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Chapter-1

INTRODUCTION

Enzymes are substances present in the cells of living organisms in minute
amounts which are capable of speeding up chemical reactions (associated with
life processes), without themselves being altered after the reaction. They
accelerate the velocity of the reaction without necessarily initiating it. Compared
with chemical catalysts, enzymes have many advantages such as a high
specificity, a high catalytic efficiency, and an adjustable activity, which greatly
promote the use of enzymes in pharmaceutical, chemical, and food industries
(Pires-Cabral et al., 2010; Yucel et al., 2011). Industrial enzymes are specific
catalysts that are utilized to catalyze and accelerate a chemical reaction that does
not occur naturally. Due to these novel features, the demand for industria
enzymes has catapulted to the new heights which call for a constant research and
development, to optimize their production and minimize resource costs
(MarketsandMarkets, 2015). According to the ‘Industrial Enzymes Market-
Global Trends & Forecasts to 2018’ (2015), the world market for industrial
enzymes is estimated to grow US$ 6,000 by 2018.

Although the enzymes utilized today are also found in animals (chimosin,
pepsin, trypsin and pancreatin) and plants (ficin, papain) however, a bulk of
commercia supply is of microbial origin (pectinases, glucoamylase, a-amylase).
Microorganisms possess high growing capability, huge amounts of enzyme can
be produced in a short period of time as well as the strains can be genetically
manipulated, to obtain enzymes with desired characteristics (Sundarram and
Murthy, 2014; Tiwari et al., 2014). Microbia enzymes thus are plentifully
supplied, well standardized and marketed by several competing companies.

Glycoside hydrolases are a large category of enzymes which are able to
metabolize a large variety of saccharides. They have been divided into classes
based on their mode of action and families as well as on their well-defined amino
acid sequence similarities. Most of the starch converting enzymes belongs to GH-



13 family. Amylases are among the most widely used enzyme in starch
processing industries. Based on their mode of action, they are further classified
into three categories. a-amylases, f-amylases, and glucoamylases. All amylases
are glycoside hydrolyses and act on a-1, 4 glycosidic bonds (Maton et al., 1993).
Among the types of amylases, industrially, a-amylase is the most widely used
enzyme particularly in starch liquefaction, brewing, textile, pharmaceuticals,
paper, detergents, drugs, toxic wastes removal, and oil drilling. Since a-amylases
are active over a broad pH (5-9) and temperature (35-105 °C) ranges, they are
worldwide centre of attraction for researchers (Tiwari et al., 2014). a-amylases
(endo-1,4-a-D-glucan glucohydrolase, EC 3.2.1.1) are starch-degrading enzymes
that catalyze the hydrolysis of internal a-1,4-O-glycosidic bonds in
polysaccharides with the retention of a-anomeric configuration in the products.
Most of the a-amylases are metalloenzymes, which require calcium ions (Ca*)

for their activity, structural integrity and stability.

B-Amylase (a-1,4-glucan maltohydrolase, EC 3.2.1.2) is usually of plant
origin, but a few microbia strains are aso known to produce it. It is an exo-
acting enzyme that cleaves non-reducing chain ends of amylose, amylopectin and
glycogen molecules. It hydrolyses alternate glycosidic linkages, yielding maltose.
Since B-amylase is unable to by-pass a-1,6-glycosidic linkages in amylopectin, it
results in incomplete degradation of the molecule, yielding 50-60% maltose and
a [-limit dextrin(Pandey et al., 2000q). Glucoamylase (exo-1,4-a-D-glucan
glucanohydrolase, EC 3.2.1.3) hydrolyses single glucose units from the non-
reducing ends of amylose and amylopectin in a stepwise manner. Unlike a-
amylase, most glucoamylases are also able to hydrolyse the 1,6-a-linkages at the
branching points of amylopectin, athough at alower rate than 1,4- linkages. Thus
glucose, maltose and limit dextrins are the end products of GA action (Pandey et
al., 2000a).

But due to the wider industrial application spectra of novel a-amylase,
there is an ever increasing demand for these enzymes worldwide. It is desirable
that a-amylases should be active at high temperatures of gelatinization (100-
110°C) and liquefaction (80-90°C) to economize processes, therefore there has



been a need for more thermophilic and thermostable a-amylases (Sindhu et al.,
1997). With the availability of thermostable enzymes, a number of new
possibilities for industria processes have emerged (Haki and Rakshit, 2003). In
view of this, researchers have diverted their attention for isolation and
characterization of enzymes from extremophiles (Kiran and Chandra, 2008), with
their cost effective production techniques. The production of a-amylase has been
thoroughly investigated and has been reported to be affected by a variety of
physicochemical factors (Elias et al., 2014; Hu et al., 2014; Avwioroko et al.,
2015). Most notable among them are the composition of the growth medium, pH
of the medium, phosphate concentration, inoculum age, temperature, aeration,
carbon source and nitrogen source (Singh et al., 2009; Andualem, 2014; Singh et
al., 2010).

Enzymes generally occur in the cell in association with other proteins,
nucleic acids, polysaccharides and lipids. The activity of the enzyme in relation
to the total protein present (specific activity) can be determined (Gupta et al.,
2003; Sivaramakrishnan et al., 2006). A variety of methods are used to remove
contaminating material so the enzyme is purified and its specific activity
increases. Thus, it is significant to develop economic processes for their
purification to obtain chemically pure enzymes with maximum specific activity.
Traditionally the purification of amylases from fermentation media has been done

in several steps, using different purification techniques (Pandey, 2000a).

The application of a-amylase in industrial reactions depends on its unique
characteristics, such as its action pattern, substrate specificity, major reaction
products, optimal temperature, and optimal pH (Berg, 2003). Enzymes have the
ability to catalyze reactions under very mild conditions with a very high degree of
substrate specificity, thus decreasing the formation of by-products. Among the
reactions catalyzed are a number of very complex chemica transformations
between biological macromolecules, which are not accessible to ordinary
methods of organic chemistry (Creighton, 1984). However, its poor stability,
reusability, and high cost of single use limit its use in industrial production. In

recent years, enzyme immobilization technology provides an effective method to



circumvent these issues, which not only improves cataytic properties and
operational stability but also facilitates enzymes multiple reuse, separation, and
continuous automatic operation in industrial production (Tischer and Wedekind,
1999). There is experimental evidence that the immobilized state might be the
most common state for enzymes in their natural environment. The attachment of
enzymes to the appropriate surface ensures that they stay at the site where their
activity is required (Brena and Viera, 2006). Immobilization thus enhances the
concentration at the proper location and it may also protect the enzyme from
being destroyed. Severa studies indicated that immobilized enzyme has shown
increased catalytic activity, increased stability of enzyme (El-Batal et al., 2005),
easy recovery of enzyme, easy separation from product minimizing or
eliminating protein contamination of product, repeated or continuous use of a
single batch of enzyme (Varavinit et al., 2002). To a large extent this procedure
prevents enzyme losses due to washout and at the same time maintains
biocatalyst at high concentrations (Baldino et al., 2001) and aso protects enzyme

from microbial contamination.

But with certain limitations of simpler immobilization, recently
researchers are improving current technologies and developing new ones that
utilize enzymes immobilized on nanoparticles. Iron oxide nano particles are
gaining wide attention due to the availability of higher surface areafor binding of
alarger amount of enzymes firmly (Sohn et al., 2008) moreover the immobilized

enzymes can be selectively separated with the help of magnetic field.

Since the late 19th century, the mean temperature on earth has increased
with 0.8°C and the major part of this increase is likely due to anthropogenic
emissions of greenhouse gases. Carbon dioxide is the type of greenhouse gas with
largest emission and this originates from the combustion of fossil fuels as coal,
oil and natural gas (Sun and Cheng, 2002). India is the fourth (energy data)
largest global contributor to carbon emissions; GOI transport policy has targeted
EURO-III and IV vehicle emission norms for vehicles, which in turn require
adoption of clean and green fuel. In the past decade there has been renewed
interest in the biomass as a renewable energy source worldwide. Ethanol -blended

gasoline have the potential to contribute significantly to these emissions



reductions promising and allow a cost-effective use of energy crops e.g.

production of methanol and hydrogen by means of gasification processes.

Traditionally first and second generation biofuels have been produced
from substrates such as food and oil crops and the lignocellulosic biomass.
However, the liquid fuel consumption and requirement is increasing day by day
besides the first and second generation biofuels have limitations to meet the ever
increasing demand. The most common concern related to the current first
generation biofuels is that as production capacities increase, so does ther
competition with agriculture for arable land used for food production which leads
to severe food shortage. The advent of second generation biofuels is intended to
produce fuels from lignocellulosic biomass, the woody part of plants that do not
compete with food production. Sources include agricultural residues, forest
harvesting residues or wood processing waste such as leaves, straw or wood chips
as well as the non-edible components of corn or sugarcane. However, converting
the woody biomass into fermentable sugars requires costly technologies
involving pre-treatment with special enzymes, meaning that second generation
biofuels have limitations to be produced economically on a large scale (Brennan
and Owende, 2010).

Therefore, third generation biofuels derived from microalgae are
considered to be a viable alternative energy resource that is devoid of the major
drawbacks associated with first and second generation biofuels (Chisti, 2007,
Nigam and Singh, 2010). Microalgae are able to produce 15-300 times more
biofuel than traditional crops on an area basis. Furthermore compared with
conventional crop plants which are usualy harvested once or twice a year,
microalgae have a very short harvesting cycle (=1- 10 days depending on the
process), alowing multiple or continuous harvests with significantly increased
yields (Schenk et al., 2008). Microalgae, unicellular algae thus have emerged as a
potential source for bioethanol production owing to its ability to fix CO, and
accumulate a high content of the storage polysaccharide, starch. Presence of
certain distinct notable characteristics such as lack of lignin and lack of specific
functional parts such as leaves and roots render them a superior alternative over

the woody terrestrial biomass. The polysaccharide contained in algal cell wall can



be easily hydrolyzed to simple sugars which can further be fermented into
bioethanol (Eshaq et al., 2011).

Since algae mainly are composed of starch along with some of cellulose
and pectin in their cell wall, therefore amylases are among the most widely used
enzymes for their degradation along with cellulase and pectinase (Emmanuel et
al., 2000; Kim et al., 2014). Since alkalothermophilic amylase is in high demand
for feasible hydrolysis and bioconversion of algal biomass into ethanol, amylase
produced from extremophilic microorganisms, can become the first choice in the
process. Microbial communities capable of growing at extremes of temperature,
alkalinity/ acidity are the most sought after extremophilesin thisfield. (Kiran and
Chandra, 2008). Keeping in view the importance and industrial application of
amylase, the present study was thus undertaken with the following objectives:

1. Isolation of amylase producing microorganisms from different sources
2. Screening and identification of hyperamylase producing microorganisms
3. Purification and characterization of amylase



Chapter-2

REVIEW OF LITERATURE

Microbia life does not seem to be limited to specific environments.
During the past few decades it has become clear that microbial communities can
be found in the most diverse conditions, including extremes of temperature,
pressure, salinity and pH (Kumar et al., 2011). These microorganisms, called
extremophiles, produce biocatalysts that are functional under extreme conditions.
Conseguently, the unique properties of these biocatalysts have resulted in several
novel applications of enzymes in industrial processes. At present, only a minor
fraction of the microorganisms on earth have been exploited. Novel
developments in the cultivation and production of extremophiles related to the
cloning and expression of their genes in heterologous hosts will increase the
number of enzyme-driven transformations in chemical, food, pharmaceutical and
other industrial applications (Berg, 2003).

There are a wide variety of different conditions to which microorganisms
have adapted. The biocatalysts obtained from these extremophiles could be
applicable in similarly diverse conditions (Table 1). These enzymes/ biocatalysts
active at and resistant to high temperatures are used for the degradation of
polymers such as starch, chitin or cellulose. Under these extreme conditions the
solubility and, consequently, the accessibility of the substrate isimproved (Sellek
and Chaudhuri, 1999; Marhuenda et al., 2002). This diversity of environments to
which different extremophiles have adapted offers many exciting opportunities

for avariety of applications.

Microorganisms, like al living things, adapt to the conditions in which
they have to live and survive. Thermophiles are reported to contain proteins
which are thermostable and resist denaturation and proteolysis (Kumar and
Nussinov, 2011). Chaperonins, a group of specialized proteins are produced by
these organisms, which help, after their denaturation to refold the proteins to their
native form and restore their functions (Everly and Alberto, 2000). The cell



membrane of thermophiles is made up of saturated fatty acids. These fatty acids

provide hydrophobic environment for the cell and keep the cell rigid enough to
live at elevated temperatures (Herbert and Sharp, 1992). The DNA of these

thermophiles contains areverse DNA gyrase which produces positive super coils
in the DNA (Lopez, 1999).

Tablel. Classification of extremophiles and examples of applications of some
of their enzymes (Berg, 2003)

Type Growth Enzymes Applications
characteristics
Thermophiles | Temp>80°C Amylases Starch processing
(hyperthermophile) | Proteases Detergents, hydrolysisin food and
and feed, brewing, baking
60-80°C Glycosyl hydrolases | Starch, cellulose, chitin, pectin
(thermophile) (eg. amylases, processing, textiles
pullulanase,
glucoamylase,gluco | Chitin modification for food and
sidases, cellulases, | health products
xylanases) Paper bleaching
Chitninase
Detergents, stereo specific
Xylanases reactions (trans-esterification,
Lipases, Esterases | organic biosynthesis)
DNA polymerases | Molecular biology (PCR)
Dehydrogenases Oxidation reaction
Psychrophiles | Temp <15°C Amylases Detergent and bakery
Proteases Detergents, food applications
(dairy products)
Cellulases Detergents, feed and textiles
Dehydrogenases Biosensors
Lipases Detergents, food and cosmetics
Halophiles High salt (2-5M Amylases Sewage treatment
NaCl) Proteases Peptide synthesis
Dehydrogenases Biocatalysisin organic media
Alkaliphiles pH>9 Amylases Textiles and detergent
Proteases, cellulases | Detergents, food and feed
Acidophiles pH< 2-3 Amylases, Starch processing
glucoamylases Feed component
Proteases, cellulases | Desulfurization of coal
Oxidases
Piezophiles Pressure loving; up Food processing and antibiotic

to 130 MPa

production




Thermostable enzymes are gaining wide industrial and biotechnol ogical
interest due to the fact that their enzymes are better suited for harsh industrial
processes (Leuschner and Antranikan, 1995; Fredrich and Antrakian, 1996; Diane
et al.,, 1997; Zeikus et al., 1998). One extremely valuable advantage of
conducting biotechnological processes at elevated temperatures is reducing the

risk of contamination by common mesophiles.

Other benefits of elevated process temperatures include higher reaction
rates, higher process yield and products and favorable equilibrium displacement
in endothermic reactions (Mozhaev, 1993; Krahe et al., 1996; Kumar and Swati,
2001). These enzymes can aso be used as models for understanding

thermostability and thermo-activity useful for protein engineering.

In industrial processes, high temperatures impact such benefits as
increased substrate solubility, decreased viscosity of the medium and lower risk
of microbial contamination or higher rates of concurrent non-enzymeatic reactions
(Asgher, 2007). The successful implementation of enzymes as industria
biocatalysts requires the availability of suitable enzymes with high activity,
specificity and stability under process conditions. However, naturally occurring
enzymes are often not optimized to fulfil these requirements. Within this context,
directed evolution is very effective in closing these functional discrepancies.
Thermostable enzymes or thermozymes have found a number of commercial
applications because of their over all inherent stability (Demirijan et al., 2001).
These thermozymes, displaying unique characteristics such as temperature,
chemical and pH stability can be used in severa industrial processes, in which
they replace chemicals or mesophilic enzymes (Bruinset al., 2001).Among other
industrial enzymes, amylases constitute a class of industrial enzymes representing
approximately 30% of the world enzyme production (Calik and Ozdamar, 2001).
Demand for novel amylases worldwide isincreasing day by day, as these enzyme
applications spectra are spreading in various industrial sectors. In view of this,
researchers have diverted their attention for isolation and characterization of

amylases from extremophiles (Kiran and Chandra, 2008).



21 AMYLASES

o-amylase was the first enzyme to be commercially produced and
marketed in 1894. Dr. J. Takamine established the first industrial production of a-
amylase from Aspergillus oryzae known as Taka diastase, which was used as a
digestive aid (Janarthanan et al., 2014). Since then amylases have found diverse
applications in a wide variety of industries. Amylases also find use in processes
related with the degradation of environmental pollutants, conversion of starch to
desired product by many microorganisms (Veille and Zeikus, 2001), infiltration
of waste containing starch and production of biochemical materia utilizing starch
as substrate. With the advent of new frontiers in biotechnology, the spectrum of
amylase application has expanded into many other fields, such as clinical,
medicina and anaytical chemistry (Dehkordi and Javan, 2013).

Amylases are a class of enzymes that are capable of digesting glycosidic
linkages found in starches. These enzymes are classified as endoamylases and
exoamylases according to the manner in which the glycosidic bond is attacked.
The a-amylase family, i.e. the clan GH-H of glycoside hydrolyses, is the largest
family of glycoside hydrolases, transferases and isomerases comprising nearly 30

different enzyme specificities.

Endoamylases are able to cleave a, 1-4 glycosidic bonds present in the
inner part (endo-) of the amylose or amylopectin chain. a-amylase (EC 3.2.1.1) is
a well-known, classical calcium containing 1,4-a-D-glucan glucanohydrolase
endo amylase which catalyzes hydrolysis of starch and related carbohydrates by
randomly cleaving internal o-D-(1,4) glycosidic linkage, yielding glucose,
maltose, maltotriose, and other oligosaccharides. It belongs to family thirteen in
the classification of glycoside hydrolases. This family is the most varied of all
glycoside hydrolase families, containing many enzymes able to catalyze various
reactions, such as hydrolysis, transglycosylation, condensation and cyclization
(Senthilkumar et al., 2012).

Enzymes belonging to the second group, the exoamylases, either
exclusively cleave a,1-4 glycosidic bonds such as B-amylase (EC 3.2.1.2) or
cleave both a,1-4 and 0,1-6 glycosidic bonds like amyloglucosidase or
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glucoamylase (EC 3.2.1.3) and a-glucosidase (EC 3.2.1.20). Exoamylases act on
the external glucose residues of amylose or amylopectin and thus produce only
glucose (glucoamylase and a-glucosidase), or maltose and B-limit dextrin.
Glucoamylase and o-glucosidase differ in their substrate preference: a-
glucosidase acts best on short maltooligosaccharides and liberates glucose with a-
configuration while glucoamylase hydrolyzes long-chain polysaccharides best. -
amylases and glucoamylases have aso been found in a large variety of
microorganisms (Pandey et al., 2000a).

The members of amylase family share a number of common characteristic

properties (vander Maarel et al., 2002). Some of them are:

Hydrolases activity- In this activity the enzymes act on the a-glycosidic
bonds and hydrolyze this bond to produce a-anomeric monosaccharides
or oligosaccharides.

Transglycosylation activity- In this activity o -1-4 or 1-6 glycosidic
linkages is formed.

Enzymes that hydrolyze a -1,4 bond and bypass a-1,6 linkages e.g. a -
amylase (endoacting amylases).

Enzymes that hydrolyze a -1,4 bond and cannot bypass a -1,6 linkages
e.g. beta amylase (exoacting amylases producing maltose as a major end
product).

Enzymes that hydrolyze a-1,4 and 0-1,6 linkages e.g. amyloglucosidase
(glucoamylase) and exoacting amylase.

Enzymes that hydrolyze only a-1,6 linkage e.g. pullulanase and other
debranching enzymes.

Enzymes that hydrolyze prefentially o-1,4 linkages in short chain
oligosaccharides produced by the action of other enzymes on amylose and
amylopectin e.g. alpha-glucosidases.

Enzymes that hydrolyze starch to a series of non-reducing cyclic D-
glucosyl polymers called cyclodextrins or Sachardinger dextrins e.g.

Bacillus macerans amylase (cyclodextrin producing enzyme).
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The a-glycosidic bond is very stable having a spontaneous rate of
hydrolysis a room temperature (Wolfenden et al., 1998). The cataytic
mechanism of the a-amylase family is that of the apharetaining double
displacement (van der Maarel et al., 2002) and this a-retaining mechanism is the
characteristic feature of the a-amylase family. They vary widely in their reaction
specificities. The attachment of different domains to the catalytic site, or to extra
sugar binding sub sites around the catalytic site, is the prime reason for these
differences (van der Maarel et al., 2002).

The starch industry is one of the largest users of enzymes for the
hydrolysis and modification of this useful raw material. The starch polymer, like
other such polymers, requires a combination of enzymes for its complete
hydrolysis. These include a-amylases, glucoamylases or [-amylases and

isoamylases or pullulanases (Pandey et al., 2000a).

Starch is a polymer of glucose linked to one another through C1 oxygen
by a glycosidic bond. At the end of the polymeric chain, alatent aldehyde group
is present. This group is known as the reducing end. Pure starch consists
predominantly of o-glucan in the form of amylose and amylopectin. While
amylopectin is soluble in water, amylose and the starch granule itself are
insoluble in cold water. Amylose is a linear polymer consisting of up to 6000
glucose units with o, 1-4 glycosidic bonds (Fig. 1). The relative content of
amylose and amylopectin varies with the source of starch. Average amylose
content in most common starches is 20-30% (Marc et al., 2002). Amylopectin
consists of short a, 1-4 linked linear chains of 10-60 glucose units and o, 1-6
linked side chains with 15-45 glucose units (Fig. 2). The average number of
branching points in amylopectin is 5% (Thompson, 2000). The complete
amylopectin molecule contains about 2 000,000 glucose units, thereby being one
of the largest moleculesin nature (Marc et al., 2002).

Starches are defined as waxy when the ratio of amylose to amylopectin is
low (~15%), norma when amylase represents ~16-35% and high-amylose (or
amylo-) when amylose exceeds ~36%. Starch depolymerization by amylase is the

basis for severa industrial processes such as preparation of glucose syrups, bread
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making and brewing. Amylases also play a significant role in seed germination
and maturation, and are instrumental in starch digestion resulting in the formation
of sugars, which are subsequently used in various metabolic activities (Leloup et
al., 1994). Enzymes used for the industrial starch hydrolysis are estimated to
occupy 10-15 per cent of the total world enzyme market. This industrial sector is
the second biggest consumer of enzymes by market sector (Vengadaramana,
2013).

(Glucose-atf 1-4 glucose)

H OH H OH

Fig. 1 Structure of amylase

{Glucose-a 1-4 )-glucose)

O Branch point linkage

(Glucose-ai 1-6)-glucose)

SCH>OH

H
Fig. 2 Structure of amylopectin

22 SOURCES OF THERMOSTABLE AMYLASE: ISOLATION AND
SCREENING

Advances in the use of microbial amylases in industry have been possible
with the isolation of a large number of beneficia thermophilic microorganisms
from different exotic ecological zones of earth and the subsequent extraction of
useful enzymes from them (Groboillot, 1994; Bharat and Hoondal, 1998; Bauer
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et al., 1999; Kohilu et al., 2001). A number of microbia sources exist for the
efficient production of this enzyme, but only a few selected strains of bacteria
and fungi meet the criteria for commercial production (Pandey et al., 2000a).
Several reports have been published on the isolation, identification and
characterization of a-amylase from a variety of sources (Pederson and Nielson,
2000; Kilic et al., 2005; Muralikrishna and Nirmala, 2005; Goyal et al., 2005;
Hernandez et al., 2006; Ashger et al., 2007; Hmidet et al.,2008; Bakri et al.,
2009; Asad et al., 2010; Iftikhar et al., 2014).

Several workers reported a-amylase production by bacterial species of
Bacillus (Muralikrishna and Nirmala, 2005; Ashger et al., 2007), Pseudomonas
(Hag et al., 2002; Shiau and Hung, 2003) and Clostridium (Kilic et al., 2005).
For the thermal stabilities of their a-amylase enzymes to be utilized in various
fermentation processes, extreme thermophilic bacteria such as Rhodothermus
marinus and mesophilic bacteria such as Bacillus megaterium, B. macerans and
B. coagulans are generally selected and utilized (Saroja et al., 2000; Gimbi and
Kitabatake, 2002). Most thermostable a-amylase utilized in the industry is
produced from B. licheniformis (Reda, 2007; Hmidet et al., 2008). Highly
thermostable a-amylases are also obtained in hyperthermophilic and thermophilic
archaea such as Pyrococcus furiosus, Thermococcus hydrothermalis, T.
profundus, Sulfolobus acidocaldarius and S. solfataricus (Goyal et al.,2005;
Hernandez et al., 2006; Arikan, 2008).

Qualitative screening of amylogenic strains based on their ability to
hydrolyse starch on starch agar plates forming a clear halo around the colony has
been exploited for isolation of amylolytic strains. Vaseekaran et al. (2010)
isolated 72 single bacterial colonies on starch-nutrient agar plates which
produced clear halos with iodine solution. Three strains BS1, FS1 and GS1
giving maximum halo diameters of 20, 18 and 17 mm respectively were chosen
for further studies and DNA analysis for species identification. Similarly, among
30 isolates reported by Kaur et al. (2012), 6 isolates hydrolysed starch on starch
agar medium. The strains showing maximum inhibition zone by enzyme in starch
hydrolysis test were selected and further characterized by morphologica and
biochemical tests. Study by Zohra and Ahmad (2012) reported 92 strains isolated
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from soil. Among them 56 were found to be extracellular amylase producers as
they produced clear halos around colonies grown on starch supplemented plates
when flooded with iodine solution. Amylogenic cultures were purified and stored
in nutrient broth containing 15% glycerol at -20°C. Highest enzyme producing
culture was identified as gram positive, spore forming Bacillus sp. according to

biochemical and morphological characteristics.

Bacterial species such as Bacillus subtilis (Sumrin et al.,2011; Rajput and
Li, 2012; Rajput et al., 2013), B. licheniformis and Bacillus sp. are generally
preferred for the production of a-amylase because they appear to be very
productive (Goya et al., 2005; Kokab et al., 2007; Reda, 2007; Niazi et al.,
2010). Sohail et al. (2005) isolated 40 amylogenic isolates out of 117 bacteria
strains (34.2%) while 21 out of 130 fungal isolates (16.15%) were found to be
amylolytic. As identified by standard microbiological procedures, all the good
bacterial amylase producers belonged to the genus Bacillus. Similarly, a study by
Alkando and Ibrahim (2011) reported 270 bacterial isolates out of which, 20
potential o-amylase producing organisms were selected during primary
screening. Secondary screening of these isolates yielded a highly thermostable
alkaline a-amylase producing isolate. Of al the species tested, B. licheniformis
gave maximum a-amylase activity of 0.79 U/mg/ml at pH 8 in iodine method,
and (0.02 U/mg/ml) in 3, 5-dinitrosalicylic acid (DNS) method. Among one
thousand six hundred and thirty bacterial colonies, two bacterial strains belonging
to Bacillus sp. producing highest enzyme at a temperature of 55°C and 45°C,
respectively have been isolated from hot springs of Ethiopia by Haillemariam et
al. (2013). Similarly, Alrumman et al. (2014) identified B. axarquiensis as an
amylogenic strain among sixty one thermoalkalophilic bacteria, isolated from soil
samplesin Saudi Arabia.

Saxena et al. (2007) screened a total of three hundred bacterial isolates
from soil for amylase production on starch agar plates containing (%) soluble
starch 1.0, yeast extract 0.4, K,HPO, 0.1, and MgS0O,.7H,0 0.15, pH 7.0 at 37
°C. Amylolytic isolates were selected by flooding the agar plates with Gram’s
iodine solution. Isolates having a higher ratio of clearing zone to colony size were

grown in liquid broth and were declared as amylolytic. A hyperthermostable o-
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amylase producing strain, Geobacillus sp. [IPTN (MTCC 5319) has been isolated
from the hot spring of Uttarakhand's Himalayan region by Dheeran et al. (2010).
The optimal temperature and pH were 60°C and 6.5, respectively, for growth and
enzyme production. Although it was able to grow in temperature ranges from 50
to 80°C and pH 5.5-8.5. Maximum enzyme production was in exponential phase
with activity 135 U mi™at 60°C.

23 PRODUCTION OF MICROBIAL a-AMYLASES

The maor advantage of using microorganisms for the production of
amylases is the economical bulk production capacity and easy manipulation of
microbes to obtain enzymes of desired characteristics (Ramesh and Lonsane,
1989). Screening for the a-amylase producers is akey step for production. Starch
hydrolysis is usualy detected directly on plates as clear zones surrounding the
colonies. Al-ZaZaee et al. (2011) reported B. cereus Ms6 as an amylogenic strain
based on the zone of hydrolysis formed by the isolate on starch agar medium.
Alkando and lbrahim (2011) isolated bacterial strains from soil samples which
were primarily screened for amylase production by starch hydrolysis test. Kaur et
al. (2012) screened 6 bacterial strains among 30 isolated from soil based on the
starch hydrolysis test performed on starch agar medium plates. In genera, the
diameter of the area of hydrolysis has been related to the potency of the amylase
(Dhawale et al., 1982).

2.3.1. Factorsaffecting production

The production and stability of a-amylase in the medium is affected by a
variety of physicochemica factors. It is well documented that extracellular
amylase production by microbes is greatly influenced by media components,
especially carbon and nitrogen sources, minerals and physical factors such as pH,
temperature, agitation, dissolved oxygen and inoculum density (Babu and
Satyanarayana, 1993; Dey et al., 2001; Gigras et al., 2002).

2.3.1.1 Effect of carbon source: induction of a-amylase

Carbon source in the form of either monosaccharides or polysaccharides

may influence the production of amylase enzyme. Many researchers have shown
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that different carbon sources have varied influence on the production of
extracellular enzymes especialy among amylase producing strains (Saxena et al.,
2007; Sumrin et al., 2011; Lily et al., 2012; Vijayabaskar et al., 2012; Deb et al.,
2013; Andualem, 2014). ao-amylase is an inducible enzyme and is generaly
induced in the presence of starch or its hydrolytic product, maltose. Apart from
maltose, in some strains, other carbon sources as dextrin, wheat bran, dextrin and
xylose also served as inducers of a-amylase (Saxena et al., 2007). According to
study glucose, galactose, fructose, sucrose and lactose supported growth but
amylase production was not induced, suggesting the inducible nature of amylase
(Kiran and Chandra, 2008). Similarly Syed et al. (2009); Hashemi et al. (2010)
and Sankaralingam et al. (2012) studied the effect of different carbon sources
such as sucrose, starch, arabinose, sorbitol, mannitol, raffinose, lactose, xylose,
fructose and glucose on a-amylase activity. Among the various carbon sources
used, starch at a concentration 1% (w/v) only showed maximum yield of 2,216.6
U/ml. In Bacillus sp., Santos and Martins (2003) reported that increasing starch
concentration in the medium beyond 1% did not increase enzyme activity.

a-amylase production is aso subjected to catabolite repression by glucose
and other sugars, like most other inducible enzymes. Synthesis of amylases in
most species of the genus Bacillus is repressed by readily metabolizable
substrates such as glucose and fructose as reported by Haseltine et al. (1996); Lin
et al. (2007); Kiran and Chandra (2008); Premila (2013). However, the role of
glucose in the production of a-amylase in certain cases is controversial. Thus,
amongst all the variable carbon sources those have been utilized for the
production of a-amylase, the use of starch remains promising and ubiquitous. A
number of other non-conventional substrates as, casitone, oilseed cakes (Kiran
and Chandra, 2008) and starch processing waste water (Jin et al., 2001) have aso
been used for the production of a-amylase while the agro-processing byproduct,
wheat bran has been used for the economic production of a-amylase by SSF
(Ramesh and Lonsane, 1989; Kiran and Chandra, 2008). High a-amylase
activities from A. fumigatus have also been reported using a-methyl-D-glycoside
(asynthetic analogue of maltose) as substrate (Goto et al., 1998).
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2.3.1.2 Effect of nitrogen sources

Nitrogen sources are the most important secondary energy compounds for
the growth and metabolism of microorganisms. The nature of these compounds
and the concentration used may stimulate or down regulate the production of
enzymes (Sharmaet al., 2012). Amylase synthesis by several microorganisms has
been correlated to the presence or absence of different nitrogen sources and
various amino acids in the growth medium. Organic sources like yeast extract,
peptone usually have stimulating effects (Hamilton et al., 1999; Hewitt and
Solomons, 1996). Organic as well as inorganic nitrogen sources have been
utilized for the production of a-amylase. Various organic nitrogen sources
utilized were tyrptone, gelatin, casein, soya meal, beef extract, peptone, urea and
yeast extract (Saxena et al., 2007; Bozic et al.,, 2011; Lily et al., 2012,
Sankaralingam et al., 2012; Deb et al., 2013) and inorganic nitrogen sources
utilized were ammonium nitrate, ammonium chloride, sodium nitrate, ammonium
sulphate, L-asparagine and potassium nitrate etc. (Nguyen et al., 2000; Saxena et
al., 2007; Sankaralingam et al., 2012).

Among the nitrogen sources tested yeast extract amended media showed
the maximum production of a-amylase probably due to its high content in
minerals, vitamins, coenzymes and nitrogen components (Asgher et al., 2007;
Ashwini et al., 2011; Vijayabaskar et al., 2012). Zohra and Ahmed (2012) and
Deb et al. (2013) reported that tryptone (0.2%) was the best nitrogen source for
amylase production. Urea however has been found to inhibit a-amylase
production (Swain et al., 2006; Deb et al., 2013). Qader et al. (2009); Gupta et al.
(2008); Demirkan et al. (2011) and Lily et al. (2012) reported peptone to be the
best nitrogen source for amylase production. It has been observed that inorganic
sources gave comparatively higher enzyme yields than organic nitrogen sources
(Sankaralingam et al., 2012). However, supplementation of medium with more
than one nitrogen source gave better results. Teodoro and Martins (2000) and
Saxenaet al. (2007) supplemented peptone with 0.3% yeast extract and got better
results. With soy meal, peptone and meat extract as the nitrogen source, resulted
in the highest a-amylase activity (2804 U/l) after 48 h (Haeshmi et al., 2011)
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Amino acids in conjunction with vitamins have also been reported to
affect a-amylase production. However, no conclusion can be drawn about the
role of amino acids and vitamins in enhancing the a-amylase production in
different microorganisms as the reports are highly variable. a-amylase production
by Bacillus amyloliquefaciens ATCC 23350 increased by a factor of 300 in the
presence of glycine (Zhang et al., 2013). p-Alanine, DL-nor valine and D-
methionine were effective for the production of alkaline amylase by Bacillus sp.
A-40-2. However, the role of amino compounds was considered to be neither as
nitrogen nor as a carbon source, but as stimulators of amylase synthesis and
excretion (Ikura and Horikoshi, 1987.). It has been reported that only asparagine
gave good enzyme yields (Nguyen et al., 2000) while the importance of arginine
for a-amylase production from B. subtilis has also been well documented (Lee
and Parulekar, 1993).

2.3.1.3 Effect of pH

Enzymes are pH sensitive thus pH of the growth medium plays an
important role by inducing morphological changes in microbes and in enzyme
secretion. The pH change observed during the growth of microbes also affects
product stability in the medium (Gupta et al., 2003). pH stability is among the
important criteria in enzymes studies. Most of the Bacillus strains used
commercially for the production of a-amylases by SmF have an optimum pH
between 6.0 and 9.0 for growth and enzyme production (Burhan et al., 2003;
Asgher et al., 2007). Further increase or decrease in the pH resulted decrease in
the activity of amylase. Mgjority of the bacteria produce their extracellular
amylase at neutral pH only (Zohra and Ahmed, 2012; Premila, 2013). In
consonance with these findings, Rasooli et al. (2008) and Prabakaran and Hewitt
(2009) reported pH 7.0 to be the best for efficient production of a-amylase by
Bacillus sp. and B. cereus, B. subtilis respectively. A study by Singh et al. (2009)
reported maximum amylase activity at pH 7.0. Further increase in the pH resulted

decrease in the activity of amylase.

Requirement of dlight alkaline pH by the bacteria for amylase production
has also been reported by several workers. Qader et al. (2006) reported amylase
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production by Bacillus sp. AS-1 at pH 7.5. The pH range examined by Saxena et
al. (2007) for extracellular a-amylase production by Bacillus sp. was 4.0-12.0
and the ranges of pH stability were found to be 5.0 to 10.5. Rao and
Satyanarayana (2007) evaluated different pH for improving amylolytic enzyme
production by the amylolytic hyperthermophile Geobacillus ther moleovorans and
pH 8.0 was found to be optimum. Kiran and Chandra (2008) reported maximum
amylase production at pH 8.0 with 60% residua activity at pH 10.5. Jayaramu et
al. (2011) reported the growth of B. aquimaris VITP4 over a pH range of 7.0 to
9.0. However the optimum pH for the maximum production of enzyme was
obsereved at pH 8.0. Lily et al. (2012) reported a steady increase in amylase
production in pH range of 4.0-8.0 achieving maxima at pH 8.0, thereafter it
declined sharply. Anduaem (2014) studied the effect of pH on amylase
production from Bacillus sp. in a range of 4.0 to 9.0 and found 8.0 to be the

optimum.

On the contrary, acidic pH has also been reported optimum by certain
workers for maximum amylase production. Li et al. (2007) observed the effect of
pH between pH 3.0 to 10.0 on amylase activity and found maximum activity at
pH 4.5. Fooladi and Sgjjadian (2010) found pH 6.0 to be the best while studying
the effect of pH ranging from 5.0-8.0. Deb et al. (2013) studied the effect of pH
on amylase production from 5.5-8.0 and found 6.5 to be the optimum. He also
observed lowered amylase activity at akaline pH. Sani et al. (2014) reported
maximum a-amylase from B. subtilis to be at pH 6.0. According to Singh et al.
(2014), the optimum pH for a-amylase activity from Streptomyces sp. MSC702
ranged from pH 3.0 to 7.0 (retained>91% activity) with a maximum activity at
pH 5.0. A complete loss in the enzyme activity was observed above pH 9.8.

2.3.1.4 Effect of temperature

Temperature is one of the most important physical parameters which
affect enzyme production. After optimum temperature, as temperature increases,
amylase activity decresed due to the breakage of secondary, tertiary and
guaternary bonds that maintain the three dimensiona structure of enzymes at

high temperature leading to conformational changes in the enzyme active site. It
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is known that enzyme activity increases with increasing temperature up to the
optimum temperature as result of increasing kinetic energy, which can favour rate
of collisons between substrate and enzyme during hydrolysis process
(Anduaem, 2014).

Bacterial amylases are produced at a much wider range of temperaturei.e.
35-80°C. (Castro et al.,1999; Lin et al., 1998; Burhan et al., 2003; Gangadharan
et al., 2008; Shafique et al., 2009). Bacillus amyloliquefaciens, B. subtilis, B.
licheniformis and B. stearothermophilus are among the most commonly used
Bacillus sp. reported to produce a-amylase at temperatures between 37-60°C
(Mishra et al., 2005; Mendu et al., 2005). Asgher et al. (2007) studied enzyme
synthesis at temperatures between 30-50°C by B. subtilis. The bacterium could
grow satisfactorily at all temperatures tested but the maximal a-amylase activity
in the growth medium was achieved at 50°C. A reduction in enzyme activity was
observed at temperatures above 50°C. The influence of temperature on amylase
production is related to the growth of the organism. Saxena et al. (2007)
examined temperature ranging from 25-70°C for the production of amylases from
Bacillus sp. PN5. Aygan et al. (2008) reported the activity of amylase by Bacillus
sp. AB68 in the temperature range of 20 to 90°C with an optimum activity at 50
°C. Zohra and Ahmad (2012) reported highest enzyme production within a range
of 50-55°C however, the organism survived up to 62°C. Sankaralingam et al.
(2012) reported maximum enzyme production at 40°C by B. licheniformis which
survives upto 80°C. Deb et al. (2013) studied the effect of temperature on
amylase production by B. amyloliquefaciens ranging from 35-70°C and observed
maximum amylase activity at 60°C. Above 60°C, there was a decrease in amylase

production.

Andualem (2014) analyzed amylase production from Bacillus sp. a a
temperature range of 40-80°C. Amylase activity of isolate relatively increased
from 40°C up to 55°C and sharply reached optimum reaction activity at 60°C.
Maximum a—amylace activity from B. subtilis isolated from soilsin Nigeria was
found at 60°C by Sani et al. (2014). The optimum temperature according to Singh
et al. (2014) for the a-amylase activity from Streptomyces sp. MSC702 was in a
wide range of 50-75°C (retained >74% relative activity at the temperature upto
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75°C.), with maximum activity at 55°C. Certain hyperthermophiles such as
Thermococcus profundus and Thermatogae maritima have been reported to
produce a-amylase at 80°C (Vieille, 2011). Rao and Satyanarayana (2007) found
100°C to be an optimum temperature for a-amylase and glucoamylase production
by the amylolytic hyperthermophile Geobacillus thermoleovorans. The optimum
temperature for apha-amylase production by a thermophile was found to be 70°C
(Raharjo et al., 2010).

A cold active a-amylase from Antarctic psychrophile Alteromonas
haloplanktis was reported to exhibit maximum o-amylase production at 4°C
(Feller et al., 1998).

2.3.1.5 Effect of divalent metal ions, additives and inhibitors

The variety of ways by which meta ions affect enzyme catalysis is by
modifying the electron flow in the enzyme substrate reaction or by changing the
orientation of the substrate with reference to the functional group at active site.
Metal ions accept or donate electrons and act as electrophiles, mask nucleophiles
to prevent unwanted side reactions, bind enzyme and substrate by coordinate
bonds, hold the reacting groups in the required 3D orientation, and simply
stabilize a catalytically active conformation of the enzyme (Palmer, 2001).

Most of the bacterial amylases are known to be metaloenzymes,
dependent upon divalent ions like Ca?*, Mg?*, Mn®*, Zn**, Fe**, etc. (Pandey et
al., 2000a; De Azeredo et al., 2004). a-amylase is known to be a calcium
metalloenzyme having at least one calcium ion associated with its molecule
(Kiran and Chandra, 2008; Deb et al., 2013). The stabilizing effect of Ca?* on
thermostability of the enzyme can be explained due to the salting out of
hydrophobic residues by Ca®* in the protein, thus, causing the adoption of a
compact structure (Goyal et al., 2005). However, Ca-independent enzymes have
also been reported (Uyar et al., 2003; Ghollasi et al., 2013; Hashemi et al., 2011,
Singh et al., 2014). Rao and Satyanarayana (2007) while working on amylolytic
hyperthermophile Geobacillus thermoleovorans showed that the activity of the
enzyme was enhanced strongly by Co** and Fe** while enhanced slightly by Ba**,

Mn?*, Ni®* and Mg?*. Ni®" has also been reported to enhance amylase activity by
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Premila, (2013). Chavan and Wadatkar (2014) reported stimulation of enzyme
activity by Mo*, K*, Co**, Mg®* and C&* ions.

Certain divalent ions on the other hand have inhibitory effect on enzyme
production. Ni**, Cd?*, Zn** and Hg*" ions strongly inhibited the enzymatic
activity by 82, 91, 100, and 100%, respectively (De Azeredo et al., 2004).
According to a study by Asgher et al. (2007), Ni*" and Cd** dlightly inhibited
amylase activity in Bacillus sp. TS-23. Rao and Satyanarayana (2007) reported a
strong inhibition by Sn**, Hg?* and Pb*" while it was unaffected by the presence
or absence of Ca?*. Among the different divalent ions studied by Premila (2013),
Se**, Zn®*, Mn®" and Cu?* showed an inhibitory effect. According to a study by
Singh et al. (2014) of the various metal salts and chemical reagents tested, it was
found that the a-amylase activity was almost completely inhibited by (5mM)
Pb**, Mn?*, Mg*", Cu*, Zn®", Ba®*, Ca™*, Hg*', Sn**, Cr**, and AI** metal ions.
Ag" and Fe** inhibited a-amylase activity up to 40.27% and 50.96%,
respectively.

Zn®* has varied effect on different amylases. Zn** was reported to inhibit
thermostable a-amylases from a thermophilic Bacillus sp. suggesting that the
inhibition with the ion determined the thermostability of enzyme. The presence of
Zn** decreased the activity of ANT-6 enzyme indicating its high thermostability
(Burhan et al., 2003).

In order to have applications in detergent industries, amylase must be
stable to various detergent ingredients, such as surfactants. With respect to the
effect of surfactants, a-amylase showed 40.92%, 47.37%, 34.21% and 36.52%
relative activity in presence of Triton X-100 (1% v/v), Tween 80 (1% v/v), SLS
(5mM), and glyceral (1% v/v), respectively (Singh et al., 2014). Chelating agent
EDTA completely inhibited a-amylase activity, as reported by Rao and
Satyanarayana (2007); Chakraborty et al. (2009) and Chavan and Wadatkar
(2014). The inhibitory effect of EDTA provides evidence that the enzyme’s
activity is metal dependent. The denaturation of the a-amylase activity in the
presence of urea showed that the enzyme consists of hydrophobic amino acid
composition (Arikan, 2008). The differences in nutritiona requirements of
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various a-amylase producing organisms could be attributed to the differences in
their genetics (Rasooli et al., 2008).

24 OPTIMIZATION OF PARAMETERS FOR ENHANCED
AMYLASE PRODUCTION

Microbia amylases with great success have replaced the chemical
hydrolysis of starch in the starch processing industry. It is because of the fact that
use of microorganisms is not only economical but also eco-friendly. Microbial
amylases are the most produced and used in industry, due to their productivity,
efficiency and thermostability (Burhan et al., 2003). Industrially important
enzymes including amylases have traditionally been obtained from submerged
cultures because of an ease in handling and control of environmental and
nutritional factors. The most frequently used operation in biotechnology is to
improve the fermentation conditions for maximizing cell density, high level of
desired metabolic product or enzyme levels in microbial system (Mukhopadhyay
et al., 2008).

Enzyme overproduction can be achieved by both genetic manipulations
and media engineering. Recombinants to increase enzyme production may not be
stable. As excretion of products of metabolism is a part of survival strategy of
microbes in certain environments, overproduction of enzymes by media
manipulation may be considered a better strategy (Dey et al., 2001). Culture
conditions play a significant role on growth and production of amylase. Amylase
production is affected by a variety of factors such as pH, temperature, incubation
time, substrate concentration etc. The medium optimization is an important

aspect to be considered in the development of fermentation technology.
2.4.1 Optimization by using OneVariableat a Time (OVAT) Approach

Optimization of medium by the classica method involves changing one
independent variable keeping the other factors constant.

Singh et al. (2010) described the production of a-amylase from
agricultural byproducts by B. cereus MTCC 1305 in solid state fermentation
(SSF) using wheat bran as a substrate. Effects of process variables, namely
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incubation time, temperature, initial moisture content, pH of medium,
supplementary carbon source, supplementary nitrogen source, and inoculum level
on production of a-amylase were studied, and accordingly optimum conditions
were determined. It was found that a-amylase production was the highest at 80™
hour of incubation, 55°C incubation temperatures, and substrate: moisture ratio
1:1, pH of 5.0 and 10% inoculum level. Glucose (0.05 g/g) has been found the
best supplementary carbon source. Supplementation of different nitrogen sources
(0.02 g/g) showed decline in enzyme production. Allah et al. (2011) reported the
production of a-amylase from B. coagulans isolated from soil. Conditions for
production of enzyme were optimized utilizing OVAT approach. Maximum
amylase activity of 31.67 U/ml was obtained at 30 °C and pH 5 with a substrate
concentration of 0.75% (w/w).

Hashemi et al. (2011) investigated the production of crude Ca'™
independent and low pH active a-amylase by Bacillus sp. KR-8104 in submerged
fermentation (SmF) and solid-state fermentation (SSF) systems. Different
parameters were evaluated in each system using one factor at a time (OFAT)
approach to improve the production of enzyme. The results showed that in SmF
the maximum enzyme production was achieved in culture medium that contained
dextrin as a carbon source, as well as yeast extract and meat extract as nitrogen
sources incubated at 37°C and 180 rpm for 48 h. While SSF of Bacillus sp. KR-
8104 using wheat bran (WB) as a substrate showed that using tap water or
distilled water as a moistening agent, a substrate-water ratio of 1:1.5 (w/v) and

incubation at 37°C for 48 h gave the maximum a-amylase production.

Different fermentation parameters for extracellular amylase production
from Aspergillus versicolor were evauated by employing submerged
fermentation method (Jayaramu et al.,, 2011). The amylase producers were
detected by a clear zone around the colony by simple plate assay method. There
was a considerable increase from 3.89 IU to 6.21 1U in amylase production was
observed after the optimization of fermentation parameters i.e. the optimum pH

4.0, temperature 30°C and inoculum size 1.0 ml.
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Soniyamby et al. (2011) reported twelve amylolytic bacterial strains
isolated from marine water. Among them isolate KUMBO7 exhibiting highest
amylase activity was identified as Bacillus sp. A further optimization study was
done by solid state fermentation using wheat bran as a substrate. 35°C
temperature, 7.0 pH and 48 h of incubation period was found to be the best for
highest amylase activity of 62.81 U/g. To exploit the potentia of thermotolerant
bacteria for the production of starch degrading enzymes, soil samples were
explored by Zohra and Ahmad (2012). Physical and biochemica parameters of
the highest enzyme producing strain, affecting enzyme production were
optimized. The strain was identified as Bacillus sp. showing highest amylase
activity at 55°C and pH 7.0. Starch and tryptone were adjudged as best carbon
and nitrogen sources respectively for amylase production with yeast extract,
MgSO, and K,HPO, as media additives.

2.4.2 Optimization by using Response Surface M ethodology (RSM)

The conventional methods for multifactor experimental design are time-
consuming and incapable of detecting the true optimum, due especialy to the
interactions among the factors. In fermentation process, the operational variables
interact and influence thereby affecting the response. The optimization method
should be such that it accounts for interactions among variables so that a set of
optimal experimental condition can be determined (Silva and Roberto, 2001).
This limitation of a single factor optimization process can be eliminated by
different techniques. A collection of experimental strategies, mathematical
methods and statistical inference is used to explain the combined effects of al the

factorsin afermentation process.

One of the most used statistical techniques Response Surface
Methodology (RSM) includes factorial design and regression analysis which
helps in evaluating the effective factors and their interaction and to find out the
optimum conditions of variables for a desirable response (Tunga et al., 1999;
Coninck et al., 2000; Reddy et al., 2003; Kunamneni et al., 2005; Gangadharan et
al., 2008). Response Surface Methodology is a collection of statistical techniques

for designing an experiment, building models, evauating the effects of factors
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and searching for optimum conditions for desirable responses. For optimization
of process parameters, RSM is more satisfactory than classical methods such as
one-variable-at-a-time (OVAT) or mathematical models because it can study
many variables simultaneously with low number of observations, saving time and
costs. Central composite design (CCD) is one of the response surface
methodologies usually utilized to obtain data that fits a full second-order
polynomial equation. The graphical representation of the model equation results
in response surface plots that represent the individual and interactive effects of

test variables on the response.

Response Surface Method (RSM), as an experimental strategy for seeking
the optimum conditions of a multivariable system, is a much more efficient
methodology for optimization (Tanyildizi et al., 2005). Recently, a number of
statistical experimental designs with response surface methodology have been
employed for optimizing enzyme production from microorganisms (Koteswara et
al., 2006; Thys et al., 2006; Zambare, 2011; Mohandas et al., 2010). However,
3D and counter plots for response surfaces can provide a good way for
visualizing the parameter interaction. Therefore, statistical technique is often used
for predicting optimum process conditions for microbial enzyme production
(Mullai et al., 2010). It is well known that extracellular enzyme production in
microorganisms is greatly influenced by nutritional factors like carbon sources,
nitrogen sources and mineral salts (Dey et al., 2001; Adinarayana and Elliaiah,
2002; Chauhan and Gupta, 2004). Enhancement in extracellular amylase
production from Bacillus sp. by environmental factor optimization has not been
attempted so far (Zambare, 2011).

Tanyildizi et al. (2005) studied the combined effects of macronutrients of
media on a-amylase production by Bacillus sp. using response surface
methodology. This procedure limited the number of actual experiments
performed while alowing for possible interactions between four components. A
22 full-factorial central composite design was chosen to explain four medium
constituents, viz. starch, glycerine, yeast extract and peptone. The optimal

combinations of media constituents for maximum a-amylase production were
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determined as 17.58 g/l starch, 12.37% (v/v) glycerine, 8.77 g/l peptone and 0.00
o/l yeast extract.

Production of amylase under submerged fermentation using Bacillus sp.
was investigated by Zambare (2011) using wheat bran, soybean mea and CaCO:s.
Response surface methodology (RSM) was used to evaluate the effect of the
main variables, i.e., pH (11.35), temperature (35.16°C) and inoculum size
(2.95%) on amylase production by applying a full factorial central composite
design (CCD). The mutual interaction between these variables resulted into 4.64
fold increase in amylase activity as compared to the non-optimized
environmental factorsin the basal medium. A work by Gangadharan et al. (2008)
was aimed to optimize the cultural and production parameters through the
statistical approach for the synthesis of a-amylase by B. amyloliquefaciens in
submerged fermentation (SmF) using a combination of wheat bran and groundnut
oil cake (1:1) as the substrate. The process parameters influencing the enzyme
production were identified using Plackett—-Burman design. Among the various
variables screened, the substrate concentration, incubation period and CaCl,
concentration were most significant. The optimum levels of these significant
parameters were determined employing the response surface Box—Behnken
design, which revealed these as follows. substrate concentration (12.5%),
incubation period (42 h) and CaCl, (0.0275 M).

Screening of important nutrient parameters from selected seven medium
components viz. starch, yeast extract, tryptone, K,HPO,, CaCl,.2H,0,
MgS0,.7H,O and KCl were carried out in shake flask cultures for enzyme
production using Plackett-Burman experimental design of twelve trials (Bansode,
2010). Among these starch, yeast extract and CaCl,.2H,O contributed to large
extent; tryptone and K,;HPO, had moderately significant efffect; while
MgS0O,.7H,0O and KCI had minute effect for amylase production by submerged
fermentation. Prajapati et al. (2014) optimized medium components through the
statistical approach for the synthesis of a-amylase by B. amyloliquefaciens KCP2
under solid-state fermentation using wheat bran as the substrate. The medium
components influencing the enzyme production were identified using a two-level
fractional factorial Plackett-Burman design. Among the various variables
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screened, starch, ammonium sulphate and calcium chloride were found to be the
most significant medium components. The optimum levels of these significant
parameters were determined employing the response surface central composite
design which significantly increased the enzyme production with the
supplementation of starch 0.01 g, ammonium sulphate 0.2 g and 5 mM calcium

chloride in the production medium.

Caindependency with potential activity and stability at low pH are
among the most interesting characteristics of a-amylase in starch industry. In this
attempt the synergetic effect of low pH on activity of crude Ca-independent a-
amylase isolated from a native Bacillus sp. KR-8104 in solid-state fermentation
(SSF) was studied by Hashemi et al. (2010) using wheat bran (WB) as a
substrate. The effects of different parameters including moisturizing agents, solid
substrate to moisture ratio, particle size, incubation temperature and period,
inoculum (v/w) and supplementation with 1% (w/w) different carbon and
nitrogen sources on enzyme production were investigated. Response surface
methodology (RSM) was applied to find optimum conditions of temperature and
pH on crude amylase activity. Using central composite design (CCD) a quadratic
mathematical model equation was derived for the prediction of enzyme activity.
The results showed that the model was in good agreement with experimental
results, with R?-0.90 and the low pH has a synergetic effect on enzyme activity at
higher temperature.

Rao et al. (2013) isolated twenty bacterial strains from the soil collected
from Andhra Pradesh and screened them for amylase production, Four isolates
showed amylolytic activity. One isolates (N3) displaying the highest activity was
selected for further study. The amylolytic bacterium was identified as Bacillus sp.
VITRKHB. The maximum enzyme activity was observed in case of starch as
carbon source and yeast extract as nitrogen source. Response surface
methodology was employed to evaluate combined interactive effects of different
variables, i.e., starch (0.21%), yeast extract (0.65%), pH (6.13), NaCl (4.63%)
and temperature (45°C) on amylase production after 24h of incubation.
Determination of co-efficient (R* =0.8056) close to 1.0 indicated significant
precision and reliability of the response data.
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25 PURIFICATION OF ENZYME

Industrial enzymes produced in bulk generally require little downstream
processing and hence are relatively crude preparations. The commercial use of a-
amylase generally does not require purification of the enzyme, but enzyme
applications in pharmaceutical and clinical sectors require high purity amylases
(Gupta et al., 2003). The enzyme in purified form is also a prerequisite in studies
of structure-function relationships and biochemical properties. The purification of
a-amylase from microbial sources in most cases has involved classica
purification methods. These methods involve separation of the culture from
fermentation media, selective concentration by precipitation using ammonium
sulphate or organic solvents such as chilled acetone (Gupta et al., 2003). The
crude enzyme is then subjected to chromatography, usually affinity, ion exchange
and/or gel filtration.

The used methods to purify amylases can vary considerably, but most
purification protocols involve a series of steps. The design of an appropriate
procedure for isolation of a given protein should be tailored in accordance with
the objective(s) of the research project, which may require relatively pure product
in modest amounts for analytical purposes (e.g. enzyme kinetics) or a highly
purified, homogeneous preparation for physicochemical or structura studies.
Isolation and purification of a single protein from cells containing a mixture of
thousands of unrelated proteins is achievable because of the remarkable variation

in the physical and chemical attributes of proteins.

