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Abstract 

Alpha-amylases hydrolyze 1,4 α-glycosidic bonds of starch and produce malto- 

oligosaccharides and are important enzymes generally applied in textile, food and 

brewing industries. Enhancement in thermal stability and productivity of enzymes  are 

the two most sought-after properties for industrial use. Aspergillus oryzae (Koji) has 

Generally Recognized as Safe (GRAS) status and is considered safe for use in food 

industry. Hence, Koji strain development for the screening of potent mutants that are 

hyper-producers of thermostable α-amylases are preferable. 

A five-step process has been developed to improve super Koji (A. oryzae cmc1) 

strains through γ-ray treatment. This resulted in finding the best mutant (e.g. M100-6), 

which had a half-life of 52 min at 55 °C. Liquid Chromatography-Mass Spectrometry 

(LC-MS) analysis confirmed that mutants did not produce aflatoxins. Field Emission 

Scanning Electron Microscopy (FESEM) of Koji mycelia showed that exposure to γ-

rays increased rigidity of the mycelium. Koji mutant M100-6 was grown on soluble 

starch in a 10 L fermenter and produced 40.0 IU ml-1 of α-amylases with specific 

activity of 2461 IU mg-1. Growth kinetic parameters were: µ = Specific growth rate= 

0.069 h-1, td = Biomass doubling time= 10.0 h, Yp/x = Product yield coefficient with 

respect to cell mass = 482 U g-1; qp= Specific rate of product formation= 33.29 U g-1 

h-1. The effect of temperature on growth kinetic parameters of Koji M100-6 determined 

that growth was strongly affected by varying the temperature. The amylase production 

was maximized at 30 °C (3658 U dl-1). Varying inoculum levels suggested that enzyme 

(amylase) production was maximized (3526 U dl-1) at 0.4 % (w/v) of the pack cell 

inoculum’s density, and the product yield Yp/x (189.83 U g-1) and specific product rate 

formation were highest at 0.3 % (w/v) inoculum density (9.87  U g-1 h-1). Molecular 

analysis of the amylase genes was also carried out. Mutations were not detected in Amy 

I and Amy III; however, four mutations were detected in Amy II. The apparent subunit 

molecular mass of the purified α-amylase product of Aspergillus oryzae mutant M100-

6 was 38 kDa. The optimum temperature and pH of the amylase was 55 °C and 5.50, 

respectively. Glutamic acid and histidine were lining the active site of α-amylase of A. 

oryzae M100-6. The values of Vmax, and Km determined by non-linear and linear 
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regression were found to be 871 U mg-1 min-1 and 2.5 mg soluble starch ml-1, and 365 

U mg-1 min-1and 0.949 mg soluble starch ml-1, respectively. 

The enzyme was than entrapped in different beads. The 5 % alginate beads 

retained more than 90 % of activity in the first three cycles with an entrapment 

efficiency of 81.01 % and the temperature optimum was 55 °C. The entrapped enzyme 

exhibited stability up to a temperature of 62 °C. The beads were capable of hydrolyzing 

starch over a wide range of pH (e.g. 4.5-7.2). Optimal temperature of apo-amylase from 

Aspergillus oryzae mutant M100-6, for starch hydrolysis, was 55 °C, and it remained 

the same for Cobalt-bound α-amylase. In the case of calcium bound amylase, the 

optimal temperature was 60 °C. 

Optimum pH of apo-amylase from Aspergillus oryzae for starch hydrolysis fell 

within a range of 5.0-6.5, with maximum activity at pH 5.50. A similar trend was 

exhibited by cobalt-bound amylase. However, with the addition of CaCl2, the pH range 

become broader (e.g. 5.5 – 7.5) and the maximum enzyme activity was at pH 6.5. Both 

metals (e.g. cobalt and calcium) activated the amylase. 

Our five step screening process has great potential to generate potent mutants 

for the hyper production of thermostable enzymes through γ- ray-mediated 

mutagenesis. The development of thermostable α-amylases in Koji mutant M-100 6 has 

immense potential for application in the scarification process utilized in for maltose 

syrup production. Moreover, our five-step development process may be suitable for the 

improvement of productivity and thermal stability in other microbial enzymes. 
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1 Introduction and Review of Literature 

Enzymes catalyse the chemical reactions occurring in living cells hence they are called 

biocatalysts. They exhibit high specificity and efficiency under optimal conditions, and 

reactions would have slowed in absence of enzymes [1]. Over years academic interest 

has explored enzymes as important industrial catalysts [2]. It is estimated that enzymes 

target a world market of 3 billion USD, which is inaccurate considering products these 

enzymes produce. In 2009, market of enzymes in totality was estimated to be 5.1 billion 

USD [3]. Scientific research on use of industrial enzymes has opened new horizons to 

many different fields including food production, brewing, pharmaceuticals, 

medications, fabrics and detergents along with research development. Biocatalysts have 

surpassed inorganic catalysts as they are highly specific and exhibit high catalytic 

efficiency attributes, like mild working conditions of pH, pressure and temperature, 

hydrophilicity and no toxicity make use of enzymes favorable. [4].  

Enzymes are protein molecules that have ability to convert a substrate into a 

separate product at a high reaction rate. In bioprocess technology these biocatalysts are 

considered a remarkable discovery. Their biggest advantages that are exploited in 

diverse sectors are ease of production, non-toxicity and substrate specificity [5]. 

Historically, role of microorganisms in various biological processes was well 

established by Pasteur in 1876, but a deep insight into underlying mechanism of 

enzymic reactions was not understood until early 20th century when industrial scale 

production of some enzymes was carried out along with determination of their kinetic 

behavior through appropriate math modeling. In present, enzymes have carved their 

niche to be most important components of biotechnology, as they are main apparatuses 

that make useful of basic techniques in biotechnology, therapeutics drug targeting and 

are crucial intermediates in all biotechnological processes [6]. 

 Sometimes enzymes can carry out reactions that are not otherwise possible 

otherwise by using chemical catalysts, hence, providing novel benefits. Enzymes are 
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environmentally friendly as they are made from renewable sources and extra biomass 

is also shifted to soil as fertilizers. 

 The age of modern biotechnology began in 1894 when world’s first commercial 

enzyme was patented by Jokichi Takamine. It was a raw amylase from Aspergillus 

oryzae Taka-diastase. Out of total enzyme market, filamentous fungi contribute to 

almost 50 % of production. Novozymes, DSM and Genecor-Danisco are industry 

leaders in enzyme production [7]. Novozymes is largest enzyme supplier with DSM 

and Genecor-Danisco following behind with market shares of 21 and 8 %, respectively. 

rest is distributed amongst a few minor companies that produce enzymes on a small 

scale in US, Canada, Europe, Japan and China [8] 

 Amylases and their Applications 

 Structure of Starch 

Starch is a polysaccharide that occurs abundantly in nature, rivaling cellulose in amount 

found on earth and it is most abundant polysaccharide found in plant kingdom. It is packed 

in granules whose size is based upon their botanical origin [9]. In terms of food reserve it 

is second most abundant polysaccharide next to cellulose. Synthesis of this alpha-glucan 

is a distinctive attribute of plants. It is a very important source for nutrition for all life 

forms. The most easily accessible source of energy and carbon is found to be starch and 

plants synthesize it in presence of sunlight photosynthesis. Starch is made in plastids, and 

accumulated as granules that are insoluble. Semi-crystalline granules of different 

polymorphic kinds and extent of crystallinity are also synthesized. These granules have a 

size ranging between 2-10 μm and they exhibit different shapes such as round, oval or 

irregular. Starch being vital part of majority of staple foods in world is utilized in a lot of 

food and non-food industries [10]. Like cellulose, molecules of starch are comprised of 

glucose polymers that are connected via glucosidic linkages. The point of difference of 

starch from cellulose is the presence of β-1,6 linkage, since starch contains both α-1,4 and 

α-1,6 linkages. Thus, starch molecules exhibit different structures: amylose and 

amylopectin. Amylose is an unbranched straight chain polymer characterized by an alpha-

1, 4 linkage, comprised of 500-2000 glucose subunits, whereas, amylopectin has an 

additional alpha-1,6 linkage making it a branched polymer [11]. 
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Some amylose units are branched to a small extent (e.g. one per 170 to 500 units). 

Conversely, amylopectin is more branched (e.g. 4-5 %) having glucoside  α-1, 6 linkage. 

structure of amylopectin involves stacks of glucan chains with α-1,4 linkages joined 

together randomly by α-1,6 linkages at various branch points [12]. minor component of 

starch, amylose constitutes about 15-35 % by weight and chains are considerably longer 

as compared to amylopectin. Potato cassava, wheat and maize are major sources of starch 

for commercial application. molecular composition and structure of these components are 

pivotal in determining properties of starch [13]. granular and molecular structure 

determines usefulness of starch; and arrangement, length, number and composition of 

glucan chains characterize thermal properties of starch [14]. 

Starch is water insoluble at room temperature; in nature it is stored as tiny granules that 

can only be viewed microscopically. Owing to presence of inter and intra hydrogen 

bonds, they exhibit resistance to penetration of ester and hydrolytic enzymes. However, 

high temperature can weaken these bonds causing a swelling of granules through a 

process called gelatinization. 

 

 

                                 Amylose                                                  Amylopectin  
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 Hydrolysis of Starch 

Starch can be hydrolyzed by either acid hydrolysis or enzyme hydrolysis. Enzyme 

hydrolysis is comparatively cheaper than acid hydrolysis because it is carried out in 

mild conditions. Acid hydrolysis also poses risk of corrosion to apparatus; therefore, 

acid hydrolysis requires more maintenance [15]. Starch digesting enzymes break it 

down into smaller molecules. formation of products is determined by type of bond 

under attack. random hydrolysis of starch molecules at internal glucosidic linkages 

results in dextrin production. These dextrins are small length segments of starch that 

came into existence after selective breakdown of molecule. Maltotriose is produced as 

a result when third bond from end is cleaved. In case of a breakdown of second bond, 

maltose is formed, and cleavage of terminal bond results in formation of glucose. In 

beginning of depolymerization large chains are broken down into smaller segments as 

a result reducing viscosity of solution i.e. liquefaction. Depolymerization is finalized 

with process of scarification, which is formation of saccharides.  

Starch, after hydrolysis, has applications in beverage, feed, detergent and textile 

industries. Until 19th century, acid hydrolysis with dilute HCl was practiced for starch 
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scarification as biological catalysis was still not very well understood. Starch 

processing using enzymes has surpassed chemical starch hydrolysis, as latter has 

disadvantages over former. Chemical hydrolysis requires high temperatures and lo pH. 

This causes corrosion of apparatus therefore a corrosion-resistant apparatus is required. 

It also has poor yield of glucose and it forms compounds that give unnecessary color 

and bitter taste [10]. 

 

 

Figure 1-1 use of enzymes in processing starch 

Amylases (α-amylases, β-amylases and glucoamylases) are amongst most 

useful families of enzymes in biotechnology. Out of these α-amylases have broadest 

range of applications in industry. use of α amylases in detergent industry is beneficial 

since they help in saving energy by not requiring high temperatures and they offer an 

alternate for components that may be toxic for environment. Alpha-amylases are 

biodegradable therefore; they are safe for aquatic life when used for treatment of 

wastewater. Alpha-Amylase (E.C. 3.2.1.1.) hydrolyzes starch by randomly breaking 
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internal α-1,4 glucosidic bonds, therefore forming smaller, more soluble compounds 

[16]. 

 

Figure 1-2 Hydrolysis of starch by amylases 

In contrast to cellulase, α amylases are produced abundantly in nature since a 

wide variety of organisms assimilate starch. source of enzyme determines specificity to 

bond attacked. Commercial production of two major classes of alpha-amylases, 

liquefying and saccharifying, by fermentation is based upon point where glucose 

polymer is being attacked. α-amylase that hydrolyzes starch to make it soluble enough 

to allow easy elimination from starch-sized fabrics belongs to liquefying group. 

Conversion of starch to glucose is not aimed by paper industry, so they use liquefying 

amylases. However, fungal α-amylase falls into saccharifying category, characterized 
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by attacking second linkage from non-reducing terminals of straight segment. This 

cause simultaneous splitting off of two glucose units resulting in formation of maltose, 

a disaccharide. Therefore, in saccharifying breaking up of a bond is laborious as 

compared to liquefying enzymes. chains of starch are broken down into small 

fragments. At final stage, glucoamylase targets last bond on non-reducing terminals. 

Amylases and amyloglucosidases can be used together for conversion of starch into 

simple sugars. An enzymic mixture of this sort has created a niche of its applications in 

producing corn syrup and sugars from cereal mashes in brewing. It is for this reason 

that when enzyme kinetics and mode of action are compared, source of enzyme is 

significantly important. 

Factors that affect hydrolysis rate of starch include fiber, physical form, 

treatment before enzyme addition and susceptible presence of an amylase inhibitor. 

Fiber might form a physical barrier thereby limiting access of enzymes to starch and 

particle size is important in determining rate of hydrolysis. Gelatinization makes starch 

easily available to enzyme for hydrolysis to occur [17]. 

 Amylases 

Hydrolysis of glycosidic linkages is carried out by amylolytic enzymes (α-glucanases) 

in many α-glucans. They are categorized as glycoside hydrolases (GHs). three 

glucoside hydrolase families are GH 13 (α amylases), GH 14 (β amylases) and GH 15 

(glucoamylases) [18, 19]. These enzymes vary in their amino acid sequence, 

mechanisms of reactions, catalytic activities and structural characteristics. These 

enzymes are also categorized as endoamylases and exoamylases based upon their mode 

of action. Endoamylases constitute α-amylases, isoamylase and pullulanases whereas 

exoamylase is comprised of β-amylase and glucoamylase.  

Alpha amylase randomly breaks down α-(1,4) glycosidic bonds along stretch of starch 

chain resulting in formation of smaller subunits. characteristic optimal pH of α-amylase 

ranges 6.7 to 7.0. The second α-1, 4 linkage is hydrolyzed by β-amylase. It attacks non-

reducing end of polymer, thereby, producing a maltose that has two glucose molecules. 

Glucoamylase also works from non-reducing end of amylase to cut α-(1,4) glycosidic 

bonds to produce glucose. This also cleaves α-(1,6) linkages found in pectin [20]. 
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Extracellular enzymes aiming at hydrolysis of α-1,4 glucosidic linkage are α-

amylases. end products of this catalysis have a conformation at C1 by liberating 

oligosaccharides of different chain lengths. Their classification is based end product 

they are capable to generate. They are as either saccharifying α-amylases or liquefying 

α-amylases. amylases that create free sugars and gradually decrease viscosity of starch 

pastes are saccharifying amylases. However, by action of liquefying amylases viscosity 

of paste is decreased rapidly without production of free sugars. saccharifying α-

amylases are additionally classified based end products formed as maltose-forming, 

maltotetraose-forming, maltopentaose-forming and maltohexaose-forming α-amylases 

[21]. 

Alpha amylases are also categorized on basis of their most favorable pH for 

activity. There are acidic, alkaline and neutral α-amylases. α-amylases’ optimal pH has 

been reported to fall in a broad range from 2-12. A majority of α-amylases work 

optimally in a neutral pH range. α-amylase from different microbial strains such as 

Bacillus subtilis AX20, Bacillus licheniformis, Micromonospora melanospora and 

Geobacillus thermoleovorans are known to function optimally at pH of 6.0, 6.5, 7 and 

8, respectively [22]. Amylases having a wide range of optimum pH are exploited in 

different industrial applications. Scientists are hunting α-amylases that have well suited 

kinetic properties to exploit them in broad range of applications in industrial processes. 

 Alpha Amylases 

α-amylases exist in microorganisms, plants and higher organisms [23]. Alpha amylase 

neither cleaves α-1,6 linkages nor terminal glucose residues. Alpha amylase produces 

oligosaccharides of different lengths with an α-configuration [24]. 

Many of isolated α-amylases are metal activated enzymes, that need calcium 

ions for their structural stability and catalytic activity [25]. Amylases are amongst most 

important and extensively used enzymes in paper, pharmaceutical, chemical, fine 

detergent, baking, textile, food and brewing industries as well as in clinical, medicinal 

and analytical chemistry. [26, 27]. 

Amylases have a wide spectrum of applications in many different industries. There are 

many potential sources for acquiring amylases, these including many plants, animals 
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and microorganisms but microbial amylases are best for meeting industrial demands 

[28]. 

 Alpha Amylases in Industry 

 Hydrolysis of Starch 

Starch hydrolysis in industry requires α-amylases for converting starch chains 

into glucose and fructose molecules via liquefaction process. Three processes exhibited 

by enzymes to convert starch are gelatinization, liquefaction and scarification. In 

gelatinization starch granules are dissolved and a viscous suspension is formed; in 

liquefaction partial hydrolysis occurs and suspension loses its viscosity and in 

scarification process glucose and maltose are produced upon further hydrolysis [29]. 

Bacillus licheniformis has replaced use of α-amylase from Bacillus amyloliquefaciens 

which as used in beginning [30]. enzymes that exhibit remarkable thermostability are 

hunted for use in industry. 

 Detergent Industry 

Primary enzyme consumers with respect to volume and value likely detergent industry. 

Detergents are made environment friendly with use of enzymes. Enzymes also in 

removal of tough stains. Amylases fall second in use by detergent industry and these 

enzymes are present in almost 90 % of all liquid detergents [31]. These enzymes are 

very useful in laundry and dishwashing detergents for degradation of residues of starchy 

foods to dextrins and other smaller oligosaccharides [32]. amylases activity at low 

temperature and stability in alkaline pH are attributes exploited in detergent industry. It 

aids them to maintain stability under harsh detergent conditions. most important criteria 

making amylases suitable for detergent industry is their oxidative stability under 

extremely oxidizing washing environment [33]. Starch needs to be removed from 

surface otherwise it can attract many types of soils. For this removal use of amylase is 

very beneficial. Bacillus and Aspergillus derived enzymes are frequently exploited in 

detergent industry. 

 Biofuel Production 

The most used liquid biofuel is ethanol. An extensively used substrate for production 

of ethanol is starch, because of its low-cost and ease of availability makes starch best 
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candidate as substrate for ethanol production. For this process, starch is treated at first 

for solubilization and then it is carry forwarded for bio-catalytic steps to acquire 

fermentable sugars. Processes of liquefaction and scarification are carried out for 

bioconversion of starch into ethanol in which amylolytic enzymes such as α-amylase 

or microorganisms are employed to convert starch into sugar. Fermentation is carried 

out afterwards, as a result converting sugar into ethanol [34]. 

 Paper Industry 

For alteration of starch coated paper amylases are used in pulp and paper industry. 

Starch is converted into high molecular weight, low viscosity starch. This makes 

surface smooth sufficiently increasing strength and quality of paper. For this process 

starch with high viscosity is not suitable for paper sizing therefore, partial degradation 

in a continuous or batch process with α-amylases is carried out for starch modification. 

Apart from doing good coating on paper, starch also improves erasing ability and 

quality of paper. Size improves strength and stiffness of paper [35]. Amizyme® (PMP 

Fermentation Products, Peoria, USA), Termamyl®, Fungamyl, BAN® (Novozymes, 

Denmark) and α-amylase G9995® (Enzyme Biosystems, USA) are examples of using 

amylases obtained from microbial sources [36]. 

 Food Industry 

Food processing industry requires amylase in large amounts. These industries include 

baking, production of cakes, preparation of digestive aids, starch syrups and brewing 

[37]. α-amylases have found extensive use in baking industry. By addition of these 

enzymes in dough for bread making breakdown of starch into dextrins of shorter length 

occur which are further fermented by yeast. As a result, texture and volume of product 

is improved due to enhanced rate of fermentation caused by reduced viscosity of dough. 

It also produces supplementary sugar in dough, thereby improving color, crust, taste 

and toasting abilities of bread. Apart from this, α-amaylases causes anti staling effect 

in bread which increases its shelf life by increasing softness retention of baked products 

thus making them last longer. Currently, baking industry is using a thermostable 

amylase from Bacillus stearothermophilus [30]. Amylases are also used to get clear 

beer or fruit juices. Since it improves digestibility of fibre, it is used in pre-treatment of 

animal feed. 
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 Textile Industry 

For desizing processes amylases are used. Yarn is treated by starch before producing 

fabric. Starch acts as a sizing agent and ensures a rapid and safe weaving process. low 

cost and ease of availability of starch is exploited in this process also. One more 

advantage is easy removal of starch from woven fabric in textile finishing industry. 

Desizing is an important step in finishing as it prevents warp thread from breaking 

during weaving. α-amylases selectively remove size and fibers are not attacked by them 

[38]. For quite a long time amylase from Bacillus strain is employed in textile industry. 

 Fungal Amylases 

Filamentous fungi are used for producing a lot of valuable products for quite a long 

time now. After studies were carried out at genetic and molecular level, it was revealed 

that these fungi contain a lot of potential for producing heterologous proteins and small 

molecules by being expression hosts. Aspergillus is a very important genus that includes 

well characterized species of economically important molds. Many species are used 

extensively for fundamental genetic research. Advancements in genetic engineering 

approaches of fungi were delayed due to availability of lesser resources and intricacy 

of filamentous fungi [7]. 

 Alpha Amylase Structure 

Studies on structure of α-amylase show that it is made up of a polypeptide chain which 

is folded to generate three domains i.e A, B and C. Domain A has a characteristic (β/α)8 

barrel with conserved catalytic core, Domain B has a protrusion between third strand 

and third helix of (β/α)8 barrel having irregular β-like structure and domain C has C-

terminal end of amino acid sequence with key motif. Domain B is in charge of stability 

and substrate specificity of enzyme. hydrophobic path is shielded by domain C, 

resulting in stabilizing catalytic site of enzyme. Calcium is found to be essential in 

amylase structure. A conserved calcium binding site is present in all known α-amylases. 

Calcium performs important functions such as it provides conformational stability to 

α–amylase and aids their higher ordered structure by interacting with negatively 

charged residues such as aspartic acid and glutamic acid. It also enhances enzyme 

thermostability [39-41]. 
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However, extreme operating conditions in industries specifically in respect to 

pH and temperatures can jeopardize structural stability of α -amylase. Aqueous sugar 

solvents and polyhydric alcohols are found to be useful in protecting native structure of 

enzyme by changing its physicochemical properties. Introduction of these substances 

induces positive changes in property of proteins [42, 43]. 

 Strain Improvement 

In nature there is a vast variety of naturally occurring microbes capable of producing 

enzymes which are exploited for industrial needs. Required genes have been expressed 

in E. coli or S. cerevisiae as host strains in order to acquire useful enzymes in bulk. 

However, owing to absence of glycosylation in E. coli and a varied system in S. 

cerevisiae from that of filamentous fungi glycoproteins are not produced. It is for this 

reason that Aspergillus species are preferred [44]. Filamentous fungi are extensively 

exploited in industrial processes for producing enzymes, antibiotics, organic acids and 

other bioactive compounds as well as in more traditional industries of food 

fermentation. One of basic parts of process development is strain improvement, 

generally targeting decrease of production costs. Strain improvement techniques aim at 

increasing enzyme and biomass yields along with enhanced physiological properties 

efficient consumption of many diverse industrially relevant substrates [45]. 

Screening of large number of microbes for specific traits has been greatly reduced in 

last decade because of laboratory automation and high throughput screening techniques 

[46]. Naturally occurring traits of wild type strains are exploited in industries but it 

requires specific improvements. Sometimes, scientists need to get rid of some unwanted 

traits. Along with this, a need for improvement exists in strains already used on 

industry. Had it not been for Food legislation and consumer acceptance for genetically 

modified products, recombinant DNA technology would be an ideal tool for strain 

improvement owing to its versatility and precision. It is for this reason that natural 

strategies are preferred for strain improvement such as directed evolution, random 

mutagenesis and dominant selection. In food industry, one of extensive used tools is 

random mutagenesis. In this approach random mutations are introduced into microbial 

genome, as a result the strains with desired properties are selected out of a large subset 

of variants [47, 48]. 
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For engineering of amino acid sequences from enzymes, the following 

approaches were used: rational design and directed evolution. In rational design one or 

two amino acids are changed in sequence of enzyme based upon prediction done by 

analyzing knowledge of enzyme structure and function. This change may result in 

improvement of desired property of enzyme. Whereas, in directed evolution techniques, 

imitation of natural evolution process such as random mutagenesis and sexual 

recombination is carried out. In directed evolution process nature is mimicked in same 

way as during course of evolution changes are brought about without knowing structure 

and function of certain gene [49]. 

Nature of product application determines practical options for fungal strain 

improvement. Product application could be secreted enzyme, biological control or 

human consumption. Apart from this knowhow of genetics and physiology and 

molecular biology tools available for a particular organism are important factors in 

strain improvement approaches. Genetic engineering techniques are prevalent in case 

of secreted industrial enzymes. Whereas, for biocontrol agents and food industry non-

recombinant approach i.e. traditional mutagenesis and screening is preferred [50]. 

