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Abstract

Cellulases (exo-glucanase, endo-glucanase and β-glucosidase) and xylanases are
among the most important fiber degrading enzymes. These enzymes have engrossed
considerable attention due to their vast applications in various industries. Animal feed
industry is one of the essential industries for the application of these enzymes. Present
study was aimed to isolate microbes with the potential to produce these fiber degrading
enzymes, their molecular characterization along with their application in animal feed.
In this study we isolated 101 bacteria from buffalo dung and rumen samples and
subjected to plate based screening for fiber degrading potential. From all isolated
bacteria, twenty two were screened for fiber degradation potential and subjected to
BLAST algorithm and identified as members of 2 major phyla including firmicutes and
actinobacteria with 3 families as bacillaceae, enterococcaceae and streptomycetaceae.
The enzyme activity index showed, four (4) best enzyme producers including BR28,
BR96 with highest xylanase activity, BD69 with highest β-glucosidase activity and
BD92 with highest endo-glucanase and exo-glucanase activities. The potential isolate
BD92 (Bacillus sonorensis) was chosen for statistical optimization with response
surface methodology using central composite design. The maximum exo-glucanase,
endo-glucanase, β-glucosidase and xylanase activities were achieved under optimized
conditions (carboxymethyl cellulose 2%, yeast extract 1.5% and time 72 h) were 671.68,
1460.00, 361.29 and 5690.00 U L-1, respectively. Similarly, the highest co-production
of multi-enzyme cocktail BsBD92 (exo-glucanase, endo-glucanase, β-glucosidase and
xylanase) was achieved on wheat bran (WB) followed by wheat straw, cotton stalk and
rice straw when used as cheap alternative carbon sources. Maximum in vitro enzymatic
saccharification was observed for WB after 24 h using multi-enzyme cocktail BsBD92.
All enzymes showed more than 20% residual activates at highest temperature (90 °C)
and > 70% activities at pH 5.5 and 50 °C.
β-glucosidase (Bteqβgluc) from B. tequilensis BD69 and endo-glucanase
(BsEgl) from B. sonorensis BD92 were also cloned for molecular characterization. The
Bteqβgluc gene encodes a protein of 433 amino acids (AA) and belong to glycoside
hydrolase 4 (GH4) family. Pichia pastoris was better expression system with

xvii

extracellular secretion of Bteqβgluc protein and high enzymatic activity. As Bteqβgluc
retains > 50% of its activity at 80 °C and > 80% activity at optimum pH after 60 min.
However, BsEgl gene encodes a protein of 499 AA and belongs to GH5 family with
cellulose binding domain from superfamily 3. BsEgl was stable at a range of pH from
4-8 for 60 min and 50 °C for 180 min.
Finally, the application of multi-enzyme cocktail BsBD92 and recombinant
enzymes was tested for improvement of growth performance in broiler birds. Multienzyme cocktail BsBD92 gave better results in term of production index and feed
conversion ratio. While, combination of recombinant enzymes (Bteqβgluc and BsEgl)
also showed better performance than single enzymes.
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1 Introduction and Review of Literature

Livestock has a major share in mitigation of poverty and food shortage among
developing countries. Poultry is one of the noteworthy commodities among livestock
that offer superior quality protein through meat and eggs. In Pakistan, poultry industry
gives wage to millions of individuals. Pakistan has emerged as 11th largest poultry
producer in the world that produces 1,163 million broilers per year. Currently, there are
more than 700 billion rupees investments in this sector [1]. Feed is a main input
establishing 70-75% of the entire expenditure in poultry production. The increased
prices of raw material (mainly corn, wheat, soybean etc.) in the international and local
markets had raised the price of poultry feed. As an alternative, cheap and low quality
ingredients (barley, oat, triticale, rye, wheat bran, sunflower meal etc.) with vital energy
and protein contents have been used but these ingredients contain high dietary fiber
contents (particularly non-starch polysaccharides) those are poorly digested by the birds
[2]. As poultry birds lack digestive enzymes needed to break “β” type of linkages
present in these ingredients [3]. Supplementation of such feed with fiber degrading
enzymes, specifically cellulases (β-glucanases) and xylanases showed improvement in
growth rate of poultry birds [4].
Enzymes are naturally occurring protein molecules produced by all living
organisms for catalyzing chemical reactions. The existence of enzyme was linked with
ancient Greece who used enzymes in fermentation and food processes [5]. Feed
enzymes aid to encounter the consumer’s demand for innocuous, high quality and
inexpensive food. Enzymes are produced by the body cells, or by microorganisms
present in the gut. Feed ingredients also contain indigestible fiber contents i.e. nonstarch polysaccharides (NSP) those can interfere with the digestion process. Adding
specific enzymes to the feed can improve the nutritive value of the feed ingredients,
thereby improving digestion efficiency.
In Pakistan, poultry feed industry is among the predominant industries with
production of 4.44 million tons of feed per annum [6]. The rapid growth in the poultry
business rises the local/regional demand of feed enzymes to improve the production.
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According to the observatory of economic complexity, Pakistan imports enzymes of
USD 32.4 Million annually [7]. There is a lack of inland production of these enzymes
in Pakistan instead imported from other countries at higher prices. There is a need for
continuous research and developments in enzyme biotechnology in the country for
production of effective and efficient feed enzymes from indigenous resources to meet
the local demand.

Fiber Degrading Enzymes Classification
The fiber degrading enzymes for supplementation in animal feed have been classified
according to the International Union of Biochemistry (IUB) enzyme nomenclature [8]
and most of these belong to the glycoside hydrolases (GH). The fiber degrading
enzymes have been classified based on substrate specificity and reaction type as
cellulases and xylanases. Most of GH are endo-acting enzymes, cutting polymer chain
from middle and reduce viscosity. Cellulases include endo-glucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.74 or EC 3.2.1.91) and β-glucosidases (EC 3.2.1.21). Endoglucanase, hydrolyze the glycosidic linkages in cellulose, β-glucans and lichenin.
While, exo-glucanase arbitrarily attacks at amorphous sites of cellulose and break the
polysaccharide chain to glucan chains of various lengths. Whereas, β-glucosidases
break down cellodextrins and cellobiose to glucose. Conversely, xylanase (EC 3.2.1.8)
acts on xylosidic linkages and depolymerize xylan to xylose [8].
The CAZy (carbohydrate-active enzymes) database currently listed 165 GH
families. The commercially available glucanases belong to families GH5, GH7, GH12,
GH16 and GH45. Endo-glucanases from GH5 mostly belongs to the Bacillus genus,
whereas GH7 does not contain cellulases from prokaryotic organisms in while that of
GH45 contains only few from bacteria [9, 10]. GH5 endo-glucanases from different
Bacillus spp. share about 60% of sequence identity [11]. While, xylanases belong to
GH5, GH8, GH10, GH11 and GH43 [12]. GH10 and GH11 families have well
characterized xylanases [13, 14]. GH families have been grouped in 18 clans based on
their 3D structures. GH5 and GH10 are members of the GH-A clan (having 3D structure
of (β/α)8 barrel), families GH7 and GH16 of the clan GH-B (β-jelly roll structure) and
GH11 and GH12 belong to GH-C (β-jelly roll structure). The fiber degrading enzymes
has also been classified into various carbohydrate-binding modules (CBM) / cellulose-
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binding domains (CBDs). CBM have been classified into 85 families with most of the
glucanases and xylanases in CBM1 and CBM2.

Cellulases
Plants yield 10-50 billion tons of cellulose each year [15], which is earth’s most
abundant raw material for making important products. These plant cell wall
polysaccharides comprised of cellulose, hemicellulose and lignin as illustrated in Figure
1.1A. Cellulose in plant biomass is the utmost plentiful carbohydrate on Earth, and there
is significant interest on its potential use in various industries [16, 17]. Cellulose form
structurally strong framework of the plant cell wall with microfibril containing glucose
subunits those linked by β 1,4 glycosidic bond [18]. Inter or intra hydrogen bonds
present between microfibrils provide firm indefinite crystalline structure [19].
Cellulases are chief enzymes involve in the break down of cellulose.
Irwin et al. [20] identified three types of functional cellulases including endoglucanases, exo-glucanases and β-glucosidase. Endo-glucanase break polysaccharides
chains of cellulose at internal amorphous/paracrystalline sites and creating
oligosaccharides of numerous lengths for the attack of cellobiohydrolases as presented
in Figure 1.1A and C [21, 22]. These endo-glucanases can either be processive or nonprocessive [23, 24]. Exo-glucanases, include cellodextrinases (EC 3.2.1.74) and
celliobiohydrolases (EC 3.2.1.91). These attacks on non-reducing and reducing end of
the cellulose chain. Exo-glucanase also act on microcrystalline cellulose [21, 25, 26]
and generate a tunnel along the loops in the structure that encircle the cellulose [27]. βglucosidase hydrolyze cellobiose and cellodextrins to glucose as presented in Figure
1.1A [28, 29]. Most fiber degrading enzymes are composed of 2 domains, non-catalytic
CBM and catalytic domain (CD). The two domains are connected through a flexible
peptide.
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Figure 1-1 Cell wall structure of plants and enzyme attacking sites.
(A) Enzyme attacking sites on plant cell wall polymers; (B) structure of xylan and
representation of various recognition and catalytic sites for its subsequent
depolymerization of xylanase action, and (C) CBM increases the accessibility of the
enzyme to the substrate [30].

Xylanases
Hemicellulose is a second most plentiful natural polymer on earth that has significant
role in plant cell wall structure [31, 32] as presented in Figure 1.1A. Whereas, xylan is
a homopolymer in hemicellulose linked by β 1,4 linkages with 150-200 degree of
polymerization. This makes a backbone structure some sugar and organic acids, such
as ferulic acid, glucuronic acid, arabinose, etc as presented in Figure 1.1B. Xylanases
(EC 3.2.1.8) represents a class of GH enzymes those cleave a xylan backbone randomly,
resulting in branched or un-branched xylo-oligosaccharides [12, 33]. GH10 family
mostly contains the bacterial xylanases, whereas GH11 family has fungal xylanases
[34]. Xylanase is an industrial enzyme having applications in a wide range of processes.
Various microbes including bacteria, actinomycetes and fungi are rich sources of
xylanase. Xylanase producing bacteria have been isolated from various habitats, such
as soil contaminated with decaying wood, effluent from paper industry, garbage dump,
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compost, forest soil, alkaline soda lake, hot spring, sediment and agricultural wastes
[35-37].

Sources of Fiber Degrading Enzymes
Most of the bacterial and fungal species have ability to break plant cell wall
polysaccharides (cellulose and hemicellulose) by fiber degrading enzymes. Isolation,
and screening of bacteria for new fiber degrading enzymes with better performance is
yet a profoundly dynamic area of research. As, bacteria can grow in short time and have
progressively complicated GH providing synergy with greater potency as well as higher
production of enzymes with their diversity to extreme niches than fungi. Genus
Thermomonospora, Cellulosimicrobium, Clostridium, Cellulomonas, Ruminococcus
and Bacillus have been reported from the divers sources for example decomposing
agricultural biowastes, composting heaps, elephant dung, soil, gastrointestinal tract of
buffalo and horse [38, 39]. Among these, the most alluring medium where these
enzymes are available is the ruminant’s digestive system. There are no less than 30
dominating species of bacteria with 1010 to 1011 bacteria per mL of rumen liquor [40]
those have vital role in fiber degradation [41, 42]. Most efforts have been done for the
isolation of anaerobic bacteria from rumen that need firm anaerobic environment that
is hard to maintain. Consequently, isolation, qualitative/quantitative screening with
molecular/funcational characterization of superior facultative/aerobic bacteria is in
demand due to easy handling, maintenance and production. Current project was
designed to isolate aerobic bacteria from fiber degrading enrich environment.
Marco et al. [43] stated the isolation of cellulase producing Bacillus
licheniformis 380 from compost with highest enzyme activity at 60 °C (0.14 U mL-1
min-1). While in another study, cellulose degrading Bacillus licheniformis was also
isolated from compost [44]. Tabao and Monsalud [45] reported identification and
characterization of high cellulase producing Bacillus spp. (Bacillus cereus, Bacillus
licheniformis, Bacillus pumilus, etc) from Philippine mangroves. Singh et al. [46]
reported isolation of cellulase producing Bacillus amyloliquefaciens strain SS35 from
rhinoceros dung. Sethi et al. [47] isolated and identified cellulase producing Bacillus
subtilis, Pseudomonas fluorescens, Serratia marcescens and E. coli from soil. Yang et
al. [48] reported isolation of cellulase producing Bacillus subtilis BY-2 from tibetan
pig's intestine and investigate its enzyme production.

5

1 Introduction and Review of Literature

Production and Statistical Optimization of Fiber
Degrading Enzymes
Feed enzymes are being produced in deep tank bioreactors from bacteria (Bacillus spp.)
or filamentous fungi (Aspergillus oryzae, Aspergillus niger, Humicola insolens and
Trichoderma reesei). Bacillus sp. produce enzyme in a relatively short period of time
(48 h), while fungal species usually produces them in several days; therefore, the
economics of the two systems are comparable. Enzyme production by microbes relies
upon several process variables including temperature, pH, substrate concentration,
carbon source, inoculum level and nitrogen sources [49]. The cost of enzyme
production is an essential factor, which decides the economics and feasibility of an
industrial process [50]. Variation in one parameter with constant levels for others is a
conventional method of optimization. While, statistical tools offer quick and efficient
methods for optimized production of desired enzymes. Response surface methodology
(RSM) is a new, reliable and extensively used tool [51, 52]. Previously, optimization
using RSM approaches have been used to increase production of endo-glucanase and
xylanase with process variables including nitrogen source, carbon source, pH and
temperature [53, 54].
Sreena and Sebastian [55] reported one factor at a time (OFAT) as well as
statistical methods used to produce and optimize cellulase from Bacillus subtilis MU
S1. They used OFAT to optimize the stirring speed (150 rpm) and temperature (40 °C),
and plackett-burman design (PBD) for medium optimization. Whereas, RSM based
central composite design (CCD) was applied to obtain the optimal levels of CMC
(13.46 g L-1), NaCl (6.31 g L-1) and yeast extract (8.38 g L-1). In another study, Shajahan
et al. [56] reported the use of PBD and RSM to optimize cellulase production of B.
licheniformis NCIM 5556. The best optimized conditions were 43.35 °C temperature,
with CMC (19.21 g L-1), Tween-20 (2.96 mL L-1) and CaCl2.6H2O (25.06 mg L-1).
There is a need to optimize media components as well as fermentation conditions for
every newly isolated microorganism for production of fiber degrading enzymes using
either OFAT or recent statistical tools.

Lignocellulosic Biomass for Enzyme Production
Lignocellulosic biomass, made up of carbohydrates for example cellulose,
hemicellulose and lignin signifies the utmost auspicious choice for the production of
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valuable goods [57]. These are cheap, inexpensive and plentiful carbon sources for
enzyme production, sugar, chemicals and biofuels [58, 59]. Enzymatic hydrolysis of
lignocellulosic biomass includes cellulase (glucanase) and xylanase to bioconvert
cellulose and hemicellulose to glucose and xylose, respectively [60]. The synergistic
effect of cellulase and xylanase has a great influence on simultaneous saccharification
of plant biomass [61, 62]. Wheat bran is a by-product of flour industry that is
particularly rich in dietary fiber and contains a lot of protein, minerals and vitamins.
Nema et al. [63] describes a submerged fermentation method for producing
cellulase from Bacillus cereus using corn husk as a substrate. The maximum activity
was seen at pH 5, temperature 30 °C and substrate concentration 1%. Padilha et al. [64]
pointed out that Bacillus thermophilus C1AC5507 strain use bagasse (carbon source)
to produce cellulase. The optimum pH and temperature were 7.0 and 70 °C, respectively
for CMCase production. The lignocellulosic biomass showed variation in production
and enzyme activity which may be due to area of harvesting, season etc. So, there is a
need to test local lignocellulosic biomass for enzyme production using indigenous
microbes.

Purification, Characterization and Enzyme Kinetics
Purified enzymes showed higher activities with more sensitivity to specific products.
Enzymes must be characterized to obtain better performance in specific applications.
This is because obtaining information about the appropriate conditions for enzyme
action is a prerequisite. Figure 1.2, presents optimum temperature and pH required for
use of industrial enzymes in various fields. Cellulase has been purified from wild
bacteria, yeast, fungi by using different procedures for purification [65-67]. First of all
proteins have been precipitated from microbial culture through ammonium sulfate
precipitation by using saturation of 75% [68] 80%, 90%, 100% [69, 70]. Some scientist
also used other methods like ethanol precipitation, [71] acetone precipitation [72]
and/or ultrafiltration [66, 73] then next step involves dialysis through dialyzing tubes
for removal of ammonium sulphate traces. Moreover purification can be done through
chromatography like gel filtration, adsorption, ion exchange chromatography.
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Figure 1-2 Approximate tendencies of pH and temperature of various industrial
enzymes (adapted from Kamal et al. [74]).
The characterization of enzymes is also essential to optimize the physical and
chemical parameters (including temperature, pH, substrate specificity and substrate
concentration) for its excellent industrial applications. The activity of thermostable
alkaline cellulase (endo-glucanase) was noticed in the culture medium of Alkalophilic
Bacillus strain (KSM-S237). The optimal pH of the enzyme was 8.6-9.6, and the
maximum activity can be detected after heating at 100 °C and pH 9.0 for 10 min [75].
Another study was carried out on purification and characterization of a GH5 endoglucanase from Bacillus licheniformis by Bischoff et al. [76]. Who reported optimal
temperature 65 °C, but the enzyme was mostly stable at 60 °C and still retains more
than 90% activity after 1 h. Marco et al. [43] reported the characteristics of alkaline
cellulase purified by Bacillus licheniformis 380 using ammonium sulfate with a
concentration of 60-80% at a temperature of 4 °C, and then resuspended in phosphate
buffer (pH 7.2) and the sephadex G-100 gel filtration column was eluted with NaCl (01 mol L-1). The highest activity was detected at 50 °C, pH 7.0-9.0, and in the higher pH
range, > 60% of enzyme activity was maintained. Abdullah et al. [77] reported partial
purification and characterization of cellulase from wild Bacillus PC-BC6 and Bacillus
N3 (mutant) using 80% ammonium sulfate. At the same time, both strains showed an
optimum pH range of 5.0-9.0 and temperature of 50 °C for Bacillus PC-BC6 and 5.09.0. for Bacillus N3.
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Yin et al. [26] used ammonium sulfate precipitation method to purify cellulase
from Bacillus subtilis YJ1, followed by macro-prep ion exchange and biogel P-100
chromatography having 32.5 kDa size with 6.0 optimal pH and 50-60 °C temperature.
Akaracharanya et al. [78] characterized Bacillus strains from Thai soil having optimum
temperature 50 °C and 7.0 pH for cellulase. Seo et al. [79] characterized fiber degrading
enzymes (endo-glucanase, β-glucosidase and xylanase) of B. licheniformis JK7 isolated
from the rumen of a native Korean goat. They reported an optimum temperature of 70
°C for endo-glucanase and 50 °C for β-glucosidase and xylanase. While, 5.0 was
optimum pH for all the enzymes.
Similarly, determination of enzyme kinetic parameters, including maximum
velocity (Vmax), michaelis constant (Km) and turnover number (kcat) are also important
in enzyme characterization studies because the enzyme reaction depends on the
substrate concentration as described by Michaelis and Menten [80]. The Km is the
concentration of substrate when the rate of reaction is half of Vmax and is the reciprocal
of the affinity of the substrate for the enzyme. The lower value of Km indicates higher
affinity between enzyme and substrate. At the same time, thermodynamic data is also
important in predicting the extent of reactions and the location of any processes where
these reactions occur. Many enzymes lack industrially important properties, so the
kinetic and thermodynamic properties of new wild and recombinant enzymes are
essential [81].
The pKa is the ionization constant that tells about of the enzyme’s activity upon
pH shift of a reaction. After plotting log10 Vmax vs pH, the pKa value of the ionizable
residues of enzyme substrate complex can be determined. The effect of temperature on
the reaction rate is represented by Q10, which is a factor that increases the reaction rate
by a temperature increase of 10 °C [82]. Generally, for biological systems Q10 value is
< 2 [83]. Activation energy (Ea), an important parameter for thermodynamic
characterization, is the energy level that a reactant molecule must overcome before a
reaction occurs. Heat of reaction or enthalpy of activation (ΔH‡) is the amount of heat
evolved or absorbed in a reaction carried out at constant pressure. The reaction having
positive ΔH‡ values are endothermic while those of having negative ΔH‡ values are
exothermic. Contrarily entropy of activation (ΔS‡) is the disorder or chaos in a system
where, the reaction having positive ΔS‡ values are exothermic while those of having
negative ΔS‡ values are endothermic. It has also been seen that low entropy estimates
9
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are unique in living systems. Substrate and enzyme structure are the two main factors
that affect the values of ΔS‡ and ΔH‡. Gibbs free energy (ΔG‡) for breakdown of
substrate is a best tool to determine the probability and magnitude of a chemical
reaction. The variation in results of enzymes purification and characterization from
same bacterial strains may be due to the source of isolation. So, there is a dire need to
optimize purification and characterization methods for each newly isolated bacterial
strains.

Cloning and Heterologous Expression
There are some restrictions in utilization of wild strains for production of industrial
enzyme because (i) the diversity of enzymes is limited to the natural enzymes of the
host; (ii) the expression level of the desired activity may be restrictive; (iii) the strain
may be secreted harmful secondary enzyme activity in certain applications.
It is possible to screen enzymes using gene technology with the best application
properties in nature and maximize the level of expression for the desired gene through
inserting multiple gene copies and/or by employing the desired gene under the influence
of a potent enzyme promoter. When combined with the high secretion capacity of a
proprietary classic host mutant, the advantages of genetic technology will be optimally
utilized. However, cloning and heterologous expression of these enzymes provides
protein purity and high yield to improve the saccharification of cellulose substrates. The
prokaryotic expression system (E. coli) is one of the extensively utilized systems for
the expression of recombinant proteins, with good characteristics [84]. The expression
system is easy to operate and shows a cost-effective, high-yield heterologous protein.
However, the expression of certain genes usually leads to aggregation and the
generation of denatured proteins, which are located in inclusion bodies [85]. In addition,
to its numerous benefits, for example protein folding, processing and post-translational
modification, the eukaryotic expression system (Pichia pastoris) has become the
preferred system for heterologous expression of proteins. Most importantly, in some
cases, an inexpensive medium is used, which, when combined with the high-strength
alcohol oxidase (AOX) promoter, can grow up to a few grams of heterologous protein
at a high cell density [86-90]. However, both systems have their advantages and
disadvantages, so choosing the right system has always been a compromise, mainly
dependent on the nature of protein, the required level and its intended purpose.
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Methylotrophic yeast (Pichia pastoris) is also available for research as well as
commercial development from invitrogen corporation and research corporation
technologies [91]. Efficient secretion tools with more cell mass >100 g L-1 following
fermentation make P. pastoris an important alternate host for enzyme expression both
at laboratory and industrial levels [92]. A highly inducible methanol promoter, alcohol
oxidase 1 (pAOX1) and the constitutive promoter glyceraldehyde-3-phosphate
dehydrogenase (pGAP) have largely been employed for enzymes and proteins
heterologous expression in P. pastoris [93]. Synthetic promoters usually gave a wide
variety of expression levels from 10-1000 fold and better growth [94]. All recent
struggles have been carried out in designing promoters for P. pastoris and S. cervisiae
to change the upstream regulatory sequences [95]. Cellulase genes of an alkalophilic
Bacillus have been cloned in pBR322 plasmid for its expression in E. coli [96].
Cellulase and xylanase genes have also been cloned from B. subtilis in pUCl9 and
expressed in E. coli.
Lima et al. [97] cloned, expressed (E. coli), purified and characterized the endoglucanase (EglA) gene from endophytic Bacillus strain. Homology studies showed high
similarity with other bacterial cellulases. The predicted structure of EglA showed a CD
of GH9 family and a CBM3. The optimum pH range for EglA was 5-8. The EglA was
thermostable, retaining > 85% enzyme activity much after 24 h of incubation at pH 68.6. Moeis et al. [98] also cloned and expressed endo-glucanase gene from Bacillus sp.
RP1 in E. coli that encodes 499 amino acid residues with typical 29 residues of signal
peptides at N terminus. He also reported that cloned endo-glucanase belong to GH5
family and having CBM3 on the C terminus. The optimum endo-glucanase activity
from expressed protein was observed at pH 5.0 and 50 °C.

Application of Fiber Degrading Enzymes
In monogastric animal feed, exogenous enzymes are being employed to improve the
digestibility of various feed ingredients (e.g; fiber, phytic acid, protein, etc.). Fiberdegrading enzymes are used to break down non-starch polysaccharides (NSP), which
are macromolecular polymers also known as fibers, into smaller polymers to reduce
their anti-nutritional activity [99]. The soluble NSPs present in the diet increase the
viscosity of digesta by binding with water molecules and forming viscous gels which
resulted in reduced digestibility [100]. Tahir et al. [101] determined the combinational
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effect of cellulases and hemicellulases on nutrient digestibility in commercial broilers
those given corn soybean meal diets as reported their synergistic effects on the
performance parameters. Enzyme supplementation also permits consumption of a
variety of dietary ingredients including corn and soybean efficiently [102].
Exogenous enzyme supplementation in poultry diets have an important role in
nutrient digestibility [103]. Xylanase addition in poultry feed provides a high
metabolizable energy with improved body weight (BW) [104]. Separate and/or
combined effects of xylanase, protease, , amylase and phytase were studied by Olukosi
et al. [105]. The results revealed improved performance with a combination of enzymes.
Those were also effective in improving phosphorous digestibility. Exogenous enzymes
have gained much importance due to their beneficial effects in poultry diets.

Feed Ingredients and their Composition
Poultry feed is mainly comprised of cereal grains to meet the energy and protein needs
of poultry. The carbohydrates (polysaccharides) present in these grains are broken
down into monosaccharides (glucose, etc.) as energy sources, and have been classified
according to their location (structure / cell wall and storage / cell content), nutrition /
physiology (starch and NSP) and analytical methods. According to the analysis method,
these dietary fibers are mainly divided into crude fiber (CF), acid detergent fiber (ADF)
and neutral detergent fiber (NDF). On the basis of their digestibility, these dietary fibers
are divided into insoluble dietary fibers and soluble dietary fibers, as showed in Figure
1.3A. Among these fibers, NSP is a non-α-glucan polysaccharides with variable
structure, size and water solubility. NSP includes cellulose, hemicellulose
(arabinoxylan), β-glucan, fructan, etc. Cellulose, hemicellulose (arabinoxylan) and βglucan make up maximum fiber contents present in the grains [106]. Cellulose is a
water-insoluble fiber with glucose molecules linked by β-1,4 and is considered to be
the main structural constituent of the cell wall. Arabinoxylan involves a linear molecule
of xylose and arabinose sidechains and other sugar connected to carbon atoms on
xylose. β-glucan is made up of β-D-glucan polysaccharide with β-1,3/1,4 glycosidic
bond. However, arabinan and β-glucan are water soluble molecules. Luchsinger et al.
[107] disclosed that water soluble β-glucan had less sequence of β-1,4 bonds before it
was interrupted by β-1,3 bonds. Figure 1.3B shows the breakdown of these fibers using
several exogenous microbial enzymes.
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Figure 1-3 An illustration presenting dietary fiber types and enzyme attacking
sites.
(A) dietary fiber classification, (B) dietary fiber distribution in cereals and the
enzymatic attack sites of these fibers.
Wheat contains a large amount of higher molecular weight (MW) arabinoxylan,
accounting for 7.3% of the total dry matter, and shows significant resistance to nutrition
[99, 108], while barley contains a large amount of β-glucan with more β-1,3 to 1,4
bonds. The cell wall of non-sticky grains (such as corn) is mainly composed of low
MW arabinoxylan and a small amount of β-glucan. Soybean and canola meal contain
arabinan, galactosan, xylan and β-glucan with relatively low fiber contents [106, 109].
NSP has multiple mechanisms in the gastrointestinal tract (GIT).

Mode of Action of NSP
NSP exerts anti-nutritional effects through various mechanisms. When soluble NSP fed
in large quantity, the viscosity of the intestinal contents increased by making a viscous
gel, thereby reducing diffusion rate [110]. This increased viscosity also causes
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thickening of the intestinal mucus layer [111] indicating that the high concentration of
dietary soluble NSP with reduced absorption and digestion of nutrients through its
physical and chemical effects in the intestine. It is estimated that due to the high NSP
content in corn and soybean meal diets, the digestible energy of 400-450 kcal per kg of
feed remains undigested [112]. On the other hand, the insoluble NSP present in the cell
wall traps starch, protein and other nutrients inside called “cage effect” and hinders the
digestibility of nutrients by endogenous enzymes [113].
In addition to directly affecting the intestinal morphology and physiology, NSP
also has an indirect effect [114]. Soluble NSP can reduce the oxygen tension in the
small intestine, which is beneficial to the development of anaerobic flora, which leads
to the production of volatile fatty acids (VFA) / short-chain fatty acids (SCFA) and
toxins in certain anaerobic organisms [115]. This induces infiltration of lymphocytes in
the intestinal wall and apoptosis of epithelial cells [116]. Therefore, this change in
intestinal ecology may cause gastrointestinal pressure and seriously affect normal
physiological processes.

