions. The 
values were expressed as relative activities (%) to the activity of control defined as 100%. The 
results were presented as mean ± standard deviations (n=3).  The inhibitors such as EDTA, DTT, β-mercaptoethanol and SDS had detrimental effects 
on optexo14 activity, showed 89, 45, 50 and 94% reduction respectively and produced 
respective 17, 70, 64 and 92% reduction in optendo13 activity also. PMSF and Triton 
X-100 were produced minor positive effects on both enzyme activities (Figure 7.6).  
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The purified recombinant optexo14 showed a Km value of 7.508 mM and Vmax value 
of 58.62 µM.min-1.mg-1 and recombinant optendo13 showed Km value of 9.221 mM and 
Vmax value of 95.51 µM.min-1.mg-1 using the substrate barley β-glucan. As per the 
results the recombinant optexo14 and optendo13 showed low Km values indicating 
the high affinity towards the substrate barley β-glucan (Figure 7.7).    

 
 
 
 
 
 

 

 

 

 

Fig 7.6. Effect of inhibitors on the recombinant optexo14 and optendo13 activities.  The enzymes 
were pre-incubated with 2mM of EDTA, DTT, PMSF, β-ME and SDS. The enzyme activities were 
determined by standard assay under optimum conditions. The values were expressed as relative 
activities (%) to the activity of control defined as 100%. The results were presented as mean ± 
standard deviations (n=3).  
 

 
 
 
 
 

 

 

Fig 7.7. Michaelis–Menten plot for recombinant enzymes. (a) optexo14 and (b) optendo13 with 

barley β-glucan as substrate. The inset shows the Lineweaver–Burk plots. The kinetic constants 

Km and Vmax were calculated by nonlinear regression analysis using GraphPad Prism V 8.0 

software. The results were presented as the mean of triplicates values.  

The study of enzyme activities under different brewery relevant parameters such as 
ethanol, sulphite and phenolics such as ferullic acid and gallic acid revealed the 
individual enzymes and cocktail mix of both enzymes were active at different 
concentrations ethanol, ferullic acid and gallic acid. However, the different 
concentrations of sulphite could be detected around 30% of loss in relative activity of 
individual enzymes, whereas more than 95% of activity was maintained by cocktail 
mix of both enzymes (Figure 7.8).    
7.4. DISCUSSION 
Microbial enzymes with high purity and special characteristics are important to use in 
their commercial and industrial applications in an environmental and economic 
friendly way. Recombinant enzyme production is an alternative to traditional 
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production, which allowed to modify a specific microorganism to produce the high 
yields of an enzyme along with preferred special characteristics such as 
thermotolerance, tolerance to acidic or alkaline conditions, other harsh reaction 
conditions in industries etc. The purification and the exploration of physio-chemical 
characteristics of novel enzymes are one of the refined area in bio-process research. 
 

 

 
 
 
 

  
 
 

 

 

 

Fig 7.8. Influence of brewery relevant parameters on individual and cocktail enzyme mix of 

optexo14 and optendo13 activities on varying concentrations of (a) Ethanol (1 to 10%) (b) 

Sulphite (10 to 100 ppm) (c) Ferulic acid (5 to 50 ppm) (d) Gallic acid (5 to 50 ppm). The values 

were expressed as relative activities (%) to the activity of control defined as 100%. The results 

were presented as mean ± standard deviations (n=3). 