Mutation is an ultimate source of all genetic variation. Effectiveness of induced 

mutation depends upon type of damage impacting genetic makeup of organism such as 

base pair substitution, insertion, deletion etc. DNA alkylating NTG (N'-methyl-N'-

nitro-N'-nitrosoguanidine) is one of most popular tools for mutagenesis used in fungal 

strain improvement. It typically induces point mutations. UV radiation is another 

widely used mutagenic agent. UV irradiation causes formation of pyrimide dimers 

resulting in point mutations and deletions. Along with greater efficiency, another 

important aspect of choice of mutagenic agent is user safety. In this regard, mutagenesis 

by irradiation is a lot safer as compared to use of chemicals [50]. In past, use of highly 

ionizable radiations i.e. gamma rays have been used for microbial strain development 

and enhanced enzyme production from filamentous fungi. Properties of gamma rays 

that make them suitable for random mutagenesis are: precise doses, better cell 

penetration, mutations within genes through DNA repair mechanism and consequently 

generate highly persistent mutants [51-54]. Gamma rays are used as a very effective 

mutagenic agent for strain improvement. Different sources are used for purpose of 
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irradiation. The γ-rays of Co60, UV and NTG have been used for mutation of fungal 

strains to induce hyper-production of cellulose [55]. 

Mutagenesis programs have been successfully implemented for acquiring better 

yields of secreted enzymes in Aspergillus and Trichoderma, and penicillin production 

in Penicillium chrysogenum. published family trees for T. reesei high cellulase-

producing mutants and P. chrysogenum penicillin-producing mutants span several 

decades, feature alternating use of both chemical and physical mutagens and involve 

academic and industrial partners. As a result of penicillin enhancement program, yield 

was increased from 60 mg/L to 7000 mg/L and best T. reesei cellulase producers today 

are capable of secreting up to 40 g/L of protein in their culture medium, most of which 

consists of cellulases [50]. 

A study was published on improving cellulase production of T. reesei (PTCC 

5142) through mutagenesis via gamma and UV radiation. Successive mutants showed 

improved in desired properties, including improved cellulose activity. They concluded 

that this technique could be used to obtain potent fungal mutants with increased 

enzymes production [56]. 

Huma et al. [57] reported fungal strain improvement for hyper production of α-

amylases of fungus Phialocephala humicola by gamma ray treatment. Mutants showed 

more than two-fold increase in enzyme production [57]. 

Iftikhar et al. [52] treated different fungal strains such as Rhizopus microporous, 

Penicillium atrovenetum and Aspergillus niger with varying gamma rays’ doses (20, 

40, 60, 80, 100, 120, 140 and 160 Gy). In this particular research project segregation 

and lipolytic movement of specific mutant was studied. maximum extracellular lipase 

activity was exhibited by mutant MBL-5 which was obtained after treating parental 

strain with gamma rays at 140 Gy maximum activity was found to be 13.75 ± 0.15 U 

mL-1 whereas mutant MBL-1 Rhizopus microsporus generated by gamma rays 

treatment at 20 Gy exhibited least potential of 1.06 ± 0.11 U mL-1. A wide variety of 

pH 3, 5, 7, 9 and 11 was utilized to analyze lipolytic activity of different mutants and 

their wild type. It was seen that MBL-5 (Aspergillus niger) and MBL-2 (Rhizopus 

microsporus) demonstrated improved extracellular lipase activity at pH 11 whereas 
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MBL-3 (Penicillium atrovenetum) demonstrated greatest extracellular lipase activity 

22.53± 0.21 U mL-1 at pH 9 [52]. 

In pursuit of acquiring best results, genetic strain improvement is coupled with 

extensive screening and process optimization which opens up gateways to productivity 

of novel strains. 

 Toxin Production 

Fungi produce secondary metabolites under certain environmental conditions which are 

termed as mycotoxins. These toxins are known to exhibit many adverse physiological 

responses in humans, plants and animals. They have carcinogenic and teratogenic 

abilities. They can also act as hepatotoxins, immunosuppressors, nephrotoxins, 

neurotoxins, and genotoxins in mammals. They are associated to be causative agents of 

many disorders such as cancer, as well as estrogenic, urogenital, kidney, 

gastrointestinal, nervous and vascular disorders. It is for this reason that regulatory 

bodies have taken strict action in food and feed worldwide. For example, EU in varying 

commodities regulates content of mycotoxins such as trichothecenes, fumonisins, 

ochratoxin A, ptaulin and aflatoxins. FDA regulates level of aflatoxins, ptaulin and 

deoxynivalenol in feed and food products in US [58]. 

Aflatoxins are very toxic compounds. Toxicity varies from mutagenicity, 

carcinogenicity and teratogenicity. They are a group of difuranocoumarin derivatives 

constituting mostly of a coumarin and a double-furan-ring. A. oryzae is closely related 

to A. flavus phylogenetically, thereby, sharing very high similarity in their genome size 

and amino acid sequences. This relationship of A. oryzae with A. flavus has led to 

detailed screening of A. oryzae for its toxic potential, so far no A. oryzae isolate is 

reported to produce aflatoxin. One of attributes of A. oryzae that is responsible for 

deciding its fate for industrial use in comparison to A. flavus is that A. oryzae does not 

produce aflatoxins despite having a very similar gene cluster [59-62]. 

Mycotoxins are chemically and biologically active secondary metabolites 

produced by filamentous fungi with a molecular weight of approximately 700. Alfa-

toxin producing fungus have the potential to colonize and contaminate crops both in 

fields and after harvest [63]. At present, 400 or more compounds are documented in 

category of mycotoxins. Aflatoxins carry significant importance due to their 
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detrimental effects on livestock, poultry and humans. They possess bisdifuran ring 

systems and belong to a group of oxygen carrying heterocyclic compounds [64]. 

Amongst 18 different types of aflatoxins, most abundant are aflatoxins B1, B2, 

G1, G2, M1 and M2. Several Aspergillus species are reported to produce these 

aflatoxins. Deadly effect of aflatoxins was discovered in 1960s when thousands of 

young turkeys were died in England after consuming contaminated peanuts. They were 

characterized to be portable toxin. In 2004, aflatoxin poisoning caused jaundice and 

death in humans in Kenya [65]. In about 77 countries, strict regulations are 

implemented for limitation of mycotoxins levels in food products. According to an 

estimate by Food and Agriculture organization about one thousand metric tons of food 

stuff could have gotten mycotoxin contamination each year [66-68]. 

Historically, A. oryzae is considered a domesticated version of A. flavus. Latter 

is a pathogenic saprophyte of plants and mammals and is known to produce many toxic 

compounds which are amongst most carcinogenic category _ aflatoxins. Genome 

sequencing of both species further strengthened claims of this close association. This 

interested scientists for a detailed study of toxic potential of A. oryzae but so far, none 

of isolates of A. oryzae are reported to produce aflatoxins. There are very less 

differences between two genomes of A. oryzae and A. flavus which raised suspicions 

that these two species will produce same metabolites but reported metabolic profiles of 

two show very little chemical correlation [62]. 

Use of LC-MS/MS for detection of aflatoxins is an extremely specific and 

highly sensitive technique for testing food products as it has better accuracy and higher 

throughput in comparison to traditional methods used for analysis. LC-MS/MS is a 

powerful tool for analyzing mycotoxins specifically, as it aides’ laboratories to do 

qualitative and quantitative analysis of different mycotoxins at same time. It saves time 

and it is more accurate [58, 69]. 

High-performance liquid chromatography gives speedy and precise aflatoxins 

presence in very less time. It is reported to be able to detect as low as 0.1ng/Kg using 

FLD. It has a disadvantage of prerequisite of meticulous sample preparation. Tiresome 

pre and post column derivatization for better detection limits of G1 and B1 is another 

drawback. To overcome these disadvantages HPLC is coupled with mass spectrometry 
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and is extensively employed in aflatoxin detection. This has eliminated need for 

commercial derivatization as mass spectrometer neither requires UV fluorescence nor 

analyte absorbance. Very small amounts of sample are needed by HPLC-MS/MS to 

acquire structural information. It exhibits very low detection limits. However, HPLC-

MS/MS requires trained personnel to deal with bulky and very expensive equipment. It 

is due to this reason that use of this technique is limited to laboratory environment, it 

cannot be implemented in field conditions [59, 70-72]. 

 Microscopy of Fungi 

Characteristic features of fungi used for their identification are majorly macroscopic 

features such as their colony morphology. Microscopic examination is required for 

structural analysis at cellular level. Previously whole of microbial colony were analyzed 

as a single entity were adequate for studying general physiology but with passage of 

time research is concentrated on study of single cells and subpopulations of 

microorganism. Microscopy has played a vital role in single cell and detailed structural 

analysis of microbial cells. Electron microscopy is a very promising technique for 

structure elucidation studies. It is capable of producing very high resolution images. 

Microscopic techniques present high resolution morphological and ultrastructure data 

to mycologists thereby, yielding information about composition, topography, 

morphology and crystallography of microbes. 

Electron microscopy works in two modes a) transmission electron microscopy 

(TEM) b) scanning electron microscopy (SEM). TEM is used to investigate structures 

of sections of freeze-etched fungal samples. It produces two dimensional images. In 

contrast to this, SEM is capable of imaging fixed samples in three dimensional surfaces. 

Developments in SEM have now made it capable of imaging frozen samples in hydrated 

state. It is now widely used to get high resolution images of plants and fungi [73]. 

 Genetics of Aspergillus Species 

Aspergilli are a vast and differing family (~180 species) of filamentous organisms 

including a few understood species with significant commercial esteem (A. oryzae and 

A. niger). They are lesser-referred to however important species, for example, A. 

terreus, source of the lovastatin, a cholesterol reducing agent and also medicinally 

important molds; both as toxin creating contaminants of nourishment and to sustain (A. 
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flavus) and pathogens (A. parasiticus and A. fumigatus). A. nidulans has been a standout 

amongst most generally utilized filamentous parasites for essential hereditary research, 

and is still being utilized as an ideal life form for investigation of normal eukaryotic 

cell capacities. Aspergillus have adapted to a wide range of pH 2.0-11.0 and osmolarity 

i.e 34 % salt and temperatures i.e 10 – 50 oC [74]. It is additionally equipped for 

ceaseless discharge of a lot of metabolites into way of culture medium, and its 

filamentous morphology allows cell separation by direct filtration. They have 

developed an immense enzyme secretion capacity [75, 76]. 

Regardless of conspicuous utility and potential, quantity of analysts working 

with Aspergillus is little contrasted with yeast Saccharomyces; still, a lot of work has 

been finished. Entire physical map of A. nidulans is done along with whole genome 

sequencing. Genome sequencing for A. oryzae, A. niger, and A.  fumigatus [77-79] took 

after without further ado. 

Genome sequences for A. terreus, A. flavus, A. clavatus, and A. parasiticus are 

additionally in different phases of advancement out in open and private endeavors [80]. 

More than 300 genes have been cloned which gives today's scientist a few hundred 

mutant strains to work with, for most part from A. nidulans and numerous by 

complementation of arbitrary mutants. Revelation of penicillin and aflatoxin 

biosynthetic pathways in a few Aspergillus species has impelled broad examination 

concerning their secondary metabolism, uncovering significant connections with 

formative procedures and natural impacts [81]. 

A. oryzae has all earmarks of being particularly advanced for genes required in 

primary and secondary metabolism and biomass degradation. Metabolic assorted genes 

of Aspergilli introduce an open door for extending scope of conceivable heterologous 

metabolites in this host life form. Aspergillus is particularly encouraging as a host for 

recombinant proteins, quickest developing class of new therapeutics. Many are 

presently delivered in mammalian cells, which have cellular machinery for protein 

translation, folding, and post-translational modification that microscopic organisms do 

not have. Fungal parasites have this machinery also while imparting to prokaryotes a 

lot of their simplicity of culture [82]. 
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GRAS (by and large perceived as sheltered) status of A. oryzae and A. niger 

ought to encourage endorsement of new nourishment or items and makes them allure 

as expression hosts. A. nidulans has particular preferred perspective of a sexual 

proliferation. This permits hereditary investigation by means of trait selection and 

crossing by conventional breeding. Since a considerable lot of its genes are useful in its 

relative and other way around, A. nidulans can fill in as a substitute organism for 

research of species that are troublesome or risky in working. While A. nidulans is 

maybe most considered delivering less lethal sterigmatocystin as opposed to very 

dangerous aflatoxins found in A. flavus and others. It is one of a toxigenic species. 

Hereditary qualities behind creation of these poisons have been seriously considered 

for more than two decades. Examination concerning aflatoxin biosynthesis in 

Aspergillus uncovered that any commercial strains of Koji molds (A. sojae, A. oryzae 

and even about A. flavus) have genes for aflatoxin pathway. Aflatoxin gene bunch is 

either deficient or inert in these strains because of different transformations that are as 

yet not completely described, accordingly, there are concerns raised for toxigenic 

potential of these species [83]. Most A. oryzae strains are lacking portions of the gene 

cluster that controls the toxin production. Similarly, non toxicogenic strains of A. flavus 

are lacking certain aflatoxin pathway genes [81]. 

Enzymes are utilized as a part of extensive modern applications, for example, 

change of corn starch for ethanol fermentation (amylases), preparing materials 

(cellobiohydrolase, cellulases), and detergent additives (proteases, lipases), leather 

(proteases, lipases, cellulases) or paper (cellulases, hemi-cellulases). 

Aspergillus oryzae has three genes for α-amylase having very high similarity. 

They are reported to have almost identical nucleotide sequence. Phylogenetic analysis 

hints at gene duplication to account for expansion of these three genes while A. oryzae 

branched off from other to aspergillus species [77]. Three genes (Amy1, Amy2 and 

Amy3) encoding α-amylase in A. oryzae were cloned. Sequence analysis showed a very 

high degree of homology, showing divergences in 3’-untranslated regions mainly. In 

all three genes introns had identical positions and sequences. Speculative TATA, 

CAAT and GC boxes were found upon analysis of 5’-region [84]. 

Instinctive Bacillus subtilis harboring alpha-amylase gene was amplified and 

sequenced along restriction sites NotI and AscI. Saccharomyces cerevisiae strain ura3 
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and p316TDH3 were used as host and vector. AmyE gene excluding signal peptide was 

amplified (AscI and NotI restriction sites) and then transformed in E. coli and yeast 

successively. Recombinant colonies producing gene of interest is confirmed by colony 

PCR in E.coli and by URA3 auxotrophic marker in case of yeast [85]. 

Amylase encoding (Amyl I, Amyl III) and glucoamylase (GA I) were cloned 

from another host Aspergillus awamori KT-11. Sequence length of Amyl III was about 

1.9 kb and protein comprising 634 amino acids, additionally signal peptide comprises 

of 21 amino acids.GA I was f of 1.92 kb length, 639 amino acids for protein and 24 

amino acids signal peptide. Homology based studies of protein indicated that of Amyl 

III from N-terminus showed 63.3 % homology with Amyl I. However C -terminus 

showed 66.9 % homology with GA I [86]. 

Detection of amylase gene from marine fish larvae hard to quote due to small 

size and exogenous remnants from prey. For precise estimation, PCR oriented method 

(complete cDNA and partial genomic sequences) were used to calculate amylase in 

teleost fish from winter flounder. Size of complete cDNA was 1.53 kb with approximate 

protein size 512 amino acids (molecular weight 55.769kDa). Winter flounder amylase 

cDNA can be utilized to find gene homologues in other species as well as amylase gene 

expression in larval and adult stage. Expression level of gene was sampled from larvae 

at 5, 13, 20, 27 and 41 days post-hatch (dph), first transcript hit was found at 5 and 20 

dph and then decrease at metamorphosis [87]. 

Alpha amylases hydrolyze starch for larvae developing inside seed and innate 

inhibitors of amylase protect seeds from insect pest attack. In this study, complete 

cDNA of AmyHha gene in coffee berry borer (Hypothenemu shampei) was reported 

with approximate size of 1.45kb and molecular mass of 51.2 kDa. Single copy of 

AmyHha with conserved highly conserved three amino acid residues (Asp184, Glu220, 

and Asp285) gene was found in haploid genome but higher level in feeding stages (L2 

and larval stages) of insect. Modeling of AmyHha gene suggested interesting 

similarities with Tenebrio molitor α-amylase and catalytic activity of conserved amino 

acid residues suggesting important direction towards insect control by application of 

biotechnological tools [88]. 
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In another study α-amylase gene (amyBS-I) from B. subtilis strain AS01a was 

cloned and transformed in BL21 along with signal peptide for extra cellular expression 

and proper folding. After response surface optimization, concentration of extra cellular 

amyBS-I was 7-fold higher. AmyBS-I protein demonstrated optimal activity at 70 ̊ C 

with pH 6.0; Km and Vmax values toward soluble starch were 27 mg/ml and 454 U/ml, 

respectively. Additionally, no precondition of Ca+2 ions for thermostability. AmyBS-

I has been extensively used in hydrolyzing starch into maltose and glucose. Bread 

harboring AmyBS-I has better quality as compare to commercially available α-amylase 

[89]. 

 Immobilization 

Unique attributes of biocatalysts  enzymes such as substrate specificity, ease of 

production and environment friendliness have made their use highly popular in various 

fields. For better economic prospects, reusability of enzymes is of immense importance. 

Reusability is key factor determining commercial fate of enzyme. Another challenge is 

maintenance of structural stability. It is for this reason that in pursuit of reproducibility 

and stability, cost has to be over looked. Apart of enzyme immobilization, hole of 

microorganisms are also immobilized [90]. Immobilization of enzymes is referred to 

synthesis of hydrophobic biocatalytic derivatives. Enzymes are coupled with solid 

supports that are capable of providing more functional stability and improved storage 

conditions [1]. In other words, it can be stated that enzymes are confined in a different 

phase than substrate and products. Mostly carrier matrices such as inert polymers and 

inorganic materials are used. Ideal matrix must be inter, physically strong, stable, 

regenerate able, increase enzyme specificity along with being affordable. It should also 

be able to reduce inhibitory effects caused by product formation, non-specific 

adsorption and contamination caused by microorganisms [91]. 

Immobilization of enzymes is favorable as compared to use of free enzymes. 

Reasons being immobilized enzymes have better stability and reusability. Reusability 

is key factor that reduces cost of overall process by facilitating recovery of immobilized 

complex from reaction vessel, thereby, not hindering continuous operation of process. 

Immobilization of enzymes is implemented in many industrial processes including food 

technology, analytical chemistry and biomedicine [92]. 
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Challenges of using free enzymes include difficulty is separation from reaction 

mixture, hostile environment such as pH and temperatures and inactivation by organic 

solvents. Need to create unique experimental designs to overcome problem of 

separation is a major challenge. This can reduce loss of enzymes and whole process can 

be run effectively with re-usage of enzymes. This can reduce cost of enzyme-mediated 

processes. One bonus advantage is increased stability. It is considered that immobilized 

enzyme might get enhanced stability against different denaturants present in reaction 

mixture, thereby, protecting active site [2]. 

Enzyme immobilization and enzyme stability are somewhat mutually exclusive. 

A proper immobilization increases stability of enzyme by multi-point or multi-subunit 

immobilization. Immobilization and application of enzymes is desirable as long as it 

aids in achieving high purity of product. Many different types of supports are utilized 

for immobilization process. 

There are different physical phenomena which are being exploited to 

manipulate interaction of support with different regions of protein. As a result many 

different orientations are yielded [93]. Immobilization of enzyme on a suitable material 

provides a potential solution for cost management, recycling and product recovery. It 

comprises of attachment of molecule of enzyme in a suitable matrix [94]. There are 

many factors that influence activity of immobilized enzyme. Many methods are used 

for enzyme immobilization. Hydrophobic partition is one of factors as it enhances 

reaction rate of substrate that is hydrophobic. Carrier microenvironment influences 

immobilization as hydrophobic nature of carrier stabilizes enzyme. Multipoint 

attachment of enzyme increases thermal stability. A spacer prevents enzyme from 

deactivating. Due to constraints of diffusion enzyme activity is decreased but it 

enhances stability. Presence of inhibitor substrates results in higher activity retention. 

Due to differing binding modes stability and activity is affected. Physical structure of 

carrier affects enzyme ability e.g. pore size alters activity retention. Physical nature of 

carrier affects immobilization process. Carriers with larger pore size mitigate diffusion 

limitation, resulting in better retention of activity [95]. 
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Figure 1-3 Immobilized enzyme systems 

 Techniques of Immobilization 

Different techniques used for immobilization can be summed up in four 

mechanisms of action that are adsorption, covalent binding, affinity immobilization and 

entrapment. 

Adsorption 

Hydrophobic interactions along with salt linkages between enzyme and support are 

involved in enzyme adsorption. Two commonly used approaches are bathing of support 

in enzyme solution or drying of enzyme on electrode surfaces. Adsorbed enzymes are 

guarded against proteolysis, hydrophobic interface interactions and aggregates [96]. In 

pursuit of better immobilization, many modifications in supports are carried out. 

Persson and co-workers reported use of hydrophobic granules based upon 

polypropylene, Accurel EP-100 for adsorption of lipase. Size of Accurel alters reaction 

rate [97, 98]. 

Other examples of adsorption of enzymes on suitable supports include lipase 

from Yarrowia lipolytica adsorbed on octyly-agarose and octadecyl-sepabeads, 

adsorption of lipase from candida rugosa on poly-3-hydroxybutyrate-co-

hydroxyvalerate. In both these examples enzymes performed better. In former study 

higher yield and increased stability was achieved, whereas, in latter reusability and 
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residual activity were improved. Scientists are aiming at use of eco-friendly supports 

as they cut down chase of ethical issues and production costs [5]. 

Affinity Immobilization 

In this technique enzyme specificity with a suitable support is exploited under 

different physiological conditions. It is achieved either by pre-coupling of 

immobilization matrix to an affinity ligand for enzyme of interest or by conjugating 

biocatalyst to an entity that has capability for developing affinity towards matrix [5]. 

Examples include multi-layered concavvalin A and chitosan-coated porous silica beads. 

These supports cater greater enzyme amounts thereby, leading to greater stability and 

better efficiency [5]. 

Covalent Binding 

Extent of reactivity based upon different functional groups and side chain amino acids 

such as aspartic acid, arginine and histidine are functional in covalent interaction of 

enzyme with supports. Many enzymes have enhanced thermal stability by covalent 

interaction with suitable supports including cyanogen bromide and cyanogen bromide 

activated-Sepharose containing carbohydrate moiety and glutaraldehyde [99]. Covalent 

interaction between enzyme and supports like chitosan, mesoporous silica etc have 

helped in increasing half-life and thermal stability of enzyme. Cross linking of enzymes 

with electro-spun nanofibres results in greater residual activity owing to increased 

porosity and surface area. Increased thermal endurance and varying nano sizes have 

been achieved by binding alcohol dehydrogenase with attapulgite nanofibers 

covalently. Pharmaceutical industries are using these techniques because of differing 

orientations of immobilized enzymes on magnetic nanoclusters. This improves 

operational stability and reusability of enzyme along with adding up to longevity [5]. 

Entrapment 

Caging of enzymes by either covalent or non-covalent interaction is entrapment [91]. 

Enzymes yielding low molecular weight products or requiring low molecular weight 

substrate are ideal for entrapment within a gel or fiber. Whereas, difficulty lies in large 

molecules being able to reach catalytic site of enzyme entrapped. It is for this reason 

that substrates having large molecular weight cannot be catalyzed by entrapped 

enzyme. Entrapment could either be completely physical caging or may also involve 
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covalent interaction. In case of covalent bonding lysine residues lying on surface of 

enzyme are derivatized by reaction of acryloyl chloride (CH2=CH-CO-Cl) to generate 

acryloyl amides. This could be further copolymerized and cross linked with various 

supports to form a gel. Enzymes may also be entrapped in cellulose acetate fibers. For 

immobilization of animal, plant and microbial cells Entrapment is a preferred method 

of choice, calcium alginate is extensively used for this purpose. 

Alginate-gelatin-calcium hybrid carriers proved to be efficient for enzyme 

encapsulation as they were capable of guarding enzyme from leakage and they were 

mechanically more stable [100]. Nanostructural supports are used for enzyme 

entrapping such as electrospun nanofibres and pristine materials. They have secured a 

wide range of applications in fields of biomedicine, biofuels, biosensors and chemistry. 

Entrapment of Candida rugosa lipase in chitosan is reported to prevent leaching and 

friability. It is biocompatible, non-toxic and amenable to chemical modification and has 

very high affinity towards proteins because of being hydrophilic in nature. Attributes 

like uniform pore distribution, high adsorption capacity, increased surface area and 

tunable pore size make mesoporous silica a very good candidate for entrapment of 

enzymes. Lipases have been reported to be entrapped in magnetic nanoparticles, sol-

gel matrices and к-carrageenan to achieve higher thermostability, organic solvent 

tolerance, enhanced activity and improved properties [5]. 

