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Summary

This review covers the progress made in research on microbial a-amylase, a highly
demanded industrial enzyme in various sectors such as food, pharmaceuticals, textiles, de-
tergents, etc. Amylases are of ubiquitous occurrence and hold the maximum market share
of enzyme sales. The article surveys the a-amylase family and the major characteristics,
microbial sources, production aspects, downstream processing, salient biochemical proper-
ties, industrial applications, enzyme engineering and some recent research developments.
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Introduction

a-Amylases (E.C. 3.2.1.1.) are starch-degrading en-

zymes that catalyze the hydrolysis of internal a-1,4-O-
-glycosidic bonds in polysaccharides with the retention

of a-anomeric configuration in the products. Most of the

a-amylases are metalloenzymes, which require calcium
ions (Ca2+) for their activity, structural integrity and sta-
bility. They belong to family 13 (GH-13) of the glycoside
hydrolase group of enzymes (1). Amylases are one of
the most important industrial enzymes that have a wide
variety of applications ranging from conversion of starch
to sugar syrups, to the production of cyclodextrins for
the pharmaceutical industry. These enzymes account for
about 30 % of the world’s enzyme production (2). The

a-amylase family can roughly be divided into two groups:
the starch hydrolyzing enzymes and the starch modify-
ing, or transglycosylating enzymes. The enzymatic hy-
drolysis is preferred to acid hydrolysis in starch process-
ing industry due to a number of advantages such as
specificity of the reaction, stability of the generated pro-

ducts, lower energy requirements and elimination of ne-
utralization steps (3). Due to the increasing demand for
these enzymes in various industries, there is enormous
interest in developing enzymes with better properties such
as raw starch degrading amylases suitable for industrial
applications and their cost effective production tech-
niques (4). This review illustrates an overview of micro-

bial a-amylases.

Alpha Amylase Family

The a-amylase family, i.e. the clan GH-H of glyco-
side hydrolyses, is the largest family of glycoside hydro-
lases, transferases and isomerases comprising nearly 30
different enzyme specificities (5). A large variety of en-
zymes are able to act on starch. These enzymes can be
divided basically into four groups: endoamylases, exo-
amylases, debranching enzymes and transferases (2):

1. endoamylases: cleave internal a-1,4 bonds resulting

in a-anomeric products,
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2. exoamylases: cleave a-1,4 or a-1,6 bonds of the ex-

ternal glucose residues resulting in a- or b-anomeric
products,

3. debranching enzymes: hydrolyze a-1,6 bonds exclu-
sively leaving long linear polysaccharides, and

4. transferases: cleave a-1,4 glycosidic bond of the do-
nor molecule and transfer part of the donor to a gly-
cosidic acceptor forming a new glycosidic bond.

Glycoside hydrolases are able to metabolize a large
variety of saccharides. They have been divided into clas-
ses based on their mode of reaction and families based
on their well-defined amino acid sequence similarities.
Most of the starch converting enzymes belong to GH-13
family. GH-13 family can be further classified based on
a larger unit called clan, which is the three dimensional
structure of catalytic module. A clan may consist of two
or more families with the same three-dimensional struc-
ture of catalytic domain but with limited sequence simi-
larities, indicating that protein structure is better pre-
served by evolution than amino acid sequence. Among
the fourteen clans (A–N) defined for glycosidases and

transglycosidases, a-amylase family (GH-13) belongs to
the eighth clan, clan GH-H (6).

The concept of this group of enzymes as the a-amy-
lase was proposed in 1992 (7). According to that defini-
tion the members of this family must satisfy the follow-

ing requirements: (i) they must act on a-glucosidic linkages

and hydrolyze them to produce a-anomeric monosac-

charides and oligosaccharides or form a-glucosidic link-
ages by transglycosylations; (ii) have four highly con-
served regions in their primary structures consisting of
catalytic and important substrate-binding sites; (iii) have
Asp, Glu, and Asp residues as catalytic sites correspon-
ding to the Asp206, Glu230 and Asp 297 of Taka amy-

lase A; and (iv) possess a (b/a)8 or TIM barrel catalytic
domain.

Characteristics of Catalytic Domain of
a-Amylases

Four conserved sequence regions covering the strands

b3, b4, b5 and b7 of the catalytic (b/a)8-barreled domain

were identified and used for defining the a-amylase fa-

mily. The two dimensional structure of a-amylase pro-
totype consists of three domains, namely A, B and C.
Domain A is the N-terminal TIM barrel structure, do-
main B consists of a long loop that protrudes between

b-strand 3 and a-helix 3 and C domain with a b sheet

structure linked to A domain. The (b/a)8 barrel consists

of eight alternate b-strands and a-helices. The b-strands
are placed parallel to one another as if on a cylinder and

a-helices lie outside the cylinder. This TIM barrel con-
tains four highly conserved regions closely related to the

active site present in all a-amylases (8). They are: (i) first

region: C-terminal end of b-strand 3 and histidine resi-
due which interacts with the glucose residue of the sub-

strate, (ii) second region: b-strand 4 with Asp residue,
which acts as the nucleophile during catalysis, (iii) third

region: b-strand 5 with glutamic acid residue acting as

proton donor/acceptor, and (iv) fourth region: b-strand
7 with a histidine residue and an Asp residue that may

form hydrogen bonds with glucose residue of the sub-
strate. While the four original conserved sequence regions
contain the catalytic and substrate binding residues of the
individual members of the family, three additional con-
served sequences were later identified and they are shown
to contain amino acid residues connected to a given en-
zyme specificity. Two of these three regions roughly cover

the strands of a2 and a8 of the catalytic (b/a)8 barrel and
one is located near the C-terminus of domain B (9).

Sources of a-Amylases

a-Amylases are ubiquitous enzymes produced by
plants, animals and microbes, where they play a do-
minant role in carbohydrate metabolism. Amylases from
plant and microbial sources have been employed for
centuries as food additives. Barley amylases have been
used in the brewing industry. Fungal amylases have
been widely used for the preparation of oriental foods.
In spite of the wide distribution of amylases, microbial
sources, namely fungal and bacterial amylases, are used
for the industrial production due to advantages such as
cost effectiveness, consistency, less time and space re-
quired for production and ease of process modification
and optimization (4).

Among bacteria, Bacillus sp. is widely used for ther-

mostable a-amylase production to meet industrial needs.
B. subtilis, B. stearothermophilus, B. licheniformis and B. amy-

loliquefaciens are known to be good producers of a-amy-
lase and these have been widely used for commercial
production of the enzyme for various applications. Simi-
larly, filamentous fungi have been widely used for the
production of amylases for centuries. As these moulds
are known to be prolific producers of extracellular pro-
teins, they are widely exploited for the production of

different enzymes including a-amylase. Fungi belonging
to the genus Aspergillus have been most commonly em-

ployed for the production of a-amylase. Production of
enzymes by solid-state fermentation (SSF) using these
moulds turned a cost-effective production technique.
Detailed literature is available on various microbial sour-
ces for the production of amylases (10,11).

Fermentative Production

To meet the demand of industries, low-cost medium

is required for the production of a-amylase. Both SSF
and submerged fermentation (SmF) could be used for
the production of amylases, although traditionally these
have been obtained from submerged cultures because of
ease of handling and greater control of environmental
factors such as temperature and pH. Mostly synthetic me-
dia have been used for the production of bacterial amy-
lase through SmF (12–15). The contents of synthetic me-
dia such as nutrient broth, soluble starch, as well as other
components are very expensive and these could be re-
placed with cheaper agricultural by-products for the re-
duction of the cost of the medium. SSF resembles natu-
ral microbiological processes such as composting and
ensiling, which can be utilized in a controlled way to
produce a desired product. SSF has been used for long
to convert moist agricultural polymeric substrates such
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as wheat, rice, soy, cassava, etc. into fermented food pro-
ducts including industrial enzymes (16). SSF is generally
defined as the growth of microorganisms on moist solid
substrates with negligible free water (17). The solid sub-
strate may provide only support or both support and
nutrition. SSF constitutes an interesting alternative since
the metabolites so produced are concentrated and puri-
fication procedures are less costly (11,18–20). SSF is pre-
ferred to SmF because of simple technique, low capital
investment, lower levels of catabolite repression and end-
-product inhibition, low waste water output, better pro-
duct recovery, and high quality production (21). Among
the different substrates used for SSF, wheat bran has
been reported to produce promising results (22–25). Other
substrates such as sunflower meal, rice husk, cottonseed
meal, soybean meal, and pearl millet and rice bran have
been tried for SSF (25,26).

SSF technique is generally confined to the processes
involving fungi. However, successful bacterial growth in
SSF is known in many natural fermentations (27,28). The

production of a-amylase by SSF is limited to the genus
Bacillus. B. subtilis, B. polymyxa, B. mesentericus, B. vulga-
rus, B. coagulans, B. megaterium and B. licheniformis have

been used for a-amylase production in SSF (29). The pro-

duction of bacterial a-amylase using the SSF technique
requires less fermentation time, 24–48 h (30), which leads
to considerable reduction in the capital and recurring ex-
penditure. Research on the selection of suitable sub-
strates for SSF has mainly been centered around agroin-
dustrial residues due to their potential advantages for
filamentous fungi, which are capable of penetrating into
the hardest of these solid substrates, aided by the pres-
ence of turgor pressure at the tip of the mycelium (31).
In addition, the utilization of these agroindustrial wastes,
on one hand, provides alternative substrates and, on the
other, helps in solving pollution problems, which other-
wise may cause their disposal (32). Table 1 summarizes

various agroresidues reported for microbial a-amylase
production.