Fiber Degrading Enzymes and Growth Performance
The commercial use of fiber-degrading enzymes or feed enzymes in poultry diets began
in the late 1980s and early 1990s because the high-fiber diets were able to improve
digestion, and obvious metabolic energy problems. This enzyme was utilized to adjust
the antagonistic effects of NSP on poultry performance/gut health [117]. Previous
studies have shown that bacterial and fungal enzymes can efficiently break down βglucan and arabinoxylan in rye, barley, wheat and oat containing poultry feed [118,
119]. The selection of exogenous feed enzymes (EFE) is an essential task, which largely
depends on the feed ingredients. Abdel‐Hafeez et al. [120] suggested adding beet pulp
and potato peel with enzyme supplementation to broiler diets can improve feed
conversion ratio (FCR), feed intake and BW. Cardoso et al. [121] reported that the
supplementation of exogenous enzymes improved the nutritional value of the poultry
wheat diet. Yildiz et al. [122] demonstrated that xylanase supplementation can increase
egg production regardless of the incorporation rate of distillers dried grains with
solubles (DDGS). Table 1.1 also lists other recent studies on the use of fiber degrading
enzymes, their inclusion rates and their effects.
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Table 1.1 Fiber degrading enzymes for poultry feed, inclusion rates and their
effects by utilizing numerous feed ingredients.
Enzyme

Ingredients Inclusion
rate

β-glucanase,
xylanase,
cellulases

Hull-less
barley

0.5 g kg-1

Glucanases

Barley

52.5 U kg-1

Glucanase,
Cellulasecomplex,
Xylanase
Xylanase

Raw faba
bean

250 mg kg-1

Corn /
soybean
meal

50-200 U
kg-1

Xylanase improves digestibility [126]
of crude protein as well as energy
utilization.

Glucanase,
Protease,
Amylase
Xylanase,
Protease,
Amylase

Corn/
soybean
meal
Corn/ soy/
wheat

250 g ton-1

Digestibility nutrients improved.

[127]

2,000 U kg1
, 4,000 U
kg-1,
200 U kg-1

[128]

Xylanase

Rice bran

10 g per
100 kg feed

Xylanase,
Mannanase,
Glucanase

Wheat /
soybean
meal

500 mg kg-1
diet

Enzymes with direct feeding of
microorganisms can reduce the
energy required to produce 1 kg
of BW, thereby improving the
calorie utilization.
Thigh / breast muscle and
visceral organ weight increased
significantly.
Enzyme
supplementation
increases BW, reduces the
viscosity of digestive enzymes,
and reduces colonization of
Clostridium perfringens and
lactic acid bacteria.
Cell wall hydrolysis of rice bran
enhanced
with
improved
digestibility of nutrients.

Xylanase,
Rice bran
cellulase and
βgalactosidase
Xylanase,
Wheat
cellulase,
glucanase

4520 U,
4060 U, and
2700 U
0.5 g/kg

Effects

Reference

Adding enzyme cocktail to [123]
finisher diets can reduce the
adverse effects of high-hulled
barley on broiler performance.
Improvemed nutritional value of [124]
barley diet.
Adding enzymes with less [125]
amount of broad beans (<50%)
can improve egg production.

[129]

[130]

[131]

Growth performance, tissue [132]
morphology and intestinal flora
improved.
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Xylanase,
Glucanase,
Cellulase
Glucanase

Wheat offal

Barley

20%
inclusion
level
1500 U kg-1

Coliforms decrease in number, [133]
while lactic acid bacteria
increase.
Nutritional value of barley diet [134]
improved.

Xylanase (hemicellulase) and cellulase (β-glucanase) are common enzymes
used to degrade NSP in poultry feed, including arabinoxylan and β-glucan. Studies have
shown that utilization of xylanase and β-glucanase with barley and wheat diets reduced
the viscosity of digestive juice [135-137]. Xylanase arbitrarily destroys the backbone
of arabinoxylan and produces branched xylan oligosaccharides [12]. They are then
broken down by Lactobacillus and Bifidobacterium (useful bacteria) to increase their
population, while decreased Clostridium perfringens (pathogenic bacteria) [130, 138].
Xylanase also limits the replication of fermenting bacteria by improving the
digestibility of feed in the small intestine [133, 139]. Therefore, by minimizing
competition among the host and intestinal flora to improve nutritional utilization. On
the other hand, cellulase is being produced by an extensive range of microbes in nature,
e.g; bacteria, actinomycetes and certain fungi. Cellulase contains endo-glucanase, exoglucanase and β-glucosidase [140]. As showed in Figure 1.3B, cellulases can
specifically act on cellulose polymers to produce glucose [141].
According to reports, in addition to the positive effects of EFE, enzyme
supplementation cannot improve the growth ability of birds in some cases. Mohammed
et al. [142] proved that adding enzymes to the diet of broilers does not affect their
performance. Similarly, Walters et al. [143] shows that the use of corn to screen for
supplementary enzymes does not affect the final performance. These effects may be
due to changes in the chemical structure of NSP present in these components or
ineffective enzymes. Due to the non-uniform chemical composition of NSP, their
distribution varies from feed to feed [144]. Therefore, enzymes that can achieve good
digestibility in one feed may not reach the same level in another feed. Therefore, there
is a need for new enzymes that can act on multiple substrates.

Fiber Degrading Enzymes and Gut Health
The concept of gut health is very widespread and depends on understanding of diet, gut
morphology and intestinal microflora (Figure 1.4A). All these constituents interact with
each other to maintain the normal function and dynamic balance of GIT. Nowadays,
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these have attracted great attention from people to formulate the lowest cost poultry
diet. Gut morphology plays an imperative role in a healthy functioning GIT, which can
passage nutrients from the intestine to the systemic circulation. The main obstacle to
intestine is the tight junction (TJ) of the mucus layer and epithelium, as showed in
Figure 1.4B. Intestinal mucin/mucus is a high MW glycoprotein secreted by goblet
cells. NSP has showed escalation in mucin secretion [145] as showed in Figure 1.4C.
Consequently, NSP reduces the absorption and digestion of nutrients through its
physical and chemical action in the intestine. GIT flora is mainly composed of bacteria
and fungi and protozoa. Due to different growth requirements and bacteria's preference
for substrates, the composition of digestive enzymes can change composition of
microorganisms in GIT [146]. Langhout [147] observed that NSP in the diet greatly
reduced beneficial bacteria and increased pathogenic bacteria in the intestinal flora.
Therefore, undigested/unabsorbed nutrients have changed microbial population in the
gut [136, 139, 148].

Figure 1-4 Exogenous feed enzymes, dietry fibers and intestinal gut health.
(A) poultry bird, (B) intestinal lumen with normal goblet cells, TJ protein, mucus layer,
feed and intestinal epithelial cells, (C) intestinal lumen with highly viscosous
environment, increased mucus, undigested feed, competition between the host and the
microbiome for SCFA in the small intestine, (D) the intestinal lumen contains fiber
degrading enzymes, normal mucus, beneficial bacteria and digestive feed.
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EFE improves digestion in the small intestine and reduces the utilization rate of
starch in the large intestine by bacteria. These EFEs help to prevent disease by reducing
the viscosity of digestive juice [149] as showed in Figure 1.4D. Adding xylanase and
glucanase to barley, oat, wheat and rye based feed suggestively increase the
concentration of butyrate and acetate in the cecum, but in hull less barley and oats there
is no such effect [150]. The degradation and solubilization of NSP by EFE increased
the available substrates in the form of oligosaccharides or monosaccharides used for
cecal microbial fermentation [151] resulting in decreased production of VFA/SCFA in
ileum, indicating a decrease in fermentation and a significant increase in cecal
fermentation. The increase in caecum fermentation leads to a large influx of xylose
oligosaccharides, producing VFA / SCFA and often leads to a healthier microbiome
(lactic acid bacteria, LAB) and energy from indigestible substrates [139, 152].
Therefore, EFE supplementation with NSP represents another potential energy storage
reservoir that can improve broiler performance if it can be fermented. Arabinose
oligosaccharides (<10 degree of polymerization) are also considered prebiotic
compounds, and they move across the small intestine without digestion [153]. They
ferment in the large intestine and stimulate the growth of valuable bacteria [154]. There
is a need to check the efficacy of new fiber degrading enzymes from indigenous sources
by applying them in animal feed as lot of variations have previously been observed in
the performance results.
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Objectives of the Study
Main objectives were:
1. Isolation and qualitative screening of fiber degrading microbes from indigenous
sources.
2. Quantitative screening of extracellular fiber degrading enzymes and RSM based
experimental optimization for enhanced co-production of fiber degrading multienzyme cocktail.
3. Cloning and molecular characterization of β-glucosidase gene in bacterial and
yeast heterologous expression systems.
4. Cloning and molecular characterization of endo-glucanase gene in yeast
heterologous expression system.
5. Application and evaluation of these multi-enzyme cocktail and recombinant
enzymes on the growth performance and organs morphology in poultry birds.
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Samples Collection and Microbial Isolation
The rumen fistulated adult buffalo fed a high-fiber diet (fresh feed and wheat straw)
were chosen for the sample collection followed by bacterial isolation using the
protocols described in our publised work (Appendix A) [155]. The isolated bacterial
colonies were further purified by streaking onto new agar plates containing
carboxymethyl cellulose (CMC).

Qualitative Screening of Fiber Degrading Bacterial
Isolates
Each bacterial isolate was inoculated on CMC agar plate followed by qualitative
screening by utilizing the Congo red overlay assay [23]. In this method, the plate was
filled with Congo red (0.3%) solution for 20-25 min and then destained for 15-20 min
with 1 M NaCl solution, or until transparent areas appeared around the colonies.
Colonies displaying discoloration around Conge red were regarded as positive for fiber
degradation. Enzyme activity index (EAI) was calculated using equation 2.1.
Enzyme activity index (EAI) =

(Diameter of zone-Diameter of bacterial colony)
Diameter of bacterial colony

(2-1)

Morphological and Biochemical Characterization of
Screened Bacterial Isolates
The screened bacterial isolates were further recognized on the basis morphology and
biochemical characteristics according to the Bergey’s manual of systemic bacteriology
[156]. Gram’s staining method was used to observe the morphology of bacteria,
whereas catalase, citrate utilization, indole, methyl red (MR), oxidase, starch
hydrolysis, voges-proskauer (VP) and sugar fermentation (D-xylose, lactose, fructose,
sorbitol, maltose and sucrose) tests were used for biochemical identification by standard
methods (Appendix B) [156].
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Thermophilicity Testing
The bacterial isolates were further checked for thermophilicity at different temperatures
(37-60 °C) by using the method of Panda et al. [157]. Briefly, each bacterial isolate was
inoculated into 5 mL of nutrient broth and incubate at different temperature (37-60 °C)
for 12-24 h. After incubation the culture was streaked on nutrient agar for thermotolerence.

Extraction of DNA and 16S rRNA Gene Amplification
Phenol-chloroform-isoamyl alcohol method was utilized for the extraction of genomic
DNA from selected bacterial isolates (Appendix C) [158]. Whereas, universal primers
27F

(5'-AGAGTTTGATCCTGGCTCAG-3')

and

1541R

(5'-

AAGGAGGTGATCCAGCC-3') were used to amplify 16S rRNA gene [159]. The gene
was amplified using the thermocycling conditions described in our published work
(Appendix D) [155].

Bioinformatics
Analysis
Phylogenetic Tree

and

Construction

of

The amplified PCR products were purified and got sequenced by commercial services
provider (Macrogen in Korea). The sequencing data of 16S rRNA gene was observed
by utilizing Seq Scanner 2 software. Further, Basic Local Alignment Search Tool
(BLAST) of National Center for Biotechnology Information (NCBI) was used to
compare them with GenBank. The 16S rRNA gene sequences were aligned by MEGA
7.0.9 software to build a phylogenetic tree using 1000X bootstrap by neighbor joining
method [160].

Quantitative Enzyme Assays
Based on the enzyme activity index (EAI), fiber-degrading enzymes were further
quantitatively produced. The production was checked in liquid medium containing (g
L-1) CMC (10.0), tryptone (10.0), yeast extract (5.0), KH2PO4 (1.0), K2HPO4 (1.0),
NH4NO3 (1.0), MgSO4.7H2O (0.2) and CaCl2 (0.02) and incubate at 37 °C and 120 rpm
for 5 days. The enzyme activities throughout the experimental period were measured in
triplicate at 12 h intervals. The supernatant was collected by centrifugation (10,000 ×
g) at 4 °C for 10 min. The exo-glucanase (avicelase), endo-glucanase (CMCase), β-
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glucosidase and xylanase activities were detected from the crude extract using the 3,5dinitrosalicylic acid (DNS) method [161].

Assay of Endo-glucanase (CMCase)
Endo-glucanase activity was determined according to the method of Ghose [162]. The
reaction mixture comprising 500 μL of 1% CMC as a substrate and 500 μL of crude
enzyme was incubated at 50 °C for 30 min while the reaction was stopped by adding 1
mL of 3,5-dinitrosalicylic acid (DNS) reagent (Appendix E). Finally, it was boiled for
10 min to develop color. The absorbance was recorded at 540 nm [163].

Assay of Exo-glucanase (Avicelase)
The reaction mixture for exo-glucanase assay containing 1 mL of 1% avicel and 500
μL of enzyme was incubated for 60 min at 50 °C while reaction stopped by adding 2
mL of DNS reagent. Then it was boiled for 10 min to develop color. Finally, absorbance
was noted at 540 nm [163].

Assay of β-glucosidase
The reaction mixture for β-glucosidase assay containing 500 μL of 1% salicin and 500
μL of crude enzyme was incubated at 50 °C for 30 min while stopping the reaction by
adding 1 mL of DNS reagent. Then it was boiled in water for 10 min to develop color
and measured absorbance at 540 nm [163].

Assay of Xylanase
Xylanase activity was measured according to the method of Bailey et al. [164] whereas
the quantity of reducing sugar released was measuring by using the DNS method [161].
Reaction mixture comprising 500 µL of 1% birch wood xylan as substrate and 500 µL
of suitably diluted crude enzyme was incubated for 15 min at 50 °C. Then the reaction
was stopped by adding 1 mL of DNS reagent, then heated in boiling water for 10 min,
and then cooled in ice-cold water. The absorbance was measured at 540 nm.
Glucose and xylose standard curves were used to measure reducing sugar
spectrophotometrically [163, 165]. One unit (U) of enzyme is defined as the amount of
enzyme required to release 1 μmol of product (glucose / xylose) released min-1 mL-1 (U
mL-1) or product released min-1 L-1 (U L-1) under the assay conditions. The supernatant
is also used to estimate protein by Lowry method [166].
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Glucose Standard Curve
A standard curve for glucose was prepared to estimate the sugar released. 1% stock
solution I (S-1) of glucose was prepared then Stock II (S-II) of 0.1% was prepared from
S-1. From S-II, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 µg mL-1 working
dilutions were prepared. To each test tube, 1 mL of DNS reagent was added and the
mixture was boiled for 10 min and absorbance was recorded at 540 nm. For the reagent
blank, distilled water was added to separate test tube containing 1 mL of DNS reagent,
which was given the same treatment as mentioned above. The concentration of glucose
(µg mL-1) was plotted against the respective absorbance (OD) values at 540 nm to draw
standard curve for glucose (Figure 2.1).

Figure 2-1 Standard curve of glucose.

Xylose Standard Curve
A standard curve of xylose was prepared to estimate release of xylose in the sample.
The 1% and 0.1% stock solutions of xylose was prepared in similar ways as the stock
solutions of glucose were prepared and working dilutions 25, 50, 75, 100, 125, 150, 175
and 200 µg mL-1 were prepared from stocks. 1 mL of DNS reagent was added and the
mixture was boiled for 10 min and absorbance was recorded at 540 nm. The
concentration of xylose (µg mL-1) was plotted against the respective absorbance (OD)
values at 540 nm to draw standard curve for xylose (Figure 2.2).
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Figure 2-2 Standard curve of xylose.

Protein Standard Curve
A stock solution (0.1%) of bovine serum albumin (BSA) was prepared. Then standard
solution of 0.1 mg mL-1 was prepared from stock solution. The working dilutions (1-10
µg) were prepared in 100 µL to which 1 mL of bradford reagent was added. Distilled
water was used as blank with bradford reagent. Finally, the absorbance was noted at
595 nm. The concentration of BSA was plotted against the individual absorbance (OD)
values at 595 nm to draw protein standard curve (Figure 2.3).

Figure 2-3 Protein standard curve.
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Statistical Based Optimization of Multi-enzyme Cocktail
BsBD92
The optimized co-produciton of multi-enzymes (exo-glucanase, endo-glucanase, βglucosidase and xylanase) from selected potential microbe was done. The basic medium
used for multi-enzyme cocktail BsBD92 production under unoptimized conditions
contained (g L-1): carboxymethyl cellulose (CMC) 10, tryptone 10, yeast extract 5,
KH2PO4 1.0, K2HPO4 1.0, NH4NO3 1.0, MgSO4⋅7H2O 0.2 and CaCl2 0.02. The
unoptimized fermentation conditions were as follow: incubation temperature 37 °C,
initial medium pH 6.8, and shaking speed 200 rpm. Carbon and nitrogen sources in the
medium have a vital role in the enzyme production. The CMC (X1), yeast extract (X2)
and incubation time (X3) was selected for the enhanced production of multi-enzyme
cocktail BsBD92 using central composite design (CCD) [167, 168].

Central Composite Design (CCD)
Response surface methodology (RSM) was utilized to optimize the experimental
variables (Table 2.1) for enhancing co-production of multi-enzyme cocktail BsBD92
[169]. A CCD design with five coded level was used to find true optimum
concentrations of significant variable for enzyme production [170, 171]. A total number
of 20 experimental runs were conducted using a full factorial design (23) with 6 axial
points and 6 replications of the center point. The equation fitted was as followed:
k

k

Y = βo+ ∑ βi Xi + ∑ βii X2i + ∑ ∑ βij Xi Xj ,
i=1

i

i=1

(2-2)

j

Where, k is the number of factor variables, βi is the linear coefficient, βii is the quadratic
coefficient, βij is the interaction coefficient, β0 is the model constant and Y is the
predicted response.
Table 2.1 Independent experimental variables used for optimization of multienzyme cocktail BsBD92 production from B. sonorensis BD92 with RSM.
Independent
Variables
CMC
Yeast Extract
Time

Units
-1

gL
g L-1
h

Symbols
X1
X2
X3

-1.68
6.59
1.59
55.64

-1
10
5
72

25

Levels
0
15
10
96

+1
20
15
120

+1.68
23.41
18.41
136.36
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Design-Expert 10.0.1.0 (StatEase, Minneapolis, Minnesota) was exploited to
analyze the experimental data to generate response surface plots. The significance of
each variable in the fitted equation and goodness of fit in each case was determined
using analysis of variance (ANOVA). The three dimensional (3D) response surface
graphs expressing fitted equation showed the main effects and interactions of
independent variables on the dependent variables. The effectiveness of the model
depends on the combination of different optimization variables that produce maximum
response. The data was also interpreted to obtain a response surface in the form of a 3D
image, thereby showing the interaction between factors.

Production of Multi-enzyme
Lignocellulosic Biomass

Cocktail

BsBD92

using

The multi-enzyme cocktail BsBD92 production was checked using lignocellulosic
biomass including wheat bran (WB), wheat straw (WS), rice straw (RS) and cotton stalk
(CS) under optimized conditions (carbon sources 20 g L-1, yeast extract 15 g L-1 and
time 72 h). The culture supernatant was collected and enzymes assays were conducted
to determine the enzyme activity as described in sections 2.6.1-2.6.4.

Enzymatic Saccharification of Lignocellulosic Biomass
Enzymatic saccharification of selected lignocellulosic biomass (WB, WS, RS and CS)
was also performed using the method described by Ferraz et al. [172]. The biomass was
dehydrated in an oven for 24 h at 70 °C, then chopped down in small pieces using
chopper and ground in a hammer mill followed by separation over a mesh sieve with
particle size of 2-5 mm. For saccharification of the selected biomass, a reaction mixture
consisted of 20 mL sodium citrate buffer (50 mM, pH 4.8) comprising 1% biomass
residues, 0.005% sodium azide (to prevent contamination) and multi-enzyme cocktail
BsBD92 (3 mL) followed by incubation at 50 °C with shaking at 120 rpm. The samples
were withdrawn after 2, 4, 6, 8 and 24 h to monitor the release of reducing sugars
(glucose and xylose) pattern. Percentage saccharification was calculated as described
by Irfan et al. [173].
Saccharification (%) =

reducing sugars released
×100
substrate used
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Partial Purification of Multi-enzyme Cocktail BsBD92
The partial purification of multi-enzyme cocktail BsBD92 was carried out using
ammonium sulphate precipitation and dialysis methods.

Ammonium Sulphate Precipitation
The cell free supernatant of bacterial culture was centrifuged at 7000 rpm for 10 min.
The ammonium sulphate precipitation was performed as described by de Moraes et al.
[174]. Different levels of ammonium sulphate (30-80%) in sodium citrate buffer (pH
5.5) were utilized for precipitation of multi-enzyme cocktail BsBD92. Protein content
and enzymatic activities of precipitate were determined by DNS method and Lowry
method respectively as previously described in section 2.6.1-2.6.4.

Dialysis
Subsequent to ammonium sulphate precipitation, dialysis was performed to eliminate
ammonium salt against the citrate buffer at 4 °C for 24 h [175].

Characterization of Multi-enzyme Cocktail BsBD92
The characterization of the multi-enzyme cocktail BsBD92 was accomplished
according to the method of Coral et al. [176]. To estimate the optimal temperature, the
activity was determined by measuring at several temperatures between 30 and 90 °C.
The optimal pH of the enzymes was assessed by performing enzyme assays in an
appropriate buffer with a pH range of 3.5-8.5.

Thermal and pH Stability
The thermal stability of the multi-enzyme cocktail BsBD92 was studied by heating at
different temperatures (60-90 °C) for 60 min. At the same time, pH stability was
evaluated by incubating the enzyme at various pHs for 60 min. Finally, calculated the
residual activity in percentage of each enzyme.

Cloning and Heterologous Experssion of β-glucosidase
Gene (Bteqβgluc)
The β-glucosidase genes from B. tequilensis BD69 (GenBank nucleotide accession
number: MF767893) was cloned in pET-30a(+) and pPIC9K vectors. The strains and
vectors used in present study are listed in Table 2.2. Competent E. coli DH10β (high
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efficiency) cells were utilized for transformation and sequencing of the recombinant
expression vectors. For expression of β-glucosidase gene in pET-30a(+) (Novagen,
Germany) and pPIC9K (Invitrogen, USA), E. coli BL21 (DE3) pLysS and P. pastoris
GS115 (his4, Mut+) cells, respectively were used.
Table 2.2 Microbial strains and vectors used in present study.
Microbial strains and Description
vectors

Source

Strains
B.
tequilensis
BD69 Wild type
(Nucleotide accession #
MF767893)

Isolated from indigenous
buffalo dung samples

DH10β (High Efficiency)

New England Biolabs (USA)

Competent cells

E. coli BL21 (DE3) pLysS Expression host

Promega (USA)

Pichia pastoris GS115

Expression host

Thermo Fisher
(USA)

pET-30a(+)

Expression vector

Novagen (Germany)

pPIC9K

Expression vector

Thermo Fisher
(USA)

pET-Bteqβgluc

Recombinant
expression Developed in this study
vector, Bteqβgluc gene cloned
into the pET-30a(+) vector

pPIC-Bteqβgluc

Recombinant
expression Developed in this study
vector, Bteqβgluc gene cloned
into the pPIC9K vector

Scientific

Vectors

Scientific

E. coli BL21 and DH10β cultures were grown in Luria-Bertani (LB, 0.5% yeast
extract, 1% tryptone and 1% NaCl) medium [172], ampicillin (100 µg mL-1) or
kanamycin was added as needed (50 µg mL-1). Isopropyl-β-D-thiogalactopyranoside
(IPTG) was used to induce BL21 cell expression, while Pichia transformants were
chosen for their ability to grow on the minimal dextrose (MD) plates (1.34% yeast
nitrogen bases lacking histidine, 2% glucose and 4 × 10-5% biotin) were carried out at
30 ° C. Multi-copy P. pastoris colonies were screened using yeast peptone dextrose
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(YPD) agar plate comprising geneticin G418 (0.5-2.0 mg mL-1). Buffered glycerin
complex medium (BMGY; 1% yeast extract, 2% peptone, 4 × 10-5% biotin, 100 mmol
L-1 potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 1% glycerol) and Buffered
methanol complex medium (BMMY; 2% peptone, 1% yeast extract, 4 × 10 -5% biotin,
100 mmol L-1 potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 1% methanol)
were used for expression in P. pastoris. Restriction enzymes (fast digest EcoRI and
NotI), T4 DNA ligase, DreamTaq Green PCR master mix (2X) and PureLink™ quick
gel extraction and PCR purification combo kit were purchased from Thermo Fisher
Scientific (USA), while QIAprep spin mini prep kit was purchased from Qiagen, US.

DNA Extraction, Primer Design and Bteqβgluc Gene
Amplification
DNA was extracted from purified colony of B. tequilensis BD69 as described in section
2.4 (Appendix C). While, based on multiple sequence alignments, gene specific primers
were designed to amplify the Bteqβgluc gene to identify conserved sequences in the βglucosidase gene sequence retrieved from NCBI BLAST [177]. The designed PCR
primers have been verified in silico [177] Table 2.3. PCR master mix (2X) was utilized
as per manufacturer’s instructions with thermocycling conditions as follows: initial
denaturation for 5 min at 95 °C, followed by 30 cycles of 95 °C for 1 min, 60 °C for 30
sec, and 72 ° C cycle 1 min and finally extended for 10 min at 72 °C. At last, checked
the size and purity of the amplified product on a 1% agarose gel.
Table 2.3 Primers used for amplification of Bteqβgluc gene.
Primer name

Sequence (5'→3')

Description

Bteqβgluc _F

GAATTCATGACAAAAGGATTG
AAGATTGTAAC
GCGGCCGCTTACGCTTCAATTT
TGTTGAAAAACTGC

EcoRI
recognition
sequence is underlined
NotI recognition sequence
is underlined

Bteqβgluc _R

Construction of Recombinant Plasmids for Bteqβgluc Gene
and Sequence Analysis
The PCR amplicon of Bteqβgluc and expression vectors pET-30a(+) and pPIC9K were
restricted by fast digest EcoRI and NotI enzymes, and then ligated by T4 DNA ligase
to make pET-Bteqβgluc and pPIC-Bteqβgluc expression constructs, respectively.

29

2 Materials and Methods

Constructs were chemically transformed into DH10β E. coli cells according to the
instructions given by manufacturer. Recombinant clones were selected on LB plates
comprising kanamycin (50 µg ml-1) for pET-30a(+) and ampicillin (100 µg mL-1) for
pPIC9K. Plasmid extraction was done by utilizing the QIAprep spin miniprep kit, and
positive recombinant clones were identified by double digestion and colony PCR
followed by sequencing (Genomics Core, University of Tennessee, Knoxville, USA).
Sequencing

results

were

analyzed

using

DNAMAN

9.0

(http://dnaman.software.informer.com/9.0) and searching the NCBI database using
BLAST [178]. The β-glucosidase open reading frame (ORF) was predicted by ORF
Finder and used to confirm proper reading frame in recombinants. A BLASTx search
was also accomplished to search for homologous proteins, and the translated amino
acid (AA) sequence was obtained by utilizing the EXPASY translation tool [179].
SignalP 4.0 was employed to predict the signal peptide of β-glucosidase gene. The
NetNGlyc program 1.0 was used to locate the putative N-glycosylation site. Protparam
was used to detect the chemical and physical properties of the recombinant βglucosidase gene. The conserved domain of β-glucosidase protein was identified by
InterProScan.

Molecular Docking of Bteqβgluc
Homology modeling in the SWISS-MODEL workspace [180] was used to construct
the predicted 3D structure for the recombinant Bteqβgluc. 3D protonation of the
selected model was executed by Molecular Operating Environment (MOE) software.
Howerver, MMFF94X Forcefield was used to minimize the protein structure. While,
3D structures of p-nitrophenyl linked substrates; 4-methylumbelliferyl-β-Dglucopyranoside (MUG), p-nitrophenyl-β-D-1,4-glucopyranoside (pNPG), saligenin βD-glucopyranoside (salicin) were copied from PubChem database and energy
minimized using MOE MMFF94S Forcefield. MOE was used for enzyme substrate
docking and exposed to hydrogen bonding analysis. LigX tool of MOE software was
utilized to discover interactions between Bteqβgluc and ligands. Protein ligand
interaction fingerprints (PLIF) was used to determine common active residues involved
in catalysis.
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Transformation and Expression of Bteqβgluc
Bacterial Expression
Bacterial expression was performed by transforming E. coli BL21 (DE3) pLysS
(Promega) cells with the pET-Bteqβgluc vector. One mL of an overnight recombinant
bacterial culture of the in LB broth comprising 50 μg mL-1 kanamycin was shifted to
50 mL of the LB medium and incubated at 37 °C on shaking until OD600 = 0.4-0.8. The
maximum expression conditions of recombinant Bteqβgluc were optimized by
performing induction at different temperature (16-37 °C), IPTG concentrations (0.3-1
mM) and time (2-16 h) of induction. Cells were harvested by centrifugation for 10 min
at 6,000 × g, and pellets were re-suspended in 50 mM Tris-HCl buffer (pH 7.5).
Collected cells were lysed by sonication (Fisherbrand™ Q500 Sonicator, 5 sec on 5 sec
off, 7 pulses) and the sample cleared from debris through centrifugation at 12,000 × g
for 30 min. Expression and solubilization of Bteqβgluc was confirmed by 10% SDSPAGE according to Laemmli [181].
Yeast Expression
Expression of Bteqβgluc in P. pastoris was started by first linearizing pPIC-Bteqβgluc
with SalI and then transforming it into P. pastoris GS115 (Invitrogen) through
electroporation method (1,500 V, 25 µF and 200 Ω). Transformed cells were grown on
MD plates for 4 days at 30 °C and then screened on YPD plates containing G418 (0.52 mg mL-1) for multi-copy insertion of vector. Genomic DNA of P. pastoris was
extracted using the yeast DNA extraction kit (ThermoFisher Scientific, USA) for
confirmation of positive transformed colonies by PCR with AOX1 and gene specific
primers.
Ten confirmed transformants grown in BMGY medium (10 mL) at 30 °C for
24-36 h with 250 rpm in order to identify the transformant with the relative maximal
expression levels. The selected transformant (based on β-glucosidase activity assay)
was grown in 300 mL of BMGY medium for 24 h at 250 rpm and 30 °C. The cells were
collected at 3,000 x g having temperature 4 °C for 5 min, and then grown to 500 mL of
BMMY at 30 °C and 250 rpm for production of recombinant Bteqβgluc.
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Purification of Recombinant Bteqβgluc
Recombinant Bteqβgluc expressed in E. coli was purified by immobilized metal affinity
chromatography (IMAC) using a HisTrap HP 5 mL (GE Healthcare) column connected
to an AKTA Pure fast protein liquid chromatography (FPLC) system (GE Healthcare,
Sweden). The mobile phase was 300 mM NaCl, 50 mM Tris–HCl (pH 7.5) and 20 mM
imidazole with a flow rate of 5 mL min-1. Final elution was accomplished on a gradient
of imidazole (20 to 500 mM over 10 column volumes) at a flow rate of 3 mL min-1.
Anion exchange chromatography was used for purification of recombinant
Bteqβgluc produced in yeast cultures. Protein samples were loaded on a HiTrap Q-FF
column (5 mL) pre-equilibrated in 50 mM Tris–HCl (pH 7.5), and elution was done on
a linear gradient of NaCl (0-1 M, 10 column volumes) at a flow rate of 3 mL min-1.
Purified Bteqβgluc was concentrated and desalted against Milli Q water using Pierce
Concentrators (9K MWCO, ThermoFisher Scientific, USA) at 4°C. Selective eluted
samples were examined on 10% SDS-PAGE.