 Supports Used for Immobilization 

Supports used for immobilization are broadly classified as: 

1. Inorganic materials 

2. Synthetic polymers 

3. Natural polymers 

Inorganic Materials 

Zeolites are microporous crystalline solids also called as ‘molecular sieves’, they are 

widely used in molecular adsorption. Zeolites have a heterogeneous surface having 

multiple adsorption sites. Presence of more hydroxyl groups makes it capable of 

forming hydrogen bonds that are stronger with enzyme microporous zeolites are a 

preferred support for α-Chymotrypsin immobilization [101]. 
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Celite is a highly porous diatomaceous material, has bioaffinity and a large area 

for adhesion. Its polarity is low and it is a cheap support capable of proving to high 

temperature resistant. It also exhibits resistance against detergents, urea and pH. It is 

reported to have been used for immobilization of lipase, β-galactosidase and polyphenol 

oxidases [5]. 

Glass is has very high viscosity and it has been exploited for immobilizing α-

amylase. Glass beads are also used for immobilizing nitrite reductase which was used 

as a biosensing device for continuous monitoring [102, 103]. 

Ceramic is an inert support ideal for execution of synthetic and hydrolytic 

reactions by limiting feedback inhibition. Candida antarctica lipase is reported to have 

been immobilized on ceramic [104]. 

Silica nanoparticles are reported to be used for immobilization of α-amylase 

owing to their nano-sized structures with a very high surface area, high stability against 

mechanical and chemical forces and ordered arrangement. They were reported to 

increase cleaning capability of detergents [105]. 

Activated carbon particles have large contact sites for immobilization of 

enzymes. They are exploited for immobilization of proteases and lipases [106]. 

Charcoal supports are employed for immobilization of amyloglucosidase for 

hydrolyzing starch sans cross linking agent [5]. 

Synthetic Polymers 

Synthetic polymers used for enzyme immobilization are: polyvinyl chloride, UV-

curable methcrylated epoxy, polyurethane microparticles, polyaniline, and 

glutaraldehyde activated nylon and polyethylene glycol [5]. 

Natural Polymers 

Chitosan is derived from chitin which is found in crustaceans’ shells such as 

crabs and shrimps. It is a biodegradable polymer that also exhibits anti-bacterial 

properties, hydrophilic in nature along with being biocompatible. Amino groups present 

in chitosan aid in making hydrogen bonds and adsorbing heavy metals. It is very 

vulnerable to strong acids; it is sometimes cross linked to enhance stability. Many cross 
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linking agents are used including glutaraldehyde, formaldehyde etc. Chitosan is 

reported to be used for removal of heavy metals from waste water [107]. 

Gelatin is derived from collagen and it has properties which make it favorable 

for immobilization of enzymes. It is biodegradable and it has lo cytotoxicity. In aqueous 

solutions it is capable of forming heat-reversible gels. It also forms hydrophilic gels 

which are macroporous and contains hydroxyl and charged groups which can be 

activated and then covalently conjugated [108]. It has indefinite shelf life. It is used in 

form of hybrid gels with polyacrylamide cross linked with chromium acetate. A mixture 

of calcium alginate with gelatin is also a good candidate for enzyme immobilization 

[100]. 

Starch has also been used for purpose of enzyme immobilization. Bitter gourd 

peroxidase was immobilized by entrapment in calcium alginate-starch hybrid supports. 

It showed better activity and stability [109]. 

Cellulose is most abundant polymer found in nature. Penicillin G acylase, β-

galactosidase, α-amylase, glucoamylase, fungi lacasse, lipase and tyrosinase are 

examples of enzymes immobilized on cellulose as a support [5]. 

Collagen is also a natural polymer employed for immobilization. Iron-collagen 

fibers were reported to be excellent supporting matrix for catalase immobilization as it 

retained activity after being used 26 times [110]. 

Carrageenan is a linear sulfated polysaccharide which is pseudoplastic in nature. 

It can withstand shear stress and recovers its viscosity after removal of stress. It is used 

for immobilization of a variety of enzymes such as lipase. It is an inexpensive and 

resilient support that increases stability of enzyme immobilized [111]. 

Pectin hybrid supports are used for enzyme immobilization. Entrapped enzyme 

forms a complex with pectin coated support thereby increasing thermal and denaturant 

resistance along with enhancing catalytic properties. Pectin-chitin and pectin-calcium 

alginate are examples of such hybrids [5] 

Sodium alginate is a hydrophilic biolpolymer extracted from brown seaweeds. 

It has high biological safety which is why it has carved its importance in drug delivery 

mechanisms. It is a polysaccharide consisting of D-mannuronic acid (M) and L-
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glucuronic acid (G) in varying proportions. It is widely used in food industry because 

of it being safe and ecofriendly. It has a distinctive property of making calcium alginate, 

which is insoluble in water, through ionotropic gelation with Ca2+ ions. This has made 

it a suitable candidate for encapsulation of both low molecular weight therapeutic agents 

and macromolecular agents simultaneously [112]. 

 Scope of Immobilization 

Many industrial processes are now utilizing biocatalysts in several industrial 

processes. Ongoing research is targeting enhancement of properties of enzymes. 

Stability and reproducibility are two most sought after attributes [113]. Immobilization 

techniques have pared successfully in biomedical industries as well. These are 

employed in synthesis of many biosensors such as glucose, hydrogen peroxide and 

phenol biosensors. Research is now undertaking to make these biosensors more stable. 

Immobilization in nanocavities has shown promising results for enhancing stability of 

these biosensors [113]. Nanotechnology is used greatly for purpose of immobilization. 

It is helping to make environment cleaner. Examples include immobilization of C. 

Antarctica lipase B which has replaced use of petroleum. Immobilized biocatalysts are 

used for biodiesel production and immobilization of lacasse on silica nanoparticles is 

exploited for cleaning wastewater [114-116].
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2 Materials and Methods 

Research work presented here, was carried out in the laboratories of Industrial Enzymes 

and Biofuels (IE&B) and Nano-biotechnology groups at National Institute for 

Biotechnology and Genetic Engineering (NIBGE), Faisalabad. A portion of the work 

was conducted in John Innes Center, Norwich, England. 

 Chemicals 

All chemicals were of analytical grade and obtained from Sigma-Aldrich®, Inc. (USA), 

Merck and MP Biomedicals, LLC or as stated. The starch used in fermentation studies 

was procured from Rafhan mills, Faisalabad. Chemicals used in molecular biology 

experiments were obtained from Fermentas (Lithuania) or as stated. 

 Microbial Strain 

Aspergillus oryzae, ‘Super Koji’ strain, used in this study was obtained from IE&B 

Group, Industrial Biotechnology Division, National Institute for Biotechnology and 

Genetic Engineering (NIBGE), Faisalabad, Pakistan. The super Koji strain is a 

derivative of wild-type strain of Aspergillus oryzae RIB40, which was developed 

through expression cloning of cmc1 gene of Aspergillus aculeatus [44]. 

 Fungal Growth Medium Composition 

Solid Fungal Growth Medium (SFGM) was used for propagation of the Koji strain. The 

SFGM consists of (per liter): 3g NaNO3, 50 ml Salt solution (% w/v: 2.6% KCl, 2.6% 

MgSO4.7H2O, 7.6% KH2PO4); 01ml Trace element solution (% w/v: 0.11% 

Mo7O24.4H2O, 1.11% H3BO3, 0.16% CoCl2. 6H2O, 5% EDTA, 0.5% FeSO4.7H2O, 

0.5% MnCl2.4H2O and 2.2% ZnSO4.7H2O), 10 g glucose and 15 g agar dissolved in 

750 ml double distilled water. The pH of the medium was regulated to 6.5 by 1M HCl/ 

NaOH. 

Liquid Fungal Growth Medium (LFGM) was used in this study for enzyme 

production. LFGM has the same concentration of salt and trace elements as explained 
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for SFGM earlier; except that 1% (w/v) Polypeptone and 10 mM ammonium tartarate 

were added as nitrogen source in the place of NaNO3 [44].  

 Culture Preservation and Maintenance 

The Koji strain was initially propagated on SFGM in petri plates and was stored at 

4 °C for maximum of three months. All the media components of SFGM were 

weighed/measured separately and mixed one by one and dissolved in distilled water. 

The optimum pH was determined for maximum growth of Koji strain was observed 

at 6.5 as mentioned earlier. Initial inoculum was prepared in 200 ml volume of 

Erlenmeyer flasks enclosed with cotton plugs and aluminum foil. All the media used 

in this study were autoclaved at 121 C for 12 minutes, 30 psi before culturing the 

microorganism. 

Approximately 25-30 ml of SFGM media was poured aseptically into 

autoclaved Pyrex glass petri plates, which were then allowed to solidify. The plates 

were placed at room temperature for a day to verify any contamination. The Koji strain 

was streaked aseptically by loopful of spores of Koji strain. The plates were incubated 

at 30 C for about 12 to 15 days till the proper growth i.e. yellow spore formation. 

Afterwards, the plates were sealed properly by paraffin and stored at 4 C. The culture 

was refreshed once a month. 

 Inoculum Preparation 

The inoculum was prepared as described by Rashid et al. [44]. 100 ml of LFGM was 

added per 250 ml Erlenmeyer flasks. About 8-10, properly washed glass beads (ø 8.0 

mm) were added to in every flask to disrupt the fungal mycelial clumps. These flasks 

were then enclosed with cotton plugs and aluminum foil and autoclaved at 121 C for 

12 minutes, 30 psi. Glucose stock (30% w/v) was autoclaved at 121C, 30 psi for 5 

minutes and appropriate amount of the stock was added aseptically to the growth 

medium to achieve recommended glucose concentration (2% (w/v) as a carbon source). 

The super Koji spores (2-3 platinum wire loop-full) were aseptically transferred to the 

flasks, which were then incubated in orbital shaker at 30 °C, 150 rpm for maximum 36 

hours. 

To estimate the wet cells weight or packed cell mass of the inoculums, samples 
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in triplicate were removed aseptically by using autoclaved 1 ml micropipette tips. 

Samples were centrifuged for 5 min and supernatant was discarded. The weight of wet 

cell mass was determined by subtracting the weight of empty Eppendorf tube from the 

cell mass containing tube. 

 α-Amylase Assay and Clearing Zone Index 

The screening of α-amylase hyper producing mutants was carried out by α-

amylase plate assay. In this technique, the control super Koji strain of Aspergillus 

oryzae and its mutant derivatives were propagated on SFGM containing petri plates 

with soluble starch (1% w/v) and Triton-X100 (0.25% v/v) as colony restrictor. The 

cultures were grown for 6 days at 30 °C, pH 6.5 and analyzed for the clearing zone 

formation. In addition, the α-amylase activity was confirmed by using iodine staining 

method. The plates were treated with iodine solution (w/v: Iodine 0.33% & KI 0.66%; 

dissolved KI in 5 ml water, then mixed iodine and finally volume was made up to 100 

ml) for about 40 min and then washed (2–3 times) with distilled water. The undigested 

starch gave the blue color. The diameter of clearing/enzyme activity zone and fungal 

colony was measured at two dimensions. The clearing zone index (CI) for α-amylase 

activity was estimated based on the principle described by Paul and Sinha (2016) for 

the phosphorus solubilization index. The CI was determined by using the formula; 

Clearing Zone Index (CI) =   
Halo zone diameter + Colony diameter 

                                                    Colony diameter 

(2-1) 

 α-Amylase Assay 

In the presence of 1.0 ml soluble starch (1% w/v) and 1.0 ml 50 mM sodium acetate 

buffer pH 5, α-amylase (100 µl) was incubated for 30 min at 45 °C; the tubes were 

placed in boiling water for 5 min to quench the reaction. The product released was 

determined by measuring the reducing sugars through DNS-method. Briefly, 2.0 ml of 

DNS reagent was mixed with appropriate amount (0.52.1 ml) of quenched reaction 

mixture (QRM) and the total volume was made up to 4.1 ml. It was then boiled for 10 

min and after cooling of the reaction mixture, change in absorbance (A°) was 

measured at 550 nm. Glucose standard factor was determined from the glucose standard 

curve and was 2.02 µmole. 
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One unit α-amylase activity was defined as the amount of enzyme required to 

release 1µmol of reducing groups (calculated as glucose equivalents) min-1 from soluble 

starch at 45 °C, pH 5. The α-amylase activity units were calculated by using the 

formula: 

Unit/ml/ min =
 A° × G. S. factor(2.02) × Dil. factor × Total reaction mixture(2.1ml)

Enzyme(0.1ml) × Time (30 min) × QRMfor DNS assay(0.5ml) 
 

(2-2) 

Where,  

A° = Change in optical density (OD) at 550 nm = Experimental ‘OD’ Blank ‘OD’. 

Glucose Standard Factor = G.S. factor = 1.0 OD = 2.02 µmole glucose  

QRM = Quenched reaction mixture 

 Protein Estimation 

For the estimation of the total protein content of the sample Bradford Assay was carried 

out. 100 µl of the enzyme was placed in a test tube which contained 1 ml of the Bradford 

reagent and the colorimetric analysis was carried out after 15-30 min via 

spectrophotometer at 595 nm (Spectro 23RS, LaboMed, Inc. USA). The protein i.e. 

Bovine Serum Albumin (BSA) was used as a standard protein to generate a calibration 

curve for the estimation of the protein present in the sample [44]. 
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Figure 2-1 Standard curve for protein estimation (GRAPH) 

 Random Mutagenesis & Determination of 3.0 Log Kill of 

Aspergillus oryzae 

The freshly prepared inoculum of super Koji (Aspergillus oryzae) was aseptically 

distributed in six sterile 50 ml falcon centrifuge tubes (15 ml tube-1) and irradiated with 

gamma rays by using Caesium-137 (Cs-137) source. The fungus was treated with 

various γ-rays’ doses: 0.6, 0.8, 1.0, 1.2 & 1.4 kGray in a gamma cell radiation chamber 

(Mark-IV Irradiator/Gamma Cell-220) available at Nuclear Institute of Agriculture and 

Biology (NIAB), Faisalabad, Pakistan [51, 57]. 

The control and irradiated Koji samples were serially diluted (50  600 fold). 

Viable cell counts was made through the determination of colony forming units (CFU 

ml-1), which was achieved by spreading the serial dilutions of control (un-treated) and 

irradiated cells from every dose on SFGM culture plates in the presence of 0.4% (v/v) 

Triton X-100 as a colony restrictor. The plates were incubated at 30 °C for about 6 days 

so that colonies may grow appropriately. The colony forming units CFU ml-1 was 

calculated as follows: 

CFU/ ml =  Dilution factor × Average viable count/Volume of the Sample 

(2-3) 
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 Process Development for Screening of Potent Koji 

Mutants 

 1st Screening: Resistance to 1% (w/v) Triton X-100 

Initially main stock of potent Koji mutants (Total=54) was made on the basis of 

resistance to 1% (w/v) Triton X-100. The irradiated super Koji variants were plated on 

the SFGM plates. In the SFGM Triton X-100 was added with a concentration of 1% 

w/v. After the inoculum was spread on the plates, they were incubated at 30oC for 120 

hours. Well defined mutated Koji colonies resistant to 1% Triton X-100 were selected 

for further propagation. A stock of potent mutants was prepared and kept at 4oC for 

upcoming assessment. moreover, a glycerol stocks (50%w/v glycerol) were prepared 

and saved at NIBGE microbial bank. 

 2nd Screening: Hyper Production of α-Amylase on SFGM 

The preliminary selected mutants i.e. resistant to 1% Triton X-100, were grown on 

SFGM plates containing 1.0% (w/v) soluble starch as a substrate. Moreover, 0.3% (v/v) 

Triton X-100 was added to restrict the growth of all colonies except one that produce 

α-amylases. The plates were incubated at 30°C for 115 hours and examined for clearing 

zone formation. Afterwards, plates were stained for zymographic analysis to determine 

the α-amylase activity. The clearing zone was produced due to starch hydrolysis by the 

secreted enzyme. The diameters of halo/α-amylase activity zone and fungal colony 

were measured to estimate the CI as described earlier. 

 3rd 

Screening: Resistance to 2-Deoxy-D-Glucose (Catabolite 

Repression) 

Next, screening of α-amylase hyper producer mutants was carried out on the basis of 2-

deoxy-D-Glucose (2DOG) resistance i.e. a catabolite repressor. The mutants after 2nd 

screening were grown on agar SFGM plates containing (w/v): 1% starch, 0.2% 2- 

deoxy-D-Glucose (2DOG) and 0.1% Triton X-100 [131]. The CI for α-amylase was 

estimated and 2DOG resistant Koji mutants having highest CI were selected. 

 4th Screening: Hyper Production of α-Amylase on LFGM 

The 2DOG resistant Koji mutants were further screened on the basis of α-amylase hyper 

production under submerged growth conditions. The mutants after 3rd screening were 
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grown on 2% (w/v) soluble starch for the production of alpha amylases. 100 ml of 

LFGM, pH 6.5 was added per 250 ml Erlenmeyer flasks and 8-10 glass beads were 

included to every flask to break the clumps of the mycelia. Soluble starch (2g/flask) 

was added in each flask. Each flask was enclosed with cotton plugs and aluminum foil 

and autoclaved at 121 C for 20 minutes, 30 psi. 

Inoculums of all the selected mutants were prepared and cell mass densities 

were estimated as mentioned earlier. Then, equal amount of mutant’s inoculum (0.3% 

w/v) was transferred in the flasks containing the LFGM for the production of α- 

amylase. The batch culture was grown for 72 hours; then the crude enzyme extracts 

were strained through muslin cloth and centrifuged at 10,000 rpm (15,300 ×g) at 4 C 

for 15 minutes. 

The supernatants were separated and processed for the estimation of total 

proteins and α-amylase activity in crude extracts. Afterwards, the super Koji mutants 

having highest production and specific activity of α-amylase were selected. 

 5th Screening: Hyper Thermo stability of α-Amylases 

Irreversible thermal stability of 2DOG resistant Koji mutants’ α-amylases was 

determined by incubating the enzyme solutions at 55 °C. Aliquots were pulled back at 

standard time interims and cooled in ice for about 30 minutes for the recovery. The time 

course aliquots were assayed for α-amylase residual activity and data was analyzed by 

applying pseudo first order plots [117]. The half-life was calculated by using the 

formula; 

Halflife (t½) = ln2/Kd 

(2-4) 

The 2DOG resistant Koji mutants having highest α-amylase productivity, specific 

activity and thermostability were finally selected. 

 FESEM of Koji (A. oryzae) 

1 ml of inoculum was centrifuged for 3 minutes at a speed of 13,000 rpm the cell  mass 

was then dissolved on the fixative after discarding the supernatant. It was then mixed 

gently for 5 minutes and then incubated at 4 °C for 45 minutes. It was then centrifuged 

at 4,000 rpm for 5 minutes and the supernatant was again separated and discarded. The 
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cells were then coated with carbon and loaded on stub to be viewed under scanning 

electron microscope. 

  Toxin Analysis on LCMS and MS-MS 

60 ml of crude extract was filtered and centrifuged. The supernatant was mixed with 

50ml of chloroform in a separating funnel by periodically shaking. The mixture was 

then left in the funnel to settle down. After 45 minutes two distinct layers were formed. 

The lower layer was taken into the flask and the chloroform was condensed and 

evaporated and collected into another flask. It was then washed with 1ml methanol. 

The sample was then loaded for LC-MS analysis. 

  Production of α-Amylase in Bioreactors 

10 L of LFGM containing Rafhan starch (2% w/v) was made and the pH was regulated 

to 6.5. The media was poured in the vessel of the bioreactor and it was autoclaved for 

40 mins at 121oC, 30 psi. After the media was sterilized it was carefully set up in the 

bioreactor at 30oC and stirred continuously at 150 rpm. Enzymes from the super Koji 

and mutant strain M100-6 were produced in 10L bioreactors. The inoculum was grown 

in 200ml flask and cell density of triplicate samples was measured. 0.3 g cells per 100 

ml of media were transferred in the bioreactor aseptically and initial sample was taken 

from the bioreactor. The samples were collected every 6 hours from the bioreactor. All 

the samples were centrifuged to measure the cell density. The supernatant were 

analyzed for α-amylase activity by α-amylase assay. The Koji strain was fermented for 

72 hours and then the enzyme was harvested. 

  Harvesting of Crude Enzyme 

The α-amylases were harvested from the super Koji as well as the mutant M100-6 

strain. Crude enzyme extract was strained through muslin cloth and centrifuged at 

10,000 rpm (15,300 ×g) at 4C for 15 minutes; for the estimation of total proteins and 

α-amylase activity in crude extract, the supernatant was separated and further 

processed. 

  Enzyme Concentration 

The supernatants of the crude extract were concentrated using the Millipore 

concentrator with Prep/Sale –TFF 6ft2 cartridge having the cutoff value of 3KD and it 
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was finally 10-fold concentrated. The protein estimation and α-amylase activity was 

determined. 

Effect of Temperature 

Koji strain was propagated on 2% (w/v) starch at different temperatures (27-35±1 °C) 

with an increase of 3 °C [51]. The initial pH of growth medium was adjusted to 6.5. 

Time course aliquots were pulled back aseptically and examined for total proteins, cell 

mass and enzyme activity. The temperature that gave highest α-amylase production was 

selected for further experimentation. 

The impact of temperature on the rate of cell mass production and enzyme 

production was also described in terms of temperature quotient (Q10), which is the 

main reason by which the rate changes because of an ascent in temperature by 10 °C 

[118]. Q10 was analysed by utilizing the following equation: 

Temperature Quotient (Q10) =
(
R2
R1)10

T2 − T1
 

(2-6) 

Where, T1 and T2 are lower and higher temperatures (°C or K) and R1 and R2 are rate 

measurements at T1 and T2, respectively. 

Effect of Inoculum Level 

Different levels of inoculum (Final concentration = 0.4 g wet cells 100 ml-1 medium) 

with the augmentation of 0.5 g wet cells 100 ml-1 were utilized to figure out the impact 

on the growth kinetic factors for the production of α-amylase while keeping every 

single parameter at their ideal levels [51, 119]. Time course aliquots were pulled back 

aseptically and examined for total proteins, the enzyme activity and cell mass. The 

inoculum level, giving greatest production of α-amylase, was utilized for further 

experimentation. 

  Determination of Growth Kinetic Parameter 

Growth kinetics of super Koji and mutant M100-6 was analyzed as explained in 

literature [120, 121] utilizing following equations: 
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Specific growth rate (µ) i.e. rate of growth per unit amount of biomass (cell 

mass) was analyzed from slope of plot: ln x against time. Following equations were 

used to calculate biomass (cell mass) doubling time (td) and product yield coefficient 

with respect to cell mass (Yp/x): 

𝑡𝑑 = 𝑙𝑛2/µ 

(2-7) 

Where (µ) is rate of growth per unit amount of biomass. 

Yp/x= dp/dx 

(2-8) 

Where, dp = pt-po and dx = xt-xo. The pt and xt are amount of α-amylase and biomass 

after specific time, while po andxo are amount of α-amylase and biomass at zero time, 

respectively. 

The specific rate of product formation (qp) was calculated using the following equation: 

𝑞𝑝= 𝑌𝑝⁄𝑥 × µ 

(2-9) 

The determination of the maximum specific rate of cell mass formation (µ) was 

done by using a double reciprocal plot: 1/µ Vs 1/s, which was equal to intercept on 

ordinate (1/µ), however, the constant for substrate saturation (Ks) was equivalent to the 

intercept on abscissa (-1/Ks). Correspondingly maximum specific rate of product (α-

amylase ) formation (qpmax) was examined from plot: 1/qp Vs 1/s. Ea(x) and Ea(p) for cell 

mass and product (α-amylase ) formation were examined from Arrhenius plots of ln µ 

against 1/T and ln qp against 1/T, respectively. 

  Thermodynamics of Cell Mass and α -Amylase Production 

Determination of the thermodynamic factors for cell mass formation and enzyme 

production by super Koji and mutant M100-6 was done by utilizing re-arranged 

Eyring’s absolute rate equation resulting from the transition state theory [122]. 
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k = (kb.T/h).e(-ΔH*/RT).e(ΔS*/R) 

(2-10) 

Where, 

kb Boltzmann’s constant (R/N) = 1.38×10-23 JK-1 T Absolute temperature (K) 

h Planck’s constant = 6.626×10-34 Js 

N Avogadro’s number = 6.02 × 1023 mol-1
 

R Gas constant = 8.314 J K-1 mol-1
 

ΔH* Change in enthalpy for product formation (kJ mol-1)  

ΔS* Change in entropy for product formation (J mol-1 K-1) ΔH* = Ea-RT 

ΔG* (Change in Gibbs free energy) = -RT ln (k.h/kb.T) ΔS* = (ΔH*- ΔG*)/T 

The µm and qpmax are equivalent to k [121], ΔH*, ΔG* and ΔS* were determined 

by using the equations with the alteration that k was substituted with µm for cell mass 

formation and with qpmax for α-amylase production. Furthermore, Ea was substituted 

by Ea(x) and Ea(p) for the cell mass and product (α-amylase) formation, respectively. 