Process optimization

Optimization of various parameters and manipula-
tion of media are one of the most important techniques
used for the overproduction of enzymes in large quanti-

ties to meet industrial demands (36). Production of a-amy-
lase in fungi is known to depend on both morphological
and metabolic state of the culture. Growth of mycelium

is crucial for extracellular enzymes like a-amylase (37).
Various physical and chemical factors have been known

to affect the production of a-amylase such as tempera-
ture, pH, period of incubation, carbon sources acting as
inducers, surfactants, nitrogen sources, phosphate, diffe-
rent metal ions, moisture and agitation with regards to
SSF and SmF, respectively. Interactions of these parame-
ters are reported to have a significant influence on the
production of the enzyme.

Temperature

The influence of temperature on amylase produc-
tion is related to the growth of the organism. Hence, the
optimum temperature depends on whether the culture
is mesophilic or thermophilic. Among the fungi, most
amylase production studies have been done with meso-
philic fungi within the temperature range of 25–37 °C

(31,34). A raw starch degrading a-amylase was produced
by Aspergillus ficuum at 30 °C (38). Yeasts such as Saccha-
romyces kluyveri and S. cerevisiae were reported to pro-

duce a-amylase at 30 °C (39). Amylase production at
optimum level has been reported between 50–55 °C for
the thermophilic fungal cultures such as Talaromyces emer-
sonii, Thermomonospora fusca and Thermomyces lanuginosus
(40,41). Bacterial amylases are produced at a much wi-
der range of temperature. Bacillus amyloliquefaciens, B. sub-
tilis, B. licheniformis and B. stearothermophilus are among
the most commonly used Bacillus sp. reported to pro-

duce a-amylase at temperatures 37–60 °C (42–45). Cer-
tain hyperthermophiles such as Thermococcus profundus
and Thermatoga maritima have been reported to produce

a-amylase at 80 °C (46). Rhodothermus marinus, a marine
thermophilic bacterium was reported to give maximum

yields of thermostable a-amylase at 61 °C (47). A cold

active a-amylase from Antarctic psychrophile Alteromo-

nas haloplanktis was reported to exhibit maximum a-amy-
lase production at 4 °C (48).

pH

pH is one of the important factors that determine
the growth and morphology of microorganisms as they
are sensitive to the concentration of hydrogen ions pre-
sent in the medium. Earlier studies have revealed that
fungi required slightly acidic pH and bacteria required
neutral pH for optimum growth. pH is known to affect

the synthesis and secretion of a-amylase just like its sta-
bility (49). Fungi of Aspergillus sp. such as A. oryzae, A.
ficuum and A. niger were found to give significant yields

of a-amylase at pH=5.0–6.0 in SmF (38,50,51). a-Amy-
lase producing yeast strains such as Saccharomyces cere-
visiae and S. kluyveri exhibited maximum enzyme pro-
duction at pH=5.0 (39,52). Bacterial cultures such as B.
subtilis, B. licheniformis, and B. amyloliquefaciens required
an initial pH of 7.0 (36,42,53). Rhodothermus marinus was
reported to yield good enzyme levels at initial pH range
7.5 to 8 (47). Hyperthermophilic archae such as Pyrococcus
furiosus, P. woesei and Thermococcus profundus yielded

optimum a-amylase at pH=5.0 (46). Thermophilic anaer-
obic bacteria Clostridium thermosulfurogenes gave maxi-

mum titres of a-amylase at pH=7.0 (54).
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Table 1. Various agrosubstrates used for a-amylase production

Substrate Organism
Activity

U/g
Reference

Wheat bran Bacillus sp. PS-7 464 000 (33)

Spent brewing grain A. oryzae NRRL 6270 6 583 (34)

Maize bran B. coagulans 22 956 (29)

Rice bran Bacillus sp. PS-7 145 000 (33)

Rice husk B. subtilis 21 760 (26)

Coconut oil cake A. oryzae 3 388 (31)

Mustard oil cake B. coagulans 5 953 (29)

Corn bran Bacillus sp. PS-7 97 600 (33)

Amaranthus grains Aspergillus flavus 1 920 (35)

Gram bran B. coagulans 8 984 (29)



Carbon sources

Carbon sources such as galactose, glycogen and inu-
lin have been reported as suitable substrates for the pro-
duction of amylases by B. licheniformis and Bacillus sp.
I-3 (55). Starch and glycerol were known to increase en-
zyme production in B. subtilis IMG22, Bacillus sp. PS-7
and Bacillus sp. I-3 (33,36,56). Soluble starch has been found

as the best substrate for the production of a-amylase by
B. stearothermophilus (57). Bacillus sp. was noted to give a
maximum raw starch digesting amylase in a medium con-
taining lactose (1 %) and yeast extract (15). Thermomyces

lanuginosus was reported to give maximum a-amylase
yield when maltodextrin was supplemented to the me-

dium (58). A synthetic analogue of maltose, a-methyl-

-D-glucoside, resulted in 3-fold higher a-amylase pro-
duction than inducers such as starch and maltose when
supplemented to the medium as the only carbon source
(59). Agricultural wastes are being used for both liquid
and solid fermentation to reduce the cost of fermenta-
tion media. These wastes consist of carbon and nitrogen
sources necessary for the growth and metabolism of or-
ganisms. These nutrient sources include orange waste,
pearl millet starch, potato, corn, tapioca, wheat and rice
as flours (51,53,54).

Nitrogen sources

Soya bean meal was found as the best nitrogen

source for a-amylase production by Bacillus sp. I-3 (33,
34,56). Tanyildizi et al. (36) reported that peptone in-
creased enzyme activity, while yeast extract exhibited no

effect on a-amylase production. Strains of B. stearother-

mophilus and B. amylolyticus secreted maximum a-amy-
lase in a medium supplemented with 1 % peptone, 0.5
% yeast extract and 0.5 % maltose under vigorous shak-
ing conditions (60). Aiyer (61) compared the influence of
organic and inorganic nitrogen sources and reported pep-
tone to be a better nitrogen source for enzyme produc-
tion by B. licheniformis SPT 278 than ammonium hydro-
gen phosphate, the best among inorganic nitrogen sources.
L-asparagine was reported to be one of the most pro-

mising nitrogen sources for a-amylase production by Ther-
momyces lanuginosus. Yeast extract also resulted in sig-

nificant a-amylase yield (58). Supplementation of casein
hydrolysate to the medium resulted in 143 % increase in

a-amylase productivity by A. oryzae A1560 compared to
ammonia. Yeast extract along with ammonium sulphate
also gave significant enzyme productivity (110 %) by A.
oryzae (62). Peptone (1 %) and ammonium nitrate (1 %),
when supplemented individually, gave an increase in
enzyme yield in SSF using coconut oil cake as substrate,
while sodium nitrate exhibited a negative influence (31).
Addition of corn steep liquor and ammonium hydrogen
phosphate to SSF involving Amaranthus grains as sub-
strate by A. flavus gave high enzyme yield (35).

Surfactants

Surfactants in the fermentation medium are known
to increase the secretion of proteins by increasing cell
membrane permeability. Therefore, addition of these
surfactants is used for the production of extracellular en-
zymes. Addition of Tween 80 (1.3 %) to the fermenta-

tion medium increased a-amylase production by 2-fold
in Thermomyces lanuginosus (63). A study on the effect of

supplementation of polyethylene glycols (PEG) (molecu-
lar mass of 600, 3000, 4000, 8000 and 20 000) in

fermentation medium for a-amylase production by two
Bacillus sp. indicated that 5 % PEG 600 and PEG 3000
yielded 31 % increase in enzyme production by B. amy-
loliquefaciens and 21 % increase by B. subtilis (64). Rao
and Satyanarayana (65) compared the effect of various
surfactants in the production media of Ca2+ independent

a-amylase by Geobacillus thermoleovorans. Cholic acid, an
anionic surfactant, and Tween 80, neutral surfactant,
gave 2-fold enzyme yields at a concentration of 0.03 %
mass per volume ratio. A mixture of PEG 8000 and SDS
showed an inhibitory effect on enzyme production. Sur-
factants such as SDS, cholic acid, Tweens, etc. were re-
ported to increase cell permeability, thereby enhancing
enzyme yield (65).

Metal ions

Supplementation of salts of certain metal ions pro-
vided good growth of microorganisms and thereby bet-

ter enzyme production (as most a-amylases are known
to be metalloenzymes). Ca2+ ions are reported to be pre-
sent in majority of these enzymes. Addition of CaCl2 to
the fermentation media increased the enzyme produc-
tion (34,66). Positive results of the influence of CaCl2 (0.1

%) and NaCl (0.1 %) on a-amylase production in SSF
using Amaranthus grains as substrate were recorded (35).