Western Blotting and Electrophoretic Analysis
Purified recombinant Bteqβgluc (50 µg) was run on 10% SDS-PAGE and stained with
Protoblue stain (National diagnostics, USA) or electrotransferred at 60 V for 1 h in Trismethanol/Towbin’s transference buffer (25 mM Tris, 20% methanol, 192 mM glycine,
0.1% SDS) to nitrocellulose membranes (0.45 µm, ThermoFisher Scientific, USA).
After blotting, the filter was blocked in 1X PBS containing Tween-20 (0.1%) and BSA
(3%) for 45 min with continuous shaking, and then incubated at room temperature for
1 h in washing buffer (0.1% Tween-20, 1X PBS, 0.1% BSA) containing anti-6X-His
tag monoclonal antibody (1:2,000 dilution). Finally incubated with chemiluminescent
Substrate (chemoluminescence, Thermo Scientific, USA) and imaged in an Imager
6000 (GE Healthcare).

β-glucosidase Assay
Protein concentration in purified β-glucosidase fractions was determined by utilizing
the Qubit protein assay kit (Invitrogen, USA). Activity of β-glucosidase in purified
samples was assessed by measuring hydrolysis of pNPG as previously described [182,
183], with minor modifications. Briefly, reaction mixtures (150 µL) containing 10 mM
pNPG in 50 mM acetate buffer (pH 5.0) were mixed with an appropriately diluted
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enzyme solution (150 μg total protein) and incubated for 30 min at 50 °C. The reactions
were stopped by the addition of 150 µL of 1 M Na2CO3 and ρ-nitrophenol produced
was detected at 400 nm. Activity of β-glucosidase (amount of substrate converted by
enzyme per unit time) is expressed as unit per min (U min-1), while specific activity
values are presented in unit per milligram (U mg-1).
Characterization of Bteqβgluc
Stability of purified recombinant Bteqβgluc was tested by incubating the Bteqβgluc
under different temperature and pH conditions and then assaying the residual activity.
The optimal temperature for Bteqβgluc activity was determined by testing it from 30 to
80 °C. The influence of temperature on the reaction rate was expressed in terms of
temperature quotient (Q10) [82]. The optimum pH for the recombinant Bteqβgluc was
determined by testing β-glucosidase activity over a pH range from 2-12 in increments
of 2 pH units at 50 °C.
Temperature quotient (Q10)=(

R2 10/(T2-T1 )
)
R1

(2-4)

Where, T1 is a lower temperatures and T2 is a higher temperature (°C or K) and
R1 and R2 are reation rates at T1 and T2, respectively.
Catalytic Constants for pNPG Hydrolysis
Kinetic parameters, including the maximum reaction velocity (Vmax), Michaelis
constant (Km), turn over number (kcat), and catalytic efficiency (kcat/Km) were estimated
by determining the Bteqβgluc activity at 50 °C using different pNPG concentrations
ranging from 2-20 mM with a constant enzyme concentration. Both Vmax and Km were
calculated from Lineweaver-Burk double reciprocal plots [184] using the following
equation:
1
1
Km
=(
)+(
) 1/[S]
v Vmax
Vmax

(2-5)

Where υ is reaction velocity (reaction rate), Vmax is the maximum reaction
velocity, Km is the Michaelis–Menten constant and [S] is the substrate concentration.
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Thermodynamics of pNPG Hydrolysis
Thermodynamic parameters (Ea, ΔH‡, ΔS‡, ΔG‡) for the pNPG substrate were
calculated by reorganizing Eyring’s absolute rate equation derived from transition state
theory [185] and Arrhenius plot using equations as described by Siddiqui et al. [186].

kbT

kcat = (

h

)e

(

-ΔH‡
ΔS‡
) ( )
RT e R

(2-6)

where, kb is Boltzmann’s constant = 1.38 × 10−23 J K−1, T is absolute temperature
(K), R is gas constant = 8.314 J K−1 mol−1, h is Plank’s constant = 6.626 × 10−34 J s, ΔS‡
is entropy of activation and ΔH‡ is enthalpy of activation (Appendix F). While, pKa1
and pKa2 values of ionizable groups for active site residues were calculated from Dixon
plots.

Cloning and Heterologous
glucanase Gene (BsEgl)

Expression

of

Endo-

The endo-glucanase from B. sonorensis BD92 (GenBank nucleotide accession number:
MF767900) was cloned in pPIC9K vector. The strains and vectors used in this study
are listed in Table 2.4.
Table 2.4 Microbial strains and vectors used in this study.
Strains and vectors

Description

Source

Strains
B.
sonorensis
BD92 Wild type
(Nucleotide accession #
MF767900)

Isolated from indigenous
buffalo dung samples

DH10β (High Efficiency)

Competent cells

New England Biolabs (USA)

Pichia pastoris GS115

Expression host

Thermo Fisher
(USA)

Scientific

pPIC9K

Expression vector

Thermo Fisher
(USA)

Scientific

pPIC-BsEgl

Recombinant
expression Developed in this study
vector, Bteqβgluc gene cloned
into the pPIC9K vector

Vectors
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DNA Extraction, Primer Design and BsEgl Gene Amplification
A single colony of B. sonorensis BD92 were inoculated separately into sterile LB broth
and incubated overnight at 37 °C for genomic DNA extraction as previously described
in section 2.4 (Appendix C). The specific gene primers (Table 2.5) were designed to
amplify BsEgl gene based on a multiple sequence alignment to identify conserved
sequences among endo-glucanase gene sequences recovered from the NCBI database.
The designed primers were confirmed in silico [177]. DreamTaq Green PCR master
mix (2X) was used according to manufacturer’s instructions for amplification of BsEgl
gene with thermocycling conditions as previously described in section 2.11.1.
Table 2.5 Primers utilized for BsEgl gene amplification.
Primer name

Sequence (5'→3')

Description

BsEgl_F

TACGTAATGAAACGGTCAATC
TCTATTTTTATTA
GCGGCCGCCTAATTTGGTTCTG
TTCCCCAAA

SnaBI
recognition
sequence is underlined
NotI recognition sequence
is underlined

BsEgl_R

Construction of Recombinant Plasmid for BsEgl Gene and
Sequence Analysis
The PCR amplicon of BsEgl and pPIC9K vector were restricted by fast digest SnaB1
and NotI enzymes and then ligated by T4 DNA ligase to generate pPIC-BsEgl
expression construct. Constructs were chemically transformed into DH10β competent
cells following manufacturer's instructions. Recombinant clones were selected and the
sequence analyzed as described earlier in section 2.10.2.

Transformation, Expression and Purification of BsEgl
Expression of BsEgl in P. pastoris was started by first linearizing pPIC-BsEgl with
SacI and then transforming it into P. pastoris GS115 (Invitrogen) by electroporation
method as discussed in section 2.10.4. The expression of confirmed transformed clones
in P. pastoris was also achieved as described earlier in section 2.10.4. While, the
purification of recombinant BsEgl was done using anion exchange chromatography (as
in section 2.10.5).
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Zymography
Specific detection of endo-glucanase activity was done through zymography [187] with
10% SDS-PAGE in gels consisting of 0.2% CMC as substrate. BsEgl protein (20 µg)
was diluted as 1:1 with sample buffer (2% SDS, 0.01% bromophenol blue, 50 mM TrisHCl pH 6.8, 10% glycerol, 1% β-mercaptoethanol) [181], then heated for 15 min at 65
°C to enhance the visibility of a single band [188]. After electrophoresis, the gel was
washed 5 times with 50 mL of 0.1 M sodium succinate buffer (pH 5.8) and incubated
at 60 °C in 50 mL wash buffer for 30 min to promote fiber enzymatic degradatio of
CMC. Endo-glucanase activity was noticed by staining the gel with Congo red solution
for 12 min. The gel was decolorized with 1 M NaCl to visualize the transparent area in
the gel. Finally, glacial acetic acid (100 µL) was added in decolorizing solution to
enhance the band clarity [189].

Endo-glucanase Assay
Protein concentration in purified BsEgl fractions was assessed using the Qubit Protein
Assay Kit (Invitrogen, USA). Activity of BsEgl in purified samples was determined by
measuring hydrolysis of CMC using a modified DNS method [161, 188]. Briefly,
reaction mixtures (150 µL) containing 1% CMC in 100 mM sodium citrate buffer (pH
5.5) was mixed with an appropriately diluted enzyme solution (150 μg total protein)
and incubated for 30 min at 50 °C. The reaction was terminated by the addition of DNS
reagent [161]. Finally, the reaction mixture was incubated for 15 min at 100 °C and
absorbance was recorded at 595 nm.
Characterization of BsEgl
The stability of purified recombinant BsEgl was tested by incubating it under different
temperature and pH conditions and then determining the residual activity. The optimal
temperature for BsEgl activity was assessed by testing it over a temperature range of
30 to 100 °C. The temperature quotient (Q10) for BsEgl was calculated as described
earlier in section 2.10.7. The optimum pH of the recombinant BsEgl was detected by
testing the endo-glucanase activity in the pH range of 2-12 at 50 °C with increments of
2 pH units.
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Catalytic constants for CMC Hydrolysis
The influence of incubation time on BsEgl activity was tested by incubating the enzyme
with the substrate (CMC) for different time intervals and then determining the amount
of product (glucose) released. Enzyme kinetic parameters, including Km, Vmax, kcat, and
kcat/Km were estimated by detecting the BsEgl activity at 50 °C against various CMC
concentrations ranging from 1-30 mg mL-1 with a constant enzyme concentration as
described in section 2.10.7.
Thermodynamics of CMC Hydrolysis
The thermodynamic parameters (Ea, ΔS‡, ΔH‡ and ΔG‡) for the CMC hydrolysis were
calculated as previously described in section 2.10.7. Similarly, pKa1 and pKa2 values of
the ionizable groups for the active site residues were also determined by using Dixon
plot.

Application of Fiber Degrading Enzymes in Animal Feed
The poultry feeding trials were conducted in broiler chicks to assess the efficiency of
multi-enzyme cocktail BsBD92 and recombinant enzymes (BsEgl & Bteqβgluc). For
this purpose two different experimental trials were conducted.

Poultry Trial 1 (Multi-enzyme Cocktail BsBD92)
The trial 1 was conducted to estimate the growth performance of commercial broilers
fed multi-enzyme cocktail BsBD92 with different concentration of dietary crude fibers
(CF 4%, 6% and 8%). A total 140 day old unsexed Cobb broiler chicks were procured
from a commercial hatchery and randomly divided into 7 equal groups with different
treatments using a completely randomized design (CRD) as showed in Table 2.6. The
birds were vaccinated according to routinely used vaccination schedule (Appendix G).
Temperature of experimental room was set at 95 °F for the 1st week and 90 °F for the
2nd week which was then reduced to 75 °F till the termination of the study. Continuous
light was provided during the experiment. The feed and water was provided ad libitum
throughout the experiment.
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Table 2.6 Experimental layout for the application of multi-enzyme cocktail
BsBD92 in broiler birds.
Groups No. of Birds Treatment
G1

20

Standard control with 4% CF

G2

20

Treatment control 1 with 6% CF

G3

20

Treatment control 2 with 8% CF

G4

20

Treatment 1 with 6% CF + 1X MEC

G5

20

Treatment 2 with 8% CF + 1X MEC

G6

20

Treatment 3 with 6% CF + 2X MEC

G7

20

Treatment 4 with 8% CF + 2X MEC

MEC = multi-enzyme cocktail; CF = crude fibers; 1X MEC = 250 U endo-glucanase, 118 U exo-glucanase, 75 U β-glucosidase
and 800 units xylanase per kg feed; 2X MEC = 500 U endo-glucanase, 236 U exo-glucanase, 150 U β-glucosidase and 1600 units
xylanase per kg feed

Poultry Trial 2 (Recombinant Enzymes)
The trial 2 was performed to assess growth performance of commercial broiler birds
fed recombinant BsEgl and Bteqβgluc alone and in combination with 6% dietary crude
fibers. For this purpose, a total 100 day old unsexed Cobb broiler chicks were obtained
from a commercial hatchery and randomly distributed in 5 equal groups with different
treatments using CRD as showed in Table 2.7. Chicks were reared under uniform
management conditions as followed in trial 1.
Table 2.7 Experimental layout for the application of recombinat enzymes in
broiler birds.
Groups No. of Birds Treatment
G1

20

Standard control with 4% CF

G2

20

Treatment control 1 with 6% CF

G3

20

Treatment 1 with 6% CF + BsEgl

G4

20

Treatment 2 with 6% CF + Bteqβgluc

G5

20

Treatment 3 with 6% CF + BsEgl + Bteqβgluc

CF = crude fibers; BsEgl = recombinant endo-glucanase, 500 U per kg feed; Bteqβglu = recombinant β-glucosidase, 150 U per kg
feed
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Experimental Diets
For both experiments, diets were formulated according to National Research Council
[190] recommendations to meet the nutritional demands of broiler chicks during starter
(1 to 21 days) and grower (22 to 35 days) periods (Appendix H). All experimental diets
were formulated to be isoproteinous and isoenergetic.

Performance Parameters
Performance parameters including feed intake (FI) and body weight (BW) were
recorded during the experimental period from each group after 3 h of feed withdrawal.
The feed conversion ratio (FCR) and the production index (PI) were calculated [191]
as:
feed consumed (g)
weight gain (g)

(2-7)

body weight
× 100
FCR

(2-8)

FCR=

PI =

Sample Collection and Internal Organ Weight
The samples were collected from randomly selected birds (n=5) from each group after
3rd and 5th week of the feeding trials by slaughtering. The blood samples were collected
for serological and hematological parameters to assess the safety of supplemented
enzymes. The absolute organ weight of all the internal organs including heart, liver,
kidney, thymus, spleen, intestine and bursa was measured and their relative weight was
calculated as:
Relative organ weight =

organ weight
×100
body weight

(2-9)

For histological examination, kidney, liver and intestinal tissues were collected.
The intestine segment was gently rinsed twice with saline solution (0.98% NaCl) to
evacuate intestinal contents and then placed in neutral buffered formalin for fixation.

Safety Evaluation
The serum samples were used for safety evaluation of supplemented enzymes including
liver function tests (aspartate aminotransferase and alanine aminotransferase), renal
function tests (urea and creatinine), and lipid profile (cholesterol and triglycerides)
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using commercially available diagnostic kits through BTS-350 chemistry analyzer
(Appendix I) [192-194]. For hematological studies, the blood was analyzed for red
blood cell (RBC) count, white blood cell (WBC) count, packed cell volume (PCV) or
hematocrit, hemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC)
according to Benjamin [195] (Appendix J).

Histological Examination and Intestinal Morphometry
Histological examination of the collected tissue samples (intestine, liver and kidney)
was performed according to the method used by Bancroft and Gamble [196]. The
samples were treated with ethanol as the dehydrating agent in the tissue processor for
24 h and embedded in paraffin. Microtome was used to make 5 µm sections and stain
with hematoxylin and eosin (H&E) stains (Appendix K). For morphological analysis,
images were captured by an optical microscope (Nikon Eclipse Ci, USA) using a
computer image analyzer system (NIS-Element D version 5.01). The samples were
evaluated for villi width (VW), villi height (VH), crypt depth (CrD) and crypt width
(CrW). For each intestinal cross-section, 10 complete well-oriented villi were chosen.
Height (μm) of the villus was measured from the tip of the villus to the junction of
crypts, whereas the CrD was the depth of indentation between the two villi. The
absorption surface area was calculated as reported by Kisielinski et al. [197].
VW CrW 2
([VW × VH]+ [ 2 + 2 ] )
Absorption area =
VW CrW 2
( 2 + 2 )

(2-10)

Where VW is the villus width, VH is the villus height and CrW is the crypt width.

Statistical Analysis
Analysis of variance (ANOVA) was executed on the data obtained for each parameter
using CRD to determine the significance as described by Steel and Torrie [198].
Tukey's test was used to compare the means at 0.05 level of significance using Minitab
18 software.
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Isolation and Qualitative Screening of Bacterial Isolates
The isolation and qualitative screening of fiber-degrading microorganisms is very
important because they have a huge demand for application in various industries such
as feed industry, paper making, and pulp industry [199, 200]. In the current study, an
overall 101 bacteria were isolated from buffalo rumen and dung samples rendering to
the morphology, size and color of bacterial colonies. Two-thirds (69/101) isolates were
from buffalo rumen samples while one-third (32/101) were from buffalo dung samples.
These isolates were further screened on agar plates containing carboxymethyl cellulose
(CMC) by Congo red overlay method. Fourteen (14/69) isolates from rumen and eight
(8/32) isolates from dung given CMC hydrolysis zones that presents their potential to
produce fiber or cellulose degrading enzymes, as showed in Figure 3.1.

Figure 3-1 Agar plate (CMC; 1%) based qualitative screening of bacterial
isolates.
(A) BR28, (B) BD69, (C) BD92 and (D) BR96, Congo red staining (0.3%) shows that
there are hydrolyzed areas around the colonies (DBC = bacterial colony diameter; DZ
= zone diameter).
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Further confirmation of potential fiber degrading isolates was done by
calculating enzyme activity index (EAI). EAI is used to screen bacterial isolates
with maximum fiber degrading potential. The EAI is established on the diameter of
the hydrolysis zone, and the colony diameter (equation 2.1) which is very valuable
for forecasting enzyme production and helps to choose isolates with high levels of
fiber degrading activity. Based on EAI (mm), fiber degradation isolates were
divided into high (> 2), medium (1-1.9) and low (0.1-0.9) producers. Two isolates
from rumen samples (BR28, BR96) and two from dung samples (BD69, BD92)
showed high EAI (>2) as presented in Figure 3.2.

Figure 3-2 Enzyme activity index (EAI) of screened fiber degrading bacterial
isolates.

Physiological and Biochemical Characterization
On the basis of EAI four best isolates were selected for further physiological and
biochemical characterization. These selected isolates (BR28, BD69 BD92 and BR96)
have EAI > 2 mm. These isolates were gram positive and showed no growth on
MacConkey agar plates. These were appeared as elongated rods (bacilli) when saw
under the light microscope (Nikon; 100X). The temperature tolerance of BR28 and
BD92 showed growth at temperature 50 °C whereas only BD92 showed growth at 60
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°C. The details of physical and biochemical characterization of potential fiber
degrading isolates have been given in Table 3.1.
Table 3.1 Physical and biochemical characteristics of fiber degrading bacterial
isoaltes.
Characteristics
Morphology
Growth on MacConkey
Gram’s staining
Spores
Aerobic
Methyl red
Starch hydrolysis
Catalase
Voges-proskauer (VP)
Oxidase
Indole
Citrate
Lactose
Sorbitol
D-xylose
Maltose
Fructose
Sucrose
Growth at 50 °C
Growth at 60 °C

Isolate’s ID
BR28
B
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

BD69
B
+
+
+
+
+
+
+
+
+
+
+
+
+
-

BD92
B
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

BR96
B
+
+
+
+
+
+
+
+
+
+
+
+
+
-

B = bacilli; - = negative; + = positive

Phylogenetic Analysis
Genomic DNA of the extracted buffalo rumen (14/22) samples and fecal/dung samples
(8/22) was used to amplify 16S rRNA gene which is a part of 30S ribosomal subunit
with conserved sequences and is commonly used for molecular identification. The size
and purity of the amplified products was checked on a 1% agarose gel (Gel file system,
Bio-Rad), as shown in Figure 3.3 with 1.5 kb fragment for all bacterial isolates.
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Figure 3-3 16S rRNA gene (1.5 kb) amplification on agarose gel (1%).
M: Molecular marker 1 kb (CAT. # SM0311), lane 1-4: bacterial isolates and lane 5:
blank.
BLAST algorithm was used to compare the contig area with the NCBI GenBank
database. Whereas, phylogenetic analysis was performed on all selected isolates and
their neighboring strains. The isolates were found to be members of 2 important
phylums, Actinomycetes and Firmicutes and 3 families including Enterococcaceae,
Streptomycetaceae and Bacillaceae, as presented in Table 3.2. Fourteen bacteria
isolated from bufflao rumen samples and six bacteria isolated from buffalo dung
samples belong to the family Bacilliaceae, while, only one isolate belongs to
Enterococcaceae family and one isolate belongs to family Streptomycetacea. The
findings of the present study indicate that members of Actinomyces have a lower EAI
than members of Firmicutes (Figure 3.2). MEGA 7.0.9 software was used to construct
a phylogenetic tree from selected bacterial isolates (BR28, BD69, BD92 and BR96)
and their closest related strains from GenBank, as showed in Figure 3.4. BD92 (Bacillus
sonorensis) and BD69 (Bacillus tequilensis) isolated from buffalo dung were found for
the first time in Pakistan as showing fiber degrading potential.
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Table 3.2 Bacterial identification using homology analysis of 16S rRNA gene.

Buffalo rumen samples

Type ID

Accession
numbers

Related isolats from

Phylum/Family

GenBank

BR4

MF767882

Bacillus subtilis

BR9

MF767883

B. subtilis

BR14 MF767884

B. subtilis

BR17 MF767885

B. subtilis

BR20 MF767886

B. subtilis

BR21 MF767887

B. subtilis

BR28 MF767888

B.
Firmicutes/Bacillaceae

B. tequilensis

BR80 MF767896

B. cereus

BR81 MF767897

B. subtilis

BR88 MF767898

Bacillus sp.

BR90 MF767899

Bacillus sp.
B.

amyloliquefaciens

subsp. Plantarum

BR98 MF767902

B. subtilis
B.

BD49 MF767890

subtilis

subsp.

spizizenii

BD63 MF767892
BD69 MF767893

subsp.

spizizenii

BR38 MF767889

BR96 MF767901

Buffalo dung samples

subtilis

Geobacillus sp.
Firmicutes/Bacillaceae

B. tequilensis

BD73 MF767894

B. subtilis

BD77 MF767895

B. subtilis

BD92 MF767900

B. sonorensis
Enterococcus

BD55 MF767891

Firmicutes/Enterococcaceae

BD99 MF767903

Actinobacteria/Streptomycetaceae Streptomyces sp.
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Figure 3-4 Phylogenetic tree from bacterial isolates (BR28, BD92, BD69 and
BR96) and their closest related isolates.
The tree was made at at 1000X bootstraps using MEGA 7.0.9 software with neighbor
joining method.

Quantitative Estimation of Enzyme Activities
The quantitative potential of promising isolates (BR28, BD92, BD69 and BR96) for
fiber degradation was tested by estimating enzyme activities for exo-glucanase
(avicelase), endo-glucanase (CMCase), β-glucosidase and xylanase using avicel, CMC,
salicin and birch wood xylan as substrate, respectively. The mean endo-glucanase
activities ranges from 22.24-55.82, 48.60-240.76, 17.56-66.19 and 38.46-118.62 U L-1
for BR28 (B. subtilis), BD92 (B. sonorensis), BD69 (B. tequilensis) and BR96 (B.
amyloliquefaciens), respectively as presented in Figure 3.5A. While, B. sonorensis
BD92 displayed highest endo-glucanase activity that increases to its maximum
(240.76±4.12 U L-1) after 72 h of incubation. The exo-glucanase activities ranges from
31.54-90.32, 37.16-116.03, 54.70-153.56 and 31.58-65.88 U L-1 for B. subtilis BR28,
B. tequilensis BD69, B. sonorensis BD92 and B. amyloliquefaciens BR96, respectively
as showed in Figure 3.5B. The B. sonorensis BD92 exhibited highest activity
(153.56±7.28 U L-1) at 72 h of incubation. The β-glucosidase activities ranges from
6.67-31.38, 9.39-45.88, 7.61-39.27, and 3.68-27.95 U L-1 for B. subtilis BR28, B.
tequilensis BD69, B. sonorensis BD92 and B. amyloliquefaciens BR96, respectively as
showed in Figure 3.5C. B. tequilensis BD69 exhibited highest activity (45.88±0.66 U
L-1) at 24 h of incubation when equated with other isolates. Similarly, the xylanase
activities ranges from 7.65-955.74, 23.32-1009.57, 771.54-2921.54, and 167.97-
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3379.27 U L-1 for B. subtilis BR28, B. tequilensis BD69, B. sonorensis BD92 and B.
amyloliquefaciens BR96, respectively as showed in Figure 3.5D. B. amyloliquefaciens
BR96 revealed highest activity (3379.27±10.58 U L-1) at 24 h of incubation.

Figure 3-5 Fiber degrading enzyme activity (n=3) profiles of BR28, BD69, BD92
and BR96 isolates for (A) endo-glucanase, (B) exo-glucanase, (C) β-glucosidase
and (D) xylanase activities.