  Purification of α-Amylase 

  Fractional Precipitation 

Centrifugation of crude α-amylase of A. oryzae cmc1 and the mutant M100-6 was 

carried out at 18,000 rpm (8,820 × g), 4 ºC for 30 minutes. Insoluble particles were 

pellet out and enzyme was concentrated on lyophilizer.  

Fractional precipitation was purified to concentrate the enzyme. Different 

amounts of ammonium sulphate were then added to 1 mL of crude α-amylase taken 

from A. oryzae cmc1 and the mutant M100-6 in Eppendorf tubes to gain 10-90% 

saturation at 4 ºC and mixed gently. These Eppendorf’s were placed overnight at 4 ºC 

and then centrifuged at 18,000 rpm (8,820 × g) for 5 minutes. The supernatant was 

gathered and examined for enzyme activity. 

The optimum salt concentration was determined where enzyme exhibited the 

reduction in its potential and the concentration of salt at which enzyme utterly vanished 
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its potential. α-amylase exhibited thorough loss of its activity potential at 60% 

saturation. By adding crystals of ammonium sulphate progressively, 60% of saturation 

was gained after keeping the bulk of crude enzyme in ice bath. Flask was kept at 4 °C 

for the whole night. Then the centrifugation was carried out as previously mentioned 

for 30 minutes. Precipitated protein was gathered in the pellet form and supernatant was 

discarded. For 24 hours the pellet was then suspended in distilled water and dialyzed 

against double distilled water. Evaluation for total protein and activity of α-amylase 

was done before and after dialysis. The dialysis tubing was made as explained by the 

manufacturer. 

  Determination of Molecular Mass 

Native Polyacrylamide Gel Electrophoresis 

Isoforms of α-amylase were analyzed by using the purified enzyme on 10% native 

polyacrylamide gel electrophoresis (PAGE). 

Resolving Gel Preparation 

The resolving gel was made by mixing the reagents as presented in Table 2.1, 

Table 2-1 Reagents used for resolving gel preparation 

S. No Reagent Quantity 

1 Acrylamide 4.0 mL 

2 Buffer pH 8.8 6.125 mL 

3 Distilled water 2.0 mL 

4 Freshly prepared 2% APS 200 µL 

5 TEMED 25 µL 

 

Resolving gel was transferred into gel apparatus. Two spacers were inserted 

amongst two glass plates on Hoefer Mighty Small SE 245 Dual Gel Caster to construct 

the apparatus (10 cm × 8 cm × 1.5). Next n-butanol was dispensed on resolving gel to 

gain smooth surface. After removing n-butanol, topmost layer of resolving gel was 

rinsed with distilled water 3-4 times. 
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Stacking Gel Preparation 

The table 2.2 shows the reagents used for the stacking gel. 

 

Table 2-2 Reagents used for stacking gel preparation 

 

After resolving gel polymerized, mixture of stacking gel was dispensed on it. 

Comb was quickly appended and the stacking gel was kept for polymerization. The gel 

was loaded by alpha amylase. Electrode buffer was prepared and gel was run at 100 

volts. The PAGE was disconnected from the electric supplier, when tracking dye moved 

to the bottom of gel. Coomassie Brilliant Blue R-250 was used for the staining of gel 

for 4 hours and then destained with destaining solution. 

  Molecular Mass Determination on SDS-PAGE 

Purified extracted enzyme was run on 10% Sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) to determine the subunit molecular weight of α- 

amylase as explained by Nadeem et al. [123]. Stock solutions were made as follows. 

 Stock solutions 

The following table 2.3 shows the reagents used for stock solutions. 

 

 

 

 

 

S.No Reagents Quantity 

1 Acrylamide 1.0 mL 

2 Buffer pH 6.5 0.9 mL 

3 Distilled water 3.0 mL 

4 Freshly prepared 10% APS 500 µL 

5 TEMED 10 µL 
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Table 2-3 Reagents used for stock solutions 

S. No Reagent 

1 30% (w/v) acrylamide + 0.8% (w/v) bis-acrylamide 

2 1.5 M Tris / HCl pH 8.8 + 0.3% (w/v) SDS 

3 0.5 M Tris / HCl pH 6.8 + 0.4% (w/v) SDS 

 

  Resolving Gel Preparation 

The reagents were mixed together in 250 mL flask for making the resolving gel (Table 

2.4). After making the resolving gel it was then loaded into the apparatus carrying the 

gel. 2 spacers were inserted amongst two glass plates on Hoefer Mighty Small SE 245 

Dual Gel Caster to construct the apparatus (10 cm × 8 cm × 1.5). The next step was 

dispensing n-butanol onto the resolving gel in order to get a smooth surface. Once the 

n-butanol was removed, the outermost layer of the gel was bathed with distilled water 

for a couple of times. 

Table 2-4 Reagents used for resolving gel preparation 

S.No Reagent Quantity 

1 Stock solution-1 3.30 mL 

2 Stock solution-2 2.50 mL 

3 Distilled water 4.25 mL 

4 Freshly prepared 10% APS 50 µL 

5 TEMED 50 µL 

 

  Stacking Gel Preparation 

For the preparation of the stacking gel the following reagents were mixed together in 

an Erlenmeyer flask having a capacity of 250mL (Table 2.5). 
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Table 2-5 Reagents used for stacking gel preparation 

S.No Reagent Quantity 

1 Stock solution-1 1.5 mL 

2 Stock solution-3 2.5 mL 

3 Distilled water 6.0 mL 

4 Freshly prepared 10% APS 100 µL 

5 TEMED 25 µL 

 

After resolving gel polymerized, mixture of stacking gel was dispensed on it. 

Comb was quickly appended and the stacking gel was kept for polymerization. 

Sample buffer 

The reagents presented in Table 2.6 were mixed to form sample buffer. After heating 

non-covalently attached sub-units of proteins in the presence of SDS, chop it down into 

monomers. The S-S bridges present amongst the sub-units were broken down by mixing 

ß-mercaptoethanol. 

Table 2-6 Reagents used for sample buffer 

S.No Reagent Quantity 

1 0.75 M Tris/HCl buffer pH 6.5 200 µL 

2 Distilled water 6.3 mL 

3 Glycerol 2.5 mL 

4 10% w/v aqueous SDS 1.0 mL 

5 Bromophenol blue 2.5 mg 

6 ß-mercaptoethanol 5.0% (v/v) 
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Stock electrode buffer 

Stock electrode buffer was made by mixing the reagents as described Table 2.7 and was 

diluted 10 folds with distilled water before use. 

Table 2-7 Reagents used for Stock electrode buffer 

S.No Reagent Weight 

1 Tris base 30 g 

2 Glycine 144 g 

3 SDS 10 g 

4 Distilled Water 1.0 L 

 

  Preparation of α -Amylase for SDS-PAGE 

SDS sample buffer was then mixed with α-amylase and then boiled for 5 minutes to 

bind SDS with α-amylase before running on the gel. 

  Running of PAGE 

The protein ladder i.e. protein market for known protein sizes was used as a standard 

of SDS-PAGE. The ladder was mounted upon the SDS polyacrylamide gel. Electrode 

buffer was prepared accordingly and the proteins were analyzed on PAGE at 100 volts. 

The PAGE was disconnected from the electric supplier, until tracking dye moved to the 

bottom of gel. 

  Staining of SDS Polyacrylamide Gel 

The gel required to be stained in order for the visibility of the proteins on the gel. For 

this purpose the Coomassie Brilliant Blue R-250 stain was used. The gel was dipped in 

it for four hours and then it was required to be destained by the destaining solution 

composed of acetic acid, methanol and water at a proportion of 9:2:9 (v/v), respectively. 
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Rf value was evaluated by using the following equation: 

Rf = Distance travelled by standard or ′x′protein  

        Distance travelled by tracking dye 

(2-11) 

  Activity Staining 

10% SDS- denaturing renaturing-PAGE (SDS-DR-PAGE) to determine the subunit 

molecular mass of α-amylase. Beta-mercaptoethanol (2 % v/v) was coupled with the 

purified α-amylase in SDS sample buffer to prepare the sample at at 50 °C for 45 

minutes. The gel was run at 70V in iced-water bath at 10 °C. the gel was re-natured 

after being mixed with 20 % (v/v) isopropanol in a buffer (50 mM sodium acetate) of 

pH 5.0 for 45 minutes twice, the SDS was discarded. α-amylase activity staining was 

done as explained below. 

Re-natured gel was over-laid on agarose gel (0.8 % w/v) having starch (2% w/v) 

substrate in sodium acetate buffer. Gel was kept for 45 minutes at 55 °C. buffer was 

continuously poured over the gel in order to avoid the drying of the gel. Meanwhile, 

the gel was cut as supplemental of the re-natured SDS gel. Iodine solution was used for 

the staining of gel. After staining, a white colored band was shown. To enhance the 

clarity of stained gel, it was treated with NaCl solution (0.1 % w/v). 

  Preparation of Total DNA from Fungi 

The total DNA was extracted by using the following protocol. The fungus was grown 

in 200 ml MM medium at 30˚C for 48-60 hours. 

The mycelia were collected with gauze or Myra cloth filtration and washed with 

sterile distilled water. 

 The mycelium was resuspended in small amount of water. 

 The mycelium was then grinded in liquid Nitrogen to make a fine powder. 

 50 mg of the powdered mycelia was put in a screw-capped centrifuge tube and 

2 ml extraction buffer was added to it. The mycelia powder was suspended in it 

after vortex mixing for 30 seconds. 
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 280 µl 10% Sarcosyl and 5-10 mg proteinase K powder were added and mixed 

well. 

 The tube was incubated at 65˚C for 10 min. 

 Equal volume of CHCl3/IAA was added and mixed well by inverting the tube. 

 It was then centrifuged at 12,000 rpm for 15 min and the supernatant was 

dispensed to a fresh tube. 

 About equal volume of PhOH/CHCl3/IAA was added and mixed well by 

inverting the tube. 

 It was then centrifuged at 10,000 rpm for 10 min and the upper phase was 

transferred to a fresh tube. 

 2.5 volume of EtOH was added and the tube was put on ice for 5 min. 

 The supernatant was discarded after centrifuging it at 10,000 rpm for 10 min. 

 The final drop of supernatant was removed after centrifuging it again for 1 

minute. 

 The precipitate was dissolved in 700 µl TE and dispensed to a fresh Eppendorf 

tube. 

 1/10 volume of 3 M NaOAc was added and mixed well and then put on ice for 

several minutes. 

 About equal volume of ice-cold iso-PrOH was overlayed to the solution and 

mixed gently by inverting the tube until white precipitate came up. 

 The white precipitate was collected into 70% EtOH solution in a single 

Eppendorf tube. 

 The supernatant was removed by centrifuging it for 1 min twice. 

 It was then dried. 

 The DNA pellet was dissolved in 500 µl TE. 

 1 µl RNase solution was added and incubated at 37˚C for 30 min. 
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 The PhOH/CHCl3/IAA extraction was repeated until no impurity at the 

boundary of two phases was seen. 

 3 M NaOAc was added to the final upper phase in a fresh tube and put on ice 

for several minutes. 

 About equal volume of ice-cold iso-PrOH was overlayed to the solution and 

mixed gently by inverting the tube until white precipitates came up.  

 The white precipitates were transferred into 70% EtOH solution in a fresh 

Eppendorf tube. 

 It was then spun briefly and the supernatant was removed. The supernatant was 

removed by spinning again. 

 It was then dried. 

 The DNA pellet was dissolved in 500 µl of TE. 

 The purity of the extracted DNA was checked on agarose gel electrophoresis 

and the DNA concentration was measured electro photometrically. 

  Primer Designing 

The sequences of the three α-amylase genes i.e AmyI, AmyII and AmyIII for 

Aspergillus oryzae were retrieved from NCBI. Along with the sequence of the gene 

1000 nucleotide sequence upstream and downstream were also retrieved to amplify the 

promoter and terminator region sequences. Primers were designed for every 700bp 

stretch. Table 2.8 shows the list of primers designed for mutation determination. 

The primers Amy1_F_F, Amy1_F_R,Amy2_F_F, Amy2_F_R,Amy3_F_F and 

Amy3_F_R were used to amplify the DNA fragment of all the three genes along with 

their flanking regions i.e AmyI, AmyII and AmyIII respectively. The size of the 

amplified fragment was expected to be 3.3, 3.6 and 4.3 kilobase pairs for AmyI, AmyII 

and AmyIII respectively. The other primers were designed from the conserved regions 

of all the genes and were used as sequencing primers. Figure 2.1. illustrates the primers’ 

position in the genes graphically. 
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Polymerase Chain Reaction (PCR) mediated amplification of α-amylase genes 

The PCR mediated amplifications were carried out utilizing PCR Taq 

polymerase in a Thermal cycler (MyGeneTM Series Peltier Thermal Cycler; Model 

MG96G) with following terms: 5 min at 95 °C (denaturation), 1 min at 95 °C, 1 min at 

62 °C (annealing) and 3-4 min (depends on the size of the DNA) at 72 °C (elongation: 

35 cycles, stage 2 to 4), trailed by a last elongation of 10 min at 72 °C. The amplified 

PCR products (5 μl) were then investigated on 1% (w/v) agarose gel alongside DNA 

ladder utilizing ethidium bromide. 

Table 2-8 Primers designed for the amplification and sequencing of the mutant 

Koji M-100(6) Amylase 

 Primers Sequence 

 

1 
 

Amy1_F_F 

 
GGCTTCTAGGCGCGCTCCATC 

 

2 
 

Amy1_F_R 

 
TTATGATATAGCTCCTCTCCAAGC 

 

3 
 

Amy1_G_F 

 
TGCAACTGACTTCGCGGATATGG 

 

4 
 

Amy1_G_R 

 
CGTCATGGACGGCGTACTGAAC 

 

5 
 

Seq_amy_2401 

 
AAGTTACACCAACGACATAGCC 

 

6 
 

Amy2_F_F 

 
GCACCAGATCCTGCAGACTTA 

 

7 
 

Amy2_F_R 

 
TCCACGTATACAAGCTGATAGG 

 

8 
 

Amy3_F_F 

 
CGCACTACCCGAATCGATAGAAC 

 

9 
 

Amy3_F_R 

 
CGTATACCTGTCTTGTGTTAGGC 

 

10 
 

Amy_C_F 

 
GAATTCATGATGGTCGCGTGGTG 

 

11 
 

Amy_C_R 

 
GCGGCCGCTCACGAGCTACTA 
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Amylase-1 

 

 

Amylase-2 

 

 

Amylase-3 

 

Figure 2-2 Graphical representation of the three amylase genes of the mutant 

Koji M-100(6) and the position of the primers 

  Sequencing of the Amplified Genes along Flanking 

Regions and Sequence Analysis 

The sequence of the nucleotides in amplified gene sections were determined by 

sequencing using the appropriate primers. For sequencing of the amplified products, 

the pcr products were purified using the Qiagen PCR purification Kit to clean up PCR 

product to remove primers, NTP’s, Taq polymerase and primer. DNA concentration 

was measured by nano-drop spectrophotometer and the required concentration (10- 

60ng/µl) were subjected to sequencing. The similitudes of the DNA sequences were 
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examined with the blastn programs (http://www.ncbi.nlm.nih.gov/BLAST/). Program 

Clustal W2 was used for the Multiple sequence alignment 

(http://www.ebi.ac.uk/Tools/clustalw2/). 

  Effect of Physiochemical Factors on Enzyme Activity 

  Optimum Temperature and Activation Energy 

Optimum temperature and activation energy for α-amylase from mutant M100-6 was 

determined at various temperatures ranging from 25-70C. The data was plotted using 

Arrhenius plots as described by Siddiqui et al. [124]. 

  Optimum pH 

Optimum pH for mutant α-amylase was determined as given by Saleem et al. [125]. α 

-amylase assay was carried out at 50 C and 55 C (optimum temperatures) for extracted 

mutant α-amylase at different range of pH (2-11). The buffer utilized were having pH 

2-2.9 (100 mM glutamic acid/HCl), pH 8.6-9.8 (200 mM gly/NaOH), pH 5.6-6.5 (200 

mM MES/KOH), pH 6.8-7.4 (200 mM MOPS/KOH), pH 7.7-8.3 (200 mM 

HEPES/KOH), pH 3.2-5.3 (200 mM sodium acetate/acetic acid), pH 10.1- 11(200 mM 

Capso/NaOH). 

  Effect of Substrate 

Vmax, Km, and Vmax/Km at 55C temperature were determined by incubating fixed 

amounts of mutant α-amylase with varied conc. of soluble starch (substrate) i.e. 0.1, 

0.125, 0.250, 0.375, 0.5, 0.675, 075, 0.875, 1.0, 1.5, 2.0 and 2.5%(w/v) and assayed for 

α Amylase activity [125]. 

  Determination of Stability Thermal Stability 

Thermal stability of mutant α-amylase at different temperatures was determined by 

incubating α-amylase solution in 50 mM sodium acetate buffer at pH 5.0, keeping the 

temperature constant. Aliquots stored at -80 oC were cooled on ice for about 30 minutes 

before quantifying the α-amylase activity [124, 126]. 

http://www.ncbi.nlm.nih.gov/BLAST/)
http://www.ncbi.nlm.nih.gov/BLAST/)
http://www.ebi.ac.uk/Tools/clustalw2/)
http://www.ebi.ac.uk/Tools/clustalw2/)
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  Immobilization of α -Amylase on Calcium Alginate 

  Preparation of Sodium Alginate Solution 

For entanglement of α-amylase from Koji strain in calcium sodium alginate, after ultra-

filtration, the partly purified enzyme was used. Different concentrations of sodium 

alginate solution were prepared in the partially purified enzyme extract. 

  Composition 

1. 3% sodium alginate (w/v) dissolved in enzyme extract 

2. 5% sodium alginate (w/v) dissolved in enzyme extract 

3. 7% sodium alginate (w/v) dissolved in enzyme extract 

  Procedure 

The proposed amount of sodium alginate was dissolved in 50 ml of the enzyme extract. 

The sodium alginate was added step-wise while the enzyme solution was continuously 

stirred on the magnetic stirrer at a speed of 100 rpm for two hours. After dissolution 

viscous solution was produced and was processed. 

  Beads Formation 

Three varying concentrations of sodium alginate solution were prepared and measured 

in a graduated syringe (10 ml). A solution of 0.3% (w/v) CaCl2was prepared and stored 

at 4oC. The sodium alginate solution was added dropwise in the flask carrying 250 ml 

of 0.3% (w/v) CaCl2 from a height of 7-8 inches. 

Uniform beads were formed which were kept in the solution for 3 hours with 

occasional stirring. The beads were retrieved and rinsed numerous times with distilled 

water to elucidate unbound enzyme. The beads were weighed and kept at 4 °C for 

additional usage. Proteins and α-amylase activity (at 55 °C) was quantified after every 

washing as explained earlier. 

  Calcium Alginate Beads with Chitosan 

5% sodium alginate was made as described earlier. The sodium alginate solution was 

added dropwise in the flask carrying 250 ml of 0.3% (w/v) CaCl2 and 0.3% (w/v) 
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chitosan from a height of 7-8 inches. The beads formed were enzyme entrapped and 

coated with chitosan. They were cured as described earlier. 

  Characterization of Free and Immobilized Enzyme 

  Entrapment Efficiency and Apparent Activity 

The amount of immobilized enzyme within polymeric material was measured 

by the difference between the initial amount of enzyme and the enzyme released during 

washing. The immobilized protein was then transformed to entrapment efficiency using 

the following equation: 

Entrapment Efficiency = Protein loaded/ Protein immobilized  × 100  

(2-12) 

The weight of the beads was calculated and it was then used to measure the 

apparent and relative activity utilizing the subsequent equation: 

Apparent activity (Units/ml)

=   Enzyme units (Units/min)/ weight of coated polymer (g)  

(2-13) 

The relative activity is stated as ratio of activities of immobilized and free enzyme and 

was converted to % relative activity by using the following equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

=  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒 (𝑈/ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

/𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 (𝑈/ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛) ×  100  

(2-14) 

  Effect of Enzyme Concentration on Apparent Activity 

The effect of enzyme concentration on apparent activity was measured by entrapping 

various concentrations (1-7%) of the α-amylase enzyme within calcium alginate. 
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  Effect of Temperature 

Optimum temperature and activation energy were calculated for free and immobilized 

α-amylase at different temperatures ranging from 55-70 °C. Arrhenius plot was 

constructed for optimum temperature determination accordingly. 

  Irreversible Thermal Inactivation 

The thermal stability of free and immobilized enzyme was analyzed during incubation 

at a various temperature (55, 60, 62, 66 and 70 °C) and pH 5.0 (50 mM Sodium acetate 

buffer). Inactivation rate constants (Kd) were measured and the data was plotted 

accordingly. 

  Functional Stability and Reusability 

The immobilized α-amylase was frequently used to analyze its functional stability and 

reusability for the hydrolysis of starch by incubating the mixture at 55 °C and analyzed 

for α-amylase activity. After each cycle the beads carrying immobilized enzyme were 

washed with distilled water and again replaced with fresh mixture for enzyme assay. 

This procedure was repeated for 10 cycles of hydrolysis and the % residual activity of 

the immobilized enzyme after each cycle was measured. 

  Effect of Substrate Concentration 

The enzyme assay was conducted for varying concentration of starch (0.025 – 0.25 % 

w/v). The residual activity was calculated. 

  Effect of pH 

The enzyme assay was conducted at varying range of pH (3-11). The residual activity 

was calculated. 

  Scanning Electron Microscopy 

The beads were dehydrated in the incubator at 37 oC as scanning electron microscope 

requires completely dry samples. The dry samples were analyzed under the SEM JEOL 

JSM7500F at suitable voltage. 
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  Effect of Metals on α -Amylase Activity and Stability 

  Apo-Enzyme Preparation 

In a previous study the effect of metals was studied on the alpha amylase produced by 

the parental Koji strain. Calcium and cobalt were found to enhance the activity of the 

enzyme. With the end goal to decide the impacts of Ca2+ and Co2+ on α-amylase activity 

and stability, the apo-enzyme was set up by chelating the metals from local α- amylase. 

The chelation was carried out by dialyzing it against 2 liters of 5 mM EDTA for 24 h 

in 50 mM MOPS buffer (pH 7). At that point EDTA was expelled by dialyzing apo-α-

amylase against distilled water for 24 h. After each 6 h, buffer and water was revived. 

  Temperature Optimum and Activation Energy (Ea) 

The activity potential of apo-α-amylase in the presence and absence of different 

concentrations of CaCl2 (6.0 mM) and CoCl2 (6.0 mM) in the reaction mixture was 

evaluated at temperatures (35-70 °C).  

For starch hydrolysis, the energy of activation was analyzed as explained before 

[127]. 

  Optimum pH 

Apo-α-amylase was analyzed in the presence and absence of different concentrations 

of CaCl2 (6.0 mM) and CoCl2 (6.0 mM) in the reaction mixture at temperatures (45 and 

55 °C) as explained before with different pH (2-11). 

  Kinetics and Thermodynamics of Starch Hydrolysis 

The Michaelis-Menten kinetic constants (Vmax, Km, kcat and kcat/Km) for starch 

hydrolysis were analyzed on apo-α-amylase produced from the mutant Koji M-100(6) 

with different concentrations of starch (0.05 – 2.2 mg mL-1) at 55 °C, pH 5.0 in the 

presence and absence of CaCl2 (6.0 mM) and CoCl2 (6.0 mM). Stock solutions (50 mM) 

of each metal (CaCl2 and MnCl2) were made up in 100 mM MES (pH 5.0). Fixed 

concentration of the stock was included for the needed amount of the metal in the 

reaction mixture. The concentration of apo-α-amylase was maintained consistent in all 

examinations. The Km and Vmax were found by utilizing Lineweaver-Burk plot [128]. 

The non-linear regression was calculated using the software GraphPad Prism version 

6.1 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. 

http://www.graphpad.com/
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The Km and Vmax were found by utilizing Lineweaver-Burk plot [128]. 

Thermodynamic parameters ΔH*, ΔG*, ΔS*, ΔG*E-S and ΔG*E-T for starch 

hydrolysis were evaluated using the equations described earlier. 

  Effect of Metals on Irreversible Thermal Inactivation 

CaCl2 and CoCl2 (6.0 mM of each) was used independently to incubate the apo-α- 

amylase for 30 min at 30±1 °C. Irreversible thermal inactivation of apo- and metal 

bound-α-amylase at various temperatures (54, 58, 62, 66 and 70 °C) was determined. 