Characteristics unique to each protein—amino acid composition,
sequence, subunit structure, size, shape, net charge, isoelectric point, solubility,
heat-stability, hydrophobicity, ligand/ metal binding properties and post-
trandational modifications—can be exploited in formulation of a strategy for
purification. Based on these properties a combination of various methods
(Table.2) can be used for separation of cellular proteins.
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Table 2. Principle separation methods used in purification of enzymes
(Deutscher, 1990; Ausubel et al., 1991)

Property Method
Size or mass Centrifugation
Gel filtration
Dialysis, Ultrafiltration
Polarity
(@) Charge lon-exchange chromatography
Chromatofocusing
Electrophoresis
| sol el ecteric focusing
(b) Hydrophobic chatracter Hydriphobic chromatography
Solubility Changein pH
Changeinionic strength
Decrease in dielectric constant
Specific binding sites of Affinity chromatography
structural features Immobiolized metal ion

chromatography

Affinity elution

Dye-ligand chromatography
Immunoadsorption
Covalent chromatography

25.1 Precipitation of proteins: Salting Out

Severa methods are available for precipitation of proteins utilizing
changes in pH and temperature, or addition of salts and organic solvents. Most
proteins are less soluble at high concentrations of salt an effect called salting out.
It is the most frequently used method for precipitation of proteins by using
Ammonium sulphate. The salt concentration at which a protein precipitates varies
from one protein to another, hence salting out can be used to fractionate proteins.
At saturation (3.9 M at 0°C and 4.04 M at 20°C) it precipitates most proteins and
protects proteins in solution from denaturation and bacterial growth. To avoid
surface denaturation, the solution should not be stirred vigorously and (NH4)2SO,
should be added gradually, in small amounts, allowing each successive batch to
dissolve completely before addition of the next. Salting out is aso useful for

concentrating dilute solutions of proteins, including active fractions obtained
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from other purification steps. Dialysis can be used to remove the salt if necessary
(Bollag and Edelstein, 1991a; Wilson, 2010).

25.2 Dialysis

Proteins can be separated from small molecules by dialysis through a
semipermeable membrane, such as a cellulose membrane with pores. Molecules
having dimensions significantly greater than the pore diameter are retained inside
the dialysis bag, whereas smaller molecules and ions traverse the pores of such a
membrane and emerge in the dialysate outside the bag (Fig. 3). This technique is
useful for removing a salt or other small molecule, but it will not distinguish
between proteins effectively (Stryer et al., 2002; Wilson, 2010).

Dialysis bag —_

Concentrated —
solution

Buffer — |

At start of dialysis At equilibrium

Fig.3 Dialysis. Protein molecules (red) are retained within the dialysis bag,
whereas small molecules (blue) diffuse into the surrounding medium
(Stryer et al., 2002).

25.3 Gd-Filtration Chromatography

More discriminating separations on the basis of size can be achieved by
the technique of gel-filtration chromatography (Fig. 4). The sample is applied to
the top of a column consisting of porous beads made of an insoluble but highly
hydrated polymer such as dextran or agarose (which are carbohydrates) or

polyacrylamide. Sephadex, Sepharose, and Bio-gel are commonly used
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commercial preparations of these beads, which are typically 100 ypm (0.1 mm) in
diameter. Small molecules can enter these beads resulting in the distribution of
small molecules in the aqueous solution both inside the beads and between them.
Larger molecules however unable to enter the beads are located only in the
solution between the beads. Thus, large molecules flow more rapidly through
this column and emerge first because a smaller volume is accessible to them.
Molecules that are of a size to enter a bead will flow from the column at an
intermediate position, and small molecules, which take a longer path, will exit
last (Stryer et al., 2002; Cutler, 2004; Wilson, 2010).
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g . \
Small molecules %/J alé_j.
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Fig.4 Gel Filtration Chromatography (Stryer et al., 2002)
2.5.4 lon-Exchange Chromatography

Proteins can be separated on the basis of their net charge by ion-exchange
chromatography. If a protein has a net positive charge at pH 7.0, it will usually
bind to a column of beads containing carboxylate groups, whereas a negatively
charged protein will not. A positively charged protein bound to such a column
can then be eluted (released) by increasing the concentration of sodium chloride
or another salt in the eluting buffer because sodium ions compete with positively
charged groups on the protein for binding to the column. Proteins that have alow

density of net positive charge will tend to emerge first, followed by those having
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a higher charge density. Positively charged proteins (cationic proteins) can be
separated on negatively charged carboxymethyl-cellulose (CM-cellulose)
columns. Conversely, negatively charged proteins (anionic proteins) can be
separated by chromatography on positively charged diethylaminoethyl-cellulose
(DEAE-cellulose) columns (Stryer et al., 2002; Wilson and Walker, 2010).

There are severa reports in the literature regarding the purification of o-
amylase produced by different bacterial isolates to electrophoretic homogeneity
by a series of sequential steps. As stated earlier Bacillus sp. is the most sought
after for o-amylase production. Various workers have reported successful
extraction and then purification and characterization of amylase from Bacillus sp.
An investigation by Ul-Hag et al. (2010) deals with the purification and
characterization of a-amylase from a mutant strain of B. licheniformis EMS-6.
The enzyme was purified up to homogeneity by ammonium sulphate and ion-
exchange chromatography using a fast protein liquid chromatography (FPLC)
system with a yield of 40.4%. The purification fold by RESOURCE-S was
recorded to be 3.58. The molecular weight was found to be 55 KDa and the
enzyme was stable over a pH range of 4.5-9.0 with pH optimum of 7.0. Kinetic
parameters, Vmax (2778 U/mg/min) and K (8.3mg/ml) of a-amylase were
derived from the Lineweaver Burke plot. Hassan et al. (2011) isolated Bacillus
sp. RM16 from a hot spring in Karachi and screened it for the production of a-
amylase. Enzyme Amy RM16 was purified by precipitation with ammonium
sulfate at 70% saturation, Q-Sepharose, phenyl Sepharose and reversed phase
chromatography. Purified enzyme with a 17 fold final purification was obtained
with atotal yield of 1.35% with specific activity of 6380U/mg. An extracellular
amylase from B. subtilis was partially purified to 1.28-fold by acid treatment with
ice cold 1.0N HCIl and 6.4-fold by gel filtration with Sephadex G-150 (Olufunke
and Azee, 2013). The purified amylase had a molecular weight of 39.4 kDa .The
enzyme had its optimal activity at pH 5.0 and temperature 50°C. The activity of
the enzyme was enhanced by Na', Ca&®* and ethylene diaminetetraacetic acid
(EDTA), while Hg"" ,Mg* and Fe*" acted as inhibitors of its activity. The
amylase had an apparent Michaglis constant Km of 5.0 mg/ml and maximum

velocity (Vmax) of 50 U/mg proteins.
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The study by Fincan et al. (2014) reported the purification and
characterization of thermostable a-amylase (a-1-4 d-glucanglucanohydrolase EC
3.2.1.1) from a newly isolated Anoxybacillus flavithermus. Maximum a-amylase
activity was obtained at 55°C at pH 7.0 after 24 h of incubation. Thermostable a-
amylase from A. flavithermus was purified by 70% (NH,4)>.SO, and ion-exchange
chromatography (5.2-fold; 65.8% yield). The molecular weight of a-amylase was
60 kDa, as estimated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Roy et al. (2014) investigated the partid
purification and characterization of a new strain of B. megaterium strain KAN1.
The enzyme was partialy purified by ammonium sulphate precipitation having a
specific activity of 1.05 Umg™. The optimum pH of the purified enzyme was 11,
but the enzyme can work effectively in the pH range of 5.0-14.0. The
temperature optimum for enzyme activity was 60°C, athough the effective
activity was seen in a wide range of temperature. The Ky, and Vax Values for
soluble starch substrate were 0.65 mg/ml and 1.568 mg min™. Electrophoresis
with SDS-polyacrylamide showed that the molecular weight of the enzyme was
67 kDa. Xie et al. (2014) purified o —amylase from B. methylotrophicus P11-2 to
homogeneity by a combination of 80% (NH4).SO, precipitation, DEAE FF anion
exchange, and superdex-75 10/300 GL gel filtration chromatography. The
purified a-amylase exhibited specific activity of 330.7 U/mg protein that
corresponds to 13.1 fold purification. The relative molecular mass of a -amylase
was 44.0 kDa by SDS-PAGE. The optimal pH and temperature for enzyme
activity were 7.0 and 70°C, respectively. The a-amylase activity was stimulated
by Mg?*, Ba®*, AI*" and dl-dithiothreitol (DTT), however, Ca?* dmost had no

activation or inhibition on the a-amylase.

The enzyme obtained from Pseudomonas sp. from rhizosphere by
Varalakshmi et al. (2012) had been used for amylase production at 37 °C and pH
7.5. It was partidly purified using ammonium sulphate precipitation, and was
further purified by ion exchange DEAE-cellulose column chromatography. The
purity of the enzyme was 45.2 fold greater than the crude enzyme. The molecular
weight of the enzyme was found to be ~62 kDa by SDS-PAGE.
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Several other reports are a so there regarding the isolation and purification
of amylase from sources other than microbial origin. Kanwal et al. (2004), for an
instance have homogenized Malus pumila (apple) in buffer for a-amylase
extraction. The crude extract showed 3.09 U/ml enzyme activity that was
subjected to ammonium sulfate precipitation and sephadex G-150 gel filtration
chromatography. A final enzyme activity of 5.02 U/ml and specific activity 38.95
U/ml with 20-fold purification have been observed. SDS-PAGE of enzyme
showed that unwanted proteins are removed and clear band of enzyme appeared.
Molecular weight was determined by sephadex G-150 column that is 51,180
dalton. Amylase showed a pH optimum of 6.8, temperature 37°C, K, value of
2.0x103%g/ml. Another study by Azad et al. (2009) reported isolation and
characterization of a novel thermostable a-amylase from Korean pine seed.
Enzyme was purified to homogeneity with purification fold of 1286.1 using
several techniques such as self-precipitation, (NH,),SO, fractionation, DEAE
anion exchange and starch affinity chromatography. The purified a-amylase
showed two bands in SDS-PAGE with molecular weight of 44 and 45 kDa. The
apparent molecular weight of native enzyme was calculated to be 46.7 kDa. The
optimum pH and temperature for enzyme activity were pH 4.5 and 65°C,
respectively. This enzyme was fully stable for 48 h at 50°C and retained 80%
activity up to 96 h. The K, and Vo were 0.84 mg/ml and 3.71mmol/min,
respectively. a-amylase extracted from (Solanum tuberosum L) was purified by
successive chromatography on DEAE and CM-cellulose columns with a yield of
24.24% (Sarkeret al., 2010). SDS-PAGE showed a molecular weight of 44 kDa
for the enzyme that contain 2.8% sugar. The enzyme displayed optimum activity
at pH 7.2 and 37°C. The enzyme was strongly inhibited by Cu**, Fe** and Zn*";
moderately by Li*, Hg" and Cd**; and dlightly by Ag", K*, Mn* and Mg?**.
Conversely, Fe** and Na" appreciably enhanced activity, while adding calcium
ion nearly doubled enzyme activity. In asimilar study, Usha et al. (2011) purified
a-amylase to homogeneity from little millet (Panicum sumatrense L. Roth ex
Roem. et Schult) by successive chromatography on DEAE-cellulose and
Sephadex G-150. Purification achieved was 10.15 fold from the crude extract
with a yield of 29% giving a final specific activity of 1001U/mg protein. SDS-
PAGE showed a molecular weight of 46 kDa for the enzyme. The enzyme
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displayed optimum activity at pH 5.0 and 50°C with an apparent Km value of 1.6
mg for soluble starch as substrate and Vmax 1388 unitsmin/mg protein.
Significant enhancement in the enzyme activity was observed in the presence of
metal ions like Ca?* and Ba&* while metal ions such as Fe?*, Hg*" and
Al**completely inactivated the enzyme. Kharkrang and Ambasht (2012) purified
a-amylase from pearl millet (Pennisetum typhoides) to homogeneity through
several steps involving change of pH (pH 7.0 to 6.0), lyophilization (-55 °C),
polyethylene glycol precipitation (3-15%), Sepharose 6B  column
chromatography and CM-cellulose column chromatography. The 24-fold purified
enzyme had specific activity of 580 unitmg protein. Native PAGE revealed a
single protein band and activity staining revealed that the band corresponds to
apha amylase. SDS-PAGE dso reveded a single protein band. The native
molecular mass determined by gel filtration was 33 kDa. The K, and V max vValues
were 0.5 mg/ml and 603 pmol/min/mg respectively. The kez was 335/sec.
However, divalent cations namely, Co**, Ca?*, Mg®*, Ni** at 1mM concentration,
activated the enzyme activity. Mn®" inhibited the enzyme activity at the same
concentration. NH*" showed activation of the enzyme activity, Li* and K*
showed inhibition.

26 IMMOBILIZATION OF ENZYMES: IMPORTANCE AND
ADVANTAGES

Enzymes are protein molecules which serve to accelerate the chemical
reactions of living cells (often by severa orders of magnitude). Without enzymes,
most biochemical reactions would be too slow to even carry out life processes.
Enzymes display great specificity and are not permanently modified by their
participation in reactions. Since they are not changed during the reactions, it is
cost-effective to use them more than once. However, if the enzymes are in
solution with the reactants and/or products it is difficult to separate them.
Therefore, if they can be attached to the reactor in some way, they can be used
again after the products have been removed. The term immobilized means unable

to move or stationary.

Over the last few years, there has been considerable interest and progress

in the field of immobilized cell technology. In immobilization, the cells are
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attached to or entrapped in an inert support material. According to Riaz et al.
(2009), a biocatalyst is termed as immobilized if its mobility is restricted by
chemical means and is a process that often mimics what occurs naturaly when
cells grow on surfaces or within natural structures. Therefore, the immobilized
enzyme may be defined as ‘the enzyme physically confined or localized in a
certain defined region of space with retention of their catalytic activity’. The
basic principle of immobilization is to restrict the gross movement of an enzyme
and keep it in relatively defined region through its attachment on a suitable
support matrix. This separates the enzymes into a distinct solid phase, which is
different from the bulk phase containing substrate and product. Attaching an
enzyme to an insoluble matrix facilitates their reuse because large enzyme matrix
complex can be recovered easily and non-destructively by coarse filtration
(D’Souza, 1989).

Enzymes can be immobilized to a multitude of different carriers by
entrapment, adsorption, ionic binding and covaent binding. This is a method for
protecting and stabilizing the enzymes, thereby enhancing their properties and
thelir repetitive utilization either in batch, or continuous mode. Immobilization of
enzymes prevents their deactivation by various physical and chemica denaturing
agents and thereby enhancing their operationa stability (D’Souza, 1989;
Chaudhary and Chincholkar, 1996; Dhanasekaran et al., 2006; Devi et al., 2012).
The main advantages of immobilization include:

Easy separation from reaction mixture, providing the ability to control
reaction times and minimize the enzymes lost in the product.

Re-use of enzymes for many reaction cycles, lowering the total
production cost of enzyme mediated reactions.

The use of immobilized enzymes facilitates the easy separation of the
product from the supernatant broth, thereby making the product extraction
much easier and efficient (Fukui and Tanaka 1982; D’Souza 1989;
Pandey et al. 2000c).

The ease of conversion of batch processes into a continuous mode and

maintenance of high cell density without washout conditions even at very
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high dilution rates are the other advantages of this cell system (Pandey et
al. 2000c).

Immobilizations of enzymes have been used in a wide spectrum of
applications such as production of antibiotics, biosensors, degradation of phenols,
ethanol fermentation (Manjula et al., 2009) in drugs and pharma industry and
other biochemical technologies etc. The immobilized enzyme system has
remarkable advantages over the conventional methods especially with respect to
production cost, high productivity, reduced duration of fermentation and ease to
control fermentation process. Immobilization of enzymes aso tends to enhance
the stability of the enzymes by retaining their natural catalytic surroundings. The
bound cell systems are far more tolerant to the perturbations in the reaction
environment like temperature and pH variations and less susceptible to the toxic
substances present in the liquid medium in which a soluble enzyme can be
rendered inactive (Bihari, 1985). The products formed are generaly pure which
encourage the utilization of this technique in bioprocessing for food and
pharmaceutical industries (Pandey et al., 2000c).

2.6.1 Methodsof cal immobilization

The objective of immobilization of enzymesisto allow their extended use
as catalysts. The technique for immobilization increases the stability of catalyst
inside the porous texture of the support (Kiyohara et al., 2003). Several chemical
and physica techniques have been used to immobilize enzymes to accomplish a
wide variety of reactions at industrial or analytical levels. These techniques have
been used extensively in the process of fermentation, antibiotics and secondary
metabolites production, synthesis of organic acids and drugs. These have also
been used in food industry, bioremediation and for selective treatment of
pollutants (Vullo and Waschman, 2005).

The method of immobilization should be such that enzymes face as little
conformational change as possible (Riaz et al., 2009). Selection of a technique
for immobilization depends upon the nature of enzyme, nature of chemical
conversion and the substrate characteristics.
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The immobilization methods can be classified into four categories i.e.
entrapment, covaent binding, cross linking and adsorption (Vullo and
Waschman, 2005). A combination of two or more of these methods can aso be
employed. For immobilization, enzymes are attached in distinct solid phase or a
carrier. The carrier may be defined as the solid phase molecule on which the
enzymes attach through various phenomenons like adsorption, cross-linking,
entrapment and covalent binding (Ramakrishna and Prakasham, 1999). Alpha-
amylase has been immobilized onto a wide variety of organic and inorganic
supports, as for example silica gel (Saville et al., 2004), chitosan (El-Ghaffar and
Hashem, 2009), and glass.

The most extensively studied and frequently used method in enzyme
immobilization is the entrapment of enzyme in the polymer matrices (Pandey et
al., 2000c). Entrapment of enzyme with natural polymers such as agar, agarose,
alginate etc. is done by ionotropic or thermal gelation (Manjula et al., 2009).
These entrapment methods are based on the inclusion of enzyme within a rigid
network to prevent the enzyme from diffusing into surrounding medium while
still allowing the penetration of substrate (Fukui and Tanaka, 1982). Hence, the
basic principle behind the entrapment technique is to form a polymeric network
around the material to be trapped. The resulting gel must have sufficient porosity
to alow the transportation of substrates in and products out while retaining the
enzymes. This network is irreversibly formed and is inert. This technique
imposes minimal constraints on the enzymes. The enzymes are free within their
compartment and can undergo for post immobilization modification with

simultaneous entrapment (Ramakrishna and Prakasham, 1999).

Though entrapment of microbia enzymes in polymer gels is the choice
for many and has been the most widely accepted technique, it might not be the
best as this technique faces many constraints. Excessive enzyme loading in a gel
may disrupt the matrix and alow enzyme leakage (Y okotsuka et al., 1997; Fumi
et al. 1998). The disruption of gel beads due to the formation of CO, during
ethanol fermentation is another drawback of gel-entrapped enzymes (Godia et al.,

1991). In case of aerobic organisms like those employed in antibiotic production,
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the limited O, supply in gel matrix adversely affects their performance
(Dhanasekaran et al., 2006). The conversion rate of most of the immobilized
enzymes not only depends upon the availability of substrates and microbial
kinetics, but also on diffusion rate of metabolites through immobilized enzyme
system (Wada et al., 1980; Chibata et al., 1983). Hence, in many studies the rate-
limiting step is the diffusion of substrate through the solid support (Pilkington et
al., 1998).

2.6.2 Choiceof support material for immaobilization

The nature of the solid support or matrix plays an important role in
retaining the actual confirmation and activity of enzyme in the processes that
utilized immobilized biocatalysts (Riaz et al., 2009). A support material should
meet certain criteria for its preference for immobilization. The mechanical
stability of the gel plays an important role. The gels must withstand elevated
temperature or extremes of pH or high substrate and product concentrations, as
reported by D’Souza (1989). The support should present large internal surface to
have good geometrica congruence with the enzyme surface (Hanfeld et al.,
2009). If the support is formed by very thin fibers, e.g., smaller than the protein,
it will hardly be possible to get an intense interaction between the enzyme and the
support (Zhang et al., 2013). Another criterion for selecting a carrier is its
resistance to chemical degradation. The other common features of a good support
material especially in case of enzyme entrapment are the ease of diffusibility of
substrates and the products through beads, facilitated activity of entrapped
enzyme and mildness of immobilization procedure (Leenan et al., 1996). Lack of
toxicity in the carriers should be an important consideration in case of food
technology (Vullo and Waschman, 2005). The reactive groups in the protein and
the support should present minimal steric hindrances in the reaction, because
after the initial immobilization, multipoint covalent attachment requires the

contact between groups bound to rigid structures (Zhang et al., 2013).

Various natural polymers like alginate, carrageenan, cellulose, chitin,
chitosan, agar, agarose, gelatin and synthetic polymers like polyacrylamide have
been extensively investigated for the entrapment of cells (Riaz et al., 2009;
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Demirkan et al., 2011; Prakash and Jaiswal, 2011; Jaiswal et al., 2012; Talekar
and Chavare, 2012; Zhang et al., 2012). For successful immobilization, hydrogels
must be conducive to enzyme viability and function (Jen et al., 1996). The
enzyme immobilized in these hydrogels is able to survive the immobilization
procedures and retain their catalytic activity over a longer period, despite their
repeated use (Fukui and Tanaka, 1982).

Table 3. Classification of Supports (Brena and Viera, 2006)

Organic

Natural polymers
Polysaccharides. Cellulose, Dextrans, Agar, Agarose, Chitin, Gelatin
Proteins: Collagen, Albumin
Carbon

Synthetic polymers
Polystyrene
Other polymers. Polyacrylate Polymethacrylates, Polyacrylamide,
Polyamides, Vinyl and Allyl-polymers

I norganic

Natural minerals: Bentonite, Silica
Processed materials. Glass (nonporous and controlled pore), Metals,
Controlled pore metal oxides.

2.6.2.1 Alginate

Entrapment of enzymes in calcium alginate is one of the most widely used
methods for enzyme immobilization. It is a fast and simple technique using mild
conditions (Kierstan and Bucke, 1977). Alginate is extracted from algae
Laminaria  hyperborean, Macrocystis  pyrifera  and  Ascopyllum
nodosum(Gemeineret al., 1994). It is one of the oldest polymers to be used for
microbial cell and enzyme entrapment (Bucke, 1987). Alginates constitute a
family of unbranched copolymers of 1,4-linked B D-mannuronic (M) acid and 1,
4-linked a L-guluronic acids (G) groups. High guluronic acid (G) alginates have
enhanced ability to form gels (Martinsen et al., 1989). The quality and strength of
matrix improves with an increasing amount of guluronic acid groups in the
alginate (Smidsrod and Skjak-Braek, 1990).
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Gels are formed due to binding of divalent cations to guluronic acid
groups. Sodium alginate reacts with Ca™" ions forming a network (gel) which is
thermo-irreversible. The ability of beads to maintain their physical form is
directly related to the aginate concentration used in the bead formation. With an
increase in aginate concentration, the beads become more stable in retaining the
microbial cells. However, with this increase, the diffusion of substrates into and
products out of beads is affected (Williams and Munnecke, 1981).

Alpha-amylase from B. Subtilis KIBGE-HAR was partially purified by
40% ammonium sulfate upto 7 folds and then immobilized by entrapment in
calcium-alginate beads (Riaz et al., 2009). The catalytic properties of the
immobilized a-amylase were compared with that of the free enzyme and it was
found that the immobilized enzyme was much hardy than the free enzyme. The
optimum pH of the free enzyme was 7.0 while that of immobilized enzyme was
pH 7.5. The optimum temperature for free and immobilized enzyme was 60°C

and 70°C respectively. The activity yield of the immobilized enzyme was 65%.

Demirkan et al. (2011) immobilized a-amylase from B. amyloliquefaciens
in an agueous mixture of sodium alginate in the solution of a Ca** salt. Optimum
alginate and CaCl, concentrations were found to be 2% and 5% (w/v),
respectively. The immobilization yield was 89%. Amylase activity increased with
increasing enzyme loading on the beads. The best size and amount of beads for
achieving enzyme activity were found to be 3 mm and 0.4 g, respectively. When
coated with glicate, amylase-entrapped beads retained the highest catalytic
activity. The highest operationa stability was six reuses with 51% residua

activity.

Immobilization of a-amylase using gelatin matrix has been reported by
Jaiswal et al. (2012) using glutaradehyde as an organic hardener. Response
surface methodology (RSM) and 3-level-3-factor Box—-Behnken design was
employed to evauate the effects of immobilization parameters, such as gelatin
concentration, glutaraldehyde concentration and hardening time on the activity of
immobilized a -amylase. The results showed that 20% gelatin (w/v), 10%

43



glutaraldehyde (v/v) and 1 h hardening time yielded an optimum immobilization
of 82.5%.

Talekar and Chavare (2012) immobilized a-amylase was by entrapment in
cacium alginate beads. Three percent (w/v) sodium alginate, 1M calcium
chloride and 2 h curing time were used and 90% immobilization yield of a-
amylase was achieved with enhanced thermal and acidic condition stabilities.
Significant changes in optimum pH and temperature values of the enzyme were
recorded after immobilization. The activity of immobilized enzyme was affected
by the size of the bead and bead size of 2.4mm was found to be most effective for
starch hydrolysis. From the enzyme kinetic study, decrease in substrate affinity
and velocity of enzyme reaction were observed after immobilization of enzyme.
Immobilized a-amylase retained 35% activity after 10 reuses with 30 min of each
reaction time.

2.6.2.2 Agarose and Agar

Agarose is aneutra linear polysaccharide, extracted from the cell walls of
certain Rhodophyceae algae, made up of basic repeat units of agarobiose (a
diasaccharide consisting of 1,3-linked D-galactopyranose and 1,4-linked 3,6-
anhydro-o-L galactopyranose), which gives agarose the ability to form strong
bonds even at low concentrations. It has a high capacity of protein entrapment
owing to its high porosity. Additional advantages include the absence of charged
groups which helps in preventing non-specific adsorption of products and
substrates, ease of derivatization, hydrophilic character etc. Moreover, the low
melting temperature of agarose (62-65°C) is another major factor which favorsits
applicability (Prakash and Jaiswal, 2011).

Agar is a polysaccharide having strong gelling ability. It is acid stable and
shows no protein reactivity. Moreover, it is comparatively cheaper than other
hydrogels used for immobilization.

Use of agar and agraose matrix as a carrier for the immobilization of o —
amylase has been reported by Prakash and Jaiswal (2011). The optimum pH of o—

amylase immobilized on both matrices was 7.0. 1% of agarose (w/v) and 4% of
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agar (w/v) yielded an optimum immobilization of about 75 and 77% respectively.
The reusability of agarose and agar immobilized enzyme was found to be upto 5

cycles.
2.6.2.3 Immobilization using nanoparticles

The unique physical properties of nanoparticels are alowing their
application in many fields such as biomedicine (Gupta and Gupta, 2005;
Atanasijevic et al., 2006; Yaet al., 2006), sensor development, water purification
(Savage and Diallo, 2005), environmenta remediation (Zhang, 2003; Liu, 2006).
The value of coupling biological molecules such as enzymes to solid materials
has long been recognized. To date, protein immobilization onto such surfaces
often involves covalent coupling, encapsulation, or non-specific adsorption
techniques (Johnson et al., 2008).

Researchers are improving current technologies and developing new ones
that utilize enzymes immobilized on nanoparticles. Many enzymes currently used
in biotechnology, including glucose oxidase and peroxidase, have been
covalently immobilized to nanoparticles using severa different ligands. Improved
techniques for immobilization of enzymes to nanoparticles are needed to alow
for greater enzyme loading on the high surface area available. Mgjor chalenges
of many techniques previously described for enzyme immobilization on
nanoparticles inorganic surfaces are nonspecificity, loss of enzyme activity or
even complete protein denaturation. Conversely, simple immobilization methods
such as non-specific adsorption can result in enzyme leaching making this
method inappropriate for applications where stability, both long term and under
sub optimal conditions is necessary. Covalent immobilization techniques that use
cross linking reagents can result in strong linkages that prevent enzyme leaching;
however, the crossinking reagents can potentially react with amino acids
necessary for catalytic activity or substrate recognition and can cause non specific

polymerization of protein molecules.

Magnetic nanoparticles (MNP) when are used as support of immobilized
enzymes has the following advantages (Halling and Dunill, 1980):
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1) higher specific surface area is obtained for the binding of a larger amount
of enzymes,

2) lower mass transfer resistance and less fouling, and

3) the immobilized enzymes can be selectively separated from a reaction
mixture by application of a magnetic field.

Iron oxide nanoparticles, Fe;0O,4, are one of the widely used types of
magnetic nanoparticles and have great potential for applications in biology and
medicine due to their strong magnetic properties and low toxicity (Sohn et al.,
2008). Different types of biomolecules such as proteins, enzymes, antibodies, and
anticancer agents can be immobilized on these nanopaticles (Safarik and
Safarikova, 2004). Magnetic supports for immobilization purpose are either
prepared by incorporating magnetic particles during the synthesis of the
supporting polymer (Robinson et al., 1973; Horisberger, 1976) or magnetic
particles itself be coated with common support materials such as dextran or
agarose (Rusetski and Ruuge, 1990).

Mukherjee et al. (2010) reported the statistical optimization of the
immobilization of alkaline a-amylase [E.C. 3.2.1.1] from B. alcalophilus onto
nano-sized supermagnetic ironoxide nanoparticles (MNPs) for augmenting the
cost effective industria application of MNP-bound a-amylase. A significant
improvement (~26-fold) in specific activity, therma and storage stability, and
reusability of a-amylase after binding with iron-oxide MNP reinforced the
improved biotechnological potential of the a-amylase iron-oxide MNP
bioconjugate compared to free a-amylase. These results open new avenues for
applying this MNP immobilized enzyme in different industrial sectors, notably in
the paper and brewing industries.

A simple immobilization method was devised by Mukherjee et al. (2013)
for Candida rugosa lipase on super paramagnetic Fe;O, nanoparticles. The Fe;O,
nanoparticles were coated with PEI and Candida rugosa lipase was adsorbed on
these particles via electrostatic interactions. The immobilization resulted in
margina simultaneous purification. However, the immobilized preparation
showed 110 x higher transesterification activitiesin low-water media
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Immobilization of a-amylase covalently on Fe;O,4 magnetic nanoparticles
via carbodiimide activation was studied by Jala et al. (2011). The efficiency of
immobilization and residual activity of the immobilized a-amylase was
dependent upon the immobilization temperature and mass ratio of nanoparticles:
carbodiimide: a-amylase. Confirmation of the binding was demonstrated by
Fourier transformation infrared (FTIR) spectroscopy. At room temperature,
immobilized amylase displayed more binding efficiency and less residual activity
compared with of 4°C, hence 4°C was chosen as optimum immobilization
temperature. The optimum pH value for both free and immobilized amylase was
at pH 5 but immobilized amylase exhibited more pH sensitivity at the pH values
6, 7 compared with free amylase and there were no differences in pH profiles for
amylase that immobilized in room temperature or 4°C.

Several new types of carriers and technol ogies have been implemented in
the recent past to improve traditional enzyme immobilization which aimed to
enhance enzyme loading, activity and stability to decrease the enzyme biocatal yst
cost in industria biotechnology (Ansari and Hussain, 2012). These include cross-
linked enzyme aggregates, microwave-assisted immobilization, click chemistry
technology, mesoporous supports and most recently nanoparticle-based
immobilization of enzymes. The union of the specific physical, chemical, optical
and electrical properties of nanoparticles with the specific recognition or catalytic
properties of biomolecules has led to their appearance in myriad novel
biotechnological applications. They have been applied time and again for
immobilization of industrially important enzymes with improved characteristics.
Enzymes immobilized on nanoparticles showed a broader working pH and

temperature range and higher thermal stability than the native enzymes.

Compared with the conventional immobilization methods, nanoparticle
based immobilization served three important features (Ansari and Hussain, 2012)

(1) nano-enzyme particles are easy to synthesize in high solid content
without using surfactants and toxic reagents,
(i) homogeneous and well defined core-shell nanoparticles with a thick

enzyme shell can be obtained, and
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(iii) particle size can be conveniently tailored within utility limits. In
addition, with the growing attention paid to cascade enzymatic reaction
and in vitro synthetic biology, it is possible that co-immobilization of
multi-enzymes could be achieved on these nanoparticles.

2.6.3 Effect of enzymeloading on immobilization efficiency

The excessive enzyme loading always causes protein-protein interaction
and inhibits the flexible stretching of enzyme conformation, which will result in
the steric hindrance and thus the inactivation of an enzyme. That is, the enzyme
molecule may be difficult to modulate its most suitable conformation for catching
the substrate molecules and releasing product molecules under molecular
crowding condition. So enzyme loading is an important factor while
immobilizing enzyme by entrapment method (Zhang et al., 2013). Recently,
several authors have investigated the effect of enzyme loading on the
immobilization of enzymes (Xie and Ma, 2010; Lei and Jiang, 2011; Zhang et al.,
2012). For instance, in the study of pectinase immobilization on macroporous
polyacrylamide microspheres by Lei and Jiang (2011), they found that the
activity of the immobilized pectinase decreased instead when the enzyme amount
increased from 10 tol12 units/ml. Zhang et al. (2012) investigated the effect of
steric hindrance on the immobilized lipase. The experiments further demonstrated
that an excessive lipase loading had resulted in an intermolecular steric hindrance
and greatly affected the lipase activity. In addition, it was aso shown by Xie and
Ma (2010) that the activity recovery of the immobilized lipase increased at the
initial stage with the increase in enzyme amount from 1 to 5mg per 200mg
carriers and then remained nearly constant with further increase in lipase amount
to 9mg. In genera, the amount of enzyme immobilized on carriers has obvious
influence on the performance of the immobilized enzyme. Therefore, enough
attention must be paid to the amount of enzyme loaded as preparing the

immobilized enzyme.
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Table 4. Examples of immobilized enzymesin industrial applications

Enzyme Substrate Product Application
Amylase Glucose Maltose syrup Pharmaceutical
Amylase Glucose HFCS Food
Nitrile hydratase | Acrylonitrile Acrylamide Chemicals &
wastewater treatment
Penicillin amidase | Penicillin G 6-APA Pharmaceutical
Aspartase Fumaric acid L-Aspartic acid Chemicals
Fumarase Fumaric acid L-Malic acid Chemicals
Aminoacylase Acyl-D-L-amino L- Amino acid Food
acid
Lipase Rac-1- S1- Chemicals & Food
phenylethylamine | Phenylethylamine
Cephalosporin Glutaryl-7-ACA 7-ACA Pharmaceutical
amidase
Lactase Lactose Lactose free milk Dairy
(Galactosidase)

2.7 INDUSTRIAL APPLICATIONSOF a-AMYLASES

Due of its multifarious applications amylase attracts attention of
researchers since centuries of its isolation and identification in the year 1894
from afungal source that was used as an additive in digestive formulations. Since
then, amylases are among the most important hydrolytic enzymes for al starch
based industries. In the present day scenario, amylases find applicationsin all the
industrial processes such as in food, detergents, biofuels, textiles and in paper
industry, for the hydrolysis of starch. In this light, microbial amylases have
completely replaced chemical hydrolysis in the starch processing industry. They
can also be of potential use in the pharmaceutical and fine chemical industries.
Today, amylases have the magor world market share of enzymes. Several
different amylase preparations are available with various enzyme manufacturers

for specific usein varied industries (Table 5).

Amylases are extensively employed in processed-food industry such as
baking, brewing, preparation of digestive aids, production of cakes, fruit juices
and starch syrups (Couto and Sanroman, 2006). Besides generating fermentable
compounds, a-amylases also have an anti-staling effect in bread baking, and they
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improve the softness retention of baked goods, increasing the shelf life of these
products (van der Maarel, 2002 and Gupta et al., 2003).

Table5. Uses of amylases in various sectors of industries
(Sivaramakrishnan et al., 2006)

Sector Uses

Food industry Production of glucose syrups, crystalline glucose

Production of high fructose syrups

Production of maltose syrups

Reduction of viscosity of sugar syrups

Reduction of haze formation in juices

Solubilization and saccharification of starch for alcohol
fermentation in brewing industries

Biofuel industry In degradation of starchy substrates for their
conversion to bioethanol to be used as power acohol

Detergent industry Used as an additive to remove starch based dirts

Paper industry Reduction of viscosity of starch for appropriate coating
of paper

Textile industry Warp sizing of textile fibres

Pharmaceutical industry | Used as adigestive aid

A thermostable maltogenic amylase of Bacillus stearothermophilus is
used commercialy in the bakery industry (van der Maarel, 2002). Amylases are
also used for the clarification of beer or fruit juices and for the pretreatment of
animal feed to improve the digestibility of fibre (van der Maarel, 2002;
Gavrilescu and Chisti, 2005; Ghorai et al., 2009).

The use of a-amylase for the production of low viscosity, high molecular
weight starch for coating of paper is reported. As for textiles, sizing of paper is
performed to protect the paper against mechanical damage during processing. It
also improves the quality of the finished paper. The size enhances the stiffness
and strength in paper. It also improves the erasibilty and is a good coating for the
paper. Starch is also a good sizing agent for the finishing of paper. Starch is
added to the paper in the size press and paper picks up the starch by passing
through two rollers that transfer the starch slurry. The temperature of this process
lies in the range of 45-60°C. A constant viscosity of the starch is required for
reproducible results at this stage. The mill also has the flexibility of varying the

starch viscosity for different paper grades. The viscosity of the natural starch is
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too high for paper sizing and is adjusted by partially degrading the polymer with
a-amylases in a batch or continuous processes. The conditions depend upon the

source of starch and the a-amylase used.

Detergent industries are the primary consumers of enzymes. The use of
enzymes in detergent formulations enhances the ability of detergents to remove
tough stains making them environmentally safe. 90% of al liquid detergents
contain these enzymes rendering them the most important enzymes used in the
formulation of detergents (Gupta et al., 2003; Mitidieri et al., 2006; Hmidet et al .,
2008). The oxidative stability and activity at alkaline pH exhibited by amylases
are among the most important criteria for their use in detergents (Kirk et al.,
2002; Chi et al., 2009). One of the limitations of a-amylases in detergents is that
the enzyme shows sensitivity to calcium and stability is severely compromised in

alow calcium environment.
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Fig.5 Overview of the industrial processing of starch into cyclodextrins,
maltodextrins, glucose or fructose syrupsand crystalline sugar

51



Maltose, a naturally occurring disaccharide widely used as a sweetener
and also as intravenous sugar supplement is used in food industries because of
low tendency to be crystallized and nonhygroscopic nature. It is prepared from
corn, potato, sweet potato, and cassava starches. The concentration of starch
durry is adjusted @ 10-20% for production of medical grade maltose and 20-
40% for food grade.

With the advent of new frontiers in biotechnology, the spectrum of
amylase applications has expanded into many other fields, such as clinical,
medicina and analytical chemistry. There are several processes in the medicinal
and clinical areas that involve the application of amylases. The application of a
liquid stable reagent, based on a-amylase for the Ciba Corning Express clinical
chemistry system has been described (Becks et al., 1995). A process for the
detection of higher oligosaccharides, which involved the application of a-
amylase, was also developed (Giri et al., 1990). This method was claimed to be
more efficient than the silver nitrate test. Biosensors with an electrolyte isolator
semiconductor capacitor (EIS-CAP) transducer for process monitoring were also
developed (Menzel et al., 1998).

Ethanol is the most utilized liquid biofuel. For ethanol production, starch
is the most used substrate due to its low price and easily available raw material in
most regions of the world. In this production, starch has to be solubilized and
then subjected to two enzymatic steps in order to obtain fermentable sugars. The
bioconversion of starch into ethanol involves liquefaction and saccharification,
where starch is converted into sugar using an amylolytic microorganism or
enzymes such as a-amylase, followed by fermentation, where sugar is converted
into ethanol using an ethanol fermenting microorganism such as yeast
Saccharomyces cerevisiae (Abouzied et al.,1996). The production of ethanol by
yeast fermentation plays an important role in the economy of Brazil. In order to
obtain a new yeast strain that can directly produce ethanol from starch without
the need for a separate saccharifying process, protoplast fusion was performed
between the amylolytic yeast Saccharomyces fibuligera and S cerevisiae
(Shigechi et al., 2004). Among bacteria, a-amylase obtained from thermoresi stant
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bacteria like Bacillus licheniformis or from engineered strains of Escherichia coli

or B. subtilisis used during the first step of hydrolysis of starch suspensions.
2.8  Fue alcohol industry

The world is facing a decline of fossil fuel resources, petroleum, natural
gas and charcoal while energy requirements are progressively growing up.
According to a research report, the world’s oil and gas supply will disappear
within three decades and aso other natural resources such as coa will extinct
within a century (Raga et al., 2008). Currently, as an aternative, most of the
countries have imposed regulations/ legislations to use alternate/renewable
sources such as wind, hydro and solar energy to replace fossil fuel usage. Ethanol
has emerged as an attractive dternative to the liquid petroleum resulting in
worldwide search for its higher yield to overcome its limited supply (EIA, 2002).
It has a number of advantages such as high biodegradability, minimal toxicity,
minimal hydrocarbon emission, free from sulphur and aromatic compounds
(Demirbas et al., 2011; Atabani et al., 2012). Ethanol is thus the most sought
after biofuel which is currently being produced on a large scale, as it can be
easily mixed with gasoline and used in internal combustion engine vehicles
(Haveren et al., 2008).

Moreover, traditional sources of fossil fuels are coupled with
accumulation of green house gases derived from their combustion have been
turning them into unsustainable pillars of energy supply. The over exploitation of
fossil fuels and the increasing greenhouse gases are considered to be the
forthcoming crisis for human’s population. Especially, carbon dioxide, which is
the main component of greenhouse gas emissions, poses great challenge to the
world. The inexorable usage of fossil fuels has contributed to approximately 98%
of carbon emission from its combustion into the environment. Hence the fossil
fuel usage has to be reduced in order to decrease the amount of carbon dioxide
and other pollutants being emitted (Demirbas et al., 2011).

Since Indiais the fourth (energy data) largest global contributor to carbon
emissions, GOI transport policy has targeted EURO-III and 1V vehicle emission

norms for vehicles, which in turn require adoption of clean and green fuel. The
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Government of India (GOI) has approved the National Policy on Biofuels on
December 24, 2009. The policy encourages use of renewable energy resources as
aternate fuel to supplement transport fuels and had proposed an indicative target
to replace 20 percent of petroleum fuel consumption with biofuels (bioethanol
and biodiesdl) by end of 12" Five-Year Plan (2017). Thus the steady demand for
ethanol coupled with an expected rise in blending for Ethanol Blending Program
(EBP) will push total ethanol consumption heavily. Due to huge gap between the
demand and supply of ethanol the research efforts are presently being shifted to
the use of forestry and agricultural biomass to generate the second generation
biofuels (Bacovsky et al., 2010).

The developed countries like US, Canada and UK have developed the
technology to ferment the surplus grains like corn into ethanol leading to
sufficient production of acohol (Bury et al., 2000). But the current data of
Renewable Fuel Association showed an increase of demand for fuel ethanol over
production level indicating the future growth in cellulosic substrates in this
industry (Mosier, 2005).

Traditionally first and second generation biofuels have been produced
from substrates such as food and oil crops and the lignocellulosic biomass.
However, the liquid fuel consumption and requirement is increasing day by day
besides the first and second generation biofuels have limitations to meet the ever
increasing demand. The most common concern related to the current first
generation biofuels is that as production capacities increase, so does ther
competition with agriculture for arable land used for food production which leads
to severe food shortage (Dragone et al., 2011). Moreover, the use of raw
materials belonging to the human and animal food chains for biofuels production
resulted in the rise of prices of food al over the world and,consequently, in social
disturbance (Xavier et al., 2010; Limayemn and Ricke, 2012) . Thus, developing
and thickly populated countries like India cannot easily afford to use the items of

food chain for ethanol production.

The advent of second generation biofuels is intended to produce fuels

from lignocellulosic biomass, the woody part of plants that do not compete with
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food production. Sources include agricultural residues, forest harvesting residues
or wood processing waste such as leaves, straw or wood chips as well as the non-
edible components of corn or sugarcane. However, converting the woody
biomass into fermentable sugars requires costly technologies involving pre-
treatment with special enzymes, meaning that second generation biofuels have
limitations to be produced economically on a large scale (Brennan and Owende,
2010). Therefore, third generation biofuels derived from microalgae are
considered to be a viable aternative energy resource that is devoid of the major
drawbacks associated with first and second generation biofuels (Chisti, 2007;
Nigam and Singh, 2010). Microalgae are able to produce 15-300 times more
biofuel than traditional crops on an area basis. Furthermore compared with
conventional crop plants which are usualy harvested once or twice a year,
microalgae have a very short harvesting cycle (=1-10 days depending on the
process), alowing multiple or continuous harvests with significantly increased
yields (Schenk et al., 2008). Their high photosynthetic rate, i.e. 6.9 x 104
cells/ml/h is approximately 50 times higher as compared to terrestrial plants.

Microalgae, unicellular algae can accumulate a high content of the storage
polysaccharide, starch. Presence of certain distinct notable characteristics such as
lack of lignin and lack of specific functional parts such as leaves and roots render
them a superior aternative over the woody terrestrial biomass. The
polysaccharide contained in algal cell wall can be easily hydrolyzed to simple
sugars which can further be fermented into bioethanol (Eshagq et al., 2011).
Biofuel production using microalgal farming offers the following advantages (Li
et al., 2008):

Q) The high growth rate of microalgae makes it possible to satisfy the
massive demand on biofuels using limited land resources without causing
potential biomass deficit.

2 Microalgal cultivation consumes less water than land crops.

(©)) The tolerance of microalgae to high CO, content in gas streams allows
high-efficiency CO, mitigation.
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4) Nitrous oxide release could be minimized when microalgae are used for

biofuel production.

(5) Microalgal farming could be potentially more cost effective than

conventional farming.

Since algae mainly are composed of starch along with some of cellulose
in their cell wall, therefore amylases are among the most widely used enzymes
for their degradation. (Emmanuel et al., 2000). Since thermophilic amylase is in
high demand for feasible hydrolysis and bioconversion of algal biomass into
ethanol, amylase produced from extremophilic microorganisms, can become the
first choice in the process. Microbia communities capable of growing at the
extremes of temperature, alkalinity/ acidity are the most sought after
extremophiles in this field. (Kiran and Chandra, 2008). Characteristic of
thermophilic organisms is their capability to survive in extreme conditions which
is strictly related to the enzymes that are mostly thermostable in nature (Khalil,
2011). Thus the isolation of novel species of extremophiles has become crucia
in search of thermostable enzymes with high stability to be used for algal biofuel
production (Kumar and Swati, 2001).

Himachal Pradesh being a hilly state has a suitable climate as well as
many sources of fresh water such as rivers, lakes, ponds and traditional bawris
etc. which is a home for varied aguatic life and algae is one of the most
prominent forms. Water net (Hydrodictyon sp.) being an exotic species to
Himachal, is a fresh water weed which is polluting the water bodied thereby
causing trouble for aguatic planktonic life. Its remova has become a big problem
economically as well as physically. However, its biochemical composition
suggests it to be a potential source of easily hydrolysable carbohydrates which
can further be converted to bioethanol. In addition to a large number of organic
compounds such as vitamins, minerals, lipids and proteins, algal biomass
contains up to 64% carbohydrates which are twice the carbohydrate contents of
cassava (Sulfahri et al., 2011). So far, the use of algae as an industrial raw
materia is rare compared with the diversity of algal speciesin HP. The chemical

composition of agal cells renders it a potent industrial raw material and an
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aternative solution for the energy crisis. An extensive research is needed to

obtain bioethanol from agae by fermentative processes.

There are a few reports of algal biofuel production. Sulfahri et al. (2011)
have investigated bioethanol production from algae Spirogyra by means of
fermentation using Zymomonas mobilis and Saccharomyces cerevisiae. After 96
hrs of fermentation Z. mobilis yielded 9.6% ethanol while S. cerevisiae yielded
4.42% ethanol. Eshaq et al. (2011) reported the production of bioethanol using
Spirogyra as araw materia asit do not compete with food, fodder and also easily
available. Aspergillus niger MTCC 2196 and Saccharomyces cerevisiae MTCC
170 were employed for fermentation. A maximum of 6.5 g ethanol/ 100g

substrate were obtained after 3 days of fermentation.
2.8.1 Pretreatment of algal biomass

The production of bioethanol involves an extensive process and varies
depending on the type of biomass. The process mainly encompasses the upstream
and downstream operations which involve pre-treatment of the biomass,
saccharification, fermentation and product recovery. Drying of the harvested
algae, which contains an excess amount of water is the first and foremost step.
For the purpose of drying, solar drying, air drying, hot gases and fuel are the most
frequently used means. However, aresearch has mentioned that using gases, fuel
for drying procedure consumed nearly 69% of the overall energy input and led to
a negative energy balance in producing microa gae biofuels (Sander and Murthy,
2010). Ranjan et al. (2010) showed that drying or cell disruption of concentrated
alga culture actually enhanced the lipid and/or protein extraction. In a similar
report, Nahak et al. (2011) observed higher hydrolysable sugars in case of dry
algae than the fresh algae. The main advantage of processing dried biomassis the
better percolation of solvents or fluids through the cell to improve extraction
efficiency. However, drying is not considered as an economically viable option
for biomass production because of the high-energy requirements (Lardon et al.,
2009). In other words, high dependency on fossil fuels for drying process will

jeopardize commercia viability of microagae biofuels and thus, new
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technologies or approaches (e.g. development of efficient dryers) are urgently

needed to ensure the sustainability of microalgae biofuel production.

The biomass pre-treatment is a crucia process because it is essential for
the fermentable sugars to be released and made available for the fermentation
process. However, since the pre-treatment process contributes significantly to the
cost of production of bioethanol, the most economical pretreatment protocol must
be selected in order to make bioethanol more economically attractive. An
efficient biomass pre-treatment procedure must be energy efficient, cost effective,
simple to apply and must not degrade the fermentable sugars (Rabelo et al.,
2009). Biomass can be pre-treated in three different ways; physical, biological
and chemical. The physical pre-treatment process normally uses mechanical
comminution (such as chipping, milling and griding) and pyrolysis, where the
biomass is exposed to high temperatures. Although this procedure is quite ssmple,
the high energy consumption associated with it makes it not preferable to be
implemented in a commercial scale production. The chemical pre-treatment
process has been successfully proven for various biomasses: corn, switchgrass,
sugar cane and straw. The chemicals commonly used are either acidic (acetic
acid, nitric acid, hydrochloric or sulphuric acid) or akaline (Sodium hydroxide
and lime), which are everyday industrial chemicals (Harun and Danquah, 2011).
The biological pre-treatment involves the utilisation of microbes and enzymes to
degrade the biomass in order to release the fermentable sugars. This mechanism
has been reported to have the potential to be applied in the pre-treatment of
biomass (Akin et al., 1995). However, biological pre-treatment is associated with

low hydrolysis rate which prolongs the completion time of the process step.

In the case of microalgal biomass, it is well known that a high content of
complex carbohydrates entrapped in the cell wall of algae makes it essentia to
incorporate a pretreatment stage to release and convert these complex
carbohydrates into simpler sugars prior to the fermentation process (Harun and
Danquah, 2011). Severa workers have investigated various pretreatment
methods.
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Among the physical pretreatment methods, Asada et al. (2012) reported
ultrasonication for extraction of starch from dried algae. A 30 min of sonication
resulted in extraction of 93.8% starch at 68 °C. However, crushing algae in a
mortar for 30 min resulted in lowered starch extraction only upto 14%. Nahak et
al. (2011), performed steam soaking of the biomass and reported more sugars in
case of dry algae than the fresh algal biomass. Kim et al. (2014) studied several
physical pretreatment methods such as bead beating, autoclaving and sonication
etc. Bead-beating pretreatment increased hydrolysis by 25% compared with the

processes lacking pretreatment.

Similarly for chemical pretreatment, various acids such as dilute acetic
acid, H,SO,4, HCI and HNO3; have been used by several workers. Harun and
Danquah (2011) explored the influence of dilute H,SO, exposure as a microagal
pre-treatment strategy for bioethanol production. Different parameters were
investigated: acid concentration, temperature, microalgae loading and pre-
treatment time. A central composite design technique was employed to optimize
the acid pre-treatment conditions. Results showed that the highest bioethanol
concentration obtained was 7.20 g/L and this was achieved when the pre-
treatment step was performed with 15 g/L of microalgae at 140°C using 1% (v/v)
of sulphuric acid for 30 min. Gupta et al. (2012) reported 0.70% H2SO,,
pretreatment for marine algae. Eshag et al. (2011) reported alkali pretreatment
with 1% NaOH for 2h a room temperature. Ho et al. (2013) studied final
sulphuric acid concentrations ranging from 0.1-5% and found 0.1% to be the best
for Chlorella vulgaris biomass. Markou et al. (2013) explored the potential of
bioethanol  production using carbohydrate-enriched biomass of the
cyanobacterium  Arthrospira platensis. For the saccharification of the
carbohydrate-enriched biomass, four acids (H>.SO4, HNO3, HCl and H3PO,) were
investigated. Each acid was used at four concentrations, 2.5N, 1N, 0.5N and
0.25N, and for each acid concentration the saccharification was conducted under
four temperatures (40°C, 60°C, 80°C and 100°C). Hydrolysates produced with
0.5 N HNO;3 and 0.5 N H,SOqrespectively were found to yield highest ethanol.
Wang et al. (2011) studied sulphuric acid pretreatment with an acid concentration
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of 0.5, 1.0, 2.5 and 5% and found 2.5% to be the best concentration yielding

maximum glucose.

Physica or chemical pretreatment of the biomass is followed by
enzymatic hydrolysis to get fermentable sugars out of the complex carbohydrates
present in the biomass. Enzymatic hydrolysis was reported to increase
saccharification yields. Liquid-phase enzymatic hydrolysis (apha-amylase and
glucoamylase) has been used for starch hydrolysis. Wang et al. (2011) utilized
cellulase for further hydrolysis of the pretreated biomass. Trivedi et al. (2013)
also reported the use of different commercia cellulases for the hydrolysis of algal
biomass. However, a cocktail of enzymes has also been reported to be used by
several workers. a-amylase, amyloglucosidase and xylanase for hydrolysis of
Chlorella sp. A mixture of amylase and cellulase has been used by Eshaq et al.
(2011). Kim et al. (2011) used a mixture of cellulase, B-glucanase,
amyloglucosidae, endoglucanase to obtain an efficient hydrolysis of an acid
pretreated algal biomass into simplest sugars. Mollers et al. (2014) evauated a
mixture of lysozyme, a-amylase and amyloglucosidase for enzymatic hydrolysis

of cyanobacterial biomass.

A study by Ho et al. (2013) demonstrated the efficiency of acid hydrolysis
over enzymatic hydrolysis. The self-made enzyme mixture from Pseudomonas
sp. CL3 containing suitable amylase/cellulase composition could effectively
hydrolyze C. vulgaris FSP-E biomass for subsequent ethanol production via the
SHF and SSF processes. Ethanol production by the SHF process with dilute acid
hydrolysis (1% H,SO,) of the microalgal biomass was more effective, producing
11.66 g/L of ethanol within 12h with ayield of 87.59%.

In the next step, the fermentable sugars are converted to ethanol by a
suitable yeast strain e.g. Saccharomyces cerevisiae. In order to achieve the
highest possible fermentation yield (theoreticaly 0.51 g of ethanol/l1 g of
glucose) an appropriate nutrition of yeast has to be ensured (source of N, P, S
etc.). Eshag et al. (2011), Asada et al. (2012), Gupta et al. (2012), Kim et al.
(2013), Trivedi et al. (2013) and Mollers et al. (2014) utilized Saccharomyces
cerevisiae for fermentation of aga hydrolysate. Ho et al. (2013) utilized
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Zymomonas mobilis for fermentation of algal hydrolysate.The processes of
enzymatic hydrolysis and fermentation can be carried out either separately as
reported by Eshaq et al. (2011), Trivedi et al. (2013) and Ho et al. (2013) or
simultaneously as reported by Doran-Peterson et al. (2009), Kim et al. (2011),
Asadaet al. (2012) and Mollers et al. (2014).

An attempt on to the scale up of bioethanol production from algal biomass
in a bioreactor has aso been done. Kim et al. (2014) reported scale-up of ethanol
production from microalga Chlorella vulgaris by enzymatic hydrolysisin a 10 |
capacity fluidized bed bioreactor at 30°C for 48 h. However, a very little amount
of research work has been reported on the pretreatments of microalgae, further
conversion of the fermentable sugars into bioethanol and the scae up of
bioethanol. Studies on the effects and optimization of process variables that
influence the performance of the microalga will be an essentia outlook of

bioethanol development from microalgae.
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Chapter-3

MATERIALS AND METHODS

The present investigation entitled “Purification and characterization of

amylase produced from potential extremophiles for industrial application”

was conducted in the Microbiology section, Department of Basic Sciences,
Nauni, Solan (H.P.) — India, during the year 2011-2015. The chapter provides

insight into methods employed and materials used during the course of research

period which has been discussed under following heads:
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31 ISOLATION AND SCREENING OF AMYLOLYTIC
MICROORGANISMS FROM MUSHROOM COMPOST

3.1.1 Collection of samples

Mushroom compost was collected from Directorate of Mushroom
Research, Chambaghat, Solan, Himachal Pradesh in clean polythene bags and
was brought to the laboratory.

3.1.2 Enrichment of soil samples

To 100g of mushroom compost, 2% of soluble starch was added and
water was sprinkled in the petriplate and mixed thoroughly. The petriplates
containing the above mixture were incubated at 50 +2 °C for three days.