Response Surface Methodolgy (RSM) for Optimized Coproduction of Multi-enzyme Cocktail BsBD92
The enhanced co-production of multi-enzyme cocktail BsBD92 (exo-glucanase, endoglucanase, β-glucosidase and xylanase) was optimized by following a central composite
design (CCD) with a total of 20 experimental runs with experimental variables as
showed in Table 3.3. The independent variables utilized for the factorial analysis were
CMC (X1), yeast extract (X2) and incubation time (X3). The correlation between
predicted and observed values of 20 runs showed in Table 3.3. The maximum exoglucanase, endo-glucanase, β-glucosidase and xylanase activities obtained were 697.56,
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1460.00, 380.69 and 5690.00 U L-1, respectively. While, the minimum exo-glucanase,
endo-glucanase, β-glucosidase and xylanase activities obtained were 50.46, 660.00,
234.30 and 250.00 U L-1, respectively. A significant variation was observed in exoglucanase (50.46-671.98 U L-1), endo-glucanase (660.00-1460.00 U L-1), β-glucosidase
(234.30-380.69 U L-1) and xylanase (250.00-5690.00 U L-1) activities, representing the
leading role of selected independent variables and their concentrations on enzyme
activities/production. The highest endo-glucanase and xylanase activities were obtained
from Run No. 18, which consisted of CMC, 20 g L-1; yeast extract, 15 g L-1 and time,
72 h. Whereas, the highest exo-glucanase activity was acquired from Run No. 3, which
comprised of CMC, 20 g L-1; yeast extract 150 g L-1 and time, 120 h. Similarly, the
highest β-glucosidase activity was achieved from Run No. 20 which entailed CMC, 20
g L-1; yeast extract, 5 g L-1 and time, 72 h. The lowest activities for endo-glucanase and
xylanase were obtained in Run No. 7, which consisted of CMC, 15 g L-1; yeast extract,
18.41 g L-1 and time, 96 h. While, the lowest activities for exo-glucanase and βglucosidase were obtained in Run No. 15, which consisted of CMC, 6.59 g L-1; yeast
extract, 10 g L-1 and time, 96 h as shown in Table 3.3. Whereas, the highest exoglucanase, endo-glucanase, β-glucosidase and xylanase activities under unoptimized
conditions were 153.56, 240.76, 39.27 and 2921.54 U L-1, respectively.
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Table 3.3 CCD in actual values and coded units with observed and predicted values for co-production of multi-enzyme cocktail BsBD92.
Levels
Run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

CMC

YE

Endo-glucanase (U L-1)

Exo-glucanase (U L-1)

β-glucosidase (U L-1)

Xylanase (U L-1)

Time

Actual

Code

Actual

Code

Actual

Code

Observed

Predicted

Observed

Predicted

Observed

Predicted

Observed

Predicted

15
15
20
23.41
15
20
15
10
15
10
15
15
15
10
6.59
10
15
20
15
20

0
0
+1
+1.68
0
+1
0
-1
0
-1
0
0
0
-1
-1.68
-1
0
+1
0
+1

10
10
15
10
10
5
18.41
15
1.59
5
10
10
10
15
10
5
10
15
10
5

0
0
+1
0
0
-1
+1.68
+1
-1.68
-1
0
0
0
+1
0
-1
0
+1
0
-1

96
96
120
96
136.36
120
96
72
96
72
96
55.64
96
120
96
120
96
72
96
72

0
0
+1
0
+1.68
+1
0
-1
0
-1
0
-1.68
0
+1
0
+1
0
-1
0
-1

920.00
920.00
1080.00
1290.00
770.00
880.00
660.00
1140.00
970.00
1440.00
920.00
1350.00
920.00
740.00
1090.00
970.00
920.00
1460.00
920.00
1220.00

917.15
917.15
1042.34
1324.44
793.99
881.88
789.63
1067.53
940.20
1407.06
917.15
1425.84
917.15
661.83
1155.40
986.36
917.15
1373.04
917.15
1227.58

120.15
120.15
697.56
191.60
235.25
254.15
277.58
110.25
130.40
204.17
120.15
75.59
120.15
206.15
50.46
101.25
120.15
671.68
120.15
167.59

204.73
204.73
423.41
377.94
250.78
246.79
353.24
162.66
56.21
-13.95
204.73
158.68
204.73
217.43
31.52
40.81
204.73
368.65
204.73
192.03

295.15
295.15
356.00
356.00
301.32
306.61
290.74
282.80
290.70
324.25
295.15
334.83
295.15
270.46
234.30
313.67
295.15
361.29
295.15
380.69

308.73
308.73
323.73
360.21
289.19
331.72
302.00
285.73
315.45
293.73
308.73
328.27
308.73
262.50
257.24
270.50
308.73
346.96
308.73
354.96

930.00
930.00
1750.00
1500.00
660.00
540.00
250.00
1200.00
990.00
4620.00
930.00
5340.00
930.00
1630.00
4120.00
2400.00
930.00
5690.00
930.00
3220.00

916.62
916.62
1475.20
2667.54
1228.99
-582.85
637.85
1992.05
1069.98
4564.00
916.62
5238.83
916.62
1162.78
3420.29
3039.73
916.62
4719.47
916.62
3356.41
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Analysis of Variance (ANOVA)
The statistical significance (p<0.05) of the polynomial equation was assessed by Fisher
F-test for significant co-production of multi-enzyme cocktail BsBD92 as showed in
Table 3.4. The model equations 3.1 to 3.4 have been presented with coded factors:
YEndo-glucanase = +4632.82141 -190.10297X1 -70.70272X2 -33.03060X3

(3-1)

+4.92725X1X2 +0.16121X1X3 +0.037202X2X3 +4.51031X12 -0.78309X22
+0.11660X32
YExo-glucanase = +115.66 +102.99X1 +88.31X2 +27.38X3 +117.06X1X2

(3-2)

+14.93X1X3 +17.27X2X3 +29.65X12 +58.98X22 +41.81X32
Y β -glucosidase = +294.41 +30.61X1 -4.00X2 -11.62X3 +14.33X1X2 -7.05X1X3

(3-3)

+8.38X2X3 +4.81X12 +3.24X22 +12.91X32
YXylanase = +913.49 -223.82X1 -127.92X2 -1191.51X3 +982.26X1X2 -

(3-4)

602.78X1X3 +172.77X2X3 +752.93X12 -21.79X22 +819.67X32
Where, Y is the predicted endo-glucanase (3.1), exo-glucanase (3.2), βglucosidase (3.3) and xylanase (3.4) activities for process parameters, X1, X2 and X3.
The statistical significance of Equations 3.1, 3.2, 3.3 and 3.4 was controlled by the Fvalue (3.88, 19.77, 8.08, and 9.01 for exo-glucanase, endo-glucanase, β-glucosidase
and xylanase, respectively) and p-value (0.0230, <0.0001, 0.0015 and 0.0010 for exoglucanase, endo-glucanase, β-glucosidase and xylanase, respectively). The Fisher Ftest shows a very high significance for the regression model with a very low probability
value.
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Table 3.4 ANOVA for the CCD of the selected production parameters used in optimized co-production of multi-enzyme cocktail
BsBD92.
Endo-glucanase (U L-1)

Exo-glucanase (U L-1)

β-glucosidase (U L-1)

Xylanase (U L-1)

F-value

p-value

F-value

p-value

F-value

p-value

F-value

p-value

Intercept

19.77

<0.0001

3.88

0.0230

8.08

0.0015

9.01

0.0010

X1

6.53

0.0286

11.21

0.0074

46.36

< 0.0001

1.16

0.3068

X2

5.28

0.0445

8.24

0.0166

0.79

0.3947

0.38

0.5516

X3

93.99

<0.0001

0.79

0.3942

6.68

0.0272

32.89

0.0002

X1X2

23.49

0.0007

8.49

0.0155

5.95

0.0349

13.10

0.0047

X1X3

0.58

0.4633

0.14

0.7179

1.44

0.2575

4.93

0.0506

X2X3

0.03

0.8667

0.18

0.6765

2.03

0.1843

0.41

0.5388

X12

35.53

0.0001

0.98

0.3454

1.21

0.2978

13.86

0.0040

X22

1.07

0.3245

3.88

0.0771

0.55

0.4760

0.01

0.9165

X32

12.61

0.0053

1.95

0.1928

8.71

0.0145

16.43

0.0023

Variables
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Statistical Analysis for Co-production of Multi-enzyme
Cocktail BsBD92
The coefficient of determination (R2) was used as a parameter to confirm the goodness
of fit of the model. The R2 value near to 1 explains better variability of observed values
to the predicted values. In the present study, the values of R2 for exo-glucanase was
0.78, endo-glucanase was 0.95, β-glucosidase was 0.88 and xylanase was 0.89. These
R2 values implies the sample variation of 78% for exo-glucanase, 95% for endoglucanase, 88% for β-glucosidase and 89% for xylanase was due to the independent
variables while only about 22%, 5%, 12% and 11% of the total variation cannot be
explained by the model for exo-glucanase, endo-glucanase, β-glucosidase and xylanase,
respectively. While the values of the adjusted coefficient of determination (Adjusted
R2) were also high (0.58, 0.90, 0.77 and 0.79 for exo-glucanase, endo-glucanase, βglucosidase and xylanase, respectively) that is indicative of the high significance of the
model. The coefficient of variation (CV) specifies the degree of precision for
comparison of treatments. Generally, higher the value of CV indicates lower the
reliability of the experiment. Here, a lower value of CV for endo-glucanase (6.97) and
β-glucosidase (5.38) suggested reliability and a better precision of the experiments
while CV value for exo-glucanase (55.52) and xylanase (38.92) were moderately high
those may be due to noise. The adequate precision ratio (which is another parameter to
check the model adequacy) is a measure of signal to noise ratio, for adequate signal the
> 4 value of this ratio is desirable. In current study, the adequate precision ratio was
15.11 for endo-glucanase, 7.31 for exo-glucanase, 9.37 for β-glucosidase and 10.71 for
xylanase indicates an adequate signal as presented in Table 3.5.
Table 3.5 Statistical summary of RSM for production of Multi-enzyme cocktrail
BsBD92.
Response
Endo-glucanase
Exo-glucanase
β-glucosidase
Xylanase

Model
CV%

R2

Adjusted R2

6.97
55.52
5.38
38.92

0.95
0.78
0.88
0.89

0.90
0.58
0.77
0.79
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Adequate
precision
15.11
7.31
9.37
10.71
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Experimental Validation
In judging model adequacy, residuals from a least square fit also play a significant role
as showed in Figure 3.6 (A-D). All the residual plots were approximated along the
straight line indicating a satisfactory normality assumption.

Figure 3-6 Normal probability of internally studentized residual plots.
(A) endo-glucanase (B) exo-glucanase, (C) β-glucosidase and (D) xylanase.
Residual versus predicted response plots shown in Figure 3.7 (A-D) signifying
that for all values of the predicted response the variance of the original observation is
constant. The plots showed in Figure 3.6 and 3.7 indicate that the experimental model
is satisfactory and adequate to pronounce the co-production of multi-enzyme cocktail
BsBD92 by response surface.
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Figure 3-7 Internally studentized plots for residual versus predicted response.
(A) endo-glucanase (B) exo-glucanase, (C) β-glucosidase and (D) xylanase.

Three Dimensional (3D) Response Surface Plots for Endoglucanase
Interactions between variables (CMC, yeast extract and time) have been described
using 3D response surface plots. Where, ellipsoid nature of the plots shows a significant
interaction between variables. The optimum values for independent variables as well as
interaction among each independent variable have also been observed from 3D surface
plots. Figure (3.8A) illustrates the 3D plot, showed the effects of CMC and yeast extract
on the endo-glucanase production, while keeping time factor constant at its mid level.
Figure (3.8A) showed the yield of the endo-glucanase production decreased gradually
as the CMC concentration increased at a low concentration of yeast extract with little
increase at very high concentration. With the increase in the concentration of yeast
extract at its high level, endo-glucanase production significantly decreased but at its
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low concentration endo-glucanase activity increases from 660.00 to 1460.00 U L-1 with
lower CMC concentrations. While Figure (3.8B) showed the effects of CMC and time
on the endo-glucanase production which specifies that yield of the endo-glucanase
production increased gradually as concentration of CMC increase at the initial h but
with the passage of time endo-glucanase activity decreases. Whereas Figure (3.8C)
showed the effects of yeast extract and time on the endo-glucanase production which
indicates that yield of endo-glucanase decrease with increase in yeast extract
concentration from an initial h to later h.

Figure 3-8 Response surface curves (3D plots) showing interactions for endoglucanase.
(A) between CMC and yeast extract; (B) CMC and time; (C) yeast extract and time.
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Three Dimensional (3D) Response Surface Plots for Exoglucanase
Response surface plots for exo-glucanase production showed the effects of CMC and
yeast extract concentration on the exo-glucanase production whereas time was taken
constant (Figure 3.9A). This indicates that the yield of the exo-glucanase production
increased slowly as the CMC concentration increased at a higher concentration of yeast
extract. The Figures (3.9B and 3.9C) showed the effects of CMC and time, yeast extract
and time, respectively on exo-glucanase production. There is a same trend as the
concentration of CMC and yeast extract increases there is a gradual increase in the
production of exo-glucanase with time.

Figure 3-9 Response surface curves (3D plots) showing interactions for exoglucanase.
(A) between CMC and yeast extract; (B) CMC and time; (C) yeast extract and time.
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Three Dimensional (3D) Response Surface Plots for βglucosidase
Response surface plots for β-glucosidase production showed the effects of CMC and
yeast extract on the β-glucosidase production whereas time was taken constant (Figure
3.10A). This indicates that the yield of the β-glucosidase production increased
gradually as the CMC concentration increased at a higher concentration of yeast extract.
While Figures (3.10B and 3.10C) showed the effects of CMC and time, yeast extract
and time, respectively on β-glucosidase production. There is a same trend as the
concentration of CMC and yeast extract increases there is a gradual increase in the
production of β-glucosidase with time.

Figure 3-10 Response surface curves (3D plots) showing interactions for βglucosidase.
(A) between CMC and yeast extract; (b) CMC and time; (c) yeast extract and time.
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Three Dimensional (3D) Response Surface Plots for Xylanase
Response surface plots for xylanase production illustrate the effects of CMC and yeast
extract on the xylanase production whereas time was taken constant (Figure 3.11A).
This indicates that the yield of the xylanase production increased gradually as the CMC
concentration increased at a higher concentration of yeast extract with little decrease at
low concentration. While Figures (3.11B and 3.11C) showed the effects of CMC and
time, yeast extract and time, respectively on xylanase production. There is a same trend
as the concentration of CMC and yeast extract increases there is a gradual increase in
the production of xylanase with time. So, it can be concluded that CMC, yeast extract
and time have an important role in co-production of multi-enzyme cocktail BsBD92.

Figure 3-11 Response surface curves (3D plots) showing interactions for
xylanase.
(a) between CMC and yeast extract; (b) CMC and time; (c) yeast extract and time.
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Co-production of Multi-enzyme Cocktail BsBD92 using
Lignocellulosic Biomass
The lignocellulosic biomass wheat bran (WB), wheat straw (WS), rice straw (RS) and
cotton stalks (CS) were used for co-production of multi-enzyme cocktail BsBD92 (exoglucanase, endo-glucanase, β-glucosidase and xylanase) under the conditions
optimized by CCD of RSM. The highest endo-glucanase activity (1437.47±7.28 U L-1)
was observed when using WB as carbon source instead of CMC while the lowest endoglucanase activity (1140.15±14.59 U L-1) was observed using RS as carbon source as
presented in Figure 3.12A. The highest exo-glucanase activity (509.99±6.48 U L-1) was
also observed with WB followed by WB (489.01±7.44 U L-1), CS (430.68±11.19 U L1

) and RS (263.45±15.44 U L-1) as presented in Figure 3.12B. Similarly, the highest β-

glucosidase (337.86±10.13 U L-1) and xylanase (5329.31±56.06 U L-1) activities were
also observed by WB followed by WS, CS and RS as presented in Figure 3.12C and
3.12D.

Figure 3-12 Co-production of multi-enzyme cocktail BsBD92 using
lignocellulosic biomass under optimized conditions.
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Enzymatic Saccharification of Lignocellulosic Biomass
The multi-enzyme cocktail produced from Bacillus sonorensis BD92 was used for the
biological enzymatic saccharification of lignocellulosic biomass (WB, WS, RS and CS)
without any physical and chemical pretreatment. The samples were observed after
different time intervals (2, 4, 6, 8, 24 h) as presented in Figure 3.13. The results indicate
that the biomass was susceptible to enzymatic saccharification and the amount of
reducing sugar i-e; glucose and xylose increased with increase in incubation time. WB
was considered the best candidate for saccharification, with highest release of reducing
sugars (10.70±0.14 mg g-1 biomass of glucose and 12.41±0.34 mg g-1 biomass of
xylose) after 24 h of reaction (Figure 3.13A) with saccharification of 58.60% for
glucose and 48.63% for xylose (Figure 3.13B). While, the minimum sugars (4.05 ± 0.01
mg g-1 biomass of glucose and 3.18 ± 0.06 mg g-1 biomass of xylose) released after 24
h by RS (Figure 3.13A) with saccharification of 10.94% and 18.47% for glucose and
xylose, respectively (Figure 3.13B). These results revealed that multi-enzyme cocktail
from B. sonorensis BD92 also has significant enzymatic saccharification potential for
the tested lignocellulosic biomass.

Figure 3-13 Time course enzymatic saccharification of lignocellulosic biomass
with multi-enzyme cocktail BsBD92.
(A) reducing sugars (glucose and xylose equivalence) released; (B) saccharification (%)
of glucose and xylose.
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Partial Purification and Characterization of Fiber
Degrading Multi-enzyme Cocktail BsBD92
The enzyme was partially purified to homogenicity level by utilizing ammonium sulfate
precipitation method. The complete precipitation was detected at 75% saturation with
ammonium sulfate. The crude enzyme had total endo-glucanase activity 73,000 U, exoglucanase activity 33,550 U, β-glucosidase activity 18,050 U and xylanase activity
2,84,500 U with total protein 2900 mg. While specific activity for endo-glucanase 25.19
U mg-1, exo-glucanase 11.57 U mg-1, β-glucosidase 6.22 U mg-1 and xylanase 98.10 U
mg-1. The endo-glucanase, exo-glucanase, β-glucosidase and xylanase showed 1.45,
1.68, 2.1 and 1.94 fold purification after dialysis as showed in Table 3.6.
After partial purification the multi-enzyme cocktail BsBD82 was characterized
to find the optimum performance conditions for application in poultry feed. The multienzymes cocktail BsBD92 was characterized for pH, temperature.
Table 3.6 Summary of partial purification of multi-enzyme cocktail from B.
sonorensis BD92.

Treatment
Crude
Enzyme

Ammonium
sulphate

Dialysis

Enzymes
Endo-glucanase
Exo-glucanase
β-glucosidase
Xylanase
Endo-glucanase
Exo-glucanase
β-glucosidase
Xylanase
Endo-glucanase
Exo-glucanase
β-glucosidase
Xylanase

Total
Activity (U)
73000.00
33550.00
18050.00
284500.00
35681.90
17049.76
11343.49
142372.63
13797.00
7638.29
6352.36
73654.11

Specific
Activity (U
mg-1)
25.17
11.57
6.22
98.10
31.72
15.16
10.08
126.55
45.99
25.46
21.17
245.51

Purification
Fold
1
1
1
1
1.26
1.31
1.62
1.29
1.45
1.68
2.1
1.94

Yield
(%)
100
100
100
100
49
51
63
50
39
45
56
52

Effect of Temperature and pH
Endo-glucanase, exo-glucanase, β-glucosidase and xylanase showed activities over a
range of temperatures (30-90 °C) with optimum activities observed at 50 °C. The
relative activites for all the enzymes at different temperatures have been presented in
Figure 3.14.
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Figure 3-14 Percent relative activities for endo-glucanase, exo-glucanase, βglucosidase and xylanase at different temperature (30-90 °C).
Endo-glucanase, exo-glucanase, β-glucosidase and xylanase showed activities
over a range of pH (3.5-8.5) with optimum activities observed at pH 5.5. The relative
activities for all the enzymes at different pH have been presented in Figure 3.15.

Figure 3-15 Percent relative activities for endo-glucanase, exo-glucanase, βglucosidase and xylanase at different pH (3.5-8.5).

Temperature and pH Stability
The temperature stability was assessed by pre-incubating fiber degrading enzymes at
different temperatures (60-90 °C) and residual activities were calculated as presented
in Figure 3.16.
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Figure 3-16 Percent residual activity after incubating fiber degrading enzymes at
various temperatues for 60 min.
The pH stability (3.5-8.5) was assessed by pre-incubating fiber degrading
enzymes at different temperatures and residual activities were calculated as presented
in Figure 3.17.

Figure 3-17 Percent residual activities of fiber degrading enzymes after 60 min of
incubation at different pH.
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Heterologous Expression and Bioinformatic Analysis of
the β-glucosidase Gene (Bteqβgluc) from B. tequelensis
BD69
The heterologous expression of Bteqβgluc gene was done in bacterial (E. coli) and yeast
(P. pastoris) expression hosts. The Bteqβgluc gene (1,329 bp) was amplified from the
genome of B. tequelensis BD69 by PCR using gene specific primers (Table 2.3) and
submitted to GenBank with accession number MK774666. The double digestion
(EcoRI and NotI) of Bteqβgluc gene/ pET30a(+) positive clones resulted in two band
of ~1.3 kb for Bteqβgluc gene and 5.4 kb for pET30a(+) as showed in Figure 3.18 (Lane
2). The double digestion (EcoRI and NotI) of Bteqβgluc gene / pPIC9K positive clones
resulted in two bands of ~1.3 kb for Bteqβgluc gene and 9.3 kb for pPIC9K vector as
presented in Figure 3.18 (Lane 3).

Figure 3-18 Double digested gel of pET-Bteqβgluc and pPIC-Bteqβgluc clones
with EcoRI and NotI.
Lane 1: GeneRuler 1 kb DNA ladder (Thermo Scientific); Lane 2: double digested pETBteqβgluc; Lane 3: double digested pPIC-Bteqβgluc.
Sequence analysis revealed that this Bteqβgluc gene encodes a protein of 443
amino acids (AA) including a putative signal peptide of 10 AA at the N-terminus. The
protein, which we named Bteqβgluc, contains a typical glycoside hydrolase 4 (GH4)
family signature between residues 141 and 172 and was predicted to contain a single
potential N-glycosylation site at position Asn171. The protein also includes a sugar
binding site (96 to 315 AA) and a divalent metal binding site (172 to 202 AA), as
showed in Figure 3.19.
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Figure 3-19 Nucleotide and deduced amino acid sequences of Bteqβgluc.
Putative signal peptide (10 AA) are shown with gray shading followed by cleavage site
(▼); predicted glycosylated AA (N) shown in black boxes with white text; sugar
binding site is red boxed; ~~ with cyan background presenting glycosyl hydrolase 4
(GH4) family signature; AA with bold text and yellow background present divalent
metal binding site; asterisk (*) indicates the transcriptional stop codon.
Multiple sequence alignment showed highest homology (98%) between
Bteqβgluc and β-glucosidases from Bacillus sp. CMAA 1185 (Figure 3.20). The
predicted 3D structure for Bteqβgluc showed structural homology with β-glucosidases
from B. stearothermophilus (79.91%) and Geobacillus stearothermophilus (79.50%).
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beta-glucosidase
WP_075750892
WP_024123333
ATX85055
WP_006639562
Consensus

MTK GLKIVT IGGGSS YTPVLV EGFIKRYDELPV RELWLV DIPEGEEKLNIVG TLAKRM VEKAGV PIDIHL TPDRRKALKDAD FVTTQF RVGLLQ ARAKDE
MTK GLKIVT IGGGSS YTPELV EGLIKRYEELPV RELWLV DIPEGEEKLNIVG TLAKRM VEKAGV PIDIHL TLDRRKALKDAD FVTTQF RVGLLQ ARAKDE
MTK GLKIVT IGGGSS YTPELV EGLIKRYKELPV RELWLV DIPEGEEKLNIVG TLAKRM VEKAGV PIDIHL TLDRREALKDAD FVTTQF RVGLLQ ARAKDE
MTK GIKIVT IGGGSS YTPELV EGIIKRYEELPV RELWLV DIPEGEKKLNIVG TLAKRM VEKAGV PIEIHL TLDRREALKDAD FVTTQF RVGLLE ARAKDE
MKK GLKIVT IGGGSS YTPELV EGLIKRHEELPV SELWLV DIPEGEEKLNIVG TLAKRM VEKAGV PIKVHL TLDRREALKDAD FVTTQF RVGLLE ARAKDE
m k g kivt igggss ytp lv eg ikr elpv elwlv dipege klnivg tlakrm vekagv pi hl t drr alkdad fvttqf rvgll arakde
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beta-glucosidase
WP_075750892
WP_024123333
ATX85055
WP_006639562
Consensus

RIP LKYGVI GQETNG PGGLFK GLRTIPVILEIA KDIEEL CPNAWLVNFTNPA GMVTEA LLRYSN LKKVVG LCNVPIGIKMGV AKALDV DVDRVE VQFAGL
RIP LKYGVI GQETNG PGGLFK GLRTIPIILEIA KDIEEL CPNAWLVNFTNPA GMVTEA LLRYSN LKKVVG LCNVPIGIKMGV AKALDV DVDRVE VQFAGL
RIP LEYGVI GQETNG PGGLFK GLRTIPVILEIA KDIEEL CPNAWLVNFTNPA GMVTEA LLRYSN LKKVVG LCNVPIGIKMGV AKALDV DVDRVE VQFAGL
RIP LKYGVI GQETNG PGGLFK GLRTIPVILEIA KDIEEL CPNAWLVNFTNPA GMVTEA LLRYSN LTKVVG LCNVPIGIKMGV AKALDV DVSRIE VQFAGL
RIP LKYGVI GQETNG PGGLFK GLRTIPVILDIA KDIEEL CPDAWLVNFTNPA GMVTEA LLRYSN LKKVVG LCNVPIGMKMGV AKALDV DESRVE IQFAGL
rip l ygvi gqetng pgglfk glrtip il ia kdieel cp awlvnftnpa gmvtea llrysn l kvvg lcnvpig kmgv akaldv d r e qfagl
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beta-glucosidase
WP_075750892
WP_024123333
ATX85055
WP_006639562
Consensus

NHM VFGLDV FLDGVS VKEQVI EAMGDPKNAMTM KNTSGA EWEPDFLKALNVI PCGYHR YYFKTK EMLEHE LEASQTEGTRAE VVQKVE KELFEL YKDPNL
NHM VFGLDV FLDGVS VKDQVI EAMGDPKNAMTM KNISGT EWEPEFLKALDII PCGYHR YYFKTK EMLEHE LEASQTEGTRAE VVQKVE KELFEL YKDPNL
NHM VFGMDV FLDGVS VKDKVI EAMGDPKNAMTM KNISGA EWEPEFLKALDMI PCGYHR YYFKTK EMFEHE LEASQTEGTRAE VVQKVE QELFEL YKDPNL
NHM VFGLDV FLDGVS VKDQVI EAMGDPKNAMTM KNISGA EWEPEFLKALDLI PCGYHR YYFKTK EMLEHE IEASQTEGTRAE VVQKVE KELFEL YKDPNL
NHM VYGLDV FLDGVS VKDKVI EAMADPANAMTM KNISGE SWEPDFIRGLDLI PCGYHR YYYKTK EMLEHE IEASQTEGTRAE VVQKVE KELFEL YKDPNL
nhm v g dv fldgvs vk vi eam dp namtm kn sg wep f l i pcgyhr yy ktk em ehe easqtegtrae vvqkve elfel ykdpnl
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beta-glucosidase
WP_075750892
WP_024123333
ATX85055
WP_006639562
Consensus

AIK PPQLEK RGGAYY SDAACN LISSIYNDKHDI QPVNTI NNGAIASIPDDSA VEVNCV MTKTGP KPIAVG DLPVSVRGLVQQ IKSFER VAAEAA VTGDYQ
AIK PPQLEK RGGAYY SDAACN LISSIYNDKHDI QPVNTM NNGAIASIPDDSA VEVNCV MTKNGP KPIAVG DLPVSVRGLVQQ IKSFER VAAEAA VTGDYQ
AIK PPQLEK RGGAYY SDAACN LISSIYNDKHDI QPVNTV NNGAIASIPDDSA VEVNCV MTKNGP KPIAVG DLPVSVRGLVQQ IKSFER VAAEAA VTGDYQ
AIK PPQLEK RGGAYY SDAACN LISSIYNDKHDI QPVNTI NNGAIASIPNDSA VEVNCV MTKDGP KPIAVG DLPVSVRGLVQQ IKSFER VAAEAA VTGDYQ
AIK PPQLEK RGGAYY SDAACN LISSIYNDKHDI QPVNTM NNGAIASIPDDSA VEVNCV MTKNGP KPIAVG DLPVKVRGLVQQ IKSFER VAAEAA VTGDYN
aik ppqlek rggayy sdaacn lissiyndkhdi qpvnt nngaiasip dsa vevncv mtk gp kpiavg dlpv vrglvqq iksfer vaaeaa vtgdy
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beta-glucosidase
WP_075750892
WP_024123333
ATX85055
WP_006639562
Consensus

TAL LAMTTN PLVPSD AVAKQI LDDMLEAHKAYL PQFFNK IEA
TAL LAMTIN PLVPSD TVAKQI LDEMLEAHKAYL PQFFNK IEA
TAL LAMTIN PLVPSD TVAKQI LDEMLEAHKAHL PQFFNK IEA
TAL LAMTIN PLVPSD SVAKAI LDEMLEAHKDHL PHFFKS IEA
TAL VAMTIN PLVPSD KIAKQI LDDMLEAHKEHL PQFFKS IEA
tal amt n plvpsd ak i ld mleahk l p ff iea
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Figure 3-20 Multiple sequence alignment of Bteqβgluc with bacterial βglucosidases from GH4 Family.
Abbreviations: WP_046160997 (Bacillus sp. CMAA 1185); WP_075750892 (Bacillus
licheniformis); ATX85055 (Bacillus velezensis) and WP_006639562 (Bacillus
sonorensis).

Molecular Docking of Bteqβgluc
The QMEAN score and Ramachandran’s plot predicted a good quality model with >
90% of residues in the most favored regions as showed in Figure 3.21, indicating an
appropriately modeled structure. All other validation results of the SAVES Package
(PROCHECK, and VERIFY3D) showed that the predicted model was of good quality
and could be further used for docking studies.
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Figure 3-21 Ramachandran’s plot with >90% residues in the most favored
regions for structural quality assessment of predicted Bteqβgluc structure.
The predicted structure with minimized energy (Figure 3.22A) was used for
docking studies with ρ-nitrophenyl-linked substrates using MOE software. The best
docking complex was used to analyze the enzyme-substrate interactions and to
determine the conserved AA residues in the predicted catalytic cleft/active site. Figure
3.22B shows hydrogen bonding interactions of Bteqβgluc with pNPG involving
Glu112, Asn150, Phe88 and Tyr16 residues, expected to play an essential role in
hydrolysis. Surrounding amino acids Thr113, Phe148, Lys121, Arg89, Thr149, Leu20,
Ser316, Tyr315 and Ala313 provide a hydrophobic environment enhancing enzyme
activity and thermostability. The hydrogen bonding interaction of MUG molecule with
Bteqβgluc involve Asn150, Thr113 and Gln87 while, Ser14, Phe88, Thr149, Asn235,
Arg89, Phe148, Lys121, His202, Tyr256, Gln111, Glu112, Tyr315 and Ala313 provide
hydrophobic surrounding environment as showed in Figure 3.22C. Hydrogen-bonding
interactions of salicin involved Asn235 and Tyr16 residues of Bteqβgluc, with Met233,
Tyr256, Glu112, Asn150, Thr113, His202, Tyr315, Arg89, Phe148, Ala313 and Val284
as surrounding residues providing stability to the complex as showed in Figure 3.22D.
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Figure 3-22 A predicted 3D ribbon structure of Bteqβgluc (A). Representation of
protein ligand interaction of docking complexes for (B) Bteqβgluc-pNPG, (C)
Bteqβgluc-MUG, (D) Bteqβgluc-salicin.
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Expression and Purification of Bteqβgluc
Expression of Bteqβgluc in E. coli and P. pastoris resulted in recombinant proteins of
predicted molecular weight (54.34 kDa) in SDS-PAGE (Figure 3.23A) and western
blotting (Figure 3.23B).