The information was fitted to initial order plots and examined [129, 130] Activation 

energy for irreversible thermal inactivation of apo- and metal bound-α-amylase (Ea(d)) 

was analyzed by using Arrhenius plot. ΔH*, ΔG* and ΔS* of irreversible thermal 

inactivation were estimated by using the equations stated in earlier sections, Ea(d) was 

utilized in the place of Ea and Kd was utilized instead of kcat. 
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3 Results 

 Mutagenesis of Super Koji M-100 (6) by Gamma Rays 

Treatment 

The mycelial suspension of super Koji (Aspergillus oryzae cmc1) was subjected to various 

gamma rays doses (0.6 ‒1.4 kGy) for acquiring potential mutants for improved properties, 

and after treatment the control and mutated Koji strains were spread on the culture plates 

containing 0.4% (w/v) Triton X-100. The plates were incubated at 30 °C for 72 hours 

(Figure 3-1). The viable colonies (CFU ml-1) were counted and found that all gamma rays 

doses i.e. 60, 80, 100, 120 & 140 kRad (0.60, 0.80, 1.00, 1.20 & 1.40 kGy) exhibited a log 

kill of 3.0 or more (Table 3.1). 

 

Figure 3-1 Determination of colony forming units (CFU) ml-1 to evaluate the 

survival of super Koji irradiated with γ-Rays. 

Dilution of control was 600-fold, while mutants were 50-fold diluted. Afterwards, 300 µl 

of mutants and 20 µl of control were spread on agar plates containing 0.4% Triton X-100: 

(a) Control, (b) 0.6 kGy, (c) 0.8 kGy (d) 1.0 kGy, (e) 1.2 kGy and (f) 1.4 kGy. 
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Table 3-1 Effect of gamma rays on the survival of super Koji (A. oryzae) grown on 

Potato Dextrose Agar (PDA) plates in the presence of 0.4% Triton X-100 

Dose (kGy) 
-1 

CFU ml 
-1 

Log CFU ml % Survival % Kill Log Kill 

0.0 3,450,000 6.538 100 - - 

0.6 3,167 3.501 0.092 99.908 3.037 

0.8 2,666 3.426 0.077 99.923 3.112 

1.0 1,167 3.067 0.034 99.966 3.471 

1.2 500 2.699 0.014 99.986 3.839 

1.4 167 2.223 0.004 99.996 4.315 

Where: CFU ml-1 is an average of triplicate values. 

CFU ml-1 = Viable count ml-1 of sample spread on the plate × Dilution factor 

% Survival = CFU ml-1 of irradiated÷ CFU ml-1 of control ×100 

% Kill = 100 - % Survival 

Log kill = log CFU ml-1 of control - log CFU ml-1 of irradiated fungus Gamma source= Cesium 137 

 

 Process Development for Screening Mutants 

 1st Step: Resistance to 1% (w/v) Triton X-100 

Well grown colonies resistant to 1% (w/v) Triton X-100 were carefully picked and 

purified. Twelve (12) colonies each from 60, 80, 100 kRad (0.60, 0.80, 1.00 kGy) dose and 

11 & 5 from 120 and 140 kRad (1.20 & 1.40 kGy) dose, respectively were selected. The 

colonies were propagated on separate plates containing SFGM and after incubation at 30 

°C for 6-8 days, a mat of fungal mycelia was spread over the whole plates. 

 2nd Step: Hyper Production of α-Amylase on SFGM 

As a result of mutants’ inoculation on the SFGM extracellular α-amylase enzyme was 

produced by each strain, which digested the starch present in the culture plate. The clearing 

zone was formed around the fungus on the plate; clearing zone index (CI) was determined 

by calculating the diameter of the colony and clearing zone (Figure 3-2 to 3-6). On the 

basis of CI total 23 potent mutants were screened out of the initial fifty four (54). The CI 

varied in a range on 2.1 ‒ 5.8 with mutant M- 120(7) and M- 100(12) having the smallest 

and largest clearing zone index, respectively (Table 3.2 to 3.6). 
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Figure 3-2 Production of α-amylases by super Koji mutants, generated through 60 

kRad gamma-ray treatment, on agar plates containing 2% w/v soluble starch and 

0.2% Triton X100. 

Table 3-2 Clearing zone indices for the production of α-amylases by A. oryzae cmc1 

mutants (60 kRad) grown on agar plates containing starch (2.0%, w/v) and 0.2% 

Triton X100 

Mutant No. Halo zone + Colony 

diameter (cm) 

Colony diameter (cm) Clearing zone index 

(CI) 

Control 2.75±0.15 0.85±0.051 3.23 

1 4.20±0.24 1.2±0.071 3.5 

2 4.25±0.25 1.2±0.07 3.54 

3 4.55±0.26 1.55±0.094 2.93 

4 4.45±0.26 1.2±0.07 3.70 

5 4.50±0.26 1.27±0.08 4.31 

6 4.22±0.24 1.2±0.07 3.52 

7 4.50±0.26 1.05±0.06 4.28 

8 3.95±0.23 1.15±0.071 3.43 

9 4.35±0.25 1.25±0.076 3.48 

10 3.95±0.22 1.05±0.064 3.76 

11 2.87±0.17 0.55±0.034 5.22 

12 4.30±0.24 1.25±0.07 3.44 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 
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Figure 3-3 Production of α-amylases by super Koji mutants generated through 80 

kRad gamma-ray treatment on agar plates containing 2% w/v soluble and 0.2% 

Triton X100. 

 

Table 3-3 Clearing zone indices for the production of α-amylases by A. oryzae cmc1 

mutants (80 kRad) grown on agar plates containing starch (2.0%, w/v) and 0.2% 

Triton X100 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 

Mutant No. Halo zone + Colony 

diameter (cm) 

Colony diameter (cm) Clearing zone index 

(CI) 

1 4.65±0.27 1.5±0.09 3.10 

2 4.80±0.28 1.35±0.08 3.55 

3 3.60±0.21 0.95±0.057 3.78 

4 5.20±0.3 1.95±0.12 2.66 

5 4.45±0.25 1.25±0.07 3.56 

6 4.45±0.26 1.1±0.06 4.04 

7 4.70±0.28 1.35±0.08 3.48 

8 4.75±0.27 1.9±0.11 2.50 

9 4.60±0.26 1.2±0.07 3.83 

10 5.85±0.34 1.35±0.08 4.33 

11 5.80±0.33 1.25±0.07 4.64 

12 5.90±0.34 1.45±0.089 4.06 
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Figure 3-4 Production of α-amylases by super Koji mutants, generated through 100 

kRad gamma-ray treatment on agar plates containing 2% w/v soluble starch and 

0.2% Triton X100. 

 

Table 3-4 Clearing zone indices for the production of α-amylases by A. oryzae cmc1 

mutants (100 kRad) grown on agar plates containing starch (2.0%, w/v) and 0.2% 

Triton X100 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 

Mutant 

No. 

Halo zone + Colony 

diameter (cm) 

Colony diameter 

(cm) 

Clearing zone 

index (CI) 

1 3.20±0.18 1±0.06 3.2 

2 3.20±0.18 0.7±0.04 4.57 

3 3.45±0.20 0.8±0.04 4.31 

4 3.30±0.19 0.7±0.04 4.71 

5 3.10±0.17 0.85±0.051 3.65 

6 6.15±0.35 1±0.06 6.15 

7 3.50±0.2 0.75±0.04 4.67 

8 3.00±0.17 0.9±0.054 3.33 

9 2.80±0.16 0.65±0.03 4.30 

10 3.45±0.2 1.75±0.1 1.97 

11 3.15±0.18 0.75±0.04 4.20 

12 4.1±0.23 0.7±0.04 5.86 
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Figure 3-5 Production of α-amylases by super Koji mutants, generated through 120 

kRad gamma-ray treatment on agar plates containing 2% w/v soluble starch and 

0.2% Triton X100. 

 

Table 3-5 Clearing zone indices for the production of α-amylases by A. oryzae cmc1 

mutants (120 kRad) grown on agar plates containing starch (2.0%, w/v) and 0.2% 

Triton X100 

Mutant 

No. 

Halo zone + Colony 

diameter (cm) 

Colony diameter (cm) Clearing zone 

index (CI) 

2 2.10±0.12 0.8±0.05 2.62 

3 2.00±0.11 0.7±0.04 2.85 

4 3.10±0.17 0.7±0.04 4.43 

5 4.55±0.26 0.92±0.056 4.92 

6 2.50±0.14 0.75±0.045 3.33 

7 4.15±0.24 1.9±0.11 2.18 

8 0.95±0.05 0.5±0.03 1.90 

9 2.95±0.17 0.85±0.051 3.47 

10 2.80±0.16 0.8±0.048 3.50 

11 4.05±0.23 0.7±0.04 5.78 

12 2.75±0.15 0.95±0.057 2.89 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 
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Figure 3-6 Production of α-amylases by super Koji and its mutants, 

generated through 140 kRad gamma-ray treatment on agar plates containing 2% 

w/v soluble starch and 0.2% Triton X100. 

 

Table 3-6 Clearing zone indices for the production of α-amylases by A. oryzae cmc1 

mutants (140 kRad) grown on agar plates containing starch (2.0%, w/v) and 0.2% 

Triton X100 

Mutant 

No. 

Halo zone + Colony 

diameter (cm) 

Colony diameter (cm) Clearing zone 

index (CI) 

1 2.55±0.14 0.8±0.048 3.19 

2 2.10±0.12 0.9±0.055 2.33 

3 1.60±0.09 1±0.06 1.60 

5 1.40±0.08 0.9±0.051 1.50 

6 4.65±0.27 1.15±0.07 4.04 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 

 

 3rd Step: Resistance to 2-Deoxy-D-Glucose 

Twenty three (23) mutants screened at previous stage were then subjected to catabolite 

repression i.e. resistance to 2-Deoxy-2-D-Glucose, and screening was done on the basis of 

α-amylase ‘CI’. The mutant M-100(6) had highest CI of 3.16, whereas the parental strain 

showed CI of 2.0. Nine (9) potent mutants were finalized for the next level of screening 

(Fig. 3-7, Table 3.7). 
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Figure 3-7 Production of α-amylases by super Koji mutants on agar plates 

containing 2-Deoxy D-glucose (0.1%, w/v) and 0.2% Triton X100; (a) Control, (b) 

60 KRad- M5 (c) 80 KRad-M10 (d) 80 KRad-M11 (e) 80 KRad-M12 (f) 100 KRad-

M6 (g) 100 KRad-M12 (h) 120 KRad-M5 (i) 120 KRad- M11 (j) 140 KRad-M6. 
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3. Results 

Table 3-7 Clearing zone Indices for the production of α-amylases by A. oryzae cmc1 

mutants on agar plates containing 2-Deoxy D-glucose (0.1%, w/v) and 0.2% Triton 

X100 

Clearance zone index (CI) = (halo zone diameter + colony diameter)/colony diameter. Data presented are 

average values ± SD of n = 3 experiments 

 

Mutant No. Halo zone + Colony 

diameter (cm) 

Colony diameter 

(cm) 

Clearing zone 

index (CI) 

Parent Koji 1.2±0.07 0.60±0.04 2.00 

M-60(2) 1.3±0.08 0.50±0.03 2.60 

M-60(4) 1.1±0.06 0.60±0.04 1.83 

M-60(5) 1.8±0.14 0.65±0.04 2.77 

M-60(7) 0.8±0.06 0.70±0.04 1.14 

M-60(10) 1.1±0.08 0.60±0.03 1.83 

M-60(11) 0.9±0.06 0.60±0.04 1.50 

M-80(6) 1.3±0.05 0.60±0.03 2.16 

M-80(9) 1.2±0.05 0.50±0.03 2.40 

M-80(10) 1.7±0.08 0.55±0.03 3.09 

M-80(11) 1.5±0.06 0.60±0.04 2.50 

M-80(12) 1.6±0.07 0.60±0.03 2.66 

M-100(2) 1.4±0.06 0.70±0.04 2.00 

M-100(3) 1.5±0.08 0.65±0.04 2.30 

M-100(4) 0.9±0.04 0.40±0.02 2.25 

M-100(6) 1.9±0.09 0.60±0.04 3.16 

M-100(7) 1.7±0.08 0.70±0.04 2.42 

M-100(9) 1.1±0.05 0.50±0.03 2.20 

M-100(12) 1.9±0.09 0.65±0.04 2.92 

M-120(4) 1.3±0.08 0.60±0.03 2.16 

M-120(5) 1.7±0.10 0.50±0.03 3.40 

M-120(10) 1.3±0.07 0.55±0.03 2.36 

M-120(11) 1.6±0.09 0.60±0.03 2.67 

M-140(6) 1.6±0.09 0.60±0.04 2.67 
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 4th Step: Hyper Production of α -Amylase on LFGM 

Wet cells density of the inoculum of parental and its mutant derivatives was calculated to 

ensure the equal number of cells transfer to produce α-amylase under liquid phase growth 

conditions (Table 3.8). The inoculum concentration used was 0.3g wet cells/100 ml. This 

step ensured that each flask contained equal cell mass to be propagated further, thereby, 

making the study comparable. Therefore, volume of the inoculum transferred in the shake 

flasks for α-amylase production contained equal amount of fungal cells. 

The total enzyme activity, extracellular proteins and specific activity of all (nine) 

the selected α-amylases hyper producer mutants were determined. Three super Koji mutant 

strains i.e. M-80(10), M-100(6) & M-120(5) gave about 4.3 fold hyper production of -

amylases, whereas, about 3-fold increase was for M-100(12), M- 120(12) & M-140(6) 

mutants. The Koji strain M-100(6) produced highest amount of α-amylase (26.77 U ml-1), 

which was about 4 fold higher than control (6.55 U ml-1). Specific activity of -amylases 

produced under submerged conditions by all mutants was higher than the parental strain 

(31.75 U mg-1) and highest value (370.73 U mg-1) was observed for M-100(6) mutant and 

was 11.7-fold higher (Table 3.9). 

Table 3-8 Estimation of wet cell mass density in inocula of 2-Deoxy D-Glucose 

resistant mutant derivatives of Aspergillus oryzae cmc1 for α-amylase production on 

submerged growth conditions 

γ-ray Exposure Wet cell density 

(g/ml) 

Inoculum used for α- 

amylase production (ml) 

Control 0.0486±0.0027 6.00±0.33 

M-60(M5) 0.0467±0.0025 6.24±0.34 

M-80(10) 0.1246±0.0068 2.34±0.13 

M-80(11) 0.1310±0.0072 2.22±0.12 

M-80(12) 0.0354±0.0019 8.23±0.45 

M-100(6) 0.0182±0.0010 16.0±0.88 

M-100(12) 0.0262±0.0014 11.14±0.61 

M-120(5) 0.2507±0.0130 1.16±0.06 

M-120(11) 0.1730±0.0095 1.68±0.09 

M-140(6) 0.2679±0.0140 1.09±0.06 

.  Data presented are average values ± SD of n = 3 experiments 
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Table 3-9 Production of α-amylases by 2-Deoxy D-Glucose resistant mutant 

derivatives of Aspergillus oryzae cmc1 for α-amylase production grown under 

submerged conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

        Data presented are average values ± SD of n = 3 experiments 

 

 5th Step: Hyper Thermostability of α –Amylases 

Pseudo first order plots were applied to determine half life (t½) at 55 °C of α- amylases 

produced by Koji mutant strains resistant to 2-deoxy-D-glucose (Fig. 3-8). Irreversible 

thermal stability of M-100(6) α-amylase was highest i.e. 2.5 fold among the mutants. The 

α-amylases of M-80(10) and M-120(5) were about 1.5 fold more stable than parental strain. 

Whereas, enzyme stability of M-100(12) and M-120(12) was about 1.3 fold decreased. 

Surprisingly M-60(5) amylase showed activation trend up to 30 min of incubation (Table 

3.10). Therefore, at last after the careful screening, M100-6 and M120-5 were selected as 

the most suitable mutants for further studies. 

The stability of potent mutants (M100-6 & M120-5) selected based on hyper productivity 

and thermostability of α-amylase at 55 °C was further evaluated at 60 °C. The mutant 

M100-6 retained its activity at 80% after treatment of 20 minutes. However, M120-5 and 

the control Koji strain showed a massive decline in the residual activity. Pseudo first order 

Mutant No. α-amylase 

(U ml-1 ) 

Protein 

(mg ml-1 ) 

Specific activity 

(U mg-1 ) 

Control 6.55±0.45 0.21±0.011 31.8 

M-60(M5) 15.49±1.05 0.14±0.007 114.5 

M-80(10) 26.65±1.81 0.11±0.006 251.5 

M-80(11) 9.76±0.57 0.14±0.007 70.0 

M-80(12) 4.92±0.29 0.1±0.005 48.9 

M-100(6) 26.77±1.39 0.07±0.004 370.7 

M-100(12) 17.83±0.93 0.05±0.003 332.7 

M-120(5) 26.22±1.36 0.12±0.006 215.2 

M-120(11) 21.05±1.10 0.18±0.009 118.0 

M-140(6) 19.47±1.01 0.26±0.013 75.7 
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plots were applied to determine the t½ at 60 °C (Fig. 3-9). Irreversible thermal stability of 

M-100(6) α-amylase was about 1.5 fold higher than the parental strain. (Table 3.11). 

 

 
Figure 3-8 Pseudo 1st order plots to determine the inactivation rate constants for 

irreversible thermal stability of α-amylases from mutant strains of A. oryzae cmc1 

at 55 °C. 

 

Table 3-10 Irreversible Thermal Stability of α-Amylases from 2-Deoxy D- Glucose 

Resistant Mutant Derivatives of Aspergillus oryzae cmc1 at 55 °C. 

 

-ray Exposure Kd (min-1 ) t½ (min) 

Control -0.033419 20.74 

60 KRad-M5 +0.006681 

-0.148948 

103.79td
 

4.65 

80 KRad-M10 -0.025435 27.25 

80 KRad-M11 -0.039135 17.71 

80 KRad-M12 -0.082685 8.38 

100 KRad-M6 -0.013307 52.09 

100 KRad-M12 -0.045898 15.10 

120 KRad-M5 -0.021796 31.80 

120 KRad-M11 -0.036753 18.86 

140 KRad-M6 -0.032123 21.58 

Kd (first order rate constant of inactivation determined from Figure 3-8), t½ (half-life) = 0.693/Kd. 

Activation trend was observed for M-60(5), td (doubling time) = 0.693/K. 
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Figure 3-9 Pseudo 1st order plots to determine the inactivation rate constants for 

irreversible thermal stability of α-amylases from potent mutants of A. oryzae cmc1 

at 60 °C. 
 

 

Table 3-11 Irreversible Thermal Stability of α-Amylases from 2-Deoxy D- Glucose 

Resistant Potent Mutants of Aspergillus oryzae cmc1 at 60 °C. 

Strain Kd (min-1) t½ (min) 

Control 0.0389 17 

M100-6 0.0279 25 

M120-5 0.0449 15 

Kd (first order rate constant of inactivation determined from Figure 3-9), t½ (half-life) = 0.693/Kd. 
 

 

At last it was found that the mutant M100-6 has better thermostability at higher 

temperature in comparison with the parental and mutant M120-5 strain. Therefore, this 

mutant was selected for further analysis and characterization. 

 Toxin Analysis on LC-MS 

To evaluate effect of gamma rays mediated mutagenesis on the production of aflatoxin by 

mutant strains of the super Koji, their crude extracellular enzyme extracts were analyzed 

on LC/MS. The full scans and selective ion monitoring showed that none of the potent 

mutant strains was producer of aflatoxins, hence all mutants were found to be safe for 

application in food & feed industry (Fig. 3-10 to 3-19). 
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 Aflatoxin analysis of Mutant M-100 (6) by MS-MS 

To reconfirm the findings regarding toxin analysis, the enzyme extract from mutant M100-

6 was further ran for the LC-MS-MS analysis along with the standards for aflatoxins. No 

aflatoxins were found in those scans (Fig. 3-20 & 21). 

 

Figure 3-10 Full LC/MS Scan of Aspergillus oryzae cmc1 (Parent Koji) 

 

Figure 3-11 Full LC/MS Scan of super Koji mutant M-60(5) 
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Figure 3-12 Full LC/MS Scan of super Koji mutant M-80(10) 

 

 

 

 

Figure 3-13 Full LC/MS Scan of super Koji mutant M-80(11) 
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Figure 3-14 Full LC/MS Scan of super Koji mutant M-80(12) 

 

 

 

 

Figure 3-15 Full LC/MS Scan of super Koji mutant M-100(6) 
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Figure 3-16 Full LC/MS Scan of super Koji mutant M-100(12) 

 

 

 

Figure 3-17 Full LC/MS Scan of super Koji mutant M-120(5) 
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Figure 3-18 Full LC/MS Scan of super Koji mutant M-120(11) 

 

 

 

Figure 3-19 Full LC/MS Scan of super Koji mutant M-140(6) 
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Figure 3-20 Standards for aflatoxins 

 

 

Figure 3-21 LC-MS-MS scans of Koji mutant M100-6 

 FESEM of Koji (A. oryzae) 

To assess effect of gamma rays on morphology of the fungal mycelium Field Emission 

Scanning Electron Microscopy (FESEM) was done. The mycelium becomes more 

compact/ rigid after application of gamma rays. The images of control Koji strain were 
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successfully taken up to resolution of x11,000, while for M100-6 mutant strain the 

maximum resolution was x3,300 (Fig. 3-22). 

 

 

Figure 3-22 FESM pictures of Koji and mutant M100-6:a) Koji mycelium x11000, 

(b) Mutant M100-6 mycelium x3300, (c) Koji mycelia x500 and (d) mutant M100-6 

mycelia x500 

 

 Kinetics of α -Amylase Production in Bioreactor (10L) 

The production of α-amylase, was determined for the control Koji strain and the mutant 

strain M100-6 grown on 2% (w/v) Rafhan starch, pH 6.5 at 30 °C. The productivity of -

amylase by M-100-6 strain in 10L bioreactor was maximum 40.04 U ml-1 (4004 U dl-1) 

after 23 h (Fig. 3-23). The mutant strain was more resistant as compared to parental strain. 

The specific rate (qp) of -amylase production of mutant strain (33.29 U g-1 h-1) confirmed 

that the mutant was more efficient in -amylase production than the parental strain (11.89 

U g-1h-1) (Table 3.12). 
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Specific activity of -amylases produced in 10L fermenter by mutant and parental 

strain was (2461 U mg-1) and (2452 U mg-1), respectively (Fig. 3-24). The change in pH, 

dissolved oxygen and cell mass formed by control and mutant strain over the time period 

for which the bioreactor was operated was determined (Fig. 3-25; 3-26). The bioreactor 

was fully packed with the Koji cell mass and surprisingly the enzyme did not require any 

centrifugation and was completely clear after simple filtration through muslin cloth (Fig. 

3-27). The cell mass studies of both the control and mutant strain stated that the mutant 

was capable of producing more proteins and enzyme despite a low cell mass. The doubling 

time for the mutant was higher (Table 3.12). 

Figure 3-23 Production of α-Amylase by the super Koji (A. oryzae) and its mutant 

derivative (M100-6) on starch in 10 L bioreactor at 30 °C, pH 6.5 
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Figure 3-24 Specific activity of α-Amylase produced by control A. oryzae and its 

mutant derivative M100-6 on starch in 10L bioreactor at 30 °C, pH 6.5 

 

 

 

 

Figure 3-25 Determination of biomass, dissolved oxygen and pH during the growth 

of control Koji (A. oryzae) strain grown on starch in 10L bioreactor at 30 °C 
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Figure 3-26 Determination of biomass, dissolved oxygen and pH during the growth 

of Koji mutant (M100-6) strain grown on starch in 10L bioreactor at 30 °C 

Figure 3-27 Illustration of the production of α-amylases by Koji mutant (M100-6) 

strain grown on starch in 10 L bioreactor at 30 °C. A: 10 L fermenter fully packed 

with Koji biomass, B: Filtered enzyme through simple muslin cloth 
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Figure 3-28 First order plot to determine the specific growth rate of cell mass 

formation by parent Koji and its mutant derivative M100-6 grown in 10 L 

fermenter on starch at 30 °C, pH 6.5. 