3.1.3 Isolation of amylolytic microorganisms

One gram of enriched sample was serially diluted from 10 to 10°® times
using sterilized 9 ml dilution blanks. Each of diluents (0.1 ml) was placed on the
surface of starch agar medium in a petriplate and evenly spread with the help of a
spreader and the plates were incubated at 50+2°C for 3 days. The pure line
cultures were obtained by streak plate method. The bacterial pure line cultures
were maintained on nutrient agar slants and preserved in refrigerator at 4°C and
were also glycerol preserved for further use. The periodic subculturing was done

once in amonth.

The following basal medium was used for screening of amylolytic activity
(Shaw et al., 1995): Peptone- 5.0 g, Yeast extract- 1.5 g, Beef extract-1.5 g,
Starch soluble -2.0 g, Sodium chloride -5.0 g, Agar-15.0 g, Distilled water-1000
mL, pH- 9.0+ 0.1.

3.1.4 Screening of hyper amylase producing strains

Potential amylase producing microorganisms were screened by employing

following qualitative and quantitative assays.
3.1.4.1 Qualitative assay: Starch hydrolysistest (Shaw et al., 1995)

Starch hydrolysis test was performed on isolated strains to screen hyper
amylolytic strains. Starch agar plates were spot inoculated with the isolated
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strains and incubated at 50 °C for 72 h. The growth was then flooded with 10 ml
of iodine solution for about 20 min. Area of hydrolysis appeared as a clear zone
among the blue stained unhydrolysed starch. The diameter of the clear zone
obtained was the measure of extent of amylolytic activity of the strain.

3.1.4.2 Quantitative assay: Starch-lodine method (Xiao et al., 2006)
3.1.4.2.1 Production of extracellular enzyme by microbial isolates

Each bacterial isolate was grown in 100 ml of starch broth at 50+2°C for
24 h. As soon as the substantial growth was observed in the broth, the optical
density was set to 1.0 using autoclaved distilled water. 5 ml of inoculum was
added to 45 ml of standard enzyme production medium (Bgjpa et al., 1990)
which comprised (gl’): starch, 10.0; yeast extract, 5.0; peptone, 2.0; KH,POy, 0.5;
CaCl,.2H,0, 0.1; MgSO0,.7H,0O, 0.12; NaCl, 1.5; pH, 9.0 in 250 ml of
Erlenmeyer flasks. An uninoculated culture medium was kept as a control. The
inoculated and uninoculated enzyme production media were then incubated for 3
days at 50+2°C at 120 rpm. After incubation, the culture contents were
centrifuged at 12,000 rpm for 20 min (4°C). The supernatant thus obtained was
then used as the crude enzyme for quantifying extracellular amylolytic activity.

3.1.4.2.2 a-Amylase assay (Xiao et al., 2006)
Reagents

i IN acetic acid solution

ii. lodine reagent (1g iodine and 0.2 g potassium iodide dissolved in 100 mL
distilled water)

iii. Soluble starch solution (as standard) 0.2%
Procedure

1.0 ml of the enzyme solution with 1.0 ml of 0.2% starch was incubated at
37 °C for 30 min. To this, 5.0 ml of 1N acetic acid was added to stop the reaction,
followed by its dilution to 200 ml with distilled water. Finally 5.0 ml of iodine
reagent was added and the preparation were read at 580 nm using spectronic®
GENESYS™5 Spectrophotometer. Standard curve was prepared by using 0.2%
soluble starch as a standard and by preparing dilutions of the standard solution of
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0.5, 1.0, 15, 2.0, 2.5 ml and fina volume was made 2.5 ml with distilled water in

each tube.

One International Unit (IU) of amylase activity is defined as the
disappearance of an average of 1lumol of iodine binding starch material per

minute in the assay reaction.
Specific activity represents pmoles of starch released/min/mg of protein.

3.1.4.2.3 B-Amylase assay (Miller, 1959)
Reagents

I Dinitrosalicylic acid (DNSA) Reagent
ii. Standard solution of glucose (0.4 mg/ml)
To 0.5 ml of enzyme solution was incubated with 0.2% starch at 37 °C for
15 min. 3 ml of DNSA reagent was added to it and the mixture was heated on
boiling water bath for 15 min. After cooling down to room temperature,
absorbance of reaction mixture was read at 540 nm. The standard curve was

made from the stock solution of glucose (0.4 mg/ml). The enzyme activity was
expressed in terms of International Unit (1U) and specific acivity (SA).

One International Unit (IU) of enzyme activity represents y moles of

glucose released/min/ml of enzyme.

Specific Activity (SA) represents u moles of glucose released/min/mg of

protein.
3.1.4.3 Protein assay (Lowry et al., 1951)

Reagents

I 1N Folin Ciocalteau’s Phenol reagent
ii. 2% sodium carbonate in 0.1M sodium hydroxide solution
iii. 1% sodium potassium tartarate solution

Iv. 1% copper sulphate solution

V. Lowry’s alkaline reagent was prepared by mixing 98 ml of (2) with 1
ml of (3) and 1 ml of (4). It was made fresh at the time of use only.

Vi. Bovin Serum Albumin (BSA) as standard (10-100 pg/ml)
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Procedure

To 0.1 ml of culture supernatant, 2.5 ml of Lowry’s alkaline reagent
was added, mixed and allowed to stand for 10 min. Diluted (1N) Folin
Ciocalteau’s reagent (0.25 ml) was added. The contents were shaken quickly and
allowed to stand for 30 min for maximum colour development. Absorbance of
reaction mixture was read at 670 nm against a reagent blank. The contents of
protein in culture supernatant were estimated from standard curve which was
prepared by using Bovin Serum Albumin (BSA) in concentration of 10-100
pg/ml.

32 MORPHOLOGICAL AND PHYSIOLOGICAL
CHARACTERISTICSOF AMYLASE PRODUCING ISOLATES

3.2.1 Phenotypic characterization

The conventional morphological and biochemical tests as described by

Angja (2003) were performed with isolates as given below:
3.2.1.1 Morphological characterization

Morphological characteristics of isolates including colony morphology,
cell shape, Gram’s reaction, and cultural conditions of different isolates were
studied.

3.2.1.2 Metabolic fingerprinting

Major biochemical tests such as fermentation pattern of different sugars
viz. glucose, galactose, sucrose, mannose, arabinose, raffinose, inulin, trehalose,
cellobiose, starch, etc. were performed. Peptone broth was used as a medium for
fermentation of sugar. Phenol red was used as an indicator to depict the colour
change from red to yellow due to decline in pH. Other than this, catalase, urease,
indole test, MR/VP test and H,S production test etc. were carried out following
standard procedures for the preliminary identification of amylolytic bacterial

isolates on suitable media.
3.2.2 Molecular taxonomic characterization

Screened bacterial isolates were identified at genomic level by using 16S
rRNA gene technique as given below:
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3.2.2.1 Extraction of genomic DNA

Bacterial isolates GC6 and GV2 were grown overnight at 50 °C in

nutrient broth at 200 rpm. The cells were harvested and processed for DNA
isolation by conventional method of Sambrook and Rusell (1989) as given below:

Requirements:

96-100% Ethanol

Sterile, DNase- free pipette tips and microcentrifuge tubes
RNase A (50 mg/ml)

10% SDS

Phenol: Chloroform (1:1)

Extraction buffer (20mg/ml lysozyme, 100mM Tris- HCI, 50mM EDTA,
500 mM NaCl)

TE buffer (10mM TrisHCI, 1mM EDTA)

Procedure

1.

5ml of overnight grown culture was transferred to a micro-centrifuge tube
and centrifuged at 13,000 rpm for 1 min and supernatant was discarded.

Bacterial pellet thus obtained was suspended in 500 pl of extraction buffer
and 50 pl of 10% SDS. Cell pellet was resuspended by vortexing or

pipetting.
The samples were then incubated at 65°C in a water bath for 30 min until

the sample lysate became clear. During incubation, tubes were inverted

gently every 5 min.

After incubation, 2 pl of RNase A (50 mg/ml) was added to the sample
lysate and was mixed by vortexing. The preparation was then incubated at

room temperature for 5 min.

To the lysate equal volume of phenol: chloroform (1:1) was added and
mixed well.

The above mixture was centrifuged at 10,000 rpm for 5 min a room
temperature. Two layers were formed. Upper aqueous layer was collected

in new eppendorf tube with the help of pipette.
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7. The phenol: chloroform step was repeated.

8. The above mixture was again centrifuged at 10,000 rpm for 5 min at room
temperature. Two layers were formed. Upper aqueous layer was collected

in new eppendorf tube with the help of pipette.

9. 1/10 volume of 5 M NaCl and 2.5 volume of absolute ethanol was added
to the agueous phase collected in an eppendorf tube.

10. The tubes were incubated at -20 °C overnight.

11. Next day, the above mixture was centrifuged at 12,000 rpm for 20 min at
room temperature and supernatant was discarded.

12. The DNA pellet was washed with 1ml of 70% ethanol.

13. Again the mixture was centrifuged at 12,000 rpm for 5 min room
temperature and supernatant was discarded.

14. DNA pellet thus obtained was air dried for about 15 min until all the
residual ethanol got evaporated.

15. Finally the DNA pellet was suspended in appropriate amount (90ul) of TE
and quantified.

3.2.2.2 Agarose gel electrophoresis (Bollag and Edelstein, 1991b)
3.22.21 Material required

Horizontal gel electrophoresis plates
Power pack

Water bath

Microfuge

Deep Freezer (-20°C)

|ce making machine

o g~ w DB

7. Gel documentation system
3.2.2.2.2 Solutions/ Regents

1. Agarose powder 1%
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2. TAE buffer stock 50 X

i. Tris 242 g
ii.  Glacia acetic acid 57.1ml
iii. EDTA (0.5M, pH 8.0) 100 ml
iv.  Final volume 1000 ml

3. 6X loading dye

I.  Sucrose 49

ii.  Bromophenol blue 0.025¢
iii.  Xylene cyanol 0.025g
iv.  Volume 10ml

v.  Loading dye solution stored at 4°C
4. Ethidium bromide 10mg/ml
3.2.2.2.3 Protocol

1. 250 ml of TAE buffer (1X) was taken in a500 ml Erlenmeyer flask.
2. 2.5 g of agarose was weighed and added in to the TAE buffer (1X).

3. The contents were heated on hot plate till agarose dissolves completely.
Contents were cooled to 60°C. 5ul of ethidium bromide was mixed with

precooled agarose.
4, Gel casting tray was fixed properly and kept in an electrophoretic tank.
5. Comb was inserted in the gel casting tray.

6. Agarose solution was poured into the casting tray and was alowed to set
(30 min at room temperature).

7. Comb was removed as gel polymerized completely.

8. Electrophoresis buffer i.e. TAE (1 X) was added to the buffer tank.

0. 5ul DNA sample was mixed with 2ul gel loading dye (Genei, Bangalore)
10. Samples were loaded in agarose gel dlots.

11.  Thelid of the electrophoresis tank was closed and |eads were attached.
12. A voltage of 1-5V/cm was applied. Gel was run for 1.5 h.

13. Electric current was turned off.
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14.  Ge was examined under transmitted UV light.

15. Photograph was clicked by gel documentation system (Genei Make)

3.2.2.2.3 Quantification of DNA (Sambrook and Russell, 1989)

1 2 pl of DNA samples of each strain were taken and diluted with 1 ml of
TE buffer.
2. The absorbance of DNA samples were measured at a wavelength of 260

nm against TE buffer blank in quartz cuvette.
3. DNA concentration was calculated as given below:

Calculations

Total Quantity of DNA (ug/ul) = _ Measured ODaso X 50 x dilution factor

1000

o _ Tota volume
Dilution factor = Volume of sample used

3.2.2.2.4 PCR Amplification of 16SrRNA Region

PCR reaction mixture

Tag buffer (10X) : 5.0ul
dNTP 2mM : 25ul
Primer (F) : 1.0ul
Primer (R) : 1.0l
Taq Polymerase : 0.2 ul
Glycerol : 0.5 ul
Water : 12.8 ul
DNA ; 1l
MgCl, : 1l

The universal primers used for amplification were 8F: 5' AGA GTT TGA
TCC TGG CTC AG 3 and 1492R: 5 ACG GCT ACC TTG TTA CGA CTT 3.
The PCR analysis was carried out with a volume of 25 pl mixture in a
thermocycler. It consisted of 35 cycles, 92°C for 1 min, 55°C for 1 min, 72°C for

1 min.
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3.2.2.2.5 Agarose gel electrophoresis
Same as section 3.2.2.2
3.2.2.2.6 Purification of PCR product

The PCR product (1500bp) was purified from contaminating products by
electroelution of the gel slice containing the excised desired fragment with
Qiaquick gel extraction kit (Qiagen, USR). The elution was carried out in 30ul of

nuclease free water.
3.2.2.2.7 Sequencing

The PCR products of GC6 and GV2 were sequenced by commercialy
available services of (BioServe Biotechnologies (India) Pvt. Ltd., Hyderabad,
India). The sequences so obtained after sequencing were used to identify GC6
and GV2 by BLASTN bioinformatics tool.

3.2.2.2.8 | dentification

On the basis of 16S rRNA gene technique, GC6 and GV 2 were identified
as Bacillus aerius and Bacillus sonorensis respectively. The sequences so
obtained were submitted in National Centre for Biotechnology Information
(NCBI) to get an accession number. Bacillus aerius GC6 and Bacillus sonorensis
GV2 were registered under the accession numbers |[KJ775810.1] and
|[KJ775811.1] respectively.

3.2.2.2.9 Clustal Omega analysis

Trandated nucleotide sequences were then analyzed by using tool

www.ebi.ac.uk/services.

33 OPTIMIZATION OF PROCESS PARAMETERS AND MEDIUM
COMPONENTSFOR ENHANCED AMYLASE PRODUCTION

Strains GC6 and GV2 owing to their maximum amylase production
efficiencies, were selected for further optimization studies. An increase in the
titers of amylase by varying different fermentation variables and by fortifying

medium components was aimed.
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3.3.1 Onevariableat atime (OVAT) approach

Before using statistical optimization tool, Response Surface Methodology
(RSM) for the optimization of various parameters, preliminary studies with
selected variables such as fermentation medium, inoculum size, incubation
period, pH, temperature, divalent ions concentration, detergents and media
additives were carried out by using conventional approach i.e. one-variable-at-a-
time (OVAT).

3.3.1.1 Effect of Media

3.3.1.1aInoculum preparation

B. aerius GC6 and B. sonorensis GV2 were grown in 100 ml of starch
broth separately and were incubated at 50+2°C for 24 h. As soon as the
substantial growth was observed in the broth, the optical density was set to 1.0

using starch broth as blank.
3.3.1.1b Production of amylase

5 ml of inoculum thus prepared was added to each 45 ml of different
medium (given below) in 250 ml of Erlenmeyer flasks separately (1.0 OD) and
the flasks were incubated at 50+2°C under shaking conditions for 3 days. After 3
days, the culture contents were centrifuged at 8,000 rpm for 20 min at 4°C. The
supernatant thus collected was used for the quantitative tests.

3.3.1.1c Composition of media used

1. Babu and Satyanarayana (1993)

Soluble starch- 20.0 g, Beef extract- 10.0 g, Yeast extract- 2.0 g, CaCl,-
0.2 g, MgSo4. 7H,0- 0.1 g, dH,0O- 1000mL, pH- 9.

2. Kwanetal. (1993)

Soluble starch- 4.0 g, (NH4):HPO,4- 0.5 g, Yeast extract- 0.5 g, Sodium
citrate- 0.2 g, MgSO,.7H,O- 0.05 g, CaCl,.2H,O- 0.008 g, Distilled
water- 100 mL, pH- 9.0+ 0.2.
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3. Starch Agar medium (Saxena et al., 2007)

Soluble starch- 1.0 g, Yeast extract- 0.4 g, KH,PO4— 0.1 g, MgSO,4.7H,0-
0.15 g, dH,O- 1000 ml, pH- 9.0

4, Modified starch medium (Jyoti et al., 2011)
Starch, 10.0; yeast extract, 5.0; peptone, 5.0; KH,PQO,, 0.12; CaCl,.2H,0,
0.12; MgS0,.7H,0, 0.12; MnS0,.4H,0, 0.02, pH, 9.0.

5. Modified yeast medium (Fooladi and Sajjadian, 2010)

Soluble starch, 10.0 g, Y east extract, 2.0 g, Peptone, 5.0 g, MgSO,, 0.5 g,
NaCl, 0.15 g, CaCl,, 0.15 g, dH,O- 1000mL, pH- 9.0

6. Modified medium (Jyoti et al., 2006)

Soluble starch- 5.0 g, NaoHPO4- 1.5 g, MgSO,4.7H,0- 0.8 g, KH,SO,4- 1.0
g, FeS0,.7 H,O- 0.03 g, CaCl,2H,0- 0.06 g, Yeast extract- 0.1 g,
Peptone- 0.5 g, dH,0O- 1000mL, pH- 9.0

3.3.1.1d Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.1e Protein assay

Protein estimation was as given in section 3.1.4.3.

3.3.1.1f Statistical analysis

All the experiments were conducted in triplicates and results are presented
as mean = SD. Further the significant differences among the mean values were
evaluated by one way ANOVA and Tukey’s analysis for comparison of
significant means using GraphPad Prism 5.0. Standard error of mean has been

given in the end of the table.
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Starch agar medium and Modified medium were found best for amylase
production by B. aerius GC6 and B. sonorensis GV 2 respectively. These media
were selected for the next step of optimization.
3.3.1.2 Effect of Incubation Time
3.3.1.2aInoculum preparation: Sameasgivenin 3.3.1.1a
3.3.1.2b Production of amylase

5 ml of inoculum (1.0 OD) was added to 45 ml of above mentioned
respective selected media in each of 250 ml of Erlenmeyer flasks. The flasks
were incubated at different incubation time ranging from 24, 48...,144 h at 120
rpm. After mentioned incubation time, the culture contents were centrifuged at
8,000 rpm for 20 min at 4°C. Supernatants were collected and quantitative tests
were performed.
3.3.1.2c Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.2d Protein estimation

Protein estimation was done as given in section 3.1.4.3.

3.3.1.2e Statistical analysis: Same as given in section 3.3.1.1f

Incubation period of 72 h showed highest amylase production and was
thus selected for further studies.

3.3.1.3 Effect of Incubation Temperature
3.3.1.3alnoculum preparation: Same as given in section 3.3.1.1a
3.3.1.3b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added to 45 ml of
respective selected media in 250 ml Erlenmeyer flasks separately. The flasks
were incubated at different temperatures ranging from 30, 40,......, 80 °C at 120
rpm. After 72 h, the culture contents were centrifuged at 8,000 rpm for 20 min at
4°C and quantitative amylase assay was performed with the supernatants.
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3.3.1.3c Enzyme assays

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.3d Protein estimation

Protein estimation was done as given in section 3.1.4.3.
3.3.1.3e Statigtical analysis: Same as given in section 3.3.1.1f

The temperature showing optimum amylase production i.e. 50'C was
selected for further studies.

3.3.1.4 Effect of pH
3.3.1.4alnoculum preparation: Same as given in section 3.3.1.1a

3.3.1.4b Production of amylase

5 ml inoculum (1.0 OD) of both strains was added separately to 45 ml of
respective optimized media in 250 ml of Erlenmeyer flasks. The flasks were
incubated at 50°C with different pH ranging from 7 to 12 at 120 rpm while
keeping other studied variables at their optimum levels to get maximum amylase
yield. After 72 h, the culture contents were centrifuged at 8,000 rpm for 20 min at
4°C and quantitative amylase assay was performed with the supernatant.

3.3.1.4c Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.4d Protein estimation

Protein estimation was done as given in section 3.1.4.3.
3.3.1.4e Statistical analysis: Same as given in section 3.3.1.1f

pH 9.0 showing optimal amylase production by both the strains was thus

chosen for further studies.
3.3.1.5 Effect of Inoculum Size

3.3.1.5a I noculum preparation: Same as given in section 3.3.1.1a
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3.3.1.5b Production of amylase

45 ml of above mentioned selected media were seeded separately with
variable inoculum sizes of screened bacteriaranging from 2.5, 5.0......, 15.0%n
each of 250 ml of Erlenmeyer flasks. The flasks were incubated at 50°C at 120
rpm. After 72 h, the culture contents were centrifuged at 8,000 rpm for 20 min at

4°C and quantitative amylase assay was performed with the supernatant.
3.3.1.5c Enzyme assays

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.5d Protein estimation

Protein estimation was done as given in section 3.1.4.3.
3.3.1.5e Statistical analysis: Same as given in section 3.3.1.1f

The best fermentable inoculum size of 7.5% was thus chosen for further
studies.

3.3.1.6 Effect of Different Carbon Sources
3.3.1.6alnoculum preparation: Same asgivenin section 3.3.1.1a

3.3.1.6b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added to 45 ml of
respective optimized media in 250 ml of Erlenmeyer flasks. The flasks were
incubated at 50°C at 120 rpm with different substrates viz. mannose, arabinose,
starch, maltose, sucrose and glucose. After 72 h, the culture contents were
centrifuged at 8,000 rpm for 20 min at 4°C and quantitative amylase assay was

performed with the supernatant.

3.3.1.6c Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.

3.3.1.6d Protein estimation

Protein estimation was done as given in section 3.1.4.3.
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3.3.1.6e Statistical analysis: Same as given in section 3.3.1.1f

Starch was adjudged as a best carbon source for B. sonorensis GV2 while

maltose was the best carbon source for B. aerius GC6.
3.3.1.7 Effect of Substrate Concentration
3.3.1.7alnoculum preparation: Same as given in section 3.3.1.1a
3.3.1.7b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added to 45 ml of
respective optimized media with a substrate concentration ranging from 0.5,
1.0....., 3.0% in 250 ml Erlenmeyer flasks. The flasks were incubated at 50°C at
120 rpm. After 72 h, the culture contents were centrifuged at 8,000 rpm for 20
min at 4°C and quantitative amylase assay was performed with the supernatant.

3.3.1.7c Enzyme assays

Amylase estimation was done as mentioned in section 3.1.4.2.

3.3.1.7d Protein estimation
Protein estimation was done as given in section 3.1.4.3.
3.3.1.7e Statistical analysis: Same as given in section 3.3.1.1f

The best fermentable substrate concentration of 0.5% for B. aerius GC6

and 1.0% for B. sonorensis GV 2 thus chosen was used for further studies.

3.3.1.8 Effect of Nitrogen Sources
3.3.1.8alnoculum preparation: Same asgivenin section 3.3.1.1a
3.3.1.8b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added separately to 45 ml
of respective optimized media in 250 ml Erlenmeyer flasks. The medium were
supplemented with various organic and inorganic nitrogen sources such as
gelatin, tryptone, (NH4)>.SO; NH4Cl, NH4sNO; and NaNOs. The flasks were
incubated at 50°C at 120 rpm. After 72 h, the culture contents were centrifuged at
8,000 rpm for 20 min at 4°C and quantitative assay was performed with the

supernatant.
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3.3.1.8c Enzyme assays

Amylase estimation was done as mentioned in section 3.1.4.2.

3.3.1.8d Protein estimation

Protein content was determined as given in section 3.1.4.3

3.3.1.8e Statistical analysis: Same as given in section 3.3.1.1f

Ammonium sulphate and sodium nitrate respectively were adjudged as
the best nitrogen source aiding in amylase production from B. aerius GC6 and B.
sonorensis GV 2.
3.3.1.9 Effect of Divalent lons

3.3.1.9alnoculum preparation: Same as given in section 3.3.1.1a

3.3.1.9b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added separately to 45 ml
of respective optimized media in 250 ml Erlenmeyer flasks. The media were
supplemented with various divalent ions (5mM) such as Ca?*, Mg, Cu®*, Ba®",
Fe™*, Mn*, Co®", Zn** and Ni*". The flasks were incubated at 50°C at 120 rpm.
After 72 h, the culture contents were centrifuged at 8,000 rpm for 20 min at 4°C

and quantitative amylase assay was performed with the supernatant.
3.3.1.9c Enzyme assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.3.1.9d Protein estimation

Protein content was determined as given in section 3.1.4.3
3.3.1.9e Statistical analysis: Same as given in section 3.3.1.1f

Ca®* and Mg** were included in the production medium as they had been
found to enhance enzyme activity in both the strains.

3.3.1.10 Effect of Media Additives

3.3.1.10a Inoculum preparation: Same as given in section 3.3.1.1a
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3.3.1.10b Production of amylase

5 ml of inoculum (1.0 OD) of both strains was added separately to 45 ml
of respective optimized media in 250ml Erlenmeyer flasks. The media were
supplemented with various media additives (1%) such as SDS, EDTA, TritonX
100, Tween 20, Tween 80 and Glycerol. The flasks were incubated at 50°C at
120 rpm. After 72 h, the culture contents were centrifuged at 8,000 rpm for 20

min at 4°C and quantitative amylase assay was performed with the supernatant.
3.3.1.10c Enzyme assay

Amylase estimation was done by Starch-lodine method (Xiao et al., 2006)

as mentioned in section 3.1.4.2.
3.3.1.10d Protein estimation

Protein estimation was done by the method of Lowry et al. (1951) as

givenin section 3.1.4.3.
3.3.1.10e Statistical analysis. Same asgivenin 3.3.1.1f

None of the medium additives have resulted in an enhanced amylase
production.

3.3.1.11Percent (%) Increase in Enzyme Activity after Optimization of
Different Parameters

% increasein enzyme Final activity — Initial activity
activity = Initial enzyme activity x 100

332 OPTIMIZATION OF AMYLASE PRODUCTION USING
RESPONSE SURFACE METHODOLOGY (RSM)

Using ‘One Variable At a Time (OVAT) approach’, the effect of media
types, incubation time, temperature, pH, inoculum size, carbon sources, substrate
concentration, nitrogen sources, media additives and divalent ions etc. were
studied. Based on these optimization results, six independent variables were
chosen for further optimization studies by employing Central Composite Design
(CCD) of Response Surface Methodology (RSM). The dependent variable was
amylase activity and the independent variables chosen were substrate
concentration (X1), pH (X.), temperature (Xs), inoculum size (X,), Ca'

concentration (Xs) and Mg®* concentration (Xe). The central composite design
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(CCD) with six factors at five levels was employed to investigate the first and
higher order main effects of each factor and the interactions among them. The
experiment divided into 5 blocks contained 90 runs. The design involved 14
centre points with an alpha value being 2.83. The minimum and maximum ranges
of the independent variables are given in Table 1. The experimental design
included 90 flasks with three replicates at their central coded values. The
mathematical relationship of response (enzyme production) and variablesi.e. X1,
Xo, X3, X4, X5 and Xe was approximated by a quadratic model equation. The
response value in each case is the average of triplicate experiments.

Table 1. Range of values for independent variables used in Central
Composite Design (CCD) of RSM

Independent variables Units L ow High
Substrate concentration (X1) % 0.5 3.0
pH (X>) - 7 12
Temperature (X3) °C 30 65
Inoculum size (X4) % 25 15
Ca™ concentration (Xs) % 0.2 1.0
Mg~ concentration (Xe) % 0.2 1.0

3.3.2.1 Central composite design (CCD)

Centra Composite Design (CCD) of Response Surface Methodology
(RSM) was used to optimize the fermentation parameters for an enhanced
production of amylase. RSM has four steps. procedures to move into the
optimum region, behavior of the response in the optimum region, estimation of
the optimal conditions and verification (Tanyildizi et al., 2005). A Centrd
Composite Design (CCD) (Box and Wilson, 1951; Coman and Bahrim, 2011)
was employed in this study. According to the CCD, the total number of
experimental combinations is 2+ 2k + ng, where k is the number of independent
variables and ng is the number of repetitions of the experiments at the centre

point.
3.3.2.2 Enzyme assays

Amylase estimation was done by Starch-lodine method (Xiao et al., 2006)

as mentioned in section 3.1.4.2.
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3.3.2.3 Protein Estimation

Protein content was determined by the method of Lowry et al. (1951) as

givenin section 3.1.4.3
3.3.2.4 Statistical analysis

The statistical software package Design Expert® version 7.0 (Stat Ease,
Inc, Minneapolis, USA) was used for regression analysis of the experimental data
to obtain working parameters and to generate polynomials and the contour plots.
A second-order polynomia equation was established based on anaysis of
variance and the optimum ratio of the medium components was found using the
Design-Expert 7.1 software optimization toolbox. Standard deviation, PRESS, R?
values were aso analyzed.

3.3.2.5 Mod€d validation

The mathematical model generated during RSM implementation was
validated by conducting check point studies. The experimentally obtained data
were compared with the predicted one and the prediction error was cal cul ated.

3.3.3 SCALE UP OF a-AMYLASE IN A BIOREACTOR FROM B. aerius
GCo6

Among the isolates, B. aerius GC6 yielding highest titers of a-amylase
was chosen for further scale-up in a stirred tank bioreactor, utilizing the

conditions optimized in a shake flask experiment.
3.3.3.1 Inoculum preparation

B. aerius GC6 was grown in 300 ml of starch broth and incubated at
50+£2°C for 24 h. As soon as the substantial growth of the strain was observed in
the broth, the optical density was set to 1.0 using starch broth as blank.

3.3.3.2 Batch cultivation of a-amylase

Batch cultivation for the production of a-amylase was carried out in a 7.5
L stirred tank bioreactor (New Brunswick Scientific, New Jersey USA) witha 3.0

L working volume at 50+2°C and pH 9.0. The conditions optimized for enzyme
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production in the shake flask experiment (Section 3.3) were utilized for pilot scale

production of amylase. The medium was sterilized in situ for 20 min at 121°C.

3.3.3.3 Amylase assay: Same as given in section 3.1.4.2
3.3.3.4 Protein estimation: Same as given in section 3.1.4.3
3.3.3.5 Determination of growth kineticsin a bioreactor

Cell biomass in the fermentation broth was quantified by dry-cell weight
analysis and by measurement of the optical density of the broth. For dry weight
determinations, the cells were recovered by centrifugation at 4°C, 8000 rpm and
washed twice with distilled water. The recovered biomass was dried to constant
weight in an oven at 80°C for 24 h. Absorbance was read at 620 nm using a
UV/Vis spectrophotometer for optical density.

3.3.3.6 Mathematical and Kinetic Modelling

Microbial fermentation, particularly that relating to enzyme production
does not essentially follow the conventional kinetic model of substrate-limiting
biomass growth and product formation proposed by Monod EqQ. (1). Therefore,
the logistic equation is used as an alternative empirical function (Luedeking and
Piret 1959) for microbial cell growth

Monod equation= = P S (KS+S)------------------- (1)
U = KK m.1/S+1/ Pimax

Where p = specific growth rate, / pmax = maximum specific growth rate, S
= substrate concentration, Ks = substrate, saturation constant (i.e. substrate

concentration at half pmax).

In Monod’s model, the growth rate is related to the concentration of a

single growth-limiting substrate though the parameters pma and Ks.
Yws= dx/ds------------------ 2
Yxis = Xm-Xo/So~Sm
W = dx/dt.1/X---------------- (3)
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In addition to this, Monod also related the yield coefficient (Y x/s) (equation 2) to
the specific rate of biomass growth (m) and the specific rate of substrate

utilization (q) (equation 3).
Op = Op+p
Op = dp/dt =adx/dt + BX------------ 4)
where a = growth associated constant, 3 = non growth associated constant.

Luedeking-Piret equation (Eq. 4) was applied for comparison between
experimental (actual) results and the model prediction for a-amylase production.
During this modeling, rate of enzyme production was linearly proportional to the

biomass growth rate.

34 PURIFICATION OF AMYLASE OBTAINED FROM B. aerius GC6

and B. sonorensisGV2
3.4.1 Production of amylase

Each of B. aerius GC6 and B. sonorensis GV2 culture (1.0 OD) was
separately inoculated in their respective best selected medium @ 7.5%
respectively. The flasks were incubated at 50+2°C and 120 rpm for 72 h. The
culture contents of both of the organisms were centrifuged separately at 12,000
rom for 20 min at 4°C. Cell free supernatant as crude enzyme extract thus

obtained was collected and stored at 4°C in refrigerator for further use.

3.4.2 Ammonium sulfate precipitation

The cell free crude extracts of the enzyme were subjected to sequential
ammonium sulfate saturations. Different concentrations of ammonium sulfate in
the range of 0-80 % were evaluated to attain saturation point for each of B. aerius
GC6 and B. sonorensis GV2 amylase. The preparations were kept overnight at
4°C and then centrifuged that resulted in separation of precipitates and
supernatants. Precipitates from each preparation so obtained were dissolved in
minimum volume of Tris HCl buffer (20 mM, pH 8.0) separately and were
refrigerated until further use.
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3.4.3 Dialysis

Ammonium sulpahte salted out protein precipitates each of B. aerius GC6
and B. sonorensis GV2 amylase were dialyzed against 20mM Tris HCl (pH-8.0)
buffer with five changes overnight at 4 °C using 14 kDa cut-off diaysis
membrane.

344 Gd Excluson Column Chromatography (Bollag and Edelstein,
1991a)

Sephadex G-75 and G-100 were weighed (5g) separately and suspended
in 500 ml of 20mM Tris HCI (pH-8.0) buffer overnight for swelling. The packing
was done with a precaution to avoid entrapment of any air bubbles in the gel bed.
The packed column was first washed with distilled water and then pre-
equilibrated with 20mM Tris HCI buffer (pH-8.0). The proteins obtained from
ammonium sulfate saturation, after dialyzing were loaded on to the Sephadex G-
75 column for B. aerius GC6 and G-100 column for B. sonorensis GV 2 packed
column and 60 fractions of 2 ml volume each were collected with a flow rate of
2ml/3.5min. The fractions were analyzed for protein contents by measuring OD
at 280 nm. Based on highest OD, the most active fractions were pooled and
purified enzyme was kept under refrigeration for further use.

3.4.5 lon Exchange Chromatography (Bollag and Edelstein, 1991a)

The gel exclusion chromatography purified enzyme was further purified
by anion exchange chromatography. DEAE-cellulose (2g) was suspended in 200
ml of distilled water for 48 h and packed in a glass column (10x1.0cm) avoiding
layering of the gel or entrapment of any air bubbles in the gel bed. The column
was first eluted with 100 ml distilled water to wash out any impurities. The
column was then extensively washed with 500 ml of 20mM Tris HCI buffer (pH
8.0) containing 200mM NaCl, 1mM DTT and 1mM EDTA to remove
contaminating proteins and then eluted with 20mM Tris HCI buffer (pH 8.0).
Concentrated supernatant containing enzyme was loaded on the ion exchange
column. Bound proteins were eluted with linear salt gradients (2 bed volumes) of
0.1 M, 0.2 M...., 1.0M NaCl in the same buffer at a flow rate of 0.2 ml min™,

Fractions of 3 ml each were collected and monitored for amylase activity and the
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protein content was measured at 280 nm. The active fractions were pooled and

used for electrophoresis. The enzyme activity and soluble protein were estimated

after each step of purification and purification fold was cal cul ated.

3.4.6 SDS- PolyAcrylamide Slab Gel Electrophoresis (Laemmli, 1970)

SDS- PAGE was done on 12% polyacrylamide slab gel with 0.1% sodium

dodecyl sulphate according to the protocol given below:

3.4.6.1 Equipment

1
2
3
4
S.
6
7
8
3.

© 0o N o U b~ wWwDdPE

e e
N 2O

Minigel apparatus (Genei)

Power supply (200 V, 500mA)

Boiling water bath

Eppendorf centrifuge (Sigma)

Hamilton syringes (50 pl and 100 pl capacity)
Small glass or plastic container with lid
Eppendorf tubes

Rocking or rotary shaker

4.6.2 Reagents

Acrylamide, Electrophoresis grade (Hi-media)

Bis— acrylamide (N, N’ methylene bisacrylamide)

Tris (2 hydroxymethyl- 2- methyl-1, 3-propanediol) (Sigma)
SDS (Sodium dodecyle sulphate or sodium lauryl sulphate)
TEMED (N, N, N’, N’- tetramethylene- ethylenediamine)
Ammonium persulfate

2-mercaptoethanol

Glyrerol

Bromophenol blue

Glycine

Hydrochloric acid (HCI)

Dithiothreitol (DTT)
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3.4.6.3 Stock solutions

2M TrisHCI (pH 8.8) 100 ml

1M TrisHCI pH 6.8, 100 ml

10 % (w/v) SDS 100 ml, stored at room temperature
50 % (v/v) glycerol, 100 ml

1 % (w/v) bromophenol blue, 10 ml

a > 0w DN PP

3.4.6.4 Working solutions
Solution A (Acrylamide stock solution), 100 ml

30 % w/v acrylamide, 0.8 % (w/v) bis-acrylamide

29.2 g acrylamide

0.8 g bis-acrylamide

Add distilled water to make 100ml and stir until completely dissolved

Solution B (4 x separating gel buffer), 100 mi

75ml 2 M TrisHCI (pH 8.8) -15M
4ml 10 % SDS -0.4 %
21 ml H,0

Stable for monthsin refrigerator.

Solution C (4 x stacking gel buffer), 100 ml

50ml 1M TrisHCI (pH 6.8) -05M
4 ml 10 % SDS -0.4 %
46 ml Hzo

Stable for months in refrigerator.

10 % ammonium persulfate, 5 ml

0.5 g ammonium persulfate
5ml HzO
Stable for months in a capped tube in refrigerator.

Electrophoresis buffer, 11 (pH 8.3)

3gTris - 25mM
14.4 g Glycine - 92 mM
1g SDS - 0.1%
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H,O tomake 11.

Stable indefinitely at room temperature

5 x sample buffer, 10 ml

0.6 ml 1 M Tris-HCI (pH 6.8)

5 ml glycerol (50%, v/v)
2 ml SDS (10%, wi/v)

0.5 ml 2- mercaptoethanol -

1 ml bromophenol blue (1%, w/v)

0.9 ml H0O

60 mM
25%
2%
144 mM
0.1%

Stable for weeks in the refrigerator for months at -20°C.

3.4.6.5 Composition of stacking and resolving gel for SDS-PAGE

Table 2. Composition of stacking and resolving gel for SDS-PAGE

Working solution Stacking gel (5%) Resolving gel (12%)
Solution A 0.67 ml 4.0 ml

Solution B - 2.5 ml

Solution C 1.0ml -

H,O 2.3 ml 3.5ml

Ammonium persulfate (10%) | 30 pl 50 pl

TEMED 10 pl 10 pl

Total Volume 4.0ml 10 ml

3.4.6.6 Protein molecular weight marker

The protein molecular weight marker PAGEmark™ Protein Marker

(medium range 14.3-97.4 kDa) from G-Biosciences aready mixed with protein

dye was used for SDS-PAGE.

3.4.6.7 Assembling of gel sandwich

Glass plates were washed well with distilled water and were oven dried.
The bottom of both gel plates and spacer were perfectly flushed against a flat
surface before tightening clamp assembly avoiding any leakage or air bubble
entrapment. Various components of the resolving gel were mixed as specified in
Table 3.2 and poured into the gel sandwich using a pipette after addition of
TEMED. When appropriate amount of separating gel solution had been added, 1
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cm of water was gently layered on top of separating gel solution to keep the gel
surface flat. Gel was alowed to polymerize (30-60 min). After polymerization,
water covering the separating gel was poured off. Components of stacking gel
were mixed by gently swirling or inverting the container. Stacking gel solution
was then poured onto separating gel until solution reached top of front plate. The
comb was inserted into the gel sandwich until bottom of teeth reached top of
front plate. Care was taken in order to avoid formation of any bubbles. Stacking
gel was set to polymerize (about 30 min). After stacking gel polymerized, the
comb was removed carefully. After the polymerization of gel, the whole
assembly was placed into reservoir buffer chamber. Tank was filled with
prechilled electrophoresis making sure that both top and bottom of gel were
immersed in buffer. Air bubbles clinging to bottom of gel were removed to

ensure even current flow.
3.4.6.8 Preparing and loading samples

Protein sample and 5x sample buffer (20ul + 5ul) were combined in an
eppendorf tube and heated at 100°C for 2-10 min. This sample solution was spun
for 1 sec in microfuge. Sample solution was introduced into well using Hamilton

syringe. Molecular weight standard was run in one of the wells.

Electrophoresis was carried out at a constant current of 3mA/ well. The
protein bands were visualized by staining with Coomassie Brilliant Blue R 250

stain.
3.4.6.9 Staining and destaining a gel with Coomassie Blue

Staining with Coomassie Blue R 250 can detect as little as 0.1 ug of

protein in asingle band.

Table 3. Composition of staining and destaining solution

Coomassie Gel Stain (11) Coomassie Gel Destain (1)
Coomassie Blue R-250 1.0g | Methanal 100 mi
Methanol 450 ml | Glacial acetic acid 100 ml
Distilled water 450 ml | Distilled water 800 ml
Glacia acetic acid 100 mi
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3.4.6.10 Staining procedure

After electrophoresis, the gel was transferred to a small gel staining box
containing coomassie blue stain (approx. 50 ml) (Table 3) and agitated for 10-20
min on a slow rotary shaker at room temperature. The stain was then poured out
and the gel was washed twice with distilled water. Coomassie destain (about 50
ml) was added and agitated gently on a slow rotary shaker for an hour. To destain
completely, destain solution was changed 2-3 times and the gel was alowed to
destain overnight with mild agitation.

3.4.6.11 Zymogram analysis (Kumar et al., 2004)

Zymogram analysis was performed by using the same conditions that of
Native PAGE. Amylase activity was detected by incubating the native agarose gel
into 1% starch solution at 50 °C for 1h. Gel was then removed from starch
solution and was stained with iodine reagent and amylase bands were visualized

as transparent bands on the dark blue background.

Alternatively, agarose gel bands were cut from the gel and were placed
onto starch agar plates and the plates were incubated at 50 "C for 24h. The plates
were then flooded with iodine reagent. Amylase containing agarose gel gave a

clear halo around the gel in the blue background.

35 CHARACTERIZATION OF a-AMYLASE FROM B. aerius GC6
AND B. sonorensis GV2

3.5.1 Effect of pH on the activity and stability

The effect of pH on enzyme activity was determined by incubating the
reaction mixture at various pH ranging from 7.0 to 12.0 at 50+2 °C for 30 min.
The buffers used were Citrate phosphate buffer (pH 7.0), Tris HCI buffer (pH
8.0) and glycine-NaOH buffer (pH 9.0 to 12.0).

3.5.1a Amylase assay
Amylase estimation was done as mentioned in section 3.1.4.2.
3.5.1b Protein estimation

Protein content was determined as given in section 3.1.4.3

89



3.5.2 Temperature optimum and thermal stability

To evaluate the optimal temperature for the enzyme activity, the assay

was conducted at varying temperatures ranging from 35-121 °C.

To determine the thermostability of enzyme 0.5 ml aliquot of each
purified amylase was added to 2.5 ml of freshly prepared Tris HCl (20 mM, 8.0
pH) buffer. The preparations were pre incubated at different temperatures ranging
from 30, 40 ...... 121°C for 0-180 min. Half life of the enzyme was determined as
the time taken to reduce to half of the original activity.

3.5.2a Amylase assay

Amylase estimation was as mentioned in section 3.1.4.2.
3.5.2b Protein estimation

Protein content was determined as given in section 3.1.4.3
3.5.3 Effect of metal ions

0.5 ml of purified amylase in 2.5ml 20mM Tris HCI buffer (pH 8.0) was
incubated for 30 min with various metal ions (5 mM) K*, Hg**, Na", Ca®*, Cu®,
Mn?*,Zn**, Mg®*.
3.5.3a Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.5.3b Protein estimation

Protein content was determined as given in section 3.1.4.3

3.5.4 Substrate specificity

0.5 ml of aliquot of purified amylase in Tris HCI buffer (pH- 8.0) was
analyzed by incubating the samples at 50+2 'C for 30 min with soluble starch,
amylopectin, amylose, glycogen, xylose and maltodextrin etc. to evauate the

substrate specificity of the enzyme.
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3.5.4a Amylase assay

Amylase estimation was done by Starch-lodine method (Xiao et al., 2006)
as mentioned in section 3.1.4.2.

3.5.4b Protein estimation

Protein content was determined by the method of Lowry et al. (1951) as
givenin section 3.1.4.3

3.5.5 Effect of different concentrations of substrate

To evaluate the effect of different concentrations of substrate on enzyme
activity, varying substrate concentrations ranging from 0.2%, 0.4%....... 2.0%in
20 mM Tris HCI buffer (pH 8.0) were incubated at 50 +2°C with enzyme for 30

min.
3.5.5a Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.5.5b Protein estimation

Protein content was determined as given in section 3.1.4.3
3.5.6 Raw starch adsorption and hydrolysis (Li et al., 2007)

1 ml of the purified amylase in 20 mM (pH 8.0) Tris HCI buffer was
mixed with 0.2 g of raw potato starch and raw corn starch. The mixture was
incubated at 50+2 °C for 15 min at 120 rpm. After the expiry of the mentioned
time, the preparation was centrifuged at 8,000 g for 20 min and amylase activity
was estimated as mentioned in section 3.1.4.2. The adsorption rate (AR) was
calculated according to the equation:

O-R
AR(%)= ——— X100
o)

Where, R and O stand for the residual and original amylase activity, respectively.

3.5.7 Analysisof hydrolyzed products (Li et al., 2007)

Hydrolysis products of soluble starch by purified a-amylase from both the
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strains were analyzed by ascending thin layer chromatography using silica gel
plates. 1% starch was incubated with purified enzyme separately at 50 °C for 12h.
TLC was run with the solvent system of n-butanol-pyridine water (6:4:3) and a
detection reagent comprising 2.0% (w/v) diphenylamine in acetone- 2.0% (w/v)

aniline in acetone- 85% (w/v) phosphoric acid (5:5:1, v/iv/v).

3.5.8 Determination of enzymekinetics

The effect of soluble starch concentration ranging from 2.0, 4.0...... 20.0
mg/ml on partialy purified amylase activity in 20mM Tris HCI buffer (pH 8.0)
were incubated at 50°C for 10 min under optimal assay conditions. The kinetic
parameters of Michaglis- Menton constant, K, and maximal reaction velocity,
Vmax were determined by linear regression according to Lineweaver and Burk
double-reciprocal plot. Catalytic turnover number (Kc4) was determined.

3.5.9 Shef stability of amylase

Shelf stability of amylase was determined by pre incubating the enzyme at
4 °C and at room temperature in 20mM Tris HCl buffer (pH 8.0). Enzyme
activity was determined every 7 daystill 70 days.

3.5.9a Amylase assay

Amylase estimation was as mentioned in section 3.1.4.2.
3.5.9b Protein estimation

Protein content was as given in section 3.1.4.3
3.5.10 Effect of media additives

To determine the influence of different additivesviz. SDS, EDTA, CTAB,
Tween 20, Tween 80, Triton X 100 and Glycerol etc., purified a-amylase in
20mM Tris HCl buffer (pH 8.0) was pre-incubated for 30 min at 50+2 °C.
Activity in the absence of additives was taken as 100%.

3.5.10a Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
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3.5.10b Protein estimation
Protein content was determined as given in section 3.1.4.3

3.6. DETERMINATION OF INTERNAL AMINO ACID SEQUENCE
OF AMYLASE BY MALDI-TOF MASS SPECTROMETRY

The internal amino acid sequence of purified a-amylase was determined
by subjecting the digested mixture of peptides by trypsin to Matrix Assisted
Laser Desorption lonization- Time of Flight (MALDI-TOF) analysis for peptide
mass fingerprinting and protein sequencing of the digestion products by mass
spectrometry using Bruker Ultraflex MALDI-TOF MS. The mass-to-charge ratio
of the resulting peptides gave information to identify the proteins in a sample.
The resulting mass to charge ratio was matched against theoretical obtained mass
data from aready identified protein sequences and a score depending upon the
correlation was given. The data was analyzed using MASCOT search engine.
Search parameters for MALDI-TOF MS has been given in Table 4.

Table 4. Search parametersfor MALDI-TOF MS

Type of search Peptide massfingerprint
Enzyme Trypsin

Fixed modifications Carbamidomethyl (C)
Variable modifications Oxidation (M), Propionamide (C)
Mass value IM onoi sotopic

Protein mass Unrestricted

Peptide mass tolerance 0.5Da

Peptide charge state 1+

Maximum missed cleavages 1

3.7 IMMOBILIZATION OF PURIFIED AMYLASE FROM B. aerius
GC6 and B. sonorensis GV2

3.7.1 Immobilization by using natural hydrogels
3.7.1.1 Calcium alginate (Rajagopalan and Krishnan, 2008)

A 0.5, 1.0...., 3.0% percent solution of sodium alginate was prepared in
20mM warm Tris HCI buffer (pH 8.0). After cooling down to room temperature,
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Iml of enzyme stock solution was mixed with 9ml of sodium alginate solution.
The mixture was then suspended drop wise into prechilled 0.1, 0.2.....0.5M
CaCl, solution with gentle stirring at 4 °C for 2h. The formed beads were
recovered by filtration and thoroughly washed with distilled water. These beads
were then stored in 20mM Tris HCI buffer (pH 8.0) at 4 °C.The filtered CaCl,

solution was collected for enzyme activity determination.
3.7.1.2 Agar (Prakash and Jaiswal, 2011)

A 05, 1.0..., 3.0% solution of agar was prepared in 20mM warm Tris
HCI buffer (pH 8.0). After cooling down to room temperature, 1ml of enzyme
stock solution was mixed with 9ml of agar solution. The gel preparation was then
casted on preassembled glass plates. After solidification, 10 ml of 10% solution
of glutaraldehyde was added and left for complete hardening. The gel was then
cut into small chips of equal size and washed thoroughly with distilled water.
These chips were then stored in 20mM Tris HCI buffer (pH 8.0) at 4 °C.

3.7.1.3 Agarose (Prakash and Jaiswal, 2011)

0.5, 1.0...., 3.0% solution of agarose was prepared in 20mM warm Tris
HCI buffer (pH 8.0). After cooling down to room temperature, 1ml of enzyme
stock solution was mixed with 9ml of agarose solution. The gel preparation was
then casted on preassembled glass plates. After solidification, 10 ml of 10%
solution of glutaraldehyde was added and left for complete hardening. The gel
was then cut into small chips of equal size and washed thoroughly with distilled
water. These chips were then stored in 20mM Tris HCI buffer (pH 8.0) at 4 °C.

3.7.1.4 Gelatin (Jaiswal et al., 2012)

10, 20..., 50% solution of gelatin was prepared in 20mM Tris HCI buffer
(pH 8.0) by heating at 50 °C. After cooling down to room temperature, 1ml of
enzyme stock solution was mixed with 9ml of gelatin solution. The gel
preparation was then casted on preassembled glass plates. After solidification, 10
ml of 10% solution of glutaraldehyde was added and left for complete hardening.
The gel was then cut into small chips of equal size and washed thoroughly with
distilled water. These chips were then stored in 20mM Tris HCI buffer (pH 8.0)
at 4°C.
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3.7.1.5 Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.

3.7.1.6 Enzyme Immobilization Yield

Efficiency of different carriers used for immobilization was determined

by calculating % Immobilization yield as:
Immobilization Yield (%) = TA,/ TAsx 100

where, TA, and TAs stand for total activity of enzyme in immobilized gel and
total activity of the soluble enzyme loaded.

3.7.2 Immobilization by using Nanoparticles (Wang et al., 2012)
3.7.2.1 Requirements

Dried ascor bic acid modified nano-particles

TrisHCI Buffer (20mM, pH 8.0)

Amylase-Tris HCI Buffer stock solution: 5 ml of purified amylase was
added to 15 ml of TrisHCI buffer, pH 8.4

3.7.2.2 Procedure

For immobilization of amylase onto nano-particles, 30 mg of nano
particles were suspended in Tris HCI buffer, pH 8.4 and were ultrasonicated for 5
min at room temperature. 5 ml of amylase-Tris HCI Buffer stock solution was
added to it and was incubated with N, for 5 min. the mixture was then kept for
shaking a 100 rpm for 24 h at 37 °C for immobilization of amylase onto
magnetic nano-particles (Wang et al., 2012). Amylase immobilized nano-
particles were then separated by a magnet and supernatant was collected.
Collected nano-particles were given several washings with the buffer and were

dispersed into Tris HCI buffer for further use.
3.7.2.3 Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
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3.7.2.4 Enzyme immobilization yield

Efficiency of different carriers used for immobilization was determined
by calculating % Immobilization yield as:

Immobilization Yield (%) = TA,/ TAsx 100
where, TA, and TAs stand for total activity of enzyme in immobilized gel and
total activity of the soluble enzyme loaded.

3.7.3 Reusability of theimmobilized enzyme

The reusability of different carrier immobilized amylase from B. aerius
GC6 and B. sonorensis GV2 was studied by assaying the activity in the beads/
nano particles several times for starch hydrolysis. Taking the activity of the first
batch as 100%, the immobilized enzyme in the form of beads or nano particles
was reassayed for enzyme activity. After each activity assay, the beads were
removed and washed thoroughly with distilled water prior to the subsequent

assay procedure.
3.7.3.1 Amylase assay

Amylase estimation was done as mentioned in section 3.1.4.2.
3.7.3.2 Enzyme immobilization yield

Efficiency of different carriers used for immobilization was determined

by calculating % Immobilization yield as:

Immobilization Yield (%) = TA,/ TAsx 100

where, TA, and TAs stand for total activity of enzyme in immobilized gel and
total activity of the soluble enzyme loaded.

3.8 APPLICATION OF PURIFIED a-AMYLASE IN BIOETHANOL
PRODUCTION USING ALGAL BIOMASS

3.8.1 Collection of algal biomass

The fresh water green algae were collected from fresh water ponds of
Solan, Himachal Pradesh. The algal samples were washed thoroughly with tap

96



water to remove salts, epiphytes and debris and dried at 50 °C. After drying the

samples were powdered to attain 1 mm mesh size using grinder for further use.

3.8.2 Identification of algal species
Identification of collected green algae was done by applying a two-step
approach:

383

In field identification by utilizing Algae Identification Field Guide
(Huynh and Serediak, 2006)

Microscopic identification was done in laboratory using imaging
microscope (Zeiss, Germany) at 20X and 45X. Wet mount of the sample
was prepared on a clean, dry glass slide by putting cover dip over the

sample by avoiding air bubbles.
Chemical composition deter mination of algal biomass

The chemical composition analysis of biomass was done by using the

following methods:

3.8.3.1 Estimation of Cellulose (Sadasivam and Manickam, 1991)

3.8.3.1.2 Reagents

Acetic & Nitric acid reagent: 150 ml of 80% acetic acid was mixed with

15 ml of concentrated nitric acid.

Anthrone Reagent:200 mg anthrone was dissolved in 100 ml conc.

H,S0,. It was prepared fresh and was prechilled for 2h.
Sulphuric Acid: Sulphuric acid 67%
Standard cellulose stock: 100mg in 100 ml water

Working standard: 10 ml stock diluted to 100 ml with water

3.8.3.1.2 Procedure

0.5 g sample was taken in atest tube and 3 ml acetic & nitric acid reagent

was added to it. The test tube was placed in a water bath at 100 'C for 30 min.
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The contents were then cooled and were centrifuged at 8,000 rpm for 15-20 min.
Supernatant was discarded and the residue was washed with distilled water. 10 ml
of 67% H>SO, was added to the residue and allowed to stand for 1 h. 1ml of the
above preparation thus formed was diluted to 100 ml. For the preparation of
standard curve 0.2, 0.4....1.0 ml of the working standard was pipetted out and
volume was made up to Iml with distilled water. To 1 ml of this solution, 10 ml
of anthrone reagent was added and mixed well. The tubes were kept in a boiling
water bath for 10 min and cooled and the contents were read

spectrophotometrically at 630 nm.

3.8.3.2 Estimation of Hemicellulose (Ververiset al., 2007)
3.8.3.2.1 Reagents

72% H2SO4
3.8.3.2.2 Procedure

0.7 g of alga biomass was boiled in 72% H,SO, for 4.5 h in order to
hydrolyse cellulose and hemicelluloses. The residue thus formed was filtered and
dried at 105 °C for 24h. The residue after drying was transferred to a preweighed
crucible and heated at 600 °C for 5h. Leftover ash was then weighed. % (w/w)
hemicellulose was calculated by taking the weight of the ash and by diving it by
initial weight.

3.8.3.3 Estimation of Pectic Substances (Sadasivam and Manickam, 1991)
3.8.3.3.1 Reagents

IN Acetic Acid

AN Calcium chloride solution
1% Silver nitrate

0.01N HCI

0.05N HCI

0.3N HCI
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3.8.3.3.2 Procedure

50 g of sample was weighed in 1000 ml beaker and 300 ml of 0.01N HCI
was added to it. It was boiled for 30 min and filtered. Residue was washed with
warm water and filtrate was collected. To this residue, 100 ml 0.05 N HCl was
added and boiled for 20 min. Residue was washed with warm water and filtrate
was collected. To the residue was then added 100 ml 0.3 N HCl and was boiled
for 10 min. Residue was washed with warm water and filtrate was collected. The
filtrates were pooled, cooled and the volume was made up to 500 ml & 100 to
200ml of aliquots were pipetted into 1000 ml beaker. 250 ml of water was added
to it and the acid was neutralized using 1IN NaOH using phenolphthalein
indicator and allowed to stand overnight. Afterwards 50 ml of 1N acetic acid was
added to it and then after 5 min, 25 ml 1N calcium chloride solution was added
with continuous stirring. It was allowed to stand for 1 h and boiled for 1-2 min. It
was then filtered through a pre-weighed Whatman No. 1 filter paper. Filtrate was
then washed with almost boiling water until the filtrate is free from chloride.
Filter paper with calcium pectate was dried at 100 °C in a weighing dish. The

pectin content is expressed as % calcium pectate

Weight of calcium pectate x 500 x 100
ml of filtrate x Weight of sample
taken for estimation

% Calcium pectate =

3.8.3.4 Estimation of Starch (Sadasivam and Manickam, 1991)
3.8.3.4.1Reagents

Anthrone Reagent: 200 mg of anthrone was dissolved in 100ml of ice-
cold 95% sulfuric acid.