In the current research, the purification and physico-chemical characterization of 
overexpressed optexo14 and optendo13 proteins were performed. The histidine-
tagged recombinant proteins expressed in BL21 StarTM (DE3) One Shot® E. coli cells 
were purified using simple, effective and fast Ni-NTA affinity chromatography. The 
purifications can be accomplished as single-step in one day time with a significant 
improvement above the extended purification protocol of the non-histidine-tagged 
protein (Trigoso et al., 2016). The expressed recombinant proteins with 6-His tag 
precisely bound by chelated divalent nickel ions, and eluted by the addition of 
imidazole through the competition or protonation of histidine residues by the 
reduction in pH (Smith et al., 1988). 
The single IMAC purification step was produced the most efficient and almost complete 
separation of proteins with less contaminants. The purified optexo14 and optendo13 
protein fractions showed homogenous protein bands with a respective molecular mass 
of 70 kDa and 44 kDa, which correspondingly yielded the total activities as 57% and 
67% when considering the total activities in crude soluble fraction as 100 %. By 
correlating the results with the previous studies, the purified His-tagged recombinant 
fusion proteins from Streptomyces sp. yielded highest activities than native proteins 
(Nishimuraa et al., 2001). HiTrap SP and Q column purified native endo-β-1,3-
glucanase protein from Streptomyces sioyaensis yielded only 15 to 25% of total activity 
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(Hong et al., 2002). The obtained specific activity optexo14 and optendo13 was 72 
U.mg-1 and 65.63 U.mg-1 respectively, which was the highest reported activities from 
Streptomyces spp.  
Recombinant optexo14 and optendo13 exhibited remarkable biochemical 
characteristics. The optimum activity of optexo14 recorded at temperature 50°C which 
also maintains more than 60% of activity at 30 to 60°C. Exo-β-1,4-cellobiohydrolase 
from Streptomyces coelicolor A3(2) showed maximum activity toward Avicel at 50°C 
(Lee et al., 2018). The optendo13 recorded optimum activity at 60°C, also maintained 
more than 80% of activity at 30 to 60°C. Endo-β-1,3-glucanase from Streptomyces sp. 
Mo also showed the optimum activity towards Curdlan at 60°C (Kurakake et al., 2013). 
The residual activity of optexo14 at 50 and 60°C showed more than 60%, whereas the 
optendo13 showed more than 70% activities at 50 and 60°C after 6 h, retained 30% of 
enzyme activity at 70 °C after 5 h and also maintained more than 10% of its activity 
80°C after 4 h of incubation.  According to Cano‑Ramírez et al. (2016), bacteria β-glucanases showed activity at 
optimal pH, but do not show activity at wide pH intervals. Apart from these reports 
Streptomyces spp. established an exception that the enzymes optexo14 and optendo13 
showed significant activity and stability in wide ranges of pH from 4.0 to 8.0. These 
findings were comparable to the exo-β-1,4-glucanase from Trichoderma viridi (Irshad 
et al., 2012) and Chaetomium olivaceum (El-Gindy et al., 2003) and endo-β-1,3-
glucanase from Trichoderma harzianum (Noronha and Ulhoa, 1996) and Trichoderma 