 
 

 

Table 3-12 Growth Kinetics of α -Amylase Production by Super Koji (A. oryzae 

cmc1) and mutant A. oryzae-M100 (6) in 10 L Fermenter grown under submerged 

condition on soluble starch (2% w/v) at 30 °C 
 

 

Strain 
-Amylase 

(U dl-1) 

Protein 
(mg dl-1) 

Cell 

mass 

(g dl-1) 

µ 
(h-1) 

 

Td 

(h) 

 

Y
p/x 

(U g-1) 

qp 

(U-1g-1h) 

Control 

Koji 
3181 1.297 21.4 0.08 8.66 149 11.89 

Mutant- 

100(6) 
4004 1.627 8.3 0.069 10.05 482 33.29 

Where: µ = Specific growth rate; td = Biomass doubling time, Yp/x = Product yield coefficient with respect 

to cell mass; qp = Specific rate of product formation. The µ was determined from the Fig 3- 28 
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 Kinetics of α -Amylase Production in Shake Flasks Under 

Submerged Growth Conditions 

 Effect of Temperature 

The effect of temperature on growth kinetic parameters of Koji mutant M100-6 was 

determined, which was grown on 2% w/v soluble starch, pH 6.5 at 27 °C, 30 °C, 33°C and 

35 °C. The production of α-amylase, total proteins, specific growth rate (qp), and doubling 

time (td) for biomass formation was determined (Fig 3-29 to 3-32). The growth was 

strongly affected by varying the temperature. The amylase production was maximum at 30 

°C (3658 U dl-1), which was more than double the production at 28 °C (1590 U dl-1). The 

production at 33 and 35 °C was extremely low (Table 3.13). The values of μ and td were 

maximum at 30 and 35 °C, respectively (0.058 h-1 and 77.01 h). The product yield Yp/x 

(189 U g-1) and the specific product rate formation was highest at 30 °C (10.96 U g-1 h-1). 

 

 
 

 

Figure 3-29 Effect of temperature on the production of α-amylases by mutant 

M100-6 Koji strain under submerged growth conditions in shake flasks with starch 

at pH 6.5. 

 

 



 

 

 81   

 

3. Results 

 
 

Figure 3-30 Effect of temperature on specific activity of α-amylases produced by 

mutant M100-6 Koji strain under submerged growth conditions in shake flasks with 

starch at pH 6.5. 

 

 
 

 

 

Figure 3-31 Effect of temperature on cell mass formation by mutant M100-6 Koji 

strain under submerged growth conditions in shake flasks with starch at pH 6.5. 
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Figure 3-32 Effect of temperature on cell mass formation by mutant M100-6 Koji 

strain under submerged growth conditions in shake flasks with starch at pH 6.5 

 

 

Table 3-13 Effect of Temperature on Growth Kinetics of -Amylase production by 

A. oryzae Mutant M100-6 under submerged growth conditions in Shake Flasks with 

Soluble Starch (2% w/v). 
 

 

 

Temp 

(°C) 

-Amylase 
(U dl-1) 

Protein 
(mg dl-1) 

Cell 

mass 

(g dl-1) 

µ 
(h-1) 

 

Td 

(h) 

 

Y
p/x 

(U g-1) 

qp 

(U-1g-1h) 

28 1590 3.25 11.21 0.044 15.75 128.9 5.67 

30 3658 3.58 16.43 0.058 11.9 189 10.962 

33 2510 1.89 13.2 0.048 14.43 97.8 1.36 

35 78 1.6 1.48 0.009 77.01 42.4 0.3816 

Where: µ = Specific growth rate; td = Biomass doubling time, Yp/x = Product yield coefficient with respect 

to cell mass; qp = Specific rate of product formation. The results are based on Fig 3-29 to 3-32 
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 Effect of Inoculum Level 

Varying inoculum levels were analyzed to determine the effect on the production of α-

amylase, of mutant strain M100-6 grown on 2% w/v soluble starch, pH 6.5 at 30 °C 

and the effect on growth kinetic parameters was evaluated (Fig 3-33 to 3-36). The growth 

was affected by varying inoculum density. The enzyme (amylase) production was 

maximum (3526 U dl-1) at 0.4% (w/v) pack cells inoculum’s density, which was double 

than that of 0.2% (w/v) inoculum density (U dl-1). The production at 0.05 and 0.1% (w/v) 

inoculum density was quite less (Table 3.14). The values of μ and td were maximum at 0.4 

and 0.05% (w/v) inoculum density, respectively (0.062 h-1 and 346.5 h). The product 

yield Yp/x (189.83 U g-1) and specific product rate formation was highest at 0.3 % (w/v) 

inoculum density (9.87 U g-1 h-1). The concentration of inoculum could not be increased 

than 0.4% (w/v) pack cells because the biomass was extremely increased at this cells 

density. 

 

 

 

Figure 3-33 Effect of inoculum density on the production of α-amylases by mutant 

M100-6 Koji strain under submerged growth conditions in shake flasks with starch 

at 30 °C, pH 6.5 
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Figure 3-34 Effect of inoculum density on specific activity of α-amylases produced 

by mutant M100-6 Koji strain under submerged growth conditions in shake flasks 

with starch at 30 °C, pH 6.5. 

 

 

 

 
 

 

 

Figure 3-35 Effect of inoculum density on cell mass formation by mutant M100- 6 

Koji strain under submerged growth conditions in shake flasks with starch at 30 °C, 

pH 6.5. 
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Figure 3-36 Effect of inoculum density on specific growth rate of mutant M100-6 

Koji strain under submerged growth conditions in shake flasks with starch at 30 °C, 

pH 6.5 

 

 

 

Table 3-14 Effect of Inoculum Density on Growth Kinetics of -Amylase Production 

by A. oryzae Mutant M100-6 grown under submerged conditions in Shake Flasks 

with Soluble Starch (2% w/v). 

 

Conc. 

(%) 

-Amylase 

(U dl-1) 

Protein 

(mg dl-1) 

Cell mass 

(g dl-1) 
µ 

(h-1) 

 

td 

(h) 

Y
p/x 

(U g-1) 

qp 

(U-1g-1h) 

0.05 705 1.67 1.14 0.002 346.5 423.14 0.846 

0.1 1050 1.89 11.2 0.040 17.32 93.75 3.75 

0.2 1763 2.04 11.36 0.048 14.40 155.10 7.44 

0.3 3351 3.58 16.43 0.052 13.32 189.83 9.87 

0.4 3526 3.41 16.84 0.062 11.17 140.32 8.41 

Where: µ = Specific growth rate; td = Biomass doubling time, Yp/x = Product yield coefficient with respect 

to cell mass; qp = Specific rate of product formation 
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 Industrial Trial of α -Amylase Produce of M-100(6) Koji 

Testing of the mutant’s α-amylase for the production of maltose syrup was carried out at 

Rafhan Maize Products, Faisalabad, and efficacy of the developed enzyme was found to 

be okay. The α-amylase hydrolyzed the liquefied starch into following end products: 

dextrins (DP4+), maltotriose (DP3) and maltose (DP2). Moreover, traces of glucose (DP1) 

were also observed in the hydrolyzed starch (Fig. 3-37). Hence, the enzyme was 

characterized as saccharifying amylase. 

 

 

 

 

 

Figure 3-37 HPLC Scan of Starch Syrup Hydrolysis by α-Amylase Production of 

Mutant M100-6 at 50 °C. 

 

 Amplification and Sequencing of α-Amylase Genes from 

Mutant M100-6 

AmyI, Amy II and AmyIII, upon analysis of the purified PCR product on 1% SDS gel 

single bands were obtained, which showed the high specificity of the designed primers 

(Fig. 3-38). The purified PCR product that contained the DNA fragment for the amylase 

genes along with the flanking regions was sequenced. The sequences were compared by 
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sequence alignment in the software clone manager. No mutation was detected in AmyI and 

Amy III. However, 4 mutations were detected in AmyII (Fig. 3-39). 

 

 

Figure 3-38 PCR amplification of full length α-amylase genes from A. oryzae 

mutant M100-6: a): Genomic DNA, M: markers kb DNA ladder b): Amplified α- 

amylase genes: Amy I + flanking region: 3.6 kb; Amy II + flanking region: 4.3 kb & 

Amy III + flanking region: 3.3kb 
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Figure 3-39 Alignment of α-amylase gene AmyII sequence of Koji mutant M100- 6 

with the control sequence shows mutations present. 

The mutations (Total= 4) are highlighted with peach color 

 

  Purification and Characterization of α-Amylase 

 Purification of α-Amylase from A. oryzae Mutant M100-6 

The constitutively produced extracellular α-amylase of Koji mutant M100-6, grown on 2% 

soluble starch under submerged conditions, was completed at 60% saturation at 0 °C (Fig 

3-40). The crude enzyme was 1.64 fold purified after fractional precipitation and specific 

activity of the purified α-amylase was 1636 U mg-1 proteins (Table 3.15). Purity of the α-

amylase was at homogeneity level as a single protein band was found on 10% SDS-PAGE, 

which was further confirmed through zymographic analysis by using the SDS-DR-PAGE 

(Fig 3-41). The precipitated protein was then dissolved in buffer and dialyzed to remove 

excess salts and lypholyzed to concentrate the enzyme. 
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Figure 3-40 Ammonium sulphate precipitation of Koji mutant M100-6 α-amylase 

 

Table 3-15 Purification of alpha amylase from Koji mutant strain M100-6 

Description Total 

Vol. 

(ml) 

Total 

Activity 

(Units) 

Total 

Protein 

(mg) 

Specific 

Activity 

(U mg-1) 

Purification 

(fold) 

Recovery 

(%) 

Crude 
200 7122 7.16 995 1.0 100 

Ammonium 

sulphate 

precipitation 

 
43 

 
5890 

 
3.6 

 
1636 

 
1.64 

 
82.7 

Where, all quoted values were after dialysis against distilled water 

  Subunit Molecular Mass of Koji Mutant M100-6 α-Amylase 

10% sodium-dodecyl-sulphate-denaturing-renaturing-PAGE (SDS-DR-PAGE) was used 

to determine the subunit molecular mass of α-amylase produced by Aspergillus oryzae 

mutant M100-6 and apparent mass of the purified α-amylase was found to be 38 kDa (Fig 

3-41). The activity staining was done to reconfirm the molecular mass; single band of the 

activity staining at the corresponding position confirmed that the protein was alpha 
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amylase. To calculate the accurate molecular mass standard curve of the protein ladder 

was drawn (Fig 3-42). The subunit mass of α-amylase was 38 kDa. Moreover, on native 

PAGE a single band was found, which provided clue that the Koji mutant α-amylase had 

no isoforms. 

 

Figure 3-41 10% SDS-DR-PAGE to determine the subunit molecular mass of 

α- amylase production of Koji M100-6: A: Purified α-amylase M: Pre-stained 

protein markers ladder Thermo Scientific® [100, 70 (Red band), 55, 40, 35, 25 KDa] 

B: zymographic analysis of renatured α- amylase 

 

 
Figure 3-42 Standard curve for pre-stained protein markers ladder Thermo 

Scientific® applied on 10% SDS-DR-PAGE to determine the subunit molecular 

mass of α-amylase produced by Koji M100-6. 
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  Temperature Optimum and Activation Energy 

Optimum temperature of purified α-amylase from A. oryzae mutant M100-6 for starch 

hydrolysis was 55 °C (Fig 3-43). The Arrhenius plot for energy of activation (Ea) for starch 

hydrolysis was biphasic in nature (Fig 3-44) and the energy required to form the transition 

complex (ES*-complex) at 55 °C was 46.87 kJ mol-1, whereas, the temperature quotient 

(Q10) was 1.716 (Table 3.16). 

 

Figure 3-43 Effect of temperature on Koji M100-6 α-amylase activity. 

Data presented is mean of three values 

 

Figure 3-44 Arrhenius plot for the determination of activation energy for soluble 

starch hydrolysis by Koji M100-6 α-amylase 
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  pH Optimum and Identification of Active Site Residues of Koji 

M100-6 α-Amylase 

Optimum pH of purified α-amylase from Aspergillus oryzae M100-6 for the starch 

hydrolysis was determined at various temperatures, which come to be in a range of 5.0 - 

6.35 with the maximum activity at 5.5 pH (Fig 3-45). However considerable activity was 

exhibited at pH close to 7.0 at 45 °C. The dissociation constants (pKa1  and pKa2) values 

for the ionizable groups of active site residues involved in the starch hydrolysis were 

determined by using Dixon plot at variable temperatures (Fig 3-46) and presented in Table-

3.17. The pKa1 and pKa2 at optimum temp (55 °C) of the acidic and basic limbs i.e. 5.0 & 

7.1, respectively were compared with values of the ionizable groups present in the proteins. 

It was found that side chain carboxyl was responsible in proton donation while imidazole 

was receiving the protons released during the catalysis. Moreover, side chain carboxyl 

value was matched with glutamic acid while imidazole with the histidine. Hence, glutamic 

acid and histidine were lining the active site of α-amylase of A. oryzae mutant M100-6. 

The heat of ionization (ΔHI) was found by applying the Dixon plot (Fig 3-47) and was 

found (Table 3.16). 

 

Figure 3-45 Effect of pH on Koji M100-6 α-amylase activity at different 

temperatures.  

Data presented is mean of three values. 
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Figure 3-46 Dixon plot for the determination of pKa values of active site residues 

(ionizable groups controlling maximum velocity) of Koji M100-6 α-amylase at 

various temperatures. 

 

 

 

 

 

 

 
 

Figure 3-47 Dixon plot for the determination of heat of Ionization (ΔHI) of active 

site residues of Koji M100-6 α-amylase. 
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Table 3-16 Kinetic and physiochemical properties of α-amylases from A. oryzae 

mutant M100-6 

Description Value 

Temperature optimum (oC) 55 °C 

Ea (kJ mol-1) 46.87 

Temp. quotient (Q10) 1.72 

pH optimum 5.55 

pH range 5.0 - 6.35 

pKa1 5.00 

pKa2 7.10 

ΔHI proton donating residue 12.90 kJ mol-1
 

ΔHI proton receiving residue 8.37 kJ mol-1
 

 

 

Table 3-17 Effect of temperature on pH optimum and pKa values of ionizable 

groups of α-amylases from A. oryzae M100-6 

 

Description 45 °C 50 °C 55 °C 60 °C 

pH optimum 5.55 5.55 5.55 5.55 

pH range 5.0 - 7.20 5.0 - 6.35 5.0 - 6.35 5.0 - 6.2 

pKa1 4.65 4.80 5.00 5.10 

pKa2 6.80 7.00 7.10 7.25 
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3. Results 

  Kinetics and Thermodynamics of Starch Hydrolysis 

 Functional Stability/Reusability & Scanning Electron Microscopy 

of Immobilized α-Amylases 

The datum was plotted in two different forms using linear and nonlinear regression. Eadie-

Hofstee plot was used for linear regression. However, in order to apply non- linear 

regression the Michaelis Menten analysis was performed using GraphPad Prism version 

6.1 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com (Fig 

3-48; 3-49). The values of Vmax, and Km determined by nonlinear regression by the software 

were 871 U mg-1 protein min-1 and 2.5 mg soluble starch ml-1, respectively. The Eadie-

Hofstee plot-based determination of Michaelis- Menten kinetic constants: Vmax, Km and 

Vmax/Km come to be 365 U mg-1 protein min-1, 0.949 mg soluble starch ml-1 and, 

respectively. 

 

 

Figure 3-48 Eadie Hofstee plot to determine the Michaelis Menten kinetic constants 

for soluble starch hydrolysis by α-amylases with A. oryzae M100-6 at 55 °C, pH 5.5. 

 

http://www.graphpad.com/
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3. Results 

 
Figure 3-49 Determination of Michaelis Menten kinetic constants for soluble starch 

hydrolysis by α-amylases from A. oryzae M100-6 at 55 °C, pH 5.5. 

 

Table 3-18 Kinetics and thermodynamics of soluble starch hydrolysis by α- 

amylases of A. oryzae M100-6 at 55 °C, pH 5.5 

 

Property Linear regression Non-linear 

Vmax (U mg-1 min-1) 398 862 

Km (mg ml-1) 1.14 2.42 

Vmax/Km 349.12 356.19 

Kcat (s
-1) 252.1 546 

Kcat / Km 221.1 225.6 

H* kJ mol-1
 44.147 44.147 

G* kJ mol-1
 65.51 63.40 

S* J mol-1 K-1
 -65.132 -58.7 

G* (E-S) kJ mol-1
 0.3573 2.41 

G* (E-T) kJ mol-1
 -14.72 -14.77 
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3. Results 

The thermodynamics of substrate hydrolysis by α-amylases produce of A. oryzae 

M100-6 at 55 °C, pH 5.5 was determined. The change in Gibs free (G*), enthalpy (H*) 

and entropy S* based on the values determined by Prism software was 63.40 kJ mol-1, 

44.147 kJ mol-1 and -58.7 J mol-1 K-1, respectively (Table 3.18). 

  Kinetics and Thermodynamics of Irreversible Thermal 

Inactivation 

The thermal stability of the enzyme produced by mutant M100-6 was determined at 

temperatures 55 -70 °C up to 60 min. The residual activity was determined and the enzyme 

was found to retain more than 80% of its activity after being treated at 60 °C for 15 minutes. 

To evaluate the kinetics and thermodynamics of thermal inactivation pseudo first order 

plots were applied (Fig 3-50). The half-life of the mutant Koji M100-6 was 23.8 min at 60 

°C, which surprisingly reduced to only 9.9 min with the increase of only two degrees in 

temp. The thermodynamic parameters at 60 °C i.e. Gibbs free energy (G*), enthalpy 

(H*) and entropy (S*) were 103.00 kJ mol-1, 237.84 kJ mol-1 and 404 J mol-1K-1, 

respectively (Table 3.19). 

 

Figure 3-50 Pseudo first order plots for the determination of irreversible thermal 

inactivation of α-amylases of A. oryzae M100-6 at different temperatures. 
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3. Results 

 
 

Figure 3-51 Arrhenius plot for the determination of activation energy for 

irreversible thermal denaturation of Koji M100-6 α-amylase 

 

Table 3-19 Kinetics and thermodynamics of irreversible thermal stability of α- 

amylase from Koji mutant M100-6 

Temp 

(°C) 

Temp 

(K) 

Kd 

(min-1) 

t½ 

(min) 

H* 

(kJ mol-1) 

G* 

(kJ mol-1) 

S* 

(J mol-1K-1) 

55 328 0.013 52.09 237.88 103.60 409 

60 333 0.029 23.8 237.84 103.00 404 

62 335 0.07 9.9 237.81 101.49 405 

66 339 0.269 2.57 237.79 98.63 411 

70 343 0.49 1.41 237.76 98.11 407 

Where activation energy for irreversible thermostability (Ead) of M100-6 amylase was 240.61 kJ mol-1 

  Immobilization of α-Amylase 

In the initial steps for choosing a suitable support for entrapment of α-amylase, different 

concentrations of alginate were used and mixed with chitosan to make different types of 

beads. Recycling ability of all the beads was tested to choose the beads having the best 

recyclability for further characterization. 
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3. Results 

  Functional Stability/Reusability & Scanning Electron Microscopy 

of Immobilized α-Amylases 

The enzyme was entrapped in different concentration of alginate as described in 

methodology section and each type of beads starch at 55 °C. Beads having 5% alginate 

concentration showed best results for reusability. They retained more than 90% of activity 

in first three cycles. A decline of up to 70 % was observed in the 4th cycle, which was then 

further declined. However, in all other beads a sudden decline in activity was observed in 

the 2nd cycle (Fig 3-52). Inferring from this experiment I chose the enzyme entrapped 

alginate bead having 5% sodium alginate concentration for further characterization. Three 

of the enzyme entrapped beads were studied under scanning electron microscope. The 

images showed the rough and porous surface of the beads. However, the 5% alginate-

chitosan-glutaraldehyde beads showed the roughest surface thereby increasing the surface 

area to a great extent (Fig 3-53). The uneven surface of the beads is clearly visible that 

makes it possible for the starch hydrolysis to take place by the enzyme entrapped inside 

the bead. 

 

Figure 3-52 Functional stability of M100-6 α-amylase immobilized on various 

supports. 

  Efficiency and Apparent Activity 

The comparison of free and entrapped enzyme was done. The enzyme entrapped in alginate 

beads was selected for further characterization as it showed an entrapment efficiency of 



 

 

 102   

 

3. Results 

81.01% and maximum protein was loaded on them i.e. 1.8 g per 100 mg of beads (Table 

3.20). 

 

Figure 3-53 Field Emission Scanning Electron Microscopy of α-amylase 

immobilized in alginate a) 3% alginate beads b) 5% alginate beads c) 5% alginate 

beads coated with chitosan 

 

Table 3-20 Immobilization efficiency of Koji α-amylase through entrapment 
 

Support 
Protein Immobilized 

(μg/100 mg beads) 

Entrapment efficiency 

(%) 

3% alginate 1.57 76 

5% alginate 1.80 81 

7% alginate 1.27 66 

5%-alginate-chitosan- 

Glutaraldehyde 

1.29 86 

5% alginate-chitosan 1.49 71 
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3. Results 

  Effect of Temperature 

The temperature optimum was not altered due to immobilization and the entrapped Koji 

α-amylase worked best at 55 °C (Fig 3-54). The activation energy of the immobilized 

enzyme was calculated by constructing the Arrhenius plot and was 68.175 kJ mol-1, which 

was higher than that of the free enzyme (Fig 3-55). 

 

Figure 3-54 Effect of temperature on Koji M100-6 α-amylase activity entrapped in 

5% alginate beads 

 

 

Figure 3-55. Arrhenius plot for the determination of activation energy for 

irreversible thermal denaturation of Koji M100-6 α-amylase immobilized in 5% 

alginate beads. 
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3. Results 

  Irreversible Thermal Inactivation 

The immobilized Koji amylase was treated at different temperatures ranging from 58 to 70 

°C. The entrapped enzyme exhibited stability uptil 62 °C, which was a rise of 2 °C in 

comparison with the free enzyme. Residual activity was studied and it was evident that the 

immobilized enzyme retained uptil 90% of the activity after being treated at 62 °C for 15 

minutes (Fig 3-56 to 3-57). The immobilized enzyme had a half-life of 43.3 minutes (Table 

3.21). 

 

Figure 3-56 Pseudo first order plots for the determination of irreversible thermal 

inactivation of α-amylases in A. oryzae M100-6 when entrapped in alginate beads. 

 

 

 

Figure 3-57 Arrhenius plot for the determination of activation energy for 

irreversible thermal denaturation of Koji M100-6 α-amylase immobilized in 5% 

alginate beads 
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3. Results 

Table 3-21 Kinetics and thermodynamics of irreversible thermal stability of 

α- amylase from Koji mutant M100-6 entrapped in alginate beads 

Temp 

(°C) 

Temp 

 
(K) 

Kd 

 
(min-1) 

t½ 

(min) 

H* 

 
(kJ mol-1) 

G* 

 
(kJ mol-1) 

S 

 
(J mol-1K-1) 

58 331 0.016 43.3 157.38 104.00 161 

62 335 0.030 23.1 157.34 103.54 161 

66 338 0.088 7.87 157.31 101.78 164 

70 343 0.119 5.82 157.28 102.15 161 

Where activation energy for irreversible thermostability (Ead) of immobilized M100-6 α-amylase was 

160.127 kJ mol-1 

 

 

 Effect of pH 

The enzyme entrapped beads were assayed for starch hydrolysis at different pH at 55 °C. 

The beads were capable of hydrolyzing the starch over a wide range of pH i.e. 4.5-7.2 (Fig 

3-58). In comparison to the free enzyme the immobilized enzyme worked on a wider range 

of pH. 

 

Figure 3-58 Effect of pH on activity of α-amylase immobilized in 5% alginate beads 

at 55 °C 
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3. Results 

 Effect of Metals on Koji’s α-Amylases 

  Effect of Metals on Temp Optimum 

Optimum temperature of apo-amylase from Aspergillus oryzae mutant M100-6 for starch 

hydrolysis was 55 °C (Fig 3-59). It remained same for the Cobalt-bound α- amylase. 

However, in case of calcium bound amylase the optimum temperature increased by 5 

degrees and was 60 °C. Activation energy for substrate hydrolysis was 34.4, 42.5 and 47.66 

kJ mol-1 for apo-amylase, cobalt- and calcium-bound α-amylase, respectively (Fig 3-60). 

Moreover, temperature quotient (Q10) for Ca bound amylase was highest (Table 3.22).  

Table 3.22 Effect of metals on temp optimum and activation energy for soluble 

starch hydrolysis by α-amylases produce of A. oryzae mutant M100-6 

 

Description Apo-amylase CaCl2 CoCl2 

Temperature optimum (°C) 55 °C 60 °C 55 °C 

Ea (kJ/mol) 34.4 47.66 42.5 

Temp. quotient (Q10) 1.486 1.704 1.632 

 

 

 

Figure 3-59 Effect of metals on the temperature optimum of Koji α-amylase 
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3. Results 

 

 

Figure 3-60 Arrhenius plot to determine the effect of metals on activation energy 

for starch hydrolysis by Koji α-amylase 

 

  Effect of Metals on Optimum pH 

Starch hydrolysis at different temperatures was found to fall in a range of 5.0-6.5 with the 

maximum activity at 5.50 pH and a similar trend was exhibited by cobalt-bound amylase. 