Ethanol 80%

Perchloric acid 52%

Standard Glucose Stock: 100 mg in 100 ml water.

Working standard: 10 ml stock diluted to 100 ml with water.

3.8.3.4.2 Procedure

0.5 g of sample was homogenized in hot 80% ethanol to remove sugars. It
was then centrifuged to retain the sugars. The residue was washed repeatedly
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with hot 80% ethanol until the washings did not give color with ethanol. The
residue was dried over awater bath. To thisresidue, 5.0 ml of water and 6.5 ml of
52% perchloric acid was added. It was then extracted at 0 °C, centrifuged and
supernatant was saved. The extractions were repeated using fresh perchloric acid
and supernatants were pooled to make volume 100 ml. 0.1 or 0.2 ml of the
supernatant was pipetted out and volume was made up to 1ml. For the
preparation of standard curve 0.2, 0.4...., 1.0 ml of the working standard was
pipetted out and volume was made to 1ml with distilled water. 4 ml of Anthrone
reagent was added to each tube and the tubes were heated for 8 min in a boiling
water bath. The contents were then cooled and color intensity was read at 630

nm.
39 PHYSIOLOGICAL PRETREATMENTSOF ALGAL BIOMASS

3.9.1 Thefollowing pretreatments were used for pretreating the algal biomass.

3.9.1.1 NaOH + H,0, pretretament (Sharma and Shar ma, 2013)

5 g of algal biomass was immersed in 1% NaOH + H,0, in the ratio of
9:1 for 4 h. After the pretreatment the dlurry (supernatant and residue) was

neutralized and were investigated for reducing sugars.
3.9.1.2 H,S0, + steam pretreatment (Kaushal, 2014)

5 g of aga biomass with 1.0 % H,SO, was taken in a flask and was
steamed in an autoclave at a pressure of 1.1 bar, at 121°C for 60 min. After
pretreatment, the pH of the slurry (supernatant and residue) was set to 7.0 with
NaOH, which was then tested for reducing sugars.

3.9.1.3 NaOH + Urea pretreatment (Tandon, 2014)

5 g of agal biomass was immersed in 50 ml 1% NaOH + Urea(1:1) ina
ratio of 3:1 and incubated at room temperature for 24 h. slurry was then

neutralized to pH 7.0 and was then tested for reducing sugars..
3.9.1.4 H,SO4 pretreatment (Harun and Danquah, 2011)

5 g sample was immersed in 50 ml of 1% H,S0, and incubated at 100 °C
in a water bath for 30 min. The contents were then cooled and pH was

neutralized. The surry thus obtained was then tested for reducing sugars.
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3.9.1.5 Nitric acid/ Acetic acid treatment (Nahak et al., 2011)

5 g sample was immersed in 50 ml of nitric acid/ acetic acid (1:1) and
incubated at 100 °C in a water bath for 30 min. The contents were then cooled
neutralized and tested for reducing sugars.

3.9.1.6 NaOH pretreatment (Eshaq et al., 2011)

5 g sample was immersed in 50 ml of 1% NaOH and incubated at room
temperature for a period of 2 h. pH was neutralized and the slurry was then tested
for reducing sugars.

3.9.1.7 Saturated Steam pretreatment (Trivedi et al., 2013)

5 g sample was steam pretreated at 121 °C for 30 min. contents were

cooled and was then tested for reducing sugars.
3.9.1.8 Estimation of Reducing sugars (Miller, 1959)

Reagents
I Dinitrosalicylic acid (DNSA) Reagent

ii. Standard solution of glucose (0.4 mg/ml)

To 1.0 ml of supernatant, 3 ml of DNSA reagent was added and the
mixture was heated on boiling water bath for 15 min. After cooling down to room

temperature, absorbance of reaction mixture was read at 540 nm.

Among the pretreatments tested on the basis of reducing sugars produced,
1% H,SO, pretreatment was adjudged as the best so was selected for further

studies.

3.9.2 Optimization of conditionsfor dil. H,SO,4 pretreatment

Varying concentrations of H,SO, i.e. 0.5, 1.0 and 1.5% were tested for
variable time ranging from 30 min to 180 min for selecting best concentration
and best time combination. 0.5% H,SO, for 180 min was adjudged as the best

pretreatment yielding maximum sugars which was taken up for further studies.

101



310 ENZYMATICHYDROLYSISOF ALGAL BIOMASS

3.10.1 Source of enzymes
The following purified and sterilized (using 0.22 pm-pore size filters)

enzymes from potential in house microorganisms were used for enzymatic
hydrolysis of pretreated algal biomass by mixing them in varied ratios.

Table 5. Enzymes used for preparing mixture of enzymes for enzymatic
hydrolysis of Hydrodictyon biomass

Enzyme | solate Enzyme activity | Reference
(V)

a-amylase B. aerius GC6| 106.46 1U Present study
|KJ775810.1]

B-amylase B. amylologiefaciens| 18.40 U Kumar, 2012
SH8 |JX129360.1]

Cdlulase B. stratosphericus N12 | 2.00 1U Sharma, 2013
|[KC995118|

Pectinase Bacillus sp. C6 6.28 1U Ongoing study

3.10.2 Optimization of conditions for enzymatic hydrolysis by using CCD of
Response Surface M ethodology (RSM)

Enzymatic hydrolysis conditions were optimized by employing Central
Composite Design (CCD) of Response Surface Methodology (RSM). The
independent variables selected were biomass (X1), enzyme loading (X,) and time
(X3) and the dependent variable was reducing sugars. The central composite
design (CCD) with three factors at five levels was employed to investigate the
first and higher order main effects of each factor and the interactions among
them. The experiment contained 20 runs. The design involved 6 centre points
with an apha vaue being 1.68. The minimum and maximum ranges of the
independent variables are given in Table 6. The mathematical relationship of
response (reducing sugars) and variablesi.e. X1, X, and X3 was approximated by
a quadratic model equation. The response value in each case is the average of

triplicate experiments.
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Table 6. Range of values for independent variables used in Central
Composite Design (CCD) of the RSM

Independent variables Units L ow High
Biomass concentration (X1) gl 5 30
Enzyme loading (X>) ml/g biomass 5 20
Time (X3) h 0 48

3.10.3 Estimation of reducing sugars (Miller, 1959)

Reducing sugars in the slurry was estimated by the method described in
section 3.9.1.8.

3.10.4 Statistical analysis

The statistical software package Design Expert® version 7.0 (Stat Ease,
Inc, Minneapolis, USA) was used for regression analysis of the experimental data
to obtain working parameters and to generate polynomials and the contour plots.
A second-order polynomia equation was established based on anaysis of
variance and the optimum ratio of the medium components was found using the
Design-Expert 7.1 software optimization toolbox. Standard deviation, PRESS, R?
values were also analyzed.

3.10.5 Mod€d validation

The mathematical model generated during RSM implementation was
validated by conducting check point studies. The experimentally obtained data
were compared with the predicted one and the prediction error was cal cul ated.

311 BIOCONVERSION OF HYDROLYZED ALGAL BIOMASS INTO
BIOETHANOL UNDER SHF (SEPARATE HYDROLYSIS AND
FERMENTATION) AND SSF (SIMULTANEOUS
SACCHARIFICATION AND FERMENTATION)

Bioethanol production from hydrolyzed algal biomass was carried out by
opting for different processes of fermentation i.e. Separate Hydrolysis and
Fermentation (SHF) and Simultaneous Saccharification and Fermentation (SSF)

as given below:

3.11.1 Substrate: Algal hydrolysate, grinded and pretreated with 0.5% H,SO,
as mentioned in section 3.9.2
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3.11.2 Source of hydrolytic enzymes. As mentioned in section 3.10.1
3.11.3 Separate Hydrolysisand Fermentation (SHF)
3.11.3.1 Enzymatic hydrolysis

Same as given in section 3.10.2
3.11.3.2 Ethanol Fer mentation

3.11.3.2.1 Optimization of fermentation conditions for Separate Hydrolysis
and Fermentation (SHF)

3.11.3.2.1.10ptimization of fermentation period

Fermentation period spanning from 24 to 72h has been studied at an
interval of 12h each.

Fermentation period of 36 h was adjudged as the best and was selected for
further optimizations.

3.11.3.2.1.2 Optimization of inoculum size of fer menting organism
Inoculum size for fermenting organism was optimized in the range

spanning 10, 15...30%.

20% inoculum size of fermenting microorganism was found to be the best,

was thus selected for further studies.

3.11.3.2.1.3 Ethanologens used

Fermenting microbes i.e. S cerevisiae | (MTCC-3089) procured from
MTCC Chandigarh —India, was used for fermentation in the experiments. The
inoculum was prepared by growing cells aerobically in 250 ml flask containing
100 ml of the preculture medium (Struch et al., 1995) comprised of (gl): glucose,
20g; yeast extract, 10g; (NH4)>SO,, 1g; K:HPO,, 1g; MgS0,.7H,0, 0.5g in a
rotary shaker incubator for 24 h at 25+2°C to make 1.0 O.D culture.

3.11.4 Simultaneous Saccharification and Fer mentation (SSF)

3.11.4.1 Optimization of fermentation conditionsfor SSF
3.11.4.1.1 Optimization of fermentation pH

Fermentation pH ranging from 5.2, 5.4...6.0 was optimized for efficient

fermentation of algal biomass into ethanol.
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Best pH of 5.6 yielding highest ethanol was selected for further studies.

3.11.4.1.2 Optimization of inoculum size and fer mentation time

Inoculum size in the range spanning 10, 15....30% was optimized starting

from fermentation time of 12h at aregular interval of 4h till 40" h.

15% inoculum, at 28 h of fermentation period yielded maximum ethanol

thus was selected for further strudies.
3.11.4.1.3 Optimization of fermentation temperature

Fermentation temperature in the range spanning 25, 30....45 °C was
tested for efficient ethanol production.

35 °C was adjudged as best temperature yielding maximum ethanol thus

was selected for further studies.
3.11.4.1.4 Process

25 g/l of 0.5% H,SO, pretreated algal biomass (pH 5.6) was taken in a 250
ml flask. To this preculture medium (Struch et al., 1995) comprised of (gl):
glucose, 20g; yeast extract, 10g; (NH4)2SO,4, 1g; K:HPO,, 19; MgS0O,.7H,0, 0.5g
was added and the contents were autoclaved at 121 °C for 20 min. The hydrolytic
enzymes were added after sterilization using a 0.22 ym pore size filter. S
cerevisiae-l (MTCC-3089) was added @ 15%. SSF was performed in a 300 ml
flask with 100 ml of medium in an orbital shaker at 100 rpm for 28 h at 35 °C.

3.11.5 Ethanol estimation

34.0 g of potassium dichromate was dissolved in 500ml of distilled water.
To this 375 ml of concentrated sulphuric acid was added, mixed thoroughly and
allowed to cool. Final volume was made 1000 ml by adding distilled water. To
distillation flask 29 ml of distilled water and 1 ml of sample was added. On the
other side to the 50 ml volumetric flask 25 ml of potassum dichromate was
added. Distillation was set at 60°C and tap water was turned on. To 25 ml of
potassium dichromate, 20 ml of distilled sample was collected and it became total
45 ml. To this 45 ml solution 5 ml of distilled water was added and total volume
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became 50 ml and was incubated at 60°C for 20 min. After that O.D was measure
at 600 nm against blank (Caputi et al., 1969).

Bioethanol was estimated in terms of g/l of fermented liquor and g/g of
biomass on dry weight basis. Fermentation efficiency was calculated using the

following formula:

Fermentation efficiency = ethanol produced (9/g) x 100

theoretical yield of ethanol

Theoretical yield was referred as standard value of 0.511 g/g of sugars.

312 SCALE UP OF ETHANOL PRODUCTION IN A STIRRED TANK
BIOREACTOR

3.12.1 Separate Hydrolysisand Fermentation (SHF)
3.12.1.1 Inoculum Preparation

S cerevisiae | (MTCC-3089) was grown in 300 ml of preculture medium
and incubated at 25+2°C for 24 h. As soon as the substantial growth of the strain
was observed in the broth, optical density was set to 1.0 using broth as blank.

3.12.1.2 Batch Fer mentation

Batch cultivation for the production of ethanol was carried out ina 7.5 |
stirred tank bioreactor (New Brunswick Scientific, New Jersey USA) witha 3.0 |
working volume of the enzymatic hydrolysate at 30°C and pH 5.6, utilizing the
conditions optimized in the shake flask experiment. The enzymatic hydrolysate
was seeded with 20% inoculum of S cerevisiae-l (MTCC-3089) under aseptic
conditions. The fermentation was carried out under anaerobic conditions. The
agitation speed 100 rpm was used for batch cultivation in bioreactor. The samples
were withdrawn regularly at different intervals ranging from 3, 6........... 42 h

and ethanol yield, reducing sugars were estimated.
3.12.1.3 Deter mination of Growth Kineticsin a Bioreactor

Cell biomass in the fermentation broth was quantified by measurement of
the optical density of the broth and absorbance was read at 600 nm.
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3.12.1.4 Ethanol estimation: Ethanol analysis in the fermentation broth was
carried out using a gas chromatograph through direct sample injection using an
externa standard for calibration. The sample was distilled before injection to the
GC column.

3.12.1.4.1 Conditionsfor GC MS

Column temperature 100°C

Injector temperature: 220°C

Detector: Flame lonization Detector (FID)
Injection volume: 1.0l

Run time 13.74 min

3.12.1.5 Reducing sugars. Reducing sugars were estimated by high performance
liquid chromatography (HPLC)

3.12.1.5.1Conditionsfor HPLC

Column: Ultra C18 (Restek Corp.), 250mm x 4.6 mm, 5um
Mobile Phase A: 90: 10 water: methanol, 10mM ammonium formate
Flow: 0.5ml /min

Temperature: 30°C

Detector: UvV@ 280 nm

Injection volume: 10pl

Standard dilution: Img/mi

3.12.1.5.2 Formula to calculate the concentration of reducing sugars

Concentration of - Areaof Sample v g qard dilution
reducing suagrs

Area of Standard

3.12.2 Simultaneous Saccharification and Fer mentation (SSF)

3.12.2.1 Inoculum Preparation

S cerevisiae | (MTCC-3089) was grown in 300 ml of preculture medium
and incubated at 25+2°C for 24 h. As soon as the substantial growth of the strain

was observed in the broth, optical density was set to 1.0 using broth as blank.
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3.12.2.2 Batch Fer mentation

Batch cultivation for the production of ethanol was carried out ina 7.5 |
stirred tank bioreactor (New Brunswick Scientific, New Jersey USA) witha 3.0 |
working volume. Conditions optimized for shake flask experiment were utilized
in bioreactor. The fermentation was carried out under anaerobic conditions. The
agitation speed 100 rpm was used for batch cultivation in bioreactor. The samples
were withdrawn regularly at different intervals ranging from 3, 6........... 42 h

and ethanol yield, reducing sugars were estimated.
3.12.2.3 Deter mination of Growth Kineticsin a Bioreactor

Cel biomass in the fermentation broth was quantified by dry

measurement of the optical density of the broth and absorbance was read at 600

nm.

3.12.2.4 Ethanol Estimation: same as given in section 3.12.1.4
3.12.2.5 Reducing sugars: same as given in section 3.12.1.5

3.12.3 Mathematical and Kinetic Modeling for Ethanol Production

Microbial fermentation does not essentially follow the conventional
kinetic model of substrate-limiting biomass growth and product formation
proposed by Monod Eq. (1). Therefore, the logistic equation is used as an
aternative empirical function (Luedeking and Piret 1959) for microbia cell
growth

Monod equation= Y = Yy S(KS+S)-----------=m------ (1)
UV = KgKn. 1/S+1/ Pmax
Where p = specific growth rate, / pmax = maximum specific growth rate, S
= substrate concentration, Ks = substrate, saturation constant (i.e. substrate

concentration at half Pmax).

In Monod’s model, the growth rate is related to the concentration of a

single growth-limiting substrate though the parameters pmax and Ks.
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Yxl5= dX/dS' """""""""" (2)
Y s = XX o/So-Sim
TR s 7 S 3)

In addition to this, Monod aso related the yield coefficient (Yx/s)
(equation 2) to the specific rate of biomass growth (m) and the specific rate of
substrate utilization (q) (equation 3).

Op = ap+p
Qo = dp/dt =adx/dt + BX------------ (4)

where o = growth associated constant, B = non growth associated
constant.

Luedeking-Piret equation (Eqg. 4) was applied for comparison between
experimental (actual) results and the model prediction for ethanol production.
During this modeling, rate of ethanol production is linearly proportional to the

biomass growth rate.
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Chapter-4

RESULTS AND DISCUSSION

The present investigation entitled “Purification and characterization of

amylase produced from potential extremophiles for industrial application”

was undertaken in Microbiology Research Laboratory, Department of Basic

Sciences, Dr. YS Parmar University of Horticulture and Forestry, Nauni -Solan,

Himachal Pradesh, during the year 2011-15. Here we present the experimental

results discussed with most likely causes and effects, underlying patterns,

resulting in the predictions, evidence or even a line of reasoning, which support

each interpretation, agree or perhaps contradict previous work, in the light of the

available literature. The salient findings obtained during the course of

investigation are presented under following main headings:

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Isolation and screening of amylolytic microorganisms from

mushroom compost
Identification of screened hyperamylolytic isolates

Production and optimization of a-amylase using one variable at a
time (OVAT) approach and Response surface methodology
(RSM)

Sequential purification of a-amylase
Biochemical and kinetic characterization of purified a-amylase

Internal amino acid sequence of amylase determined by MALDI-
TOF Mass Spectrometry

Immobilization of purified a-amylase on different natura
substrates and its characterization

Immobilization of purified a-amylase on synthetic iron oxide nano

particles and its characterization



4.9  Application of purified a-amylase in bioethanol production using

algal biomass
4.10 Physicochemical pretreatment of algal biomass
411 Enzymatic hydrolysis of algal biomass

412 Fermentation of ethanol in a shake flask experiment under SHF
(Separate hydrolysis and fermentation) and SSF (Simultaneous
saccharification and fermentation)

4.13 Scale up of bioethanol production in astirred tank bioreactor

41 ISOLATION AND SCREENING OF HYPER AMYLOLYTIC
MICROORGANISMSFROM MUSHROOM COMPOST

4.1.1 Isolation and qualitative screening of amylolytic microor ganisms

The natural niches like soil, compost degrading litter and hot water
springs etc. are rich reservoirs of industrialy important potential enzyme
producing microorganisms. Among them, the least explored and highly probable
source of hydrolytic enzyme producing microorganisms, mushroom compost has
been selected in the present study for isolation of thermoalkal ophilic amylogenic
microorganisms. Mushroom compost mainly comprised of agro-residues such as
wheat straw, paddy straw, sugarcane bagasse, represents a thermogenic, solid
state fermentation process that results from succession of microbial community.
It is an eco-system which harbours a multitude of microbial diversity ranging
from mesophiles to thermophiles, which could be attributed to the decomposition
of organic matter (Agrawal, 2014).

Mushroom compost samples collected from the Directorate of Mushroom
Research (DMR), Chambaghat, Solan, HP were processed for isolation of
amylase producing microorganisms by directly plating the serially diluted
samples onto the starch agar plates. The plates were flooded with iodine reagent
for the appearance of clear zone post incubation, which indicated the presence of
thermoalkalophilic amylogenic strains. In  total, 13 thermoalkaophilic
amylogenic bacterial isolates showing clear zones of hydrolysis with varying
diameters were obtained from the pooled samples of mushroom compost on
Starch Agar medium at 50+2°C having pH 9.0.
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Nowadays, amylase is one of the most important enzymes in industry and
its application even increase with the discovery of thermostable enzymes (Pandey
et al., 2000a; Raharjo et al., 2010). Microbial sources are solely used for the
commercia production of this enzyme in economica bulk and due to smple
preparation processes. It has been established that the use of thermophilic
enzymes in starch processing industry could deliver major benefits related to the
reduced risk of contamination, reduced viscosity and reaction time and increased
solubility of starch (Bhabla and Chtanta, 2000). Thermophilic strains B.
licheniformis, B. stearothermophilus and B. amyloliquefaciens have been
reported to be used for thermophilic amylase production (Wind et al., 1994;
Mithu et al., 2005). However, new trials need to be focused on finding new
sources of this enzyme with distinct properties for diverse industrial application.
It has been well documented that the enzymes of an organism are adapted to
function optimally near or at its growth conditions (Khalil, 2011) as the
microorganisms surviving in extreme conditions are having certain special
features, which mainly consist of novel enzymes or biochemica pathways. In this
light, the thermoalkalophilic amylogenic strains isolated in this study have an
immense industrial importance.

All the thermoakaophilic amylogenic isolates were preliminarily
characterized based on their morphological and cultural characteristics. Among
the bacterial isolates, all were Gram positive. Morphological fingerprinting of the
colonies revealed that 38% (Fig. 1) were white in color, 23% were cream and
31% were brown while 8% were yellow in color. As far as shape of the colonies
was concerned, 69% of the colonies were circular in form, 23% were wrinkled
while 8% were punctiform. On the basis of the colony elevation and margin, 85%
of the isolates were flat, while 8% were each umbonate and raised whereas 54%
were entire, 38% were undulated and 8% were lobulate (Fig. 1). Based on the cell
shape, 61% were rod shaped, 23% were coccobacillus while 15% were small rods
in shape. The pattern of growth in the broth culture maorly revealed the
formation of smooth sediments and pellicle by 46% and 38% of the isolates
respectively while 8% of the isolates represented growth each as loose sediments
and film formation.
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Tablel. Biochemical characteristicsof screened alkalother mophilic amylolytic bacteriaisolated from mushroom compost

Characteristics

Screened Amylolytic I solates

GC1 GC2 GC3 GC4 GC5 GC6 GC7 GC8 GVv1 GV2 GV3 GV4 GV5
Indole - - - - - - - - - - - - -
Gelatin hydrolysis | - - - - - - - - - - - - -
Citrate utilization | + + + + + + + + + + + + +
Catalase + + + + + + + + + + + + +
Urease + - - + - - - + - + - - -
H,S + - + + - + - - + - + + -
Methyl Red - - + + + + - + + - - + +
Voges Proskeur - - - - - - - - - - - - -
DNase activity - - - - - - - - - - - _ B
Nitratereduction | + - - - - + + - + - + + +
Cdlulolytic - - - - - - - - - - - - -
Sugar fermentation
- Glycerol A A A AG A A AG A A AG A AG A
Sor bitol - - AG - A AG - - - A - - -
Dextrose AG AG AG AG AG AG AG AG AG AG AG AG AG
Galactose | AG A A A AG A A AG A A AG A A
Xylose - - - - - - - - - - - - -
Mannose A A A A AG A A AG A A AG A A
Sucrose AG AG AG AG AG AG AG AG AG AG AG AG AG
Arabinose | - - A - A - AG - - AG A - -
L actose AG AG AG AG AG AG AG AG AG AG AG AG AG
Raffinose | A A A A A AG A A A A A A A
Inulin A A A A - - - - - - A - A
Maltose AG AG AG AG A A AG AG AG A AG AG AG
- Sucrose A A A A AG - A - A - - - -
Tentative Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus | Bacillus
identification p. p. p. p. p. p. p. p. p. p.

. 1 5P .
A- acid production G- gas production
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Fig 1. Representation of consolidated morphological and cultural characteristics (in
percentage) of screened population of alkalothermophilic amylolytic bacteria
isolated from mushroom compost



Table 1 represents the biochemical and metabolic characteristics of al the
bacterial isolates. Different biochemical tests performed were citrate utilization
test, catalase test, H,S production test, urease test, MR/VP test and indole test etc.
Fermentation pattern of different sugars has aso been tested for characterization
of the screened isolates. Among them, all the isolates were found negative for
indole production, VP test, gelatin and cellulose hydrolysis and for DNAase
activity. All the isolates were found to be positive for citrate utilization and
catalase production. Among al, 62% isolates were found to be positive for
methyl red test while 54% were positive for nitrate reduction and 56% were

positive for H,S production.

Eescaled Distance Cluster Combine

CL3E 0 5 10 15 20 25
Label Num +—--————-- - - - - +
74 1z
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GC ki :|—

GVl =

GCE = —

GCE a
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GVa 10

GC1 1 |
GC4 k|

Fig. 2 Dendrogram depicting the metabolic and biochemical profiling based
similarity and differences among the screened thermoalkalophilic
amylolytic bacterial isolates based on rescaled distance

The fermentation pattern of sugars was aso very different for al the
isolates with some of them producing both acid and gas while most of them
producing either acid or gas (Table 1). Glycerol, glucose, galactose, maltose,
raffinose, mannose and sucrose were fermented by al the isolates. Rest of the
sugars such as sorbitol, arabinose, inulin exhibited a varied pattern where some of
the isolates showed fermentation whereas others did not. Xylose was the sugar
which was not fermented by any of the isolates. Fig. 2 represents the cluster

formed by employing SPSS software of the screened amylogenic isolates based
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on their biochemical and metabolic fingerprinting. The figure depicts similarity
among al the isolates as evident from the clusters formed. The unrooted
dendrogram inferred that all the isolates were similar physiologically as well as
metabolicaly.

Based on the above mentioned morphological, cultural, biochemical and
metabolic fingerprinting, the amylolytic isolates were tentatively identified using
ABIS-online software (http://www.tgw1916.net/bacteria_abis.html). On the basis

of similarity the isolates showed 92% homology to genus Bacillus. Among the
isolates, GC6 (Platela) and GV2 (Platelb) exhibited biggest zone of hydrolysis
around the colony among the blue stained starch plate.
4.1.2 anntitativ_e screening  of  thermoalkalophilic  a-amylolytic

micr oor ganisms

Qualitatively screened thermoalkalophilic amylogenic isolates based on
formation of zone of hydrolysis on starch agar plates, were subjected to
guantitative screening by assaying their enzyme activity. Maximum activity of
74.82 1U was possessed by GC6 closely followed by 68.24 IU from GV2 while
minimum activity of 7.36 IU was observed by GC4 (Table 2). Thus, GC6 and
GV2 were finally selected for further studies. Cluster analysis by using SPSS
software of the amylogenic potential of the screened isolates was conducted. Fig.
3 depicts the dendrogram giving a comparative account of all the isolates with
respect to their amylogenic potential. The cluster analysis divided all the isolates
into three clusters depending upon their enzyme production potential. Among the
clusters, GC6 and GV 2 had formed a cluster that was entirely different from rest
of the dendrogram indicating their comparatively very high potential as

amylogenic isolates.

One of the most striking features of isolates GC6 and GV2 was their
ability to grow at high temperature till 65°C and produce maximum enzyme titres
of 74.82 IU and 68.24 1U respectively at 50°C, justifying their selection for
further studies. Literature survey revealed similar reports for thermophilic
amylolytic microorganisms. Al-Qodah et al. (2007) isolated amylolytic bacterial
isolate from a hot spring in Jordan, identified as Bacillus sphaericus producing o-

amylase at 50°C. Adiguzel et al. (2009) reported Bacillus sp. from the hot springs
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of Turkey growing at 50°C. Amylolytic Bacillus sp. isolated from Iranian hot
springs by Fooladi and Sajjadian (2010) was able to survive up to 80 °C with
optima for enzyme production at 65°C. Asad et al. (2010) isolated amylolytic
Bacillus sp. WA21 bacteria from hot springs of Karachi surviving up to 65°C,
with 4 U/ml amylase at an optimum temperature of 45°C. Fincan et al. (2014)
isolated a thermophilic amylolytic bacterial isolate Anoxybacillus flavithermus
yielding maximum amylase at 55°C. Neelima and Reddy (2015) reported a B.
subtilis ss7 isolated from flour mill waste yielding 31U/ml at 40°C. However,
thermophiles producing such high titres of a-amylase as that of GC6 and GV2
have rarely been reported in literature. Such enzymes with high temperature
tolerance and good enzyme titres are much sought after in the starch processing
industry.

Table 2. Production of a-amylase from alkalother mophilic bacteria isolated
from mushroom compost

| solates *Protein ** Amylolytic *** Specific
activity activity

GC1 8.99+0.112 13.50+0.11% 1.50+0.042
GC2 5.34+0.09" 8.63+0.09" 1.61+0.022
GC3 11.09+0.13° 19.47+0.17° 1.76+0.06"
GC4 4.99+0.21¢ 7.36+0.11° 1.47+0.10°
GC5 7.04+0.17° 11.98+0.13° 1.70+0.11%
GC6 26.08+0.21° 74.82+0.34 2.86+0.07°
GC7 6.23+0.049 9.32+0.10¢ 1.49+0.107
GC8 17.67+0.11" 43.24+0.14" 2.44+0.11°
GV1 12.87+0.13 34.01+0.11' 2.64+0.11°
GV2 24.36+0.12! 68.24+0.23 2.80+0.06'
GV3 12.34+0.09 20.40+0.11¢ 1.65+0.10%
GV4 3.67+0.04' 7.36+0.084 2.07+0.09¢
GV5 8.01+0.10™ 13.23+0.11™ 1.65+0.09%
SE(m) 0.11 0.14 0.08

*Protein concentration: mg/ml
** Amylolytic activity (IU): umoles of starch hydrolysed/min/ml of enzyme.
*** Specific activity (IU/mg): enzyme activity/mg of protein

Another important property of GC6 and GV2 is being akaophile

producing maximum enzyme at pH 9.0. This unique combination of two most
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cherished attributes of amylase producing isolates is majorly sought after for
wide variety of applications in industries such as paper, textile, detergent and
biofuel. Acidic or neutral a-amylase producers finding application in food and
fermentation industries have been reported by many workers (Sohail et al., 2005;
Thippeswamy et al., 2006; Asgher et al., 2007; Vidyalakshmi et al., 2009; Asad
et al., 2010). However, reports on alkalophiles producing a-amylase despite their
high utility are very scarce in the literature. Khalil (2011) reported a-amylase
production upto pH 8.5 whereas Alkando and lbrahim (2011) reported
extracellular a-amylase activity of 0.795 U/mg/ml from B. licheniformis isolated
from soil. The organism was found active at 70°C and pH 9.0. Thus owing to
their interesting and industrially important characteristic properties,
alkalothermophiles GC6 and GV2 isolated from mushroom compost yielding

reasonably high titres are potential candidates for use in industry.

Dendrogram using Average Linkage (Between Groups)
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Fig. 3 Dendrogram depicting the comparative account of amylogenic
potential of the screened thermoalkalophilic amylolytic bacterial
isolates based on rescaled distance
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4.1.3 Quantitative  screening  of
micr oor ganisms

thermoalkalophilic ~ B-amylolytic

Quantitative screening for B-amylase production has also been done for
the isolated strains. It has been found that maximum [3- amylase activity has been
shown by GC1 with 3.50 1U followed by GC8 with 3.02 IU. Least - amylase
activity has been shown by GV5 with 0.27 IU (Table 3). Literature survey
revealed that Olufunke et al. (2013) reported 479 U/ml B-amylase from B.
subtilis. Awoyinka et al. (2014) extracted beta amylase having 721.09 U/ml

activity from Nigerian maize cultivar.

Table 3. Production of B-amylase from alkalother mophilic bacteria isolated
from mushroom compost

| solates *Protein ** Amylolytic ** Specific
activity activity

GC1 1.23+0.112 3.50+0.11% 2.84+0.09°
GC2 1.02+0.212 0.86+0.09° 0.84+0.11°
GC3 1.03+0.09° 1.21+0.12° 1.17+0.12°
GC4 0.84+0.05" 1.30+0.11° 1.54+0.13¢
GC5 0.84+0.01° 1.29+0.13° 1.53+0.14°
GC6 1.8+0.1° 2.41+0.08' 1.33+0.16'
GC7 1.64+0.21° 2.12+0.119 1.29+0.219
GC8 1.23+0.07 3.02+0.21" 2.45+0.15%
GV1 0.48+0.09' 1.03+0.2 2.14+0.18"
GV2 1.03+0.08° 0.28+0.07 0.27+0.11'
GV3 1.64+0.119 2.45+0.17" 1.49+0.09
GV4 1.09+0.12% 1.31+0.08 1.20+0.11"
GV5 1.03+0.13? 0.27+0.09™ 0.26+0.07
SE(m) 0.26 0.18 0.36

*Protein concentration }

** Amylolytic activity sameasgivenin Table 2

*** Specific activity

Keeping in view the meagre amylase units being produced by the
screened isolates when compared to that available in literature, a-amylase was

decided as the enzyme of interest for further studies. Moreover the ever
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increasing industrial demand of a-amylase due to is multifaceted applications

justified its selection as an enzyme for further detailed studies.

4.2. IDENTIFICATION OF SCREENED THERMOALKALOPHILIC
HYPER AMYLOLYTIC MICROORGANISMS

4.2.1 Phenotypic Identification of Bacterial | solates

Preliminary identification of the screened thermoakalophilic hyper
amylolytic bacteria has been done on the basis of their morphological,
physiological, biochemical and metabolic characteristics by using ABIS-online
software. All the bacteria isolates were tentatively identified (Table 1) and were
placed under the group of Genus Bacillus as per Bergey’s Manual of
Determinative Bacteriology, 7" Edn.

4.2.2 Genotypic Characterization

Isolation and identification of bacterial isolates from different sources
have been studied by several workers and their identification has been done by
various methods such as numerical taxonomy (Sahin et al., 2002), fatty acid
composition analysis (McNabb et al., 1997) and ribosomal protein analysis
(Ochi, 1992). Recent advances in molecular biology techniques such as
sequencing a stable part of genetic code have provided an excellent opportunity
for the precise identification and characterization of bacteria at species and
subspecies levels (Adiguzel et al., 2009). Among them, 16S rRNA is considered
the best evolutionary chronometer because it is the most conserved and
universally present in al prokaryotes and is large enough for bioinformatic
analyses (Patel, 2001). 16S rRNA gene sequencing has thus been considered at

present a gold standard for identification of prokaryotes.

Thus, the selected alkalothermophilic hyperamylogenic strains GC6 and
GV2 were identified at genomic level by using 16S rRNA gene technique. In
literature also, 16S rRNA method has been followed by most of the workers for
accurate identification of isolates (Al-Zazaee et al., 2011; Ashwini et al., 2011,
Demirkan et al., 2011; Kaur et al., 2012). Genomic DNA of bacteriawas isolated
by using conventional DNA isolation method. DNA was quantified by using
standard protocol (Sambrook and Russel, 1989). The small subunit 16S rRNA of
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isolated genomic DNA was amplified using PCR using universal primers having
product size of approximately 1500 bp. The PCR product so obtained after
amplification was visualized using ethidium bromide on 2% agarose gel (Plate 3).
Amplified PCR products were purified and sequenced by the services provided
by BioServe Biotechnologies (India) Pvt. Ltd., Hyderabad, India to confirm the

results.

4.2.2.1 Nucleotide Sequencing

Following sequences of isolates GC6 and GV2 were obtained after

sequence analysis
Nucleotide sequence of GC6

>0913 378 01 F1 27F-A0l.abl

TGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGTGGG
TAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGATTGAACCGCAT
GGTTCAATTATAAAAGGTGGCTTTTAGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTG
AGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGA
GACACGGCCCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACAAAAGTCTGACGGA
GCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTACCGT
TCGAATAGGGCGGTACCTTGACGGTACCTAACCAAAAACCCACGGCTAACTACGTGCCACCAGCCGCGGT
AAGACGTAGGTGGCAAGCGTTGTCCGGAATTATGGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAACTCT
GATGTGAAAGCCCGCGGCTCAAC

>0913 378 01 F1 1492R-A08.abl

GGCTCCAAAGGTTACCTCACCGACTTCGGGTGTTACAAACTCTCGTGGTGTGACGGGCGGTGTGTACAAG
GCCCGGGAACGTATTCACCGCGGCATGCTGATCCGCGATTACTAGCGATTCCAGCTTCACGCAGTCGAGT
TGCAGACTGCGATCCGAACTGAGAACAGATTTGTGGGATTGGCTTAGCCTCGCGGCTTCGCTGCCCTTTG
TTCTGCCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTC
CTCCGGTTTGTCACCGGCAGTCACCTTAGAGTGCCCAACTGAATGCTGGCAACTAAGATCAAGGGTTGCG
CTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCACCTGTCACTCTGC
CCCCGAAGGGGAAGCCCTATCTCTAGGGTTGTCAGAGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGC
TTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGAC
CGTACTCCCCAGGCGGAGTGCTTAATGCGTTTGCTGCAGCACTAAAGGGCGGAAACCCTCTAACACTTAG
CACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCGCGCCTCAGC
GTCAGTTACAGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTACA
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CGTGGAATTCCACTCTCCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACCCTCCCCGGGTTGAGCCGG
GGGCTTTCACATCAGACTTAAGAAAACCGCCTGGCGCGCGCTTTACGCCCAATAAT

Nucleotide sequence of GV2
>0114 305 001 1 27F-C07.abl

TAAGACTGGGATAACTCCGGGAAACCGGGACTAATACCGGATGCTTGATTGAACCGCATGGTTCAATTCT
AAAAGGTGGCTTTTAACTTCCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCT
CACCAAGGCGACGATGCGTAGCCGACCTGAGGAGGGTGATCGGCCACACTGGGACTGAGACACGGCAA
CAAACTCATACGGGAGGCAGCTGTAGGGAAACTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCG
CGTGAGTGATGAAGGTTTTCGGATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTTCCGTTCGAATAGG
GCGGTACCTTGACGGTTCCTAACCAGAAAGCCACGGCTAACCACGTGCCAGCAGCCGCGGTCATACGTAT
GTGGCAAGCGTTGTCCGGTATTATTGGGCGTAAAGCGCGCGCAGGCTGTTTCTTTAGTCTGATGTGAAAG
CCCCCGGCTCAAGCGGGGAGGGTCATTGG

>0114 305 002 1 1492R-D07.abl

TGTCAGAGGATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCGACCGCAT

GTGCGGGCCCCCGTTTATTCCTTTGAGTTTCAAACTTGCCACCGTACTCGGGGAGGCGGAGTGCTTAATG

CGTTTGCTGCAGCGCTAAAGAGGGGGAAACGCTCTAACACTTAGCACTCATCGTTTACAGCGTGGACTAC
GAAGGTATCTAATCCTGTTCACTCCCCACGCTTTCGCGCCTCAGGGGAGTTAAAGACCAGAGAGTCGCCT

TGGCTACTGGCGTTGGTCCACATCTCTA

Sequences of these isolates so obtained were submitted to NCBI database
and matched with already existing sequences. Partial 16S rRNA gene sequence
was quire to NCBI BLAST (http:// www.ncbi.nlm.nih.gov/Blast) and the nearest

neighbour of the isolate was determined. Sequence similarity search (MBLAST,
NCBI) for GC6 showed 98% homology with nucleotide sequence of Bacillus
aerius 24K |NR042338.1| 16S ribosomal RNA gene, partial sequence while
sequence similarity search (MBLAST, NCBI) for GV2 showed 97% homology
with nucleotide sequence of Bacillus sonorensis NRRLB 23154 |[NR116189.1|
16S ribosomal RNA gene, partial sequence. The 16S rRNA gene sequences of
the selected isolates have been deposited to National Centre for Biotechnology
Information (NCBI) gene bank using Bankit program and has been registered in
the databases vide accession numbers B. aerius GC6 |KJ775810.1] and B.
sonorensis GV2 |KJ775811.1|.
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(a) GCé6

(b) GV2

Plate 2 (a,b) Morphology of screened hyperamylogenic isolates
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Plate 3 (a) Genomic DNA and (b) PCR product of screened hyperamylolvtic isolates

(i) GC6 and (ii)) GV2



These two strains have been reported for the first time in literature for a-
amylase production and produces exceptionally high titres of amylase. The newly
isolated strains offer interesting hydrolytic properties, being active up to pH 9.0
and temperature 50°C therefore being alkalophilic, and thermophilic as well.
These unique set of properties make them potential candidates for industria
applications. In literature aso, severa reports are available on the

thermoal kal ophilic amylolytic microorganisms.

4.2.2.2 Phylogenetic analysis

Unrooted phylogenetic tree based on comparison of 16S rRNA sequence
data of B. aerius GC6 |KJ775810.1| (Fig. 4) and B. sonorensis GV2 |[KJ775811.1|
(Fig.5) with its closest phylogenetic relatives in the NCBI, GenBank, USA, was
constructed by Neighbour joining (NJ) tree algorithm using boot strap vaue of
the MEGA 6.0 (http:// www.megasoftware.net/) (Tamura et al., 2007). Numbers
on the tree indicates percentage of bootstrap sampling derived from 1000

random samples.
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Fig. 4 Neighbor-joining tree with 1000 bootstrap values in MEGA 6.0 showing
phylogenetic relationship of Bacillus aerius GC6 based on a distance matrix
analysis of 16SrRNA sequences.
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Fig. 5 Neighbor-joining tree with 1000 bootstrap values in MEGA 6.0 showing
phylogenetic relationship of Bacillus sonorensis GV2 based on a distance
matrix analysis of 16SrRNA sequences.

4.3 PRODUCTION AND OPTIMIZATION OF a-AMYLASE FROM B.
aerius GC6 AND B. sonorensis GV2

To meet the growing demands in the industry it is necessary to improve
the performance of the system and thus increase the yield without increasing the
cost of production (Gangadharan et al., 2008). Since, the growth and enzyme
production of the organisms are strongly influenced by different process
parameters viz. temperature, pH, incubation period, inoculum size, divalent ions,
surfactants, media types etc. Therefore, in the present study, enzyme production

has been optimized by following two approaches:

4.3.1 OneVariableat a Time (OVAT) approach
4.3.2 Response Surface Methodology (RSM)
4.3.1 Optimization using onevariable at atime (OVAT) approach

4.3.1.1 Effect of media

Data pertaining to the effect of media types on a-amylase production from

B. aerius GC6 and B. sonorensis GV 2 has been givenin Tables 4 and 5.
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Table4. Effect of different media on extracellular a-amylase production

from B. aerius GC6

Medium *Protein ** Amylase ***Specific
activity activity

Babu and 12.04+0.232 54.65+0.26% 4.53+0.262

Satyanarayana

Kwan et al. 18.00+0.56° 63.05+0.23° 3.50+0.14%

Starch agar 26.10+0.37° 74.35 +0.06° 2.84+0.18%

medium

Modified starch 19.67+0.35" 67.19+0.17° 3.41+0.312

medium

Starch citrate 8.88+0.19% 14.42+0.36° 1.62+0.26%

medium

Modified 12.75+0.212 37.76+0.16 2.96+0.18%

medium

SE(m) 0.34 0.50 0.42

* Protein concentration

**Enzyme activity
** Specific activity

Table5. Effect of different media on extracellular a-amylase production
from B. sonorensis GV2

JL sameasgivenin Table 2

Medium *Protein ** Amylase *** Specific
activity activity

Babu and 9.10+0.112 18.42+0.36% 2.02+0.06%
Satyanarayana
Kwan et al. 18.10+0.09° 49.60+0.32° 2.7+0.11°
Starch agar 23.04+0.13° 66.78+0.09° 2.89+0.13°
medium
Modified 12.75+0.36" 38.05+0.11° 2.98+0.14¢
starch medium
Starch citrate 20.81+0.18° 61.74+0.13° 2.96+0.19°
medium
M odified 20.87+0.51" 67.19+0.15' 3.21+0.16'
medium
SE(m) 0.42 0.34 0.33

* Protein concentration

* Enzyme activity same asgivenin Table 2

** Specific activity
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B. aerius GC6 showed maximum growth in Starch Agar medium
containing Soluble starch- 5.0 g, Nao,HPO,4- 1.5 g, MgS0O,4.7H,0O- 0.8 g, KH,SO4-
1.0 g, FeS0O,.7 H,O- 0.03 g, CaCl,2H,0- 0.06 g, Yeast extract- 0.1 g, Peptone-
0.5 g, dH,O- 1000mL, pH- 9.0. Cell free broth obtained from this medium
showed highest enzyme yield of 74.35 U with a specific activity of 2.84 [U/mg.
Other media however, showed lower yields of enzyme which could be attributed
to solution of complex ions which might have induced inhibitory effect on
enzyme production. B. sonorensis GV2 showed maximum growth in Modified
Medium containing Soluble starch- 1.0 g, Yeast extract- 0.4 g, KH,PO,~ 0.1 g,
MgS0,.7H,0- 0.15 g, CaCl,2H,0- 0.08 g, dH,O- 1000 ml, pH- 9.0 with an
enzyme activity of 67.19 1U and specific activity of 3.21 IlU/mg.

Enhanced enzyme production using defined medium may be due to the
presence of nitrogen, carbohydrate and other compounds in appropriate
concentration as per the physiologica requirements of the organism that would
have resulted in enhanced ability of the cells to synthesize most of the
extracellular amylase (Barsar et al., 2010). Starch being the sole carbon source in
both the media might act as an inducer of enzyme production by the isolates.
Presence of yeast extract and peptone in the medium probably provided
microorganisms with easily available sources of nitrogen which would have acted
as stimulators for amylase production. Moreover, the presence of metal ionsi.e
Na', Mg*, Ca®*, K" and Fe*" etc. in the production medium revealed these a-
amylases as metalloenzymes. The metal ions act as co-factors for the cataytic

activity and stability of enzyme.

Similar reports of using a complex media for enzyme production are
available in the literature. Tanyildizi et al. (2005), Lily et al. (2012) and Deb et
al. (2013) observed the requirement of Ca®*, Mg®*, Na" and K* for efficient a-
amylase production from Bacillus sp.,, B. subtilis BMT4i and B.
amyloliquefaciens P-001 respectively. Gangadharan et al. (2008), Khalil (2011)
and Tamilarasan et al. (2012) observed starch as the best carbon source for
induction of o-amylase by the microorganisms. Nguyen et al. (2000) and
Vidyalakshmi et al. (2009) have reported the production of amylase from

Thermomyces lanuginosus and Bacillus sp. in the presence of yeast extract and
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peptone. These reports are in consonance with the results of the present

experiment.
4.3.1.2 Effect of incubation period

To determine the effect of incubation period on amylase production from
B. aerius GC6 and B. sonorensis GV 2, enzyme activity was measured at regular
intervals from 24 h to a period of 144 h.

For B. aerius GC6, maximum amylase activity of 74.95 U was noticed at
72" h with a specific activity of 3.38 lU/mg. A similar trend has been shown for
a-amylase production by B. sonorensis GV 2. Incubation period of 72 h showed
maximum amylase activity of 68.36 IU with a specific activity of 3.27 1U/mg.
Table 6 and Table 7 shows the effect of incubation period on the enzyme
production potential of B. aerius GC6 and B. sonorensis GV 2 respectively. All
the values of response variables are the mean of triplicate values with standard
deviation as calculated by Tukey Analysis for One Way ANOVA by GraphPad
Prism software. Standard error of mean has been given at the end of the table. For
B. aerius GC6, initial incubation period of 24 and 48 h have resulted in a lesser
enzymatic activity of 60.88 IU and 64.47 IU respectively. Similarly, for B.
sonorensis GV2, an activity of 56.93 U and 62.98 1U respectively had been
exhibited at these periods.

Table6. Effect of incubation period on extracellular a-amylase production
from B. aerius GC6
I ncubation "Protein ** Amylase *** Specific activity
period (h) activity
24 19.00+0.16% 60.88+0.212 3.20+0.12%
48 20.37+0.082 64.47+0.17° 3.16+0.09°
72 22.10+0.112 74.95+0.11° 3.38+0.10°
96 23.87+0.14% 73.79+0.13° 3.09+0.15°
120 21.81+0.12% 72.65+0.12° 3.33x0.17%
144 19.78+0.13° 72.08+0.14" 3.64+0.11%
SE(m) 0.28 0.45 0.34

** Amylase activity sameasgivenin Table 2

* Protein concentration
*** Specific activity }
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Table7.

B. sonorensisGV?2

Effect of incubation period on extracellular a-amylase production from

Incubation *Protein ** Amylase activity | ***Specific activity
period (h)

24 19.00+0.21% 56.93+0.23 2.99+0.12%
48 21.17+0.16" 62.98+0.21" 2.97+0.00%

72 20.87+0.14° 68.36+0.18° 3.27+0.14°

96 23.06+0.20° 65.46+0.13" 2.97+0.09%
120 16.81+0.17 52.89+0.12° 3.14+0.112
144 12.75+0.10° 41.78+0.14" 3.27+0.20°
SE(m) 0.31 0.47 0.34

* Protein concentration
** Amylase activity

} sameasgivenin Table 2
*** Specific activity

When growth of the selected isolates was studied, it was revealed that
both the isolates exhibited an exponential phase from 12 to 48 h followed by
stationary phase till 72 h (Fig 6, 7). The lesser enzyme activity for 48 h could be
attributed to the lag and the log phase of the organismal growth where the time
was taken by the microorganism to get stabilized in a new medium and then start
multiplying. Amylase being an inducible enzyme is generally produced during
the stationary phase. Thus the peak in enzyme yield has been found to be at 72™
h of growth by both the isolates. Afterwards incubation beyond 72 h resulted in a
decreased enzyme activity that could be due to depletion of nutrients available
causing a stressed microbia physiology eventually resulting in an inactivation of
enzyme (Flores et al., 1997). Another reason could be the catabolite repression
i.e. the increase in the production of reducing sugars, which after a certain period
of growth could exhibit inhibitory effect on enzyme production as a-amylase is
an inducible enzyme (Kiran and Chandra, 2008; Premila, 2013). Till 144" h,
enzyme activity decreased to 72.08 1U for B. aerius GC6 and 41.78 IU for B.
sonorensis GV 2.
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Fig. 7 Growth curve with amylase activity profile of B. sonorensis GV2
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Hamza (2004) isolated B. subtilis from local soil of Irag yielding 3.96
U/ml amylase at 72 h of incubation period. Ngafi et al. (2005) observed a

maximum amylase activity of 38 U/ml at stationary phase exhibited by B. subtilis
AX20 isolated from soil. B. coagulans isolated from soil by Allah et al. (2011)
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exhibited an amylase activity of 80.33 U/ml at 72 h. Amutha and Priya (2011)
reported B. subtilis KCX006 yielding 38 U/ml amylase in its stationary phase.
Khalil (2011) isolated Deinococcus geothermals sp. M4 from hot springs of Iraq
showing highest amylase activity after 72 h of incubation.

4.3.1.3 Effect of different carbon sour ces and substrate concentration

Carbon source in the form of either monosaccharides or polysaccharides
influence the production of amylase. a-amylase is an inducible enzyme and is
generally induced in the presence of starch or its hydrolytic product, maltose.
Tables 8 and 9 respectively depict the effect of various carbon sources on a-
amylase production from B. aerius GC6 and B. sonorensis GV 2. All the values of
response variables are the mean of triplicate values with standard deviation as
caculated by Tukey Analysis for One Way ANOVA by GraphPad Prism
software. Standard error of mean has been given at the end of the table. The
responses are all significant.

Table8. Effect of different carbon sources on extracellular a-amylase
production from B. aerius GC6

Carbon *Protein ** Amylase ***Specific
source activity activity
Starch 20.20+0.112 74.95+0.082 3.68+0.12°
Mannose 17.37+0.11% 62.01+0.12" 3.56+0.09°
Arabinose 14.19+0.212 56.77+0.13° 4.00+0.21%
Glucose 13.07+0.09% 47.87+0.17° 3.66+0.16°
Maltose 24.98+0.13° 75.66+0.16" 3.02+0.11%
Sucrose 19.35+0.12% 60.87+0.20° 3.14+0.12°
SE(m) 0.31 0.34 0.26

* Protein concentration
** Amylase activity

} same asgivenin Table 2
*** Specific activity

Perusal of the Table 8 revealed that B. aerius GC6 exhibited highest a-
amylase activity of 75.66 IU with maltose as a carbon source with a specific
activity of 3.02 IU/mg. Other carbon sources such as mannose, arabinose and
sucrose failed to significantly induce a-amylase production. Starch, in spite of
being the most probable substrate has also shown a comparatively lowered
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enzyme activity of 74.95 IU in B. aerius GC6, thus inferring a very different
nature of a-amylase than the usua ones. Table 9 represents the effect of carbon
sources on the enzyme production potential of B. sonorensis GV2. a-amylase
production was induced by the presence of starch as a carbon source yielding
69.13 IU enzyme. Starch has aso been found to increase enzyme production in B.
subtilis IMG22, Bacillus sp. PS-7 and Bacillus sp. 1-3 as reported by Tanyildizi et
al. (2005); Sodhi et al. (2005) and Goyal et al. (2005) respectively. Other carbon
sources viz. arabinose, maltose, mannose and sucrose did not result in a
considerable a-amylase induction. a-amylase production is subjected to catabolite
repression by glucose and other sugars, like most other inducible enzymes.
Similar repression in enzyme production has been observed in both the isolates
with glucose yielding a lowered 47.87 1U and 50.57 1U a-amylase respectively,
from B. aerius GC6 and B. sonorensis GV2. Synthesis of amylases in most
species of the genus Bacillus is repressed by readily metabolizable substrates
such as glucose and fructose as reported by Haseltine et al. (1996); Lin et al.
(2007); Kiran and Chandra (2008); Premila (2013). A reduced enzyme activity in

our strainsisin consonance with these reports.

Table9. Effect of different carbon sources on extracellular a-amylase

production from B. sonorensis GV2

Carbon source *Protein ** Amylase activity | ***Specific activity
Starch 21.08+0.132 69.13+0.08 3.27+0.082
Mannose 22.90+0.42"° 58.37+0.13° 2.98+0.102
Arabinose 24.04+0.15° 64.83+0.31° 2.69+0.132
Glucose 19.87+0.12¢ 50.57+0.24 2.54+0.20°
Maltose 16.81+0.23° 46.87+0.53° 2.78+0.12°
Sucrose 12.75+0.28f 34.23+0.25' 2.68+0.10°
SE(m) 0.64 0.37 0.28

*Protein concentration
** Amylase activity
*** Specific activity

} sameasgivenin Table 2

Varying concentrations of the best substrate i.e. maltose for B. aerius
GC6 and starch for B. sonorensis GV 2 ranging from 0.5 to 3.0% were explored
for its effect on the enzyme yield. The results have been given in Tables 10 and
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11 for B. aerius GC6 and B. sonorensis GV2 respectively. All the values of
response variables are the mean of triplicate values with standard deviation as
caculated by Tukey Anaysis for One Way ANOVA by GraphPad Prism
software. Standard error of mean has been given at the end of the tables. B. aerius
GC6 at a concentration of 1.0 % starch yielded a maximum enzyme activity of
76.20 1U with 3.29 1U/mg specific activity. For B. sonorensis GV 2, an induction
in o-amylase production at 0.5% concentration was observed with yield of 70.12
U with as specific activity of 3.31 1U/mg.

Table10. Effect of substrate concentration on extracellular a-amylase
production from B. aerius GC6

Substrate *Protein **Amylase activity | *** Specific activity
concentration

(%)

0.5 21.10£0.092 69.63+0.11° 3.3x0.12%

1 23.10£0.072 76.20+0.16° 3.29+0.072

1.5 18.04+0.112 60.93+0.13° 3.37+0.11°

2 12.87+0.12° 42.88+0.09 3.33+0.13°

2.5 9.34+0.16° 28.47+0.11° 3.04+0.14°

3 5.67+0.21° 12.61+0.13" 2.22+0.08°
SE(m) 0.30 0.33 0.26

* Protein concentration
** Amylase activity

} sameasgivenin Table 2
*** Specific activity

There were statistically significant variations among the different
substrate concentrations used for amylase production ranging from 0.5-3.0%.
Very low substrate concentration fails to trigger enzyme production to desirable
level because most of the inoculum remains without substrate and hence resulting
in minimum secretion of enzymes. Optimum substrate concentration normally
results in an increase in the yield and reaction rate of the hydrolysis (Regina et
al., 2008). However, high substrate concentration causes substrate inhibition,
which substantially lowers enzyme production (Liu and Y ang, 2007; Singhania et
al., 2007). An increase in substrate concentration from optimum upto 3.0% has
resulted in decreased a-amylase activity. A decreased activity of 12.61 1U has
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been shown by B. aerius GC6 at 3.0% substrate concentration where as B.
sonorensis GV2 exhibited 32.09 IU of enzyme activity at the same substrate

concentration.

Several workers have optimized substrate concentrations for efficient a-
amylase production. Thippeswamy et al. (2006), Asgher et al. (2007), Ashwini et
al. (2011) and Deb et al. (2013) adjudged 1% substrate concentration as optimum
yielding 72 U/ml, 0.46pmole/min/ml and 8 U/ml amylase from B. subtilis JS-
2004, Bacillus sp., B. marini and B. amyloliquefaciens P-001 respectively. Bai et
al. (2012) however reported 0.5% starch as optimum for amylase production
from Alicyclobacillus sp. A4. Perusal of these results revealed that potential
amylogenic strains B. aerius GC6 and B. sonorensis GV2 yielding 76.20 1U and
70.12 IU respectively of amylase at 1.0% and 0.5% substrate concentration are

potential candidates for cost effective amylase production.

Table11. Effect of substrate concentration on extracellular a-amylase
production from B. sonorensis GV2

Substrate *Protein ** Amylase *** Specific activity
concentration activity

(%)

0.5 21.13+0.062 70.12+0.122 3.31+0.11%
1 23.10+0.13° 62.64+0.11° 2.71+0.13
15 25.43+0.15° 64.98+0.36° 2.55+0.082
2 18.66+0.13° 47.28+0.19¢ 2.53+0.14%
25 16.81+0.09° 46.78+0.00° 2.78+0.122
3 9.35+0.11" 32.09+0.13 3.43+0.20%
SE(m) 0.24 0.34 0.33
* Protein concentration
** Amylase activity same as givenin Table 2
*** Specific activity

4.3.1.4 Effect of inoculum size

The size of inoculum plays an important role in the fermentation of

enzymes.Different inoculum sizes studied for enhanced enzyme production were
2.5, 5.0..., 15.0% (v/v). Table 12 and 13 reveal the effect of inoculum size on
enzyme production by B. aerius GC6 and B. sonorensis GV 2 respectively. All the
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values of response variables are the mean of triplicate values with standard

deviation as calculated by GraphPad Prism software. Standard error of mean has

been given in the end of thetable.