Figure 3-23 Detection of recombinant pET-Bteqβgluc and pPIC-Bteqβgluc.
A) SDS-PAGE gel of recombinant pET-Bteqβgluc (E. coli) (lanes 1, 2 and 3) and pPICBteqβgluc (P. pastoris) (lane 4). M: molecular weight markers (CAT # 161-0374), lane
1: non-induced pET- Bteqβgluc sample; lane 2: IPTG (0.3 mM) induced pETBteqβgluc sample, lane 3: purified recombinant pET-Bteqβgluc (E. coli cultures); lane
4: purified recombinant pPIC-Bteqβgluc (P. pastoris cultures). (B) Western Blot
detection of purified His-tagged pET-Bteqβgluc. M: molecular weight markers (CAT
# 161-0374); Lane 1: non-induced pET-Bteqβgluc samples; Lane 2: IPTG (0.3 mM)
induced pET-Bteqβgluc sample.
In the bacterial expression system, Bteqβgluc was produced as inclusion bodies
under different temperature (16-37 °C) and pH (5-11) conditions. Solubilization of
inclusion bodies in 8 M urea and refolding resulted in comparatively much lower levels
of purified soluble Bteqβgluc protein isolated in E. coli compared to P. pastoris. The
chromatograms for purification of Bteqβgluc have been presented in Figure 3.24.
Relative Bteqβgluc yields were 1.75 mg L-1 of culture for P. pastoris and 0.68 mg L-1
of culture for E. coli. In addition, the maximum activity (Vmax) using the same amount
(150 µg) of recombinant Bteqβgluc was also higher when the enzyme was purified from
P. pastoris (1462.25 U mg-1) compared to E. coli (1445.09 U mg-1).
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Figure 3-24 Chromatogram of β-glucosidase purification from AKTA Pure
FPLC system for (A) pET-Bteqβgluc (B) pPIC-Bteqβgluc.

Kinetics
and
Thermodynamic
Recombinant Bteqβgluc

Characterization

of

Purified recombinant Bteqβgluc proteins from bacterial (E. coli) and yeast (P. pastoris)
cultures showed statistically significant difference in specific activities. The relative
activity of Bteqβgluc was examined over a range of pH from 2-12 and 30-80 °C
temperature. The optimum percent (%) relative Bteqβgluc activity was observed at pH
5 then it decreased with increasing pH (Figure 3.25A). Whereas percent (%) relative
Bteqβgluc activity increased with rising temperature from 30 °C and reached a
maximum at 50 °C, after which higher temperatures drastically reduced activity
suggesting denaturation (Figure 3.25B).

Figure 3-25 Effect of pH (A) and temperature (B) on the relative activity (n=3) of
Bteqβgluc for pNPG as substrate when the enzymes is produced in cultures of E.
coli (pET-Bteqβgluc) and P. pastoris (pPIC-Bteqβgluc).
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The stability of enzyme pET-Bteqβgluc (E. coli) and pPIC-Bteqβgluc (P.
pastoris) was checked by pre-incubating the enzymes for different pH (2-12) at 50 °C
for 1 h. The thermal stability of pET-Bteqβgluc (E. coli) and pPIC-Bteqβgluc (P.
pastoris) was checked by pre-incubating enzymes at from 50-80 °C. It was found that
Bteqβgluc enzyme produced in two heterologous systems showed almost same trend of
stability at pH range 4-8 for 1 h, and the % residual Bteqβgluc activity was shown in
Figure 3.26A. The Bteqβgluc was stable at 50 °C for 180 min and revealed degradation
when incubated above 50 °C (Figure 3.26B and Fig. 3.26C).

Figure 3-26 pH stability (A) of pET-Bteqβgluc and pPIC-Bteqβgluc enzyme
determined by pre-incubating at different pH values (2-12) at 50 °C for 1 h and
thermal-stability of pET-Bteqβgluc (B) pPIC-Bteqβgluc (C) was determined by
pre-incubating enzyme at different temperature ranging from 50-80 °C.
Dixon analysis of Bteqβgluc from E. coli (pET-Bteqβgluc) and P. pastoris
(pPIC-Bteqβgluc) cultures for pNPG as substrate was performed to assess the pKa of
ionizable groups in active AA residues for pNPG hydrolysis at 50 °C. The plot was
obtained by determining the Vmax for reactions at different pH and 50 °C for the
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determination of pKa values. The 0, +1 and -1 slope lines were drawn to determine the
intersection points on the 0 slope line for +1 and -1 slope lines. Those represented the
pKa1 and pKa2 as 4.8 and 6.4, respectively (Figure 3.27).

Figure 3-27 Dixon plot of pET-Bteqβgluc and pPIC-Bteqβgluc for pNPG.
The activation energy (Ea) was observed to be 44.18 and 45.29 kJ mol-1 for
pPIC-Bteqβgluc and pET-Bteqβgluc, respectively deduced from Arrhenius plot (Figure
3.28). The temperature quotient (Q10) value for Bteqβgluc was 1.66. Variables of ΔH‡,
ΔS‡ and ΔG‡ were calculated as 41.69 kJ mol-1, -54.29 kJ mol-1 K-1 and 57.88 kJ mol-1,
respectively for pPIC-Bteqβgluc. Whereas, ΔH‡, ΔS‡ and ΔG‡ for pET-Bteqβgluc were
calculated as 42.82 kJ mol-1, -50.46 kJ mol-1 K-1 and 57.85 kJ mol-1, respectively. Free
energy of transition state binding (ΔG‡ E-T) and free energy of substrate binding (ΔG‡ ES)

were -10.13 kJ mol-1 and 4.97 kJ mol-1, respectively.

Figure 3-28 Arrhenius plot for pET-Bteqβgluc and pPIC-Bteqβgluc.
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The Km and Vmax values for pPIC-Bteqβgluc were estimated from LineweaverBurk plot for pNPG (substrate) hydrolysis at 50 °C were 7.43 mM and 1,462.25 U mg1

, respectively (Figure 3.29). Similarly, Km and Vmax for pET-Bteqβgluc values were

8.43 mM and 1,445.09 U mg-1, respectively. The kcat value was found to be 454.05 min1

for pPIC-Bteqβgluc and 448.72 min-1 for pET-Bteqβgluc, and the catalytic efficiency

(kcat Km-1) was estimated to be 61.12 for pPIC-Bteqβgluc and 53.24 for pET-Bteqβgluc,
indicating high catalytic power of enzymes towards enzyme-substrate complex and
product formation.

Figure 3-29 Lineweaver-Burk double reciprocal plot for Bteqβgluc (n=3)
produced in cultures of E. coli (pET-Bteqβgluc) or P. pastoris (pPIC-Bteqβgluc)
using pNPG as substrate.

Heterologous Expression and Bioinformatic Analysis of
the Endo-glucanase Gene (BsEgl) from B. sonorensis
BD92
The BsEgl gene (1,500 bp) was amplified from the genomic DNA of B. sonorensis
BD92 by PCR using gene specific primers (Table 2.5). The sequencing of the BsEgl
gene was done from genomic center of University of Tennessee, Knoxville, USA, and
submitted to GenBank with accession number MK774667. The BsEgl gene was cloned
in pPIC9k vector, the positive clones (pPIC-BsEgl) were confirmed by double digestion
resulted two band of 1.5 kb for BsEgl gene and 9.3 kb for pPIC9K vector as presented
in Figure 3.30.
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Figure 3-30 Double digestion of pPIC-BsEgl with SnaB1 and NotI.
L: GeneRuler 1 kb DNA ladder (Thermo Scientific); Lane 1: double digested pPICBsEgl.
The protein sequence was predicted from the nucleotide sequence of BsEgl (1.5
kb) revealed that BsEgl gene encodes a protein of 499 AA including a putative signal
peptide of 29 AA at the N-terminus. The BsEgl protein contains a typical GH5 family
signature between residues 54 and 295 and was predicted to contain four Nglycosylation sites. The protein also includes Cellulose Binding Domain (CBD)
between 356 to 436 AA and glycosyl hydrolase catalytic core (GHCC) between 225 to
284 AA as showed in Figure 3.31.
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Figure 3-31 Nucleotide and deduced amino acid sequences of BsEgl.
Putative signal peptide (29 AA) with gray shading followed by cleavage site (▼);
predicted glycosylated AA (N) shown in black boxes with white text; GH catalytic core
(225-284 AA) presented with yellow back ground; GH5 family (54-295 AA) presented
with red dotted box and cellulose binding domain (CBM_3 Superfamily; 356-436 AA)
presented with blue box.
Multiple sequence alignment of the predicted protein sequence showed the
highest homology (57.75% identity) between BsEgl and endo-glucanase from 1LF1 =
Cel5 from Alkalophilic Bacillus sp.;1QHZ & 1QI0 = Endoglucanase Cel5A from
Bacillus agaradhaerens; 3PZT & 3PZU = endo-glucanase from B. subtilis 168 as
presented in Figure 3.32.
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endoglucanase
1LF1
1QHZ
1QI0
3PZT
3PZU
Consensus

MKRSISIFITCLLITLLTMGGMLASPASAAGTKTPVAKNGQLSIKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADG
..............................DDYSVVEEHGQLSISNGELVNERGEQVQLKGMSSHGLQWYGQFVNYESMKWLRDDWGITVFRAAMYTSSG
..............................DNDSVVEEHGQLSISNGELVNERGEQVQLKGMSSHGLQWYGQFVNYESMKWLRDDWGINVFRAAMYTSSG
..............................DNDSVVEEHGQLSISNGELVNERGEQVQLKGMSSHGLQWYGQFVNYESMKWLRDDWGINVFRAAMYTSSG
..MGSSHHHHHHSSGLVPRGSHMAS...AAGTKTPVAKNGQLSIKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADG
..MGSSHHHHHHSSGLVPRGSHMAS...AAGTKTPVAKNGQLSIKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADG
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GYIDNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVIYEIANEPNG.DVNWKRDIKPYAEEVISVIRKNDPDNI
GYIDDPSVKEKVKETVEAAIDLGIYVIIDWHILSDNDPNIYKEEAKDFFDEMSELYGDYPNVIYEIANEPNGSDVTWDNQIKPYAEEVIPVIRDNDPNNI
GYIDDPSVKEKVKEAVEAAIDLDIYVIIDWHILSDNDPNIYKEEAKDFFDEMSELYGDYPNVIYEIANEPNGSDVTWGNQIKPYAEEVIPIIRNNDPNNI
GYIDDPSVKEKVKEAVEAAIDLDIYVIIDWHILSDNDPNIYKEEAKDFFDEMSELYGDYPNVIYEIANEPNGSDVTWGNQIKPYAEEVIPIIRNNDPNNI
GYIDNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVIYEIANEPNG.DVNWKRDIKPYAEEVISVIRKNDPDNI
GYIDNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVIYEIANEPNG.DVNWKRDIKPYAEEVISVIRKNDPDNI
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199
170
170
170
194
194

endoglucanase
1LF1
1QHZ
1QI0
3PZT
3PZU
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IIVGTGTWSQDVNDAADDQLKDANVMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQSREWLKYLDSKTISWVNWNLSDKQES
VIVGTGTWSQDVHHAADNQLADPNVMYAFHFYAGTHGQNLRDQVDYALDQGAAIFVSEWGTSAATGDGGVFLDEAQVWIDFMDERNLSWANWSLTHKDES
IIVGTGTWSQDVHHAADNQLADPNVMYAFHFYAGTHGQNLRDQVDYALDQGAAIFVSEWGTSAATGDGGVFLDEAQVWIDFMDERNLSWANWSLTHKDES
IIVGTGTWSQDVHHAADNQLADPNVMYAFHFYAGTHGQNLRDQVDYALDQGAAIFVSEWGTSAATGDGGVFLDEAQVWIDFMDERNLSWANWSLTHKDES
IIVGTGTWSQDVNDAADDQLKDANVMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQSREWLKYLDSKTISWVNWNLSDKQES
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endoglucanase
1LF1
1QHZ
1QI0
3PZT
3PZU
Consensus

SSALKPGASKTGGWQLSDLSASGTFVRESILGTKDSTKDIPETPAKDKPTQENGISVQYRAGDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARYWYKAKN
SAALMPGANPTGGWTEAELSPSGTFVREKIRESASIPP..............................................................
SAALMPGANPTGGWTEAELSPSGTFVREKIRESAS.................................................................
SAALMPGANPTGGWTEAELSPSGTFVREKIRESAS.................................................................
SSALKPGASKTGGWRLSDLSASGTFVRENILGT...................................................................
SSALKPGASKTGGWRLSDLSASGTFVRENILGT...................................................................
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endoglucanase
1LF1
1QHZ
1QI0
3PZT
3PZU
Consensus

KGQNFDCDYAQIGCGNVAHKFVTLHKPKQGADTYLELGFKNGTLAPGASTGNIQLRLHNDDWSNYAQSGDYSFFKSNTFKTTKKITLYNHGKLIWGTEPN
....................................................................................................
....................................................................................................
....................................................................................................
....................................................................................................
....................................................................................................
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Figure 3-32 Multiple sequence alignment of BsEgl other bacterial endoglucanases from GH5 Family.
Abbreviations: 1LF1 = Cel5 from Alkalophilic Bacillus sp.;1QHZ & 1QI0 =
Endoglucanase Cel5A from Bacillus agaradhaerens; 3PZT & 3PZU = endo-glucanase
from B. subtilis 168.

Expression and Purification of BsEgl
Expression of BsEgl in P. pastoris resulted in recombinant proteins of the predicted
molecular weight (55.2 kDa) in SDS-PAGE (Figure 3.33A) and zymogram (Figure
3.33B).
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Figure 3-33 SDS-PAGE gel of recombinant pPIC-BsEgl (P. pastoris) (A) and
Zymogram showing hydrolysis arround the BsEgl (B).
M: molecular markers, lane 1: purified recombinant BsEgl from P. pastoris cultures,
lane 2: zymogram.
The purification BsEgl was done anion exchange chromatography using HiTrap
Q-FF on AKTA Pure FPLC system. The chromatogram has been presented in Figure
3.34.

Figure 3-34 Chromatogram of BsEgl purification from AKTA Pure FPLC
system.
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Kinetics
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Thermodynamic
Recombinant pPIC-BsEgl
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Purified BsEgl proteins from P. pastoris showed significant difference in specific
activities. The enzyme activity of BsEgl was examined over a range of pH from 2-12
at 50 °C, with optimum activity observed at pH 5 (Figure 3.35A). Enzyme activity
increased with rising temperature from 30 °C and reached a maximum at 50 °C, after
which higher temperatures drastically reduced activity suggesting denaturation (Figure
3.35B).

Figure 3-35 Effect of pH (A) and temperature (B) on the relative activity (n=3) of
BsEgl against CMC as substrate when the enzymes is produced in P. pastoris
cultures.
The enzyme was stable at a range of pH from 4-8 for 60 min (Figure 3.36A).
The enzyme was also stable at 50 °C for 180 min and showed degradation above when
incubated above 50 °C (Figure 3.36B).

Figure 3-36 pH stability (A) of pPIC-BsEgl enzyme determined by preincubating at different pH values (2-12) at 50 °C for 60 min and thermal-stability
of pPIC-BsEgl (C) was determined by pre-incubating enzyme at different
temperature ranging from 50-100 °C.
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Dixon analysis was performed to estimate the pKa of ionizable groups in active
AA residues for CMC hydrolysis at 50 °C. The pKa1 value for BsEgl was 5.4 and pKa2
value was 8.3 (Figure 3.37).

Figure 3-37 Dixon plot of BsEgl activity (n=3) purified from P. pastoris (pPICBsEgl) cultures against CMC as substrate.
The plot was obtained by determining the Vmax for reactions at different pH and 50 °C
for the estimation of pKa values.
The activation energy (Ea) was observed to be 15.22 kJ mol-1 (Figure 3.38),
while temperature quotient for BsEgl was 0.57. Variables of ΔH‡, ΔS‡ and ΔG‡ were
calculated as 12.74 kJ mol-1, -148.71 kJ mol-1 K-1 and 57.06 kJ mol-1, respectively. ΔG‡
E-T

and ΔG‡ E-S were -12.44 kJ mol-1 and 3.48 kJ mol-1, respectively.

Figure 3-38 Arrhenius plot against CMC as substrate for BsEgl (n=3) produced
in P. pastoris culture.

79

3 Results

The Km and Vmax values for BsEgl were estimated by utilizing Lineweaver-Burk
plot for CMC hydrolysis at 50 °C to be 4.08 mg mL-1 and 1589 U mg-1, respectively
(Figure 3.39). The kcat value was found 617.94 min-1 while, catalytic efficiency (kcat Km1

) was estimated to be 151.35, indicating high catalytic power (conversion of bound

substrate to product) of the enzyme.

Figure 3-39 Lineweaver-Burk double reciprocal plot for BsEgl (n=3) produced in
P. pastoris culture using CMC as substrate.

Application of Fiber Degrading Enzmes in Animal Feed
Poultry Trial 1 (Multi-Enzyme Cocktail BsBD92)
The poultry trial 1 was designed with 7 experimental groups having 20 birds in each
group. The multi-enzyme cocktail (MEC) BsBD92 was supplemented in two different
doses (1X MEC & 2X MEC) with varying concentration of crude fibers (CF 4%, 6%
and 8%) in the diet (Appendix H) of experimental birds. The 1X MEC contains 250 U
endo-glucanase, 118 U exo-glucanase, 75 U β-glucosidase and 800 units xylanase per
kg feed. Whereas, 2X MEC contains 500 U endo-glucanase, 236 U exo-glucanase, 150
U β-glucosidase and 1600 units xylanase per kg feed. The experimental diets (starter
for 1-21 days and grower for 22-35 days) were given to broiler birds for 5 weeks to
assess their effects on the growth performance and body parameters. The blood, serum
and tissue samples were taken at 21 days and 35 days after slaughtering 5 birds from
each group for further analysis.
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Performance Parameters
The addition of multi-enzyme cocktail BsBD92 has a progressive improvement in the
growth performance parameters of experimental birds. The growth performance
parameters recorded were body weight (BW), feed intake (FI), feed conversion ratio
(FCR) and the production index (PI).
Body Weight (BW)
The live BW (g) of each bird in each experimental group was observed and recorded
on a daily and weekly basis for total of five weeks. There was a significant difference
(p<0.05) in BW amongst different treatment groups during the experimental period.
The highest BW (1013.0±67.97 g) was recorded in group 6 (G6, treatment 3 with 6%
CF + 2X MEC) at the end of starter period (week 3, W3), followed by 974.5±61.27 g
in group 7 (G7, treatment 4 with 8% CF + 2X MEC), 930.5±62.00 g in group 4 (G4,
treatment 1 with 6% CF + 1X MEC), 925.5±69.96 g in group 5 (G5, treatment 2 with
8% CF + 1X MEC), 905.0±64.30 g in group 1 (G1, standard control with 4% CF),
870.5±72.83 g in group 2 (G2, treatment control 2 with 6% CF) and 816.0±50.33 g in
group 3 (G3, treatment control 2 with 8% CF). Whereas, at the end of grower period
(week 5, W5) the highest BW (2591.7±180.38 g) was also recorded in G6. While, the
lowest BW was observed in G3 (2139.3±111.92 g). The average BW for all
experimental birds during five weeks of the experiment has been given in Table 3.7.
Table 3.7 Body weight (Mean±SD) of broilers from different experimental
groups supplemented with multi-enzyme cocktail BsBD92 on weekly basis.

G1
G2
G3
G4

W1
153.5±13.14c
153.0±14.52c
152.5±14.79c
162.5±13.73bc

W2
404.0±34.40b
398.5±35.95b
365.5±41.28c
426.5±27.79ab

Weeks
W3
905.0±64.30c
870.5±72.83cd
816.0±50.33d
930.5±62.00bc

W4
1578.0±99.41bc
1497.3±97.80c
1394.0±72.00d
1592.7±99.02bc

W5
2310.7±168.15bcd
2236.3±189.93cd
2139.3±111.92d
2362.3±144.15bc

G5
G6
G7
p-value

164.0±14.62bc
174.5±13.59ab
179.0±13.74a
0.000

424.0±19.59ab
451.0±26.81a
450.0±30.00a
0.000

925.5±69.96bc
1013.0±67.97a
974.5±61.27ab
0.000

1564.0±94.50bc
1711.3±82.12a
1614.0±79.06ab
0.000

2335.3±58.17cd
2591.7±180.38a
2456.7±172.96ab
0.000

Groups

“Values in each row with different letters are statistically significant p<0.05”
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Feed Intake (FI)
The FI (g bird-1 day-1) was observed by subtracting feed given from feed refused or left
by the birds every day in each group. The average FI g bird-1 day-1was calculated to
compare the feed consumption. There was a significant difference (p<0.05) in FI
between different treatment groups during experimental period (five weeks). The
highest FI was observed in G3 (22.31±0.19 g bird-1 day-1) at the completion of week 1
(W1) followed by lower FI in G7 (21.24±0.15 g bird-1 day-1), G5 (20.85±0.21 g bird-1
day-1), G4 (19.41±0.07 g bird-1 day-1), G6 (18.80±0.17 g bird-1 day-1), G2 (18.00±0.07
g bird-1 day-1) and G1 (17.67±0.25 g bird-1 day-1). While, at the completion of starter
period (W3) the highest FI was also observed in G3 (110.90±0.6 g bird-1 day-1) and
lowest FI was observed in G1 (98.53±0.33 g bird-1 day-1). Similarly, at the end of 5th
week, highest FI was observed in G3 (233.18±0.86 g bird-1 day-1) and G2 (213.7±1.31
g bird-1 day-1) given high fiber diets as compared with other groups. The average FI
bird-1 day-1 from each group has been presented in Table 3.8.
Table 3.8 Feed intake (Mean±SD) of broilers given various levels of dietary
crude fibers and multi-enzyme cocktail BsBD92 for five weeks of experiment.
Groups
G1
G2
G3
G4
G5
G6
G7
p-value

Weeks
W1

W2

W3

W4

W5

17.67±0.25e
18.00±0.07e
22.31±0.19a
19.41±0.07c
20.85±0.21b
18.80±0.17d
21.24±0.15b
0.000

45.56±0.44de
48.86±0.43b
47.87±0.37bc
48.14±0.17b
50.39±0.46a
44.37±0.18e
46.71±0.48cd
0.000

98.53±0.33e
104.51±0.55c
110.90±0.60a
101.28±0.33d
107.70±0.33b
99.82±0.37de
100.65±0.93d
0.000

155.11±1.19c
162.97±0.73a
165.14±0.67a
156.39±1.17bc
159.32±0.85b
145.31±0.47d
142.21±1.13d
0.000

187.48±1.31e
213.70±1.31b
233.18±0.86a
200.93±0.51d
213.40±2.26b
201.82±0.59d
207.85±1.50c
0.000

“Values in each row with different letters are statistically significant p<0.05”

Feed Conversion Ratio (FCR)
FCR is an important growth performance parameter. Higher FCR means low
performance whereas low FCR is a vice versa (equation 2.7). A statistically significant
(p<0.05) results were observed for FCR amongst different treatment groups during five
weeks of experimental period. The results showed that the birds in G6 showed lowest
FCR (1.24±0.004) at the end of starter period followed by 1.34±0.012 in G7, 1.37±0.00
in G1, 1.4±0.004 in G4, 1.5±0.004 in G5, 1.55±0.008 in G2 and 1.72±0.009 in G3.
Similarly, at the end of the 5th week the lowest FCR (1.61±0.004) was also observed in
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G6 which means G6 has overall better performance when compared with other groups.
The highest FCR was observed in G2 (2.02±0.012) and G3 (2.19±0.008) at the
completion of grower period. So, G6 (given 6% CF and 2X MEC) showed better FCR
as compared to other groups at the end of starter as well as grower period. The mean
FCR for each group has been presented in Table 3.9.
Table 3.9 FCR (Mean±SD) of broilers fed different levels of dietary crude fibers
and multi-enzyme cocktail BsBD92 for five weeks of experiment.
Groups
G1
G2
G3
G4
G5
G6
G7
p-value

Weeks
W1
W2
1.14±0.016cd 1.27±0.012c

W3
1.37±0.004e

W4
1.61±0.012e

W5
1.78±0.012e

1.16±0.004c
1.45±0.012a
1.15±0.004c
1.22±0.012b
1.01±0.009e
1.11±0.008d
0.000

1.55±0.008b
1.72±0.009a
1.40±0.004d
1.50±0.004c
1.24±0.004g
1.34±0.012f
0.000

1.82±0.008b
2.00±0.008a
1.65±0.012d
1.74±0.009c
1.45±0.004g
1.55±0.012f
0.000

2.02±0.012b
2.19±0.008a
1.83±0.004d
1.94±0.020c
1.61±0.004g
1.73±0.012f
0.000

1.39±0.012b
1.57±0.012a
1.27±0.004c
1.35±0.012b
1.12±0.004d
1.20±0.012e
0.000

“Values in each row with different letters are statistically significant p<0.05”

Production Index (PI)
PI is another important growth performance parameter which is calculated by using this
formulae given in equation 2.8. There was a significant difference (p<0.05) for PI
among the experimental groups during five weeks of trial. The highest PI (460.7±1.35)
was observed in G6 while lowest PI (279.1±1.04) was in G3 at the end of 5th week of
experiment. The better PI of G6 represents better absorbtion of nutrients. The
comparison of PI between the experimental groups for each week have been presented
in Figure 3.40.
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Figure 3-40 Production index (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 for five weeks of
experiment.
Carcass Characteristics
The carcass is the body of the slaughtered bird without skin, head, feet and offal. It is
also an important parameter to access the performance of birds against different
experimental treatments. In the present experiment, the meat percentage was calculated
to access the effect of dietry fibers and multi-enzyme cocktail BsBD92 on the quantity
of meat. A statistically significant (p<0.05) results for meat percentage were observed
among experimental groups. It was observed that the meat percentage was higher in G6
at 3rd week (61.064±0.751 g per 100 g BW) as well as at 5th week (65.094±0.234 g per
100 g BW). The lowest meat percentage was observed in treatment control groups (G2
and G3). The comparison of meat percentage after 3rd and 5th week between different
experimental groups has been presented in Figure 3.41.
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Figure 3-41 Meat percentage (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
experiment.
The other carcass characterstics includes abdominal fat, internal organs weight,
immune organ weight which help to access the effects of various treatments on the
performance of birds. In this study, these parameters were determined to check the
effect of dietary fibers, multi-enzyme cocktail BsBD92 supplementation on the weight
and morphology of these organs.
Abdominal Fat
Abdominal fat (g per 100 g BW) showed significant (p<0.05) difference among the
experimental groups. Abdominal fat was lowered in birds of G2 and G3 (treatment
control groups) given fibrous diet while it was comparatively high in other groups
(standard control and treatment groups) as presented in Figure 3.42. A non-significant
difference (p>0.05) in abdominal fat was detected in G4, G3 and G6 at the completion
of the starter period. Similarly, non-significant difference (p>0.05) in abdominal fat of
G6 and G7 was also observed at the completion of the grower period.
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Figure 3-42 Abdominal fat (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
experiment.
Immune Organ Weight
The relative weight (g per 100 g BW) of immune organs (bursa, thymus and pancreas)
was recorded to check the immune status of the birds in different groups (equation 2.9).
There was statistically non-significant difference (p>0.05) in weight of bursa and
thymus at the end of the experiment among different treatment groups. While, a
significant difference (p<0.05) of relative weight of the pancreas was observed that has
been presented in Table 3.10. The highest weight (0.28±0.005 g per 100 g BW) of the
pancreas was observed in G3 after 5th week of the experiment while the lowest weight
(0.21±0.006 g per 100 g BW) was observed in G1.
Internal Organ Weight
The internal body organ’s (liver, heart, lungs, kidneys, spleen, gizzard and
proventriculus) weight (g per 100 g BW) was recorded to check the effect of treatment
groups using equation 2.9. The statistically non-significant difference (p>0.05) in
relative organ weight was observed amongst different experimental groups as presented
in Table 3.11. While, a variation in relative weight of gizzard was observed in broiler
birds fed different levels of dietary crude fibers and multi-enzyme cocktail BsBD92
after 3rd and 5th week of the experiment. The highest gizzard weight (2.74±0.034 g per
100 g BW) was observed in G3 while that of the lowest was observed in G1 and G6.
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Table 3.10 Immune organ weight (Mean±SD) of broiler birds fed different levels of dietary crude fibers and multi-enzyme cocktail
BsBD92 after 3rd and 5th week of experiment.
Organs
Bursa
Thymus
Pancreas

Days
21 days
35 days
21 days
35 days
21 days
35 days

G1
0.23±0.009a
0.05±0.004
0.23±0.003
0.22±0.009bc
0.25±0.005cd
0.21±0.006d

G2
0.22±0.005b
0.05±0.004
0.23±0.001
0.22±0.005abc
0.27±0.009ab
0.23±0.006bc

G3
0.21±0.004b
0.05±0.003
0.23±0.001
0.22±0.004abc
0.29±0.009a
0.28±0.005a

G4
0.21±0.003b
0.05±0.001
0.23±0.001
0.21±0.007c
0.24±0.008d
0.23±0.005c

G5
0.21±0.008b
0.05±0.001
0.23±0.002
0.22±0.004bc
0.26±0.007bc
0.24±0.004b

G6
0.21±0.001b
0.05±0.001
0.23±0.002
0.24±0.006a
0.25±0.007cd
0.22±0.004c

G7
0.21±0.002b
0.05±0.002
0.23±0.001
0.23±0.005ab
0.27±0.003ab
0.24±0.006bc

“Values in each column with different letters are statistically significant p<0.05”

Table 3.11 Internal organ weight (Mean±SD) of broiler birds fed different levels of dietary crude fibers and multi-enzyme cocktail
BsBD92 after 3rd and 5th week of experiment.
Organs
Liver
Heart
Lungs
Kidneys
Spleen
Gizzard
Proventriculus

Days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days

G1
2.64±0.007
2.35±0.015
0.58±0.011
0.48±0.008
0.63±0.014
0.41±0.004
0.64±0.006
0.58±0.007
0.10±0.001
0.12±0.004
2.43±0.019c
2.32±0.010d
0.27±0.010
0.31±0.011

G2
2.64±0.005
2.36±0.013
0.58±0.009
0.48±0.008
0.63±0.004
0.41±0.004
0.64±0.007
0.58±0.006
0.10±0.001
0.12±0.006
2.54±0.026b
2.37±0.021cd
0.26±0.015
0.33±0.027

G3
2.64±0.008
2.37±0.010
0.58±0.004
0.48±0.007
0.63±0.010
0.41±0.007
0.64±0.010
0.58±0.004
0.10±0.001
0.12±0.007
2.65±0.037a
2.74±0.034a
0.26±0.001
0.33±0.019

G4
2.64±0.006
2.36±0.012
0.58±0.007
0.48±0.007
0.63±0.004
0.41±0.010
0.64±0.014
0.58±0.003
0.10±0.001
0.12±0.007
2.45±0.026c
2.37±0.030bcd
0.26±0.004
0.30±0.015

“Values in each column with different letters are statistically significant p<0.05”
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G5
2.64±0.003
2.37±0.011
0.58±0.004
0.48±0.011
0.63±0.007
0.41±0.007
0.64±0.008
0.58±0.007
0.10±0.001
0.12±0.006
2.46±0.020c
2.43±0.026b
0.26±0.005
0.32±0.006

G6
2.63±0.007
2.35±0.01
0.58±0.004
0.48±0.008
0.63±0.008
0.41±0.004
0.64±0.007
0.58±0.007
0.10±0.001
0.12±0.004
2.41±0.013c
2.34±0.025d
0.27±0.002
0.3±0.007

G7
2.64±0.006
2.36±0.013
0.58±0.005
0.48±0.004
0.63±0.004
0.41±0.007
0.64±0.007
0.58±0.004
0.10±0.001
0.12±0.004
2.45±0.027c
2.42±0.022bc
0.26±0.003
0.32±0.008
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Intestinal Weight and Length
The intestinal weight (g per 100 g BW) and intestinal length (cm per 100 g BW) was
recorded to check the effect of multi-enzyme cocktail BsBD92 and dietary crude fibers.
A significant difference (p<0.05) was observed in relative intestinal weight among
experimental groups. The highest intestinal weight was recorded in G2 and G3
(treatment controls) while that was lower in multi-enzyme cocktail BsBD92
supplemented groups (G4, G5, G6 and G7) when compared to standard control group
(G1) as presented in Figure 3.43.