LiSO4 (20 mM) and MgSO4 (1 mM) increased a-amylase
production by Bacillus sp. I-3 (33,56), but FeCl3 and

MgSO4 exhibited negative influence on a-amylase pro-
duction (35).

Moisture

Moisture is one of the most important parameters in
SSF that influences the growth of the organism and
thereby enzyme production. Low and high moisture le-
vels of the substrate affect the growth of the microorga-
nism resulting in lower enzyme production. High mois-
ture content leads to reduction in substrate porosity,
changes in the structure of substrate particles and reduc-
tion of gas volume. Bacteria are generally known to re-

quire initial moisture of 70–80 %. a-Amylase production
by Bacillus licheniformis M27 was highest with 65 % ini-
tial moisture content in an SSF system. Significant de-
crease in enzyme production was observed with high
increase in moisture content, which was due to the de-
crease in the rate of oxygen transfer. Studies indicated
that enzyme titres could be increased significantly by agi-
tation of the medium with high moisture content (67). A
thermotolerant B. subtilis required initial moisture of 30
% for its growth and maximum enzyme production (26).
Moisture content of 65 % was required by B. coagulans

for optimum a-amylase production on wheat bran (24).
A. oryzae (on wheat bran) and Streptomyces rimosus (on a
mixture of sweet potato and peanut meal residue) re-
quired an initial moisture content of 65 % for maximum

enzyme yield in SSF (31,68). Maximum a-amylase pro-
duction by Thermomyces lanuginosus ATCC 58157 by SSF
on wheat bran was at 90 % moisture content (22).

Particle size of substrate

In SSF, particle size of the substrate affects growth
of the organism and thereby influences the enzyme pro-
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duction. The adherence and penetration of microorga-
nisms as well as the enzyme action on the substrate
clearly depend upon the physical properties of the sub-
strate such as the crystalline or amorphous nature, the
accessible area, surface area, porosity, particle size, etc.
In all the above parameters, particle size plays a major
role because all these factors depend on it (24,69). Small-
er substrate particles have greater surface area for growth
but inter-particle porosity is lower. For larger particle
sizes, the porosity is greater but the saturated surface
area is smaller. Hence, determination of particle size cor-
responding to optimum growth and enzyme production
is necessary (69). A mathematical model has been de-
scribed, which enables the quantification and prediction
of the extent of degradation of the substrate particles
with fermentation time for any given initial size of sub-

strate particles. Studies on release of a-amylase have been
recorded and a gradual increase was noticed up to 72 h
for A. niger and 36 h for B. coagulans. The reduction of
particle size was up to 60 % at the end of the fermen-
tation time, 72 and 36 h for A. niger and B. coagulans,
respectively. Wheat bran having a particle size between
500–1000 µm gave better enzyme yields by B. subtilis
when compared with the larger particles (26).

Oxidative stress

Increase in enzyme production must be attained with-
out altering the economics of enzyme production. Induced
oxidative stress is used for enhanced enzyme production.
Oxidative stress results when the production rate of re-
active oxygen species (ROS) exceeds the capacity of the
cell for disposal. B. subtilis treated with ROS inducing
agents such as hydrogen peroxide and hypochlorous acid
(2.2-fold) exhibited increased specific levels of extracel-
lular enzymes as well as growth rate. Microarray data
analyzed indicated that the increase in enzyme produc-
tivity was due to the adaptive responses induced under
oxidative stress (43).

Purification

Downstream processing for the production of pure
enzymes can generally constitute a major percentage of
overall production cost, especially if end purity require-
ments are stringent. Purification processes in downstream
processing after fermentation strongly depend on the
market, processing cost, final quality, and available tech-
nology. Most enzymes are purified by chromatographic
techniques after crude isolation by precipitation and
membrane separations. The need for large-scale cost ef-
fective purification of proteins has resulted in evolution
of techniques that provide fast, efficient and economical

protocols in fewer processing steps (70). Purification
techniques that produce homogeneous preparation of
amylases in a single step are given in Table 2.

Enzyme Characteristics

The properties of a-amylases such as thermostabi-
lity and pH profile should match its application. Hence,
the diversity of the applications creates the need to search

for novel a-amylases with novel and improved proper-

ties. The rate of hydrolysis of starch by a-amylase de-
pends on many process conditions such as temperature,
pH, nature of substrate, substrate concentration, enzyme
concentration, presence of Ca2+ ions and other stabiliz-

ing agents. a-Amylases with characteristics suitable for
the industrially relevant process conditions and applica-
tions have to be appropriately selected as per the de-
mand.

Effect of temperature

It is desirable that a-amylases should be active at
high temperatures of gelatinization (100–110 °C) and liq-
uefaction (80–90 °C) to economize the process; therefore,
there has been a need and continual search for more

thermophilic and thermostable a-amylase (4). Most of

the a-amylases are reported to have one, or two intrin-
sic Ca2+ ions, present near the active centre formed by
the two domains, A and B. The Ca2+ is necessary for en-
zyme folding and enzyme stability. Secondary calcium
binding sites have also been reported, which enhanced
the thermostability. Saboury (75) reported the presence
of 17 different secondary binding sites for calcium in

a-amylase of B. amyloliquefaciens, which were responsi-
ble for stabilization of the enzyme against thermal and
surfactant denaturation. Weemaes et al. (76) studied the

stability of a-amylases produced by B. amyloliquefaciens,
B. licheniformis and B. stearothermophilus under combined
high temperature and pressure and the results indicated

that a-amylase produced by B. licheniformis was the
most stable enzyme among the three. Different sources

of a-amylases exhibiting considerable temperature sta-
bility are given in Table 3.

Effect of pH

Natural pH of starch slurry is generally around 4.5.
It is known that gelatinized starch is more susceptible to
degradation than nongelatinized starch. The extreme con-
ditions required for such pretreatment necessitate the use
of an enzyme that is resistant to high temperatures and
low pH. Acid hydrolysis of peptide bonds at low pH
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Table 2. Methods of one-step purification of a-amylases

Method Adsorbent Yield/%
Purification

fold
Reference

Affinity adsorption chromatography b-cyclodextrin-iminodiacetic acid-Cu2+ 95 – (71)

Expanded bed chromatography Alginic acid-cellulose cell beads 69 51 (70)

High speed counter current chromatography PEG4000-aqueous two-phase system 73.1 – (72)

Magnetic affinity adsorption Magnetic alginate microparticles 88 9 (73)

Substitute affinity method Insoluble corn starch at 4 °C 78 163 (74)



has been reported to occur most often at the C-terminal
side of Asp residues, with the Asp-Pro bond being the
most susceptible. This may be due to the facts that the
nitrogen of proline is more basic than that of other resi-

dues, and Asp has an increased propensity for a–b iso-
merization when linked on the N side of a proline (46).
Peptide bond hydrolysis never occurs in the helical and
beta structures (82). Thus, it appears that Asp residues,
or Asp-Pro bonds, occurring in regions except helical and
beta structures, are susceptible to hydrolysis at low pH.
Studies on influence of polyols indicated that stability
towards high temperature and proteolytic digestion of
enzymes was markedly enhanced in the presence of ad-
ditives such as sorbitol, glycerol and trehalose. More-
over, enzymes were resistant to acidic digestion (83).

a-Amylases having pH optima and stability in acidic,
neutral and alkaline range are given in Table 4.

Effect of metal ions

Most of amylases are known to be metal ion-de-
pendent enzymes, namely divalent ions like Ca2+, Mg2+,
Mn2+, Zn2+, Fe2+, etc. (11). Ca2+ was reported to increase

a-amylase activity of an alkaliphilic Bacillus sp. ANT-6
(4). The stabilizing effect of Ca2+ on thermostability of
the enzyme can be explained due to the salting out of
hydrophobic residues by Ca2+ in the protein, thus, caus-
ing the adoption of a compact structure (56). Ca-inde-
pendent enzymes have also been reported. Malhotra et

al. (87) reported the presence of a thermostable a-amy-
lase from B. thermooleovorans NP54, which did not re-
quire calcium ions for its activity or production. Zn2+

has varied effect on different amylases. Zn2+ was report-

ed to inhibit thermostable a-amylases from a thermo-
philic Bacillus sp. suggesting that the inhibition with the
ion determined the thermostability of enzyme. The pres-

ence of Zn2+ decreased the activity of ANT-6 enzyme in-
dicating its high thermostability (4). Detailed lists of
metal ions showing either positive or negative effects on
amylase activity are shown in Table 5.

Effect of inhibitors

The effect of metal chelators and chemical com-
pounds helps to study the characteristics of the enzyme.
The effect of inhibition of metal chelators indicates the
requirement of certain metal ions for enzyme activity.
Najafi and Kembhavi (74) studied the effects of chemical

modifiers on enzyme activity of a-amylase from marine
Vibrio sp. The results suggested the involvement of ami-
no acids such as Lys, Trp, Asp/Glu and His in enzyme
activity. Table 6 shows effect of some inhibitors on amy-
lase activity.