Table12. Effect of inoculum size on extracellular a-amylase production

from B. aerius GC6

Inoculum size *Protein ** Amylase activity ***Specific
(%) activity
2.5 16.66+0.082 69.36+0.112 4.16+0.12%
5 19.80+0.11% 71.13+0.11° 3.59+0.09°
7.5 18.03+0.11% 76.99+0.212 4.22+0.21°
10 21.53+0.16° 71.47+0.092 3.31+0.16°
125 16.81+0.13% 67.57+0.13° 4.01+0.11%
15 9.67+0.09° 58.36+0.12" 6.03+0.7°
SE(m) 0.28 0.45 0.83

** Amylase activity
*** Specific activity

* Protein concentration
} sameasgivenin Table 2

Highest amylase titres of 76.99 1U from B. aerius GC6 and 71.82 IU from
B. sonorensis GV2 were observed at 7.5% inoculum size having statistically
significant differences over the range of variable inoculum sizes. There was a
steady increase in the enzyme production from 2.5 to 7.5% in both the cases
however there was a steep decrease in the enzyme activity beyond this inoculum
size because of an overload of the cells in the production medium resulting in
nutrient starvation (Deb et al., 2013). Maxima enzyme activity at optimal level
was observed because at this point there is equilibrium between the number of
cells and availability of nutrients for growth and substrate to act upon while the
decline in enzyme yield at larger inoculum size might be due to formation of

thick suspensions and improper mixing of substrates in shake flasks.

In contrary to our findings, variable inoculum sizes have been reported by
workers. 10% of inoculum has been reported optimum for amylase production
from Thermomyces lanuginosus by Kunamneni et al. (2005). Ashwini et al.

(2011) reported an enzyme activity of 8 U/ml from B. marini at an inoculum size
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of 10%. A lower inoculum size of 1% has been reported by Deb et al. (2013) for
amylase production by B. amyloliquefaciens P-001 yielding 39.25 U/ml of
enzyme.

Table13. Effect of inoculum size on extracellular a-amylase production
from B. sonorensis GV2

Inoculum size *Protein ** Amylase activity | *** Specific activity
(%)

25 21.08+0.132 49.33+0.08% 2.34+0.13%
5 18.69+0.24° 58.07+0.10° 3.10+0.112
75 21.08+0.152 71.82+0.53° 3.40+0.20°
10 22.03+0.20° 66.07+0.24° 2.99+0.12%
125 9.08+0.21¢ 21.99+0.35° 2.42+0.14%
15 7.85+0.12° 18.13+0.14' 2.30+0.092
SE(m) 0.26 0.38 0.42

* Protein concentration

** Amylase activity sameasgivenin Table 2

*** Specific activity

4.3.1.5 Effect of pH

Enzyme activity is markedly affected by pH. The effect of pH is crucia in
terms of growth of the producing organism and the biosynthesis of a-amylase.
This is because substrate binding and catalysis are often dependent on charge
distribution on both, substrate and, in particular enzyme molecules (Shah and
Madamwar, 2005). The pH of the growth medium plays an important role in
terms of inducing enzyme production and morphologica changes in the microbes
(Pederson and Nielson, 2000; Kathiresan and Manivannan, 2006). Keeping in
view its importance, the effect of pH in the range of 7.0-12.0 was evaluated on a-
amylase production. Table 14 and 15 represent effect of pH on the enzyme
production potential from B. aerius GC6 and B. sonorensis GV 2 respectively. All
the values of response variables are the mean of triplicate values with standard
deviation as calculated by Tukey Analysis for One Way ANOVA by GraphPad
Prism software. Standard error of mean has been given at the end of the table.
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The highest a-amylase activity of 77.66 U was observed for B. aerius
GC6 at akaline pH 9.0 with specific activity 4.71 IU/mg. At lower pH of 7.0 and
8.0, a respective amylase activity of 43.46 1U and 61.72 IU has been observed.
Similarly, at increased pH of 10.0 and 11.0, enzyme activity of 47.36 1U and
23.29 U respectively had been recorded.

Table 14. Effect of different pH on extracellular a-amylase production from

B. aerius GC6

pH *Protein ** Amylase activity | ***Specific activity
7 19.24+0.11 43.46+0.18 2.25+0.21

8 22.08+0.13 61.72+0.8 2.79+0.1

9 16.46+0.16 77.66+£0.12 4.71+0.04

10 19.24+0.17 47.36+0.09 2.460.09

11 7.43+0.12 23.29+0.12 3.13+0.11

12 2.45+0.08 1.28+0.16 0.52+0.17
SE(m) 0.33 0.31 0.45

* Protein concentration
** Amylase activity
*** Specific activity

} sameasgivenin Table 2

Table 15. Effect of different pH on extracellular a-amylase production from
B. sonorensisGV2

pH *Protein ** Amylase activity | *** Specific activity
7 21.08+0.11° 43.00+0.12° 2.04+0.042
8 19.33+0.12° 57.99+0.09" 3.00£0.14°
9 22.08+0.06° 71.96+0.11° 3.41+0.08°
10 21.03+0.14% 67.89+0.16" 3.20£0.112
11 8.34+0.16° 31.34+0.16° 3.75+0.13°
12 4.26£0.17° 6.03+0.21' 1.410.15°
SE(m) 0.33 0.21 0.21

* Protein concentration

** Amylase activity sameasgivenin Table 2

*** Specific activity }
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On the other hand, for B. sonorensis GV2, maximum enzyme activity of
71.96 1U was observed at pH 9.0 with a specific activity of 3.41 IU/mg. At pH
7.0 and 8.0, an amylase activity of 43.00 and 57.99 1U respectively was observed.
Above optimum, pH 11.0 showed a dipped amylase activity of 31.34 IU. This
implies that the pH of the medium influences the growth of microorganisms and
hence the enzyme production. Each microorganism possesses a specific pH range
for its growth and activity. The extracellular pH has a strong influence on the
pathways of metabolism and product formation by microorganism. Changes in
the external pH alter the ionization of nutrient molecules and reduce their
availability to the organism thus lowering their overall metabolic activity (Willey
et al., 2008).

There are several reports available in the literature regarding the
production of amylase at neutral and acidic pH (Sohail et al., 2005; Asgheret al.,
2007; Asad et al., 2010; Fooladi and Sgjjadian, 2010; Lily et al., 2012). However,
at akaline pH, afew reports are available. Maximum amylase production from B.
amyloliquefaciens P-001 of 35.84 U/ml at pH 9.0 has been reported by Deb et al.
(2013). Pathak and Narula (2013) reported amylolytic fungus Aspergillus niger
producing amylase at pH 9.0. Andualem (2014) reported 99% starch hydrolysis at
pH 8.0 by an amylase isolated from thermophilic spore former Baillus sp.
Alkalophilic amylogenic isolates B. aerius GC6 and B. sonorensis GV 2 reported
in the present study yielding high titres of amylase at pH 9.0 are thus organisms

of special interest for use in textile, detergent and biofuel industries.
4.3.1.6 Effect of temperature

Table 16 and 17 represents the effect of temperature on a-amylase
production by B. aerius GC6 and B. sonorensis GV2. All the values of response
variables are the mean of triplicate values with standard deviation as calculated
by Tukey Anaysisfor One Way ANOV A by GraphPad Prism software. Standard

error of mean has been given in the end of the table.

B. aerius GC6 and B. sonorensis GV2 exhibited highest amylase activity
of 7796 and 7276 IU a an optimum temperature of 50°C which was
significantly higher than others. Maximum enzyme activity at optimum
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temperature may be due to an increased metabolic activity of the cells resulting in
an increased extracellular enzyme production in culture supernatant. Lowered
incubation temperature of 40 and 45°C resulted in a decreased amylase activity of
36.38 IU and 72.56 IU respectively for B. aerius GC6. Similarly for B.
sonorensis GV 2, a decreased activity of 27.98 and 57.22 |U was observed at a
temperature of 40 and 45°C respectively. At temperatures lower than optimum,
membranes solidify by denaturing enzymes, transport carriers and other proteins
thus lowering enzyme activity (Willey et al., 2008). At higher temperatures of 55
and 60°C, a respective amylase activity of 66.76 U and 32.45 IU was observed
for B. aerius GC6. A similar decrease in enzyme activity i.e. 18.13 U with
increase in incubation temperature to 65°C of B. sonorensis GV2 is evident from
the findings of Bakri et al. (2009), who observed a decrease in amylolytic
potential of Bacillus sp. strain isolated from soil samples beyond 37°C
temperature, which yielded maximum amylase. Vidyalakshmi et al. (2009)
reported a maximum amylase yield of 7 U/ml at 35°C from Bacillus sp., which
reduced considerably to 4.58 U/ml at 40°C. Andualem (2014) observed a
decrease in starch hydrolysis efficiency of alpha amylase beyond 60°Cextracted

from Bacillus sp. strain isolated from starch rich soil.

Table16. Effect of different temperature on extracellular a-amylase
production from B. aerius GC6

Temperature *Protein ** Amylase activity | *** Specific activity
(°C)

40 17.78+0.072 36.38+0.112 2.04+0.09°
45 19.24+0.09" 72.56+0.1% 3.77+0.11°
50 18.09+0.112 77.96+0.16° 4.02+0.13°
55 19.63+0.16° 66.76+0.21¢ 3.40+0.17¢
60 13.06+0.12¢ 32.45+0.12° 2.48+0.14°
65 6.08+0.08° 21.01+0.17" 3.45+0.21"
SE(m) 0.41 0.31 0.26

* Protein concentration

** Amylase activity sameasgivenin Table 2

*** Specific activity
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Tablel17. Effect of different temperature on extracellular a-amylase

production from B. sonorensis GV2

Toemperature *Protein ** Amylase activity | ***Specific activity
Elg ) 16.93+0.21° 27.98+0.07° 1.65+0.092

45 25.43+0.11° 57.22+0.15" 2.25+0.132

50 18.09+0.07° 72.76+0.11° 4,02+0.17°

55 16.8020.142 64.37+0.08" 3.83:0.21°

60 11.58+0.13¢ 26.34+0.13° 2.28+0.22°

65 7.88£0.11° 18.13+0.08' 2.30£0.24°
SE(m) 0.17 0.26 0.31

* Protein concentration
** Amylase activity

sameasgivenin Table 2
*** Specific activity

The reduction in enzyme activity at higher temperature could be due to
damaged and deformed enzyme structures. Incubation temperature is the most
important physical factor which affects structure and function of
macromolecules. Increase in temperature not only leads to an increase in activity
reaction kinetics but aso accelerates the denaturation induced by higher
physiological temperatures. Any temperature beyond the optimum range is found
to have some adverse effects on the metabolic activities of the microorganisms
and it is also reported by various scientists that the metabolic activities of the
microbes become slow at lower or higher temperatures (Okolo et al., 1995).

Asgher et al. (2007) isolated a moderately thermophilic strain B. subtilis
for starch processing industry yielding 72 U/ml at 50°C. In accordance to our
findings, Khalil (2011) reported amylase production at 50°C by a thermophilic
bacterial strain isolated from hot springs of Saudi Arabia. Bacillus sp. isolated
from soil by Senthilkumar et al. (2012) yielded 3.5 U/ml enzyme a 50°C. B.
subtilis yielding 0.038 U/ml of amylase at 50°C have been isolated from soil by
Sani et al. (2014).
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4.3.1.7 Effect of various nitrogen sources

Nitrogen sources are the most important secondary energy compounds for
the growth and metabolism of microorganisms. The nature of these compounds
and the concentration used may stimulate or down regulate the production of
enzymes (Sharma and Singh, 2012). Table 18 and 19 represents the effect of
nitrogen sources on a-amylase production by B. aerius GC6 and B. sonorensis
GV2. All the values of response variables are the mean of triplicate values with
standard deviation as calculated by Tukey Analysis for One Way ANOVA by
GraphPad Prism software. Standard error of mean has been given in the end of
thetable.

B. aerius GC6 enzyme production medium supplemented with sodium
nitrate exhibited an increased amylase activity of 78.78 IU (specific activity 4.62
IU/mg). For B. sonorensis GV2 enzyme production medium supplemented with
sodium nitrate showed an increased enzyme activity of 73.08 U (specific activity
of 3.86 IU/mg). Of the rest other nitrogen sources used viz. gelatin, tryptone,
NH4Cl, NH4NO3, (NH4)>,SO4 however showed a decline in enzyme activity. It has
been observed that inorganic sources expressed comparatively higher enzyme

yields than organic nitrogen sources (Sankaralingam et al., 2012).

Table18. Effect of different nitrogen sources on extracellular a-amylase
production from B. aerius GC6

Nitrogen *Protein **Amylase *** Specific activity
source activity

Gelatin 18.23+0.132 60.65+0.212 3.32+0.8%
Tryptone 22.65+0.182 72.22+0.08° 3.18+0.762
(NH4)2SO,4 28.11+0.11° 78.78+0.11° 4.62+0.73%

N H4C| 22.22+0.082 61.37+0.122 2.76+x0.112
NH4 NOs 22.65+0.122 72.96+0.09¢ 3.22+0.21%
NaNO; 29.15+0.16° 73+0.17° 2.50+0.172
SE(m) 0.36 0.91 0.45

* Protein concentration
** Amylase activity

sameasgivenin Table 2
*** Specific activity
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The nature and relative concentration of different complex nitrogenous
sources in the growth medium are important for the synthesis of amylase. Lower
levels as well as excess of nitrogen are equally detrimental causing enzyme
inhibition (Sharma and Singh, 2012). The presence of more than one nitrogen
source in the medium has been reported to give better results which are evident
from the results of the experiment. Yeast extract has been shown to induce
amylase production by several workers (Ashwini et al., 2011; Sharma et al.,
2012; Deb et al.,, 2013) for B. marini, B. amyloliquefaciens and B.
amyloliquefaciens P-001.

Table19. Effect of different nitrogen sources on extracellular a-amylase
production from B. sonorensis GV2

Nitrogen *Protein ** Amylase activity *** Specific
Sour ce act|V|ty

Gelatin 24.56+0.12° 57.98+0.23° 2.36+0.00°
Tryptone 16.182+0.16" 27.22+0.22° 1.68+0.12°
(NH,)2S0, 18.58+0.14° 71.72+0.13° 3.86+0.14°
NH,Cl 16.80+0.20" 64.37+0/05° 3.83+0.09°
NH,4 NO; 20.58+0.17° 56.34+0.16° 2.28+0.13°
NaNOs 19.35+0.11" 73.08+0.14" 3.86+0.11°
SE(m) 0.37 0.18 0.34

* Protein concentration
** Amylase activity
*** Specific activity

} sameasgivenin Table 2

Coleman and Elliott (1962) have reported ammonium salts to enhance
amylase production. In consonance to our findings, anmonium salts along with
yeast extract has been reported to yield enhanced amylase titres by Mahmood and
Rahman (2008) from B. subtilis DM-03 and Sivakumar et al. (2012) from B.
cereus. Similarly, sodium nitrate along with yeast extract has been reported to
yield elevated titres of amylase from B. amyloliquefaciens isolated from
industrial waste as reported by Sharma et al. (2012). Yeast extract amended
media showed the maximum production of a-amylase from B. subtilis, B. marini

and B. cereus probably due to its high content in minerals, vitamins, coenzymes
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and nitrogen components (Asgher et al., 2007; Ashwini et al., 2011,
Vijayabaskar et al., 2012). In consonance with these findings, starch agar
medium used for enzyme production in the present study having yeast extract,
when supplemented with an inorganic nitrogen source ammonium sulphate and

sodium nitrate resulted in an elevated enzyme yield.
4.3.1.8 Effect of divalent ions

Table 20 and 21 represent the effect of various metal ions on a-amylase
production by B. aerius GC6 and B. sonorensis GV2. All the values of response
variables are the mean of triplicate values with standard deviation as calculated
by Tukey Anaysisfor One Way ANOVA by GraphPad Prism software. Standard
error of mean has been given in the end of the table.

Table20. Effect of different divalent ions on extracellular a-amylase
production from B. aerius GC6

Divalent ions *Protein ** Amylase activity | ***Specific activity
ca** 22.34+0.8° 78.99+0.112 3.50+1.09%
Mg®* 20.93+0.05 77.58+0.13° 3.65+0.872
cu®* 14.35+0.18° 68.47+0.14° 4.77+0.66°
Ba’* 11.24+0.11° 19.27+0.17¢ 1.71+0.232
Fe™* 11.24+0.09° 36.43+0.21° 3.24+0.12°
Mn** 17.32+0.14° 46.48+0.09' 2.68+0.09°
Co™ 19.99+0.4 70.98+0.07° 3.55+0.11°
zZn? 8.28+0.6' 12.34+0.14" 1.49+0.25°
Ni%* 6.57+0.6° 11.76+0.22 1.78+0.172
SE(m) 0.43 0.52 0.32

* Protein concentration
** Amylase activity

*** Specific activity

} sameasgivenin Table 2

Enzyme action is specific to the presence or absence of a particular metal

ion. Likewise, B. aerius GC6 and B. sonorensis GV2 exhibited quite a variable

behaviour towards extracellular a-amylase secretion in the presence of various
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metal ions in the production medium. As metal ions accept or donate electrons
and act as electrophiles, mask nucleophiles to prevent unwanted side reactions,
bind enzyme and substrate by coordinate bonds, hold the reacting groups in the
required 3D orientation, and simply stabilize a cataytically active conformation
of the enzyme (Pamer, 2001). Most of the enzymes are metalloenzymes by

nature and exhibit an increased activity in the presence of metal ions.

Table2l. Effect of different divalent ions on extracellular a-amylase
production from B. sonorensis GV2

Divalent ions *Protein ** Amylase activity | ***Specific activity
Ca®' 21.98+0.16° 73.44+0.16° 3.34+0.092
Mg®* 14.23+0.18° 73.43+0.26° 4.94+0.12°
cu®t 19.88+0.09° 68.49+0.34° 3.44+0.07°2
Ba’* 11.23+0.22" 28.98+0.11¢ 2.56+0.20°
Fe?* 11.99+0.22° 36.43+0.09° 3.03+0.10?
Mn?* 14.90+0.11" 51.34+0.13" 3.44+0.14°
Co®* 15.48+0.14° 34.28+0.21° 2.21+0.15°
zZn?* 11.23+0.09" 2.23+0.12" 0.19+0.03"
Ni?* 11.23+0.15 8.97+0.09 0.79+0.17°
SE(m) 0.28 0.44 0.30

* Protein concentration
** Amylase activity

} sameasgivenin Table 2
*** Specific activity

Ca®* and Mg** showed a positive effect on enzyme production by both the
isolates. For B. aerius GC6 an amylase activity of 78.99 and 77.58 IU
respectively has been observed whereas for B. sonorensis GV2 an amylase
activity of 73.44 and 73.43 |U respectively has been noticed. Ca?* and Mg** have
been reported to enhance enzyme activity by Goyal et al. (2005); Asgher et al.
(2007), Kiran and Chandra (2008), Tamilarasan et al. (2012) and Deb et al.
(2013) from Bacillus sp. 1-3, B. subtilis JS-2004, Bacillus sp. TSCVKK,
Aspergillus oryzae MTCC 1847 and B. amyloliquefaciens P-001 respectively.
Catalytic activity and stability of amylase have been reported to be calcium
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dependent. Qader et al. (2006) reported maximum amylase production in the
presence of 0.02% CaCl, from Bacillus sp. AS-1.

In accordance to the findings of Burhan et al. (2003) and Singh et al.
(2014), Ni** and Zn** amost inhibited the enzyme production while in the
medium. Ba™*, Fe**, and Co*" showed a negative effect on enzyme production
lowering the titres considerably. Mn?* and Cu** however did not affect the
enzyme production upto a greater extent as reported by Rao and Satyanarayana
(2007).

4.3.1.9 Effect of surfactants

Surfactants in the fermentation medium are known to increase the
secretion of proteins by increasing cell membrane permeability (Hashemi et al.,
2010). Therefore, addition of these surfactants is used for the production of
extracellular enzymes (Sivaramakrishnan et al., 2006). Most organisms are
stimulated to increased enzyme production; however, enzyme production by
some organisms is only dlightly affected in the presence of surfactants. In
general, the percentage increases is greatest for organisms which produce small
amounts of enzyme in the control lacking surfactant. The increase was less
pronounced in the organisms which are normally good producers of the enzyme
(Reese and Maguire, 1969).

Table 22 and 23 represent the effect of surfactants on a-amylase
production by B. aerius GC6 and B. sonorensis GV2. All the values of response
variables are the mean of triplicate values with standard deviation as calculated
by Tukey Analysisfor One Way ANOVA by GraphPad Prism software. Standard
error of mean has been given in the end of the table. For B. aerius GC6 a
decrease in enzyme production was observed while supplementing the media
with surfactants. All the surfactants resulted in considerable inhibition of enzyme
activity to varying extents. a-amylase production by B. sonorensis GV2 aso
showed the same trend with the addition of surfactants such as Tween 80. With
Tween 80 in the medium, enzyme activity was observed as 69.46 IU with a
specific activity of 3.26 1U/mg protein.
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Table 22. Effect of surfactants on extracellular a-amylase production from

B. aerius GC6
Surfactants *Protein ** Amylase activity | ***Specific activity
SDS 11.34+0.12° 59.58+0.09° 5.25+0.6°
EDTA 3.54+0.04° 2.43+0.08 0.68+0.16"
CTAB 6.54+0.082 8.55+0.13° 1.30+0.11°
Tween 20 11.34+0.11° 36.78+0.21° 3.24+0.34°
Tween 80 10.46+0.13° 38.34+0.17° 3.66+1.09%
Triton X 100 12.78+0.07° 41.02+0.09' 3.20+1.32%
Glycerol 18.83+0.17° 51.22+0.08° 2.72+0.34°
SE(m) 0.28 0.31 0.42

** Amylase activity
*** Specific activity

* Protein concentration
} sameasgivenin Table 2

Table 23. Effect of surfactants on extracellular a-amylase production from
B. sonorensis GV2

Surfactants *Protein **Amylase ***Specific
activity activity

DS 20.02+0.162 72.90+0.112 3.64+0.23?
EDTA 3.23+0.08" 1.23+0.09° 0.38+0.15"
CTAB 8.82+0.06° 5.43+0.17° 0.61+0.09°
Tween 20 16.43+0.17° 41.98+0.21¢ 2.55+0.13¢
Tween 80 21.30+0.112 69.46+0.13° 3.26+0.142
Triton X 100 11.89+0.09° 38.82+0.7' 3.26+0.072
Glycerol 21.03+0.13? 56.89+0.149 2.70+0.06°
SE(m) 0.40 0.27 0.31

** Amylase activity
*** Specific activity

* Protein concentration
} sameasgivenin Table 2

An increase in enzyme activity on addition of surfactants in the medium
has been reported by Rao and Satyanarayana (2007) and Sodhi et al. (2005).
However the addition of EDTA and CTAB in the medium resulted in inhibition
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of activity proving it to be a-amylase. Tween 20, Triton X100 and glycerol also
failed to increase the enzyme activity considerably thus were not added in the
medium. Addition of surfactants would lead to an increased additional cost of
production, thus an inhibition of enzyme activity in the presence of these

additives would lead to a cost effective enzyme production process.

Classica approach i.e. one variable a a time (OVAT) used for
optimization of o-amylase production from B. aerius GC6 and B. sonorensis
GV2 has resulted in statistically significant increase in the production of amylase.
Six significant variables chosen from one variable at a time optimization were
further taken up for precise standardization by using a statistical tool of Response
Surface Methodology (RSM).

4.3.2 Optimization of a-amylase production using Central Composite

Design (CCD) of Response Surface Methodology (RSM) for B. aerius
GC6 and B. sonorensis GV2

Optimization of medium by classical OVAT approach involves changing
one independent variable at a time keeping al other variables at their constant
levels. These optimization studies do not consider the interaction effects among
the variables. In fermentation process, the operational variables interact and
influence each other affecting the response, it is thus important that the
optimization method accounts for interactions among the variables as well so that
best optimal set of conditions can be determined (Silva and Roberto, 2001). This
limitation of single variable optimization process can be eliminated by employing
the statistical optimization technique of Response Surface Methodology (RSM),
which is used to explain the individual as well as combined effects of al the
factors in a fermentation process (Elibol, 2004). Single factor optimization
methods are not only tedious, but also can lead to misinterpretation of results
especialy due to the interaction effects between different factors are overlooked
(Wenster-Botz, 2013). Response Surface Methodology may be summarized as a
collection of experimental strategies, mathematical methods and statistical
inference for constructing and exploring an approximate functional relationship

between a response variable and a set of design variables (Liu and Tzeng, 1998).
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Table 24. Complete experimental design with coded independent and response variables for optimization of a-amylase production from B. aerius GC6
by applying CCD of RSM

Factors Response 1
Factor 1 Factor 3 Factor 4 Factor 5 Factor 6
Std Run Block Factor 2 A L Amylase
A:Substr.ate B: pH C:Temperature | D:l .noculum E:Calcium ions | F:Magnesium ions Activity (1U)
concentration % °C size % % %
2 1 10000 1.000 -1.000 -1.000 -1.000 -1.000 -1.000 38.65
7 2 10000 1.000 1.000 1.000 1.000 1.000 -1.000 5.44
16 3 10000 1.000 1.000 1.000 1.000 -1.000 1.000 0.99
1 4 10000 -1.000 -1.000 -1.000 -1.000 1.000 -1.000 57.17
17 5 10000 0.000 0.000 0.000 0.000 0.000 0.000 84.45
15 6 10000 -1.000 1.000 1.000 1.000 1.000 1.000 0.55
12 7 10000 1.000 1.000 -1.000 -1.000 1.000 1.000 4.95
10 8 10000 -1.000 -1.000 -1.000 -1.000 -1.000 1.000 46.50
13 9 10000 1.000 -1.000 1.000 1.000 -1.000 1.000 0.89
4 10 10000 -1.000 1.000 -1.000 -1.000 1.000 -1.000 217
14 11 10000 -1.000 -1.000 1.000 1.000 1.000 1.000 1.48
8 12 10000 -1.000 1.000 1.000 1.000 -1.000 -1.000 0.48
3 13 10000 1.000 1.000 -1.000 -1.000 -1.000 -1.000 051
11 14 10000 -1.000 1.000 -1.000 -1.000 -1.000 1.000 5.59
5 15 10000 -1.000 -1.000 -1.000 1.000 -1.000 -1.000 177
18 16 10000 0.000 0.000 0.000 0.000 0.000 0.000 84.65
6 17 10000 1.000 -1.000 -1.000 1.000 1.000 -1.000 8.49
9 18 10000 1.000 -1.000 -1.000 -1.000 1.000 1.000 42.92
24 19 01000 -1.000 -1.000 -1.000 1.000 -1.000 -1.000 16.61
33 20 01000 1.000 1.000 1.000 1.000 -1.000 1.000 1051
32 21 01000 1.000 -1.000 -1.000 1.000 -1.000 1.000 1.48
29 22 01000 1.000 1.000 1.000 -1.000 1.000 1.000 4.96
20 23 01000 -1.000 -1.000 -1.000 -1.000 1.000 -1.000 56.67
19 24 01000 1.000 -1.000 -1.000 -1.000 -1.000 -1.000 51.05
27 25 01000 -1.000 -1.000 1.000 -1.000 -1.000 1.000 52.73
30 26 01000 -1.000 1.000 -1.000 -1.000 -1.000 1.000 14.58
34 27 01000 -1.000 1.000 1.000 1.000 1.000 1.000 10.22
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25 28 01000 -1.000 1.000 0.000 1.000 -1.000 -1.000 14.06
36 29 01000 0.000 0.000 0.000 0.000 0.000 0.000 83.39
35 30 01000 0.000 0.000 0.000 0.000 0.000 0.000 84.21
21 31 01000 -1.000 1.000 1.000 -1.000 1.000 -1.000 11.22
22 32 01000 1.000 1.000 1.000 -1.000 -1.000 -1.000 7.69
26 33 01000 1.000 1.000 1.000 1.000 1.000 -1.000 17.49
23 34 01000 1.000 -1.000 -1.000 1.000 1.000 -1.000 11.53
28 35 01000 1.000 -1.000 -1.000 -1.000 1.000 1.000 59.44
31 36 01000 -1.000 -1.000 -1.000 1.000 1.000 1.000 1.08
39 37 00100 -1.000 1.000 1.000 -1.000 -1.000 -1.000 3.99
49 38 00100 -1.000 -1.000 -1.000 1.000 -1.000 1.000 0.00
47 39 00100 1.000 1.000 1.000 -1.000 -1.000 1.000 172
54 40 00100 0.000 0.000 0.000 0.000 0.000 0.000 83.49
40 41 00100 1.000 1.000 1.000 -1.000 1.000 -1.000 2.25
51 42 00100 1.000 1.000 1.000 1.000 1.000 1.000 1.49
50 43 00100 1.000 -1.000 -1.000 1.000 1.000 1.000 111
52 44 00100 -1.000 1.000 1.000 1.000 -1.000 1.000 6.89
45 45 00100 -1.000 -1.000 -1.000 -1.000 1.000 1.000 41.94
44 46 00100 1.000 1.000 1.000 1.000 -1.000 -1.000 7.55
41 47 00100 1.000 -1.000 -1.000 1.000 -1.000 -1.000 1.39
38 48 00100 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 49.40
46 49 00100 1.000 -1.000 -1.000 -1.000 -1.000 1.000 45.28
42 50 00100 -1.000 -1.000 -1.000 1.000 1.000 -1.000 7.58
37 51 00100 1.000 -1.000 -1.000 -1.000 1.000 -1.000 51.71
53 52 00100 0.000 0.000 0.000 0.000 0.000 0.000 83.39
48 53 00100 -1.000 1.000 1.000 -1.000 1.000 1.000 1.47
43 54 00100 -1.000 1.000 1.000 1.000 1.000 -1.000 0.49
70 55 00010 1.000 1.000 1.000 1.000 1.000 1.000 0.05
62 56 00010 -1.000 1.000 1.000 1.000 1.000 -1.000 0.13
58 57 00010 -1.000 1.000 1.000 -1.000 -1.000 -1.000 4.94
57 58 00010 1.000 1.000 1.000 -1.000 1.000 -1.000 0.00
56 59 00010 1.000 -1.000 -1.000 -1.000 1.000 -1.000 42.46
72 60 00010 0.000 0.000 0.000 0.000 0.000 0.000 82.02

147




68 61 00010 -1.000 -1.000 -1.000 1.000 -1.000 1.000 0.49
63 62 00010 1.000 -1.000 -1.000 -1.000 -1.000 1.000 39.71
55 63 | 00010 -1.000 -1.000 -1.000 ~1.000 ~1.000 -1.000 46.25
61 64 | 00010 1.000 1.000 1.000 1.000 -1.000 -1.000 1.10
60 65 | 00010 1.000 -1.000 -1.000 1.000 -1.000 -1.000 0.49
65 66 | 00010 -1.000 1.000 1.000 ~1.000 1.000 1.000 161
71 67 00010 0.000 0.000 0.000 0.000 0.000 0.000 65.66
67 68 | 00010 1.000 -1.000 -1.000 1.000 1.000 1.000 158
66 69 00010 1.000 1.000 1.000 ~1.000 ~1.000 1.000 1.97
69 70 | 00010 -1.000 1.000 1.000 1.000 -1.000 1.000 0.28
59 71 00010 -1.000 -1.000 -1.000 1.000 1.000 -1.000 1.44
64 72 00010 -1.000 -1.000 -1.000 -1.000 1.000 1.000 45.72
81 73 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 47.47
90 74 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 83.49
78 75 | 00001 0.000 0.000 0.000 2.828 0.000 0.000 0.00
85 76 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 83.29
76 77 00001 0.000 0.000 0.000 0.000 2.828 0.000 0.00
84 78 | 00001 2.828 0.000 2.828 0.000 0.000 2.828 3457
89 79 00001 0.000 0.000 0.000 0.000 0.000 0.000 84.59
73 80 | 00001 0.000 2.828 0.000 0.000 0.000 0.000 25.42
75 81 00001 0.000 0.000 0.000 0.000 0.000 0.000 0.00
86 82 00001 0.000 0.000 0.000 0.000 0.000 0.000 82.59
88 83 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 84.56
77 84 | 00001 0.000 0.000 0.000 -2.828 0.000 0.000 12.23
80 85 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 0.00
79 86 | 00001 0.000 -2.828 0.000 0.000 0.000 0.000 0.00
87 87 00001 0.000 0.000 0.000 0.000 -2.828 0.000 84.46
83 88 | 00001 -2.828 0.000 -2.828 0.000 0.000 0.000 44.97
74 89 00001 0.000 0.000 0.000 0.000 0.000 -2.282 64.46
82 90 | 00001 0.000 0.000 0.000 0.000 0.000 0.000 32.19
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Table 25. Complete experimental design with coded independent and response variables for optimization of a-amylase production from B. sonorensis

GV2 by applying CCD of RSM

Factors Response 1
Factor 1 Factor 3 Factor 4 Factor 5 Factor 6
Std Run Block Factor 2 . . Amylase
A:Substrate B: pH C:Temperature | D:lnoculum E:Calcium F:Magnesium Activity (1U)
concentration % (°C) size % ions % ions %

12 1 10000 1.000 1.000 -1.000 1.000 1.000 1.000 10.98
5 2 10000 0.000 -1.000 1.000 -1.000 -1.000 -1.000 3.76
9 3 10000 0.000 -1.000 -1.000 1.000 1.000 1.000 24.78

11 4 10000 0.000 1.000 -1.000 -1.000 1.000 -1.000 12.56

16 5 10000 1.000 1.000 1.000 -1.000 1.000 1.000 114
3 6 10000 -1.000 1.000 -1.000 -1.000 -1.000 1.000 177
6 7 10000 1.000 -1.000 1.000 1.000 -1.000 1.000 42.16

15 8 10000 -1.000 1.000 1.000 1.000 1.000 -1.000 0.78
7 9 10000 -1.000 1.000 1.000 1.000 -1.000 1.000 0.04

10 10 10000 1.000 -1.000 -1.000 -1.000 1.000 -1.000 49.73

14 11 10000 1.000 -1.000 1.000 1.000 1.000 -1.000 47.90
8 12 10000 1.000 1.000 1.000 -1.000 -1.000 -1.000 121
2 13 10000 1.000 -1.000 -1.000 -1.000 -1.000 1.000 45.61
4 14 10000 1.000 1.000 -1.000 1.000 -1.000 -1.000 1.44
18 15 10000 0.000 0.000 0.143 0.000 0.000 0.000 63.47
13 16 10000 -1.000 -1.000 1.000 -1.000 1.000 1.000 3.26
1 17 10000 -1.000 -1.000 -1.000 1.000 -1.000 -1.000 44.65
17 18 10000 0.000 0.000 0.143 0.000 0.000 0.000 54.55

28 19 01000 1.000 -1.000 -1.000 1.000 1.000 1.000 57.74

26 20 01000 1.000 1.000 1.000 1.000 -1.000 1.000 1.48

34 21 01000 1.000 1.000 1.000 1.000 1.000 -1.000 11.09

20 22 01000 1.000 -1.000 -1.000 1.000 -1.000 -1.000 55.56

22 23 01000 1.000 1.000 -1.000 -1.000 -1.000 1.000 12.21

32 24 01000 1.000 -1.000 1.000 -1.000 1.000 1.000 32.92

33 25 01000 -1.000 1.000 1.000 -1.000 1.000 1.000 0.87
19 26 01000 -1.000 -1.000 -1.000 -1.000 -1.000 1.000 57.34

36 27 01000 0.000 0.000 0.143 0.000 0.000 0.000 80.05
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25 28 01000 -1.000 1.000 1.000 -1.000 -1.000 -1.000 0.17
30 29 01000 1.000 1.000 -1.000 -1.000 1.000 -1.000 9.21
29 30 01000 -1.000 1.000 -1.000 1.000 1.000 1.000 2.12
24 31 01000 1.000 -1.000 1.000 -1.000 -1.000 -1.000 44.48
27 32 01000 0.000 -1.000 -1.000 -1.000 1.000 -1.000 37.08
23 33 01000 -1.000 -1.000 1.000 1.000 -1.000 1.000 16.79
21 34 01000 -1.000 1.000 -1.000 1.000 -1.000 -1.000 10.14
35 35 01000 0.000 0.000 0.143 0.000 0.000 0.000 79.75
31 36 01000 -1.000 -1.000 1.000 1.000 1.000 -1.000 6.44
45 37 00100 -1.000 -1.000 -1.000 1.000 1.000 -1.000 17.79
46 38 00100 1.000 -1.000 -1.000 -1.000 1.000 1.000 32.94
41 39 00100 0.000 -1.000 1.000 -1.000 -1.000 1.000 1.74
47 40 00100 0.000 1.000 -1.000 -1.000 1.000 1.000 11.09
48 41 00100 1.000 1.000 -1.000 1.000 1.000 -1.000 247
43 42 00100 -1.000 1.000 1.000 1.000 -1.000 -1.000 0.49
44 43 00100 1.000 1.000 1.000 -1.000 -1.000 1.000 0.04
53 44 00100 0.000 0.000 0.143 0.000 0.000 0.000 68.74
54 45 00100 0.000 0.000 0.143 0.000 0.000 0.000 69.55
37 46 00100 -1.000 -1.000 -1.000 1.000 -1.000 1.000 32.49
39 47 00100 -1.000 1.000 -1.000 -1.000 -1.000 -1.000 49.39
51 48 00100 -1.000 1.000 1.000 1.000 1.000 1.000 0.39
52 49 00100 1.000 1.000 1.000 -1.000 1.000 -1.000 1.74
38 50 00100 1.000 -1.000 -1.000 -1.000 -1.000 -1.000 61.67
50 51 00100 1.000 -1.000 1.000 1.000 1.000 1.000 47.24
49 52 00100 -1.000 -1.000 1.000 -1.000 1.000 -1.000 1.47
40 53 00100 1.000 1.000 -1.000 1.000 -1.000 1.000 176
42 54 00100 1.000 -1.000 1.000 1.000 -1.000 -1.000 47.07
65 55 00010 -1.000 1.000 -1.000 1.000 1.000 -1.000 1.02
60 56 00010 1.000 -1.000 1.000 -1.000 -1.000 1.000 1.49
57 57 00010 -1.000 1.000 -1.000 1.000 -1.000 1.000 137
62 58 00010 1.000 1.000 1.000 1.000 -1.000 -1.000 0.49
71 59 00010 0.000 0.000 0.143 0.000 0.000 0.000 81.33
58 60 00010 1.000 1.000 -1.000 -1.000 -1.000 -1.000 0.66
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66 61 00010 1.000 1.000 -1.000 -1.000 1.000 1.000 0.50
72 62 00010 0.000 0.000 0.000 0.000 0.000 0.000 81.31
63 63 00010 -1.000 -1.000 -1.000 -1.000 1.000 1.000 39.71
55 64 00010 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 59.97
56 65 00010 1.000 -1.000 -1.000 1.000 -1.000 1.000 59.71
70 66 00010 1.000 1.000 1.000 1.000 1.000 1.000 0.04
59 67 00010 0.000 -1.000 1.000 1.000 -1.000 -1.000 7.47
61 68 00010 0.000 1.000 1.000 -1.000 -1.000 1.000 0.39
69 69 00010 0.000 1.000 1.000 -1.000 1.000 -1.000 0.04
68 70 00010 1.000 -1.000 1.000 -1.000 1.000 -1.000 0.14
67 71 00010 -1.000 -1.000 1.000 1.000 1.000 1.000 5.79
64 72 00010 1.000 -1.000 -1.000 1.000 1.000 -1.000 52.72
78 73 00001 0.000 0.000 2.828 0.000 0.000 0.000 0

86 74 00001 0.000 0.000 0.143 0.000 0.000 0.000 82.47
73 75 00001 -2.828 0.000 0.143 0.000 0.000 0.000 11.46
82 76 00001 0.000 0.000 0.143 0.000 2.828 0.000 49.47
80 77 00001 0.000 0.000 0.143 2.828 0.000 0.000 0.77
75 78 00001 0.000 -2.828 0.143 0.000 0.000 0.000 0

88 79 00001 -1.000 0.000 0.143 0.000 0.000 0.000 82.77
74 80 00001 2.828 0.000 0.143 0.000 0.000 0.000 32.24
76 81 00001 0.000 2.828 0.143 0.000 0.000 0.000 0

77 82 00001 0.000 0.000 -2.828 0.000 0.000 0.000 12.87
83 83 00001 -1.000 0.000 0.143 0.000 0.000 -2.828 79.44
89 84 00001 -1.000 0.000 0.143 0.000 0.000 0.000 81.36
90 85 00001 -1.000 0.000 0.143 0.000 0.000 0.000 81.34
84 86 00001 -1.000 0.000 0.143 0.000 0.000 2.828 81.37
79 87 00001 0.000 0.000 0.143 -2.828 0.000 0.000 0

85 88 00001 -1.000 0.000 0.143 0.000 0.000 0.000 82.77
81 89 00001 -1.000 0.000 0.143 0.000 -2.828 0.000 55.47
87 90 00001 -1.000 0.000 0.143 0.000 0.000 0.000 82.47
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Statistical methods have been applied for optimization of a-amylase by
several workers (Dey et al., 2001; Francis et al., 2002; Ahuja et al., 2004;
Kunamneni et al., 2005; Tamilarasan et al., 2012).

4.3.2.1 Regression model of response

In this method, prior knowledge of significant culture conditions and
media components obtained from previous One Variable at a Time (OVAT)
approach experiment was necessary for achieving a more realistic model. Table 1
(Section 3.3.2) shows the maximum and minimum levels of variables chosen for
trials (Run) in the CCD for both B. aerius GC6 and B. sonorensis GV2. For RSM
based on Central Composite Design, used for the optimization of independent
variables for amylase production, 90 experimental runs with different
combinations of six factors were carried out. The independent variables used for
the factorial analysis were substrate concentration (X4), pH (X5), temperature
(X3), inoculum size (X,), Ca®* concentration (Xs) and Mg®* concentration (X)
while the dependent variable selected was enzyme activity (Y). The complete
experimental design with coded factors and response values has been given in
Table 24 for B. aerius GC6 and in Table 25 for B. sonorensis GV 2, which shows
considerable variation in the amount of amylase production depending upon the
interaction of various levels of six independent variables in the medium.

By applying multiple regression analysis on the experimental data
obtained for B. aerius GC6 a-amylase, a quadratic model was generated for the
response of amylase activity. The significant model terms were evaluated by
analysis of variance (ANOVA) (Table 26) in the optimization study (p<0.05) and
were identified as X1, Xo, X3, Xs, X412, X7, X3%, X42, X5, X%, X1Xa, X1X4,X2X3,
XX 4, X2Xg, X3X4, X3X6, X4Xg, X5Xe.

Enzyme Activity (Y) = 77.08+1.96 * X1-9.64 * X»-9.72 * X3+0.14 * X,
1.14 *X5-0.97 * X¢-7.95 *X1%-11.98 * X,%-11.98 * X3%-11.98 * X4%7.00 * Xs*-
7.01 * Xg2+0.34 * X1 * Xo+0.11* X5 * X3+0.090 * X * X4+0.21 * X1 * Xs
+0.014 * Xy * Xs+10.78* X, * X3 -0.25% X5 *X4+0.32 * X, * X5+0.50 * X, *
Xe-017  *Xs  *X4044 @ *Xg ¥ X44+110 *Xs  *Xs
0.73* X 4* X5+1.11% X 4* X5+0.41* X5* Xg Eq.1
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Table26. ANOVA for response surface quadratic model for a-amylase
production from B. aerius GC6

Sum of

Mean Sum

Sour ce Squares df of Square F-Value Prob > F
Block 66.57 4 16.64
Model 799.14 27 29.60 29.04 .< 0:0_001
significant
X1 3.86 1 3.86 3.79 0.0005*
X5 74.30 1 74.30 72.90 < 0.0001*
X3 116.97 1 116.97 114.77 < 0.0001*
X4 4.998E-003 1 4.998E-003 | 4.904E-003 0.9444
Xs 3.26 1 3.26 3.20 0.0008*
Xe 0.45 1 0.45 0.44 0.5094
X, 26.22 1 26.22 25.73 < 0.0001*
Xy 196.03 1 196.03 192.35 < 0.0001*
X5 135.14 1 135.14 132.60 < 0.0001*
Xy 196.03 1 196.03 192.35 < 0.0001*
Xs 29.87 1 29.87 29.31 < 0.0001*
Xg 29.71 1 29.71 29.15 < 0.0001*
X1X5 4.941E-003 1 4.941E-003 | 4.848E-003 0.0007*
X1X3 0.087 1 0.087 0.085 0.7714
X1X4 5.234E-003 1 5.234E-003 | 5.136E-003 0.0001*
X1Xs 0.023 1 0.023 0.022 0.8814
X1X6 0.15 1 0.15 0.14 0.7062
XoX3 111.04 1 111.04 108.95 < 0.0001*
XoX4 2,51 1 2,51 2.46 0.0001*
XX 1.64 1 1.64 1.61 0.2101
XoXg 6.703E-003 1 6.703E-003 | 6.577E-003 0.0006*
XaX4 0.18 1 0.18 0.17 0.0009*
XaXs 2.90 1 2.90 2.85 0.0970
XaXe 1.94 1 1.94 1.90 0.0009*
XaXs 0.30 1 0.30 0.29 0.5899
XaXs 1.90 1 1.90 1.86 0.0006*
X=Xe 0.011 1 0.011 0.011 0.0003*
Residual 59.11 58 1.02
Lack of Fit 58.64 49 1.20 22.96 .< 0:0_001
significant
Pure Error 0.47 9 0.052
Cor Total 924.82 89
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where Y isthe enzyme activity (1U), X1 is substrate concentration, X»is
pH, X3is temperature, X4 isinoculum size, Xsis Ca’* ion concentration and Xgis
Mg?* ion concentration. By optimizing the above parameters by using RSM,
maximum enzyme activity obtained was 84.65 |U/ml at 50 C temperature and 9.0
pH @ 8.75% inoculum using 1.75% substrate with 0.5% Ca** and Mg**

concentration.

Similarly, when multiple regression anaysis was applied on the
experimental data for B. sonorensis GV2 a-amylase, a similar quadratic model
was generated for the response of amylase activity. The significant model terms
were evaluated by analysis of variance (ANOVA) (Table 27) in the optimization
study (p<0.05) and X1, X3, X4, Xs, X1%, X2%, X3°, X4, X&, Xe°, X1Xz, X1Xa,
X1X,X2X3, X2X4, X2X5, X3X4, X3X5, X4Xs5, XsXg Were found to contribute to the

response.

Enzyme Activity (Y) = 74.25+4.17 * X;-10.32 * X,-7.38 * X3+0.53 *
X4-2.20 * X5-0.90 * X877 *X1%-12.33 * X,%-11.68 * X3>-12.28 * X,>-5.23*
X52-0.61% X¢>5.94* X *Xo+2.87%X1* X3+4.21*X1*X,+1.68 * X1 * Xs-0.055
*X1 * Xgt5.40% Xo * X3-2.10 * Xy *X4+1.25% X, * X5-0.52 * X, * Xg +4.17
*X#X4+3.35* Xg* X5+1.46 * X3* Xe+L.OL* X4 * Xs+1.14 * X4 * Xe+l.72*
Xs5* Xg Eq. 2

where Y is enzyme activity (IU), substrate concentration (X1), pH (X2),
temperature (X3), inoculum size (X,), Ca* concentration (Xs) and Mg*
concentration (Xg).By optimizing the above parameters by using RSM, maximum
enzyme activity obtained was 82.78 |U/ml at 50 C temperature and 9.0 pH @

8.75% inoculum using 1.0% substrate with 0.5% Ca®* and Mg®* concentration.

The statistical significance of Eq.1 and 2 was checked by F-test, and the
anaysis of variance (ANOVA) of the response surface quadratic model for B.
aerius GC6 and B. sonorensis GVV2 a-amylase has been shown in Table 26 and
27 respectively. It is evident that both the models are highly significant, as
suggested by the model F- values and a low probability values (Proge>F=
0.0001). The coefficient of determination (R?) was calculated as 0.9311 for B
aerius GC6 and 0.8829 for B. sonorensis GV2, indicating that the statistical
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Table27. ANOVA for response surface quadratic model for optimum

production of a-amylase from B. sonorensis GV 2

Source Ss;l;”ari df '\gf% usuarrg F-Value | Prob>F
Block 4703.63 4 1175.91
Model 34450.24 27 1275.93 7.75 ;g?}ﬁ%gﬁt
X, 735.84 1 735.84 4.47 0.0009*
X, 1518.86 1 1518.86 9.22 0.0036
X3 3988.95 1 3988.95 24.21 < 0.0001*
X4 530.13 1 530.13 3.22 0.0001*
Xs 108.68 1 108.68 0.66 0.4200
Xe 4.59 1 459 0.028 0.8681
X2 123.15 1 123.15 0.75 0.3908
X2 9718.23 1 9718.23 58.99 < 0.0001*
X342 9553.88 1 9553.88 58.00 < 0.0001*
X2 7983.73 1 7983.73 48.46 < 0.0001*
X2 1234.33 1 1234.33 7.49 0.0082
X2 114.61 1 114.61 0.70 0.4076
XX, 1.40 1 1.40 8.488E-003 0.9269
X1X3 185.50 1 185.50 1.13 0.0003*
X1X4 122.97 1 122.97 0.75 0.0002*
X1Xs 1.02 1 1.02 6.192E-003 0.9375
X1Xg 1.15 1 1.15 6.983E-003 0.0007*
XX 3 9.025E-003 1 9.025E-003 | 5.479E-005 0.9941
XX 429.47 1 429.47 2.61 0.0008*
XX 1.23 1 1.23 7.479E-003 0.0004*
XoXg 4.07 1 4.07 0.025 0.8756
XX 4 90.27 1 90.27 0.55 0.0001*
X3Xs 107.17 1 107.17 0.65 0.0002*
XX 48.16 1 48.16 0.29 0.5908
XX 203.90 1 203.90 1.24 0.0005*
X4Xg 50.30 1 50.30 0.31 0.5827
XX 456.68 1 456.68 2.77 0.0003*
Residual 9554.49 58 164.73
Lack of Fit 9237.02 51 181.12 3.99 0.0302
significant
Pure Error 317.47 7 45.35
Cor Totd 48708.36 89

*Significant values
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model can explain arespective variability of 93.11% and 88.29% in the response.
Normally, a regression model having an R? value > 0.9 is considered to have a
very high correlation. The closer the R? (correlation coefficient) is to 1.0, the
stronger the model and the better it predicts the response (Haaland, 1989). The
value of R=0.9971 for Eg. 1 and R=0.9936 for Eg. 2 indicates a close agreement
between the experimental results and the theoretical values predicted by the
model equations. An adequate precision value for amylase production by B.
aerius GC6 was 21.65 whereas for B. sonorensis GV2 an adequate precision
value 12.42 was recorded. The coefficient of variation (CV) indicates the degree
of precision with which the treatments are compared. Usually the higher value of
CV, the lower the reliability of the experiment is (Gangadharan et al., 2008). A
lower value of CV i.e. 4.09 for B. aerius GC6 and 4.95 for B. sonorensis GV2
indicated a better precision and reliability of the experiment.

P-value, along with the parameter estimate have been given in Table 26
for B. aerius GC6 and in Table 27 for B. sonorensis GV2. The P-values are used
as atool to check the significance of each of the coefficients which are necessary
to understand the pattern of the mutual interactions between the variables. The
smaller the P-values, the bigger the significance of the corresponding coefficient.
For a-amylase production by B. aerius GC6, the parameter estimates and the
corresponding  P-values suggested that among the independent
variables X (substrate concentration), X, (pH), X3 (temperature) and Xs (Ca®*
concentration) have significant effect on enhancement of amylase production. A
positive P-values for X, (inoculum size), X¢ (Mg®" concentration) indicated a
linear effect of these variables on amylase production. Quadratic terms of all the
variables were significant. Among the interactions, X1X,, X1X4, X2X3, X2Xa,
X2Xs, X3Xa, X3X6, X4Xg, Xs5Xe Were found to contribute to the response at a
significant level. The parameter estimates and the corresponding P-values for B.
sonorensis GV2 on the other hand suggested that among the independent
variables X; (substrate concentration), X3 (temperature), X4 (inoculum size) and
Xs (Ca®* concentration) have significant effect on enhancement of amylase
production. A positive P-values for X, (pH), X (Mg®* concentration) indicated a
linear effect of these variables on amylase production. Quadratic terms of all the
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variables were significant. Among the interactions, X1X3, X1X4, X1Xg, X2X3,
X2X4, X2Xs, X3X4, X3Xs5, X4X5, Xs5Xe Were found to contribute to the response at

asignificant level.

4.3.2.2 Localization of optimum conditions

The 3D response surface plots described by the regression model were
drawn to illustrate the effects of the independent variables on the response
variable. The shape of the corresponding contour indicates whether the mutual
interactions between the independent variables are significant or not. An elliptical
contour plot indicates that the interactions are significant. Fig. 8 depicts the
expected responses for amylase production and correlation between the
independent variables for B. aerius GC6 in three dimensiona plots, with
substrate concentration, temperature and pH respectively, at the X-axis. Fig. 8a
and 8b shows the curve between substrate concentration at X-axis and pH and
temperature at Y- axis respectively while keeping all other variables at their ‘O’
central levels. The plots depicted a moderate interaction between the considered
variables towards an enhanced amylase activity. Fig. 8c shows a curve between
temperature at X-axis and inoculum size at Y-axis while keeping al other
variables at their ‘O’ central levels. With an increased inoculum size, an
increased amylase activity has been observed irrespective of the lower value of
temperature. The pair of factors showed a non- additive effect due to the
significant interaction between them. Fig. 8d shows a curve between substrate
concentration at X-axis and inoculum size at Y-axis while keeping all other
variables at their ‘O’ central levels. This curve shows a negative interaction
between the two variables suggesting the additive effect of the pair of factors
towards the response variable. Fig. 8e and 8f shows a curve between pH at X-axis
and inoculum size and temperature at Y -axis respectively, while keeping all other
variables at their ‘O’ central levels. A lower level of pH and temperature has
resulted in an increased amylase activity thus suggesting the factors to be non-
additive as they show a positive and significant interaction among them.
However, increasing pH and inoculum size simultaneously had a negative effect

on amylase activity thus suggesting their non significant effect as a pair.
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Fig. 9 represents the expected responses for amylase production by B.
sonorensis GV2 and correlation between the independent variables in three
dimensional plots, with substrate concentration and temperature respectively, at
the X-axis. Fig. 9a shows the curve between substrate concentration at X-axis and
temperature at Y-axis respectively while keeping all other variables at their ‘O’
central levels. Higher levels of substrate concentration and lower levels of
temperature have resulted in an enhanced amylase production. The products
showed a moderate level of interaction. Fig. 9b and 9c represents the interaction
between substrate concentration and inoculum size and pH respectively. Higher
levels of substrate concentration and inoculum size and lower levels of pH has
resulted in decreased amylase activity thus showing negative interaction between
the pair of factors proving the factors to be additive in nature towards the activity
of amylase. Fig. 9d and 9e shows a curve between temperature at X-axis and
calcium ions and pH respectively, at Y-axis while keeping all other variables at
their “O’ central levels. With an increased temperature on the X-axis and calcium
ions and pH respectively, at Y-axis an increase in amylase activity has been
observed. The pair of factors has shown a positive interaction and thus is non-

additive due to the significant interaction between them.
4.3.2.3 Comparison of observed and predicted amylase activity

A regression model can also be used to predict future observations on the
response Y (amylase activity) corresponding to the particular values of the
regression variables. Fig. 10 shows observed amylase activity versus those from
the empirical model Eq. 1 i.e. for B. aerius GC6. The predicted R2 of 0.7508 isin
reasonable agreement with the adjusted R? of 0.8991. This indicated good
agreement between the experimenta and predicted values for amylase
production. For Eq. 2 i.e. for B. sonorensis GV 2, Fig. 11 shows the observed and
predicted amylase activity. The predicted R2 of 0.7874 is in reasonable agreement
with the adjusted R? of 0.6818. The adjusted R? corrects the R? value for the
sample size and for the number of terms in the model. If there are many termsin
the model and the sample size is not very large, the adjusted R2 may be
noticeably smaller than the predicted R2. The model F-value of 29.04 for B.
aerius GC6 and 7.75 for B. sonorensis GV2 and values of prob > F (<0.05)
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Predicted

indicated that the model terms are significant. The figures prove the predicted
data for both B. aerius GC6 and B. sonorensis GV2 of the response from the
empirical model Eq. 1 and Eqg. 2 is in agreement with the observed ones in the
range of the operating variables.