koningi (Monteiro and Ulhoa, 2006) confirmed optexo14 and optendo13 from 
Streptomyces spp. have significant more thermostability and pH stability than fungal 
enzymes. 
The substrate specificity studies of recombinant optexo14 showed high affinity towards cellulolytic substrate Avicel, barley β-glucan and carboxymethyl cellulose. As 
per the previous reports, the high affinity of enzymes towards Avicel confirms it as an 
exo- acting enzyme and the Avicel used as a model substrate for detecting the 
cellobiohydrolase (CBH) activity (Kruus et al., 1995; Teeri, 1997; Zang et al., 2006). 
Optendo13 showed high specificity towards the β-1,3 linked substrate CM-Curdlan, and also showed 60% specificity towards barley β-glucan which confirmed the enzyme is also able to cleave the internal β-1,3-linkages within the barley β-glucan chain, 
defines the enzyme is endo-β-1,3-glucanase. The specificity towards insoluble substrates like Avicel and barley β-glucan enabled by CBM module of β-glucanase, 
which primarily recognize the glucan chain and resulting effective hydrolysis of 
substrates (Boraston et al., 2004). 
It is commonly accepted that some metal ions and inhibitors significantly alter the 
enzyme activities (Wang et al., 2012). The metal ions such as Cu2+, Co2+ and Fe2+ 
showed significant inhibitory effect on optexo14 and optendo13. Zn2+ produced high 
detrimental effect on optexo14 activity. The inhibitory action of Zn2+ and Cu2+ is a general feature of β-glucanases (Cano-Ramirez et al., 2016). According to Lim et al. 
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(2016), Mn2+ and Cu2+ were reported as fungal β-glucanase inhibitors. However, Mn2+ 
stimulated the activities of both optexo14 and optendo13 Streptomyces enzymes. 
Inhibition by divalent metal ions has been reported widely in many glycosyl 
hydrolases, might be by attacking the thiol groups at the active site, however, this 
necessitates additional validation. On the other hand both enzyme activities are inhibited by EDTA, DTT, β-mercaptoethanol and SDS. These results indicating that 
metal ions and disulphide linkages are necessitates for the catalytic activities (Wang et 
al., 2014). As shown in our results, Triton X-100 stimulated the β-1,3-1,4-glucanase 
activity in Bacillus amyloliquefaciens (Sun et al., 2012). 
According to the results of kinetic studies the purified recombinant optexo14 and optendo13 showed Km values of 7.508 and 9.221mM using the substrate barley β-
glucan. The lower Km values designates the higher affinity to β-glucan substrates which 
proves the beneficial application of both enzymes in industrial sectors such as brewing 
and animal feed enzyme industries. Similar observations were reported by Wang et al. 
(2014), in β-1,3-1,4-glucanase from Bacillus tequilensis.  
The compounds such as ethanol, sulphite, ferullic acid and gallic acid are produced in 
breweries naturally as a result of fermentation. The influence of these compounds on 
optexo14 and optendo13 activities revealed that the individual enzymes as well as 
cocktail mix of both enzymes were active at different concentrations ethanol, ferullic 
acid and gallic acid. However, a 30% of loss in relative activity of individual enzymes 
as well as less than 5% of loss in the activity of cocktail mix were detected. The β-1,3-
Glucanase from Delftia tsuruhatensis Strain MV01 also showed similar activities in the 
above mentioned conditions (Blattel et al., 2011).  
7.5. CONCLUSION 

The industrial sectors need the enzymes which retaining special characteristics for 
their precise applications in raw material processing. In the current study the substrate 
specificity analysis indicated that optexo14 is a typical exo- acting β-1,4-glucanase and 
optendo13 is a typical endo- acting β-1,3-glucanase. Detailed physio-chemical 
characteristics studies confirmed that the purified optexo14 and optendo13 has high 
thermostability and pH stability, better kinetic constants which signifies high affinity towards barley β-glucan and stability under different brewery relevant parameters. 
These properties suggest the enzymes individually as well as cocktail mix, will be the 
better candidates for the applications in brewing industry and animal feed enzyme 
industry. 

Summary 

The overall objective of the present study was a detailed molecular characterization 
and heterologous production of exo-β-1,4-glucanase and endo-β-1,3-glucanase 
enzymes from Streptomyces spp. The taxonomical position of potent enzyme producing 
strains were explained. The study was also extended for the optimisation of the 
Streptomyces origin β-glucanases gene codons based on E. coli codon bias for obtaining 
efficient and high level expression in E. coli host. The over expressed enzymes were 



 

 