Effect of substrate

Amylases show substrate specificity. The substrate

specificity of the a-amylase was evaluated on soluble
starch, amylose, amylopectin, glycogen, maltodextrins, and

a- and b-cyclodextrins. Amylose was found to be the best

substrate for L. manihotivorans LMG 18010T a-amylase.
The relative activity observed on amylose was 1.6 times
higher than that obtained on starch. The hydrolysis of
amylopectin was 90 % in relation to starch. Glycogen and
dextrins with 10 and 20 DP were hydrolyzed at low rate
reaching 6.7, 7.3, and 8.9 %, respectively, and no activity

was found on a- and b-cyclodextrins (77). Natural star-
ches such as maize starch (91), raw sago starch (78), corn

starch (74,92) and wheat starch (85) increased a-amylase
activities.
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Table 3. a-Amylases exhibiting considerable temperature stability

Organism Temperature range/°C Residual activity/%
Temperature
optimum/°C

Reference

Lactobacillus manihotivorans 50–60 70 (50 °C for 1.0 h) 55 (77)

Bacillus sp. I-3 65–100 50 (80 °C for 2.5 h) 70 (56)

Pyrococcus furiosus 80–100 50 (98 °C for 13 h) 100 (46)

Thermobifida fusca NTU22 50–60 70 (60 °C for 3 h) 60 (78)

Cryptococcus flavus 50–60 60 (60 °C for 60 min) 50 (79)

Aspergillus tamarii 50–60 90 (65 °C for 3 h) 55 (80)

Scytalidium thermophilum 55–65 50 (55 °C for 25 min) 60 (81)

Table 4. a-Amylases having different optimal pH and stability

Organism pH range Residual activity/% pH optimum Reference

Bacillus sp. I-3 5.0–5.5 80 stable 7.0 (56)

Lactobacillus manihotivorans 4.0–6.0 90 5.5 (77)

Bacillus sp. ANT-6 9.0–13 55 (pH=10 for 15 h) 10.5 (4)

Bacillus KSM-K38 6.0–11.0 80 (pH=11 for 30 min) 8.0–9.5 (84)

Bacillus sp. PS-7 5.0– 8.0 96 (pH=5.0 for 90 min) 6.5 (33)

Cryptococcus sp. S-2 5–7 6.0 (85)

Aspergillus kawachii IFO 4308 2.0–6.5 90 (pH=2.0 for 30 min) 5.0 (86)



Raw starch digesting property

Gelatinization of starch requires a high-energy input
resulting in increased production cost of starch-based pro-
ducts. Hydrolysis of raw starch below gelatinization tem-
peratures has gained importance in view of energy costs,
effective utilization of natural resources and viscosity pro-
blems (56). It turns out to be an economically superior
alternative to the conventional process, which uses pre-
gelatinised starch as substrate (93).

Among microorganisms, fungi such as Aspergillus sp.,
Rhizopus sp. and Corticium rolfsi were reported to be good
producers of raw starch digesting amylases. Bacillus sp.
(e.g. B. stearothermophilus) was also reported to produce
amylases capable of digesting raw starch granules. A ther-

mostable a-amylase from Bacillus sp. I-3 hydrolyzed raw
potato starch at a concentration of 12.5 % within 12 h

(56). The digestibilities of a-amylase reported from A.
niger from rotting cassava bagasse were of the order ma-
ize starch>cassava starch>sorghum starch>soluble pota-

to starch (93). Raw starch degrading a-amylase from a
protease-negative A. ficuum mutant dissolved raw corn

starch granules (38). Raw starch digesting a-amylases was
reported to lose raw starch binding domain by the ac-
tion of protease present in the culture filtrate. A liquefy-

ing a-amylase (RBLA) from Bacillus sp. was reported to
act on raw starches over a wide range of pH=5.0–9.0
(38,94). Iefuji et al. (85) compared raw starch digesting

abilities of a thermostable a-amylase from the yeast Cryp-

tococcus sp. S-2 and Taka amylase. a-Amylase from Cryp-
tococcus sp. S-2 exhibited a stronger digestibility towards
raw potato starch and weaker activity for wheat, corn,
rice and sweet potato starches while Taka amylase was
reported to exhibit negligible raw starch digesting activ-
ity.

Stabilization

Enzymes are mostly proteins with a labile nature.
Inactivating agents such as temperature, pH, chemicals,
etc. impair the native conformation of an enzyme, thus
affecting its catalytic activity. The utility of an enzyme
depends mainly on its operational and storage stability
(95). Therefore, enzyme stability and its stabilization are
crucial factors in the application of enzymes. Stability of
enzymes can be achieved by screening intrinsically stable
enzymes, adding stabilizing agents, chemical modifica-
tion, immobilization, protein engineering, etc. Among the
stabilizing additives, as mentioned previously, Ca2+ has
been widely used to attain thermostability (4,96,97). It
has also been documented that Na+, K+, NH4

+ and bo-

vine serum albumin have protective effect on a-amylase
(98). Polyols (ethylene glycol, propenediols and glyce-
rol), dimethylformamide and dimethyl sulfoxide increased

the half-life of B. stearothermophilus a-amylase twofold.
These compounds stabilized the enzyme against thermal
denaturation through ionic interactions (99). Effect of the
addition of polyethylene glycols of different molecular
mass ranging from 400–8000 Da has been studied and

was found to increase the activity and stability of a-amy-
lases from different sources (100). Comparative study of
various stabilizing agents was done and sorbitol was
found to provide the highest degree of protection against
denaturation by increasing Tm and preventing deamida-
tion of amino acid residues (101). Heat inactivation ki-

netics of a-amylase of A. oryzae was studied and results
indicated that the thermal stability could be maintained
better in maltodextrin systems at reduced moisture con-
tent than in aqueous solutions (102). Enhancement of ther-

mal stability of a-amylase from B. amyloliquefaciens was
achieved by the modification of Lys residues using ci-
traconic anhydride (103).

Immobilized Amylases

The catalytic activity of an enzyme depends on its
three dimensional structure and conformation. Any per-
manent or temporary change in its natural conformation
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Table 6. Concentration effect of denaturing agents on a-amy-
lase activity

Inhibitor Concentration effect Organism
Refe-
rence

EDTA (10 mM) resistant Bacillus sp. L1711 (89)

Inhibitory Bacillus sp. I-3 (56)

100 mM resistant Bacillus KSM-K38 (84)

SDS (1 %) slight inhibition B. halodurans LBK 34 (90)

Urea 8 M inhibitory Bacillus sp. ANT-6 (4)

H2O2 1.8 M resistant Bacillus KSM-K38 (84)

EGTA 1 mM inhibitory L. starkeyi (88)

10 mM resistant Bacillus sp. L1711 (89)

Table 5. Concentration effect of metal ions on the activity of

a-amylases

Metal
ion

Concentration
effect/mM

Organism
Refe-
rence

Ca2+ 5 promoting Lipomyces starkeyi (88)

5 promoting Bacillus sp. ANT-6 (4)

K+ 10 promoting L. manihotivorans LMG 18010 (77)

Na+ 5 promoting Bacillus sp. L1711 (89)

5 inhibitory Bacillus sp. ANT-6 (4)

Co2+ 5 promoting Bacillus sp. L1711 (89)

Mg2+ 5 promoting Vibrio sp. (74)

Ba2+ 10 promoting L. manihotivorans LMG 18010 (77)

Mn2+ 1 promoting Bacillus sp. I-3 (56)

1 inhibitory Bacillus KSM-K38 (84)

Zn2+ 10 promoting L. manihotivorans LMG 18010 (77)

5 inhibitory Bacillus sp. ANT-6 (4)

Fe2+ 1 promoting Bacillus sp. I-3 (56)

20 inhibitory Cryptococcus flavus (79)

Cu2+ 1 promoting Bacillus sp. I-3 (56)

10 inhibitory L. manihotivorans LMG 18010 (77)

Ni2+ 5 promoting B. halodurans LBK 34 (90)

Al3+ 10 inhibitory L. manihotivorans LMG 18010 (77)

Fe3+ 5 inhibitory B. halodurans LBK 34 (90)

Hg+ 1 inhibitory Bacillus sp. I-3 (56)

1 inhibitory Thermobifida fusca NTU22 (78)



caused by any physical or chemical agent affects its cat-
alytic function. Thus, it becomes necessary to protect en-
zymes from its destructive elements in order to sustain
its catalytic activity. Immobilization of enzymes is one
of the methods for protecting and stabilizing the en-
zymes, thereby enhancing their properties and their re-
petitive utilization either in batch, or continuous mode
(104). Immobilization of enzymes prevents their deactiva-
tion by various physical and chemical denaturing agents
and thereby enhancing their operational stability. Cer-

tain immobilization techniques developed for a-amyla-
ses are given in Table 7.

Cloning of a-Amylase Genes

Cloning of genes has been done extensively for the
molecular study of proteins, their hyperproduction and

protein engineering. Cloning of a-amylases has been done
for studying their sequence, characteristics, hyperproduc-
tion and expression and for enzyme engineering (11).

a-Amylase genes from different fungal and bacterial
sources have been cloned in appropriate host organisms
using suitable vectors (Table 8).