Figure 3-43 Intestinal weight (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
experiment.
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Intestinal length (cm per 100 g BW) was also measured to see the effect of
different enzyme treatments and dietary crude fibers. The significant difference
(p<0.05) in intestinal length was recorded amongst experimental groups. The intestinal
length increased in the birds given multi-enzyme cocktail BsBD92 (G4, G5, G6 and
G7) compared to the birds given high fibrous diets only (G2 and G3) as presented in
Figure 3.44.

Figure 3-44 Intestinal length (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
experiment.
Safety Evaluation
The effect of the multi-enzyme cocktail BsBD92 and dietary crude fibers has been
evaluated by checking serum chemistry parameters including liver function tests, renal
function tests and lipid profile.
Liver Function Tests (LFT)
LFT including alanine aminotransferase (ALT) or glutamic pyruvic
transaminase (GPT) showed a statistical difference among the experimental groups but
the values were within the normal range. The highest (32.2±1.166 U L-1) ALT level
was observed in G3 while the lowest (22.2±1.326 U L-1) level was observed in G4 after
first slaughtering (3rd week). Similar trend was recorded after the second slaughtering
(5th week). On the other hand, non-significant (p>0.05) variation in the results of
aspartate aminotransferase (AST) or glutamic oxaloacetic transaminase (GOT) was
observed in experimental groups as showed in Table 3.12. These results showed that
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dietary crude fibers and multi-enzyme cocktail BsBD92 exert no negative effect on the
liver function.
Renal Function Tests
Renal function tests were also performed to check the safety of dietary crude
fibers and multienzyme cocktail BsBD92. The creatinine (mg dL-1) and urea (mg dL-1)
levels were in the normal range for all groups and there was non-significant (p>0.05)
difference amongst the groups as presented in Table 3.13.
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Table 3.12 ALT and AST (Mean±SD) levels of broiler birds fed different levels of dietary crude fibers and multi-enzyme cocktail
BsBD92 after 3rd and 5th week of experiment.
Tests
ALT/GPT
(U L-1)
AST/GOT
(U L-1)

Days
21 days
35 days
21 days
35 days

G1
25.00±0.894c
25.77±0.922c
79.6±0.489
82.06±0.505

G2
28.00±0.632b
28.86±0.652b
80.00±0.632
82.47±0.652

G3
32.20±1.166a
33.19±1.202a
80.00±0.632
82.47±0.652

G4
22.20±1.326d
22.88±1.367d
80.00±0.632
82.47±0.652

G5
25.00±0.894c
25.77±0.922c
80.00±0.632
82.47±0.652

G6
24.80±0.748c
25.56±0.771c
79.60±0.489
82.06±0.505

G7
26.80±0.748bc
27.62±0.771bc
79.40±0.489
81.85±0.505

“Values in each column with different letters are statistically significant p<0.05”

Table 3.13 Creatinine and urea (Mean±SD) levels of broiler birds fed different levels of dietary crude fibers and multi-enzyme cocktail
BsBD92 after 3rd and 5th week of experiment.
Tests
Creatinine (mg
dL-1)
Urea (mg dL-1)

Days
21 days
35 days
21 days
35 days

G1
0.36±0.101
0.36±0.103
3.40±0.489
3.43±0.494

G2
0.34±0.048
0.34±0.049
3.80±0.748
3.83±0.755

G3
0.34±0.048
0.34±0.049
3.80±0.748
3.83±0.755
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G4
0.32±0.04
0.32±0.04
3.60±0.489
3.63±0.494

G5
0.3±0.063
0.3±0.063
3.80±0.748
3.83±0.755

G6
0.34±0.08
0.34±0.08
3.40±0.489
3.43±0.494

G7
0.38±0.146
0.38±0.148
3.80±0.748
3.83±0.755

3 Results

Lipid Profile
Lipid profile exhibited a significant difference (p<0.05) in triglycerides (TG, mg dL-1)
and cholesterol (CHO, mg dL-1) levels among different groups as presented in Figure
3.45 and 3.46. TG were within the normal range among the groups but their levels were
toward lower limits in the treatment control groups (G2 and G3). The highest TG level
was observed in standard control (G1). While lowest TG level was observed in G3 after
3rd and 5th week of the experiment.

Figure 3-45 Triglyceride level (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
trial.

92

3 Results

Similarly, CHO level was also within the normal range among the groups but
their levels were toward lower limits in the treatment control groups (G2 and G3) as
observed in case of TG. There was non-significant (p>0.05) difference in CHO level
among G2, G5 and G6. While, highest CHO level was observed in G1 and that of the
lowest was observed in G3.

Figure 3-46 Cholestrol level (Mean±SD) of broiler birds fed different levels of
dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th week of
experiment.
Blood Profile
The blood profile including red blood cells (RBCs) count, white blood cells (WBCs)
count, packed cell volume (PCV), hemoglobin (Hb), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration
(MCHC) were recorded to evaluate the effect of multi enzyme cocktail BsBD92 and
different concentrations of fibers in feed. All the parameters were within the normal
range and showed non-significant (p>0.05) difference among the groups as revealed in
Table 3.14.
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Table 3.14 Blood profile of broiler birds fed different levels of dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th
week of experiment.
Test
RBCs (M mm-3)
WBCs (K mm-3)
Hb (g dL-1)
PCV (%)
MCV (fl)
MCH (pg)
MCHC (g dL-1)

Days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days

G1
2.30±0.114
2.40±0.118
18.64±0.656
19.22±0.664
10.28±0.074
10.60±0.091
30.80±0.400
31.20±0.400
133.85±6.124
130.19±6.308
44.70±2.516
44.28±2.462
33.38±0.532
34.00±0.626

G2
2.26±0.251
2.36±0.261
18.80±0.289
19.38±0.312
10.34±0.120
10.66±0.056
30.20±0.400
31.14±0.406
135.10±15.536
133.68±15.452
46.29±5.636
45.81±5.539
34.24±0.520
34.25±0.381

G3
2.37±0.120
2.47±0.124
18.84±0.656
19.42±0.667
10.38±0.160
10.68±0.084
30.20±0.400
31.13±0.412
127.71±7.993
126.03±7.926
43.84±1.698
43.23±1.997
34.38±0.860
34.34±0.630

G4
2.28±0.116
2.37±0.121
18.52±0.396
19.16±0.488
10.30±0.089
10.62±0.109
30.60±0.489
31.16±0.399
134.45±7.301
131.53±7.49
45.25±2.337
44.85±2.253
33.66±0.298
34.11±0.440
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G5
2.32±0.185
2.41±0.193
18.44±0.332
19.26±0.205
10.36±0.101
10.68±0.105
30.20±0.400
31.13±0.412
130.85±10.111
129.55±10.034
44.86±3.165
44.41±3.140
34.30±0.505
34.30±0.505

G6
2.32±0.129
2.42±0.134
18.44±0.454
19.28±0.248
10.28±0.074
10.59±0.077
31.20±0.748
32.16±0.771
134.46±9.360
133.18±9.226
44.29±2.767
43.87±2.718
32.96±0.895
32.96±0.895

G7
2.22±0.067
2.31±0.074
18.68±0.285
19.18±0.285
10.38±0.132
10.70±0.136
30.20±0.748
31.13±0.771
135.93±5.758
134.46±5.931
46.70±1.166
46.20±1.216
34.39±1.015
34.39±1.015
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Histological Examination and Intestianl Morphometry
The effect of multi-enzyme cocktail BsBD92 and dietary crude fibers on the tissue
morphology and cellular level was studied using histological examination of tissues by
staining with hematoxylin and eosin (H&E). A significant difference was seen amongst
the experimental groups fed different levels of dietary crude fibers and multi-enzyme
cocktail BsBD92 after 5th week of the experiment. A significant variation was observed
in villus width (VW), villus height (VH), crypt depth (CrD) and crypt width (CrW). G1
given 4% CF showed normal VH and VW with intact structures. G2 given diet with
6% CF only showed moderate shortening and thickening of villi while G3 given a diet
with 8% CF only showed unusual shortening and thickening of villi that reduces the
absorption area. G4 given diet with 6% CF + 1X MEC showed slight changes in VH
and VW. G5 given diet with 6% CF + 1X MEC showed slight thinking and shortening
of villi. Whereas, G6 and G7 showed improvement in the villi compared to standard
control and treatment controls as presented in Figure 3.47.

Figure 3-47 Micrographs of intestine of broiler birds among experimental groups
fed different levels of dietary crude fibers and multi-enzyme cocktail BsBD92
after 5th week of experiment (H&E staining 100X).
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The absorption area (µm2) of intestine was calculated (equation 2.10) to check
the difference between the groups. There was a significant difference (p<0.05) among
the groups showing maximum absorption area in G6 followed by G1, G7, G4, G5, G2
and G3 as showed in Figure 3.48.

Figure 3-48 Intestinal absorption area (Mean±SD) of broiler birds fed different
levels of dietary crude fibers and multi-enzyme cocktail BsBD92 after 3rd and 5th
week of experiment.
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The histological examination of liver tissue was performed to observe the
effects of different levels of dietary crude fibers and multi-enzyme cocktail BsBD92 at
the cellular level. The cellular morphology of liver showed non-significant changes in
the cells among different groups as presented in Figure 3.49. The normal hepatocytes
(H), portal vein (PV), portal triad (PT), hepatic artery (HA) and the hepatic duct (HD)
was observed under microscope with H&E staining.

Figure 3-49 Micrographs of liver of broiler birds fed different levels of dietary
crude fibers and multi-enzyme cocktail BsBD92 after 5th week of experiment
(H&E staining 100X).
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The histological morphology of the kidney also showed non-significant changes
in the cells among experimental groups fed different levels of dietary crude fibers and
multi-enzyme cocktail BsBD92 as presented in Figure 3.50. The normal cell structure
of kidney, bowman's capsule (BC), collecting ducts (CoD), distal convoluted tubule
(DCT) and proximal convoluted tubule (PCT) were observed.

Figure 3-50 Micrographs of kidney of broiler birds fed different levels of dietary
crude fibers and multi-enzyme cocktail BsBD92 after 5th week of experiment
(H&E staining 100X).
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Poultry Trial 2 (Recombinant Enzyme)
In poultry trial 2, recombinant enzymes (BsEgl & Bteqβgluc) produced from P. pastoris
were used at 2X dose alone and in combination with 6% CF in broilers diet. There were
5 experimental groups with 20 birds in each group. The 2X of recombinant BsEgl was
500 U per kg feed and 2X of recombinant Bteqβgluc was 150 U per kg feed. The
experimental diets (Appendix H, starter for 1-21 days and grower for 22-35 days) were
given to broiler birds for five weeks to assess their effects on the growth performance
and body parameters. All experimental conditions (housing, temperature, humidity etc.)
were similar to the poultry trial 1.The blood, serum and tissue samples were collected
at 21 days (3rd week) and 35 days (5th week) after slaughtering 5 birds from each group
for further analysis.
Performance Parameters
Results of poultry trial 2 showed that combination of recombinant enzymes (BsEgl &
Bteqβgluc) has a synergistic effect on growth performance of experimental broiler
birds. The growth performance parameters recorded were BW, FI, FCR and PI.
Body Weight (BW)
The live BW (g) was recorded for each experimental group given various levels of CF
and recombinant enzymes (BsEgl & Bteqβgluc) alone and in combination. The nonsignificant (p>0.05) difference in BW between experimental groups was observed
during first three weeks and 5th week. While, a significant difference (p<0.05) in BW
was observed amongst treatment groups during the 4th week. The highest BW
(908.50±76.63 g) was recorded in group 5 (G5, treatment 3 with 6% CF + 2X BsEgl +
2X Bteqβgluc) at 3rd week followed by 904.18±64.24 g in group 1 (G1, standard control
with 4% CF), 901.00±47.73 g in group 3 (G3, treatment 1 with 6% CF + 2X BsEgl),
897.00±76.42 g in group 4 (G4, treatment 2 with 6% CF + 2X Bteqβgluc) and
869.71±72.76 g in group 2 (G2, treatment control with 6% CF). Similary, at the
completion of 5th week the highest BW (2328.66±76.23 g) was recorded from G5,
followed by G1 (2314.58±168.00 g), G3 (2271.33±74.64 g) G4 (2238.00±127.23 g)
and G2 (2234.65±189.76 g). The average BW for all experimental birds during five
weeks of the experiment has been givem in Table 3.15.
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Table 3.15 Body weight (Mean±SD) of broilers from each group during five
weeks of experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and
in combination.
Groups
G1
G2
G3
G4
G5
p-vlue

Weeks
W1

W2

W3

W4

W5

153.34±13.13
152.84±14.51
153.50±14.23
153.00±22.15
155.00±19.62
0.996

403.63±34.37a
398.14±35.92a
400.50±37.74a
395.00±31.70a
416.50±43.15a
0.428

904.18±64.24
869.71±72.76
901.00±47.73
897.00±76.42
908.50±76.63
0.437

1576.58±99.32ab
1495.98±97.71b
1582.00±83.12ab
1512.66±86.75ab
1602.66±71.50a
0.006

2314.58±168.00
2234.65±189.76
2271.33±74.64
2238.00±127.23
2328.66±76.23
0.238

“Values in each row with different letters are statistically significant p<0.05”

Feed Intake (FI)
The feed is required to maintain the energy requirements of the body. The average FI
(g bird-1 day-1) of broiler birds was calculated to compare the feed consumption among
experimental groups given recombinant enzymes (BsEgl & Bteqβgluc) alone or in
combination. A statistically significant difference (p<0.05) was observed for FI
amongst different treatment groups during five weeks of the experiment. During first
week of experiment G5 consumed lowest feed while there was non-significant
difference (p>0.05) between the groups. The highest FI was observed in G4
(106.61±0.33 g bird-1 day-1) at the completion of 3rd week (W3) followed by lower FI
in G2 (104.73±0.55 g bird-1 day-1), G3 (102.72±0.89 g bird-1 day-1), G1 (98.73±0.33 g
bird-1 day-1) and G5 (96.76±0.33 g bird-1 day-1). Whereas, at the completion of 5th week
the highest FI was recorded in G2 (214.15±1.32 g bird-1 day-1) and lowest FI was
recorded in G5 (183.22±0.48 g bird-1 day-1). The average FI from each group has been
presented in Table 3.16.
Table 3.16 Feed intake (Mean±SD) from each group during five week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Groups
G1
G2
G3
G4
G5
p-vlue

Weeks
W1

W2

W3

W4

W5

17.69±0.25a
18.02±0.07a
17.67±0.12a
17.74±0.12a
16.81±0.12b
0.000

45.66±0.44b
48.97±0.43a
45.51±0.28b
44.94±0.28b
47.94±0.35a
0.000

98.73±0.33d
104.73±0.55b
102.72±0.89c
106.61±0.33a
96.76±0.33e
0.000

155.43±1.2b
163.31±0.73a
164.08±0.91a
150.69±0.82c
156.02±2.33b
0.000

187.87±1.31c
214.15±1.32a
186.44±1.22cd
199.98±0.01b
183.22±0.48d
0.000

“Values in each row with different letters are statistically significant p<0.05”
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Feed Conversion Ratio (FCR)
FCR is an important growth performance parameter. Higher FCR means low
performance whereas low FCR is a vice versa (equation 2.7). The significant difference
(p<0.05) was detected in FCR amongst different treatment groups during five weeks of
experimental period. The results showed that the birds in G5 showed lowest FCR
(1.37±0.004) at the end of the starter period followed by increased FCR in G1
(1.38±0.004), G3 (1.43±0.012), G4 (1.48±0.004) and G2 (1.55±0.008). Similarly, at
the end of the 5th week the lowest FCR (1.76±0.004) was also observed in G5 which
means G5 has overall better performance when compared with other experimental
groups. The highest FCR was observed in G2 (2.02±0.012) at the compeletion of the
grower period. The mean FCR for each group has been presented in Table 3.17.
Table 3.17 FCR (Mean±SD) of each group during five week of experiment given
recombinant enzymes (BsEgl & Bteqβgluc) alone and in combination.
Groups
G1
G2
G3
G4
G5
p-value

W1
1.14±0.016a
1.17±0.004a
1.14±0.008a
1.15±0.008a
1.07±0.008b
0.000

W2
1.27±0.012b
1.39±0.012a
1.29±0.008b
1.30±0.008b
1.28±0.009b
0.000

Weeks
W3
1.38±0.004d
1.55±0.008a
1.43±0.012c
1.48±0.004b
1.37±0.004d
0.000

W4
1.61±0.012c
1.82±0.008a
1.68±0.009b
1.71±0.009b
1.57±0.023c
0.000

W5
1.78±0.012c
2.02±0.012a
1.89±0.012b
1.92±0.009b
1.76±0.004c
0.000

“Values in each row with different letters are statistically significant p<0.05”

Production Index (PI)
PI is another growth parameter which is calculated by using formulae given in equation
2.8. A significant difference (p<0.05) was there among the experimental groups during
five weeks of trial. The highest production index was abserved in G5 (376.6±1.00)
while lowest was in G2 (314.62±1.93) at 5th week of experiment. The comparison of PI
between the groups for each week have been presented in Figure 3.51.
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Figure 3-51 Production index (Mean±SD) of each group during five week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Carcass Characteristics
The carcass is the body of the slaughtered bird without skin, head, feet and offals A
significant difference (p<0.05) in meat percentage was observed among experimental
groups. It was also seen that the meat percentage was higher in group 5 at 3rd week
(59.98±0.14 g per 100 g BW) as well as at 5th week (64.11±0.48 g per 100 g BW). The
lowest meat percentage was observed in treatment control groups (Group 2). The
comparison of meat percentage after 3rd and 5th week between different groups has been
presented in Figure 3.52.
Other carcass characteristics include abdominal fat, internal organs weight,
immune organ weight which help to access the effects of different treatments on the
performance of birds. In the present study, these parameters were determined to check
the effect of dietary fibers, recombinant enzymes supplementation alone and in
combination on the weight and morphology of these organs.
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Figure 3-52 Meat precentage (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβglu) alone and in
combination.
Abdominal Fat
The abdominal fat percentage showed significant (p<0.05) difference between the
groups given recombinant enzymes (BsEgl & Bteqβglu) alone and in combination. The
fat percentage was reduced in birds given 6% fibrous diet (G2, treatment control group)
while it was comparatively high in other groups (standard control and treatment groups)
as presented in Figure 3.53. A non-significant (p>0.05) difference of abdominal fat was
detected in G3 and G5 after 1st and 2nd slaughtering.
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Figure 3-53 Abdominal fat (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Immune Organ Weight
The relative weight of immune organs including bursa, thymus, pancreas was recorded
to check the immune status of the birds in different groups (equation 2.9). There was a
minute difference in relative weight of bursa and pancreas among treatment groups.
Whereas, non-significant difference of thymus weight was observed among groups that
have been shown in Table 3.18.
Table 3.18 Immune organ weight (Mean±SD) of each group after 3rd and 5th
week of experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone or in
combination.
Organs
Bursa
Thymus
Pancreas

Days
21 days
35 days
21 days
35 days
21 days
35 days

G1
0.22±0.006a
0.05±0.004b
0.23±0.003a
0.22±0.008
0.25±0.004b
0.21±0.006b

G2
0.21±0.008ab
0.05±0.004b
0.22±0.006ab
0.22±0.005
0.27±0.008a
0.23±0.005a

G3
0.21±0.004ab
0.07±0.002a
0.22±0.007abc
0.23±0.008
0.25±0.006b
0.23±0.004a

G4
0.2±0.007b
0.07±0.003a
0.21±0.005bc
0.23±0.005
0.26±0.007ab
0.24±0.003a

G5
0.21±0.008ab
0.07±0.001a
0.21±0.003c
0.23±0.006
0.25±0.006b
0.21±0.003b

“Values in each column with different letters are statistically significant p<0.05”

Internal Organ Weight
The internal body organ’s (liver, heart, lungs, kidneys, spleen, gizzard and
proventriculus) weight (g per 100 g BW) was recorded to check the effect of treatment
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groups using equation 2.9. There was non-significant difference (p>0.05) in relative
organ weight amongst different experimental groups as presented in Table 3.19.

105

3 Results

Table 3.19 Internal organ weight (Mean±SD) of each group after 3rd and 5th week of experiment given recombinant enzymes (BsEgl &
Bteqβgluc) alone and in combination.
Organs
Liver

Days
21 days
35 days
21 days
Heart
35 days
21 days
Lungs
35 days
21 days
Kidneys
35 days
21 days
Spleen
35 days
21 days
Gizzard
35 days
Proventriculus 21 days
35 days

G1
2.63±0.006
2.34±0.02
0.58±0.01
0.48±0.008
0.63±0.007
0.41±0.006
0.6±0.004ab
0.58±0.005ab
0.1±0.003
0.13±0.005a
2.44±0.016b
2.32±0.009
0.27±0.016
0.31±0.01

G2
2.64±0.01
2.36±0.016
0.58±0.008
0.48±0.006
0.62±0.008
0.41±0.003
0.6±0.003a
0.59±0.005a
0.1±0.003
0.11±0.003b
2.5±0.039a
2.34±0.007
0.26±0.014
0.33±0.025

G3
2.64±0.007
2.34±0.025
0.59±0.006
0.48±0.006
0.63±0.009
0.42±0.007
0.59±0.003ab
0.58±0.004b
0.09±0.006
0.1±0.005b
2.48±0.025ab
2.33±0.007
0.26±0.01
0.31±0.012

“Values in each column with different letters are statistically significant p<0.05”
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G4
2.64±0.008
2.34±0.011
0.59±0.007
0.48±0.007
0.62±0.01
0.42±0.008
0.59±0.006b
0.58±0.007ab
0.1±0.004
0.1±0.008b
2.49±0.018ab
2.33±0.006
0.25±0.005
0.32±0.007

G5
2.64±0.006
2.33±0.009
0.59±0.005
0.48±0.004
0.62±0.008
0.42±0.008
0.59±0.008ab
0.58±0.004ab
0.1±0.005
0.1±0.008b
2.45±0.018ab
2.33±0.011
0.27±0.007
0.3±0.004
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Intestine Weight and Length
The intestinal weight and length was recorded to check the effect of recombinant
enzymes (BsEgl & Bteqβgluc) alone or in combination and crude fibers. There was a
significant difference (p<0.05) in relative intestinal weight among experimental groups.
The highest intestinal weight was recorded in treatment control groups (G2) while it
was lower in enzyme treated groups (G3. G4 and G5) when compared to standard
control group (G1) as presented in Figure 3.54.

Figure 3-54 Intestinal weight (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Intestinal length was also measured to see the effect of different enzyme
treatments and fibers. The significant difference (p<0.05) in intestinal length was
recorded between experimental groups. The intestinal length increased in the birds
given recombinant enzymes (BsEgl & Bteqβgluc) alone and in combination compared
to the birds only given fibrous diet (G2) as presented in Figure 3.55.
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Figure 3-55 Intestinal length (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Safety Evaluation
The safety of the recombinant enzymes (BsEgl & BteqBgluc) and dietary fibers have
been evaluated by checking serum chemistry parameters for liver funcution test, renal
function test and lipid profile.
Liver Function Tests (LFT)
LFT including ALT/GPT and AST/GOT showed non-significant variation among the
results for all the groups as presented in Table 3.20. The results showed that fibers and
enzymes exert no toxic effect on the liver function.
Table 3.20 ALT and AST (Mean±SD) levels for each group after 3rd and 5th week
of experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone or in
combination.
Tests
ALT/GPT
(U L-1)
AST/GOT
(U L-1)

Days
21 days
35 days
21 days
35 days

G1

G2

G3

G4

G5

25.00±0.89
25.77±0.92
79.00±0.89
81.44±0.92

28.00±0.63
28.86±0.65
80.80±0.74
83.29±0.77

24.40±7.39
25.15±7.62
79.40±1.01
81.85±1.051

23.60±1.01
24.32±1.05
79.60±1.01
82.06±1.05

25.80±0.74
26.59±0.77
79.60±1.01
82.06±1.05
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Renal Function Tests
Renal function tests were also done to check the effects of fibers and enzymes on the
serum creatinine (mg dL-1) and urea (mg dL-1) levels. The creatinine and urea levels
were within the normal range for all groups and there was non-significant (p>0.05)
difference amongst the groups as presented in Table 3.21.
Table 3.21 Creatinine and uear (Mean±SD) levels for each group after 3rd and 5th
week of experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and
in combination.
Tests
Creatinine
(mg dL-1)
Urea (mg
dL-1)

Days
21 days
35 days
21 days
35 days

G1
0.36±0.1
0.35±0.2
3.4±0.48
3.43±0.49

G2
0.34±0.04
0.34±0.03
3.8±0.74
3.83±0.75

G3
0.34±0.04
0.35±0.05
3.4±0.48
3.43±0.49

G4
0.3±0.06
0.3±0.05
3.8±0.74
3.8±0.75

G5
0.34±0.04
0.33±0.03
3.6±0.48
3.63±0.49

Lipid Profile
Lipid profile presented a significant (p<0.05) difference in TG and CHO levels among
different groups as presented in Figure 3.56 and 3.57. TG and CHO levels were within
the normal range among the groups but their levels were toward lower limits in the
treatment control group (G2).

Figure 3-56 Triglyceride level (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
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Figure 3-57 Cholestrol level (Mean±SD) of each group after 3rd and 5th week of
experiment given recombinant enzymes (BsEgl & Bteqβgluc) alone and in
combination.
Blood Profile
The blood profile including RBCs, WBCs, Hb, PCV, MCV, MCH and MCHC was
recorded to assess the effect of enzymes and fibers. All the parameters were within the
normal range and showed non-significant difference between the groups as presented
in Table 3.22.
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Table 3.22 Blood profile (Mean±SD) for each group after 3rd and 5th week of experiment given recombinant enzymes (BsEgl &
Bteqβgluc) alone or in combination.
Test
RBCs (M mm-3)
WBCs (K mm-3)
Hb (g dL-1)
PCV (%)
MCV (fl)
MCH (pg)
MCHC (g dL-1)

Days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days
21 days
35 days

G1
2.3±0.114
2.39±0.118
18.62±0.655
19.19±0.675
10.27±0.074
10.58±0.077
31.37±0.799
32.34±0.824
136.45±6.722
135.04±6.653
44.7±2.516
44.24±2.49
32.76±0.93
32.76±0.93

G2
2.26±0.251
2.35±0.261
19.28±0.763
19.87±0.787
10.33±0.119
10.65±0.123
29.57±1.018
30.48±1.05
132.46±15.845
131.1±15.682
46.29±5.636
45.81±5.578
34.96±1.084
34.96±1.084
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G3
2.28±0.119
2.37±0.124
18.14±0.595
18.7±0.613
10.32±0.074
10.63±0.077
30.6±1.743
31.54±1.797
134.56±10.267
133.17±10.161
45.39±2.555
44.92±2.528
33.83±1.993
33.83±1.993

G4
2.14±0.068
2.23±0.071
18.26±0.786
18.82±0.81
10.36±0.101
10.68±0.105
29.8±0.979
30.72±1.01
138.97±5.212
137.54±5.159
48.33±1.689
47.83±1.671
34.79±0.948
34.79±0.948

G5
2.19±0.104
2.28±0.108
18.2±0.316
18.76±0.326
10.28±0.074
10.59±0.077
31.00±0.894
31.95±0.922
141.53±7.518
140.07±7.441
46.95±2.481
46.46±2.455
33.18±0.992
33.18±0.992
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Histological Examination and Intestinal Morphometry
The effect of enzymes and fibers on the tissue morphology and cellular level was
examined using histological staining of tissues. A significant difference was seen
between the treatment groups with varying VH, VW, CrD and CrW. G1 given 4% CF
showed normal VH and VW, G2 given 6% CF showed moderate shortening and
thickening of the villi, G3 given 6% CF + 2X BsEgl showing slight changes villus
height and width, G4 given 6% CF + 2X Bteqβgluc showed slight thinking and
shortening of villi, while, G5 given 6% CF + 2X BsEgl + 2X Bteqβgluc showed
improvement in the VH and VW toward normal as presented in Figure 3.58.