113 

 

purified and characterized for analysing the optimal catalytic conditions for effective degradation of β-glucan molecule.  The results obtained from the present study provide 
a good understanding for effective industrial production as well as utilization of both β-glucanase enzymes. Furthermore, heterologous production proved to be a better 
alternative to conventional production. 
The study reveals the richness of the Western Ghats soils with innumerable actinomycetes having potential β-glucanase activities. Here total 127 actinomycetes 
strains were isolated from Western Ghats areas in Kerala. As a result of qualitative and quantitative β-glucanase activity profilings, the strains TBG-MR17 and TBG-AL13 
recognised as respective dominant producers of exo-β-1,4-glucanase and endo-β-1,3-
glucanase. Under optimum culture conditions strain TBG-MR17 produced 141 U.mL-1 

exo-β-1,4-glucanase and TBG-AL13 produced 892 U.mL-1 endo-β-1,3-glucanase. The 
polyphasic taxonomic approach helped to identify the taxonomic position of isolates as 
Streptomyces althioticus TBG-MR17 and Streptomyces cinereoruber subsp. cinereoruber 

TBG-AL13. This is the first report of exploration of Western Ghats actinomycetes for 
both exo-β-1,4-glucanase and endo-β-1,3-glucanase enzymes with tremendously high 
activities.   The isolated β-glucanase genes from the Streptomyces strains, EXO14 and ENDO13, 
showed 1737 bp and 1293 bp which correspondingly encoded 578 and 438 putative 
amino acids. A complete theoretical overview of EXO14 and ENDO13 genes and 
corresponding predicted putative proteins (exo14 and endo13) were elucidated using 
various in silico methods which provided the overall idea about protein structural 
domain architecture, probably governs to the stability, function, and interaction with 
particular substrates. It provided new conceptions towards the β-glucanases in 
Streptomyces spp. and moreover deliver a basis for enhancing the expression studies 
and protein stability towards the industrial applications.  
The isolated EXO14 and ENDO13 gene codons were optimized based on codon 
adaptation usage of E. coli and cloned into the pET101/D-TOPO® vector for improving 
the protein expression as well as simplifying the purification. The codon optimisation 
using multiparametric algorithm that efficiently improved the expression of 
Streptomyces β-glucanase genes in E. coli and accomplished a profitable result on 
protein yield and functional activity. Both optimized and synthesised constructs of 
EXO14 and ENDO13 performed far better than the wild type genes with enzyme 
activities of  5300 U.mL-1 and 1076 U.mL-1 respectively, that is 16.5 fold and 6.3 fold 
corresponding increase than native ones, which was the highest activities ever 
reported from Streptomyces spp. The enhancement in enzyme activity revealed that the 
optimised construct directly influences mRNA stability and native folding of proteins. 
In all together gene optimization improves the gene expression at the transcriptional, 
translational and posttranscriptional level, which significantly improves protein yield 
and functional activity. 
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Profinity™ IMAC Nickel affinity purification of 6His tag fusion proteins recovered 42 
mg.mL-1 and 11 mg.mL-1 proteins with corresponding 72 U.mg-1 and 65.63 U.mg-1 
specific activities for exo14 and endo13 proteins respectively. The enzymes special 
characteristics study is essential for their precise applications in raw material 
processing. The high specificity of exo14 towards Avicel indicated that the enzyme is a typical exo acting β-1,4-glucanase. The significant specificity of endo13 to Curdlan 
shown it is a typical endo acting β-1,3-glucanase. Detailed physio-chemical 
characteristics study confirmed that the purified exo14 and endo13 has high 
thermostability and pH stability. The calculated kinetic parameters of exo14 
(Km=7.508, Vmax=58.62) and endo13 (Km=9.221, Vmax=95.51) signifies both have high affinity towards barley β-glucan substrate and showed significant stability to 
certain brewery relevant parameters such as ethanol, ferullic acid, gallic acid and 
sulphites. The obtained good characteristics suggest the enzymes individually as well 
as cocktail mix, will be the better candidates for the applications in brewing industry and animal feed enzyme industry for the efficient hydrolysis of cereal β-glucan. 

Achievements 

1. Silent Findings 

 Total 127 actinomycetes strains were isolated from Western Ghats areas, 106 
strains (83%) showed exo-β-1,4-glucanase enzyme activity and only 79 strains 
(62%) produced endo-β-1,3-glucanase activity.  