Enzyme Engineering

Demands for a-amylases with different physiologi-
cal and biochemical properties by different industries ne-
cessitate the search and development of enzymes with

novel properties. Enzyme engineering is known to be a
promising technique to achieve this goal. Engineering of
enzymes consists of integrating desired properties in the
appropriate gene and these properties may include high
thermostability, wide pH profile, Ca independence, raw
starch degrading ability, activity at high concentration
of starch, protease resistance, insensibility to catabolite
repression and hyperproduction. Introduction of three

mutations Asn172®Arg, His156®Tyr and Ala181®Thr

was reported to increase the thermostability of a-amy-
lase of B. licheniformis by 5-fold (116). Thermostability at

low pH was achieved by substitutions Met15®Thr/Asn

188®Ser (117). Negative regulatory mechanism in the pre-
sence of glucose, observed in Streptomyces sp., was re-

lieved by cloning an a-amylase gene (amt TO1) and a
mutated dyatic symmetric element present in promoter

region (3-bp change) of a-amylase gene in high copy num-
ber replicating cloning vector pIJ702 and was expressed
in both the original host Streptomyces sp. TO1 and S. li-
vidans Tk24 (118). Stabilizations of the proteins have also
been done by insertion of prolines in loop regions (119).
Error prone PCR in combination with gene shuffling of

a-amylase gene of B. amyloliquefaciens and two of its mu-
tants resulted in another mutant, which was active over
a broader pH range than the wild type, also exhibiting a
5-fold higher activity at pH=10 (120). It has also been
shown that incorporation of hydrophobic residues at the
surface of the enzyme of B. licheniformis has resulted in
increased resistance to high temperature (121).

180 S. SIVARAMAKRISHNAN et al.: a-Amylases from Microbial Sources, Food Technol. Biotechnol. 44 (2) 173–184 (2006)

Table 7. Prominent immobilization methods for a-amylases

Source Immobilizing agent
Retained activity

after immobilization/%
Reference

Bacillus sp. Copolymers of butyl acrylate and ethylene glycol
dimethacrylate activated with glutaraldehyde

60.2
(79.2 % activity after 1 month’s

storage at 4 °C)
(105)

A. oryzae Cu2+ chelated poly(ethylene glycol dimethacrylate-n-vinyl
imidazole) matrix via adsorption

–
(70 % retained for 20 cycles)

(106)

B. subtilis Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) coated

a-amylase entrapped into butylacrylate-acrylic acid
copolymer (BuA/AAc)

90
(60 % activity retained for 15 cycles)

(107)

B. licheniformis Poly(hydroxyethyl methacrylate-co-glycidyl methacrylate) 76 (108)

B. subtilis Ca-alginate gel capsules 70
(90 % activity retained for 20 cycles)

(109)

a-amylase:
glucoamylase
coenzymes (1:3)

(1) Hydrophilic silica gel
(2) DEAE-cellulose entrapped in alginate beads

92.3 % activity retained for 10 cycles
88.9 % activity retained for 10 cycles

(110)

Table 8. Cloning of a-amylase genes from different sources

Gene source Recombinant host Vector Reference

Aspergillus kawachii IFO 4308 Saccharomyces cerevisiae pYcDE1 (111)

Bacillus amyloliquefaciens Escherichia coli pETAM (derived from pKK233-2 and pET21d) (112)

Halothermothrix orenii Escherichia coli pBluescript SK+ (113)

Alteromonas haloplanktis (psychrophile) Escherichia coli pUC12 (114)

Lipomyces starkeyi Escherichia coli pGEM-T (88)

Lipomyces kononenkoae Saccharomyces cerevisiae YIp5 (52)

Thermococcus hydrothermalis Escherichia coli pBluescript II KS- (115)



Applications

a-Amylases are the enzymes first to be commercially
produced and marketed. Dr. J. Takamine established the
first industrial production of a-amylase from A. oryzae
known as »Taka diastase«, which was used as a diges-
tive aid. The global market for enzymes was about $2
billion in 2004. It is expected to have an average annual
growth rate of 3.3 %. The share of carbohydrases com-
prising amylases, isomerases, pectinases and cellulases
is about 40 % (122). The food and beverage sectors uti-
lize 90 % of the carbohydrases produced. The annual
sale of a-amylases in global market is estimated to be
$11 million (123). The world production of a-amylases
from B. licheniformis and Aspergillus sp. was about 300
tonnes of pure enzyme protein per year (124). Table 9
shows vivid applications of amylases.

Conclusions

a-Amylases are one of the most widely used enzymes
required for the preparation of fermented foods. Apart
from food and starch industries, in which demand for
them is increasing continuously, they are also used in
various other industries such as paper and pulp, textile,
etc. (125). With increase in its application spectrum, the
demand is for the enzyme with specificity. Research is
focused on developing thermotolerant and pH tolerant
a-amylase from microbes, modifying them genetically or
applying site-directed mutagenesis to acquire desired pro-
perties in the enzyme. Commercially most of the pro-
duction of a-amylase is carried out in submerged fer-
mentation, but solid-state fermentation is being looked
at as a potential tool for its production, especially apply-
ing agroindustrial residues as substrate.

Acknowledgements

We thank the Department of Biotechnology, New

Delhi for financial support for the project on a-amylase.

References

1. A.K. Bordbar, K. Omidiyan, R. Hosseinzadeh, Study on in-
teraction of a-amylase from Bacillus subtilis with cetyl tri-
methylammonium bromide, Colloids Surf. B: Biointerfaces, 40
(2005) 67–71.

2. M.J.E.C. van der Maarel, B. van der Veen, J.C.M. Uitde-
haag, H. Leemhuis, L. Dijkhuizen, Properties and applica-
tions of starch-converting enzymes of the a-amylase fam-
ily, J. Biotechnol. 94 (2002) 137–155.

3. T. Satyanarayana, J.L.U.M. Rao, M. Ezhilvannan: a-Amy-
lases. In: Enzyme Technology, A. Pandey, C. Webb, C.R. Soc-
col, C. Larroche (Eds.), Asiatech Publishers Inc., New Del-
hi, India (2005) pp. 189–220.

4. A. Burhan, U. Nisa, C. Gokhan, C. Omer, A. Ashabil, G.
Osman, Enzymatic properties of a novel thermostable, ther-
mophilic, alkaline and chelator resistant amylase from an
alkaliphilic Bacillus sp. isolate ANT-6, Process. Biochem. 38
(2003) 1397–1403.

5. B. Henrissat, A classification of glycosyl hydrolases based
on amino acid sequence similiarities, Biochem. J. 280 (1991)
309–316.

6. E.A. MacGregor, An overview of clan GH-H and distant-
ly-related families, Biologia (Bratislava), 60 (2005) 5–12.

7. H. Takata, T. Kuriki, S. Okada, Y. Takesada, M. Iizuka, N.
Minamiura, T. Imanaka, Action of neopullulanase: Neopul-
lulanase catalyzes both hydrolysis and transglycosylation
at a-(1–4)- and a-(1–6)-glucosidic linkages, J. Biol. Chem.
267 (1992) 18447–18452.

8. T. Kuriki, H. Hondoh, Y. Matsuura, The conclusive proof
that supports the concept of the a-amylase family: Struc-
tural similarity and common catalytic mechanism, Biologia
(Bratislava), 60 (2005) 13–16.

9. S. Janecek, How many conserved sequence regions are there
in the a-amylase family?, Biologia (Bratislava), 57 (2002) 29–41.

10. M. Vihinen, P. Mantasala, Microbial amylolytic enzymes,
Crit. Rev. Biochem. Mol. Biol. 24 (1989) 329–418.

11. A. Pandey, P. Nigam, C.R. Soccol, V.T. Soccol, D. Singh, R.
Mohan, Advances in microbial amylases (review article),
Biotechnol. Appl. Biochem. 31 (2000) 135–152.

12. E. Haddaoui, R. Chambert, M.F. Petit-Glatron, O. Lindy,
M. Sarvas, Bacillus subtilis k-amylase: The rate limiting step
of secretion is growth phase-independent, FEMS Microbiol.
Lett. 173 (1999) 127–131.

13. M.A. McTigue, C.T. Kelly, E.M. Doyle, W.M. Fogarty, The
alkaline amylase of the alkalophilic Bacillus sp. IMD 370,
Enzyme Microb. Technol. 17 (1995) 570–573.

14. I. Haq, H. Ashraf, S. Ali, M.A. Qadeer, Submerged fermen-
tation of alpha amylase by Bacillus licheniformis GCB 36,
Biologia (Bratislava), 43 (1997) 39–45.

15. L.M. Hamilton, W.M. Fogarty, C.T. Kelly, Purification and
properties of the raw starch degrading a-amylase of Bacil-
lus sp. IMD 434, Biotechnol. Lett. 21 (1999) 111–115.

16. Y.S.P. Rahardjo, S. Sie, F.J. Weber, J. Tramper, A. Rinzema,
Effect of low oxygen concentrations on growth and a-amy-

181S. SIVARAMAKRISHNAN et al.: a-Amylases from Microbial Sources, Food Technol. Biotechnol. 44 (2) 173–184 (2006)

Table 9. Uses of amylases in various sectors of industry

Sector Uses Reference

Food industry Production of glucose syrups, crystalline glucose (2,122,125)

Production of high fructose corn syrups

Production of maltose syrups

Reduction of viscosity of sugar syrups

Reduction of haze formation in juices

Solubilization and saccharification of starch for alcohol fermentation in brewing industries

Retardation of staling in baking industry

Detergent industry Used as an additive to remove starch based dirts

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

Textile industry Warp sizing of textile fibers

Pharmaceutical industry Used as a digestive aid



lase production of Aspergillus oryzae in model solid-state
fermentation systems, Biomol. Eng. 21 (2005) 163–172.