Figure 3-58 Micrographs of intestine of broiler birds given recombinant enzymes
(BsEgl & Bteqβgluc) alone and in combination after 5th week of experiment
(H&E staining 100X).

112

3 Results

The absorption area was calculated to check the difference among the groups.
There was a significant difference (p<0.05) amongst the groups showing maximum
absorption area in G5 followed by G1, G3, G4 and G2 as presented in Figure 3.59.

Figure 3-59 Intestinal absorption area (Mean±SD) among experimental group
given recombinant enzymes (BsEgl & Bteqβgluc) alone and in combination.
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The histological examination of liver tissue showed non-significant changes in
the cells among different groups as presented in Figure 3.60. There were normal
hepatocytes (H), portal vein (PV), portal triad (PT), hepatic artery (HA) and the hepatic
duct (HD).

Figure 3-60 Micrographs of liver presenting hepatoctes and portal triade among
experimental group given recombinant enzymes (BsEgl & Bteqβgluc) alone and
in combination (H&E staining 100X).
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The histological morphology of the kidney also showed non-significant changes
in the cells among different groups as presented in Figure 3.61. There were normal cell
structure, bowman's capsule (BC), collecting ducts (CoD), proximal convoluted tubule
(PCT) and distal convoluted tubule (DCT).

Figure 3-61 Micrographs of kidney of birds given recombinant enzymes (BsEgl
& Bteqβgluc) alone and in combination (H&E staining 100X).
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Fiber is a structural polysaccharide or carbohydrate present in plant cell wall, including
cellulose, hemicellulose, and lignin. The degradation of these plant cell wall
components is not a simple task. There has been many physical or chemical methods
being employed for this purpose, but those did not consider economical and safe for the
environment as toxic elements could be produced during the process, that making them
unfavorable for this purpose [201]. The use of microbial enzyme systems to degrade
plant cellulosic materials is an inexpensive and environmentally safe process. These
enzymes from microorganisms have attracted great interest due to their wide
application in various industries. The animal feed industry is among rapidly developing
industries for application of these enzymes. Poultry feed ingredients (corn, wheat,
soybean, barley, sunflower, etc.) contain different amounts of fiber, especially nonstarch polysaccharides (NSP), they are difficult to digest by poultry birds [2]. There is
increasing interest in using exogenous microbial enzymes to degrade such fibrous
materials. Therefore, microbial isolation and screening with the potential to produce
these fiber degrading enzymes from various indigenous habitats has aroused great
interest. Habitat containing plant-based substrates is the best source. The buffalo
digestive system has been designated as a source of new ideal fiber degrading
microorganisms, since the ruminant diet is mainly composed of large amount of
cellulosic material.

Fiber Degrading Microbes
In this study, Congo red screening of all isolated microbes showed that 8 bacterial
isolates from dung samples and that of 14 from rumen samples were found positive for
fiber degradation potential. Congo red interferes with the cellulose polymer in the agar
medium and gave it a red color, but once bacteria produces extracellular
cellulolytic/fiber degrading enzymes and organic acids which reduced the medium’s
pH [202]. The difference in pH affects the color of the medium and produces a clear
halo area around the colony, indicating the production of extracellular enzymes those
degrade CMC. Enzyme activity index (EAI) is a very valuable parameter to predict
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enzyme activity [203]. In the current study, the isolates showed >2 EAI proved to be
potential producers of these enzymes. The findings of this study are similar to those
described by Ozkan and Ahmet [39], who detected Bacillus strains from rumen samples
with related potentials. There is a report that buffalo have developed efficient
microflora that contain higher number of fiber degrading bacteria than other farm
animals, which may be due to the higher efficiency of buffalo in utilizing fiber feed
compared to other farm animals. Compared with the rumen microbial population, the
underlying microbial population has a high fiber degradation potential, which affects
the type of fermentation and the final product [204].

Molecular Characterization
Molecular characterization for the identification of bacterial isolates was performed by
targeting and sequencing 16S rRNA gene that is a highly conserved regions and during
evolution it is not affected by mutations. Sequencing results proved that all screened
bacterial isolates belong to two main phylums, namely Actinomycetes and Firmicutes
with 3 families as Enterococcaceae, Streptomycetaceae and Bacillaceae. Firmicutes
were main microbes found in the dung and rumen microbiota. These findings are
similar to those found in earlier studies of the ruminant gastrointestinal (GI)
microbiome [41, 205]. The results of this study are also analogous with prior studies,
those isolated Bacillus species from cattle dung, rumen and also from intestines of
Tibetan pigs [48, 206, 207]. People have been trying to find new and effective
microorganism with better fiber degradation potential. Two Bacillus species BD69 (B.
tequilensis) and BD92 (B. sonorensis) from buffalo dung samples reported the highest
EAI values for the first time in Pakistan during this study [155]. In addition, the isolate
BD92 (B. sonorensis) showed thermostability at 60 °C, which emphasises its industrial
importance.

Quantitative Enzyme Production
The production of fiber degrading enzymes in submerged fermentation (SmF) medium
was also checked using the 3,5-dinitrosalicylic acid (DNS) method at different time
intervals for 120 h. In this method, aldehyde group has been oxidized to form glucose
molecule by the action of the fiber degrading enzyme and released free carboxyl groups.
These reduced DNS solution having a yellow color under alkaline conditions and

117

4 Discussion

changes to 3-amino-5-nitrosalicylic acid having orange color [161]. In this study, B.
sonorensis BD92 showed higher average endo-glucanase/CMCase (240.76±4.12 U L1

) and avicelase (153.56±7.28 U L-1) activity at 72 h. While, B. tequilensis BD69

showed the highest β-glucosidase activity (45.88±0.66 U L-1) at 24 h of incubation.
Liang et al. [208] reported that the less CMCase activity (0.01 U mL-1) was observed
from Bacillus subtilis than that is reported in present study.
Bacillus sp. reported in current study proved to have activities for exo-glucanase
(avicelase), endo-glucanase (CMCase) and β-glucosidase which are comparable to
another study conducted by Ladeira et al.[209]. Whereas, Fukumori et al.[210] reported
that Bacillus subtilis strains N-4 and 1139 can hydrolyze CMC, but cannot significantly
breakdown avicel. Xylanase is also an imperative fiber degrading enzyme. B.
amyloliquefaciens BR96 produced a higher xylanase activity in the present study,
which is analogous to the earlier studies [211, 212]. Bacillus species isolated in the
present study showed higher activities of fiber degrading enzymes compared to
previously reported studies [38, 46, 49, 213, 214]. In addition, optimization and
characterization of the enzyme from new microorganisms is also necessary for their
possible use in industries.

Optimized Co-production of Multi-enzyme Cocktail
BsBD92
For cost-effective enzyme production, medium components and time of incubation are
the chief limiting factors [215]. Carbon and nitrogen sources used in the medium have
a substantial role in the production of extracellular enzymes. Among the carbon sources
tested CMC was reported as an inducer for cellulase and xylanase enzymes. These
findings are similar to the results of previous studies [216, 217]. This could be due to
the hydrolysis of CMC into corresponding sugar by these enzymes. While, a
considerable variation had been reported for enzyme production with regard to optimal
nitrogen sources. Subramaniyan et al. [218] reported higher xylanase production using
0.25 % peptone and 0.25% yeast extract as nitrogen sources from Bacillus sp. SSP-34.
Whereas, Dhillon and Khanna [219] reported tryptone as best nitrogen source for
Bacillus circulans AB16. In other report yeast extract showed highest influence on
enzyme production by Bacillus sp. [220, 221] that supports the findings of the current
sutdy. Yeast extract is considered beneficial because of its organic nature, also enriched
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with activators, amino acids (AA) and co-factors those required for normal growth of
microorganisms as well as extracellular enzyme production [222]. Previous studies also
reported the higher enzyme production from Bacillus pumilus SV-85 after 36 h [223],
Bacillus subtilis ASH after 48 h [224], and Bacillus SSP-34 after 96 h [225] of
incubation, indicating incubation time as an important factor for enzyme production.
Nowadays, considerable attention has been given on the utilization of statistical
tools for experiments in biology to optimize media composition and fermentation
conditions [168, 226]. Similarly, lowering the production cost using optimized media
components and fermentation conditions is also a major target of enzyme research
[227]. Further, several studies stated adequate optimization of enzyme production from
various microbial sources using new statistical approaches [226, 228] with three
dimensional (3D) response surface plots which allow direct visualization of parameter
interaction [229]. In the present study, central composite design (CCD) was used to
optimize the production of exo-glucanase, endo-glucanase, β-glucosidase and xylanase
from B. sonorensis BD92. The activity was 4.38, 6.08, 9.20 and 1.68-fold higher for
exo-glucanase, endo-glucanase, β-glucosidase and xylanase, respectively in
comparison to an unoptimized conditions. Sharma and Kumar Bajaj [53] reported 2.02fold increase in cellulase yield from B. subtilis MS 54 under solid state fermentation
(SSF) using RSM which is lower than that reported in this study. Kumar et al. [230]
reported improved xylanase production (7,295 IU mL-1) from alkaliphilic Bacillus
pumilus VLK-1 by using both one variable approach and statistical tools with
economical agro-residues. Deka et al. [231] reported 2.5 to 2.8-fold increase cellulase
activity (0.43 U mL-1) from B. subtilis AS3 by optimizing the medium components
(CMC, yeast extract and peptone) using Plackett–Burman (PB) and CCD statistical
method. Similarly, Singh et al. [232] also applied PB and CCD to optimize CMC,
peptone and yeast extract for improved production of cellulase (0.55 U mL-1) from
Bacillus amyloliquefaciens SS35. Vasudeo and Lew [171] also reported optimization
of cellulase (13 U mL-1) from Bacillus amyloliquefaciens UNPDV-22 using CCD.
These statistical optimization approaches are very efficient and can be applied
successfully to overcome the limitations of classical empirical methods.
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Co-production of Multi-enzyme Cocktail BsBD92 using
Lignocellulosic Biomass
Using economical agricultural cellulosic residues or lignocellulosic biomass as
substrates for promoting microorganisms will reduce the cost of production of
extracellular enzymes. Cellulosic materials such as bagasse [233], corn cob residues
[234], rice straw (RS) [235] and wheat bran (WB) [236] have been utilized for
cellulolytic enzyme production. In the present study, under optimized conditions, WB,
wheat straw (WS), RS and cotton stalk (CS) were used to produce a multi-enzyme
cocktail BsBD92 (exo-glucanase, endo-glucanase, β-glucosidase and xylanase) were
taken by CCD of RSM. The strongest enzyme activity was observed with WB, and
these findings are consistent with previous studies [237-239]. WB has engrossed
consideration for cellulase and xylanase production [236] because it is a cheap source
of various nutrients and provides a large surface for cellulose-decomposing
microorganisms, which is fast and effective to produce enzymes [240].

Enzymatic Saccharification of Lignocellulosic Biomass
The saccharification of lignocellulosic biomass by utilizing extracellular enzymes to
obtain fermentable sugar is of great importance for current pharmaceutical, chemical
and biofuel industries. The saccharification of lignocellulosic biomass such as wheat
straw, sugar cane bagasse, rice husk and corn cob by various microbial enzymes have
been reported previously [172, 241]. In the current study, exo-glucanase, endoglucanase, β-glucosidase and xylanase (multi-enzyme cocktail) from Bacillus
sonorensis BD92 have been evaluated for enzymatic saccharification of WB, WS, RS
and CS without any prior chemical and physical treatment and the results showed a
significant level of saccharification. WB was considered the best candidate for
saccharification, with the highest release of reducing sugar (10.70±0.14 mg g-1 biomass
of glucose and 12.41±0.34 mg g-1 biomass of xylose) after 24 h of reaction with
saccharification of 58.60% for glucose and 48.63% for xylose. Similar findings have
been reported earlier with significant saccharification potential of enzyme extract for
tested biomass without pretreatment [242]. The results of reducing sugar released in
this study were better than those reported previously [243-245]. The results from the
current study are similar with the finding of Ahmed et al. [241] who informed that
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Bacillus spp. have an ability to saccharify wheat straw and capable of producing
cellulase and xylanase simultaneously.

Partial Purification and Characterization of Multienzyme Cocktail BsBD92
For most industrial applications enzymes are not required in its pure form. However,
purified enzymes are required for their biochemical characterization and illumination
of 3D structure. Purified enzymes show greater activity and contain less harmful
substances, so they are more sensitive to specific products. In addition, enzymes must
be characterized to obtain better performance in specific applications. Obtaining
information about optimum conditions for enzyme action is a prerequisite for their
application. Purification of cellulase from wild bacteria, yeast, fungi have been done
previously by using different procedures [65-67]. First of all proteins are precipitated
from microbial culture through ammonium sulfate precipitation by using saturation of
75% [68] 80%, 90%, 100% [69, 70]. Some scientists also used other methods like
ethanol precipitation, [71] acetone precipitation [72] and/or ultrafiltration [66, 73] then
next step involves dialysis through dialyzing tubes for removal of ammonium sulphate
traces. Moreover, purification can also be done through chromatography like gel
filtration, adsorption and ion exchange chromatography.
In this study, the multi-enzyme cocktail BsBD92 was partially purified for
technical preparation as described previously by Shyamala and Jamuna [246]. The
complete precipitation of cell free supernatant was achieved at 75% saturation with
ammonium sulfate. While, results showed endo-glucanase 1.45, exo-glucanase 1.68, βglucosidase 2.1 and xylanase 1.94 fold purification after dialysis. Sudan and Bajaj [247]
also stated elevated activity of cellulase with 40-60% of ammonium sulphate saturation,
while Sadhu et al. [248] used 40-80% of ammonium sulphate for partial purification of
endo-glucanase from Bacillus strain.
Biological characterization of multi-enzyme cocktail BsBD92 was observed at
various temperatures (30-90 °C) with optimum activities detected at 50 °C. These
results are similar with the results of Lima et al. [97] and Zafar et al. [249]. Exoglucanase, endo-glucanase, β-glucosidase and xylanase showed activities over a range
of pH (3.5-8.5) with optimum activities observed at pH 5.5. Whereas, Seo et al. [79]

121

4 Discussion

reported characterization of fiber degrading enzymes produced by B. licheniformis JK7
isolated from the rumen of a native Korean goat with 70 °C as optimum temperature
for endo-glucanase and 50 °C for β-glucosidase and xylanase.

Heterologous Expression of the β-glucosidase Gene
(Bteqβgluc) from B. tequelensis BD69
Cloning and heterologous expression of enzymes offers purity and high yield of protein
for application in various processes e.g. improved saccharification of cellulosic
substrates. The prokaryotic expression system (E. coli) is one of the extensively utilized
systems for producing recombinant proteins, and its characteristics are very distinct
[84]. The expression system is easy to operate and shows a cost-effective, high-yield
heterologous protein. However, the expression of certain genes usually leads to
aggregation and the generation of denatured proteins, which are located in inclusion
bodies [85]. Similarly, the eukaryotic expression system (P. pastoris) has become the
favorite system for heterologous expression of proteins due to its numerous advantages,
such as protein processing, folding and post-translational modification. Most
importantly, in some cases, an inexpensive medium is used which when combined with
the high-strength alcohol oxidase (AOX) promoter, can yield to a few grams of
heterologous protein at a high cell density [86-90]. However, both systems have their
advantages and disadvantages, so choosing the right system has always been a
compromise, mainly depending on the characteristics of the protein, the required level
and its intended purpose.

Bioinformatic Analysis
Recombinant β-glucosidases have been previously produced with high yield in diverse
heterologous systems. In the current study, a β-glucosidase gene (Bteqβgluc) from B.
tequelensis BD69 belonging to the glycoside hydrolase 4 (GH4) family was cloned,
expressed and characterized. Multiple sequence alignment supported maximum
homology of Bteqβgluc to Bacillus sp. CMAA 1185 as well as β-glucosidases from
different Bacillus spp. as reported by Choi et al. [250]. The molecular weight (MW) of
Bteqβgluc is also close to the previously reported β-glucosidases from Bacillus species
[250-252]. Existence of a predicted signal peptide suggests Bteqβgluc is a secreted
enzyme, as most of Bacillus spp. have natural signal peptide secretion machinery [253].
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Molecular Docking of Bteqβgluc
Molecular docking is a computational tool to predict interaction between substrate and
enzyme at atomic level which allows us to determine interaction behavior,
identification of AA resides involved in catalysis as well as designing mutant enzymes
with improved catalytic and thermodynamic characteristics. Present study reported
involvement of Glu112, Asn150, Phe88 and Tyr16 residues in Bteqβgluc-pNPG
complex. Whereas, Glu112 and Phe88 act as backbone acceptor and sidechain acceptor,
respectively. While, Asn150 act as sidechain donor and Tyr16 showed noncovalent
interaction with the aromatic ring. These findings are alike with prior studies [254, 255].
Earlier, Tiwari et al. [256] reported Glu as an essential residue in the substrate binding
pocket of β-glucosidase from Cellulomonas biazotea. In MUG and Bteqβgluc
interactions, polar residues Asn150 and Thr113 forming hydrogen bonds and act as
backbone and sidechain donors respectively, while Gln87 act as backbone acceptor. In
Bteqβgluc-salicin interaction Asn235 and Tyr16 act as sidechain donors. Protein ligand
interaction fingerprints (PLIF) analysis showed Asn as common active residue among
the above mentioned complexes involved in active catalysis.

Kinetics
and
Thermodynamic
Recombinant Bteqβgluc

Characterization

of

Comparison between the bacterial and yeast heterologous systems revealed higher yield
and specific enzyme activity for production of Bteqβgluc in yeast system, as previously
described by Fan et al. [257]. These higher yields are related to accumulation of
Bteqβgluc in insoluble inclusion bodies in E. coli cultures, comparatively reducing the
levels of purified soluble protein even after solubilization and refolding. Differences in
specific activity (U mg-1) may be related to the different purification processes used for
recombinant Bteqβgluc of bacterial and yeast origin or may be due to partial refolding
of Bteqβgluc. Based on these results, expression of Bteqβgluc in yeast with multi-copy
inserts should be the method of choice for production of considerable amounts of highly
active enzyme for potential industrial applications.
The physical and kinetic reaction parameters of Bteqβgluc suggest some unique
features for Bteqβgluc. Previously, Zahoor et al. [252] attained maximum β-glucosidase
activity from B. licheniformis at pH 6.0. Whereas, Bteqβgluc showed highest enzymatic
activity at pH 5.0. The alteration in pH influences the ionization of important active-
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site AA residues, which are associated with catalysis and substrate binding [258]. The
pKa or ionization constant tells the dependence of an enzyme activity or a change in pH
of a reaction. It was reported that the majority of β-glucosidases have pKa1 between 3.3
and 4.4, and pKa2 between 6.1 and 6.9 [259]. Results of this study revealed that for
Bteqβgluc pKa1 was 4.8 and pKa2 was 6.4, suggesting an ability to function under both
acidic and alkaline conditions. Previous reports detected more moderate pKa1 and pKa2
values [252, 260], suggesting advantage of Bteqβgluc over previously reported
glucosidases. For instance, many enzymes used for industrial processes are exposed to
extreme pH and temperature conditions [261] that may not be supported by some
enzymes. The ability of Bteqβgluc to function in acidic and alkaline pH environments
may be advantageous for the textile industry in the finishing step [262]. In another
example, alkaline and halophilic enzymes are commonly used in detergents [227].
The Bteqβgluc enzyme was thermostable (> 30% of residual activity) between
30 °C to 60 °C, with optimum temperature for pNPG hydrolysis around 50 °C. These
findings are in agreement with the results of Riou et al. [263] and Dhake and Patil [264],
who reported β-glucosidase activity from A. oryzae and P. purpurogenum, respectively.
However, Wright et al. [265] and Christakopoulos et al. [266] obtained highest βglucosidase activity at 60 °C and 65 °C from M. bispora and F. oxysporum,
respectively. The Q10 value for Bteqβgluc was similar to a β-glucosidase from white rot
fungi [267].
The energy of activation (Ea) is a parameter describes the energy level that an
enzyme must overcome before a reaction occur. In the current study, Ea value (44.18
kJ mol-1) is lesser for Bteqβgluc compared to β-glucosidase from B. licheniformis (Ea
value 66.31 kJ mol-1) [252], suggesting higher reactivity of Bteqβgluc. In fact, the
calculated values for the free energy of transition state binding (ΔG‡ E-T) and free energy
of substrate binding (ΔG‡ E-S) indicates high reactivity of the Bteqβgluc enzyme during
pNPG hydrolysis. Other reaction parameters for pNPG hydrolysis by Bteqβgluc
suggested a spontaneous and endothermic reaction. Zahoor et al. [252] reported higher
values of ΔH‡ (64.04 kJ mol-1) and ΔS‡ (48.28 J mol-1 K-1) for β-glucosidase from B.
licheniformis than those in the present study. Rajoka et al. [268] also stated Ea, ΔH‡ and
ΔS‡ as 88 kJ mol-1, 108 kJ mol-1 and 86 J mol-1 K-1 respectively for β-glucosidase from
Cellulomonas biazotea.
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Determination of enzyme kinetics is useful to reveal the possible mechanism of
an enzymatic reaction. Zahoor et al. [252] calculated Km and Vmax of 0.206 mM and
1.26 U mg-1 respectively for pNPG hydrolysis by β-glucosidase from B. licheniformis.
Lower affinity (2.35 mM for Km) was determined for pNPG hydrolysis using
recombinant β-glucosidase from B. subtilis Natto [269]. Similary, a lower affinity (Km
= 4.25 mM) was also determined for pNPG hydrolysis with an intracellular βglucosidase from C. biazotea NIAB 442 [186]. In contrast, lower affinity was found for
Bteqβgluc (8.07 mM), but with very high catalytic efficiency (Vmax = 1428.57 U mg-1),
suggesting higher conversion rate of substrate into product.

Heterologous Expression of the Endo-glucanase Gene
(BsEgl) from B. sonorensis BD92
Cellulase application started in the early 1980s for animal feed. Since then, demand for
cellulase has increased intensely, covering a wide range of industrial fields [270-272].
The cloning and heterologous expression of endo-glucanase gene is important for its
characterization and industrial application. In current work, amplified BsEgl gene
(1,500 bp) from the genome of B. sonorensis BD92 was cloned in pPIC9K and
expressed in P. pastoris. Wei et al. [273] cloned endo-glucanase gene of 1527 bp
(56.452 kDa) from B. subtilis UMC7 in pET-30a(+) and expressed in E. coli BL21.
Sequence analysis revealed that BsEgl gene from B. sonorensis BD92 encodes a protein
of 499 amino acids with typical GH5 family signatures. These findings are similar with
the previous studies who reported GH family 5 from Bacillus sp. [76, 274]. The BsEgl
also includes cellulose binding domain (CBD, 356 to 436 AA) and glycoside hydrolase
catalytic core (GHCC). Those have similarity with the processive endo-glucanases of
GH9 family [275]. The carbohydrate-binding modules (CBMs) present in GH9 endoglucanases have imperative role in the processivity of enzyme. However, these enzymes
act more like classical endo-glucanases without CBMs. Only a few processive endoglucanases from the GH5 family has been identified [276-278].

Kinetics
and
Thermodynamic
Recombinant BsEgl

Characterization

of

In the present study, BsEgl activity was examined from 2-12 pH at 50 °C, with optimum
activity observed at pH 5. Whereas, the BsEgl activity was observed to increase with
rising temperature from 30 °C and reached a maximum at 50 °C, after which higher
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temperatures drastically reduced activity suggesting denaturation. Wei et al. [273]
reported a wide-ranging endo-glucanase activity at pH 3.0-11.0, while the optimal
endo-glucanase activity (0.50 ± 0.01 μmol min-1 mL-1) was observed to be at pH 6.0.
Similarly, Feng et al. [279] stated that cloned cellulases (10/11) from rabbit cecum
exhibited highest activities at pH 5.5-7.0 and at 40-50 °C. The optimal temperature of
the recombinant BsEgl observed in current study was 50 °C using CMC, these findings
are similar to P. punctatecellulase [280] and Bacillus sp. KSM-S237 [75].

Application of Fiber Degrading Enzmes in Animal Feed
Poultry includes several species like chickens, turkeys, geese, ducks, pigeons,
pheasants, guinea fowl and peafowl. Among all species, chicken is most extensively
reared all over the world as the cheapest source of protein and energy. Moreover, it
plays the significant role for mankind through employment generation, food supply,
providing raw materials to industries and facilitating research work. Furthermore, it is
regarded as the largest commercial industry providing eggs and meat to mankind [281].
Feed cost contributes about 70% of total poultry production cost per bird [282]. Some
grains, such as barley, wheat, and corn may contain non-starch polysaccharides. These
polysaccharides show inhibitory and anti-nutritional effects on broiler growth. Adding
enzymes can minimize adverse effects [283]. Poultry lacks endogenous enzymes for
digesting non-starch polysaccharides (NSP), so they are not digested and waste energy,
but by using exogenous enzymes, NSPs can be digested resulting in energy release. By
using enzyme feed, the feed can be formulated with less energy, because part of the
energy is compensated by the effect of exogenous enzymes on NSP, thereby improving
the digestibility and growth performance of nutrients [284]. Adding enzymes to cornsoybean meal type feed can improve broiler growth performance [285]. In this study,
iso-calorie and iso-nitrogen feeds (Appendix H) were used with and without fiberdegrading enzymes to observe performance parameters.

Poultry Trial 1 (Multi-enzyme Cocktail BsBD92)
Performance Parameters
In the current study, positive effect of addition of multi-enzyme cocktail BsBD92 (exoglucanase, endo-glucanase, β-glucosidase and xylanase) on the growth of experimental
birds was observed. These findings were inconsistent with previously reported studies
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[286, 287]. The highest body weight (BW) was observed in G6 (2591.66±180.38 g),
supplemented in the diet with 6% CF at concentration of 2X multi-enzyme cocktail
(MEC). The outcomes of the current study also substantiated the findings of Gracia et
al. [288] and Lázaro et al. [289], who described that fungal enzyme preparation
suggestively improved the BW of poultry birds fed corn, rye, barley and wheat based
diets. Enzyme supplementation with fibrous diets might improve chicken performance
by improving nutrient digestibility. The results of this study are also in accordance with
the findings of Marek and Splitek [290] and Arora et al. [291] who concluded that
cellulolytic enzymes when added to a high fiber diet of broiler chicks resulted in
increased BW. The average highest feed intake (FI) was observed in G3 (233.18±0.86
g bird-1 day-1) and G2 (213.7±1.31 g bird-1 day-1) followed lowest FI was observed in
G1 (187.48±1.31 g bird-1 day-1) when compared with other groups. This might be due
to the insoluble dietary fibers which reduce the digestion of nutrients. The birds
consume more feed to fulfil the body requirements. While, FI was less in the birds given
multi-enzyme cocktail BsBD92 (G4, G5, G6 and G7) as compared to treatment controls
(G2 and G3). This decrease in FI may also be related to improving absorption of
nutrients those released from bound nutrients by dissolving the cell wall fibers. The
beneficial effects of xylanase and phytase inclusion on growth performance in wheatbased broiler diets were also reported by Selle et al. [292]. FCR is another important
growth performance parameter. Higher FCR means low performance whereas low FCR
is a vice versa. The results of poultry trial 1 showed that the birds in G6 showed lowest
FCR (1.61±0.004) means better performance. Similarly, the highest production index
(PI) was observed in G6 (460.7±1.35) while lowest in G3 (279.1±1.04). These findings
are similar to the previously reported results indicating improved FCR and PI with
supplementation of fiber degrading enzymes [293, 294]. This might be due to the
improvement of nutrient digestibility of insoluble NSP those entrap starch, protein and
other nutrients inside the cell wall called “cage effect” and hinder the access of
endogenous enzymes to digestible nutrients [103, 113].
Carcass Characterizes
It was observed that the meat percentage was higher in G6 at 3rd week (61.064±0.751
g per 100 g BW) as well as at 5th week (65.094±0.234 g per 100 g BW). These finding
are similar with the findings of Selle et al. [295], who found that supplementation of
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wheat based diets with xylanase and phytase increased 5.8% of breast weight. The other
carcass characteristics includes abdominal fat, internal organs weight, immune organ
weight which help to access the effects of various treatments on the performance of
birds. The abdominal fat (g per 100 g BW) showed significant difference (p<0.05)
between the treatment groups. The abdominal fat was lowered in the birds of G2 and
G3 (treatment control groups) given fibrous diet while it was comparatively high in
other groups (standard control and treatment groups). These results are inconsistent
with the findings of Café et al. [296] who reported a substantial increase in abdominal
fat with the supplementation of a commercial multi-enzyme to soybean meal and corn
based diets.
In the present study, non significant difference (p>0.05) was observed in the
relative weight of internal body orangs at the completion of the experiment among
different treatment groups. Similar findings were reported previously, with non
significant difference in the relative weight of these organs for broiler chicks fed on
probiotic Lactobacillus spp. for 35 days [297] and 42 days [298], or those fed on
probiotic Saccharomyces cerevisiae for 42 days [299], compared to the control group.
Safety Evaluation
Previous research results showed that altering blood parameters for example
triglycerides (TG) and cholesterol (CHO) as appropriate indicators for identifying the
response of poultry to eating diets and food ingredients (such as dietary fiber) [295,
300]. In the present study, lipid profiles showed significant differences in TG and CHO
levels between different experimental groups (p <0.05). Because the use of fiber diet in
broilers can reduce the concentration of serum TG and CHO in G2 and G3. This effect
may be due to the reduced lipid absorption from the posterior surface of the intestine
(bile salts blockage through a fibrous layer) or reduced metabolism of lipid as well as
lipid absorption [301, 302]. Fiber diet supplemented with multi-enzyme cocktail
BsBD92 can regulate these changes. These observations are consistent with other
reports [303-305].
Various enzymes are considered biomarkers and can be utilized to assess liver
and kidney function. Higher serum AST and ALT concentrations indicate that
aminotransferase is released from the cytoplasm into the bloodstream, possibly due to
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liver or other tissue damage. In this study, serum alanine aminotransferase (ALT) levels
between the experimental groups were within the normal range. At the same time, in
all experimental groups, aspartate aminotransferase (AST) was not obvious. In the
current study, it was found that supplementing the multi-enzyme cocktail BsBD92 had
no toxic effect on different liver enzymes including AST and ALT. Similar finding have
been reported that adding xylanase to broilers has no contrary effects on various internal
organs including liver and kidneys [306]. In this study, a non significant difference was
observed in renal function test results (creatinine and urea) between treatment groups.
Previous studies were also of no significance for the examination of renal function
supplemented with exogenous enzymes [307]. Similar pattern have been seen in broiler
experiments given probiotics and/or exogenous enzymes [308-311]. Contrary to our
findings, there have been reports of reduced blood urea nitrogen levels in broilers
treated with xylanase [307].
Blood parameters for the current study were within the normal range and no
significant difference was found amongst the groups. Apata [312] previously reported
non-significant results for red blood cell (RBC) and white blood cell (WBC) count.
Histological Examination and Intestinal Morphometry
The change in intestinal weight and length depends on the quality as well as quantity
of the food. The bacterial population present inside the gastrointestinal tract (GIT) has
ability to change morphology of the gut wall [313]. A significant difference (p<0.05)
was observed in the current study for relative intestinal weight and length between
experimental groups. The highest intestinal weight was recorded in G2 and G3
(treatment controls) while that was lower in multi-enzyme cocktail BsBD92
supplemented groups (G4, G5, G6 and G7) when compared to standard control group
(G1). While, intestinal length increased in the birds given multi-enzyme cocktail
BsBD92 (G4, G5, G6 and G7) compared to the birds given high fibrous diets only (G2
and G3). Results of intestinal morphology also showed a significant difference among
the treatment groups with varying villus width (VW), villus height (VH), crypt depth
(CrD) and crypt width (CrW). This might be due to alteration the intestinal microflora
by supplementation of multi-enzyme cocktail BsBD92 and thus causes changes in the
gut morphology [314]. Mathlouthi et al. [315] reported that broilers fed rye feed
reduced the length, width, and surface of the villi compared to broilers fed corn feed,
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while crypt morphological parameters were unchanged. In addition, they reported that
adding β-glucanase increased the villi size and VH ratio. Due to bacterial
supplementation, the significant increase in the length and width of the villi may be
related to the increase in absorption capacity and the increase in nutrient digestibility
[315]. The increase in VH also represents an improvement in the area available for
nutrient absorption in the intestine [316]. These results are consistent with the findings
of present study supplemented with multi-enzyme cocktail BsBD92.