 The strains TBG-MR17 and TBG-AL13 recognised as respective dominant 
producers of exo-β-1,4-glucanase and endo-β-1,3-glucanase.  

 The polyphasic taxonomic approach helped to identify the taxonomic position 
of isolates as Streptomyces althioticus TBG-MR17 and Streptomyces 

cinereoruber subsp. cinereoruber TBG-AL13. 

 Exo-β-1,4-glucanase (EXO14) and endo-β-1,3-glucanase (ENDO13) genes were 
isolated. 

 A complete theoretical overview of EXO14 and ENDO13 genes and 
corresponding predicted putative proteins (exo14 and endo13) were 
elucidated using various in-silico methods which provided new conceptions 
towards the beta glucanases in Streptomyces spp. and moreover deliver a basis 
for enhancing the expression studies and protein stability towards the 
industrial applications.  

 For cloning and over expression, the protein coding genes of EXO14 and 
ENDO13 were optimized according to the codon bias of E. coli expression host. 
The codon optimisation efficiently improved the protein expression as well as 
functional activity of expressed proteins. The optimized and synthesised 
constructs produced far better activities of 5300 U.mL-1 and 1076 U.mL-1 
respectively for exo14 and endo13, which was the highest activities ever 
reported from Streptomyces spp.  
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 Profinity™ IMAC Nickel affinity purification produced 42 mg/mL and 11 
mg/mL proteins with corresponding 72 U/mg and 65.63 U/mg specific 
activities for exo14 and endo13 proteins respectively.  

 Both proteins showed significant thermostability and pH stability. Exo14 
enzyme showed high affinity to substrates such as avicel, barley β-glucan and 
CMC. Endo13 hydrolysed only CM-curdlan and barley β-glucan. Metal ions like 
Mg2+, Mn2+ and Ca2+ have stimulatory effect on exo14 activity and Co2+, 
Cu2+, Fe2+ and Zn2+ showed significant inhibitory effect. In case of endo13 
Mn2+, Zn2+ and Ag2+ produced stimulatory effect and Co2+ and Cu2+ showed detrimental effects. Inhibitors such as DTT and β-ME reduced the activity of 
both enzymes, whereas PMSF and Triton X-100 have positive effect.  

 The calculated kinetic parameters of exo14 (Km=7.508, Vmax=58.62) and 
endo13 (Km=9.221, Vmax=95.51) enzymes indicating both have high affinity towards barley β- beta glucan.  

 The influence of brewery relevant parameters such as ethanol, ferullic acid, 
gallic acid and sulphites on the activity of individual exo14, endo13 as well as 
cocktail enzyme mix were tested. It revealed, the ethanol, gallic acid and ferullic 
acid had no significant influence on enzyme activity. The effect of sulphite could 
be detected around 20% of reduction in relative activity of individual enzymes, 
cocktail enzyme mix showed more than 90% of activities under varying 
sulphite concentrations.  

 All these results suggest that the both enzymes, individually as well as cocktail 
mix, will be the better candidates for the applications in brewing industry and 
animal feed industry. 
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Change Studies, Sathyabama University, Chennai on 30th and 31st 
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4) Three days National Seminar cum Workshop on Microbial Omics: From 
Genome to Proteome held at Dept of Biotechnology, Alagappa University, 
Karaikudi on 24th to 26th February 2016. 
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2) Two days Workshop on Biostatistics organized by CEPCI Laboratory and 
Technical Division, Kollam on 29th and 30th July 2016 at Cashew 
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6) Edison, L. K., Shiburaj, S. and Pradeep, N. S. (2017). Streptomyces sp. 
strain TBG-MR7 16S ribosomal RNA gene, partial sequence, 1430 bp. 
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7) Edison, L. K., Shiburaj, S. and Pradeep, N. S. (2017). Streptomyces sp. 
strain TBG-NR2 16S ribosomal RNA gene, partial sequence, 1439 bp. 
Accession No: MF689043.  