17. A. Pandey, C.R. Soccol, J.A. Rodriguez-Leon, P. Nigam: So-
lid-State Fermentation in Biotechnology: Fundamentals and Ap-
plications, Asiatech Publishers Inc., New Delhi, India (2001)
pp. 3–7.

18. A. Pandey, Recent process developments in solid-state fer-
mentation, Process Biochem. 27 (1992) 109–117.

19. P. Nigam, D. Singh, Enzyme and microbial system involv-
ed in starch processing, Enzyme Microb. Technol. 17 (1995)
770–778.

20. B.S. Chadha, S. Singh, G. Vohra, H.S. Saini, Shake culture
studies for the production of amylases by Thermomyces la-
nuginosus, Acta Microbiol. Immunol. Hung. 44 (1997) 181–185.

21. B.K. Lonsane, N.P. Ghildyal, S. Budiatman, S.V. Rama-
krishna, Engineering aspects of solid-state fermentation,
Enzyme Microb. Technol. 7 (1985) 258–265.

22. A. Kunamneni, S.K. Kuttanpillai, S. Singh, Response sur-
face methodological approach to optimize the nutritional
parameters for enhanced production of a-amylase in solid-
-state fermentation by Thermomyces lanuginosus, Afr. J. Bio-
technol. 4 (2005) 708–716.

23. V.H. Mulimani, G.N. Patil Ramalingam, a-Amylase produc-
tion by solid-state fermentation: A new practical approach
to biotechnology courses, Biochem. Educ. 28 (2000) 161–163.

24. M.P. Nandakumar, M.S. Thakur, K.S.M.S. Raghavarao, N.P.
Ghildyal, Substrate particle size reduction by Bacillus coa-
gulans in solid-state fermentation, Enzyme Microb. Technol.
18 (1996) 121–125.

25. I. Haq, H. Ashraf, J. Iqbal, M.A. Qadeer, Production of al-
pha amylase by Bacillus licheniformis using an economical
medium, Bioresour. Technol. 87 (2003) 57–61.

26. Z. Baysal, F. Uyar, C. Aytekin, Solid-state fermentation for pro-
duction of a-amylase by a thermotolerant Bacillus subtilis
from hot-spring water, Process Biochem. 38 (2003) 1665–1668.

27. B.K. Lonsane, M.V. Ramesh, Production of bacterial ther-
mostable a-Amylase by solid-state fermentation: A poten-
tial tool for achieving economy in enzyme production and
starch hydrolysis, Adv. Appl. Microbiol. 35 (1990) 1–56.

28. M.V. Ramesh, B.K. Lonsane, Ability of a solid-state fermen-
tation technique to significantly minimize catabolic repres-
sion of a-amylase production by Bacillus licheniformis M27,
Appl. Microbiol. Biotechnol. 35 (1991) 591–593.

29. K.R. Babu, T. Satyanarayana, a-Amylase production by ther-
mophilic Bacillus coagulans in solid-state fermentation, Pro-
cess Biochem. 30 (1995) 305–309.

30. M.V. Ramesh, B.K. Lonsane, A novel bacterial thermo-
stable alpha amylase system produced under solid-state
fermentation, Biotechnol. Lett. 9 (1987) 501–504.

31. S. Ramachandran, A.K. Patel, K.M. Nampoothiri, F. Fran-
cis, V. Nagy, G. Szakacs, A. Pandey, Coconut oil cake - A
potential raw material for the production of a-amylase,
Bioresour. Technol. 93 (2004) 169–174.

32. A. Pandey, P. Selvakumar, C.R. Soccol, P. Nigam, Solid-
-state fermentation for the production of industrial en-
zymes, Curr. Sci. 77 (1999) 149–162.

33. H.K. Sodhi, K. Sharma, J.K. Gupta, S.K. Soni, Production
of a thermostable a-amylase from Bacillus sp. PS-7 by so-
lid-state fermentation and its synergistic use in the hydro-
lysis of malt starch for alcohol production, Process Biochem.
40 (2005) 525–534.

34. F. Francis, A. Sabu, K.M. Nampoothiri, S. Ramachandran,
S. Ghosh, G. Szakacs, A. Pandey, Use of response surface
methodology for optimizing process parameters for the pro-
duction of a-amylase by Aspergillus oryzae, Biochem. Eng. J.
15 (2003) 107–115.

35. P. Vishwanathan, N.R. Surlikar, Production of a-amylase
with Aspergillus flavus on Amaranthus grains by solid-state
fermentation, J. Basic Microbiol. 41 (2001) 57–64.

36. M.S. Tanyildizi, D. Ozer, M. Elibol, Optimization of a-amy-
lase production by Bacillus sp. using response surface me-
thodology, Process Biochem. 40 (2005) 2291–2296.

37. M. Carlsen, A.B. Spohr, J. Nielsen, J. Villadsen, Morphol-
ogy and physiology of an a-amylase producing strain of
Aspergillus oryzae during batch cultivations, Biotechnol. Bio-
eng. 49 (1996) 266–276.

38. S. Hayashida, Y. Teramoto, Production and characteristics
of raw-starch-digesting a-amylase from a protease nega-
tive Aspergillus ficuum mutant, Appl. Environ. Microbiol. 52
(1986) 1068–1073.

39. K. Moller, M.Z. Sharif, L. Olsson, Production of fungal
a-amylase by Saccharomyces kluyveri in glucose-limited cul-
tivations, J. Biotechnol. 111 (2004) 311–318.

40. B. Jensen, J. Olsen, Physicochemical properties of a purified
alpha amylase from the thermophilic fungus Thermomyces
lanuginosus, Enzyme Microb. Technol. 14 (1992) 112–116.

41. L. Bunni, L. Mc Hale, A.P. Mc Hale, Production, isolation
and partial characterization of an amylase system produced
by Talaromyces emersonii CBS 814.70, Enzyme Microb. Tech-
nol. 11 (1989) 370–375.

42. M.J. Syu, Y.H. Chen, A study on the a-amylase fermenta-
tion performed by Bacillus amyloliquefaciens, Chem. Eng. J.
65 (1997) 237–247.

43. S. Mishra, S.B. Noronha, G.K. Suraishkumar, Increase in
enzyme productivity by induced oxidative stress in Bacil-
lus subtilis cultures and analysis of its mechanism using
microarray data, Process Biochem. 40 (2005) 1863–1870.

44. D.R. Mendu, B.V.V. Ratnam, A. Purnima, C. Ayyanna, Affi-
nity chromatography of a-amylase from Bacillus lichenifor-
mis, Enzyme Microb. Technol. 37 (2005) 712–717.

45. J.R. Mielenz, Bacillus stearothermophilus contains a plasmid-
-borne gene for a-amylase, Proc. Natl. Acad. Sci. 80 (1983)
5975–5979.

46. K. Vieille, G.J. Zeikus, Hyperthermophilic enzymes: Sour-
ces, uses, and molecular mechanisms of thermostability,
Microbiol. Mol. Biol. Rev. 65 (2001) 1–43.

47. I. Gomes, J. Gomes, W. Steiner, Highly thermostable amy-
lase and pullulanase of the extreme thermophilic eubac-
terium Rhodothermus marinus: Production and partial cha-
racterization, Bioresour. Technol. 90 (2003) 207–214.

48. G. Feller, O. Le Bussy, C. Gerday, Expression of psychro-
philic genes in mesophilic hosts: Assessment of the fold-
ing state of a recombinant a-amylase, Appl. Environ. Micro-
biol. 64 (1998) 1163–1165.

49. M.W. Fogarty: Microbial Amylases. In: Microbial Enzymes
and Biotechnology, W.M. Fogarty (Ed.), Applied Science Pu-
blishers Ltd., London, UK (1983) pp. 1–92.

50. M. Carlsen, J. Nielsen, J. Villadsen, Growth and a-amylase
production by Aspergillus oryzae during continuous culti-
vations, J. Biotechnol. 45 (1996) 81–93.

51. S. Djekrif-Dakhmouche, Z. Gheribi-Aoulmi, Z. Meraihi, L.
Bennamoun, Application of a statistical design to the opti-
mization of culture medium for a-amylase production by
Aspergillus niger ATCC 16404 grown on orange waste pow-
der, J. Food Eng. 73 (2005) 190–197.

52. A.M. Knox, J.C. du Preez, S.G. Kilian, Starch fermentation
characteristics of Saccharomyces cerevisiae strains transformed
with amylase genes from Lipomyces kononenkoae and Sac-
charomyces fibuligera, Enzyme Microb. Technol. 34 (2004) 453–
460.

53. I. Haq, H. Ashraf, M.A. Qadeer, J. Iqbal, Pearl millet, a
source of alpha amylase production by Bacillus lichenifor-
mis, Bioresour. Technol. 96 (2005) 1201–1204.

54. M.V. Swamy, G. Seenayya, Thermostable pullulanase and
a-amylase activity from Clostridium thermosulfurogenes SV9
optmization of culture conditions for enzyme production,
Process Biochem. 31 (1996) 157–162.