Predicted vs. Actual
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Fig. 10 Parity plot showing distribution of experimental and predicted values
of amylase production by B. aerius GC6
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Fig. 11 Parity plot showing distribution of experimental and predicted values
of amylase production by B. sonorensis GV2
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4.3.2.4 Mode adequacy checking

Usually, it is necessary to check the fitted model to ensure that it provides
an adequate approximation to the real system. Unless the model shows an
adequate fit, proceeding with the investigation and optimization of the fitted
response surface likely give poor or misleading results. The residuals from the
least squares fit play an important role in judging model adequacy. By
constructing a normal probability plot for the residuals, a check was made for the
normality assumption, as given in Fig. 12 and Fig. 13 for B. aerius GC6 and B.
sonorensis GV2 respectively, the normality assumption was satisfied as the
residual plot approximated along a straight line. The genera impression is that
the residuals scatter randomly on the display, suggesting that the variance of the
original observation is constant for all values of predicated response (Y). Fig. 12
and Fig. 13 are satisfactory, so we conclude that the empirical model is adequate

to describe the amylase activity by response surface.
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Fig. 12 Normal probability of internally studentized residuals for B. aerius
GC6
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Fig. 13 Normal probability of internally studentized residuals for B.
sonorensisGV2

4.3.2.5 Validation of the model

The statistically optimal values of variables were obtained when moving
along the magor and minor axis of the contour, and the response at the centre
point yielded maximum amylase production. These observations were aso
verified from canonical analysis of the response surface. The canonical anaysis
revealed a minimum region for the model. The stationary point presenting a
maximum amylase activity for B. aerius GC6 had the critical values as 84.65
|U/ml at 50 C temperature and 9.0 pH @ 8.75% inoculum using 1.75% substrate
with 0.5% Ca?" and Mg concentration. For B. sonorensis GV2, critical Vaues
observed were 82.78 1U/ml at 50°C temperature and 9.0 pH @ 8.75% inoculum
using 1.0% substrate with 0.5% Ca’* and Mg** concentration.

Numerical optimization was carried out to obtain the best combination for
maximum amylase production. The desired goals for each variable and response
were chosen and different weights were assigned to each goal to adjust the shape
of its particular desirability function. Table 28 and Table 29 shows software
generated three optimum conditions of independent variables with the predicted

values of responses for B. aerius GC6 and B. sonorensis GV2 respectively.
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Solution number 1 having the maximum desirability value of 0.93 for B. aerius

GC6 and avalue of 0.97 for B. sonorensis GVV2 was selected for production of a-

amylase.

Table28.  Software generated three optimum conditions of independent
variables with the desirability values for optimum a-amylase
production from B. aerius GC6

Sr. Substrate pH Temperature | Inoculumsize | Calciumions| Magnesium | Desirability

No. concentration ions

1 1.00 9.0 50.0 8.75 0.48 0.33 0.93

2 1.00 9.0 50.0 8.78 0.49 0.61 0.91

3 1.00 9.0 50.0 5.31 1.00 0.48 0.89

Response surface methodology (RSM) is a statistical tool used for the
modelling and optimization of multiple variables, which determines the optimum
process conditions by combining experimental designs with interpolation by first
or second order polynomia equations in a sequentia testing procedures (Ferreira
et al., 2009). Central composite experimental design maximizes the amount of
information that can be obtained while limiting the number of individual
experiments (Kunamneni et al., 2005). Thus smaller and less time consuming
experimental designs could generally suffice for the optimization of many
processes in very less time. The magor objective of RSM is to determine the
optimum region of the factor space in which operating specifications are
satisfied.

Table 29. Software generated three optimum conditions of independent variables

with the desirability values for optimum production of a-amylase from
B. sonorensisGV2

Sr.No.| Substrate pH Temperature |Inoculum | Calciumiol Magnesium| Desirability|
concentration size ions
1.00 9.0 | 50.0 8.75 0.48 0.33 0.97
1.00 9.0 | 50.0 8.78 0.49 0.61 0.96
1.00 9.0 | 50.0 5.31 1.00 0.48 0.94

An overal increase of 11.61% has been observed in amylase production
by B. aerius GC6 where as an increase of 17.55% (Fig.14) has been observed in
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case of B. sonorensis GV2 after the factors were optimized by using RSM.
Similarly, process parameters which influence the enzyme activity significantly
have been observed with an increase in the enzyme production by severa
workers. Tanyildizi et al. (2005) studied the combined effect of macronutrients of
media viz. starch, glycerol, yeast extract and peptone on a-amylase production
from B. subtilis. They found that among the variables screened, glycerol had the
principal effect while yeast extract was completely non-significant. The optimal
combinations of all the response variables were then determined. In agreement to
our findings, among all the variables screened, Gangadharan et al. (2008)
observed substrate concentration, incubation period and CaCl, concentration as
the variables influencing amylase production by B. amyloliquefaciens. The
optimum levels of the said variables were then determined by employing RSM.
Present findings are also in accordance with the findings of Zambare (2011) in
terms of the independent variables obtained. They optimized production of
amylase from Bacillus sp. under submerged fermentation and used Response
Surface Methodology (RSM) to evaluate the effect of the main variablesi.e. pH,
temperature and inoculum size on amylase production. The mutual interaction
between these variables resulted into 4.64 fold increase in amylase activity as

compared to the non-optimized environmental factors in the basal medium.

90 -+ u Native H Optimized
85 A
80 A
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65 A
60 -
55 A
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45 A
40 -

Amylase activity (1U)

GC6 Gv2

| solates

Fig. 14 Increase in a-amylase activity of B. aerius GC6 and B. sonorensis GV2
before and after optimization
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433 SCALE UP OF a-AMYLASE OF B. aerius GC6 IN A STIRRED
TANK BIOREACTOR

Submerged fermentation is the cultivation of microorganisms in liquid
nutrient broth. Industrial enzymes can be produced using this process. This
involves growing carefully the selected microorganisms (bacteria and fungi) in
closed vessels containing a rich broth of nutrients (the fermentation medium) and
a high concentration of oxygen. As the microorganisms break down the nutrients,
they release the desired enzymes into solution. Due to the development of large-
scale fermentation technologies, the production of microbial enzymes accounts
for a significant proportion of the biotechnology industry total output.
Fermentation takes place in large vessels (fermenter) with volumes of up to 1,000

cubic metres.

a-amylase is among the most sought after commercially important
hydrolytic enzymes. These are used in biofuel production, paper and pulp
industry, textile and detergent industry and food and fermentation industry, etc.
Among the selected isolates and after their enzyme optimization studies, B.
aerius GC6 producing high titres of a-amylase was chosen for scaeupina7.5|
stirred tank bioreactor having 3.0l working volume capacity. A maximum
amylase activity of 90.26 1U has been observed at 8" h of fermentation at 50°C
and pH 9.0.

4.3.3.1 Mathematical Modelling of B. aerius GC6 for Cell Growth

Most of the growth processes are explained in terms of Monod or logistic
equations (unstructured models). Logistic equation is simple for calculation of
fermentation parameters related to biological and geometrical significance using
sigmoid profiles independent of substrate concentration (Garcia-Ochoa et al.,
1995). The sigmoid growth pattern of Bacillus aerius GC6 was analyzed using
logistic equation for its variation against time during log phase. The idea of
microbial growth kinetics has been dominated by an empirica model originally
proposed by Monod (1942). The Monod model introduced the concept of a
growth limiting substrate.

164



M = Mmax S/IKs+S (Batch growth)
Vp = K Umax-1/S +1/ dmax

where L = specific growth rate, Umax = maximum specific growth rate, S =
substrate concentration, Ks = substrate saturation constant (i.e. substrate

concentration at half Pmax)-

B. aerius GC6 showed a conventional growth pattern as shown in Fig. 15
during batch fermentation in which exponential phase lasted for 8h followed by
stationary phase upto 10h. The production of amylase started from 2™ h reaching
maxima at 8" h. Enzyme production increased rapidly during late exponential
phase and early stationary phase, while it was slowed down during late stationary

phase as shown in Fig. 15.
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Fig. 15 Growth kinetics for enzyme scale-up for B. aerius GC6 in a stirred
tank bioreactor

In Monod’s model, the growth rate is related to the concentration of a
single growth-limiting substrate though the parameters pmax and Ks. In addition
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to this, Monod also related the yield coefficient (Yys) to the specific rate of
biomass growth (m) and the specific rate of substrate utilization (Q)

Yys = dx/ds

Yws = Xm = Xo/So-Sm

0.3 - y = 0.849x + 0.096

R2=0972
0.25 -
0.2 -

3 015 -

0.1 -

0.05 -

0 0.05 0.1 0.15 0.2 0.25
us

Fig. 16  Comparison between experimental results of specific growth rate
(1) and Substrate utilization [S] and model prediction
Mode prediction for cell growth was followed with the experimental
results with coefficient of determination, R = 0.972 (Fig. 16), which revealed
that this kinetic model is appropriate for predicting the experimental cell growth.

Y ys = dx/ds

Y s =0.96

Vpmax = 0.06

Hmax = 14.92 min™

K</ umax = 0.0006 from slope
Ks=0.00892 mg/ml

4.3.3.2 Kinetic Analysisfor Amylase Production

The Luedeking-Piret equation (Luedeking and Piret, 1959) was applied
for the kinetic modeling of a-amylase production. The Luedeking-Piret model
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indicates that the rate of a-amylase production (Qy) is linearly proportional to the
B. aerius GC6 cell growth rate and cell biomass as shownin Fig. 17.
Qo =0ap +f

where, o = growth associated constant and [ non growth associated

constant, both may vary under different fermentation conditions.
0.3

0.25 -

02 - y =0.560x + 0.147
’ R?=0.971

& 015 -

0.05 A

0 0.05 0.1 0.15 0.2 0.25

Fig. 17. Comparison between experimental results and model prediction for
product formation

The comparison between model predictions and the experimental data of

the product formation during batch fermentation is shown in Fig 17. Results

indicate that this moddl is evidently very appropriate for describing the product

formation rate (coefficient of determination, R* was 0.971).

a-amylase scale-up from B. aerius GC6 revealed that in a stirred tank
bioreactor where al the process parameters can be maintained at their optimum
levels an enhanced amylase activity of 96. IU has been observed after 8 h of
fermentation. In comparison to shake flask conditions, an enhanced enzyme
production at a considerable reduced fermentation time of 8 h makes the enzyme

production very economical and efficient.
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44 PURIFICATION OF ao-AMYLASE FROM B. aerius GC6 and B.
sonorensis GV2

The cell free supernatant of both the cultures was prepared in one litre
respective culture media after 72 h of incubation at 50 + 2°C applying the set of
optimized conditions for enhanced amylase production. All the purification

experiments were conducted at 4°C.
4.4.1 Ammonium sulphate fractionation

The cell free extracts of B. aerius GC6 and B. sonorensis GV2 were
subjected to sequential ammonium sulphate saturations from 0-80%. B. aerius
GC6 a-amylase got precipitated from 30-80% saturation of ammonium sulphate,
with 33.56 mg protein and a specific activity of 2.75 IU/mg (Table 30). 1.38 fold
purification of enzyme was achieved with 54.74% amylase yield after 80%

ammonium sul phate fractionation.

Table 30. Purification profile of a-amylase from B. aerius GC6

Purification step Total Total Specific | Purification | % Recovery/
activity protein activity fold Yield

Crudeenzyme 844.97 42.56 1.98 1 100

Ammonium 462.55 33.564 2.75 1.38 54.74

sulphate

fractionation (30-

80%)

Dialysis 413.84 31.24 331 1.67 48.97

Gel excluson 382.44 12.47 10.22 15.16 45.26

chromatography

(Sephadex G-100)

Anion exchange 225.78 3.19 35.38 17.86 26.72

chromatography

(DEAE-cellulose)

*Total activity : Enzyme activity in given volume (1U)

**Total protein: mg/ml

*** Specific activity : Enzyme activity per unit protein concentration (IU/mg)

****Pyrification fold: isincrease in specific activity.

**%** Percent recovery isremaining protein concentration as % of the initial protein concentration

In literature aso, advanced purification steps followed by ammonium
sulphate precipitation has been reported by several workers. In agreement to our
results, majority of them reported 80% saturation as optimum for efficient
precipitation of a-amylase. 80% saturation of ammonium sulphate has been

adjudged as best for precipitation of B. subtilis a-amylase by Hamza (2004).
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Gangadharan et al. (2008) reported 30-90% saturation as optimum for salting out
maximum amylase isolated form B. amyloliquefaciens. Shafiei et al. (2010),
observed 80% ammonium sulphate saturation as best for precipitation of a-
amylase from a moderate halophile. Lily et al. (2012) also reported 80%
saturation as best for a-amylase form B. subtilis MTCC 9447. B.
methylotrophicus P11-2 a-amylase was efficiently precipitated at 80%
concentration of ammonium sulphate with purification fold of 2.3 by Xie et al.
(2014).

B. sonorensis GV2 a-amylase on the other hand got precipitated from 20-
70% saturation of ammonium sulphate, with 27.63 mg protein and a specific
activity of 3.21 1U/mg (Table 31) and 1.47-fold purification of enzyme was
achieved with 53.73% amylase yield after 70% ammonium sulphate
fractionation. Ngjafi et al. (2005) and Fincan et al. (2014) have reported 70%
saturation as optimum for precipitation of extracellular a-amylase form B. subtilis
AX20 and B. subtilis respectively. In contrary to our findings, 40-60% saturation
has been adjudged as best for precipitating a-amylase from B. licheniformis by
Hmidet et al. (2008).

Table31. Purification profile of a-amylase from B. sonorensis GV2

Purification step Total Total Specific | Purification | % Recovery/
Activity | protein activity fold Yield

Crude enzyme 827.70 37.64 2.18 1 100

Ammonium 44475 27.63 321 147 53.73

sulphate

fractionation (20-

70%)

Dialysis 371.96 21.23 4.37 2.00 44.93

Gel exclusion 298.38 4.24 25.05 11.46 36.04

chromatography

(Sephadex G-75)

Anion exchange 213.52 3.37 31.67 14.52 25.79

chromatography

(DEAE-cdllulose)

*

*x same as givenin Table 30
*k*%*
*kk*k

kkkk*k
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For B. aerius GC6, below 30% and above 80% salt saturation, amylase
activity was found considerably reduced. Similarly, for B. sonorensis GV2,
below 20% and above 70% saturation of ammonium sulphate, amylase activity
was minimally low. This showed that the protein forming amylase enzymes were
rich in hydrophobic amino acids. Based on these results, a respective ammonium
sulphate saturation of 30-80% and 20-70% was applied to precipitate a-amylase
from B. aerius GC6 and B. sonorensis GV 2 for further experimentation. Protein
samples between the respective cuts for B. aerius GC6 and B. sonorensis GV2

were collected, pooled and dialyzed for further concentration.
4.4.2 Dialysis

Ammonium sulphate salted out protein precipitates of B. aerius GC6 and
B. sonorensis GV2 a-amylase were dialyzed against 20 mM Tris HCI (pH-8.0)
buffer overnight at 4'C using dialysis membrane of cut-off 14 kDa. Diaysis of a
protein sample involves the remova of excess sats thereby concentrating the
protein. Literature survey also reveals the significance of dialysis in purification
of proteins. Severa workers have dialysed their samples before loading onto the
column for size exclusion chromatography (Li et al., 2007; Gangadharan et al.,
2008; Michelin et al., 2010; Kolawole et al., 2011; Lily et al., 2012; Chavan and
Wadatkar et al., 2014).

Diayzed B. aerius GC6 a-amylase had a protein content of 31.24 mg and
a specific activity of 3.31 IU/mg protein with 1.67 fold purification of enzyme
was achieved with 48.97% amylase yield (Table 30). Similarly, dialyzed B.
sonorensis GV2 a-amylase has a protein content of 21.23 mg protein and a
specific activity of 4.37 I[U/mg and 2 fold purification of a-amylase was achieved
with 44.93% amylase yield (Table 31).

4.4.3 Gd filtration chromatography

Chromatographic techniques are the most reliable and easy to handle
techniques which are widely applied for protein separation and purification. Gel
chromatographic technique also known as size exclusion chromatography is a

technique for the separation of molecules on the basis of their size and shape
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exploiting the molecular sieving properties of a variety of porous materials. This
is the most frequently used technique for purification of biological
macromolecules by facilitating their separation from larger and smaller molecules
in the supernatant (Bollag and Edelstein, 1991a; Cutler, 2004; Wilson, 2010).

The enzyme rich samples obtained after dialysis were applied onto
Sephadex G-75 (1.5 x 40 cm) column for B. aerius GC6 and Sephadex G-100
(2.5 x 40 cm) column for B. sonorensis GV2 for gel exclusion chromatography
pre-equilibrated with 20mM Tris HCI buffer (pH-8.0). 60 fractions of 2 ml
volume each were collected with a flow rate of 2 ml/3.5min. Most of the low
expressed background proteins were removed but the major contributing proteins
responsible for starch hydrolysis, incurred in amylase rich fractions as revealed
by the optical density of the collected fractions. Fraction number 16-22 for B.
aerius GC6 (Fig. 18) and fraction number 22-28 for B. sonorensis GV 2 exhibited
amylase activity (Fig. 19). Maximum specific amylase activity for B. aerius GC6
was observed in 20™ fraction where as for B. sonorensis GV2 it was observed in
26" fraction as depicted by amylase activity values. Gel chromatographic
separation resulted in 45.26 and 36.04% vyield and 15.16 and 11.46 fold
purification for B. aerius GC6 (Table 30) and B. sonorensis GV2 respectively
(Table 31). Most active fractions for both the organisms were pooled and utilized

for anion exchange chromatography.

A survey of literature reveds the extensive use of gel exclusion
chromatography for purifying enzymes. Rao and Satyanarayana (2007) reported
purification of amylase obtained from extreme thermophile Geobacillus
thermoleovorans with 54.8 fold purification by Sephadex G-100. Hmidet et al.
(2008) performed gel filtration chromatography on Sephadex G-100 column
yielding 2.21 fold purified enzyme isolated from B. licheniformis NH1 with
36.62% recovery. a-amylase from B. subtilis AX20 was purified to homogeneity
with 8.8 fold purification by Najafi et al. (2007). Michelin et al. (2010) reported
8.4 fold purification and 9.2% recovery of the enzyme after Sephadex G-100 gel
filtration chromatography isolated from a fungus Paecilomyces variotii. Xie et al.
(2014) purified a-amylase from B. methyloitrophicus P11-2 strain by Sephadex
gel filtration column to 9.0 fold homogeneity.
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Fig. 18 Protein and enzyme activity profile of fractions of Sephadex G-100 column chromatography of the
dialyzed c-amylase of B. aerius GC6
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4.4.4 Anion exchange chromatography

Anion exchange chromatography relies upon the attraction between the
oppositely charged stationary phase and analyte. It is widely utilized for protein
purification due to its high resolving power and high efficiency (Bollag and
Edelstein, 1991b; Cutler, 2004; Wilson, 2010). The pooled sample from
Sephadex G-100 and G-75 column were applied onto DEAE-cellulose anion
exchange column. The protein profile in terms of optical density and amylase
activity has been shown in Fig. 20 and 21 respectively, for B. aerius GC6 and B.
sonorensis GV2. Gradient elution has been reported to be more efficient as
compared to isocratic elution. Hence, the amylase active fractions in both the

organisms were eluted with 0.3 M to 0.5M potassium chloride gradient.

Fraction number 7-11 for B. aerius GC6 and fraction number 4-8 for B.
sonorensis GV2 exhibiting highest a-amylase activity were pooled for further
characterization studies. Anion exchange chromatography of B. aerius GC6 a-
amylase resulted in 26.72% yield (Table 30) and 17.86 fold purification with a
raised specific activity of 35.38 IU/mg whereas for B. sonorensis GV 2 it resulted
in 25.79% yield (Table 31) and 14.52 fold purification with a specific activity of
31.67 IU/mg.

A multistep approach has been successfully exploited in the present study
for the purification of a-amylase from both the strains. B. aerius GC6 a-amylase
have been purified to homogeneity with a final purification fold of 17.86 and
26.72% yield. An increase in a-amylase activity from 84.49 IU to 112.89 IU has
been attained with a final specific activity of 35.38 1U/mg protein. Similarly, B.
sonorensis GV2 a-amylase has also been purified to homogeneity with a fina
purification fold of 14.52 and 25.79% yield. An increase in a-amylase activity
from 82.77 1U to 106.76 1U has been observed with a final specific activity of
31.67 IU/mg protein.

Al-ZaZaee et al. (2011) purified a-amylase from B. cereus to 27 fold
purification by anion exchange chromatography. a-amylase from B. licheniformis
JAR-26 isolated from spoiled tomato was purified by Jyoti et al. (2011) by
applying DEAE cellulose anion exchange chromatography with a purification
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fold of 76.41. Bai et al. (2012) performed ion exchange chromatography to purify
a-amylase isolated from Alicyclobacillus sp. A4 with yield of 21.8%. Fincan et
al. (2014) purified a-amylase from a thermophile Anoxybacillus flavithermus to
5.2 fold homogeneity by applying DEAE- celulose anion exchange
chromatography.

In literature, severa reports are available regarding the multi-step
purification of amylase to homogeneity. Rao and Satyanarayana (2007) purified
a-amylase from Geobacillus thermoleovorans by following a five step approach
to a purification fold of 54.8. Gangadharan et al. (2008) utilized a three step
approach for purification of B. amyloliquefaciens a-amylase to homogeneity with
a purification fold of 38.46. Nesterenkonia sp. strain F produced a novel SDS
stable a-amylase, which was purified to homogeneity by Shafiel et al. (2010) by
a three step purification technigue with a 10.8-fold increase in specific activity.
Xie et al. (2014) utilized a four step regime to a purify a-amylase from B.
methylotrophicus P11-2 to a purification fold of 13.

445 Molecular weight determination of purified B. aerius GC6 and B.
sonorensis GV2 a-amylase

The purity and molecular weight of the purified a-amylase of B. aerius
GC6 and B. sonorensis GV2 was determined on SDS-PAGE. Purified a-amylase
of both the organisms exhibited single band with only one sub unit. The
molecular weight of purified enzyme was calculated according to the RF values
of the standards used in the protein molecular weight marker. Most of the
microbial a-amylases have a molecular weight in the range of 50-60 kDa (Gupta
et al., 2003). The molecular mass of denatured a-amylase from B. aerius GC6
and B. sonorensis GV 2 estimated from the relative mobility of proteins on SDS-
PAGE was~43 kDa (Fig. 22) and~45 kDa (Fig. 23) respectively.

446 Zymogram analysis

Zymogram of a-amylase showed a prominent activity band against blue
background corresponding to 43 kDa for B. aerius GC6 (Fig. 22) a-amylase and
45 kDa for B. sonorensis GV2 (Fig. 23) a-amylase. The alternative method
utilized for zymography i.e. the portion of gel cut and plated onto the starch agar
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plate also produced a clear zone of hydrolysis around the band confirming the
presence of starch hydrolysing a-amylase. lodine interacts strongly with the
polysaccharide containing a (1-4) and a (1-6) linked reducing sugar units. The
resulting dye-glucan complexes are intensely coloured making them very
sensitive for detection of such polysaccharides. Zymogram activity of a-amylase
represented by a clear zone among the blue background for B. aerius GC6 (Plate
4a) and B. sonorensis GV2 (Plate 4b). Several workers (Burgess-Cassler and
Imam, 1991; Arikan, 2008) have reported similar pattern of zymogram anaysis

on the non-reducing gels.

4.5 CHARACTERIZATION OF PURIFIED B. aerius GC6 and B.
sonorensis GV2 a-amylase

Although the stability of enzyme is its intrinsic property dictated by its
primary structure, many externa factors such as physical factors and chemical
reagents influence the overall stability and thus the activity of enzyme. Keeping
in view these facts, effect of various physica and chemica factors viz. pH,
temperature, divalent ions, surfactants, organic solvents, substrate, substrate
concentration etc. were evaluated on the behaviour of purified B. aerius GC6 and

B. sonorensis GV2 a-amylase.
45.1 Effect of pH on activity and stability

Enzymes being proteins are sensitive to changes in the environment in
which they work. Any change in hydrogen ion concentration (pH) can profoundly
affect the activity of an enzyme. This is very important in the industrial use of
enzymes to be active at varied pH levels. The pH must be controlled and
industrial processes usually try to get the maximum rates of activity by choosing
the appropriate pH at which the enzyme is active but is not denatured.

pH optimum for oa-amylase activity was explored a a constant
temperature of 50°C with a substrate concentration of 1.75% for B. aerius GC6
and 1.0% for B. sonorensis GV 2. Purified B. aerius GC6 a-amylase was revealed
to have a broad optimal pH range (7.0-10.0) with maximum activity at pH 9.0
(Fig. 24). More than 85% of the maximum observed activity was achieved at pH
9.0 and 10.0, proving alkaline nature of a-amylase. Below pH 7.0 and above
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10.0, amylase activity decreased considerably. For B. sonorensis GV2, the
optimal pH ranged from pH 7.0-11.0, with maximum activity at pH 10.0 (Fig.
25). More than 75% of the maximum observed activity was achieved at pH 8.0,
9.0 and 10.0. At higher pH of 11.0, 42.36% of the original activity was retained.
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Fig. 24 Effect of pH on purified a-amylase of B. aerius GC6

Most bacteria amylases are active at dlightly acidic to near neutral pH
(Collins et al., 1993). In accordance to this statement, acidic to neutral a-amylase
finding great applications in food and baking industries from fungi and bacteria
has been reported in vast mgjority in the literature (Pandey et al., 2000a; Gupta et
al., 2003; Goya et al., 2005; Gangadharan et al., 2008; Michelin et al., 2010;
Singh et al., 2014). However, there are a very few reports on akaline amylase
giving activity at pH 9.0 and 10.0. Hmidet et al. (2008) reported a-amylase from
B. licheniformis NH1 which was highly active in the wide pH range of 5.0-10.0,
with maximum activity at pH 9.0. a-amylase isolated from Bacillus sp. TSCVKK
showed stability in the pH range spanning 6.0-9.5 with maximum amylase
activity at pH 7.5 (Kiran and Chandra, 2008). Similarly, Roy et al. (2014)
reported a B. megaterium Strain KAN1 showing elevated amylase activity at pH
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B. sonorensis GV2

Plate 4 Zymogram analysis of purified v-amylase of B. aerius GC6 and B.
sonorensis GV2 on starch agar plates with gel cut from Native PAGE
showing zone of hydrolysis



11.0. In this regard, akaline a-amylase from B. aerius GC6 and B. sonorensis

GV2isapotent candidate in industry.
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Fig. 25 Effect of pH on purified a-amylase of B. sonorensis GV2

Many industrial processes involving enzymatic processes do not have an
adequate pH control and thus the pH usually fluctuates around the required value.
Thusit isimportant to determine the pH activity curve in quantitative detail for a
particular substrate enzyme system under consideration. In such conditions, an
enzyme with a wider pH stability range is sought after. The wide pH stability
range for B. aerius GC6 and B. sonorensis GV2 a-amylase spanning 7.0-11.0
makes them a promising candidate in paper, detergent, textile and biofuel
industries requiring near neutral to akaline pH. It has been documented that 90%
of all liquid detergents contain a-amylases (Dehkordi and Javan, 2013).

45.2. Effect of temperature on activity of purified a-amylase of B. aerius
GC6 and B. sonorensis GV2

The effects of temperature on the activity of an enzyme are complex and
can be considered as two forces acting simultaneously but in opposite directions.

As the temperature is raised, the rate increases, but at the same time there is a
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progressive inactivation (denaturation) of the enzyme protein. This becomes
more pronounced as the temperature increases, so that an apparent temperature

optimum is observed.
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Fig. 26 Effect of temperature on purified a-amylase of B. aerius GC6

Behaviour of purified a-amylase from B. aerius GC6 and B. sonorensis
GV2 a varying temperatures ranging from 35-121°C was explored. Enzyme
activity showed a clear increase from 35°C to 60°C for B. aerius GC6 (Fig. 26)
and 35 to 50°C for B. sonorensis GV2 (Fig. 27). Highest enzyme activity was
observed at 50°C for both the isolates. Optimum a-amylase production at 50°C is
a characteristic of moderately thermostable microorganisms (Tonkova, 2006) and
has been reported in literature by several workers. Demirkan et al. (2011)
reported an amylase from B. amyloliquefaciens with 70% relative activity at
50°C. a-amylase from Aspergillus oryzae S2 has been shown to exhibit maximum
activity at 50°C with a retention of 70% activity between 40-55°C (Sahnoun et
al., 2012). B. subtilis a-amylase purified by Sani et al. (2014) exhibited
maximum activity at 55°C.
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Fig. 27 Effect of temperature on purified a-amylase of B. sonorensis GV2

Beyond 50°C a sudden decrease has been documented in the activity of
enzyme. However, a-amylase from B. aerius GC6 and B. sonorensis GV2
showed a wide range of temperature tolerance with 96% and 92% activity at
60°C respectively and 74% and 63% respective activity at atemperature of 70°C.
In consonance with these results, Bai et al. (2012) observed retention of >95% of
initial activity at 75°C but a complete loss in activity was observed at 80°C.
However, a-amylase from B. aerius GC6 and B. sonorensis GV2 have shown
considerable retention of activity up to 90°C. Thermostability of purified a-
amylase from both the isolates is thus a striking feature which makes this enzyme
a potential candidate to be used in industry. The enzyme was even active at

higher temperature of 121°C with arelative activity approximately 20%.

Thermostable a-amylases are generally preferred in industry as their
application minimizes contamination risk and reduces reaction time, thus
providing considerable energy saving (Dehkordi and Javan, 2013). The major

utility of a-amylases is in the starch industry for the liquefaction process that
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converts starch into fructose and glucose syrups. This process requires the use of
a highly thermostable a-amylase which can act at temperatures around 70-100°C.

45.3 Thermostability of purified a-amylase from B. aerius GC6 and B.
sonorensisGV2

Enzymes that are stable at high temperatures may often be more resistant
to organic solvents or extremes of pH and there is considerable interest in
thermostable enzymes. By allowing processes to occur at higher temperature than
normal, reaction rates are elevated and the risk of microbial contamination is
reduced.

Thermostability is one of the crucia properties of enzymes for industrial
applications. Thermostable a-amylases which are stable and active at high
temperature and can withstand organic solvent, detergent, low and high pH and
other denaturing agents (Gupta and Khare, 2006) are highly vaued in the
industries for their commercial exploitation. According to the data which have
been published in the last 20 years, amylases can act in the temperature range of
40-100°C (Koch et al., 1991; Chung et al., 1995; Lee et al., 1996; Kwak et al.,
1998; Haki and Rakshit, 2003; Ramachandran et al., 2004; Thippeswamy et al.,
2006; Tiwari et al., 2014).

4.5.3.1 Thermal inactivation parameters

Thermostability studies were carried out by pre incubating purified o-
amylase for 180 min at various temperatures ranging from 35°C to 121°C.
Thermal stability of the enzyme was determined by studying the time dependent
inactivation of enzyme at temperatures it was subjected to. As shown in Fig. 28,
purified B. aerius GC6 a-amylase was stable at a range spanning 50-70°C with
retention of approximately 50% of the maximum activity for 60 min; however at
80°C, 46% relative activity for 30 min was observed. Activity retention of upto
50% was observed at higher temperatures of 90 and 121°C for 15 min. A similar
trend was observed for B. sonorensis GV2 a-amylase, which showed 50%
retention in amylase activity from 50-70°C (Fig. 29) for 60 min. At 80°C, 50%
relative activity for 30 min was observed. Activity retention of upto 50% was
observed at higher temperatures of 90 and 121°C for 15 min.
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Fig. 28 Thermostability profile of purified a-amylase of B. aerius GC6
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Fig. 29 Thermostability profile of purified a-amylase of B. sonorensis GV2

Jyoti et al. (2011) reported retention of 55% activity at 100°C for 30 min
from a-amylase isolated from B. licheniformis JAR-26. Abdel-Fattah et al.
(2013) purified B. licheniformis Al20 a-amylase. Therma stability studies
showed that purified enzyme retained 75, 50 and 20% of its activity at 70, 75, and
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80°C. Fincan et al. (2014) studied thermal stability of a-amylase purified from
Anoxybacillus flavithermus and found that the enzyme was stable from 40-45°C
for 120 min however, at 50°C; up to 45 min areduction in activity up to 50% was
observed. In conformity to these findings, B. aerius GC6 and B. sonorensis GV 2
ao-amylase were found to be quite stable at comparatively wider range of
temperature, thereby proving its applicability in industrial processes being carried
out at higher temperatures.

4.5.3.2 Half-life (t1,)

Half-life (t,,) of the enzyme is defined as the time it takes for the activity
to reduce to a half of the original activity. Half-life of purified a-amylase at a
temperature of 45-60°C was 90 min while it was 60 min at 70°C. Enzyme
activity reduced to its half in just 15 min at higher temperatures of 90 and 121°C
for both B. aerius GC6 (Fig. 28) and B. sonorensis GV2 (Fig. 29). Survey of
literature of the half-life studied revealed that Gangadharan et al. (2008) in their
report, have shown a 50% reduction in enzyme activity purified from B.
amyloliquefaciens at atemperature of 50°C after 30 min. a-amylase purified from
Alicyclobacillus sp. by Bai et al. (2012) showed a retention of 50% of activity for
10 min at 70°C. Considering these studies, purified a-amylase from B. aerius
GC6 and B. sonorensis GV2 showed a good retention of activities having
considerably higher half-lives.

4.5.3.3 Shelf stability

Shelf stability of the enzyme was studied at 4°C and at room temperature
for 70 days. B. aerius GC6 a-amylase was found to be quite stable with arelative
activity of 73% after 70 days (Fig. 30) at 4°C. Purified a-amylase from B.
sonorensis GV2 showed 64% relative activity at 4°C for 70 days (Fig. 30).
However, at room temperature, arapid loss in activity was observed. A respective
relative activity of 40% and 25% of the original was retained after 49 days of
incubation at room temperature by B. aerius GC6 and B. sonorensis GV2 (Fig.
31). Kiran and Chandra (2008) studied shelf life of amylase from Bacillus sp.
TSCVKK for 2 months and found it stable at 4°C, however aloss of 15% activity
was observed after 48 h when it was incubated at 30°C.
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Fig. 30 Shelf stability of purified B. aerius GC6 and B. sonorensis GV2 a-
amylase at 4°C
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amylase at room temperature
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454 Effect of metal ions

The activity of various enzymes is influenced by the presence of metal
ions either by directly involving in their catalysis or by structural modifications
(Bano et al., 2009). Some enzymes require certain metal ions as cofactors and
thus called metalloproteins while others are inhibited by their presence in the
reaction mixture. Thus, to investigate their effect on enzyme activity, a-amylase
from B. aerius GC6 and B. sonorensis GV2 was assayed in the presence of
various divalent ions at a concentration of 5 mM. a-amylase activity of B. aerius
GC6 was strongly influenced on incubation in the presence of divalent ions
(Table 32). An enhanced activity of 152.89% and 136.66% respectively was
observed with Ca®* and Mg®* suggesting the enzyme to be a metalloprotein
needing a cofactor for its maximum activity. In case of B. sonorensis GV2, an
increased activity of 146.48% has been shown in the presence of Ca?* in the
medium, while 138.67% activity has been shown in the presence of Mg®*(Table
32).

Similar increase in enzyme activity has been shown by Bano et al. (2009).
A relative activity of 111 and 117% has been reported in the presence of Ca®* and
Mg*" respectively. A 21% increase in original activity was observed in Bacillus
sp. TSCVKK a-amylase by Kiran and Chandra (2008) in the presence of CaCl, in
the medium.

Table 32. Effect of divalent ionson the activity of purified B. aerius GC6 and
B. sonorensis GV2 a-amylase

Divalent ions Relative activity (%)
B. aerius GC6 B. sonorensis GV2

Ca2 152.89+0.15° 146.48+0.08°
M g?* 136.66+0.11" 138.67+0.19"
Cu? 91.02+0.23° 93.27+0.20°
Ba?* 11.32+0.39¢ 20.11+0.11°
Fe2* 58.89+0.17° 62.36+0.32°
Mn2* 81.93+0.14' 86.90+0.12'
Co?* 0+0.00° 0+0.00°
Zn2* 2.78+0.16° 11.87+0.32"
Ni2* 91.02+0.13° 96.24+0.29
Control 100.00+0.09" 100.00+0.10
SE(m) 0.16 0.23




The stabilizing effect of Ca®* on thermo stability of the enzyme can be
explained due to the salting out of hydrophobic residues by Ca?* in the protein,
thus, causing the adoption of a compact structure (Goyal et al., 2005). Metal ions
may aso stimulate the enzyme activity by acting as a binding link between
enzyme and substrate combining with both and so holding the substrate and the
active site of the enzyme. It is suggested that Ca®" increases the thermal stability
of the enzyme due to the presence of more binding sites (Saboury et al., 2005).
These results suggested that Ca?* and Mg?* both stimulants were required for the
stability of enzyme.

A few divalent ions viz. Co*, Zn?* and Ba®* were inhibitory for B. aerius
GC6 a-amylase while Co*", Zn®*, Cu** and Ba?* were inhibitory for B. sonorensis
GV2 a-amylase. The inhibition in enzyme activity may be due to the binding of
these metal ions to the catalytic residues in the active site of the enzyme
rendering the enzyme non-functional or it might be due to the competition
between the exogenous cations and the protein associated cations resulting in the
decreased enzyme activity (Leveque et al., 2000).

a-amylase retained an activity of 91%, 59%, 81.93% and 91.02% with
Cu®, Fe**, Mn®* and Ni?* respectively for B. aerius GC6 a-amylase while an
activity retention of 62.36%, 86.90% and 96.24% has been observed in the
presence of Fe**, Mn?* and Ni*" respectively. The behaviour of a-amylase
towards different metal ions as reported in the literature is very different from one
another, which could be attributed to the source of enzyme, origin of enzyme and

the nature of enzyme.
455 Effect of surfactants and inhibitors

Substances that reduce the activity of an enzyme catalyzed reaction are
known as inhibitors. They act by either directly or indirectly influencing the
catalytic properties of the active site. Inhibitors can be foreign to the cell or
natural components of it. In the latter instance, they can represent an important

element of the regulation of cell metabolism.

For application in detergent industries, a-amylase must be stable in

various detergent ingredients such as surfactants and chelators. Various
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surfactants were tested for their effect on purified B. aerius GC6 and B.
sonorensis GV2 a-amylase. Perusal of Table 33 revealed that presence of anionic
surfactant SDS was able to retain 94.14% of the original activity of B. aerius
GC6 a-amylase and 99.52% of the original activity of B. sonorensis GV2 a-
amylase. An increase in activity by 2.9 fold has been observed for B. subtilis
KIBGE-HAS in the presence of SDS (Bano et al., 2005). Kiran and Chandra
(2008) reported retention of 80% of the original activity in the presence of SDS
for Bacillus sp. strain TSCVKK. However, reduction or complete inhibition of
enzyme activity in the presence of SDS has also been reported by several workers
(Li et al., 2007; Rao and Satyanarayana, 2007; Gangadharan et al., 2008;Bai et
al., 2012).

Non-ionic surfactants like Tween 20, Tween 80 and Triton X 100 also
stabilized enzyme with a relative activity of 101.31, 101.31 and 99.56%
respectively for B. aerius GC6 a-amylase (Table 33). For B. sonorensis GV2 o-
amylase, a relative activity of 102.36, 102.93 and 101.59% was observed in the
presence of Tween 20, Tween 80 and Triton X 100 (Table 34). These results are
in consonance with the reports of Rao and Satyanarayana (2007) who have
reported an increased enzyme activity i.e. 126%, 120% and 80% in the presence
of Tween 20, Tween 80 and Triton X 100. Kiran and Chandra (2008) aso
reported retention of 90% activity in the presence of Tween 20, Tween 80 and
Triton X 100.

Table 33. Effect of surfactants on the activity of purified B. aerius GC6 and
B. sonorensis GV2 a-amylase

Surfactant Relative activity (%)

B. aerius GC6 B. sonorensis GV2
DS 94.14+0.13% 99.52+0.21%
EDTA 0.84+0.24° 7.619+0.09°
CTAB 17.9+0.17° 13.24+0.12°
Tween 20 101.31+0.22° 102.36+0.31°
Tween 80 101.31+0.27° 102.93+0.23°
Triton X 100 99.56+0.19° 101.59+0.33
Glycerol 87.09+0.14° 89.38+0.15
Control 100.00+0.11° 100+0.09
SE(m) 0.19 0.24
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Some researchers reported Tween 20 and Tween 80 as inhibitors of
enzyme activity (Bano et al., 2005) however; afew others have reported stability
in enzyme activity in the presence of these surfactants (Hmidet et al., 2008;
Shafiel et al., 2010). lon chelator EDTA inhibited the enzyme strongly, as
reported by Li et al. (2007) and Shafiei et al. (2010) thus proving it to be a

metall oenzyme.

Surfactant stability of a-amylase is comparatively a rare feature and is
very important at the same time considering the applicability of amylase in
industry. The surface active agents in the medium increase the turn over number
of the a-amylase thereby increasing its efficiency by increasing the contact
frequency between the active site of the enzyme and the substrate by lowering the
surface tension of the reaction mixture (Rao and Satyanarayana, 2007). Variable
behaviour of the enzyme towards these chemica reagents arose from the
chemical nature of the enzyme, its origin and the constituent amino acids. The
inhibitory and stimulatory effect of these additives however may be an important
factor in the commercial exploitation of the enzyme where stability and activity
of the enzyme are paramount (Kitabatake et al., 2003).

45.6 Effect of organic solvents

Purified a-amylase from B. aerius GC6 and B. sonorensis GV2 was
evaluated for the effect of organic solvents on the enzymatic activity. B. aerius
GC6 o-amylase exhibited high tolerance to ethanol and acetone i.e. 99.55 and
96.35% respectively (Table 34). Thermostable enzymes are known to be resistant
to organic solvents (Rao and Satyanarayana, 2007). However, the presence of
benzene and chloroform resulted in decreased activity to 56.21% and 76.78%
respectively. Purified a-amylase of B. sonorensis GV2 exhibited high activity in
the presence of ethanol, methanol and acetone i.e. 95.48%, 90.84% and 95.68%
respectively. The enzyme however showed lesser tolerance towards benzene and
chloroform (Table 35). This trend shows the stability of purified a-amylase from
B. aerius GC6 and B. sonorensis GV2 towards organic solvents, which make

them an eligible candidate in the industry using organic solvents in medium.
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Table 34. Effect of organic solventson the activity of purified B. aerius GC6
and B. sonorensis GV2 a-amylase

Organic solvetnts Relative activity (%)

B. aerius GC6 B. sonorensis GV2
Acetone 96.35+0.28° 95.68+0.112
Methanol 90.41+0.37° 90.84+0.23°
Ethanol 99.55+0.18° 95.48+0.17°
Benzene 56.21+0.16° 57.32+0.21°
Chloroform 76.78+0.47° 82.77+0.13°
Xylene 11.09+0.11° 0+0.00°
Control 100+0.07° 100+0.09'
SE (m) 0.22 0.17

45.7 Substrate specificity

Substrate specificity studies for B. aerius GC6 and B. sonorensis GV2 a-
amylase has been conducted using various substrates viz. corn starch, amylase,
amylopectin glycogen, dextran and cellulose. For B. aerius GC6 a-amylase,
results revealed that corn starch and amylopectin were better substrates for
purified amylase than glycogen, dextran and cellulose yielding 56.26% and
48.30% activities respectively. This indicated that soluble starch, corn starch and
amylopectin were the physiological substrates for the enzyme (Table 35). Soluble
starch was kept as control. This enzyme was highly specific to soluble starch
compared to other starches used giving comparatively lower enzyme yields.
Similar results have been reported by several workers showing the substrate
specificity of o-amylase for starch soluble. Azad et al. (2009) isolated and
purified amylase which showed maximum activity with soluble starch as
substrate. Ashwini et al. (2011) reported starch soluble as a substrate of choice
for amylase isolated and purified from B. marini.

B. sonorensis GV2 a-amylase however, showed a bit of different
behaviour with 116.53% relative activity for corn starch considering its activity
100% with soluble starch (Table 35). This is a rare feature as most of the
amylases reported till date showed maximum activity towards soluble starch

which is easily hydrolysable. Rao and Satyanarayana (2007) have shown
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retention of 80% whereas Gangadharan et al. (2008) showed retention of 62% of
the original activity with corn starch as substrate. 43.96% of the original activity
was observed for amylose, thus indicating that corn starch, soluble starch and
amylose are the physiological substrates for B. sonorensis GV2 a-amylase.

Table 35. Substrate specificity of purified B. aerius GC6 and B. sonorensis
GV2 a-amylase

Substrate Relative activity (%)
B. aerius GC6 B. sonorensis GV2
Soluble starch (control) 100.00 100.00
Corn starch 56.26 116.53
Amylose - 43.96
Amylopectin 48.30 -
Dextran - -
Cedlulose - -
Glycogen - -

45.8 Determination of Enzyme Kinetics

Km is a useful and fundamental characteristic for an enzyme and a
particular substrate. It can be viewed as an index of how easily the enzyme can be
saturated by the substrate (i.e. the affinity) under defined conditions of
temperature and pH. The smaller the value of K, the more readily the enzyme
may be saturated with substrate.

The kinetic parameters for hydrolysis of soluble starch were determined
by plotting the initial velocities towards different concentrations of soluble starch
as substrate, incubated with the fixed amount of enzyme. B. aerius GC6 and B.
sonorensis GV2 a-amylase followed the Michagelis Menton kinetics of catalysis.
The Vhnax and K, values of B. aerius GC6 enzyme were found to be 1404 ymol/
mg/min and 4.40 mMol/min (Table 36). Lineweaver Burk plot for enzyme action
has been shown in Fig. 32. The Vi and K, values of B. sonorensis GV2 a-
amylase were found to be 1347 pmol/mg/min and 3.46 mMol/ml. Lineweaver
Burk plot for enzyme action has been shown in Fig. 33. Low values of K,
indicate high affinity of the enzyme for substrate. The Vs and Ky, values are
enzyme specific for different enzymes and are difficult to compare due to the
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difference in origin, conditions and the substrate used. Gangadharan et al. (2008)

reported Vimax and K, values of 3.04 mg/min and 2.34 mg respectively for

purified a-amylase of B. amyloliquefaciens. In another study, Shafiel et al. (2010)

reported Ve and Ky, values of 1.18mg/ml/min and 4.5 mg/ml respectively.

Rasiah and Rehm (2009) studied the kinetics of purified a-amylase from B.

licheniformis and Vmax and Ky, values were found to be 506 U/mg and 5umol

respectively. Perusal of these reports reveaed that purified B. aerius GC6 and B.

sonorensis GV2 a-amylase have shown very good kinetic characteristics thereby

making them efficient enzymesin terms of quality and quantity.

Table 36. Kinetic parameters of purified B. aerius GC6 and B. sonorensis

GV2 a-amylase

Isolate Km V max Kcat Keat! Km |ty (45-600C)
B. aerius GC6 | 4.40 mMol/min | 1404pmol/mg/min | 154.1/min | 35.02 90 min
B. sonorensis | 3.46 mMol/min | 1374umol/mg/min | 136.56/min | 38.88 90 min
GV2
0471 v =0.008x + 0.004
R2=0.954

1
S T

-0.01 A

-0.02 -

Fig. 32 Lineweaver Burk Plot for enzymekinetics of B. aerius GC6

189




0.06 -

y = 0.006x + 0.005
R?=0.948

0.05 -

0.04

0.03

0.02

0.01

(en]

-0.01 -

Fig. 33 Lineweaver Burk Plot for enzymekinetics of B. sonorensis GV2

Turnover number K4 corresponds to the maximum number of substrate
molecules converted to product per active site per unit of time. The ratio of Kcx
/K, often referred to as the ‘specificity constant’ is a useful index for comparing
the relative rates of enzyme action on different substrates (Eisenthal et al., 2007).
In the present study B. aerius GC6 a-amylase exhibited a turnover number (Kc4)
154.1/min and specificity constant of 35.02 whereas B. sonorensis GV2 o-
amylase exhibited a turnover number (Kcx) 136.56/min and specificity constant
of 38.88 (Table 36).

459 Raw starch adsorption and hydrolysis

There has been a considerable interest in the potential use of raw starch
degrading enzymes for industrial applications in food industry, especially those
capable of hydrolysing starch molecules in large raw starch granules.
Conventionally, conversion of starch to glucose and other oligosaccharides
required a two-step process namely liquefaction and saccharification before
addition of a-amylase and glucoamylase (Goyal et al., 2005). As a replacement
of these steps, efforts are being made to exploit microorganisms to produce raw

starch degrading enzymes. Enzymes that are capable of digesting raw potato
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starch are economically attractive for they can increase the range of starch
sources for direct saccharification (Hayashida et al., 1990). It has been well
documented that raw starch adsorption is a must for raw starch digestion (Goyal
et al., 2005; Li et al., 2007). Thus, raw starch adsorption of the a-amylase
produced by B. aerius GC6 and B. sonorensis GV2 was carried out. Studies on
the affinities of the enzyme from B. aerius GC6 showed 94.29% adsorbability to
raw potato starch and 68.46% adsorbability towards raw corn starch granules
(Table37) thus indicating an additional property of the enzyme which makes it
very useful in efficient hydrolysis of raw starch granules. This is a highly
cherished property in industry as the enzymes capable of digesting raw starches
are economically attractive for they can increase the range of starch sources for
direct saccharification (Hayashida et al., 1990).

Table 37. Raw starch hydrolysis efficiency of purified B. aerius GC6 and
B.sonorensis GV2 a-amylase

Raw starch % Hydrolysis

B. aeiurs GC6 B. sonorensis GV2
Corn starch 68.46+0.23" 46.23+0.21°
Potato starch 94.29+0.31° -
SE(m) 0.21 0.21

However, B. sonorensis GV2 a-amylase showed 46.23% adsorbability
towards corn starch but no adsorption has been shown for potato starch (Table
37). Binding of the raw starch digesting amylases to the starch granulesis usually
affected by C-terminal domain within the enzyme. Kelly et al. (1995) showed
that raw starch digesting amylase of Bacillus sp. IMD 370 showed no
adsorbability to the raw starch thus showing that adsorbability was apparently not
necessary for raw starch digesting a-amylase. Raw starch adsorbing yeast has
been reported in literature (lefui et al., 1996; Nagasaka et al., 1998; Li et al.,
2007) however, there are apparently very few reports on the adsorbability of raw
starch by bacteria amylases. Gangadharan et al. (2008) have reported ano-
amylase from B. amyloliguefaciens which exhibited a respective adsorbability of
65% and 50% towards raw potato and corn starch. a-amylase from

Alicyclobacillus sp. showed a respective hydrolysis efficiency of 58% and 52%
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for raw potato and corn starches, as reported by Bai et al. (2012). In this view, a-
amylase from B. aerius GC6 and B. sonorensis GV2 has a novel feature of raw

starch digestion which can be of great interest to the food industry.
4.5.10 Analysisof hydrolysed products

The hydrolysis products of soluble starch, hydrolysed separately by
purified B. aerius GC6 and B. sonorensis GV2 amylase were identified by thin
layer chromatography. Glucose, maltose and maltooligosaccharides were used as
standards. The RF values of the samples and standards were determined and it
was observed that the main hydrolysis products for both the enzymes were
maltooligosaccharides (Fig. 34). The hydrolysis patterns presented by both B.
aeiurs GC6 and B. sonorensis GV2 purified amylase showed that the enzymes
are typical endo-acting a-amylases. In conformity to our results, Hmidet et al.
(2008) have purified an endo-acting a-amylase from B. licheniformis NH1
yielding similar hydrolysis pattern. Kiran and Chandra (2008) also reported the
production of maltooligosaccharides as the hydrolysis products by purified
Bacillus sp. TSCVKK a-amylase.

4.6 INTERNAL AMINO ACID SEQUENCE OF o-AMYLASE
DETERMINED BY MALDI-TOF MS

4.6.1 Internal amino acid sequence of B. aerius GC6 a-amylase determined
by MALDI-TOF MS

An amino acid sequence from the digested protein was analyzed by
MALDI-TOF mass spectrum to identify the purified enzyme. The MALDI-TOF
mass spectrum (peptide mass fingerprinting) analysis of the reduced and
carboxymethylated amylase digested with chymotrypsin has been shown in Table
38. MALDI-TOF mass spectrum of a tryptic protonated peptide molecular ions
map has been shown in Fig. 35.

The results of Mascot Search Engine from Matrix-Science search
indicated that this partial amino acid sequence was little homologous by a score
of 5 with UDP N-acetylglucosamine transferase. Amino acid sequence of
amylase UDP  N-acetylglucosamine transferase from  Geobacillus
thermodenitrificans NG80-2 has been shown in Fig. 36 and the matched peptides

are shown in bold. The protein sequence coverage had been found only up to 5%.
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The peptide sequence obtained is. Ser-Gly-Ser-Ser-Asp-Pro-Leu-GIn-Thr-Leu-
Leu-Ala-Leu-lle-GIn-Asn-Thr-Ala-Arg.
Table 38. The MALDI TOF mass spectrum (peptide mass finger printing)

analysis of thereduced and carboxymethylated B. aerius GC6 a-
amylase digested with chymotrypsin

m/z Resolution Intensity Area
770.092 7233 4362 792

995 6380 735 153
1013.017 6486 749 155
1157.021 7205 836 202
1175.018 7356 836 211
1319.022 7710 893 261
1337.025 8560 983 279
1481.032 8153 1034 368
1499.040 8711 1108 384
1607.040 7749 746 266
1643.045 8691 1126 463
1661.045 9508 1332 546
1805.057 8921 1114 529
1823.057 9522 1430 703
1967.062 8859 1058 557
1985.067 9580 1447 787
2129.069 9100 1005 557
2147.077 9349 1333 789
2291.074 8803 861 510
2309.083 9397 1208 769
2453.087 8630 765 472
2471.088 9150 1048 718
2615.093 8631 678 425
2633.098 9207 906 634
2777.103 8349 583 364
2795.101 8826 776 576
2957.114 8890 651 465
3119.121 8240 543 397

* range from 700-3200m/z

4.6.2 Internal amino acid sequence of B. sonorensis GV2 a-amylase
determined by MALDI-TOF MS

An amino acid sequence from the digested protein was analyzed by
MALDI-TOF mass spectrum to identify the purified enzyme. The MALDI-TOF
masss spectrum (peptide mass fingerprinting) analysis of the reduced and
carboxymethylated amylase digested with chymotrypsin has been shown in Table
39. MALDI-TOF mass spectrum of a tryptic protonated peptide molecular ions
map has been shown in Fig. 37. The results of Mascot Search Engine from
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Fig. 34 Thin layer chromatogram for the hydrolysis products of purifed B.
aerius GC6 and B. sonorensis GV2 g-amylase

Lane 1 Hydrolysed starch by punfied B. aeries GCO
Lane 2 Hydrolysed starch by punfied B. sonorensis GV2
Lane3 Mixture of maltoohgosacchandes

Lane 4 Glucose

Lane 5 Maltose
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Fig. 35 MALDI-TOF mass spectrum of purified v-amylase from B. aerius GC6. The
mass spectrum shows a series of protonated peptide molecular ions
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Fig. 36 Amino acid sequence of from Geobacillus thermodenirrificans. Matched peptides
of predicted enzyme are shown in bold red colour.
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Fig. 37 MALDI-TOF mass spectrum of purified c-amylase from B.sonorensis GV2. The
mass spectrum shows a series of protonated peptide molecular ions

1 MEKEVWRFID SGNCSPAENM ALDEALLEWE SEGKIPPTIR FYGWNPPILS
51 IGYFQKVEKE IDMEAVKKYG LGEVRRPIGG RGVLEDQELT YSVIVSELHP
101 AMPQTVTEAY RVISQGILEG FRFLGLDAYF AVPKTEEEKA DLKNPRSAVC
151 FDAPSWYELV VEGRKVAGSA QTRQKGVILQ HGSILLHLDE DMLESLEKYP
201 NERVKERLRQ NFKNKAVAIN ELTDRNITIN EAKEAFFRGF EKGLNVQLER
251 YELTDDELFY VQQLAKNKYE TDEWNFKR

Fig. 38 Amino acid sequence of from _Anoxybacillus flavithermus. Matched peptides of
predicted enzyme are shown in bold red colour.



Matrix-Science search indicated that this partiadl amino acid sequence was
partially homologous by a score of 6 with UDP transferalyase. Amino acid
sequence of amylase from Anoxybacillus flavithermus WK1 has been shown in
Fig. 38 and the matched peptides have been shown in bold. The protein sequence
coverage in this case is only 6%. The peptide sequence is Ala-Va-Alalle-Asn-
Glu-Leu-Thr-Asp-Arg-Asn-lle-Thr-1le-Asn-Glu-Ala-Lys.

Table 39.The MALDI TOF mass spectrum (peptide mass fingerprinting)
analysis of the reduced and carboxymethylated B. sonorensis
GV2 a-amylase digested with chymotrypsin

m/z Resolution Intensity Area
566.087 2555 258.91 115
591.234 2183 388.81 753
614.117 489 233.23 670
742.442 2562 334.46 160
838.516 2932 1964.92 591
911.438 2294 428.13 358

1008.581 3060 384.3 286
1135.672 3935 632.16 393
1225.832 3771 2471.27 1799
1306.837 4652 413 349
1396.899 4325 3140.81 2459
1463 4376 1290.21 1074
1546.055 1703 1007.74 3169
1600.99 5791 1866.84 1844
1646.055 6325 617.21 456
1706.108 3743 359.59 529
1744.094 6585 386.42 337
1809.055 4319 642.24 812
1853.19 6494 4334 476
1904 4725 804.08 1061
2003.332 6374 1333 355
2291.074 8803 861 510
2327.429 6059 132.7 201
2379.495 4444 174.82 340
2384.449 5301 125.79 215
2486.219 2391 158.96 591
2584.776 5670 2205.89 3439
2585.772 5241 273.93 532
2808.853 4517 227.75 523
2957.114 8890 651 465

*range from 700-3200my/z
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Literature survey revealed that the Michelin et al. (2010) studied peptide
sequencing by MALDI-TOF MS of purified a-amylase of Paecilomyces variotii
and found 100% homology with Bacillus sp. amylase. On the other hand
Kolawole et al. (2011) reported purified amylase from finger millet which had no
homology with the reported amylases available in the literature and they
concluded that their enzyme had unique amino acid sequence. In harmony to this
finding, it is concluded here that in the present study a minimal similarity (5 to
6%) between the purified a-amylases from B. aerius GC6 and B. sonorensis GV 2
and their respective counterparts in terms of their amino acid sequencing reveals

these purified amylases as novel and unique.