8) Edison, L. K., Shiburaj, S. and Pradeep, N. S. (2017). Streptomyces sp. 
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9) Lekshmi, K. E., Shiburaj, S. and Pradeep, N. S. (2017). Streptomyces 
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drozdowiczii strain TBG-AL19 16S ribosomal RNA gene, partial 
sequence, 1459 bp. Accession No: KY435676. 

(B) Awards /Patents taken, if any : Nil 

(C) Innovations/Technology developed 

 Modified screening media were developed for the screening of exo-β-1,4-
glucanase and endo-β-1,3-glucanase producing Actinomycetes strains. 

 Streptomyces encoding full length exo-β-1,4-glucanase and endo-β-1,3-
glucanase encoding genes and putative proteins were predicted. 

 Streptomyces origin exo-β-1,4-glucanase and endo-β-1,3-glucanase protein 
structures were elucidated. 

 Streptomyces origin exo-β-1,4-glucanase and endo-β-1,3-glucanase gene codons 
were optimized based on E. coli and synthesised denovo. 

 Developed an expression vector for the overexpression of exo-β-1,4-glucanase 
and endo-β-1,3-glucanase genes in E. coli system. 

(D) Application potential 

The ever-growing beverages market by the popularity of speciality beers and craft breweries, the β-glucanase segment is predictable to be a significant rise in demand 
and as the fastest emergent for brewing enzymes from 2018 to 2023. The market of 
brewing enzymes is projected at $352.1 million in 2018 and is projected to reach 
$484.7 million by 2023, at a CAGR of 6.6% from 2018 (Globe Newswire, 2018). The 
fastest-growing brewing enzymes market is projected to be in the Asia Pacific region 
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and expected to witness a significant demand in future also. Maximum growth is 
expected to be seen exactly from India and China.  
The global feed enzyme market is a fast emergent segment due to increasing 
consumption, rising the quality and safety of meat and milk and attention to favourable 
feeding plans for livestock. The market was valued at $899.19 million in 2014 and is 
estimated to stretch $1,371.03 million by 2020, at a CAGR of 7.3 percent. The steady 
growth is predominantly higher in developing countries such as India, China, and Brazil 
owing to increase the returns level and attention towards superior quality, nutritive 
and balanced food grades. In terms of value, the major share in feed enzyme market is 
contributed by non-starch polysaccharide enzymes (NSP), in which the β-glucanase is 
a leading segment. The demand for healthier and highly efficient feed enzymes with 
modified capabilities is an alternative to feed antibiotics and also manage input 
production cost of livestock.  
When considering current demand and the emerging marketing impact of β-glucanase 
in brewing industry and animal feed enzyme industry, our overexpressed 
thermostable and pH stable enzymes will be an inevitable part. Apart this, it will have 
an appreciable applications in wine production, coffee processing, waste treatments, 
textile industry, biofuel production and also in agriculture. In agriculture sectors the 
enzymes can used as a biocontrol agent which is capable of degrading cell wall of plant 
pathogens, weaken the seed endosperm and enhances seed germination and also helps 
for preparation of plant and fungal protoplasts applicable in various research 
purposes.  

Scope of Future Work 

Streptomyces is the largest genus of Actinobacteria and the type genus of the family 
Streptomycetaceae. Among the 127 isolated actinomycetes strains Streptomyces 

althioticus TBG-MR17 and Streptomyces cinereoruber subsp. cinereoruber TBG-AL13 
identified as respective potent exo-β-1,4-glucanase and endo-β-1,3-glucanase 
producers. When considering the synergic action of both enzymes in the applications of brewing industry and feed enzyme industry for an efficient cereal β-glucan 
hydrolysis, the development of a hybrid protein containing the catalytic domains of 
both exo-β-1,4-glucanase and endo-β-1,3-glucanase proteins along with a 
carbohydrate binding module will be the future plan.  
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