182 S. SIVARAMAKRISHNAN et al.: a-Amylases from Microbial Sources, Food Technol. Biotechnol. 44 (2) 173–184 (2006)



55. A.K. Chandra, S. Medda, A.K. Bhadra, Production of extra-
cellular thermostable a-amylase by Bacillus licheniformis, J.
Ferment. Technol. 58 (1980) 1–10.

56. N. Goyal, J.K. Gupta, S.K. Soni, A novel raw starch digest-
ing thermostable a-amylase from Bacillus sp. I-3 and its
use in the direct hydrolysis of raw potato starch, Enzyme
Microb. Technol. 37 (2005) 723–734.

57. R.A.K. Srivastava, J.N. Baruah, Culture conditions for pro-
duction of thermostable amylase by Bacillus stearothermo-
philus, Appl. Environ. Microbiol. 52 (1986) 179–184.

58. Q.D. Nguyen, J.M. Rezessy-Szabo, A. Hoschke, Optimisa-
tion of composition of media for the production of amylo-
lytic enzymes by Thermomyces lanuginosus ATCC 34626, Food
Technol. Biotechnol. 38 (2000) 229–234.

59. C.E. Goto, E.P. Barbosa, L.C.L Kistner, F.G. Moreira, V. Le-
nartovicz, R.M. Peralta, Production of amylase by Asper-
gillus fumigatus utilizing a-methyl-D-glucoside, a synthetic
analogue of maltose, as substrate, FEMS Microbiol. Lett. 167
(1998) 139–143.

60. B.G. Dettori, F.G. Priest, J.R. Stark, Hydrolysis of starch
granules by the amylase from Bacillus stearothermophilus
NCA 26, Process Biochem. 27 (1992) 17–21.

61. P.V.D. Aiyer, Effect of C:N ratio on alpha amylase pro-
duction by Bacillus licheniformis SPT 278, Afr. J. Biotechnol.
3 (2004) 519–522.

62. H. Pederson, J. Nielson, The influence of nitrogen sources
on the a-amylase productivity of Aspergillus oryzae in con-
tinuous cultures, Appl. Microbiol. Biotechnol. 53 (2000) 278–
281.

63. S. Arnesen, S.H. Eriksen, J. Olsen, B. Jensen, Increased
production of a-amylase from Thermomyces lanuginosus by
the addition of Tween 80, Enzyme Microb. Technol. 23
(1998) 249–252.

64. C. Ulger, C. Curakoglu, a-Amylase production by Bacillus
subtilis and B. amyloliquefaciens in different PEG solutions,
World J. Microbiol. Biotechnol. 17 (2001) 93–94.

65. J.L.U.M. Rao, T. Satyanarayana, Enhanced secretion and
low temperature stabilization of a hyperthermostable and
Ca2+ independent a-amylase of Geobacillus thermoleovorans
by surfactants, Lett. Appl. Microbiol. 36 (2003) 191–196.

66. A.K. Patel, K.M. Nampoothiri, S. Ramachandran, G. Sza-
kacs, A. Pandey, Partial purification and characterization
of a-amylase produced by Aspergillus oryzae using spent
brewing grains, Indian J. Biotechnol. 4 (2005) 336–342.

67. M.V. Ramesh, B.K. Lonsane, Critical importance of mois-
ture content of the medium in alpha amylase production
by Bacillus licheniformis M27 in a solid-state fermentation
medium, Appl. Microbiol. Biotechnol. 33 (1990) 501–505.

68. S.S. Yang, J.Y. Wang, Protease and amylase production of
Streptomyces rimosus in submerged and solid-state cultiva-
tions, Bot. Bull. Acad. Sin. 40 (1999) 259–265.

69. A. Pandey, Effect of particle size of substrate on enzyme
production in solid-state fermentation, Bioresour. Technol.
37 (1991) 169–172.

70. N. Amritkar, M. Kamat, A. Lali, Expanded bed affinity pur-
ification of bacterial a-amylase and cellulase on composite
substrate analogue–cellulose matrices, Process Biochem. 39
(2004) 565–570.

71. Y.C. Liao, M.J. Syu, Novel immobilized metal ion affinity
adsorbent based on cross-linked b-cyclodextrin matrix for
repeated adsorption of a-amylase, Biochem. Eng. J. 23 (2005)
17–24.

72. W. Zhi, Q. Deng, J. Song, M. Gu, F. Ouyang, One-step pu-
rification of a-amylase from the cultivation supernatant of
recombinant Bacillus subtilis by high-speed counter-current
chromatography with aqueous polymer two-phase systems,
J. Chromatogr. A, 1070 (2005) 215–219.

73. M. Safarikova, I. Roy, M.N. Gupta, I. Safarik, Magnetic al-
ginate microparticles for purification of a-amylases, J. Bio-
technol. 105 (2003) 255–260.

74. M.F. Najafi, A. Kembhavi, One-step purification and char-
acterization of an extracellular a-amylase from marine Vi-
brio sp., Enzyme Microb. Technol. 36 (2005) 535–539.

75. A.A. Saboury, Stability, activity and binding properties stu-
dy of a-amylase upon interaction with Ca2+ and Co2+, Bio-
logia (Bratislava), 57 (2002) 221–228.

76. C. Weemaes, S. De Cordt, K. Goossens, L. Ludikhuyze,
M. Hendrickx, K. Heremans, P. Tobback, High pressure,
thermal, and combined pressure-temperature stabilities of
a-amylases from Bacillus species, Biotechnol. Bioeng. 50 (1996)
49–56.

77. G. Aguilar, J. Morlon-Guyot, B. Trejo-Aguilar, J.P. Guyot,
Purification and characterization of an extracellular a-amy-
lase produced by Lactobacillus manihotivorans LMG 18010T,
an amylolytic lactic acid bacterium, Enzyme Microb. Tech-
nol. 27 (2000) 406–413.

78. C.H. Yang, W.H. Liu, Purification and properties of a mal-
totriose-producing a-amylase from Thermobifida fusca, En-
zyme Microb. Technol. 35 (2004) 254–260.

79. K.J. Wanderley, F.A.G. Torres, L.M.P. Moraes, C.J. Ulhoa,
Biochemical characterization of a-amylase from the yeast
Cryptococcus flavus, FEMS Microbiol. Lett. 231 (2004) 165–
169.

80. F.G. Moreira, V.L. Lenartovicz, R.M. Peralta, A thermo-
stable maltose-tolerant a-amylase from Aspergillus tamari,
J. Basic Microbiol. 44 (2004) 29–35.

81. A.C.M.M. Aquino, J.A. Jorge, H.F. Terenza, M.L.T.M. Poli-
zeli, Studies on thermostable a-amylase from the thermo-
philic fungus Scytalidium thermophilum, Appl. Microbiol. Bio-
technol. 61 (2003) 323–328.

82. A. Fontana, M. Zambonin, V. De Filipis, P.P. De Laureto,
Limited proteolysis of cytochrome c in trifluoroethanol,
FEBS Lett. 362 (1995) 266–270.

83. K. Khajeh, M.M. Shokri, S.M. Asghari, F. Moradian, A. Gha-
semi, M. Sadeghi, B. Ranjbar, S. Hosseinkhani, S. Gharavi,
H. Naderi-Manesh, Acidic and proteolytic digestion of
a-amylases from Bacillus licheniformis and Bacillus amylo-
liquefaciens: Stability and flexibility analysis, Enzyme Mi-
crob. Technol. 38 (2006) 422–428.

84. H. Hagihara, K. Igarashi, Y. Hayashi, K. Endo, K. Ikawa-
-Kitayama, K. Ozaki, S. Kawai, S. Ito, Novel a-amylase that
is highly resistant to chelating reagents and chemical oxi-
dants from the alkaliphilic Bacillus isolate KSM-K38, Appl.
Environ. Microbiol. 67 (2001) 1744–1750.

85. H. Iefuji, M. Chino, M. Kato, Y. Iimura, Raw starch-digest-
ing and thermostable a-amylase from the yeast Cryptococ-
cus sp. S-2: Purification, characterization, cloning and se-
quencing, Biochem. J. 318 (1996) 989–996.

86. S. Sudo, T. Ishikawa, K. Sato, T. Oba, Comparison of acid-
-stable a-amylase production by Aspergillus kawachii in so-
lid-state and submerged culture, J. Ferment. Bioeng. 77 (1994)
483–489.

87. R. Malhotra, S.M. Noorvez, T. Satyanarayana, Production
and partial characterization of thermostable and calcium
independent alpha amylase of an extreme thermophile Ba-
cillus thermooleovorans NP54, Lett. Appl. Microbiol. 31 (2000)
378–384.

88. H.K. Kang, J.H. Lee, D. Kim, D.F. Day, J.F. Robyt, K.W.
Park, T.W. Moon, Cloning and expression of Lipomyces
starkeyi a-amylase in Escherichia coli and determination of
some of its properties, FEMS Microbiol. Lett. 233 (2004) 53–
64.

89. E.C.M.J. Bernharsdotter, J.D. Ng, O.K. Garriott, M.L.
Pusey, Enzymic properties of an alkaline chelator-resistant
a-amylase from an alkaliphilic Bacillus sp. isolate L1711,
Process Biochem. 40 (2005) 2401–2408.