47 IMMOBILIZATION OF PURIFIED o-AMYLASE USING
VARIOUSHYDROGELS

Immobilization can be defined as the physical confinement or localization
of intact enzyme or cells to a certain region of space with preservation of desired
catalytic activity (Karel et al., 1985). Immobilized enzymes are generally more
stable compared to free enzymes, due to the curtailment of their degrees of
freedom (of rotation). Enzymes may be immobilized by using different protocols
i.e. physica or chemical fixation on pre-existing supports. Entrapment of
enzymes renders them unable to move freely, preventing the unfolding of their
structure which in turn preserves its function (Kumar et al., 2006). The main goal
of immobilization is their re-use for very long times. The fixation of enzymes on
porous supports prevents them from aggregation, proteolysis and interaction with

hydrophobic interfaces etc. (Guisan, 2008).

Numerous biotechnological processes are advantaged by immobilization
of enzymes, and therefore, severa techniques and support materials have been
proposed for the purpose of immobilization (Kourkoutas et al., 2004). Among the
four techniques i.e. entrapment, cross linking, covalent binding and adsorption
generally used for immobilization, entrapment has been reported to be the best as
it imposes minimal constraints and is efficient (D’Souza, 1989; Ramakrishna and
Prakasham, 1999; Kourkoutas et al., 2004). Keeping in view these observations,
entrapment technique was chosen for the immobilization of purified B. aerius

GC6 and B. sonorensis GV2 a-amylase in the present study.
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For the immobilization of enzymes, support material is aso of utmost
importance. Generally, natural hydrogels are the preferred carriers being cheaper
and non-toxic. The immobilization procedures with these carriers are mild, fast
and the beads formed can be reused without any considerable loss in the activity
(Pandey et al., 2000c). Among various natural hydrogels, alginate, agar, agarose
and gelatin have been used in the present study for immobilization of purified

enzymes.

Thus purified a-amylase from B. aerius GC6 and B. sonorensis GV2 was
immobilized by using entrapment technique. Different natural carriers utilized for

immobilization of enzyme were calcium aginate, agar, agarose and gelatin.

4.7.1 Immobilization of purified a-amylase from B. aerius GC6 and B.
sonorensis GV2 on calcium alginate

Alginate as an immobilization medium has been extensively studied
mainly because of its ease of formulation, mild gelation conditions,
biocompatibility and acceptability as a food additive (Hari et al., 1996; Riaz et
al., 2009). It has been reported that the immobilization yield of enzyme depends
on the concentration of sodium alginate (Dey et al., 2003), the porosity of the
calcium aginate beads depend upon the gelling agent concentration. Pore size of
the bead should be such that substrate and product can easily diffuse in and out of
the alginate gel matrix but the enzyme should retain in the micro environment of
beads (Riaz et al., 2009).

To determine the optimum concentration for enzyme immobilization,
varying amounts of sodium alginate (0.5-4.0% wi/v) were used to vary the relative
degree of cross linking which would create different pore size. For B. aerius GC6
a-amylase, with increase in the concentration of sodium alginate from 0.5 to
3.0%, there was a subsequent increase in immobilization efficiency from 48.16%
to 90.11%, due to an increased cross linking and decreased pore size which could
make the beads hold the enzyme firmly. The immobilization yield was found to
be highest (90%) for afinal sodium alginate concentration of 3% (w/v) (Fig. 39).
Further increase in the concentration of the gelling agent to 4% resulted in a
considerably decreased immobilization yield up to 52.01%. It could be attributed
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to the decreased porosity of gel beads, which caused diffusion limitation of the

substrate.
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Fig. 39 Effect of gel concentration on immobilization efficiency of B. aerius
GC6 a-amylase

Similar trend has been shown by B. sonorensis GV2 a-amylase, where an
increase in sodium aginate concentration in the range spanning 0.5-3% has
shown a consequent increase in immobilization yield from 56.23-92.89% and a
further increase in the gel concentration upto 4% resulted in decreased
immobilization efficiency to 49.06% (Fig. 40). In practice reducing the porosity
can reduce leakage but some initial leakage of the enzyme molecule is certain to
occur (Knezevic et al., 2006). So 100% immobilization yield could not be
attained. The lower immobilization yield in case of lower concentration of
sodium alginate solutions might be due to larger pore size and consequently
greater leakage of the enzyme from matrix. The more permeable beads showed
activity losses due to a rapid leakage of the enzyme from the beads. It has been
reported that capsules formed from sodium alginate solutions lower than 0.5%
(w/v) had gelled poorly, produced sticky surfaces and were fragile and difficult to
handle (Konsoula and Kyriakides, 2006). A higher concentration of the gelling
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agent however forms rigid beads, which led to a decreased accessibility of
entrapped enzyme to substrate for reaction thereby reducing the yield.
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Fig. 40 Effect of gel concentration on immobilization efficiency of B.
sonorensis GV2 a-amylase

Several workers have used calcium aginate for immobilization of
amylase. In course of optimizing the concentration of sodium alginate to form
appropriate beads, Dey et al. (2003) found 4% sodium alginate as best
concentration for efficient immobilization of o-amylase produced by B.
circulans. They also observed decreased immobilization efficiency at lowered gel
concentration due to leakage of enzyme from the gel beads. Our findings are in
consonance to these findings. Riaz et al. (2009), while immobilizing a-amylase
from B. subtilis KIBGE-HAR reported 4% sodium alginate as optimum with
highest immobilization efficiency and with an increase in alginate concentration,
immobilization efficiency decreased. In this light, B. aerius GC6 and B.
sonorensis GV 2 with arespective immobilization efficiency of 90.11 and 92.89%
at 3% sodium alginate concentration are cost effective.

As shown in the Plate 5, beads formed by immobilization of purified a-

amylase in calcium aginate were spherical, smooth, shiny, and white-cream in
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colour with an average diameter of 3.1 mm. Beads were formed immediately
after the mixture of sodium alginate and enzyme was dripped into the cold
solution of calcium chloride. Similar bead size and shape were reported by other
workers (Williams and Munnecke, 1981; Yang et al., 2002; Mariam et al., 2009).
The bead diameter has been reported to influence the fermentation rates. For
better substrate and product diffusion, beads of smaller size (1-3 mm) are
generdly preferred (Kawakami et al., 1990; Park and Chang, 2000). The bead
size observed in the present study is almost within the limits suggested for good

fermentation.

Concentration of calcium chloride was also varied from 0.1, 0.2... 0.5 M
in order to acquire stable beads capable of securing maximum enzyme. It was
found that beads cured in 0.2 M calcium chloride retained highest a-amylase for
B. aerius GC6 with immobilization efficiency of 91% as well asfor B. sonorensis
GV2 with an immobilization efficiency of 92%. As the concentration of calcium
chloride increased beyond 0.2 M, immobilization yield of a-amylase decreased. It
might be due to the change in pH of calcium chloride solution with change in
calcium chloride concentration. Effect of calcium chloride concentration on
stability of beads has been studied by several workers. Taekar and Chavare
(2012) while immobilizing a commercial a-amylase found 1 M CaCl; as best for
stable beads with an immobilization efficiency of 89%. Increase in the
concentration of CaCl, to 2 M decreased activity of 40% was observed. The
results agree with our findings.

4.7.2 Immobilization of purified a-amylase from B. aerius GC6 and B.
sonorensis GV2 using Agar and Agaroseascarrier

Another hydrogels used for comparison were agar and agarose. In order to
determine the optimum concentration of agar for efficient entrapment of purified
a-amylase of B. aerius GC6 and B. sonorensis GV2, 0.5, 1.0..., 4.0%, w/v of
agar was used to vary the relative degree of cross linking of agar beads which

would create different pore size.

For B. aerius GC6 a-amylase, with 0.5% agar an immobilization
efficiency of 15% was obtained. With an increase in concentration of agar from
1.0 to 3.0%, the immobilization efficiency increased from 28.92-70.00%.
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(c) (d)

Plate 5. Natural carriers for the immobilization of purified v-amylase (a) beads of
calcium alginate (b) chips of agarose (c¢) chips of agar (d) chips of gelatin



Immobilization yield was found to be highest (90.47%) for a fina agar
concentration of 4% (w/v) (Fig. 39). A lowered value for immobilization yield
was observed a higher concentrations of sodium alginate. The lower
immobilization yield in case of lower concentration of agar might be due to larger
pore sized fragile beads which led to a greater leakage of the enzyme from matrix
while at higher concentrations the rigidity of beads forbids the substrate to enter
the beads. In case of B. sonorensis GV2 a-amylase, 0.5% agar gave an
immobilization yield of 36.32%. Further increase in the concentration, increased
the immobilization efficiency upto 3.5% (Fig. 40). Highest immobilization
efficiency of 89.83% had been observed at 3.5% agar concentration which further
declined to 74.46% at 4.0% agar concentration. Prakash and Jaiswal (2011)
immobilized a-amylase isolated from soyabean seeds on agar matrix. A 4% agar

resulted in 77% immobilization efficiency.

Similarly, varying concentrations of agarose from 0.5, 1.0... 4.0% was
used for immobilization of purified a-amylase from B. aerius GC6 and B.
sonorensis GV 2. With increasing concentration of agarose from 0.5 to 2.0% (Fig.
39), B. aerius GC6 a-amylase exhibited an increase in immobilization efficiency
from 15.00 to 66.36%. A highest yield of 82.48% was observed at 2.5% agarose,
which further declined to 20.63% at an increased concentration of 4.0%. A 10%
glutaraldehyde used as hardening agent has been reported to be used to crosslink
the proteins. For B. sonorensis GV2 a-amylase, 0.5% agarose showed an
immobilization efficiency of 29.33% which increased to a maximum of 86.99%
at 3.0% agarose (Fig. 40). Subsequent increase in the gel concentration to 4.0%
reduced the efficiency to 43.73%. Thus a similar trend has been followed for the
immobilization efficiency of purified enzyme entrapped on agar and agarose
beads. Prakash and Jaiswal (2011) attempted to immobilize a-amylase isolated
from soyabean seeds on agarose gel and found 1% agarose as optimum with 75%
immobilization efficiency.

4.7.3 Immobilization of purified a-amylase from B. aerius GC6 and B.
sonorensis GV2 using gelatin ascarrier

Gelatin is a very useful immobilization matrix for biomolecules and

microbial cells. It is advantageous due to its easy availability, abundance and less
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expensive nature. In addition, it stabilizes the immobilized enzymes itself being a
protein. A 10, 20..., 50% concentration of gelatin was used for immobilization of
purified a-amylase of B. aerius GC6 and B. sonorensis GV2. 10%
glutaraldehyde was used for hardening of beads. Maximum gelation resulting in
highest immobilization efficiency of 84.46% was obtained at 20% gelatin
concentration for B. aerius GC6 while for B. sonorensis GV2, highest
immobilization efficiency of 82.59% was obtained at 30% gelatin concentration
(Table 40). Increase and decrease in gelatin concentration has resulted in
decreased immobilization efficiency due to the reasons mentioned above. Jaiswal
et al. (2012) while optimizing an apha amylase on gelatin matrix found a 20%
gelatin concentration as best with an immobilization efficiency of 82.5%. All the
values of response variables are the mean of triplicate values with standard
deviation as calculated by Tukey Analysis for One Way ANOVA by GraphPad
Prism software. Standard error of mean has been given at the end of the table.

Table40. Effect of gelatin concentration on the immobilization efficiency of
purified B. aerius GC6 and B. sonorensis GV2 a-amylase

Gelatin concentration Immabilization efficiency (%)

(%) B. aerius GC6 B. sonorensis GV2
10 56.42+0.23" 61.42+0.24%

20 84.46+0.19° 74.28+0.18"

30 77.02+0.21° 82.59+0.21°

40 52.69+0.17% 57.28+0.17%

50 29.46+0.21° 38.46+0.09"
SE(m) 0.15 0.18

4.7.4 Effect of curing timeon the stability of hydrogel beads

Curing time is the time required for the gel to set and get hardened. It is
thus the time which affects the stability of the resulting gel beads prepared by
using any of the matrices. It is an important parameter in immobilization as it
produces stable gel beads which could reduce the enzyme leakage and increase
the immobilization yield of the enzyme. So, the effect of curing time on the
enzyme immobilization yield was evaluated. Curing of sodium alginate beads in
0.2M cacium chloride solution and agar, agarose and gelatin beads in 10%
glutaraldehyde solution was optimized at avarying time of 30, 60..., 180 min. For
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B. aerius GC6 a-amylase, curing time of 120 min was observed to be the best for
alginate beads yielding 92.45% immobilization (Fig. 41). Similarly, for agar 150
min of curing time yielded 89.97% immobilization. With agarose, an
immobilization yield of 88.93% was observed at 120 min of curing time while
with gelatin highest immobilization efficiency of 81.65% was observed at 60 min
of curing time. While for B. sonorensis GV2 a-amylase, curing time of 120 min
was observed to be the best for aginate beads yielding 90.98% immobilization
(Fig. 42). Similarly, for agar 150 min of curing time yielded 89.97%
immobilization. With agarose, an immobilization yield of 87.46% was observed
at 90 min of curing time while with gelatin highest immobilization efficiency of
86.78% was observed at 90 min of curing time.

Prolonged curing of the beads beyond the best yielding time within curing
solution did not improve the immobilization yield (Dey et al., 2003). It might be
due to the constant hardness of the gel beads which is observed after particular
curing time for particular gelation agent. This could have resulted in constant
leakage of a-amylase above the particular curing time. At lower curing time, the
beads were very soft and fragile resulting in more leakage and hence giving very

low percent immobilization yield.
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Fig. 41 Effect of curing time on the immobilization efficiency of B. aerius
GC6 a-amylase
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Fig. 42 Effect of curing time on the immobilization efficiency of B.
sonorensis GV2 a-amylase

Literature review showed that our findings are in agreement with other
workers. Dey et al. (2003) optimized curing time for a-amylase isolated from B.
circulans GRS313 in terms of the hardness of beads. A curing time of 120 min
produced beads with 85 g hardness which did not showed any further increase
with increasing curing time. Similarly, Taekar and Chavare (2012) evaluated the
effect of curing time on the stability of alginate beads, for immobilization of
commercial a-amylase. 120 min of curing resulted in an immobilization

efficiency of 90%. Increased curing time did not result in better efficiency.
4.7.5 Reusability of enzymeimmobilized using different natural hydrogels

Severa studies indicated that immobilized enzyme has shown increased
catalytic activity, increased stability of enzyme (El-Batal et al., 2005), easy
recovery of enzyme, easy separation from product minimizing or eliminating
protein contamination of product, repeated or continuous use of a single batch of
enzyme (Varavinit et al., 2002). To alarge extent this procedure prevents enzyme
losses due to washout and at the same time maintains biocatalyst at high

concentrations (Baldino et al., 2001) and aso protects enzyme from microbial
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contamination. The main advantage of immobilized enzyme is its ability to be
reused for many batches of the process. Reusability of enzyme is a key factor for
its cost effective industrial use. A carrier used for immobilization should be such,
which can hold the enzyme for the longest period of time with minimum loss of
enzyme. Thus the carriers used in the present study for entrapment of enzyme
were compared with respect to their ability to be reused. The reusability of
immobilized a-amylase onto various hydrogels was studied by assaying the
activity in the beads several times for starch hydrolysis.

B. aerius GC6 purified a-amylase immobilized onto calcium alginate
beads retained activity upto 8 cycles. Upto 4 cycles approximately 80% of the
activity was retained. 5™ and 6™ cycle retained respective activity of 76.66 and
56.69% (Fig. 43). Till the end of 7" cycle activity retained was 36.76%. However
a considerable decline in activity to 22.59% was observed at the end of 8"
successive cycle. The activity of the first run was considered to be 100%. This
successive decrease in activity may be due to the leakage of the entrapped

enzyme from the gel bead.
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Fig. 43 Number of reuse cycles of hydrogel immobilized purified B. aerius
GC6 a-amylase
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A similar trend of decrease in activity was observed in agar, agarose and
gelatin. Agar and agarose showed activity upto 5 cycles. More than 80% of the
activity was retained till the end of 2™ cycle in both the carriers. However, at the
end of 3 cycle, 72.82% activity was retained by the enzyme entrapped onto
agarose while only 51.77% activity was retained by the enzyme entrapped onto
agar (Fig. 44).

In successive cycles for B. aerius GC6, there was an abrupt decrease in
the activity in both the carriers. In case of gelatin, the beads could retain activity
only upto 3 cycles. There was a considerable sudden decrease in the residual
activity and the activity decreased abruptly from 82.47 to 14.43% (Fig. 43). Thus
beads formed by calcium alginate for entrapment of B. aerius GC6 a-amylase
retaining activity upto 8 cycles were adjudged as the best carrier for
immobilization. In case of purified B. sonorensis GV2 a-amylase, more or less a
similar trend was observed. Enzyme immobilized onto calcium aginate beads
retained 22.78% activity till the end of 8" cycle. Till the end of five cycles,
approximately 80% of activity was retained. For 6™ and 7 cycle, a respective
activity of 49.42% and 36.79% was observed (Fig. 44).
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Fig. 44 Number of reuse cycles of hydrogel immobilized purified B.
sonorensis GV2 a-amylase
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In case of agar, agarose and gelatin, a similar successive decrease in
activity was observed. Agar beads showed a decreased activity of 51.82% after
the end of three cycles with 82.99% activity at the end of 2™ cycle. 4™ and 5™
cycle showed an abrupt decrease to 28.78 and 11.28% respectively. For agarose,
2" and 3" cycle showed a decline in activity with an immobilization efficiency
of 86.73 and 72.82%. 4™ cycle however showed a sudden dip in efficiency to
23.48% with 9.03% efficiency at the end of 5" cycle. Gelatin showed activity
upto four cycles which showed an abrupt decline to 27.82% at the end of 3"
cycle from 76.34% at the end of 2" cycle. End of 4" cycle marked and enzyme
activity decline to 17.82% (Fig. 43). The enzyme in the present study is

operationally more stable on calcium alginate beads than other carriers.

Decrease in the immobilization efficiency of enzyme with every
successive cycle can be attributed to the leakage of enzyme from the matrix.
Several workers studied reuse of entrapped enzyme on various matrices.
Demirkan et al. (2011) reported 6 reuses of calcium alginate entrapped B.
amyloliquefaciens a-amylase with 51% residual activity. They credited the
denaturation of enzyme and its physical loss from the carrier because of the
overuse of beads as a possible reason for decline in residual activity. Similarly,
Talekar and Chavare (2012) reported 10 reuses of calcium aginate immobilized
amylase with 35% residua activity. B. circulans GRS 313 a-amylase was
immobilized onto calcium alginate by Dey et al. (2003) and observed 10
successful reuses with retention of 83% activity up to seven cycles. Prakash and
Jaiswal (2011) immobilized soyabean a-amylase onto agar and agarose matrices
and revealed reuses till 5 cycles for both the carriers with a successive loss in

activity after every cycle.

Sodium salt of alginate had thus been chosen in the present study for
being stable, possessing higher mechanical strength, lowest shrinkage rates and
highest porosity among the other gels. It emerged as best carrier owing to its
highest immobilization efficiency, consistent gel matrix at lowest concentration
of the gel, stability of beads and reusability of immobilized enzyme. It was thus
chosen for further characterization studies. Kumar et al. (2006) has however,

reported the inability of the bacterial amylase to bind to alginate.
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4.7.6 Characterization of immobilized B. aerius GC6 and B. sonorensis
GV2 a-amylasefor enzymatic properties

The change in the enzymatic properties of the immobilized enzyme is due
to the reaction of enzyme and the substrate in the microenvironment which is
different from the enzyme substrate reaction in the bulk solution environment.
The change is a'so due to the modification in the three dimensional conformation
of the protein when linked with the support matrix. These conformational
changes occurring in the enzyme systems leads to altered enzymatic properties of
an immobilized enzyme than that of the free enzyme (Sharma et al., 2008).
Enzyme immobilization improves the operationa stability as a result of number
of bonds formed between the enzyme and the support matrix. Owing to the above
facts, characterization of immobilized enzyme with respect to its behaviour to the

external environment thus becomes indispensible.
4.7.6.1 Effect of pH on free and immabilized enzyme

pH of the medium is one of the major parameters capable of affecting the
enzyme activity. A dlight ateration in pH from optimum results in decreased
enzyme activity. Immobilization of enzyme usually results in a shift of optimum
pH due to conformational changes in enzymes. Optimum pH for free enzyme

yielding highest a-amylase titres was considered as 100%.

Immobilized B. aerius GC6 a-amylase gave maximum activity of
107.25% at pH 9.0. At pH 10.0, 101.5% (Fig. 45) of the origina activity was
observed for immobilized enzyme which was 86.54% for the free enzyme. Unlike
free enzyme, alginate immobilized a-amylase exhibited considerable relative
activity of 31.47 and 12.66% respectively at pH 11 and 12 as well. Thus
immobilized enzyme exhibited a wider range of pH tolerance than the free
enzyme. Unlike immobilized B. aerius GC6 a-amylase, shift in the optimum pH
for immobilized a-amylase of B. sonorensis GV2 was observed. It showed an
increased relative activity of 108.19% at pH 9.0 while relative activity of
114.27% was observed at optimum pH 10.0 (Fig. 46). Wider pH tolerance range
of pH 7.0-12.0 was observed with a relative activity of 57.80% at pH 11.0 and
19.05% at pH 12.0. Free enzyme showed no activity at pH 12.0.
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Fig. 46 Comprative account on the effect of pH on the activity of free and
alginate immobilized a-amylase from B. sonorensis GV2

The results are in consonance with Varavinit et al. (2002), who reported
an increase in the relative activity of dialdehyde cellulose immobilized amylase
from B. licheniformis over a pH range spanning 8.0-12.0. Demirkan et al. (2011)
reported an increased range of akali tolerance for calcium aginate immobilized
a-amylase isolated from B. amyloliquefaciens. At optimum pH aso, an increased
activity was observed for immobilized enzyme than the free enzyme.
Dragomirescu et al. (2012) reported a shift from optimum pH of 4.6 to 3.0 thus
widening the range of pH tolerance from pH 3.0-8.0 for B. amyloliquefaciens
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DSM7 a-amylase immobilized on silica gel. However no considerable increasein
the relative activity of free and immobilized enzyme was observed. This increase
in enzyme activity even at higher pH could be attributed to lesser perturbations to
which an immobilized enzyme is imposed. Moreover the immobilization matrix

is able to protect the enzyme against denaturation at higher pH.

Talekar and Chavare (2012) reported a shift towards acidic pH in
immobilized enzyme, showing highest activity at pH 5.5 which was 7.0 for the
free enzyme. The formation of a dynamic pH-gradient during hydrolysis with
liberation of protons has frequently been observed for immobilized enzymes
(Trevan, 1980; Halwachs et al., 1978). Static proton or substrate gradients caused
by partition of charged groups near surfaces with stationary charges (Goldstein et
al., 1964; McLaren and Packer, 1970) has been observed as possible causes for
the shift of pH optima. According to Talekar et al. (2010), the shift in optimum
pH could be resulted from the change in acidic and basic amino acid side chain
ionization in the microenvironment around the active site. Similar shift in pH
optima from 5.0 for free enzyme to 5.5 for silica gel entrapped commercial a-
amylase has been reported by Park et al. (2005) and Riaz et al. (2009) from 7.0 to
7.5 for a-amylase from B. subtilis KIBGE-HAR.

4.7.6.2 Effect of temperature on free and immobilized enzyme

Enzyme activity also depends upon temperature. 50°C has been observed
as optimum temperature yielding highest enzyme titres with free enzyme for both
the isolates. Considering this activity to be 100%, an alginate immobilized B.
aerius GC6 and B. sonorensis GV2 a-amylase exhibited an increased enzyme
activity at the same temperature. Calcium alginate entrapped B. aerius GC6 o-
amylase exhibited a relative activity of 119.48% and 106.24% at 50 and 60 °C
respectively, which was 100 and 96.11% respectively, for the free enzyme (Fig.
47). Moreover, alginate entrapped a-amylase resulted in comparatively higher
enzyme titres at increased temperatures than the free enzymei.e. at 70°C, 87.99%
relative activity was observed which was 74% for the free enzyme. At 90°C,

relative activity of 44.21% was exhibited by the immobilized enzyme. Thusit is
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evident from the data that the calcium alginate immobilized enzyme possessed

greater temperature resistant as compared to the free enzyme.
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Fig. 47 Comparative account on the effect of temperature on the activity of
free and alginate immobilized a-amylase of B. aerius GC6

Similarly, B. sonorensis GV2 a-amylase exhibited an increased relative
activity at the optimum temperature of 50°C. A relative activity of 121.45% and
106.04% was observed at 50 and 60°C respectively. At a higher temperature of
70°C, relative activity exhibited by free enzyme was 62.36% which was 79.34%
for the alginate entrapped enzyme (Fig. 48). Similarly, at 90°C, free enzyme
showed a relative activity of 33.92% while the immobilized enzyme showed a
raised activity of 43.07%.

In the present study, a remarkable increase in the relative activity of
immobilized enzyme at optimum temperature of free enzyme has been observed.
Moreover, the tolerance range for purified alginate entrapped a-amylase has
become widened for both the strains exhibiting a considerable activity at raised
temperatures up to 90°C. In agreement to our findings, Varavinit et al. (2002)
reported an increase in the relative activity of dialdehyde cellulose immobilized
amylase from B. licheniformis over atemperature range of 30-80°C.
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Fig. 48 Comparative account on the effect of temperature on the activity of
free and alginate immobilized a-amylase of B. sonorensis GV2

However, unlike pH no shift in optimum temperature has been observed
in the present study. Taekar and Chavare (2012) in their study of calcium
alginate immobilized commercial apha amylase, reported a shift in optimum
temperature from 50 to 60°C. In consonance to our findings, the immobilized
enzyme was also found to be more temperature tolerant to the free enzyme. In
contrary to our results, Dragomirescu et al. (2012) reported no much difference in
the temperature tolerance potential of free and silica gel immobilized enzymes
isolated from B. amyloliquefaciens.

4.7.6.3 Effect of divalent ions on the activity of free and immobilized enzyme

The effect of divalent ions on the activity of free and immobilized enzyme
was investigated. For aginate immobilized B. aerius GC6 a-amylase, an
increased enzyme activity was observed in case of Mg®" Cu®* and Ni** up to
119.24%, 99.48% and 107.67% as compared to the free enzyme (Fig. 49). Thus
activation of enzyme activity, in the presence of these divalent ions became more
pronounced in calcium alginate entrapped a-amylase. However, a decrease in the
activity was observed in alginate immobilized enzyme in case on Mn®". It was
also reported that immobilization prevented the inhibitory effect of Co®.
Similarly for aginate immobilized B. sonorensis GV2 a-amylase, an increased
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activity was observed for divalent ions Mn**, Mg® and Ni?* up to 89.79%,
108.24% and 109.43% (Fig. 50). There was no effect of Cu** ions and the
inhibitory effect of Co?* has been reversed in the alginate entrapped enzyme.
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Fig.49 Comparative account on effect of divalent ions on the activity of free
and alginate immobilized a-amylase from B. aerius GC6
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Fig.50 Comparative account on effect of divalent ions on the activity of free
and alginate immobilized a-amylase from B. sonorensis GV2

Several workers have reported the influence of divalent ions on the

activity of enzyme; however the nature of enzyme, source of isolation etc.
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determines the action of divalent ions on a particular enzyme. In harmony to our
findings Dey et al. (2003) reported an apparent increase in relative activity of
calcium alginate entrapped B. circulans a-amylase in the presence of Mg?* and
Ca®*. In contrary to our findings, Demirkan et al. (2011) reported an increase in
relative activity in case of Ba®* in cacium alginate immobilized B.
amyloliquefaciens alpha amylase. However reduction in amylolytic potentia of
immobilized enzyme was observed in the presence of Ca**, Mg*" and Mn?*. In
agreement to our findings however, a reversal of inhibition in case of Cu®* have
been observed.

4.8 IMMOBILIZATION OF PURIFIED a-AMYLASE FROM B. aerius

GC6 AND B. sonorensis GV2 ONTO SYNTHETIC IRON OXIDE
NANO PARTICLES

Natural carriers used for immobilization of enzyme are easy to handle and
flexible but the retention and stability of enzyme in the beads or chips formed are
the big lacunae in this technique. Nanoparticles are thus, attractive carrier for
immobilization because of a higher specific surface area for loading a larger
amount of enzyme, alower mass transfer resistance for reacting substrates, non-
toxicity and biocompatibility, and ease of separation from a reaction mixture by
the application of magnetic field. Moreover their ability to retain enzyme for
longer times make them even more beneficial as in enzyme technology, reuse of
enzyme is of at most importance to reduce the process cost. However, it is
difficult to directly immobilize enzymes onto the surface of pristine magnetite
nanoparticles and maintain high catalytic activities. The surface modification of
magnetite nanoparticles has therefore become indispensible for realizing their
applications (Wang et al., 2012).

Naked iron magnetic nanoparticles are generally unstable in strong acidic
solutions and undergo leaching, which strongly limits the reusability and reduces
the lifetime of such materials. The large ratio of surface area to volume bringsin
another limitation—aggregation of particles and thus a minimization in their
surface energy occurs due to strong magnetic attractions between particles,
limiting their dispersion in agueous solutions and matrices. The exposition of the

proteing/enzymes to such interfaces would result in the decrease or loss of the

213



activity. To overcome such limitations, various approaches are used to modify the
surface via loading of other target chemicals or biological materials during or
after the synthesis process. These techniques not only optimize the surface
properties such as biocompatibility, dispersibility and biodegradability of iron
magnetic nanoparticles, but aso provide an environment for the transferring of
hydrophobic iron oxide nanoparticles into a hydrophilic system. (Xu et al.,
2014).

Immobilization of B. aerius GC6 and B. sonorensis GV2 a-amylase has
been done by entrapment technique. Ascorbic acid modified iron oxide nano-
particles were used for the immobilization of enzyme. Nano-particle immobilized
a-amylase exhibited an immobilization efficiency of 121.48% for B. aerius GC6
and 122.66% for B. sonorensis GV 2 as that of their counterparts.

4.8.2 Reusability of the nano-particle immobilized a-amylase

For the purified enzymes of B. aerius GC6 and B. sonorensis GV2
immobilized onto ascorbic acid modified iron oxide nano particles reuse
efficiency was studied similarly by evaluating its starch hydrolysis efficiency.
Purified B. aerius GC6 a-amylase showed a considerably good stability in nano-
particles giving an immobilization efficiency of 87.48% at the end of 22™ cycle
(Fig. 51). This showed that the ascorbic acid modified nano-particles are
exceptionally good immobilization agent for B. aerius GC6 a-amylase. Similarly,
for purified B. sonorensis GV2 a-amylase, the reuse studies showed a relative
activity of 82.46% at the end of 20 cycles (Fig. 52). High retention of a-amylase
for more than 20 cycles, on nano particles is one of the main highlights of this
study suggesting a permanent mode of efficient immobilization for varied use in

the relevant industry.

Several workers have reported immobilization of various enzymes on
nanoparticles and have yielded results harmonious to our findings. Wang et al.
(2012) immobilized lipase onto alkyl silane modified magnetic nanoparticles and
observed 65% retention after 7 cycles. Ahmad et al. (2013) synthesized TiO,
nanoparticles for immobilization of a-amylase and reported five reuses with 70%

retention of activity. Kalburcu et al. (2014) reported six reuses with no apparent
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loss in the enzymatic activity of immobilized a-amylase on p(HEMA-MAT)-Ni?*
nanospheres. However, this type of firm binding as shown in case of B. aerius
GC6 and B. sonorensis GV2 a-amylase for endless cycles has reported for the
first timein the literature.
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Fig. 51 Number of reuse cycles of nano particle immobilized purified B.
aerius GC6 a-amylase
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Fig. 52 Number of reuse cycles of nano particle immobilized purified B.
sonorensis GV2 a-amylase
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4.8.3 Characterization of nano particle immobilized B. aerius GC6 and B.
sonorensis GV2 a-amylase for enzymatic properties

4.8.3.1 Effect of pH on the activity of free and immobilized enzyme

The effect of pH on the activity of free and immobilized enzyme of B.
aerius GC6 is given in Fig. 53. Optimum pH for free enzyme yielding highest a-
amylase titres was considered as 100%. For purified a-amylase of B. aerius GC6
immobilized on magnetic nanoparticles, maximum relative activity of 119.24%
was observed at pH 9.0. At pH 10.0 the relative activity of immobilized enzyme
was 99.56% which was 86.54% for the free enzyme (Fig. 53). At higher pH of
11.0, comparatively very high relative activity i.e. 58.14% was observed. Thus a
wider tolerance range of pH was observed for iron oxide nanoparticles
immobilized enzyme. For B. sonorensis GV2 a-amylase, an increased relative
activity of 124% was observed at pH 10.0 and 107.25% at pH 9.0. At higher pH
i.e. 11.0, considerable activity of 78.14% was observed and at pH 12.0, 22.66%
activity was observed (Fig. 54). In contrary to our findings, Jalal et al. (2011)
immobilized a-amylase onto magnetic nanoparticles and observed that the
immobilized enzyme was more sensitive to higher pH of 5-6 than the free

enzyme.
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Fig. 53 Comparative account on the effect of pH on the activity of free and
nano particle immobilized a-amylase of B. aerius GC6
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Fig. 54 Comparative account on the effect of pH on the activity of free and
nano particle immobilized a-amylase of B. sonorensis GV2

4.8.3.2 Effect of temperature on the activity of free and immobilized enzyme

Enzyme activity also depends upon temperature. 50°C has been observed
as optimum temperature yielding highest enzyme titres with free enzyme.
Considering this activity to be 100% (Fig. 55), nano particle immobilized B.
aerius GC6 a-amylase exhibited an increased enzyme activity upto 121.26% at
the same temperature. At an elevated temperature of 60°C, 104.34% of the
original activity was observed. Further increase in temperature to 70°C revealed
the activity as 87.98% of the original activity. The immobilized enzyme resulted
in comparatively higher enzyme titresi.e. 44.67% at increased temperatures upto
90°C than the free enzyme. Thus it is evident from the data that the iron oxide
nano particle immobilized enzyme possessed greater temperature resistant as

compared to the free enzyme.

Similarly for B. sonorensis GV2 a-amylase an increased activity of
119.33% was observed at 50°C. A further increase in temperature to 60°C
resulted in activity of 106.12%, which were 79.79, 48.66% at 70 and 80°C
respectively (Fig. 56). At 90°C, arelative activity of 36.78% was observed which

was far higher than the free enzyme. A similar increase in activity at higher
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temperatures (50-90°C) has been shown by Demir et al. (2012) while
immobilizing a-amylase onto CaCOs; nanoparticles. Ahmad et al. (2013)
observed nano- TiO, immobilized amylase to be active at 60°C for 60 min thus

revealing the ability of immobilized amylase to withstand higher temperatures.
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Fig. 55 Comparative account on the effect of temperature on the activity of
free and nano particle immobilized a-amylase of B. aerius GC6
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Fig. 56 Comparative account on the effect of temperature on the activity of
free and nano particle immobilized a-amylase of B. sonorensis GV2
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4.8.3.2 Effect of divalent ions on the activity of free and immobilized enzyme

The effect of divalent ions on the activity of free and immobilized enzyme
was investigated. For nano particle immobilized B. aerius GC6 a-amylase, an
increased enzyme activity was observed in case of Mn?*, Mg®" Cu**, Zn*" and
Ni?* up to 96.79%, 112.24%, 109.48%, 43.22% and 123.64% as compared to the
free enzyme (Table 41). It was aso reported that immobilization prevented the
inhibitory effect of Co®*. Similarly for alginate immobilized B. sonorensis GV2
o-amylase, an increased activity was observed for divalent ions Mn?*, Cu**, Mg®*
and Ni** up to 92.66%, 128.11%, 111.69% and 116.29% (Table 41). The

inhibitory effect of Co®* has been reversed in nano particle entrapped enzyme.

Table 41. Effect of metal salts on residual activity (%) of the free and the
nano-particle immobilized B. aerius GC6 and B. sonorensis GV2

o-amylase

Divalent Relative activity (%)
lons B. aerius GC6 B. sonorensis GV2

Free enzyme Immobilized Free enzyme Immobilized

enzyme enzyme

Mn?* 82.80+0.43° 96.79+0.23* | 86.82+0.12° 92.660.22°
cu?* 92.02¢023" | 100.48+029° | 93.27+0.20° 128.11+0.31°
Mg 136.11+0.36° | 112.24+0.17° | 139.42+0.19° 111.69+0.29°
Co** 0.00+0.00° 14.34:0.04° | 0.00£0.00° 17.46+0.11°
Zn?* 2.91+0.16" 13.22+0.13" | 16.92+0.32° 23.46+0.16°
Ni2* 01.02+0.34° | 12364+065° | 96.24+0.29° 116.29+0.26°
SE (m) 0.25 0.25 0.18 0.22

49 APPLICATION OF PURIFIED ao-AMYLASE IN BIOETHANOL
PRODUCTION USING ALGAL BIOMASS

The world is facing a decline of fossil fuel resources, petroleum, natural
gas and charcoal while energy requirements are progressively growing up.
According to a research report, the world’s oil and gas supply will disappear
within three decades and aso other natural resources such as coa will extinct
within a century (Raja et al., 2008). Moreover, traditional sources of fossil fuels

are coupled with accumulation of green house gases derived from their
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combustion have been turning them into unsustainable pillars of energy supply.
The overexploitation of fossil fuels and the increasing greenhouse gases are
considered to be the forthcoming crisis for human’s population. Especially,
carbon dioxide, which is the main component of greenhouse gas emissions, poses
great challenge to the world. The inexorable usage of fossil fuels has contributed
to approximately 98% of carbon emission from its combustion into the
environment. Hence the fossil fuel usage has to be reduced in order to decrease
the amount of carbon dioxide and other pollutants being emitted (Demirbas et al .,
2011).

Currently, as an dternative, most of the countries have imposed
regulations/ legidlations to use alternate/ renewable sources such as wind, hydro
and solar energy to replace fossil fuel usage. Ethanol has emerged as an attractive
aternative to the liquid petroleum resulting in worldwide search for its higher
yield to overcome its limited supply (EIA, 2002). It has a number of advantages
such as high biodegradability, minimal toxicity, minima hydrocarbon emission,
free from sulphur and aromatic compounds (Demirbas et al., 2011; Atabani et al.,
2012). Ethanol is thus the most sought after biofuel which is currently being
produced on a large scale, as it can be easily mixed with gasoline and used in

internal combustion engine vehicles (Haveren et al., 2008).

Since India is the fourth (energy data) largest global contributor to carbon
emissions, GOI transport policy has targeted EURO-III and IV vehicle emission
norms for vehicles, which in turn require adoption of clean and green fuel. The
Government of India (GOI) has approved the National Policy on Biofuels on
December 24, 2009. The policy encourages use of renewable energy resources as
alternate fuel to supplement transport fuels and had proposed an indicative target
to replace 20 percent of petroleum fuel consumption with biofuels (bioethanol
and biodiesel) by end of 12" Five-Year Plan (2017). Thus the steady demand for
ethanol coupled with an expected rise in blending for Ethanol Blending Program

(EBP) will push total ethanol consumption heavily.

Biofuels seek to supplement conventional energy resources for meeting

rapidly increasing requirement of transportation fuels and meeting energy needs
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of India’s vast rural population by use of non-food feed stocks and as a result to
reduce dependence on import of fossil fuels. The intent is to provide a higher
degree of national energy security in an environmentaly friendly, cost-effective
and sustainable manner. Believing India to be endowed with significant potential
for generating energy through renewable resources, the GOI is promoting and
encouraging production and use of a) ethanol derived from sugar molasses/juice
for blending with gasoline and b) biodiesel derived from inedible oils and oil
waste for blending with diesel. Presently, production of biodiesel from jatropha
seeds is commercialy negligible. Slow progress made towards jatropha planting
has resulted in lower availability of jatropha seeds to be used as feed-stock for
biodiesel production. According to India Biofuel Annua (2013), domestic
ethanol production for CY 2014 declined to 1.9 billion liters due to a downswing
in India’s sugar production cycle (October-September) for second consecutive
year. Steady demand for ethanol coupled with an expected rise in blending for
Ethanol Blending Program (EBP) will push total ethanol consumption in CY
2013 to 2.4 hillion liters.

In view of the above facts, India poses a grim picture on international
platform as far as biofuel production is concerned. The constraints imposed by
the first and second generation biofuels have paved the way for use of agd
biomass for bioethanol production as a third generation fuel. Therefore,
development of this kind of third generation biofuel technology and its transfer
definitely will help our technology starved industries immensely besides being
highly eco friendly approach. Himachal Pradesh being a hilly state has a suitable
climate as well as many sources of fresh water such as rivers, lakes, ponds and
traditional bawris etc. which is a home for varied aquatic life and algae is one of
the prominent forms. In addition to alarge number of organic compounds such as
vitamins, minerals, lipids and proteins, algae contains up to 60% carbohydrates.
So far, the use of algae as an industrial raw materia is rare compared with the
diversity of algal speciesin HP. The chemical composition of algal cells renders
it a potent industrial raw material and an aternative solution for the energy crisis.
An extensive research is needed to obtain bioethanol from algae by fermentative

[processes.
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4.9.1 Collection and identification of algal biomass

The fresh water green algae were collected from fresh water ponds of
Solan, Himachal Pradesh. Algal biomass was identified on field using the Algal
Identification Field Guide (Huynh and Serediak, 2006). It was found to have
green hollow mesh or net like structure of its membrane like colonies. The single
or multi layered free floating or secondarily attached net was the characteristic
feature of the algae.

Further morphological examination under microscope revealed that the
cells were typically arranged in pentagons or hexagons. The cells were
cylindrical to oblong (Plate 6), upto 15 mm long. Adjacent cells (2-4) have
connected through their edges forming 5-6 sided mesh. Microscopic examination
of single cell revealed the presence of long cylindrical non-septate cells which
were multinucleate in nature. Reticulate chloroplasts were visible. On the basis of
morphological identification on field and under the microscope, it was identified
as fresh water green algae Hydrodictyon sp. (Gupta, 1981)

49.2 Classification

Class: Chlorophyceae
Order: Cholorococcales
Sub-order: Zoosporineae
Family: Hydrodictyaceae
Genus. Hydrodictyon

Hydrodictyon sp. or “Water Net’ is an invasive species, which has been
found erratically al around the globe. Water nets frequently form extensive
surface and sub-surface mats in ponds and lakes in the summer months. They are
sometimes considered weeds or pest organisms because they are so prolific that
they can overwhelm lakes, ponds, aguacultures and even rice fields (Kelly et al.,
2003). Water net is a serious nuisance alga because it clogs water ways, irrigation
ditches, taints potable water, causes economic losses to fresh water fisheries,
aquatic plantation and has an adverse impact upon boating, fishing, swimming

and tourism. It aso smothers the beds of aquatic macrophytes causing their

222



collapse and decay. On beaches, water net accumulates in large drifts, decaying

and causing localized anoxic conditions (Natural history museum, 2013).

Due to its negative impacts on the environment and biodiversity, its
management presents a great environmental challenge. Thus, its use as a source
of reducing sugars for production of ethanol seems promising. Its cultivation does
not need any specific nutrient to be added in the medium, thus can be easily
cultivated and collected from the fresh water bodies. This is the first report
presented on the use of Hydrodictyon sp. as a substrate for the production of
reducing sugars which in turn can be converted into bioethanol.

4.9.3 Biochemical characterization of algal biomass

Sufficient carbohydrate content is required to use algae as a feed stock
biomass for ethanol production. Therefore, biochemica characterization of the
biomass to be used for the production of ethanol is the first and foremost step.
The quality of reducing sugars presents the most important aspect of the quantity
of ethanol produced. Biochemical analysis of Hydrodictyon biomass revea ed that
it mgorly ¢ 85%) contained starch and cellulose (Table 42) which being easily
hydrolysable by enzymatic action renders this biomass a preferred feedstock for
biofuel industry. Additionally the complete absence of hemicelluloses is another

advantage which makes this biomass easier to hydrolyse in the absence of lignin.

Table 42. Biochemical composition of Hydrodictyon biomass

Constituent Amount (%)
Starch 64.80
Cellulose 24.44
Hemicelluloses 0.00
Pectin 6.76
Protein 3.28

410 PHYSICOCHEMICAL PRETREATMENT OF ALGAL BIOMASS

The carbohydrates in green algaemainly come from starch in chloroplasts
and cellulose/ polysaccharides on cell walls (Domozych et al., 2012; Richmond,
2004), which are not readily fermentable for ethanol production by

microorganisms. Therefore, prior to ethanol fermentation, the polysaccharides of
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Plate 6 Identification of algal biomass (a) Hydrodictyon sp. growing in pond (b)
Microscopic view (20X) of polygonal mesh of FHydrodictyon sp. (c)
Microscopic view of single filament (45X)



algae should be hydrolysed to fermentable sugars (Hahn-Hagerdal et al., 2007).
Biomasspretreatment is thus a crucial step because it is essential for the
fermentable sugars to be released and made available for the fermentation
process. However, since the pretreatment process contributes significantly to the
cost of production, the most economical pretreatment must be selected besides its
efficacy. An ideal biomass pretreatment procedure must be energy efficient and
cost effective (Rabelo et al., 2009).

The chemicals commonly applied in pretreatment process are either acid
(HCl or H,SO4) or akali (lime or NaOH), which are everyday industria
chemicals carrying minimal toxicity in their applied concentrations. Different
physio-chemical pretreatments which have been standardized for lignocellulosic
biomass in our research laboratory were tried for pretreating algae first handedly.

Supernatant and residue both were taken as a source of reducing sugars.

Alkaline peroxide (NaOH+H,0,) pretreated algal biomass yielded 43.02
mg sugars per gram of the biomass. Acidic peroxide (H2SO4+H>0,) pretreated
biomass yielded 64.69 mg/g sugars. NaOH+urea yielded 34.94 mg/g sugars
(Table 43). Dilute acid i.e. 1% H,SO, pretreatment yielded highest 76.32 mg/g
sugars whereas dilute akali i.e. NaOH (1%) pretreatment yielded 37.93 mg/g
sugars. Acetic acid/ nitric acid yielded 29.59 mg/g sugars. Saturated steam under
pressure when used as a means of pretreatment yielded50.70 mg/g sugars.

Table 43. Evaluation of different pretreatments for saccharification of
Hydrodictyon biomass

Sr. | Pretreatment Reducing sugars (mg/g biomass)
No. Super natant Residue Total
1. | NaOH+H,0, 31.02+0.21* | 12.00+0.24 43.02+0.24°
2. | H,SO4+H,0, 56.45+0.13° | 08.24+0.34 64.69+0.33°
3. | NaOH+ Urea 27.94+0.09° | 07.00+0.19° 34.94+0.19°
4. | H,S0, 72.00£0.11° | 04.32+0.23° 76.32+0.21°
5. | NaOH 28.92+0.13° | 09.01+0.12° 37.93+0.23°
6. | Aceticacid/ Nitric acid 20.47+0.12° 09.12+0.16° 29.59+0.32'
7. | Saturated steam under 40.67+0.23' 10.03+0.24' 50.7+0.29°
pressure
SE(m) 0.14 0.21 0.25
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Alkaline peroxide pretreatment which was adjudged as best for Populus
deltoides wood (Sharma and Sharma, 2013) yielded 43.02 mg/g sugars, best
among the akaline pretreated alga biomass. NaOH-+urea (Tandon, 2014)
pretreatment which was adjudged best for Pinus roxburghii wood yielded a
maximum of 34.94 mg/g sugars. Alkaline treatment disrupts the cell wall of
lignocellulosics dissolving hemicelluloses, lignin and silica by hydrolyzing
uronic and acetic esters, and by swelling cellulose (Pandey et al., 2000b).
Crystalinity of cellulose is decreased due to swelling. As algal biomass did not
consist of lignin or hemicellulose fractions thus alkali was unable to hydrolyse
the biomass efficiently which made it unavailable as a compatible substrate for
enzymatic action. The main constituent of Hydrodictyon sp. i.e. starch when
reacts with NaOH leads to the formation of alkoxides. These alkoxides react with
sodium and result in the surface degradation of the starch molecules which makes

them unsuitable for the enzymatic action.
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Fig. 57 Comparison of different physico-chemical pretreatments for the
pretreatment of Hydrodictyon biomass

Acid pretreatment is usually carried out using mineral acids like H,SO,
and HCI. Dilute acid pretreatment is a simple single-stage process in which
biomass is treated with dilute sulfuric acid at suitable acid concentrations and

temperatures for a period of time. Hydrodictyon biomass when pretreated with
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1% H,SO, yielded 76.32 mg of sugars per gram of biomass which were
comparatively very high when akaline pretreatment was compared (Table 43).
H,S0,4+H,0, pretreatment which was adjudged best for E. teretecornis and P.
deltoids biomasswas found yielding 64.69 mg/g sugars (Fig. 57). Starch and
cellulose, the main constituents of algal biomass when react with dilute acids,
result in the formation of glucans which can be easily acted upon by appropriate
enzymes for their further hydrolysis into ssmple hexoses. Thus, following dilute
acid treatment, appropriate enzymes are needed for complete hydrolysis of the
remaining carbohydrates in the treated biomass. Based on the highest reducing
sugars produced, dilute H,SO, pretreatment was selected for further hydrolysis of
algal biomass.

The noticeably high sugar yield obtained from dilute acid pretreatment
could be due to the chemical form of the microalgae-based carbohydrates. It is
known that starch can be easily hydrolysed with dilute acids (John et al., 2011),
but for lignocellulosic materia derived from terrestrial plants, dilute acid usually
acts as a form of pretreatment rather, than hydrolysis due to their complex
structure arising from the presence of lignin (John et al., 2011). However, agal
cellulose being lignin free is thus easily hydrolysable with dilute acid. This makes
the sacccharification of microalgae biomass much easier than that of
lignocellulosics and this is a clear advantage of using microalgae as the sugar
substrate for fermentation compared to using lignocellulosic feedstock. However,
acetic acid & nitric acid combination of pretreatment yielded only 29.59 mg/g
sugars (Table 43). Low yield of hydrolysed sugars with this combination may be
due to the weak acid combination which led to incomplete the ionization

resulting in reduced hydrolysis efficiency.

So far there are scanty reports on physico-chemical pretreatment of algal
biomass. Eshaq et al. (2011) chemically pretreated Spirogyra biomass with 1%
NaOH for 2h whereas Sulfahri et al. (2011) pretreated the Spirogyra biomass at
100 °C for 2h followed by its enzymatic hydrolysis.In conformity to our findings,
a few workers have reported dilute acid pretreatment for agal biomass.
Gracilaria salicornia biomass when pretretated with 2% H,SO, for 30 min at 120
°C, yielded 4.3 mg sugars/ g biomass as reported by Wang et al. (2011). Ho et al.
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(2013) reported 1% H,SO, as best pretreatment for efficient hydrolysis of
Chlorella vulgaris biomass with 96% hydrolysis efficiency. Markou et al. (2013)
investigated the effect of four acids viz. H,SO4, HNO3, H3PO, and HCI on the
hydrolysis of Arthrospira platensis biomass and observed 0.5N HNO;3 as best
pretreatment. However thisisthefirst report on the pretreatment of Hydrodictyon

biomass for reducing sugars production.
4.10.1 Optimization of selected (dilute acid) pretreatment of algal biomass

Dilute acids break down the starch and cellulose polymers in biomass to
release individual sugars, which can be fermented into ethanol (Lee et al., 1999;
Lenihan et al., 2010). Kinetic studies on the dilute acid hydrolysis of various
starchy and cellulosic materials indicated that the hydrolysis kinetic parameters
are strongly dependent on the substrate and acid concentration, temperature and
reaction time (Malester et al., 1988; Lenihan et al., 2010). There are however, a
very few reports available in literature regarding the acid pretreatment strategy
for bioethanol production from green alga. Thus, studies on the effects and
optimization of the process variables that influence the performance of the algal
acid pretreatment process will be essential to the commercial outlook of

bioethanol development from green algae.

Table 44. Optimization of H,SO4 pretreatment conditions for Hydrodictyon

biomass

Time Reducing sugar s (mg/g biomass)

(min) 0.5% H,SO, 1.0% H,SO, 1.5% H,SO,
30 30+0.11° 55+0.212 50+0.212
60 70+0.09 60+0.11° 47.5+0.17°
90 80+0.13° 72.5+0.4° 52.5+0.19°
120 85+0.06° 75.5+0.06° 55+0.20°
150 97.5+0.11° 67.5+.16" 27.5+0.13°
180 120+0.23° 62.5+0.21° 30+0.22°
210 112.5+0.34' 55+0.22% 30.25+0.24°
240 115+0.23" 42.5+0.20' 32.5+0.11°

SE(m) 0.16 0.19 0.18
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Keeping in view these facts, conditions for dilute acid pretreatment i.e.
time of acid hydrolysis and concentrations of dilute acid were optimized for the
efficient degradation of algal biomass into simple sugars. Concentrations ranging
from 0.5-1.5% were used for a time spanning 30 to 240 min at room temperature.
The results obtained revealed the best combination as 0.5% H,SO, for 180 min
yielding maximum reducing sugars of 120 mg/g biomass (Table 44). At the same
concentration, an increase in hydrolysis time did not result in net increase in the
sugars concentration. The increased acid concentrations on the other hand, to 1%
or 1.5% have resulted in decreased sugar yield to 72.5 mg/g biomass. A lowest
yield of 27.5 mg/g sugars was obtained at 1.5% H,SO, for 150 min. Theoretically
and practically, the lowest acid concentration that can reach the highest
hydrolysis performance would be the most favourable. Thus 0.5% H,SO, for 180

min at room temperature was chosen for further studies (Plate 7b).

A review of the literature available reported a few studies with higher
concentrations of H,SO, ranging from 1-2.5% at a temperature exceeding 100°C
as best yielding. Kim et al. (2011) yielded a maximum of 9.4 mg/g reducing
sugars from Ulva lactuca biomass with 1.0% H»SO, for 30 min at 121°C. Ho et
al. (2013) reported a 96% hydrolysis at 121°C from 1.0% H,SO; from
carbohydrate rich microalga Chlorella vulgaris; similarly, Trivedi et al. (2013)
adjudged 1% H,SO,4 at 100°C for 1h to be the best yielding combination for
macrophytic green alga Ulva fasciata. The pretreatment conditions reported in
the present study are the most eco-friendly and cost effective. Such lower
concentrations of acid would lead to the generation of least amount of inhibitors
if any, moreover, the treatment being carried out at room temperature saves the
energy cost for heating the preparations at very high temperatures thus making
the pretreatment economically viable.

411 ENZYMATICHYDROLYSISOF ALGAL BIOMASS

Mixture of inhouse enzymes was used for the enzymatic hydrolysis of
dilute acid pretreated algal biomass. a-amylase, B-amylase, cellulase and
pectinases were used for the hydrolysis of pretreated algal biomass to simple
sugars. Behaviour of individual enzymes on the saccharification of Hydrodictyon
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biomass was evaluated. 0.5% H,SO, pretreatedbiomass was subjected to
hydrolysis for 72h at 45°C in the presence of hydrolytic enzymes obtained from
inhouse microorganisms. o + -amylase, yielded maximum reducing sugars of
472.22 mg/g biomass, followed by cellulase yielding 202.53 mg reducing sugars
/g biomass (Table 45). Pectinases yielded least reducing sugars of 109.12 mg/g
biomass. Total hydrolytic enzymes when used in a mixture yielded 783.87 mg/g
biomass (Plate 7c¢). Same hydrolysis when carried out using commercial enzymes
yielded 642.44 mg/g biomass, thereby proving use of inhouse enzymes to be

more efficient.

Different enzymatic ratios (per ml basis) for the mixture of enzymes were
standardized for the hydrolysis (Table 46). Perusa of Table 46 reveaed that
maximum reducing sugars of 810 mg/g biomass were obtained with an enzymatic
ratio of 4:3:2:1 comprising of a-amylase, B-amylase, cellulase and pectinases,
followed by 790 mg sugars /g biomass with a ratio of 3:4:2:1. 780 mg/g of
reducing sugars was produced at an enzymatic ratio of 3:3:3:1. Lowest reducing
sugar yield of 600 mg/g has been obtained with an enzymatic ratio of 2:2:3:3.
Reducing sugars produced with a particular enzymatic ratio revealed that the
presence of a-amylase highest in the ratio led to the release of most reducing
sugars, thereby strongly advocating the role these enzymes have in the hydrolysis

of Hydrodictyon biomass owing to the amount of starch it contains.