Poultry Trial 2 (Recombinant Enzyme)
Performance Parameters
In the experimental trial 2, recombinant enzymes (BsEgl & BteqBgluc) at 2X dose
alone and in combination with 6% crude fiber (CF) in the diet was given to experimental
birds. The results of experiment 2 showed that positive effects of the addition of both
(BsEgl & BteqBgluc) recombinant enzymes on the growth performance of
experimental birds. Birds supplemented with single recombinant enzyme did not show
significant change in the BW. Whereas, significant difference (p<0.05) was detected in
FCR amongst different treatment groups during five weeks of experimental period. The
lowest FCR (1.76±0.004) was also observed in G5 which means G5 has overall better
performance when compared with other groups. The highest FCR was observed in G2
(2.02±0.012) at the completion of the grower period. The increase in FCR may be due
to changes in the intestinal microflora, with improved growth of non-pathogenic
facultative anaerobic as well as gram-positive bacteria forming hydrogen peroxide and
lactic acid. Whereas, the growth of intestinal pathogens inhibited with better digestion
and utilization of nutrients [317].
Carcass Characteristics
It was observed that the meat percentage was higher in group 5 at 3rd week (59.98±0.14
g per 100 g BW) as well as at 5th week (64.11±0.48 g per 100 g BW). These finding are
similar to the previous results [295]. Similary, other carcass characteristics including
abdominal fat, internal organs weight, immune organ weight also showed results with
similar trends reported in poultry tiral 1.
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Safety Evaluation
In the current study, lipid profile presented significant difference in TG and CHO levels
among different groups. TG and CHO levels were within the permissible range for the
experimental groups but their levels were near the lower limits in the treatment control
group (G2). This effect refers to a decreased lipid absorption through the gut surface
and lowered lipid metabolism thereafter reduction in lipid uptake [301, 302]. Hence,
enzyme supplementation with fibrous diets reduces these changes. The findings of
current study are alike with other reports [303-305].
In the current study, non-significant results were also observed for AST, ALT,
creatinine and urea levels in all experimental groups. Means, liver and kidney functions
remained normal, which indicated the absence of hepatotoxic or nephrotoxic effects of
these additives on broiler chickens. The blood profile including RBCs, WBCs, Hb,
PCV, MCH, MCV and MCHC was recorded to be within the normal range and showed
non-significant difference among the groups as reported previously [312].
Histological Examination and Intestinal Morphometry
Exogenous enzymes have an effect on the gut wall morphology by altering bacterial
activity in the GIT [313]. The results of current study showed that the combination of
recombinant enzymes (BsEgl & Bteqβgluc) has a synergistic effect on the gut health
and growth performance. There was a significant difference in relative intestinal weight
amongst experimental groups. The highest intestinal weight was recorded in treatment
control groups (G2) while it was lower in enzyme treated groups (G3. G4 and G5) when
compared to standard control group (G1). Whereas, the intestinal length increased in
the birds given recombinant enzymes (BsEgl & Bteqβgluc) alone and in combination
compared to the birds only given fibrous diet (G2). Similarly, G1 given 4% CF showed
normal VH and VW, G2 given 6% CF showed moderate shortening and thickening of
the villi, G3 given 6% CF + 2X BsEgl showing slight changes villus height and width,
G4 given 6% CF + 2X Bteqβgluc showed slight thinking and shortening of villi, while,
G5 given 6% CF + 2X BsEgl + 2X Bteqβgluc showed improvement in the VH and VW
toward normal. As exogenous enzyme supplementation modifies the intestinal
microbial flora and changes the morphology of gut wall [314]. It has also been reported
that β-glucanase improved VH as well as VH ratio that has strong association with an
improved nutrient digestibility and increased absorptive capacity [315].
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Conclusions
The present study concluded that twenty two screened isolates showed homology with
2 major phylums Actinobacteria and Firmicutes and 3 families Bacillaceae,
Enterococcaceae and Streptomycetaceae. While, enzyme activity index (EAI) showed
four best enzyme producer; BR28 (B. subtilis), BR96 (B. amyloliquefaciens) with
highest xylanase activity, BD69 (B. tequilensis) with highest β-glucosidase activity and
BD92 (B. sonorensis) with highest endo-glucanase and exo-glucanase activities.
Whereas, it can also be concluded that ruminants digestive system has potential
microbes for the degradation of fibers.
Statistically optimized process was also designed in this study by employing
Bacillus sonorensis BD92, a promising isolate with higher enzyme activities and
catalytic efficiency. The best process variables obtained using central composit design
(CCD) of response surface methodology (RSM) were carboxymethyl cellulose (CMC,
2%), yeast extract (1.5%) and time (72 h) at temperature 37°C and pH 6.8. Highest
production of multi-enzyme cocktail BsBD92 (endo-glucanase, exo-glucanse, βglucosidase and xylanse) was achieved on wheat bran (WB) accompanied by wheat
straw (WS), cotton stalk (CS) and rice straw (RS). All enzymes showed more than 20%
residual activities at the highest temperature (90 °C) and > 70% activities at optimum
pH after 60 min. Maximum in vitro enzymatic saccharification was observed for WB
after 24 h using multi-enzyme cocktail BsBD92.
The Bteqβgluc gene from B. tequelensis BD69 was cloned in bacterial and yeast
expression systems that encodes a protein of 433 amino acids and belongs to glycoside
hydrolase 4 (GH4) family. Pichia pastoris was found a better expression system in this
study with extracellular secretion of Bteqβgluc protein and high enzymatic activity.
Bteqβgluc enzyme retain > 50% of its activity at 80 °C and > 80% activity at optimum
pH after 60 min. Molecular docking analysis of Bteqβgluc showed hydrogen bonding
interactions with pNPG involving Glu112, Asn150, Phe88 and Tyr16 residues. While,
BsEgl gene from B. sonorensis BD92 was cloned in yeast expression vector (pPIC9K)
that encodes a protein of 499 amino acids and belong to GH5 family with cellulose
binding domain from superfamily 3 (CBM_3). BsEgl was stable at the pH range of 48 for 60 min and 50 °C for 180 min.
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Poultry feed consists of complex fibrous substrates which require a combination
of enzymes for their degradation. Multi-enzyme cocktail BsBD92 supplemented in
poultry feeding trial 1 gave better results in term of production index (PI) and feed
conversion ratio (FCR). While, combination of recombinant enzymes (Bteqβgluc and
BsEgl) in poultry feeding trial 2 showed better performance than a single enzymes. It
can also be concluded that high fiber diets supplemented with fiber degrading enzymes
have impact in improving GIT by lowering the anti-nutritive effect of fibers.
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Appendix A
Samples Collection and Microbial Isolation
The experiments were performed after approval from the institutional animal ethics
committee. Representative buffalo rumen content (solid and liquid, 200 g) and dung
(150 g) samples were collected using presterilized containers and spatula, respectively.
The samples were immediately transferred to the laboratory in an ice box at 4 °C. One
gram of each sample was then serially diluted up to 10-7 in 10 mL of sterile normal
saline. Each 100 μL of dilution was inoculated on enrichment medium agar plates
(Table A1). The plates were incubated at 37 °C for 48 h under aerobic conditions. The
bacterial colonies were further purified by streaking onto new CMC agar plates.
Table A1. Composition of enrichment media.
Media components

Quantity (g L-1)

Carboxymethyl cellulose (CMC)

10.0

K2HPO4

1.0

KH2PO4

1.0

NH4NO3

1.0

MgSO4⋅7H2O

0.2

CaCl2

0.02

Agar

20.0
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Appendix B
Morphological and Biochemical Characterization of Screened Bacterial Isolates
Gram Staining:
A drop of water was taken on the slide and a respective isolated colony was mixed with
water to make thin smear. The smear was heat fixed and stained as follows;
1. Pour crystal violet on the slide for 2-3 min and washed with the distilled water.
2. Then pour Gram’s iodine 1 min and washed the slide agains with distilled water.
3. Then pour ethyl alcohol on the slide for 30 sec to remove crystal violet. Repeat
this step followed by washing with distilled water.
4. In the last step, apply safaranin 1 min and wash excess stain with water. Air
dried the slide and see under microscopic field (100X).
Catalase Test:
Catalase is the enzyme that breaks hydrogen peroxide (H2O2) into H2O and O2. H2O2 is
often used as a topical disinfectant in wounds and the bubbling that is seen is due to the
evolution of O2 gas. H2O2 is a potent oxidizing agent that can wreak havoc in a cell;
because of this, any cell that uses O2 or can live in the presence of O2 must have a way
to get rid of the peroxide. One of those ways is to make catalase. The test was performed
as;
1. Take small amount of growth from culture on a clean microscope slide.
2. Add few drops of H2O2 onto the smear and mixed with a toothpick.
3. Rapid evolution of O2 as evidenced by bubbling, indicate positive result.
4. Whereas, no bubbles or only a few scattered bubbles, indicate negative result.
Citrate Utilization Test:
Inoculate isolated cultures on solid simmon’s agar (ammonium phosphate 1 g L-1;
dipotassium phosphate 1 g L-1; NaCl 5 g L-1; Sodium citrate 2 g L-1; Magnesium
sulphate 0.2 g L-1; agar 15 g L-1; Bromothymol blue 0.08 g L-1) and observe the growth.
Change in the color of medium from green to blue indicate positive results while no
growth of bacteria and no change in color indicate negative results.
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Indole Test:
Peptone water (peptone 20 g L-1 and NaCl 5 g L-1) containing isolated bacterial cultures
incubate at 32 °C for 24-72 h. After incubation add few drops of Kovac’s reagent
(Isoamyl alcohol 150 mL; P-Dimethyl-aminobenzoaldehyde 10 g and HCl 50 mL).
After few min observe the test tubes. The development of red color in the alcoholic
layer of the reagent indicate positive results whereas no color change in negative results.
Methyl Red (MR) Test:
Inoculate a loopful of isolated bacterial culture in to 10 mL of glucose phosphate
peptone water (Glucose 5 g; peptone 5 g; phosphate buffered saline 1 L; pH 7.0) and
incubate at 37 °C for 24 h. After incubation add few drops of methyl red indicator
(methyl red 0.1 g; 95% ethanol 300 mL and distill water 200 mL). Bright red color
indicate positive results while yellow color indicate negative results.
Voges Proskauser (VP) Test:
Inoculate a loopful of isolated bacterial culture in to 10 mL of glucose phosphate
peptone water and incubated at 37 °C for 24 h. Add few drops of Barrit’s reagent
(Potassium hydroxide 4 g; α-naphtholin 0.3 g and distilled water 100 mL) and observe
the color change. Pink color indicate a positive test while no color change indicate
negative reaction.
Oxidase Test:
Soak a filter paper with the tetramethyl-p-phenylenediamine dihydrochloride substrate.
Then pick a bacterial colony and make a smear on the filter paper. A color change to
deep blue or purple within 10-30 seconds indicate positive result.
Sugar Fermentation Test:
Inoculate a loopful of isolated bacterial culture in peptone water containing test
carbohydrate/sugars (D-xylose, fructose, lactose, maltose, sorbitol and sucrose) and
incubate 37 °C for 24-48 h. Add few drops of methyl red to observe the color changes.
Change of medium color into yellow color indicate organism ferments the given sugar
and produce organic acids there by reducing the pH of the medium into acidic.
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Appendix C
Bacterial genomic DNA Extraction by Phenol-Chloroform-Isoamyl Alcohol
Method
The bacterial genomic DNA was extrected using following phenol-chloroform-isoamyl
alcohol mehtod
1. Centrifuge 1 ml bacterial broth culture at 10000 rpm for 10 minutes.
2. Resuspend pellet in 475 μL of TE buffer and 25 μL of 10% SDS.
3. Incubate at 55 °C for 30 min.
4. After incubation add equal volume of phenol-chloroform isoamyl (25:24:1)
alcohol pH 8.
5. Mix vigorously and centrifuge at 12000 rpm for 4 min.
6. Transfer upper aqueous layer carefully into a fresh eppendorf.
7. Repeat the step 4-6.
8. Add 1/10 volume of 3M sodium acetate and mix by gentle mixing.
9. Add 6/10 volume of chilled isopropanol and precipitate for 30 min at -20 °C.
10. Centrifuge at 12000 rpm for 10 min to make a pellet.
11. Wash the pellet with 80% ethanol.
12. Air dry pellet completely.
13. Resusupend in 50 μL of TE.
14. Store at 4 °C for short term use and at -20 °C for long term.
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Appendix D
Thermocycling Conditions for 16S rRNA Gene Amplification
For amplification of 16S rRNA gene each reaction contained 25 μL DreamTaq Green
PCR master mix, 2 μL of each primer, 2 μL isolated DNA (50-100 ng), and nuclease
free water until the final volume reaches 50 μL. The PCR conditions were as follows:
initially heating temperature was applied up to 95 °C for denaturing for 2 min. The PCR
was run for 30 cycles with these steps;
Step 1 (Denaturation); the mixture was heated for 1 min at 95 °C.
Step 2 (Annealing); the mixture was cooled for 30 sec at 55 °C.
Step 3 (Extension); the mixture was heated again for 1 min at 72 °C.
For final extension, the PCR product was heated for 10 min at 72 °C.
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Appendix E
3,5-Dinitrosalicylic Acid (DNS) Reagent Composition
Reagents

Weight

3, 5-Dinitrosylsylic acid

10.0 g

Rochelle Salt (potassium sodium tartarate)

182.0 g

Phenol

3.0 g

Sodium sulphate

0.5 g

Sodium hydroxide

10.0 g

The above reagents were mixed in 600 mL distilled water in a 2 L flask, stirred
magnetically. When dissolved volume was made up to 1 L in a volumetric flask. The
DNS solution was filtered and stored at room temperature in an amber bottle to avoid
photo oxidation it was stable for about 6 months.
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Appendix F
Thermodynamics of pNPG Hydrolysis
Thermodynamic parameters for the pNPG substrate were calculated by rearranging
Eyring’s absolute rate equation as:

kbT

kcat = (

h

)e

(

-ΔH‡
ΔS‡
) ( )
RT e R

where, kb is Boltzmann’s constant = 1.38 × 10−23 J K−1, T is absolute temperature
(K), h is Plank’s constant = 6.626 × 10−34 J s, R is gas constant = 8.314 J K−1 mol−1,
ΔH‡ is enthalpy of activation, and ΔS‡ is entropy of activation.
ΔH‡ = Ea - RT
Gibbs Free Energy (ΔG‡) = -RT ln (

kcat . h
)
kb . T

ΔH‡ − ΔG‡
ΔS = (
)
𝑇
‡

The free energy of substrate binding (ΔG‡E-S) and transition state formation
(ΔG‡E-T) was calculated using the following derivations:
ΔG‡E-S = -RT ln K𝑎
Where, Ka = Km-1
ΔG‡E-T = -RT ln (k𝑐𝑎𝑡 /𝐾𝑚 )
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Appendix G
Routine Vaccine Schedule of Broiler Birds
Days

Vaccine

Route

5th

ND+IB

Orally

10th

IBD primary

Orally

15th

IBD booster

Orally

22nd

ND

Orally DW

DW = drinking water; ND = Newcastle Disease; IB = Infectious Bronchitis; IBD = Infectious
Bursal Disease
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Appendix H
Composotion of Experimental Diets for Broiler Birds During Starter and
Growing Phase
Starter
Ingredients
St1
St2
(CF 4%) (CF 6%)
Corn
59.47
51.82
Wheat bran
0
7.93
Oats
0
0.69
Soybean meal
37.05
26.58
Sunflower meal
0
5
Cotton seed meal
0
5
Oil
0.5
0
Lysine
0.08
0.08
Methionine
0.25
0.25
DCP
1.18
1.18
Limestone
0.93
0.93
Salt
0.44
0.44
Minral
and
vit 0.1
0.1
premix
Total
100
100
Drymatter
90.504
89.413
Protein
21
21
Energy (Kcal kg-1)
3000
3000
Lysine (%)
1.226
1.085
Methionine (%)
0.36
0.347
Calcium (%)
3.175
1
Phosphorus (%)
2.115
0.667
Crude fiber (%)
4
6

Grower
St3
Gr1
Gr2
(CF 8%) (CF 4%) (CF 6%)
38.98
62.5
56.98
10.95
0
8.8
9.36
0
0
22.73
34.02
19.75
10
0
6.64
5
0
5
0
0.65
0
0.08
0.08
0.08
0.25
0.24
0.24
1.18
1.06
1.06
0.93
0.93
0.93
0.44
0.42
0.42
0.1
0.1
0.1

Gr3
(CF 8%)
41.91
11.94
11.6
16.72
10
5
0
0.08
0.24
1.06
0.93
0.42
0.1

100
89.452
21
3000
1.034
0.337
1
0.667
8

100
89.548
19
3000
0.881
0.037
1
0.667
8
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89.755
19
3000
1.097
0.348
1.918
1.279
4

100
89.43
19
3000
0.195
0.317
1
0.667
6
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Appendix I
Protocols for Serum Chemistry Profiels
Triglycerides (TG):
Serum triglyceride level was determined using commercially available kit Merck, Ref.
# 5.17511.0001. The protocol was as follow;
•

1 mL regent solution + 10 µL standard

•

1 mL regent solution + 10 µL control

•

1 mL regent solution + 10 µL sample

•

Incubate all tubes for 5-10 min at 37 °C

•

Take values on the BTS-350 (Biosystems)

Cholesterol (CHO):
Serum cholesterol level was determined using commercially available kit Biosystem,
Ref. # 11505. The protocol was as follow;
•

1 mL regent solution + 10 µL standard

•

1 mL regent solution + 10 µL control

•

1 mL regent solution + 10 µL sample

•

Incubate all tubes for 5-10 min at 37 °C

•

Take values on the BTS-350 (Biosystems)

Alanine Aminotransferase (ALAT) / Glutamic-Pyruvate Transaminase (GPT):
Serum alanie aminotransferase was performed on commercially available kit Merck,
Ref. # 5.17531.0001. The protocol was as follow;


400 µL reagent 1 + 100 µL reagent 2 prepare all tubes and incubate them for 5
min at 37 °C



Add 50 µL sample then immediately sip by BTS-350



Take values on the BTS-350 (Biosystems)
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Aspartate Aminotransferase (ASAT) / Glutamic Oxaloacetic Transaminase
(GOT):
This test was performed on a commercially available kit of Merck, Ref.# 5.17521.0001.
The protocol was as follow;
•

400 µL reagent 1 + 100 µL reagent 2 prepare all tubes and incubate them for 5
min at 37 °C.

•

Add 50 µL sample then immediately sip by BTS-350.

•

Take values on the BTS-350 (Biosystems)

Serum creatinine:
This test was performed on commercially available kit Merck, Ref.# 5.17551.0001. The
protocol was as follow;
•

250 µL reagent 1 + 250 µL reagent 2 prepare all tubes and incubate them for 5
min at 37 °C

•

Add 50 µL standard then immediately sip by BTS-350

•

Add 50 µL control then immediately sip by BTS-350

•

Add 50 µL sample then immediately sip by BTS-350

•

Take values on BTS-350 (Biosystems)

Urea:
This test was performed on a commercially available kit of Merck, Ref.# 5.17611.0001
to predispose serum concentration of urea by Urease/Glutamate dehydrogenase
(GLDH) is an enzyme present in the mitrochondria of eukaryotes that converts
glutamate to a-ketoglutarate and vice-versa. The protocol was as follow;
•

800 µL reagent 1 + 200 µL reagent 2 in 3 tubes and wait for 5 min

•

Add 10 µL standard in one tube and sip to BTS-350

•

Add 10 µL control in one tube and sip to BTS-350

•

Add 10 µL sample in one tube an sip to BTS-350

•

Take values on BTS-350 (Biosystems)
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Appendix J
Protocols for Hematological Paramters
Red Blood Cells (RBCs, M mm-3):
The total red blood cell count is in itself an important hematology assay, but it also is
essential for the estimation of mean corpuscular volume (MCV) and mean corpuscular
hemoglobin (MCH). The whole blood was collected in EDTA tubes. Natt and Herrick’s
solution (NaCl 3.88 g; Na2SO4 2.5g; Na2HPO4.12 H2O 2.91 g; KH2PO4 0.25 g;
formaldehyde 40% 7.5 mL; methyl violet 2B 0.1 g and distilled water to 1000 mL) was
used for dilution.
1. Suck the gently mixed blood sample in RBCs pipette to 0.5 mark.
2. Then draw the diluting fluid to exactly 101 mark.
3. Move the pipette in a circular figure-eight motion for 2 min.
4. Blow out 3 to 5 drops and touch the tip of pipette to the junction of the coverslip
and hemocytometer.
5. Count RBCs in 5 cells (4 corners and 1 middle square each with 16 squares) on
hemocytometer.
6. The total number of the RBCs were calculated using the formula;
𝑅𝐵𝐶𝑠 (𝑀 𝑚𝑚−3 ) = 𝑁 × 200 × 10 × 25
Where; N is average number of cells /square; 200 is a dilution factor; 10 is a factor for
depth of counting chamber; 25 is number of cells in a squares.
White Blood Cells (WBCs, K mm-3):
The total white blood cell count (WBC) is one of the most important hematology assays
in the assessment of health and disease in an individual.
1. Suck the gently mixed blood sample in WBCs pipette to 0.5 mark.
2. Then draw the diluting fluid (Turk’s solution) to exactly 11 mark.
3. Move the pipette in a circular figure-eight motion for 2 min.
4. Blow out 3 to 5 drops and touch the tip of pipette to the junction of the coverslip
and hemocytometer.
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5. Count RBCs in 5 cells (4 corners and 1 middle square each with 16 squares) on
hemocytometer.
6. The total number of the RBCs were calculated using the formula;
𝑊𝐵𝐶𝑠 (𝐾 𝑚𝑚−3 ) = 𝑁 × 20 × 10 × 1
Where; N is average number of cells /square; 20 is a dilution factor; 10 is a factor for
depth of counting chamber; 1 is number of cell in a square.
Hemoglobin (Hb, g dL-1):
Hemoglobin estimation relies on the colorimetric measurement of hemoglobin released
after the lysing of the erythrocytes. Hb was estimate by Sahli's method.
Packed Cell Volume (PCV, %):
Packed cell volume (PCV) is an important hematologic assay because it provides an
easy and objective way of estimating the number of erythrocytes in the sample. PCV
was estimated using the microhematocrit method.
1. Fill the capillary tube from one half to three fourth and seal one end.
2. Place the tube in microhematocrit centrifuge with the plug end away from the
center.
3. Centrifuge for 4 minute and measure the height of red cell column and height
of cells plus plasma.
Mean Corpuscular Volume (MCV, ft):
Mean corpuscular volume (MCV) is the expression of the average volume of
individual erythrocytes calculated with the following formula:

Mean corpuscular volume (fl) =
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Mean Corpuscular Hemoglobin (MCH, pg):
Mean corpuscular hemoglobin (MCH) is the expression of the average hemoglobin
content of a single erythrocyte calculated with the following formula:

Mean corpuscular hemoglobin (pg) =

Hb
× 10
𝑅𝐵𝐶𝑠

Mean corpuscular Hemoglobin Concentration (MCHC, g dL-1):
Mean corpuscular hemoglobin concentration (MCHC) is the expression of the volume
within the erythrocyte occupied by the hemoglobin and is calculated with the following
formula:
Mean corpuscular hemoglobin concentration (g dL−1 ) =
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Appendix K
Protocols for Histological Procedures
Fixation of Tissues:
Tissue samples were fixed in neutral buffered formalin solution and remained dipped
completely in the solution for about 10-15 days at room temperature to prevent
postmortem changes and facilitate proper staining. The tissue texture got hard in
formalin as required for histopathological examination.
Composition of Fixing Agent
Chemicals
Formalin
Distilled Water
Sodium Dihydrogen Phosphate
Disodium Hydrogen Phosphate

Quantity
100 mL
900 mL
4.0 g
6.5 g

Post Fixation Treatment:
The part of the organ/tissue selected for the histological processing were cut into less
than 5 mm slice and washed in running water overnight to remove fixative. After
overnight washing in running water the tissues were placed in different concentrations
of ethanol, xylene and paraffin for dehydration, clearing and infiltrations shown in
table.
Post Fixation Treatment Protocol of Histological Examination
Dehydrating Agent
Washing
Alcohol 70%
Alcohol 85%
Absolute 95%
Absolute alcohol-1
Absolute Alcohol-2
Alcohol:Xylene (1:1)
Xylene-1
Xylene-2
Paraffin-1
Paraffin-2
Paraffin-3

Time
8 h (overnight)
8h
4h
4h
2h
2h
45 min
30 min
30 min
2h
2h
2h
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Embedding:
After infilteration, the tissue samples were embedded in the embedding agent i.e.
paraffin wax to form the homogenous mass.
1. Tissue was placed in the center of the steel mold.
2. Plastic mold was placed on steel mold.
3. Liquid paraffin was poured in the mold around the tissue and allowed it to
solidify.
4. Let it to become cold. On solidifying the paraffin, the block was removed from
the mold.
5. Excessive paraffin was trimmed off around the tissue.
6. Identification was fixed to one side of block with spatula.
7. These blocks were stored in the refrigerator to protect from dust till further use.
Sectioning:
A thin, transparent slice of body tissue, stained and covered with a glass slip on a glass
slide is called section and the instrument used for cutting these sections is called
microtome. After embedding the tissues were sectioned in microtome.
1. Microtome was well oiled and cleaned with xylene.
2. Section’s thickness was adjusted to 5 µm.
3. Object disc mounting block was placed in tissue carrier and the clamp was
tightened.
4. Tissue block was made to face the cutting edge of knife with the help of screw
handle.
5. Microtome was run to cut the sections that formed the ribbon. The sections were
made flattened by floating in the warm water in waterbath.
6. Sections were mounted directly on the slides.
7. The fragments of the paraffin were removed by placing the lide in oven at 50
ºC.
8. After each block sectioning, the knife was cleaned with the xylene.
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Mounting:
The sectioned tissues were mounted on the glass slides with the help of an adhesive
mixture which was Mayer’s egg albumin.
1. Slide was cleaned and identification was marked.
2. Thin smear of albumin was made on the surface of slide.
3. Sections were floated on a hot water at 53 ºC in water bath.
4. The prepared slide was dipped under the section and the sections were allowed
to float on the slide.
5. The slide mounting sections as removed from the bath were drained off the
water and then dried at 37 ºC for 24 h.
6. After drying they were incubated at 45 ºC for 30 min.
7. Water was evaporated and the sections were settled down on the glass surface.
8. The sections mounted on the slide were thoroughly dried.
Staining:
Tissues were stained with hematoxylin and eosin (H&E) in a routine manner as;
Detailed Procedure of H&E Staining
Staining Agent
Xylene-1
Xylene-2
Absolute Alcohol-1
Absolute Alcohol-2
Alcohol 70%
Water
Acid Alcohol
Water
Ammonia Alcohol
Water
Alcohol 70%
Eosin y
Alcohol 70%
Absolute Alcohol-1
Absolute Alcohol-2
Xylene-1
Xylene-2

Time (min)
3
3
3
4
3
3
2-5 dips
3
3-7
3
3
2
3
3
3
3
3

Then placed a drop of DPX on the stained slide and cover it by putting cover slip on it.
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