However, with the addition of CaCl2, the pH range become broader i.e. 5.5 –7.5 and the 

maximum enzyme activity was at pH 6.5 (Fig 3-61). 
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3. Results 

 

Figure 3-61 Effect of metals on the pH optimum of Koji α-amylase 

  Effect of Metals on Kinetics of Substrate Hydrolysis 

The chelation (removal) of metals reduced the activity of A. oryzae M100-6 α- amylase 

because the Vmax of apo-amylase was 337 U mg-1 protein as compared to the control α-

amylases having 862 U mg-1 protein. On the other hand, the Km value of metals stripped 

off amylases was decreased from 2.42 to 1.01 mg ml-1 (Table 3.18; 3.23). Both metals i.e. 

cobalt and calcium activated the amylase, while maximum activation was with CaCl2 and 

maximum velocity increased to 1278 U mg-1. Similarly, the metals attachment just like 

control increased the Km value, which become 1.86 and 2.17 for CoCl2 and CaCl2, 

respectively. The specificity constant (Vmax/Km) was maximum for CaCl2 treated amylase 

and was 589 (Table 3.23). 

Table 3-23 Effect of metals on Michaelis Menten kinetic constants for soluble starch 

substrate hydrolysis by Koji α-amylase 

Description 
 

Apo-amylase CoCl2 CaCl2 

Vmax (U mg-1) 337 823 1278 

Km (mg ml-1) 1.01 1.86 2.17 

Vmax/Km 334 443 589 
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3. Results 

 

Figure 3-62 Effect of metals on Michaelis Menten kinetic constants during soluble 

starch hydrolysis by α-amylases from A. oryzae M100-6 at 55 °C, pH 5.5. 

 

  Effect of Metals on Irreversible Thermostability of α- Amylases 

Metals stripped off α-amylase produce of mutant M100-6 was determined by treating the 

enzyme at 60-70 °C up to 60 min. These were applied to determine the metals effect on 

the kinetics and thermodynamics of irreversible thermostability of M100-6 Koji amylase 

(Fig. 3-63 to 3-65). Energy of activation of irreversible thermal inactivation [Ea(d)] 

determined by applying the Arrhenius plot of apo-amylase was 100.93 kJ mol-1(Fig.  3-

66). The Ea(d) of calcium and cobalt treated amylases was 112.82 kJ mol-1 and 104.57 kJ 

mol-1, respectively. 

 
 

Figure 3-63 Pseudo first order plots for the determination of irreversible thermal 

inactivation of apo-α-amylases of A. oryzae M100-6. 
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3. Results 

 

 
 

Figure 3-64 Pseudo first order plots for the determination of effect of Cobalt on 

irreversible thermal inactivation of α-amylases of A. oryzae M100-6 

 

 

 

Figure 3-65 Pseudo first order plots for the determination of effect of Calcium on 

irreversible thermal inactivation of α-amylases of A. oryzae M100-6 
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3. Results 

 

 
 

Figure 3-66 Arrhenius plot for the determination of metals’ effect on activation 

energy for irreversible thermal denaturation of Koji M100-6 α-amylase 
 

 

Metals effect on thermodynamics of irreversible thermostability was determined 

by calculating the change in Gibbs free energy (G*), enthalpy (H*) and the entropy 

(S*) of activation of thermal inactivation. 

The half-life (t½) of Ca bound amylases at 58 °C was extremely high (86 min) as 

compared to apo- (40 min) and Cobalt bound α-amylase (44 min). Moreover, G* value 

of calcium bound amylases was highest 105.89 as compared to the apo- and cobalt treated 

enzyme, which have 103.81 and 104.05 kJ mol-1, respectively (Tables 3.24 to 3.26). 

Table 3-24 Kinetics and thermodynamics of irreversible thermal stability of apo- 

amylase of Koji M100-6 
 

Temp 

(°C) 

Kd 

(min-1) 

t½ 

(min) 

H* 

(kJ mol-1) 

G* 

(kJ mol-1) 

S* 

(J mol-1K-1) 

54 0.009875 70.7 98.21 104.02 -17.77 

58 0.01713 40.4 98.18 103.81 -17.02 

62 0.02600 26.66 98.14 103.94 -17.29 

66 0.04239 16.35 98.11 103.83 -16.88 

70 0.05454 12.7 98.08 104.37 -18.36 

Ea (d) = 100.93 kJ mol-1 
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Table 3-25 Effect of CoCl2 on kinetics and thermodynamics of irreversible thermal 

stability of apo-amylase of Koji M100-6 

 

Temp 

(°C) 

Kd 

(min-1) 

t½ 

(min) 

H* 

(kJ mol-1) 

G* 

(kJ mol-1) 

S 

(J mol-1K-1) 

54 0.008560 80.9 101.85 104.41 -7.83 

58 0.01570 44.15 101.82 104.05 -6.75 

62 0.02215 31.28 101.78 104.38 -7.76 

66 0.03883 17.84 101.75 104.08 -6.87 

70 0.05072 13.66 101.72 104.58 -8.35 

Ea (d) = 104.57 kJ mol-1 

 

 

Table 3-26 Effect of CaCl2 on kinetics and thermodynamics of irreversible thermal 

stability of apo-amylase of Koji M100-6 

 

Temp 

(°C) 

Kd 

(min-1) 

t½ 

(min) 
H* 

(kJ mol-1) 

G* 

(kJ mol-1) 

S 

(J mol-1K-1) 

54 0.005958 116.338 110.10 105.40 14.39 

58 0.008050 86.10 110.07 105.89 12.62 

62 0.01955 35.45 110.03 104.73 15.83 

66 0.02515 32.23 110.00 105.31 13.85 

70 0.03784 18.31 109.97 105.42 13.27 

Ea (d) = 112.82 kJ mol-1
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4 Discussion 

The second major food reserve in nature, after cellulose, is starch, which is a 

polysaccharide. Plants synthesize starch in the presence of sunlight and water. Alpha-

amylases are extracellular enzymes that are activated white catalyzing the hydrolysis of 

CC-1,4-linkage of the starch molecule [3]. The use of enzymes in industry has almost 

completely replaced acid hydrolysis as a tool for conversion of a substrate into products. 

Alpha-amylases are a class of enzymes that are giving importance in many industrial 

processes including the food and livestock industry. Livestock provides about 11.9% of 

Pakistan's GDP, which is greater than the crop sector. This information was deduced from 

Pakistan Economic Survey, 2013. The livestock sector, one of the largest industrial 

sectors of the country, has the potential to utilize ~1200 tonnes of feed enzymes/annum. 

Current demand in Pakistan is ~480 tonne/ annum (worth of ~Rs.228.0 million), which is 

utilized by about 35% of farmers (Market survey). Feed enzymes offer a natural way for 

enhancing assimilation of feed, resulting in healthier animals with enhanced feed 

transformation and waste quality. Therefore, there is a dire need for the use of enzymes in 

industrial processes. All feed enzymes are imported, which involves a huge investment of 

foreign exchange. For the production of indigenous enzyme strain development is crucial. 

This can make us capable of producing enzymes with tailor- made qualities, suitable to our 

industrial needs and boosting our economy. In this perspective, current research involved 

mutating an A. oryzae strain, by exposing it to highly ionizing gamma rays for hyper-

production and enhanced thermal stability of α-amylase. It also analyzed the influence of 

X-rays on the kinetics and production of α-amylase and thermodynamics of cell mass 

formation. The enzyme was also characterized for its kinetic and thermodynamic 

properties. Furthermore, the effects of immobilization and metal ions on the 

thermodynamic and catalytic characteristics of α-amylases were also calculated. 



 

 

 114   

 

4. Discussion 

 Process Development for Mutants Screening 

 Improvement of A. oryzae for Hyper-Production of Alpha 

Amylases 

The production of secondary metabolites by microbes is something integral for their 

survival but in industry the desired goal is a high titer. To achieve this target strain 

development is required [131]. Random mutagenesis is carried out by different methods 

including γ- ray exposure, chemical exposure or directed evolution. We used γ-ray induced 

mutagenesis because they bring about persistent mutations in the organism. For enhanced 

enzyme production improvement of strain by mutation is still a very efficient and 

traditional method. To achieve functional and genetic modifications in an organism, 

random mutagenesis is a very worthwhile tool [132]. 

In order to know the efficiency of the mutagen it is necessary to know that a highly 

effective mutagen may not be efficient. The choice of mutagen for any treatment is of 

pivotal importance [133]. There is no conclusive evidence for the use of one mutagenic 

agent over another but in many studies it has been inferred that gamma rays were more 

effective than chemical mutagens [134]. The mutations produced by gamma rays and EMS 

are evenly distributed throughout the genome making the mutations random [135]. 

Aspergillus oryzae isolates are generally used in variety of industrial processes [136]. 

Strain development plays important role in making a process more feasible. Random 

mutagenesis is a well-known approach for the improvement of microbes [45]. A process 

was developed to improve transgenic fungal strain A. oryzae cmc1 (Super Koji). After an 

extensive screening procedure, we have successfully developed a mutant Koji strain M-

100 (6), which is a hyper producer of thermostable α-amylases. 

In this study, gamma rays were used to induce mutations that are persistent and 

become an integral part of the genome. The prerequisite for choosing a dose of gamma rays 

is 3.0 log kill, and all selected gamma rays doses produced log (kill higher than of 3.0. It is 

generally believed that mutants selected on this basis will have persistent mutations that 

will not revert. As all the doses had >3.0 log kill, it was concluded that resulting mutants 

were suitable for further screening. This killing rate is also recommended by most of the 

workers for selection of enhanced producer mutants of industrially significant enzymes 

[137]. A variety of mutants were pooled that were further screened for desirable traits. 

Potent mutants were selected from each dose. 
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4. Discussion 

Gamma rays are reported to induce mutations for strain development for improved 

enzyme production in A. niger [138]. By inducing stable mutations via gamma-ray 

irradiation, plant genetic variability was enhanced. G8 (Zh-30 line), basically formed as a 

result of induced mutations with gamma-ray irradiation, exhibiting grain yield 

expressively greater than control varieties [139]. Lipase production was increased by 

inducing mutation with gamma rays in different fungal strains including Rhizopus 

microsporus, Aspergillus niger and Penicillium atrovenetum [52]. 

The first mutant screening was based upon resistance to Triton X-100 (1% w/v), 

which is a detergent. The idea is that mutants resistant to this extreme environment may 

have thermostable enzymes. An organism inhabiting extreme environments produce 

biocatalysts having novel properties [140]. Detergents are found to affect fungal 

metabolism and also exhibit inhibitory effect on the overall growth of fungi. Triton-X100 

restricts the colony size, therefore, it hinders the merging of colonies on a culture plate 

[141-143]. This was found to be very effective in our initial screening for the mutants as it 

restricted growth and as a result we were able to get individual colonies for further 

propagation. 

In solid state culture, enzyme production is determined by measuring the clearing 

zone around the fungal colony with a larger halo zone that is indicative of higher enzyme 

production. Halo zone diameter is a reliable parameter for strain screening [50, 144, 145]. 

A clearing zone Index (CI), a ratio of enzyme activity halo zone to colony size, is an 

accurate way to evaluate enzyme productivity by the mutants. CI gives better insight into 

enzyme production in accordance with the size of the colony, hence growth of the organism 

[55]. 

The major focus of this research was selection based on hyper production of α -

amylases. The CIs of 23 mutants were screened. In the absence of Triton X-100, the 

organism grows quickly making the measurement of the clearing zone difficult. However, 

a high concentration of Triton X-100, the enzyme production is affected. The 

concentration of Triton X-100 was optimized to be 0.2%(w/v). At this concentration, 

the growth of the organism was restricted with maximum extracellular production of the 

enzyme. 
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4. Discussion 

Catabolite repression is a phenomenon in which enzyme production is hindered 

lowered in the presence of the catalysis product. This is caused by the existence of 

microscopic gradients between cell aggregates, or alteration in cell permeability to sugars 

[146]. For the screening of repression resistant mutants, glucose analog (2–Deoxy-D-

Glucose) was used [57, 147]. Mutants resistant to such toxic metabolite analogs may 

contain enzymes that are impervious to feedback inhibition [148]. A decrease in the size 

of the clearing zone is reportedly due to the presence of sugars in media [149]. The 

catabolite repression approach was used to obtain mutants and we isolated those that 

showed greater CI despite the presence of 2DG indicating hyper production of the desired 

enzyme. Mutants showing resistance to catabolite repression did not show retardation of 

amylase production in the presence of the end produces maltose and glucose. The 

production of amylase in the presence of glucose and maltose is considered a good 

parameter for selection of potent mutants. 

Enhanced thermal stability of the -glucosidase (BGL) enzymes in the presence of 

ZDG (glycosylation inhibitor), and by random mutagenesis had been described for 

Termitomyces clypeatus [150]. The stability of BGL from the mutant derivative of 

Cellulomonas biazotea NIAB 442 against 4 M urea was improved [151]. 

The tendency of on organism to secrete enzymes in submerged conditions was 

checked. For each mutant to be comparable, an equal amount of cell density for the 

propagation of the culture in submerged conditions was used. Different parameters for the 

determination of cell density include packed-cells density, wet-cell density, optical 

density, etc. 

Specific activity is an index to determine the purity of the enzyme in a mixture. A 

high specific activity is indicative of the higher concentration of the desired enzyme 

amongst the total proteins of the system [152]. Apart from the high per unit activity the 

selected mutant had a specific activity of 370.73 Umg-1, which was ~12 times higher as 

compared to the parental strain. This showed that the mutant could produce more of the 

desired enzyme more than the control strain. The specific activity of partially purified 

amylase of Aspergillus awamori has been reported to be 69.7 U mg-1 [152]. 

Thermal stability of enzymes is a significant parameter to increase the economy of 

industrial processes [145, 153]. Temperature is significant factor that influences the 
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4. Discussion 

activity of enzymes. The thermal stability of mutant M- 100(6) α-amylase at 55 °C was 

increased along with the per-unit activity. At elevated temperatures, the stability of the 

enzyme decreases. Although some other thermostable α-amylases are reported, including 

α-amylase from Bacillus licheniformis AT70, A. niger strains, R. oryzae FSIS4, Fusarium 

sp. and Laceyella sacchari TSI-2, Those from Bacillus licheniformis AT70, A. Riger 

strains, R. oryzae FSIS4, Fusarium sp. And sacchari TSI-2 have been reported to retain 

residual activity (70-90%) at temperatures between 40-60 °C [153-157]. The α-amylase 

produced from thermophilic which fungal strains STG3E and STG6E showed maximum 

amylase activity after 10 min incubation at 55 °C [145]. Thermostability of mutant amylase 

was enhanced, and the half-life was increased by 2.5-fold. Gamma irradiations at low doses 

are reported to stimulate the tolerance to environmental stress in plants [158]. 

Javed et al. [94] reported that gamma ray induced mutations in A. niger improved 

the properties of BGL. Physiochemical and thermodynamic characterization of 

extracellular BGL demonstrated that mutagenesis did not enormously influence the 

physiochemical properties of the BGL enzyme like molecular mass, temperature and pH 

optima, but catalytic proficiency for cellobiose hydrolysis was greatly enhanced. 

Moreover, the mutant BGL was thermostable more than the parent enzyme. Additionally, 

we found eight point mutations were produced in the bgl gene of mutant strain when 

compared to parental strain by γ- rays. From these eight mutations two were true 

replacements (T54M and T225M), Two were semi-conserved (N259S and S264N) and 

three were conserved substitutions (M460V, N513D and D638N). One was a silent 

mutation (N211N). The semi-conserved mutations (N259S and S264N) were discovered 

in close proximity to the active site of the α-amylase enzyme. A. niger-mutated BGL gene 

analysis confirmed that eight transitions were present in the exons and A/T to G/C 

transitions were prevalent (37.5%). 

No transitions were found in the introns nor any transversions, tandem double base 

substitution, or base insertions/deletions [159]. These transitions might be due to 

tautomerization reactions [160] induced by gamma radiations. Similar reports are found 

for mutation spectrum induced by gamma rays in Pleurotus ostrreatus manganese 

peroxidase gene [161], and in its lambda phage and prophage DNA [162]. Hence, we 

consider the activation and thermostabilization of super Koji mutant M-100(6) α-amylase 

might be due to transitions in its amylase gene. 
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4. Discussion 

 Toxin Analysis on LC-MS 

Aflatoxins are profoundly harmful, teratogenic, mutagenic and cancer-causing substances 

that are an assemblage of derivates of difuranocoumarin, comprised of a coumarin and 

usually a double furan ring molecule.  A.  oryzae is closely related to A. flavus 

phylogenetically, thereby, sharing very high similarity in their genome size and amino acid 

sequences. This relationship of A. oryzae with A. flavus has led to extensive screening of 

the toxic potential of A. oryzae, so far, no A. oryzae isolate is reported to produce aflatoxin. 

One of the attributes of A. oryzae responsible for deciding its fate for industrial use in 

comparison to A. flavus is that A. oryzae does not produce aflatoxins. 

LC-MS/MS, an extremely specific and highly sensitive technique for testing food 

products with superior accuracy was used to detect aflatoxins in our samples. Our findings 

confirmed there were no aflatoxins in the amylases produced by mutant M-100(6). Hence, 

our mutated Koji strain and its enzymes are safe for application in food and feed industries. 

 Kinetics of α-Amylase Production in Shake Flasks 

In comparison to solid state fermentation, enzyme production by microbes is easy to cater 

by submerged fermentation. Growth parameters are also easily monitored [164, 165]. 

While biotechnological processes are based upon production of the crude enzymes, the 

most essential step is to enhance enzyme activity in culture supernatants. This can be 

achieved by regulating the growth conditions [166]. 

Growth kinetic parameters can be used to determine the generation time of the 

organism (its specific rate of product formation). Therefore, it can be inferred if the 

organism is fast growing or slow growing, and which conditions are required by the 

organism for the better production of desired metabolites. 

Effect of Temperature 

A very critical parameter for enzyme production is the optimal temperature for the growth 

of the organism. The growth of mutant M-100(6) was affected by the temperature. The 

mutant showed considerable production of amylase between 28- 33 °C. However, at higher 

temperatures the growth, along with enzyme production, was retarded. The optimum 

temperature for the growth was 30 °C. With an incremental change in temperature, a 

specific growth rate and specific rate for enzyme production were seen. The minimum 

doubling time was recorded at 30° C showing it to be the optimum temperature. It was 
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reported that the optimal incubation temperature for the α-amylase production by A. oryzae 

was 45 °C [167]. The A. oryzae MTC 3077 and another A. oryzae strain, were reported 

to have optimal growth temperature of 30 °C for this α-amylase production in submerged 

conditions [168, 169, 170]. In another report, the A. oryzae was found to grow optimally 

at 32 °C [171]. Most of the ꬰ-researchers have reported a temperature range of 30-32 °C 

for ideal growth of A. oryzae in relation to enzyme production. Likely the most essential 

factor amongst all the physical factors influencing the execution is incubation temperature, 

because both cell development and enzyme production as well as metabolite production 

are generally sensitive to temperature [172]. Production of α-amylase by fungi often relies 

on incubation temperature [173]. A loss in the activity of enzyme by mutant M-100(6) was 

seen at higher temperature as a result of an alteration in the composition of the membrane 

because of catabolism of the protein, and also because of a hindrance in the growth of the 

fugus.  Likewise the harmful impact of high and low temperature on spore germination, 

cell development, formation of products, sporulation and therefore on the general 

profitability of the fermentation procedure was accounted for. Comparable kinds of 

perception were described by Kheng and Omar (2005) [167]. 

At higher temperature, the unfolding of the metabolic network enzymes showed 

results with two different approaches: 

N⇌U*→I 

Where N is the local enzyme, I is the inactivated enzymes that cannot be regained 

upon cooling, because of the long-term exposure to heat, and U* is an unfolded enzyme 

that can be reversibly refolded upon cooling. This phenomenon of thermal denaturation is 

coupled with the distortion of non-covalent bonds, resulting in higher enthalpy of 

activation, whereas, the enzyme structure opening is coupled with an increase in disorder 

or entropy. 

Effect of Inoculum Level 

An inoculum level of 0.3% (w/v) wet cells was found to be optimal for the propagation of 

the culture in submerged conditions during the production α-amylases. At an inoculum 

density of 0.4% (w/v) the doubling time was further decreased but the specific rate for 

product formation was maximal at 0.3% wet cells density. At lower inoculum density, 

production of α-amylase was greatly affected. 
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Awan et al. [138] reported 2.5×104 conidial suspension (3 ml) as inoculum level 

for glucosidase production by A. niger. Ellaiah has reported an inoculums density of 10% 

(v/v) for glucoamylase production by Aspergillus sp. A3 [119]. Initial microbial load also 

affects the growth and primary production of metabolites. The lag phase of fungal growth 

may be extended by the smaller volume of inoculum [174]. An increase in size of inoculum 

usually enhanced the growth and activities related to the growth of the fungus up to certain 

level, however there would then be a decrease in activity of microbes because of limitation 

of nutrients. More time is needed to produce a yield optimum number to use the substrate 

and to produce the required product [167]. 

 Production of α-Amylase in 10L Bioreactor and Industrial Trials 

for Maltose Production 

After optimization of the growth parameters, M-100 (6) Koji was produced in a lab scale 

bioreactor (10 L). In shake flasks the nutrients and dissolved oxygen is limited, whereas, 

in a bioreactor the organism gets better nutrients to grow. The Koji parent strain, as well 

as the mutant was grown in bioreactor and growth kinetics were determined. 

The mutant had a doubling time less than the parent Koji strain, indicating that the 

mutant was slow growing. However, the specific rate of product formation was three times 

that of the parental strain. This could have been an effect of the mutations, induced by 

gamma rays. The time needed for incubation to achieve maximum production of enzyme 

depended on various culture parameters. The mutant produced maximum enzyme after 23 

hours of incubation. An oryzae isolate S2 manufactured greatest yield of enzyme (3595.5 

U) after incubating it for 12 days in MS medium [175]. 

The α-amylase produced was set up for industrial trials. HPLC scans of the 

hydrolyzed samples showed that the main end products were dextrose, maltose and 

maltotriose. Therefore, the enzyme was characterized to be saccharifying amylase. The 

HPLC scans of starch hydrolysis taken after 24 hours were comprised of maltotriose, 

maltose, and other maltooligosaccharides of higher polymerization degrees. 

 Amplification and Sequencing of α-Amylase Genes from Mutant 

M100-6 

Upon the sequencing of the mutant amylase genes. BLAST was run against the already 

sequenced genome of A. oryzae RIB40 in NCBI. Four mutations in the transcription unit 
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of the Amy II gene were observed. However, the mutations could be in any other part of 

the genome owing to the attributes of the mutant strain. 

 Purification of α-Amylase from A. oryzae Mutant M100-6 

The crude α-amylase of the mutant was purified and characterized to apparent 

homogeneity. The beginning of the precipitation of amylase takes place at 30% saturation 

at 0 °C, while complete precipitation was seen at 60% saturation of ammonium sulphate. 

Almost the same trend of precipitation i.e. 30-70% saturation of ammonium sulphate for 

complete precipitation of α-amylase at 0 °C by Aspergillus oryzae was reported [167]. 

Different reports state a 30-70% saturation of ammonium sulphate for complete 

precipitation of α-amylase at 0 °C from different sources [43, 176]. The recovery of 68% 

along with 2.6-fold purification was achieved. Up to 84-fold purification by ammonium 

sulphate precipitation has been reported [167]. In another report 15-fold purification of α-

amylase by A. oryzae by gel filtration was reported [177]. A 4-fold purification by 

ammonium sulphate precipitation of alpha amylase produced by A. niger was reported 

[178]. A modest and traditional purification procedure in three steps (acetone precipitation, 

SephadexG-100, and DEAE-cellulose columns) was effectively examined for the α-

amylase purification from A. oryzae (IFO-30103) with greatest purification yield and 

recovery of the enzyme [179]. 

 Subunit Molecular Mass of Koji Mutant M100-6 α-Amylase 

The zymogram showed a single band at corresponding position of the protein band on 10% 

SDS-DR-PAGE, indicating the size of the protein to be 38 kDa. The formation of a single 

band indicated that the purity of the enzyme was at homogeneity level. Moreover, crude 

α-amylase had very high specific activity, which confirmed that the mutant Koji strain 

constitutively produced the amylase. No isomeric forms of the protein were visible on the 

gel. In literature the protein size of α-amylase from different strains is reported between 10 

and 210 kDa, showing its ubiquitous nature and evolutionary importance. The addition of 

carbohydrate moieties such as glycoproteins in oryzae, Bacillus stearothermophilus and 

subtilis strains increases the molecular weights of the amylases produced by different 

organisms [180]. Avwioroko reported that α-amylase from niger strain CSA35 has a 

molecular weight of 25.13 kDa. The amylase from pitaya peel was reported to have a 

monomeric molecular weight of 42.1 kDa [176]. Amylase from licheniformis ATCC 

9945a and glycosylated amylase from Triticum aestivum had molecular mass of 31 and 38 
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kDa, respectively [43, 181]. The AmyC from oryzae S2 was reported to be tetramer 172 

kDa of four 42 kDa subunits [177]. Alpha-amylase from oryzae IFO-30103 exhibited a 

molecular weight 51.3 kDa [179]. The molecular mass of α-amylase from fumigatus 

NTCC1222 was 60 kDa [182]. Lately, two α-amylase isoforms extracted from a n  A. 

oryzae isolate (S2) had a molecular weight of 50 and 42 kDa [177]. The molecular weight 

of the α-amylase from Pseudomonas sp. was found to be ~62 kDa by SDS-PAGE [183]. 