Table 45. Evaluation of behaviour of individual enzyme on saccharification
of Hydrodictyon sp. biomass

Enzyme Reducing sugars
(mg/g biomass)
a + B-amylase 472.22+0.39°
Cellulase 202.53+0.23"
Pectinase 109.12+0.33°
Total enzyme (in house) 783.87+0.21°
Synthetic enzyme 642.44+0.34°
SE (m) 0.3
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Plate 7. Surface amalysis of Hydrodictyon biomass usinf imaging microscope at
45x magnification (a) Native algal cells (b) H,504 (0.5%) pretreated algal
cells (¢) Enzymatically hy drolysed algal cells



Table 46. Optimization of different ratio of enzymes for enzymatic
hydrolysis of Hydrodictyon sp. biomass

Enzymatic ratios Reducing sugars (mg/qg)
3:3:3:1 780+0.56°
2:2:4:2 660+0.34°
2:3:4:1 6400.23"
3:4.2:1 790+0.21°
2:2:2:1 600+0.19°
4:3:2:1 810+0.22°
SE (m) 0.29

A few workers have used acid pretreatment followed by enzymatic
hydrolysis as a means for efficient saccharification of algal biomass. Ho et al.
(2013) used cellulase and amylase enzymes obtained from Pseudomonas sp. CL3
whereas Trivedi et al. (2013) utilized commercial cellulase enzymes for the
complete hydrolysis of C. vulgaris and U. fasciata biomass respectively. Mollers
et al. (2014) used a mixture of enzymes viz. lysozyme, apha-glucanases and
amyloglucosidase for complete hydrolysis of Synechococcus biomass. A mixture
of enzymes composed of amylase, cellulase, pectinases, B-glucosidase, chitinase,
lysozyme and sulfatase was used for hydrolysis of C. vulgaris biomass by Kim et
al. (2014).

4.11.1 Optimization of enzymatic hydrolysis conditions by using CCD of
RSM

The enzymatic ratio yielding highest reducing sugars was chosen for the
further optimization studies. Other parameters standardized were enzyme

loading, incubation period and biomass to liquid ratio. The optimizations were
done by applying CCD of RSM.

4.11.1.1 Regression model of response

Table 6 (Section 3.10.2) shows the maximum and minimum levels of
variables chosen for trials (Run) in the CCD. For RSM based on the Central
Composite Design, used for the optimization of independent variables for
amylase production, 20 experimenta runs with different combinations of three
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factors were carried out. The independent variables used for the factorial analysis
were biomass (Xi), enzyme loading (X2) and incubation period while the
dependent variable selected was reducing sugars. The complete experimental
design with coded factors and response values has been given in Table 47, which
shows considerable variation in the amount of reducing sugars production
depending upon the interaction of various levels of three independent variablesin

the medium.

Table 47. Complete experimental design with independent and response
variables for optimization of conditions for enzymatic hydrolysis
of algal biomass

Std | Run | Block | Factor 1: Factor 2: Factor3: Response;
Biomass Enzyme I ncubation Reducing
(X9 loading period (Xs) sugars
(X2) (mg/ml)
14 1 1 17.50 12.50 36 840
3 2 1 5.00 25.11 6.00 90
17 3 1 17.50 5.00 24.00 1725
5 4 1 5.00 5.00 48.00 360
8 5 1 30.00 10.00 42.00 856
10 6 1 10.00 12.50 42.00 360
2 7 1 30.00 5.00 6.00 280
12 8 1 17.50 20.00 30.00 670
20 9 1 25.00 12.50 42.00 940
18 10 1 17.50 10.00 36.00 840
11 1 30.00 20.00 42.00 600
1 12 1 20.00 5.00 6.00 203
19 13 1 10.00 25.11 24.00 534
15 14 1 25.00 20.00 18.00 220
16 15 1 20.00 25.11 30.00 732
9 16 1 10.00 10.00 24.00 386
7 17 1 5.00 20.00 48.00 480
6 18 1 20.00 12.50 36.00 880
13 19 1 25.00 10.00 12.00 425
11 20 1 17.50 25.11 18.00 554

By applying multiple regression analysis on the experimental data, a
guadratic model was generated for the response of amylase activity. The
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significant model terms were evaluated by analysis of variance (ANOVA) (Table
48) in the optimization study (p<0.05) and were identified as X1, X5, X3, X4°.

Reducing sugars (Y) = 443.69+181.55 * X1+57.21* X,+301.65* X3
Eq.3

where Y is the reducing sugars (mg/g biomass), X; is biomass X, is enzyme
loading and X3isincubation period. By optimizing the above parameters by using
RSM, maximum reducing sugars obtained were 940 mg/g biomass at 25g/I

biomass with enzyme loading of 12.5 ml/g biomass for 42 h.

Table48. Analysisof variance ANOVA tablefor response surface linear
model for enzymatic hydrolysis of Hydrodictyon sp. biomass

Source Sum of Degrees of Mean F-value | Prob>F
squares freedom square

Model 7.456E+005 3 2.485E+005 6.78 0.0037*
X1 2.554E+005 1 2.554E+005 6.96 0.0009*
Xz 57345.00 1 57345.00 1.56 0.2291
X3 5.758E+005 1 5.758E+005 15.70 0.0001*
Residual 5.868E+005 16

Cor Total 1.332E+006 19

*Significant values

The datistical significance of Eq.3 was checked by F-test, and the
analysis of variance (ANOVA) for the response surface quadratic model has been
shown in Table 48. It is evident that the model is highly significant, as suggested
by the model F- value and a low probability value (Pmoge>F= 0.0001). The
coefficient of determination (R?) was calculated as 0.9607 for production of
reducing sugars, indicating that the statistica model can explain 96.07% of
variability in the response. Normally, a regression model having an R? value >
0.9 is considered to have a very high correlation. The closer the R (correlation
coefficient) isto 1.0, the stronger the model and the better it predicts the response
(Haaland 1989). The value of R= 0.9151 for Eq. 3 indicates a close agreement
between the experimental results and the theoretical values predicted by the
model equation. An adequate precision of 19.064 for reducing sugars production

was recorded. The coefficient of variation (CV) indicates the degree of precision
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with which the treatments were compared. Usually the higher value of CV, the
lower the reliability of the experiment is (Gangadharan et al., 2008). A lower
value of CV (3.75) indicated a better precision and reliability of the experiment.

The student t-distribution and the corresponding P-value, along with the
parameter estimate have been given in Table 48 The P-values are used as a tool
to check the significance of each of the coefficients which are necessary to
understand the pattern of the mutual interactions between the variables. The

smaller the P-values, the bigger the significance of the corresponding coefficient.
4.11.1.2 L ocalization of optimum conditions

The 3D response surface plots (Fig. 58, 59) described by the regression
model were drawn to illustrate the effects of the independent variables on the
response variable. The shape of the corresponding contour indicates whether the
mutual interactions between the independent variables are significant or not. An
elliptical contour plot indicates that the interactions are significant. Fig. 58 and 59
shows the curve between biomass concentration at X-axis and enzyme |loading
and time at Y- axis respectively, while keeping all other variables at their ‘O’
central levels. The plots depicted a moderate interaction between the considered

variables towards an optimized production of reducing sugars.
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Fig. 58 Response surface curve representing interaction between enzyme
loading and biomass
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Fig. 59 Response surface curve representing interaction between time and
biomass

4.11.1.3 Comparison of observed and predicted amylase activity

A regression model can also be used to predict future observations on the
response Y (reducing sugars) corresponding to the particular values of the
regression variables. Fig. 60 shows observed amylase activity versus those from
the empirica model Eq. 3. The predicted R? of 0.3389 isin reasonable agreement
with the adjusted R? of 0.4770. This indicated good agreement between the
experimental and predicted values for amylase production. The adjusted R?
corrects the R2 value for the sample size and for the number of terms in the
model. If there are many terms in the model and the sample sizeis not very large,
the adjusted R2 may be noticeably smaller than the predicted R2. The model F-
value of 6.78 and values of prob > F (<0.05) indicated that the model terms are
significant. The figure proves the predicted data of the response from the
empirical model is in agreement with the observed ones in the range of the
operating variables.

234



Normal Plot of Residuals

Normal % Prabability

=]
11 |I II|I 1001

el

Studentized Residuals

Fig. 60 Normal probability of internally studentized residuals

4.11.1.4 Mode adequacy checking

Usually, it is necessary to check the fitted model to ensure that it provides an

adequate approximation to the real system. Unless the model shows an adequate fit,
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Fig. 61 Parity plot showing distribution of experimental and predicted values
of sugars production by enzymatic hydrolysis
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proceeding with the investigation and optimization of the fitted response surface likely
give poor or misleading results. The residuals from the least squaresfit play an important
role in judging model adequacy. By constructing a normal probability plot for the
residuas, a check was made for the normality assumption, as given in Fig. 61 the
normality assumption was satisfied as the residual plot approximated aong a straight
line. The general impression is that the residuals scatter randomly on the display,
suggesting that the variance of the original observation is constant for all values of
predicated response (Y). Fig. 58 is satisfactory, so we conclude that the empirical model
is adequate to describe the amylase activity by response surface.

4.11.1.5 Validation of the model

The statistically optimal values of variables were obtained when moving
along the magjor and minor axis of the contour, and the response at the centre
point yielded maximum amylase production. These observations were also
verified from canonical analysis of the response surface. The canonical analysis
revealed a minimum region for the model. The stationary point presenting
maximum reducing sugars had the critical vaues as 940 mg sugars /g biomass at
25g/l biomass with 12.50 ml/ g of enzyme loading for 42 h. Although higher
concentrations of biomass are expected to release higher amounts of fermentable
sugars during the pretreatment and hydrolysis process, it has been reported that
higher biomass concentrations reduce bioethanol production levels due to
overburdened metabolism and the toxicity of high ethanol concentrations towards
yeast cells (Cromie and Doelle, 1988). In consonance to these findings, a biomass
concentration of 30g/ | resulted in a decreased reducing sugars yield.

In literature there are a very few reports available regarding the statistical
optimization of enzymatic hydrolysis conditions. Ho et al. (2013), observed 20g/
| biomass with an enzyme loading of 20 ml/g biomass for 50 h as the best
combination for the generation of highest reducing sugars from C. vulgaris.
Trivedi et al. (2013) found 2% enzyme dosage for 36 h at 1:20 (w/v) biomass:
liquid ratio as optimum for enzymatic hydrolysis of U. fasciata biomass.

412 FERMENTATION OF ETHANOL IN A SHAKE FLASK

EXPERIMENT

Photosynthetic biomass is a promising resource for the generation of

biofuels. Plant-derived lignocellulosic biomass is abundant but, due to the
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recalcitrant nature of this material, significant challenges have to be solved if this
biomass is to be used for the microbial production of biofuels (Jorgensen et al.,
2007; Limayem and Ricke, 2012). Photosynthetic microorganisms constitute an
appealing alternative source of biomass for many reasons such as they grow
much faster than terrestrial plants, have a higher efficiency in using the energy of
light, and can be cultivated in areas and in a manner that do not compete with
plant based food and feed production (Dismukes et al., 2008; Larkum et al.,
2012; Parmar et al., 2011; Jones and Mayfield, 2012). The most abundant
photosynthetic organisms in nature are cyanobacteria and eukaryotic algae
(Graham et al., 2009). However, the direct use of biomass from agae as a

feedstock for the generation of biofuelsis underexplored.

In the present study, fresh water green alga Hydrodictyon, after subjecting
to various physical and chemical pretreatments was used for the first time for
ethanol production. A 0.5% H,SO, pretreated dried alga powder was
enzymatically hydrolysed to produce reducing sugars using mixture of inhouse
hydrolytic enzymes. The reducing sugars thus obtained were fermented into
ethanol by utilizing ethanologen S cerevisiae-l (MTCC3089) under different
modes of fermentation.

4.12.1 Bioconversion of pretreated algal biomass under Separate Hydrolysis
and Fermentation (SHF) mode

Separate hydrolysis and fermentation (SHF) refers to a process inwhich
enzymatic  hydrolysis (saccharification) of polysaccharides and the
microbiafermentation are performed sequentially in separate units. The major
advantageof this method is that the enzymatic hydrolysis and fermentation can be
carried out at theirown optimum conditions of temperature and pH. However, the
drawbacks of SHF process include feedback inhibition of the enzymes by
released sugars and a high probability of contamination since separate vessels are
used forhydrolysis and fermentation. The hydrolysis process is long and the
released sugars as carbonsource provide the opportunity of contamination with
naturally-occurring microbes. Apossible source of contamination could be the
enzyme preparation. In practice, it is difficultto sterilize enzymes in large scale,

since it must be filter-sterilized owing to the denaturationof enzymes in an

237



autoclave (Taherzadeh and Karimi, 2007). In addition, it is not feasible toadd
antibiotics in hydrolysis reactor because antibiotics may affect the growth

andfermentation of microorganisms in the subsequent fermentation step.

Pretreatment and enzymatic hydrolysis of the biomass was carried out by
following the protocol as standardized earlier. Parameters for efficient SHF

procedure have been standardized.

Inoculum size for S. cerevisiae-l in the range spanning 10, 15...30% was
studied. An 18h old second generation culture has been used as an inoculum,
after an incubation of 72 h at 30°C. Among the inoculum sizes tested, highest
ethanol yield of 13.26 g/l has been observed at 20% inoculum size with 0.87 g/g
ethanol yield co-efficient and 0.37 g/I/h specific rate of product formation (Table
49). Fermentation efficiency was found to be 61.34% with 91.97% sugar
consumption. Lower inoculum size of 10 and 15% resulted in a lower ethanol
yield of 7.6 g/l and 9.2 g/l respectively with lesser ethanol yield co-efficient of
0.72 g/g and 0.54 g/g respectively. This could be attributed to the fact that
comparatively lesser cells were available for the degradation of reducing sugars
which resulted in lesser consumption of sugars (71.08%) and thus lesser product
yield.

Table 49. Optimization of inoculum size for ethanol production from

Hydrodictyon biomass under Separate Hydrolysis and
Fer mentation (SHF)

Inoculum | Ethanal (g/l) Ethanol *Ypis ** Qpmax ***Eermentation | ****Theoretical
size (%) (9/9) efficiency yield
10 7.60+0.21* | 0.30+0.08% | 0.72+0.12% | 0.21+0.06% 36.01+0.11° 0.74+0.09%
15 9.20+0.16° | 0.36x0.11% | 0.54+0.11% | 0.25+0.04® |  53.89+0.34° 0.76+0.03°
20 13.26+0.13° | 0.53+0.14® | 0.87+0.16% | 0.37+0.112 61.34+0.24° 1.27+0.07°
25 9.40+0.09° | 0.37+0.12° | 0.53+0.13% | 0.26+0.09° 45.08+0.21° 0.92+0.11°
30 8.60+0.11° | 0.34+0.07% | 0.51+0.17% | 0.24+0.08% 43.14+0.19° 0.84+0.14¢
SE(m) 0.14 0.10 0.13 0.07 0.21 0.08

*Y ws:Ethanol yield co-efficient (g/g)

**Qpmax. Specific rate of product formation (g/I/h)
*** Fermentation efficiency: Ethanol produced (g/g) / Theoretical yield of ethanol x100

****Theoretical yield: Ethanol produced (g/g) / Standard ethanol produced per g
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Increase in inoculum size however, has shown an increase in ethanol yield
upto an optimum of 20%, further increase beyond which has resulted in a
decreased product yield. This decrease might be due to the inhibition of
fermenting organism because of accumulated product. The literature survey
revealed no concrete optimization of inoculum size for the fermentation of algal
biomass to ethanol. An inoculum size ranging from 5-20% has however been
used by researchers for fermentation experiments. Kim et al. (2011); Kim et al.
(2014) and Mollers et al. (2014) reported a respective inoculum size of 10%, 5%
and 10% as optimum for conversion of marine algal biomass, C. wvulgaris

biomass and Synechococcus biomass into ethanol.

Fermentation period in the range spanning 24 to 72 h was studied at
regular intervals of 12h. Maximum ethanol yield of 13.66 g/l with ethanol yield
co-efficient of 1.23 g/g has been observed at 36™ h followed by yield of 13.26 g/l,
12.89 g/l and 12.34 g/l at 48", 60™ and 72™ h respectively with an ethanol yield
co-efficient of 0.72 g/g, 0.41 g/g and 0.42 g/g respectively(Table 50). A
maximum specific rate of product formation of 0.38 g/l/h has been observed at
36" h of fermentation with 96.17% consumption of sugars. It was thus finalized
as optimum fermentation time. Similarly, Ho et al. (2013) observed 36 h as best
fermentation time yielding 4.27g/l ethanol from microalga C. wulgaris.
Optimizing fermentation period for ethanol production by green alga U. fasciata,
Trivedi et al. (2013) observed 12 h time as optimum giving 100% theoretical
yield. A higher fermentation time has aso been found to be optimum by several
workers. Eshaq et al. (2011) observed 5™ day as best for ethanol fermentation
from Spirogyra biomass. Harun and Danquah (2011) observed maximum ethanol
yield at 24™ h of incubation utilizing C. humicola which declined on further
incubation up to 30 h with consumption of 80% reducing sugars.

Thus conversion of reducing sugars into ethanol by following SHF
approach yielded a maximum ethanol of 13.66 g/l (0.54g/g) after 36 h of
fermentation with 20% inoculum of S. cerevisiae-l (MTCC 3089). Fermentation
efficiency was 63.24% with atheoretical yield of 1.33.
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Plate 8. Conversion of reducing sugars to bioethanol from potential
Hydrodictyon biomassin (a) shake flask and (b) bioreactor



Table 50. Evaluation of optimum fermentation period for

ethanol

production from Hydrodictyon biomass under Separate
Hydrolysis and Fer mentation (SHF)

Time Ethanol (g/l) | Ethanol (g/g) *Ypis ** Qpmax ***Fermentation ****Theor etical
(h) efficiency yield

24 | 7.60£0.21* | 0.30+0.09% | 0.4+0.09 | 0.32+0.09% | 36.01%+0.21° 0.58+0.09°
36 | 13.66+0.11° | 0.54+0.11° | 1.23+0.21° | 0.38+0.11% | 63.24+0.32" 1.05+0.11°
48 | 13.26£0.09° | 0.53+0.13% | 0.72+0.122 | 0.28+0.12° | 62.84+0.12° 1.03+0.05°
60 | 12.89+0.13° | 0.51+0.17% | 0.41+0.11° | 0.21+0.08% | 57.03+0.24° 1.00+0.04°
72 | 12.34+0.15° | 0.49+0.11% | 0.4#0.13" | 0.17+#0.04% | 54.12+0.19° 0.96+0.11°
SE(m) 0.13 0.06 0.12 0.08 0.21 0.08

*
**

* k%

same asgivenin Table 49
*kk*k

4.12.2 Bioconversion of pretreated algal biomass under SSF (Simultaneous
Saccharification and Fer mentation) mode

Simultaneous saccharification and fermentation (SSF) integrates
enzymatic hydrolysis and microbial fermentation into one step: the sugars
released from enzymatic hydrolysis are immediately consumed by the
fermentative microorganism for ethanol production. By SSF, enzymatic
hydrolysis rates can be maximized by reducing the product (sugar) inhibition.
SSF gives higher reported ethanol yields from cellulose than SHF and requires
lower amounts of enzyme (Eklund and Zacchi, 1999; Sun and Cheng, 2002).
Another advantage of SSF is that the risk of contamination is reduced due to the
low sugar concentration and ethanol accumulation in the fermentation system.
Furthermore, the number of vessels required for SSF is reduced in comparison to
SHF, resulting in lower capital cost of the process (Taherzadeh and Karimi,
2007). SSF has the drawback that the enzymatic hydrolysis and fermentation
have to be performed under the comprised conditions, particularly with respect to
pH and temperature. The optimum temperature and pH of enzyme activity and
fermentation are always different. Hydrolysis is usualy the rate-limiting step in
SSF, and the optimal temperature of enzyme reaction is typically higher than that

of fermentation.
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For carrying out SSF in a shake flask, temperature, pH, inoculum size of
fermenting organism and fermentation time has been standardized. Fermentation
pH ranging from 5.2-6.0 has been investigated. A maximum of 10.25 g/I ethanol
at pH 5.6 has been obtained with ethanol yield co-efficient of 1.46 g/g and 0.28
g/l/h as specific rate of product formation (Table 51). Fermentation efficiency
was found to be 44.95% with a theoretical yield of 0.80. pH 5.6 was thus
considered as optimum and was selected for further optimization studies.
Inoculum size and time for fermentation were then standardized simultaneously.
A 15% inoculum of S cerevisiael a 28" h of incubation yielded 12.77g/l
ethanol. An increased fermentation period upto 40™ h resulted in retained ethanol
with a final yield of 12.39 g/l (Table 52). Increased inoculum to 30% however
resulted in a decreased ethanol yield upto 4.56 g/l. Thus, pH 5.6 and 28 h of
fermentation period with 15% inoculum was utilized for evaluation of
fermentation temperature for conversion of reducing sugars to ethanol under SSF.
An ethanol yield of 13.16 g/l was obtained at an optimum temperature of 35 °C
(Table 53). 13.16 ¢/l ethanol corresponded to 0.41 g/g ethanol yield co-efficicent
and 1.46 g/l/h specific rate of product formation. Fermentation efficiency was
observed to be 61.05% and 0.80 theoretical yield was observed.

Table 51. Evaluation of optimum pH for ethanol production from

Hydrodictyon biomass under Simultaneous Saccharification and
Fer mentation (SSF)

Ethanal (g/l) Ethanol *Ypis **Qpmax ***Eegrmentation | ****Theoretical
(9/9) efficiency yield
5.2 | 3.80+0.12* | 0.15+0.06% | 0.25+0.07% | 0.10+0.06% | 22.64+0.06" 0.37+£0.04°
54 | 6.40£0.21° | 0.25+0.09? | 0.24+0.06% | 0.17+0.05% | 29.97+0.17° 0.50+0.11°
5.6 | 10.25+0.24° | 0.41+0.27° | 1.46+0.19° | 0.28+0.08" | 44.95+0.34° 0.80%0.13°
58 | 6.56+0.13" | 0.26+0.04% | 0.09+0.02% | 0.18+0.04% | 31.09+0.21° 0.49+0.14°
6.0 | 5.13+0.17° | 0.20+0.072 | 0.03+0.01% | 0.14+0.05% | 34.18+0.28° 0.40+0.17°
SE(m) 0.17 0.10 0.07 0.07 0.21 0.11

**

* k%

*kk*k

same as givenin Table 49

241




Table 52. Evaluation of optimum inoculum size and fer mentation period for ethanol production from Hydrodictyon biomass under
Simultaneous Saccharification and Fer mentation (SSF)

Time (h) Ethanal (g/l)
Inoculum 12 20 24 28 32 40
size (%)
10 - - - 3.55+0.11 4.89+0.05 4.75+0.12 4.64+0.10 3.01+0.04
15 6.60+0.12 8.28+0.14 0.34+0.11 9.74+0.09 12.77+0.08 12.77+0.11 12.50+0.11 12.39+0.11
20 6.60+0.13 7.10+£0.12 9.09+0.21 10.30+0.12 11.30+0.12 10.85+0.13 10.56+0.12 10.52+0.10
25 5.25+0.17 5.75+0.11 6.49+0.18 6.75+0.07 6.75+0.14 6.00+0.09 6.00£0.11 5.86+0.09
30 5.36+0.15 6.49+0.13 8.28+0.12 4.56+0.08 4.56+0.11 4.50+0.09 4.25+0.07 4.25+0.08

* %

* k%

*kk*%k

same as givenin Table 49

Table 53. Evaluation of optimum temperature for ethanol production from Hydrodictyon biomass under Simultaneous

Saccharification and Fer mentation (SSF)

Temperature Ethanal (g/l) Ethanal (g/g) *Y ois **Qpmax ***Eermentation | ****Theoretical
(°C) efficiency yied
25 3.44+0.12 0.15+0.062 0.25+0.07° 0.10+0.06° 22.64+0.06% 0.37+0.04°
30 6.4 0£0.21° 0.25+0.09° 0.24+0.06° 0.17+0.05° 29.97+0.17" 0.50+0.11°
35 13.16+0.24° 0.41+0.27° 1.46+0.19° 0.28+0.08"° 61.05+0.34° 0.80+0.13°
40 6.56+0.13° 0.26+0.042 0.09+0.022 0.18+0.042 31.09+0.21° 0.49+0.14°
45 2.13+0.17° 0.20+£0.072 0.03+0.01° 0.14+0.05° 34.18+0.28° 0.40+0.17°
SE(m) 0.17 0.10 0.07 0.07 0.21 0.11

**

* k%

*kk*k

same as given in Table 49
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Asada et al. (2012) observed a maximum of 19.4 g/l ethanol with a
fermentation efficiency of 68.8% using Chlamydomonas fasciata under SSF at
5.0 pH and 40°C temperature, using commercia enzymes for hydrolysis. Ho et
al., (2013) obtained 4.17 g/l ethanol from C. vulgaris biomass under SSF at 30°C

temperature, pH 6.0 and a biomass concentration of 20 g/l.

The results of the shake flask experiments revealed amost at par ethanol
yields of 13.66 g/l and 13.16 ¢/l from SHF and SSF respectively. For SHF,
hydrolysis time required was 42h at 45 °Cfollowed by fermentation period of 36
h at atemperature of 30 °C and 5.6 pH with 20% inoculum. However, for SSF, a
28 h of hydrolysis and fermentation period at 35°C and 5.6 pH was found to be
optimum at 15% inoculum. In this view it can be concluded that the SSF process
seems to be a better one for enzymatic hydrolysis based bioethanol production,
since it not only simplifies the reaction procedures and shortens the reaction time
required to reach the maximum ethanol production, but also achieves ethanol
yields which are at par to the SHF.

413 SCALE UP OF ETHANOL PRODUCTION IN A STIRRED TANK

BIOREACTOR
4.13.1 Bioconversion of pretreated algal biomass under Separate Hydrolysis

and Fermentation (SHF) mode

Scale-up of bioethanol production was done utilizing the conditions
standardized in shake flask experiments under SHF mode. A 7.5 | volume
bioreactor was inoculated with 3.0 | of 0.5% H,SO, pretreated and enzymatically
hydrolysed Hydrodictyon biomass. This preparation was seeded with 20% S.
cerevisiae-l inoculum (18h old culture) a pH 5.6 and 30 °C temperature.
Fermentation started after 6h of inoculation, which marked for the growth and
multiplication of yeast cells. At 12" h of fermentation, 6.4 g/l of ethanol was
obtained with 0.52 g/g product yield co-efficient, 0.06 g/h/l specific rate of
product formation. At 18" h of fermentation, an ethanol yield of 13.86 g/l was
observed with a fermentation efficiency of 64.36% (Table 54), which reached
maxima at 24 h with 13.93 g/l ethanol with a fermentation efficiency of 64.84%
and theoretical yield of 1.06. Gas chromatogram showing ehanol yield at 24h has
been shown in Fig. 62. Sampling however was done up to 42 h at regular
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intervals of 6h. Upto 42" h, a reduced ethanol of 11.39 g/l was obtained. At this

stage of fermentation, pH of the fermentation broth has started to increase thereby

suggesting that the yeast has been superseded by some other synergistic microbial
community which has taken up the process. This marked the end of acoholic
fermentation and hence the batch.
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Fig. 62 GC M S profile of ethanol produced under Separate Hydrolysis and
Fermentation (SHF) in a stirred tank bioreactor

In comparison to shake flask conditions, an increased ethanol yield of
2.56% has been observed in a bioreactor at reduced fermentation time of 18h,

thus making the bioconversion process economical.

Quantitative estimation of sugars in the fermentation broth at various
stages of hydrolysis and fermentation was carried out using high performance
liquid chromatography (HPLC). Fermentation broth was subjected to HPLC at
various stages of the process in bioreactor. Initia sample after 42 h of hydrolysis
at 45 °C (Fig. 63b) depicted 940 mg/g glucose. Second sample at which highest
ethanol production has been shown, i.e. at 24 h of fermentation (Fig. 63c) showed
75.65 mg/g glucose with 90.65% conversion efficiency. This corresponded to
13.93 g/l ethanol with fermentation efficiency of 64.84%. Third sample at 42 h of
fermentation, which marked the end of fermentation showed 28.56 mg/g glucose
with a conversion efficiency of 96.88% (Fig. 63d). Kim et al. (2011) have
reported the quantification of reducing sugars from marine algae by employing
HPLC.
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Fig.63  Chromatograms of sugars during different stages of hydrolysis
under Separate Hydrolysis and Fermentation (SHF) in a stirred
tank bioreactor (a) Standard (b) Enzymatically hydrolysed
biomass (42 h) (c) 24 h (d) 42 h

Table54. Ethanol production from pretreated and enzymatically
hydrolysed Hydrodictyon biomass under Separate hydrolysis and
fermenatation (SHF)

Time | Ethanal Ethanol *Y pis **Qpmax | ***Fermentation | ****Theoretical
(h) (a/) (g/g) efficiency yidd
0 0+0.00? 0+0.00% | 0+0.00* | 0+0.002 0+0.002 0+0.002
3 0+0.00? 0+.002 0+0.00% | 0+0.002 0+0.002 0+0.002
6 3.8+0.08° | 0.15+0.04° | 0.31+0.11% | 0.04+0.09 18.02+0.21° 0.29+0.11°
12 6.4+0.12° | 0.26+0.06° | 0.52+0.28° | 0.06+0.05° 32.64+0.19° 0.51+0.18"
18 | 13.86x0.09° | 0.55+0.09° | 3.3+0.11° | 0.77+0.12° 64.36+0.33¢ 1.08+0.09°
24 | 13.93+0.11° | 0.56+0.11° | 9.34+0.31° | 0.58+0.14° 64.84+0.27¢ 1.09+0.11°
30 | 13.96+0.22¢ | 0.56+0.08" | 9.30+0.27° | 0.46+0.21° 64.48+0.31¢ 1.09+0.09°
36 | 12.46+0.15 | 0.50+0.11° | 8.56+0.19° | 0.34+0.19° 54.37+0.29° 0.98+0.07¢
42 | 11.39+0.09° | 0.46+0.12" | 7.79+0.29' | 0.27+0.17¢ 45.45+0.27" 0.90+0.06"
SE 0.43 0.33 0.15 0.28 0.38 0.26
(m)

**

* k%

*k k%

same as givenin Table 49
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4.13.2 Bioconversion of pretreated algal biomass under Simultaneous
Saccharification and Fer mentation (SSF) mode

As in case of SHF, in SSF also scale up of ethanol production has been
done from lab scale to pilot scale in a 7.5 | capacity bioreactor. Fermentation
conditions optimized for shake flask experiment were utilized for the scale up.
0.5% H,S0, pretreated 25 g/l Hydrodictyon biomass was subjected to enzymatic
hydrolysis. Fermentation broth was inoculated with 15.0% S cerevisael
inoculum (18h old culture) and fermentation was started at 5.6 pH and 35°C
temperature. Samples were drawn at regular intervals. Fermentation started after
6 h of inoculation. At 12" h of fermentation, 14.41 g/l ethanol was observed with
a fermentation efficiency of 56.22% which reached its maxima at 16™ h with
16.67 g/l with a fermentation efficiency of 66.68% and theoretical yield of 1.31.
gas chromatogram showing ethanol yield at 16h has been shown in Fig. 64.
Specific rate of product formation was 1.48 g/l/h and ethanol yield co-efficient
was 4.48 g/g. Sampling was donetill 36 h, at 36™ h, areduced ethanol yield

Table55. Ethanol production from pretreated and enzymatically
hydrolysed Hydrodictyon biomass under Simultaneous
Saccharification and Fer menatation (SSF) mode

Time | Ethanol Ethanol *Y ois **Qpmax | ***Fermentation | ****Theoretical
(h) (g/l) (9/9) efficiency yield

0 0+0.00? 0+0.00® | 0+0.00® | 0+0.00% 0+0.00? 0+0.00?

3 0+0.00? 0+0.00® | 0+0.00® | 0+0.00% 0+0.00? 0+0.00?

6 0+0.00? 0+0.00® | 0+0.00® | 0+0.00% 0+0.00? 0+0.00?

12 | 14.41+0.32° | 0.58+0.21° | 2.68+0.18° | 1.20+0.08% 56.22+0.18° 1.17+0.09°

16 | 16.67+0.27° | 0.67+0.17° | 4.48+0.28° | 1.48+0.29% 66.68+0.31° 1.31+0.25°

24 | 16.23+0.14° | 0.65+0.14° | 4.26+0.16° | 0.67+0.13° 64.12+0.32¢ 1.27+0.19°

30 | 16.03+0.16° | 0.64+0.16¢ | 3.39+0.17° | 0.53+0.11° 64.38+0.26¢ 1.24+0.21°

36 | 15.09+0.19° | 0.60+0.14° | 3.34+0.21° | 0.42+0.13° 60.36+0.15° 1.17+0.22°

SE(m) 0.16 0.23 0.29 0.33 0.31 0.11

*

**

* k%

*kk*k

same as givenin Table 49
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0f15.09 g/l has been observed. At this stage, the pH of the fermentation broth has
started to increase which marks the end of fermentation and hence the batch
(Table 55).

In comparison to shake flask conditions, an increased ethanol yield of
26.67% has been observed in a bioreactor at reduced fermentation time of 16 h,

thus making the bioconversion process economical.

Quantitative estimation of sugars in the fermentation broth at various
stages of hydrolysis and fermentation was carried out using high performance
liquid chromatography (HPLC). Fermentation broth was subjected to HPLC at
various stages of the process in bioreactor. Initial sample after 6 h of fermentation
at 35°C (Fig. 65b) depicted 386 mg/g glucose. Second sample at which highest
ethanol production has been shown, i.e. at 16 h of fermentation (Fig. 65c) showed
186 mg/g glucose. This corresponded to 16.67 g/l ethanol with fermentation
efficiency of 66.68 %. Third sample at 42 h of fermentation, which marked the
end of fermentation, showed 28 mg/g glucose with a conversion efficiency of
96.88% (Fig. 65d). Asada et al. (2012) have reported the quantification of
reducing sugars from micro algae C. fasciata by employing HPLC.
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Fig. 64 GC MS profile of ethanol produced under Simultaneous
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Fig. 65 Chromatograms of sugars during different stages of hydrolysis under
Simultaneous Saccharification and Fermentation (SSF) in a stirred
tank bioreactor (a) Standard (b) 6h (c) 16 h (d) 42 h

4.13.3 Mathematical Modelling for Cell Growth

Most of the growth processes are explained in terms of Monod or logistic
equations (unstructured models). Logistic equation is simple for calculation of
fermentation parameters related to biological and geometrical significance using
sigmoid profiles independent of substrate concentration (Garcia-Ochoa et al.
1995). The idea of microbia growth kinetics has been dominated by an empirical
model originally proposed by Monod (1942). Fig. 66 and 67 revea the
physiological behaviour of S. cerevisiae in a stirred tank bioreactor under SHF
and SSF respectively.

According to Musatto et al. (2010) the carbon source consumption is
divided by the yeast into biomass and ethanol production. This behaviour of yeast
is strongly influenced by available oxygen. This metabolic behaviour can be
observed clearly with a comparison between Y s and Y (xisy Vvalues. In the
present work, Y @s was significantly higher than Y (x;sy which reflected the
amount of distributed oxygen was satisfactory for the yeast metabolism.

248



Substrate/ Growth (mg/ml)

20

Fig. 68

Substrate/ Growth (mg/ml)

Fig.

20
18
16
14
12
10

o N B~ O ©

7 —— Sugars

=== Ethanol —— Growth

12 18 24 30 36 42
Time (h)

18

16

14

12

10

Growth kinetics for ethanol production under Separate Hydrolysis
and Fermentation (SHF) in a stirred tank bioreactor

- —o— Sugars

=== Ethanol —l— Growth

12 16 24 30 36
Time (h)

Ethanol (mg/ml)

69 Growth Kinetics for ethanol production under Simultaneous
Saccharification and Fermentation (SSF) in a stirred tank

bioreactor

249

Ethanol (mg/ml)



The sigmoidal growth pattern of S cerevisae (MTCC-3089) had been
analyzed using logistic equation for its variation against time during log phase. A
conventional growth pattern was observed during batch fermentation in separate
hydrolysis and fermentation where exponential phase lasted for 30 h and was
followed by stationary phase upto 42 h. The production of ethanol had started at
6h and obtained maximum of 13.93 g/l at 24 h (Fig. 68). In case of simultaneous
saccharification and fermentation, ethanol production started from 6™ h which
attained maximaat 16™ h (16.67 g/l (Fig. 69).

In Monod’s model, the growth rate is related to the concentration of a
single growth-limiting substrate though the parameters pmax and Ks. In addition
to this, Monod also related the yield coefficient (Yys) to the specific rate of
biomass growth (m) and the specific rate of substrate utilization (Q) (Fig. 70 and
Fig. 71)

Y s = dx/ds

YX/S = Xm_XOISD'S'n

In separate hydrolysis and fermentation (SHF), model prediction for cell
growth was followed with the experimental results with coefficient of

determination, which reveadled that this kinetic model was appropriate for
predicting the experimental cell growthi.e.

Yx/s = 2.39

Yp/s = 9.34

Hrmax = 3.42h
Qpmax = 0.58 g/l/h

Ks = 121.06 mg/ml

Mode prediction for cell growth was followed with the experimental
results with coefficient of determination in case of simultaneous saccharification
and fermentation (SSF) model was predicted as:

Y wis = 1.44

Yp/s = 4.48

Himax = 6.04 h
Qpmax = 1.48 g/l/h

Ks = 162.06 mg/ml
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Fig. 71 Comparison between experimental results of specific growth rate
and substrate utilization and model prediction for Simultaneous
Saccharification and Fer mentation (SSF)

The maximum specific growth rate pmax IS @ characteristic of all
organisms and it is related to their ability to reproduce themselves in nutritional
conditions of plenty. It is simply defined as the increase of biomass per unit time

under optimal feeding conditions, in which there are not limiting nutrients. While
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the interpretation of Pmax as the maximum specific growth rate is straight forward.
The empirical constant Ks is the substrate concentration at which organisms are
substrate limited to a growth rate of half the prevailing maximum value. This
constant is closely related to the mechanism of transport of the substrate over the
cell membrane, so it depends on cell membrane properties and intracellular
conditions, on the type of transporter proteins in the cell and on the substrate
properties. For this reason, the value of Ks can be interpreted as a reflection of
the affinity of the cell towards the substrate (S) (Luederking and Piret, 1959)

Because of the adaptive ability of organisms, both yum and Ks can vary
with the environmental conditions, for example with the nature of the growth
medium and the duration of exposure to it, with temperature and pressure. For
these reasons the values of pma and Ks have to be estimated for each specific
couple cell-substrate and under constant conditions of temperature, pressure and

medium composition.
4.13.4 Kinetic Analysisfor Ethanol Production

The Luedeking-Piret equation (Luedeking and Piret, 1959) was applied
for the kinetic modeling of ethanol production. Table 56 depicts the attributes in
the stirred tank bioreactor during fermentation under SHF and SSF mode. The
Luedeking-Piret model indicates that the rate of ethanol production (Qp) is
linearly proportional to cell growth rate and cell biomass in both cases of separate
hydrolysis and fermentation (Fig. 72) and simultaneous saccharification and
fermentation (Fig. 73).

The results indicated that this model evidently was very appropriate for
describing the product formation rate under both modes of fermentation. The
coefficient of determination, R* for SHF was 0.943 and for SSF was 0.907.

On comparing the ethanol yield and working conditions of SHF and SSF,
it was concluded that SSF was more efficient for ethanol production with 16.67
g/l ethanol, 66.68% fermentation efficiency and 1.31 theoretical yield as
compared to SHF with 14.01 g/I ethanol, with a fermentation efficiency of 65.04

252



% and theoretical yield of 1.09. Moreover the fermentation time for SSF is just
16 h whichislessthan half of what isrequired in SHF.

Table56. Operation parameters in a stirred tank bioreactor during
fermentation under SHF and SSF mode

Fig. 72 Comparison between experimental

Time SHF SSF
(h) Agitation | Temperature | pH | DO | Agitation | Temperature | pH | DO
(rpm) | (°C) (rpm) | (°C)

0 150 30 6.0 | 0.8 | 150 35 6.0 |08
3 150 30 563 | 0.6 | 150 35 563 | 0.6
6 150 30 555| 0.6 | 150 35 55505
12 150 30 550| 04 | 150 35 540| 04
18 150 30 550 | 0.2 | 150 35 5401 0.2
24 150 30 550 0.1 | 150 35 540 0.1
30 150 30 559 0.0 | 150 35 548 | 0.0
36 150 30 5.86 | 0.0 | 150 35 598 | 0.0
42 150 30 7.04 | 0.0 | 150 35 6.46 | 0.0
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Fig. 73 Comparison between experimental results of specific rate of
product formation and model prediction for simultaneous
saccharification and fermentation (SSF)

This research has been designed with an objective of purifying a-amylase
from extremophiles for its industrial usage. a-amylase extracted and purified
from B. aerius GC6 and B. sonorensis GV2 owing to their unique and highly
cherished properties make them a potential candidate in various industries.
Application of purified o-amylase for the development of third generation
biofuel, which has been undertaken in the present study strongly advocates the

role of amylasein biofuel industry.
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Chapter-s

SUMMARY AND CONCLUSIONS

Starch is amagjor reserve carbohydrate of all higher plants. In some cases
it accounts for as high as 70% of the undried plant material. It is a heterogeneous
polysaccharide composed of two high molecular weight entities called amylose
and amylopectin. The hydrolysis of starch may be carried out using either acid or
enzyme as catalyst. Enzymatic hydrolysis being more specific produces fewer
byproducts and hence yields are higher. Starch-degrading amylolytic enzymes are
thus, of great significance in industry ranging from food, fermentation, biofud,
textile to paper industries. Processing of starch is being carried out at higher
temperatures therefore thermostable amylases are of particular interest in starch
processing industries. Keeping in view al these facts, present investigation
entitted “Purification and characterization of amylase produced from
potential extremophiles for industrial application” was aimed to isolate most
efficient amylogenic extremophiles from mushroom compost samples procured
from Directorate of Mushroom Research, Chambaghat, Solan (H.P.). Hyper
enzyme producers have been screened and identified by utilizing molecular
techniques and their enzyme production potential has been enhanced by
exploiting statistical tools. The enzyme thus produced has been purified to
homogeneity by applying sequentia purification steps and has been characterized
with respect to various parameters. Immobilization of enzymes using various
natural and synthetic carriers has been done and the enzymatic properties of free
and immobilized enzymes were characterized. To assess the industrial application
of purified a-amylase, algal bioethnaol production was conducted and its scale up
in a bioreactor was carried out. The salient achievements of the research work

conducted have been discussed as follows:

A total of 13 amylogenic bacteria had been isolated from mushroom
compost. Physiological, metabolic and biochemical fingerprinting were

performed for these bacterial isolates for their tentative identification. All the



isolates were found to be gram +ve, 61% were rod shaped, 15% were small rods
while 23% were coccobacillus in shape. Tentative identification by using ABIS-

online software (http://www.tgw1916.net/bacteria abis.html) revealed isolates

showed 92% homology to Bacillus sp.

Qualitative screening based on the zone of hydrolysis formed and
guantitative screening based on the enzyme titers produced was conducted for all
the isolates in order to identify the best enzyme yielding strains. Among al the
strains, GC6 and GV 2 showed biggest zone of hydrolysis. Maximum activity of
74.82 U was possessed by GC6 followed by 68.24 1U by GV2. These two
hydrolytic enzyme producing strains were thus selected for further studies.
Identification of selected bacterial strains GC6 and GV 2 was done by using 16S
rRNA gene technique and these were identified as Bacillus aerius GC6 and
Bacillus sonorensis GV2 respectively. The sequences has been submitted to
NCBI and has been registered vide accesson number B. aerius GC6
|KJ775810.1], B. sonorensis GV2 |[KJ775811.1].

To enhance the amylogenic potential of the selected isolates, various
process parameters and medium components viz. media types, incubation time,
temperature, inoculum size, pH, substrate concentration, carbon sources, nitrogen
sources and media additives etc. were first optimized by utilizing One Variable at
a Time (OVAT) approach. Significant variables thus obtained were statistically
optimized for an enhanced enzyme production by utilizing Central Composite
Design (CCD) of Response Surface Methodology (RSM). For B. aerius GC6,
enhanced a-amylase titers of 84.65 IU has been obtained at 50 'C temperature
and 9.0 pH @ 8.75% inoculum using 1.75% substrate with 0.5% Ca®* and Mg**
concentration. Thus an increase of 11.61% was recorded in amylogenic potential
of B. aerius GC6. Similarly, for B. sonorensis GV 2, an enhanced enzyme titers of
82.78 1U/ml were observed with an increase of 17.55% at 50 C temperature and
9.0 pH @ 8.75% inoculum using 1.0% substrate with 0.5% Ca** and Mg*

concentration

Enzyme in purified form is a prerequisite in its studies of structure-

function relationships and biochemical properties. Thus to concentrate enzyme
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and to make it pure in order to increase its efficacy, sequential purification of
extracted protein in three steps has been done. Ammonium sulphate precipitation
was firstly done to concentrate the protein of interest from the bulk of proteins
present in the supernatant. B. aerius GC6 o-amylase activity increased form
84.49 IU to 9251 IU after ammonium sulphate precipitation with 1.38
purification fold and recovery of 54.74%. B. sonorensis GV2 a-amylase on the
other hand exhibited an increase from 82.77 IU to 88.95 IU with a purification
fold of 1.47 and 53.73% recovery. Concentrated a-amylase was then diayzed
which further concentrated the protein by forcing out the salt and other unwanted
proteins from the membrane. Enzyme activity for B. aerius GC6 rose to 95.61 U
with 1.67 purification fold and 48.97% recovery, while that of B. sonorensis GV2
rose to 92.99 1U with 2.00 fold purification and 44.93% recovery. Gel exclusion
chromatography was then performed to further purify the enzyme. Enzyme
showed an increased respective enzyme activity of 103.46 IU for B. aerius GC6
with a purification fold of 15.16 and 45.26% recovery and 99.46 U for B.
sonorensis GV2 a-amylase with 11.46 fold purification and 36.04% recovery. lon
exchange chromatography was then carried out, yielding 112.89 U of a-amylase
for B. aerius GC6 with afinal purification fold of 17.86 and 26.72% recovery and
106.76 IU for B. sonorensis GV2 with a fina purification of 14.52 fold with
25.79% recovery. Molecular weight of B. aerius GC6 a-amylase was found to be
43kDA whilethat of B. sonorensis GV2 was found to be 45kDa.

Purified a-amylases from both the organisms were then characterized
with respect to various physical and chemical characteristics. Both the enzymes
showed a wider tolerance range for temperature and pH. Optimal pH range for
purified B. aerius GC6 a-amylase has been found to be 7.0-10.0, retaining more
than 85% activity at pH 9.0 and 10.0. B. sonorensis GVV2 a-amylase showed an
optimal activity ranging from pH 7.0-11.0. More than 75% of the activity was
retained at pH 8.0-10.0 while at pH 11.0, 42% activity was retained. Thus the
akaline nature of the enzymes renders them potential candidate in detergent,
textile, paper and biofuel industry. Behaviour of purified a-amylase from B.
aerius GC6 and B. sonorensis GV2 at varying temperatures ranging from 35-

121°C was explored. Purified a-amylase from B. aerius GC6 and B. sonorensis
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GV 2 showed highest activity at optimum temperature of 50°C. At a temperature
of 60°C, a respective activity of 96 and 92% was observed. At elevated
temperatures upto 70°C, 74 and 63% respective activity was retained. And upto
90°C considerable activity was retained. The enzyme was even active at 121°C
with 20% relative activity. Thermostability of purified a-amylase from both the
isolates is thus a striking feature which makes this enzyme a potential candidate

to be used in starch processing industry.

Therma inactivation parameters were studied in a temperature range
spanning 35-121°C. Half life of purified a-amylase at a temperature of 45-60°C
was 90 min while it was 60 min at 70°C. Enzyme activity reduced to its half in
just 15 min at higher temperatures of 90 and 121°C for both B. aerius GC6 and B.
sonorensis GV2. Shelf life of the enzymes was studied for three months. For B.
aerius GC6 a-amylase, 64.47% activity was retained after 70 days of storage at 4

°C and for B. sonorensis GV2 a-amylase, 58.47% activity was retained at 4°C.

Various metal ions showed a varied effect on the behaviour of purified a-
amylase from both the strains. In case of B. aerius GC6 a-amylase, an enhanced
activity of 152.89% and 136.66% respectively was observed with Ca®* and Mg**
and for B. sonorensis GV2 an increased activity of 146.48% has been shown in
the presence of Ca’* in the medium, while 138.67% activity has been shown in
the presence of Mg®*, suggesting the enzyme to be a metalloprotein needing a
cofactor for its maximum activity. The variable behaviours of enzymes towards

different metal ions could be attributed to the source and nature of enzyme.

Various media additives were tested for their effect on purified B. aerius
GC6 and B. sonorensis GV2 a-amylase. Anionic detergent SDS retained more
than 90% of the original activity; however, EDTA strongly inhibited the enzyme
activity proving it to be a metalloenzyme. SDS stability of the enzyme is a rare
feature which is very important, considering the applicability of amylase in
industry. Other non-ionic surfactants such as Tween 20, Tween 80 and Triton X

stabilized the enzyme activity. Purified enzymes from both the isolates were
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found to be tolerant to ethanol, acetone and methanol however; they were

comparatively less tolerant towards benzene and chloroform.

Purified enzymes showed specificity towards soluble starch as substrate.
Corn starch, amylose and amylopectin however have yielded considerable
enzyme activity. Raw starch hydrolysing efficiency of the enzymes was studied
and it was found that purified B. aerius GC6 a-amylase showed 94% and 68%
hydrolysis for potato and corn starch respectively, whereas B. sonorensis GV2 o-
amylase showed 46% hydrolysis for corn starch. This is a very rare feature of
bacterial a-amylase which makes it eligible for direct hydrolysis of raw starch

thus rendering it a potential candidate for starch processing industry.

Immobilization of purified a-amylase from B. aerius GC6 and B.
sonorensis GV 2 was done by using different natural hydrogels viz. alginate, agar,
agarose and gelatin. Different parameters for immobilization were studied viz.
concentration of hydrogel, curing time, enzyme retention in terms of reusability.
Among all the hydrogels, sodium alginate beads at a concentration of 3% were
found to be most efficient for immobilization of purified a-amylase of B. aerius
GC6 and B. sonorensis GV2. The entrapped enzyme in the form of beads was
cured for 120 min in CaCl, solution and could be successfully reused till 8 cycles
for B. aerius GC6 and till 7 cyclesfor B. sonorensis GV 2.

Further characterization of aginate immobilized enzyme of both the
strains was done for varying pH, temperatures and divalent ions. It was observed
that the purified a-amylase, entrapped in alginate beads was more tolerant to the
perturbations of temperature and pH at elevated levels, thereby suggesting the
utility of immobilization for enhancing the stability and thus efficiency of

enzyme.

However, the natural hydrogels have a constraint of being unable to retain
the enzyme for long, thereby restricting its multiple reuses. Synthetic carriers
have thus been introduced to get rid of this problem. These days, nano particles
are gaining ample attention as a carrier for entrapment of enzymes as they are
inert, easy to handle and can retain enzymes for long. Keeping in view the

advantages offered by nano particles, purified enzymes of B. aerius GC6 and B.
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sonorensis GV2 were immobilized using ascorbic acid modified iron oxide nano
particles. These hydrogels showed a great retention of enzyme without any
apparent loss in activity till 22 and 20 cycles respectively in case of purified B.
aerius GC6 and B. sonorensis GV2 a-amylase. Effect of pH, temperature and
divalent ions was studied on the nano particle immobilized enzyme from both the
strains and it was found that the immobilized enzyme was more tolerant to the

extremes or temperature and pH than their free counterparts.

Application of purified a-amylase in bioethanol production was studied
using algal biomass as substrate for the production of reducing sugars which were
further converted into ethanol using ethanologen S. cerevisiae-l (MTCC3089).
Fresh water green algae Hydrodictyon sp. was used as a source of reducing
sugars. Biochemical analysis of the constituents of the algal biomass was done in
order to interpret the required enzymes for the hydrolysis of biomass. It was
found that the Hydrodictyon sp. majorly consisted starch and cellulose ¢ 90%)

along with alittle ¢6%) pectin and rest proteins and other minerals.

Different physico-chemical pretreatments viz. saturated steam, acid and
alkali etc. were first studied with an aim to render the Hydrodictyon biomass
more accessible for enzymes for sugar production. Among the pretreatments
tested, dilute H,SO, pretreatment was adjudged as the best. Conditions for dilute
H,SO, pretreatment were then standardized and was found that 0.5% H,SO, for
180 min at room temperature yielded highest reducing sugars. Following the
pretreatment, enzymatic hydrolysis conditions were standardized. Different ratios
for hydrolysis were standardized. Enzyme mixture comprising of a-amylase, [3-
amylase, cellulase and pectinases in a ratio of 4:3:2:1 yielded highest sugars of
810 mg/ g biomass. CCD of RSM was employed for the standardization of
parameters for enzymatic hydrolysis. A maximum reducing sugars of 940 mg/g
was obtained at 25 g/l biomass concentration, an enzyme loading of 12.50 ml/g
biomass and for 42 h of incubation period at 45°C, maximum saccharification of

Hydrodictyon biomass was observed.

Following these conditions of pretreatment and enzymatic hydrolysis, the

reducing sugars obtained were converted into bioethanol in a shake flask
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experiment under different modes of fermentation viz. Separate hydrolysis and

fermentation (SHF) and Simultaneous saccharification and fermentation (SSF).

During bioconversion studies in a shake flask under Separate hydrolysis
and fermentation (SHF) mode, different conditions for fermentation viz.
fermentation period, inoculum size of fermenting organism and were studied.
20% inoculum at 36" h of fermentation period yielded 13.66g/l ethanol with a
fermentation efficiency of 63.24% and theoretical yield of 1.33. Similarly, under
Simultaneous saccharification and fermentation (SSF) mode, temperature, pH,
inoculum size of fermenting organism were optimized and studied. A maximum
ethanol yield of 10.25 g/l a pH 5.6 was observed. With 15% inoculum of S.
cerevisiae-l, at 28 h of incubation period, 12.77g/l ethanol was produced
exhibiting a fermentation efficiency of 60.48%. 13.16 g/l ethanol was obtained
with a fermentation efficiency of 61.05% and 0.80 theoretical yield at 35°C

temperature.

Scale up of ethanol production was donein a7.5 | stirred tank bioreactor
under both SHF and SSF modes. The conditions which have been standardized
for shake flask experiment were utilized for bioreactor operation. In case of SHF
operation, 13.93 g/l ethanol was observed after 24 h of fermentation with
fermentation efficiency of 64.84% and theoretical yield of 1.09. In case of SSF,
16.67 g/l of ethanol was obtained after 16 h of fermentation with a fermentation
efficiency of 66.68% and theoretical yield of 1.31. On comparing the ethanol yield
and working conditions of SHF and SSF, it was concluded that SSF was more efficient
for ethanol production with 16.67 g/l ethanol, 66.68% fermentation efficiency and 1.31
theoretical yield. Moreover the fermentation time for SSF isjust 16 h which is less than
half of what isrequired in SHF.

Extraction and purification of a-amylase isolated from extremophiles B. aerius
GC6 and B. sonorensis GV 2 to homogeneity and its characterization has fulfilled the main
am of present study. Furthermore the development of technology for the successful
conversion of algal biomass into bioethanol utilizing purified a-amylase signifies the
industrial use potential of enzyme. The study strongly advocates the use of algae as
a feedstock for the production of third generation biofuel as it is an environmental

friendly approach.
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ABSTRACT

Mushroom compost being a highly probable source for amylogenic microorganisms was
utilized as a source for isolation of amylolytic microorganisms. In total, 13 amylolytic bacteria have
been screened from mushroom compost. Among them, alkal othermophilic hyperamylogenic strains
GC6 and GV 2 were selected and identified as B. aerius GC6 |[KJ 775810.1| and B. sonorensis GV 2
[KJ775811.1|. Cultura conditions and process parameters viz. media types, pH, temperature,
inoculum size, incubation time, substrate concentration, divalent ions and surfactants etc. were
optimized firstly through classical one variable at atime (OVAT) followed by statistical optimization
by employing central composite design of response surface methodol ogy. The enzymes obtained from
both the strains were purified to homogeneity by following a sequential purification approach. B.
aerius GC6 a-amylase was purified to afinal purification fold of 17.86 and had a molecular weight of
43 kDa whereas B. sonorensis GV2 a-amylase was purified to a fina purification fold of 14.52 and
had a molecular weight of 45 kDa. a-amylase activity was found to be maximum at 50 °C and pH 9.0
for B. aerius GC6 and at 50 °C and pH 10.0 for B. sonorensis GV2. a-amylase from both the strains
was quite thermostable with retention of more than 50% activity after incubation of 90 min at 45-60
°C. Kinetic characteristics of a-amylase from both the strains showed that the enzyme was very
efficient qualitatively as well as quantitatively. Raw starch adsorption and hydrolysis ability shown by
a-amylase from both the strains is a rare feature of bacterial a-amylase making it a potential candidate
for starch processing industry. Immaobilization of purified a-amylase from both the strains onto natural
hydrogels showed a considerable retention upto 8 cycles however immobilization using iron oxide
nano particles proved to be quite stable with apparently no loss in activity even after 20 cycles.
Applicability of purified a-amylase from B. aerius GC6 was assessed by utilizing it for the hydrolysis
of Hydrodictyon biomass for the production of bioethanol. Mixture of a-amylase, -amylase, cellulase
and pectinase from potential inhouse microorganisms was used for saccharification of biomass
followed by its fermentation to ethanol using S cerevisiae-l (MTCC3089). A fina ethanol
concentration of 13.93 g/l and 16.67 g/l with a fermentation efficiency of 64.84% and 66.68% was
obtained in a dtirred tank bioreactor under separate hydrolysis and fermentation (SHF) and
simultaneous saccharification and fermentation (SSF) mode respectively. This is the first report on o-
amylase from B. aerius and B. sonorensis. Thermal and alkaline stability of this enzyme makes them a
potential candidate for usein starch processing industry.
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