183S. SIVARAMAKRISHNAN et al.: a-Amylases from Microbial Sources, Food Technol. Biotechnol. 44 (2) 173–184 (2006)



90. S.O. Hashim, O.D. Delgado, M.A. Martinez, R.H. Kaul, F.J.
Mulaa, B. Mattiasson, Alkaline active maltohexaose-form-
ing a-amylase from Bacillus halodurans LBK 34, Enzyme Mi-
crob. Technol. 36 (2005) 139–146.

91. A. Kunamneni, S. Singh, Response surface optimization of
enzymatic hydrolysis of maize starch for higher glucose
production, Biochem. Eng. J. 27 (2005) 179–190.

92. H. Shigechi, Y. Fujita, J. Koh, M. Ueda, H. Fukuda, A. Kon-
do, Energy saving direct ethanol production from low-
-temperature cooked corn starch using a cell-surface engi-
neered yeast strain co-displaying glucoamylase and a-amy-
lase, Biochem. Eng. J. 18 (2004) 149–153.

93. B.N. Okolo, L.I. Ezeogu, C.N. Mba, Production of raw starch
digesting amylase by Aspergillus niger grown on native starch
sources, J. Sci. Food Agric. 69 (1995) 109–115.

94. S. Mitsuiki, K. Mukae, M. Sakai, M. Goto, S. Hayashida, K.
Furukawa, Comparative characterization of raw starch hy-
drolyzing a-amylases from various Bacillus strains, Enzyme
Microb. Technol. 37 (2005) 410–416.

95. C.O. Fagain, Enzyme stabilization – Recent experimental
progress, Enzyme Microb. Technol. 33 (2003) 137–149.

96. G. Mamo, A. Gessesse, Purification and characterization of
two raw-starch-digesting thermostable a-amylases from a
thermophilic Bacillus, Enzyme Microb. Technol. 25 (1999) 433–
438.

97. L.M. Marchal, J. Jonkers, G.T. Franke, C.D. de Gooijer, J.
Tramper, The effect of process conditions on the a-amylo-
lytic hydrolysis of amylopectin potato starch: An experi-
mental design approach, Biotechnol. Bioeng. 62 (1999) 348–
357.

98. S. Janecek, S. Balaz, a-amylases and approaches leading to
their enhanced stability, FEBS Lett. 304 (1992) 1–3.

99. P.J. Brumm, W.M. Teague, Effect of additives on the ther-
mostability of Bacillus stearothermophilus a-amylase, Biotech-
nol. Lett. 11 (1989) 541–544.

100. S.H. Yoon, J.F. Robyt, Activation and stabilization of 10
starch-degrading enzymes by Triton X-100, polyethylene
glycols, and polyvinyl alcohols, Enzyme Microb. Technol. 37
(2005) 556–562.

101. K. Khajeh, M. Nemat-Gorgani, Comparative studies on a
mesophilic and a thermophilic a-amylase, Appl. Biochem.
Biotechnol. 90 (2001) 47–55.

102. K. Samborska, Y. Guiavarch, A. Van Loey, M. Hendrickx,
The influence of moisture content on the thermostability
of Aspergillus oryzae a-amylase, Enzyme Microb. Technol. 37
(2005) 167–174.

103. K. Khajeh, H. Naderi-Manesh, B. Ranjbar, A. Moosavi-Mo-
vahedi, M.N. Gorgani, Chemical modification of lysine re-
sidues in Bacillus a-amylases: Effect on activity and stabil-
ity, Enzyme Microb. Technol. 28 (2001) 543–549.

104. A. Pandey, C.R. Soccol, V.T. Soccol, Biopotential of immo-
bilized enzymes, Indian J. Microbiol. 40 (2000) 1–14.

105. J. Bryjak, Glucoamylase, a-amylase and b-amylase immo-
bilization on acrylic carriers, Biochem. Eng. J. 16 (2003)
347–355.

106. A. Kara, B. Osman, H. Yavuz, N. Besirli, A. Denizli, Immo-
bilization of a-amylase on Cu2+ chelated poly(ethylene gly-
col dimethacrylate-n-vinyl imidazole) matrix via adsorp-
tion, React. Funct. Polym. 62 (2005) 61–68.

107. A.I. El-Batal, K.S. Atia, M. Eid, Stabilization of a-amylase
by using anionic surfactant during the immobilization pro-
cess, Radiat. Phys. Chem. 74 (2005) 96–101.

108. G. Bayramoglu, M. Yilmaz, M.Y. Arica, Immobilization of
a thermostable a-amylase onto reactive membranes: Kine-
tics characterization and application to continuous starch
hydrolysis, Food Chem. 84 (2004) 591–599.

109. Z. Konsoula, M. Liakopoulou-Kyriakides, Starch hydroly-
sis by the action of an entrapped in alginate capsules
a-amylase from Bacillus subtilis, Process Biochem. 41 (2006)
343–349.

110. D. Park, S. Haam, K. Jang, I.S. Ahn, W.S. Kim, Immobili-
zation of starch-converting enzymes on surface-modified
carriers using single and co-immobilized systems: Proper-
ties and application to starch hydrolysis, Process Biochem.
40 (2005) 53–61.

111. A. Kaneko, S. Sudo, Y. Takayasu-Sakamoto, G. Tamura, T.
Ishikawa, T. Oba, Molecular cloning and determination of
the nucleotide sequence of a gene encoding an acid-stable
a-amylase from Aspergillus kawachii, J. Ferment. Bioeng. 81
(1996) 292–296.

112. E.S. Demirkan, B. Mikami, M. Adachi, T. Higasa, S. Utsu-
mi, a-Amylase from B. amyloliquefaciens: Purification, cha-
racterization, raw starch degradation and expression in E.
coli, Process Biochem. 40 (2005) 2629–2636.

113. B.N. Mijts, B.K.C. Patel, Cloning, sequencing and expres-
sion of an a-amylase gene amy A, from the thermophilic
halophile Halothermothrix orenii and purification and bio-
chemical characterization of the recombinant enzyme, Mi-
crobiology, 148 (2002) 2343–2349.

114. G. Feller, O. Le Bussy, C. Gerday, Expression of psychro-
philic genes in mesophilic hosts: Assessment of the fold-
ing state of a recombinant a-amylase, Appl. Environ. Mi-
crobiol. 64 (1998) 1163–1165.

115. E. Leveque, B. Haye, A. Belarbi, Cloning and expression
of an a-amylase encoding gene from the hyperthermophi-
lic archaebacterium Thermococcus hydrothermalis and bioche-
mical characterization of the recombinant enzyme, FEMS
Microbiol. Lett. 186 (2000) 67–71.

116. N. Declerck, M. Machius, P. Joyet, G. Wiegand, R. Huber,
C. Gaillardin, Hyperthermostabilisation of Bacillus licheni-
formis a-amylase and modulation of its stability over a 50
°C temperature range, Protein Eng. 16 (2003) 287–293.

117. A. Shaw, R. Bott, A.G. Day, Protein engineering of a-amy-
lase for low pH performance, Curr. Opin. Biotechnol. 10 (1999)
349–352.

118. L. Mellouli, I. Karray-Rebai, S. Bejar, Construction of a-amy-
lase-producing strains not subject to catabolite repression,
FEMS Microbiol. Lett. 206 (2002) 157–162.

119. B.W. Matthews, H. Nicholson, W.J. Bechtel, Enhanced pro-
tein thermostability from site-directed mutations that de-
crease the entropy of unfolding, Proc. Natl. Acad. Sci. USA,
84 (1987) 6663–6667.

120. C. Bessler, J. Schmitt, K. Maurer, R.D. Schmid, Directed
evolution of a bacterial a-amylase: Toward enhanced pH
performance and higher specific activity, Protein Sci. 12 (2003)
2141–2149.

121. M. Machius, N. Declerck, R Huber, G. Wiegand, Kinetic
stabilization of Bacillus licheniformis a-amylase through in-
troduction of hydrophobic residues at the surface, J. Biol.
Chem. 278 (2003) 11546–11553.

122. E.R. Riegal, H.G. Bissinger: Industrial Fermentation: Prin-
ciples, Processes and Products. In: Riegal’s Handbook of In-
dustrial Chemistry, J.A. Kent, (Ed.), Kluwer Academic/Ple-
num Publishers, New York, USA (2003) pp. 963–1045.

123. A. Kilara, M. Desai: Enzymes. In: Food Additives, A.L. Bra-
nen, P.M. Davidson, S. Salminen, J.H. Thorngate III (Eds.),
Marcel Dekker Inc., New York, USA (2002) pp. 661–706.

124. B.H. Lee: Other Microorganism Based Products. In: Funda-
mentals of Food Biotechnology, Wiley-VCH Inc., New York,
USA (1996) pp. 291–352.

125. R. Gupta, P. Gigras, H. Mohapatra, V.K. Goswami, B. Chau-
han, Microbial a-amylases: A biotechnological perspec-
tive, Process Biochem. 38 (2003) 1599–1616.

184 S. SIVARAMAKRISHNAN et al.: a-Amylases from Microbial Sources, Food Technol. Biotechnol. 44 (2) 173–184 (2006)