The molecular weight of α-amylase extracted from oryzae IFO- 30103 was reported to be 

51.3 kDa [179]. The α-amylase from Bacillus subtilis had an estimated molecular weight 

of 56 kDa [184]. 

 Optimum Temperature and Energy of Activation 

The optimum temperature of the purified α-amylase extracted from the mutant strain of 

oryzae was 55 °C. The Arrhenius plot for activation energy (Ea) for starch hydrolysis was 

biphasic in nature and the energy required to form the transition complex (ES*-complex) 

at 55 °C was 46.87 kJ mol-1, whereas, the temperature quotient (Q10) was 1.716. A range 

of optimal temperature for the amylase produced by Aspergillus oryzae was reported to 

vary between 30 and 55 °C. A. oryzae strains M13, 245 (ATCC9376), (ATCC 76080) and 

MICA316 worked optimally at 50, 30-40, 50 and 55 °C, respectively [179]. Germinated 

wheat seeds (Triticum aestivum) form glycosylated α-amylase which worked optimally at 

68 °C [43]. The α-amylase from licheniformis strains had optimum temperature of 90 and 

100 °C [181, 185]. Maximum amylase activity is from niger and flavus were observed at 

40 °C [186]. Aspergillus oryzae S2 was reported to exhibit highest activity at 60 °C [177]. 

Amylase from Bacillus subtilis has optimum temperature of 40 °C [187]. Alpha amylase 

extracted from germinated Kidney beans was reported to have an optimum temperature for 

activity of 55 °C [183]. Aspergillus fumigatus NTCC1222 produced alpha amylase that 

exhibited maximum activity of the enzyme at 55 °C [182]. Alpha-amylase by Bacillus sp. 

KR-8104 exhibited maximum activity at temperatures 70 °C and 60 °C when generated 

by SSF and SmF, respectively [188]. 

The optimum temperature of our mutant M-100(6) was increased by 5 °C in 

comparison to the parental Koji. A similar finding was reported by Li et al. [193] where 

by site-saturation mutagenesis of Histidine 286 in Rhizopus oryzae α-amylase as a result 

the optimum functioning temperature was increased by 5 °C and 10 °C for mutants H286L, 
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H286S, H286T, H286P, H286I. Conversely, a decrease by 5 °C in the optimum 

temperature was also reported in mutant H286G [189]. 

When the temperature increased from 35 °C the activity of the enzyme began 

rising, and at 55 °C reached a maximum. Afterward a further rise in temperature decreased 

the activity. The rate of reaction followed the Arrhenius equation which fits perfectly in 

the temperature variation of 35-55 °C. The Q10 was found to be 1.71 which suggested that 

with every 10 degree rise in temperature, the rate of reaction increased 1.71 folds. 

  pH Optimum and Identification of Active Site Residues of Koji 

M100-6 α-Amylase 

Optimum pH of purified α-amylase from Aspergillus oryzae M100-6 starch hydrolysis, 

was determined at various temperatures. which come to be in a range of 5.0 - 6.35 with 

maximum activity at 5.5 pH. However considerable activity was exhibited at pH close to 

7.0 at 45 °C. The results of the pKa1 and pKa2 values were in synchronization with those 

already reported in literature. Aspergillus oryzae IFO- 30103 produced amylase that has 

exhibited stability within a pH range of 4.5–7.2 with optimum pH 5.5, whereas α-amylase 

from oryzae S2 exhibited highest catalytic activity at pH 5.6 [190]. A range of optimal pH 

for the amylase production by oryzae is already stated in literature. Oryzae strains M13, 

245 (ATCC9376), ATCC 76080 and MICA316 worked optimally at a pH of 5.4. 5-6, 4-5 

and 4.5, respectively [179]. Alpha-amylases from different microbial sources had a 

different optimum pH and amylase enzyme from pitaya peel exhibited optimum at pH 5.0 

[168, 171]. Germinated wheat seeds (Triticum aestivum) forms glycosylated α-amylase 

which showed optimal catalytic activity at pH 5.0 [43]. Alternatively, α-amylase from 

licheniformis had optimum pH of 7.0 [191]. α-amylase of Bacillus licheniformis ATCC 

9945a had an optimum pH of 6.5 [181]. Maximum amylase activity was observed at pH 5 

for A. niger and pH 4.5 for A. flavus. [186]. Alpha-amylase from Pseudomonas sp. had an 

optimum pH of 7.5, from subtilis has optimum pH 7.1 and fumigatus NTCC1222 amylase 

displayed maximum activity at pH 6.0 [182, 183, 187]. 

The pKa1 and pKa2 of acidic and basic limbs (determined by Dixon plot) of the 

active site residues controlling maximum velocity (Vmax) at optimum temp (55 °C) were 

5.0 and 7.1, respectively; which upon comparison with ionizable groups’ values present in 

the proteins confirmed that the side chain carboxyl was responsible in the proton donation, 



 

 

 124   

 

4. Discussion 

while imidazole was receiving the protons released during the catalysis. The side chain 

carboxyl value matched with glutamic acid while imidazole with histidine, hence glutamic 

acid and histidine were lining the active site of α- amylase in A. oryzae mutant M100-6. 

The heat of ionization (ΔHI) for the acidic (12.9 kJ mol-1) and basic limbs (8.37 kJ mol-

1) was also determined by applying the Dixon plot, which may be helpful to further define 

the microenvironment of the active site. The dissociation constants’ values of the acidic 

and basic limbs displayed elevating tendency with rising temperatures. The alteration in 

the ionization constants recommended the alterations in amino acids, which might disrupt 

the cleft of active site, and therefore affects enzyme activity. The properties of ionization 

of enzymes’ active site residues are of significant concern while examining the catalytic 

mechanisms of the enzymes. Information of these ionization constants (pKa) frequently 

agrees with the identity of nucleophilic and electrophilic catalytic residues. 

  Kinetics and Thermodynamics of Starch Hydrolysis 

Kinetic constants were determined by two different methods i.e. by applying linear and 

non-linear regression. Eadie Hofstee plots deal with the linear part only whereas when 

applying non-linear regression, the complete picture of starch hydrolysis is depicted. The 

Eadie Hofstee plot presented very low values of Vmax and Km. The α-amylase from the 

mutant strain followed the Michaelis- Menten equation. The Km and Vmax values of mutant 

M100- 6 Koji strain determined by applying non-linear regression were 2.42 mg/ml and 

862 U/mg/min, respectively. The low Km showed high specificity of the substrate with the 

enzyme. Alpha-amylase produced by oryzae IFO- 30103 had a Km of 0.5 % starch. A. 

oryzae 245 (ATCC9376) and A. oryzae (ATCC 76080) had a Km value of 4.16 mg/ml and 

0.22% starch, respectively [179]. A. oryzae S2 had a Km of 4.7 mg/ml for AmyA and 2.6 

mg/ml for AmyB [175]. Upon comparison of Km values of the above mentioned reports it 

was concluded that the affinity of soluble starch to the active site of our mutated A. oryzae 

M100-6 strain was appreciable. 

The thermodynamics of substrate hydrolysis by α-amylases produce of A. oryzae M100-6 

at 55 °C, pH 5.5 was determined. The change in Gibbs free (∆G*), enthalpy (∆H*) and 

entropy (∆S*) based on the values determined by Prism software was 63.40 kJ mol-1, 

44.147 kJ mol-1 and -58.7 J mol-1 K-1, respectively. The evident Km and Vmax of the 

amylase from pitaya peel were 2.7 mg/ml and 34.30 U/min/mg of protein, respectively 

[176]. For soluble starch, the Km and Vmax values for enzyme kinetics of α-amylase 
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production from Aspergillus oryzae IFO-30103 were 0.5% and 1000U/mg protein [179]. 

Germinated wheat seeds (Triticum aestivum) forms glycosylated α-amylase, whose 

primary substrate hydrolase happens to be starch with the kinetic constants values of Km 

1.56 mg/mL, Vmax 1666.67 U/mg and kcat 485 s-1[43]. The kcat of A. oryzae M100-6 α-

amylase was 546 s-1, which showed that the amylase of the mutant was more efficient in 

hydrolysis of the starch. 

  Kinetics and Thermodynamics of Irreversible Thermal 

Inactivation 

Possible indicators of thermal stability are half-life, activation energy, entropy values, 

melting temperature and free energy. The ability of enzymes to function at elevated 

temperatures when the specific substrate is present is termed as thermophilicity whereas 

when the substrate is absent and the enzyme is capable of resisting to thermal unfolding is 

known as thermostability. A two-step process occurs in the thermal inactivation of 

enzymes as shown below: 

N ⇌ U*→I 

“The native form (N) is converted to an unfolded form (U*), which can be 

reversibly refolded upon cooling, however can be inactivated (I) if given prolonged 

exposure to heat”. The structure of enzyme is led by a rise in the disorder, however 

stabilization is typically led by a loss of H* and S* [192]. 

The irreversible thermal stability showed that the enzyme was capable of sustaining 

stability upon exposure at a temperature higher than its optimum temperature. The higher 

thermostability of the amylase enzyme can be explained by the higher inactivation slope 

of the Arrhenius plots. 

The enzyme from mutant Koji M100-6 strain exhibited 80% residual activity at 

high temperature, which is an indicator of the enzyme to be more resistant to higher 

temperatures such as those required in the saccharifying process. With an increase of only 

two degrees in temperature, the enzyme started to lose its thermostability. The energy of 

activation determined by the Arrhenius plot was found to be 240.61 kJ mol. The 

thermodynamic parameters at 60 °C i.e. Gibbs energy ( G*), enthalpy (H*) and entropy 

(S*) were 103.00 kJ mol, 237.84 kJ mol and 404 J mol-1K, respectively. Li et al. [193] 
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reported an increase in thermostability of the mutant α-amylase whereas in another mutant 

(H286S) the half-life was decreased in comparison to the wild type [193]. 

 Immobilization of Alpha Amylase 

Enzyme inactivation by organic solvent and extreme temperature or pH and separation 

from the solution are the major problems while utilizing    the enzymes. The main concerns 

are to have innovative structures with immobilized enzymes without causing separation. It 

also lessens the reduction of enzymes and offers the chance to utilize a continual reactor 

with a re-utilization of the enzyme for several reaction cycles thus reducing the total yield 

cost of enzyme mediated reactions. Similarly, an increase in stability of the immobilized 

enzyme against denaturing agents that support unfolding procedures, and, that can 

demolish the active site are observed. Improving both stabilities can be accomplished by 

enzyme engineering and immobilization [2]. 

There are many advantages of immobilized enzyme over the free enzyme 

comprising easy separation of the product from reaction system, repeated or continuous 

use, easy recovery of enzyme, and improvement in enzymatic stability [194]. 

To immobilize insoluble enzymes, there are various procedures. Aimed at that 

resolution, enzymes are enclosed in a gel matrix, captured, subjected to coordination or 

covalent binding, incorporated into emulsions and membranes, and assured to a support by 

either adsorption [195]. The entrapment procedure of immobilization is beneficial over 

other approaches as they do not include chemical modification of the enzyme. 

 Functional Stability/Reusability and Scanning Electron 

Microscopy of Immobilized α-Amylases 

The α-amylase was entrapped in alginate beads. Since the alginate beads have low 

mechanical strength, the beads were made and optimized for concentrations of alginate 

having better mechanical strength and pore size. Ionotropic gelation of alginate with 

chitosan and calcium chloride was used to prepare bovine serum albumin-loaded beads, 

which showed good porosity after analysis on electron microscope. Rough surfaces were 

seen under microscope for all three kinds of beads, however, the ones coated with chitosan 

had the roughest surface. This could indicate developed porosity ranging from mesospores 

to macrospores [196]. Mulko suggested that the absence of micro and mesospores could 
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partially reduce the leakage of the enzymes allowing a partial confinement in a defined 

space that could have justified better results for the beads without the coating of chitosan.  

The size of the needle used was important to determine the diameter of the beads 

formed. Chitosan concentration of 0.25% and alginate concentration of 3% at pH 5 were 

the optimum parameters to prepare the alginate–chitosan beads. The resultant bead 

preparation had average size of 1501 μm, a loading efficacy of 98.5% and scanning 

electron microscopy images displayed smooth and spherical particles [197]. 

 Entrapment Efficiency and Apparent Enzyme Activity 

Maximum entrapment efficiency was observed in beads where protein was treated first 

with glutaraldehyde, however, most protein was immobilized on the alginate beads having 

a concentration of 5% calcium alginate. Mulko reported the use of commercial α-amylase 

for entrapment in calcium alginate and Polyacrylamide-graphene oxide (PAAm-GO) 

matrix. They found out that only 30% of the enzyme could be entrapped in alginate gels 

whereas, they were able to entrap 98% of the enzyme in a PAAm-GO matrix [196]. This 

could indicate that the mutant M-100(6) α-amylase exhibited better interaction and 

stability with the alginate matrix. The first parameter for the selection of beads was the 

recyclability. The beads having a concentration of 5% calcium alginate performed best in 

most cycles, thereby, making them fit for industrial use. This property was chosen for 

further characterization of the bead. The calcium alginate utilized for enzyme 

immobilization is inexpensive, non- toxic, biodegradable and has significance in food, 

biomedical, cosmetics, or pharmaceutical industries. The results were in agreement to a 

report where immobilization in calcium alginate beads of α-amylase, produced by 

amyloliquefaciens ATCC 23842, was performed and then utilized for the efficient 

hydrolysis of raw and soluble potato starch which was analogous to the free enzyme. After 

five sets of consecutive utilization, the alginate beads reserved greater than 60% of their 

initial efficacy and 40% of efficacy was showed in the 6th and 7th sets of 6 h period [198]. 

 Effect of pH and Temperature 

Enzyme entrapped beads were assayed for starch hydrolysis at different pH levels at 55 

°C. The beads were capable of hydrolyzing the starch over a wide range of pH 4.5- 7.2. 

The immobilized enzyme worked on a wider range of pH as compared to the free enzyme. 
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The beads exhibited increased the stability of the enzyme over a longer range of pH and 

temperature. The immobilized enzyme had a greater activation energy as compared to free 

enzyme. The temperature quotient was also significantly improved. 

In literature, there are many examples where immobilization has significantly 

enhanced the stability of the enzyme. Cellulase enzyme was reported to use the entrapment 

method for immobilization in calcium alginate bead. The concentration of sodium alginate 

utilized for alginate bead formation was 2% and 83.65% was the efficacy of enzyme 

immobilization. The optimum pH value of both the immobilized enzyme and free enzyme 

was same (4.5). The optimum temperature of immobilized enzyme was greater as 

compared to the free enzyme, 60 °C and 55 °C respectively. The free enzyme was less 

stable against variation of temperature and pH than the, immobilized enzyme. The free 

enzyme could not withstand the greater temperature and acidity. Immobilized cellulase 

could be reprocessed numerous times. For example immobilized enzyme activity remains 

69.2% after five recycles and still measures at 20.3% after eight recycles [199]. 

Two different substances Amberlite MB-150 and Chitosan were used for the 

immobilization of the enzyme amylase extracted from soybeans. Maximum 

immobilization was gained with the beads made from Amberlite MB-150 and Chitosan 

beads which was 62% and 70.4%, respectively. The optimum pH was enhanced from 5.5 

to 7.0 and 8.0. The optimal temperature was 70 °C for both free and chitosan immobilized 

enzymes, although the optimum temperature for the enzyme immobilized on Amberlite 

MB-150 was 75 °C [1]. Upon immobilization of amylase forms bacterial isolate on the 

epoxy rings of magnetic poly glycidyl methacrylate beads, the optimum temperature raised 

from 95 to 105 °C and the pH optimum changed from 10 to 11.0 [200]. Beta-amylase was 

immobilized in agarose supports that presented enhanced pH and temperature stability and 

activity. For five cycles of use, the immobilized enzyme was entirely active. But, enzyme 

activity was decreased to around 15% due to immobilization [201]. 

Immobilization by entrapment, and then consecutively covering into a fibrous 

support, was performed on the beta-glucosidases of Aspergillus niger. The beta- 

glucosidase was immobilized upon nanoscale polymeric substances (latex, polyurethane 

and silicone). The activation energy for cellobiose hydrolysis was increased along with the 

optimum temperature for the enzyme to work [94]. 
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 Irreversible Thermostability 

The immobilized enzyme had an enhanced thermal stability. The half-life was enhanced 

at 58 °C. In literature it was reported that awamori amylase displayed maximum 

operational stability, if immobilization was performed on the novel carrier Ca+2 alginate 

(Alg) starch (St)/polyethyleneimine (PEI)/glutaraldehyde (GA). The optimum temperature 

was 50 °C and 55– 60 °C, respectively, for the immobilized and free form. A key function 

in enhancing enzyme thermal stability is the immobilization process. The free enzyme 

exhibited the lowest activation energy (Ea), optimum temperature and deactivation rate 

constants (kd) as compared to immobilized form. Moreover, D-values (decimal reduction 

time), Gibbs free energy (ΔG°), t1/2, and change in enthalpy (ΔH° kJ mol−1) increased and 

were greater than the local enzyme (within the temperature range of 50–80 °C). For the 

free and immobilized enzymes, the magnitude of negative value of   entropy (ΔS° kJ mol−1) 

for the immobilized enzyme was negative showing that the local form of the enzyme was 

in a more stable state. Temperature ranges at 40–70 °C minimally disturbed the Km and 

Vmax values [152]. 

Three poly (vinyl formamides) and six poly (vinylamines) hydrogels were used for 

the immobilization of α-amylase polymerized utilizing different procedures and 

crosslinkers [195]. On the surface of silica-coated modified magnetite nanoparticles, α-

amylase was covalently immobilized. Maximum catalytic activity of the immobilized α-

amylase was observed at pH 6.5 and 45 °C. Overall improvement in the functioning of the 

immobilized enzyme in comparison to the free enzyme was show in the kinetic studies. 

Likewise, after the immobilization an increase in thermal stability was observed. 

Additionally, the recyclability of the immobilized enzyme was also determined and was 

found capable of retaining 85% of the activity after six cycles of reusability [2]. 

In another study the suspension polymerization of HEMA in the presence of iron 

nano-powder was used to prepare magnetic poly (2-hydroxyethylmethacrylate) 

[mPHEMA] beads. The optimal pH for immobilized and free alpha-amylase were 7.0 and 

8.0, respectively. The free enzyme showed less thermostability as compared to the 

immobilized one [202]. 
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 Effect of Metals 

Protein stabilization is also altered by metal binding. The complete picture of the study of 

their effect on function structure and interaction between protein and metal ions, is 

troublesome to discern. Metal binding is known to assist in stabilizing the folded state of 

proteins. The stability of proteins is brought about by accepting a lone pair from nitrogen 

or oxygen atoms of proteins. 

In a previous study, the effect of metals was studied on the α-amylase produced by 

the parental Koji strain. Calcium and cobalt were found to enhance the activity of the 

enzyme. In this study a concentration of 6 mM for both calcium chloride and cobalt 

chloride were used to evaluate the effect of these two metals on the stability of the enzyme. 

Calcium significantly improved the thermal stability and activity of the enzyme and the 

half-life at higher temperature were considerably increased. It was in agreement to a study 

reported earlier. In the presence of various amounts of CaCl2, a differential relationship 

was seen among the catalytic activity and thermal stability of α-amylase. In the presence 

of 1.0–2.0 mM CaCl2, the enzyme displayed optimum catalytic activity. By adding more 

CaCl2, it led to the inhibition of the enzyme, but the enzyme showed more resistance 

against thermal denaturation. The activation energy of thermal inactivation (Ea) was 

measured to be 291 ± 15 kJ/mol and 228 ± 12 kJ/mol for the enzyme, in the presence and 

absence of calcium respectively [40]. Amylases are known to have a general affinity or 

dependence towards metal ions. Calcium is known to have the capability to enhance 

amylase activity in general [203]. Studies have demonstrated that Calcium (Ca2+), 

Manganese (Mn2+), Zinc (Zn2+), Iron (Fe2+) and Cobalt (Co2+) had positive roles in the 

enhancement of activity of gluco-amylase GlyAgCSV4. Conversely, metal ions such as 

Lead (Pb2+) exhibited inhibitory effects for GlyAgCSV4. Enhancement in activity was 

also exhibited on GluAgCSV11 by Ca2+ and Co2+ ions, whereas, Mn2+, Zn2+, Fe2+ and 

Pb2+ had antagonizing effects on activity [204]. In a recent study the α-amylase from a 

Geo bacillus bacterium (K1C) was isolated and the effect of metals with two different 

concentrations was tested. Metal ions like Cu2+, Pb2+, and Hg2+ resulted in a very strong 

inhibition of the activity of amylase. Mild inhibition was exhibited due to the effect of 

Mn2+, while Ca2+ and Ni2+ did not have any effect on the activity of the enzyme [205]. 

The α-amylase from cereus was studied for effect of metals and high enzyme activity 

through the addition on sodium chloride and calcium chloride [206]. 
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4. Discussion 

Some amylases are independent of metals completely. The purified amylase from 

pitaya peel did not require calcium [176]. Even after 8 h of incubation at 50 C, the α-

amylase produced from oryzae IFO-30103 showed 61.9% activity in the presence of 10 

mM CaCl2. Though Ca2+ might not activate the enzyme expressively it is a good stabilizer, 

but Co2+ was demonstrated to be a potential activator [179]. After 6 h of incubation at the 

temperature of 70 C, the purified α-amylase produced from Bacillus licheniformis ATCC 

9945a exhibited 55% of its activity in the presence of CaCl2. The Hg2+ showed 100% 

inhibition of α-amylase activity while Co2+, Ni2+ and Ca2+ were somewhat stimulated 

[181]. α-Amylases produced from both the B. subtilis and its mutant strain (EBUE 5-3) 

were activated by Ca2+, Ba2+, Mg2+, Li2+, and Mn2+, however they were intensely inhibited 

by Hg2+, Cu2+, and Ag2+. It was found that a metal ion concentration of 5 mM had a lesser 

effect on enzyme activities than 1.0 mM [184]. Alpha amylase activity extracted from 

germinated Kidney bean was enhanced by Mg2+ ions up to 101% [183]. 

Optimum pH of apo-amylase from oryzae for starch hydrolysis at different 

temperatures was found to be mildly acidic and a similar trend was exhibited by cobalt-

bound amylase. However, with the addition of CaCl2, the pH range became broader and 

the maximum enzyme activity was at pH 6.5. The enhancement in activity could be 

explained by analyzing the optimal pH range. It was deduced that the enzyme was more 

inclined toward forming a nucleophile hydroxide ion with the cations by triggering a 

bound-water molecule. As a result stability was brought in the molecule by balancing the 

negative charges which were formed inside the active site. This allows the substrates to 

stay more properly oriented due to the presence of weaker interactions. 

By applying non-linear regression using Prism software the effect of metals on 

kinetic constants was calculated. The chelation (removal) of metals reduced the activity of 

A. oryzae M100-6 α-amylase because the Vmax of apo-amylase was 337 U/mg protein as 

compared to control α-amylases having 862 U/mg protein. Conversely, Km value of metals 

stripped of amylases was decreased from 2.42 to 1.01 mg ml-1. Both metals (cobalt and 

calcium) activated the amylase, while maximum activation was observed with CaCl2 and 

Vmax increased to 1278 U mg-1. Similarly, the metals attachment just like t he  control, 

increased the Km value, to become 1.86 and 2.17 for CoCl2 and CaCl2, respectively. The 

specificity constant (Vmax/ Km) was maximum for CaCl2 treated amylase and was 589. 
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4. Discussion 

In an earlier study, the Michealis constant (Km) and maximum velocity (Vmax) for 

GluAgCSV4 and GluAgCSV11, using different types of starch as substrates was found to 

be in a range of 90.1-434.8 mg ml-1 [204]. High affinity to substrate makes the enzyme 

very suitable to be used in industrial processes. 

The kinetics and thermodynamics of irreversible thermal stability of metals 

stripped of α-amylase produced by mutant M100-6 were determined by treating the 

enzyme at variable temperature up to 60 min. 

Metal effect on thermodynamics of irreversible thermostability was determined by 

calculating the change in Gibbs free energy (G*), enthalpy (H*) and the entropy (S*) 

of thermal inactivation. The half-life (t½) of Ca-bound amylases at 58 °C was extremely 

high (86 min) as compared to apo-enzyme (40 min) and Cobalt-bound α-amylase (44 min). 

Moreover, the G* value of Ca-bound amylases was highest (105.89). A compared to the 

apo- and cobalt treated enzymes, which had 103.81 and 104.05 kJ mol-1, respectively 

[203]. 

 

.
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