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The use of the enzyme a-amylasesis alarge-scale industrial enzyme used in the manufacture of
food and beverages, textiles, detergents, paper, pharmaceuticals, and biofuels. Conventional
microbial a-amylases, primarily Bacillus and Aspergillus-based ones, have beenin use for many
years, but their effectiveness is often limited by the harsh conditions of industrial processes.
Extremophilic enzymes such as thermophiles, halophiles, acidophiles, alkaliphiles, and
psychrophiles are an attractive alternative to resilient a-amylases with exceptional
thermostability, pH tolerance, salt resistance, and, in some cases, cold activity. This review
sums up recent developments (2020-2025) in the discovery, biochemical characterization, as
well as industrial application of extremophilic a-amylases. New culture-independent
technologies, such as metagenomics, high-throughput functional screening, and machine
learning-quided enzyme mining, are highlighted because they help to increase the number of
genes in a-amylases of previously unculturable microorganisms. The discussion is centered on
structural and mechanistic understanding concerning enzyme stability with reference to
comparison to conventional counterparts. Although considerable advances have been made,
there are still several gaps in the exploration of unexplored habitats, structural explanation of
identified new enzymes, and cost-effectiveness of industrial applications. A combination of
extremophilic scaffolds with protein engineering, synthetic biology, and sustainable
fermentation has great potential for the realization of tailored a-amylases to serve advanced
bioprocesses. The advances make extremophilic a-amylases an important source of industrial
biotechnologyinnovation.

INTRODUCTION

It is a metalloenzyme (EC 3.2.1.1) that catalyzes the
hydrolysis of internal 1, 4 glycosidic bonds in starch,
glycogen, and related polysaccharides in the presence of
calciumto produce maltose, glucose, and limit dextrins[1].
Thanks to using starch in plants as the main source of
carbohydrates, as well as in many industries as one of the
mainraw materials, 2-amylasesare the crucial biocatalysts
in starch processing. Today, they form some of the most
manufactured commercial enzymes, with a presence of
about 25-30% of the world's enzyme market, just being
surpassed by proteases [2]. The worldwide market of a-

amylase is expected to grow at a compound annual growth
rate(CAGR)of 5.9 percent between the year 2023 and 2033.
In 2023, the market is estimated to be valued at over USD
1,840.8 million, and this is expected to reach approximately
USD 2,692.5 million in 2033 [3]. They have extensive
applications in the food and beverage sector, brewing,
baking, making sweeteners, in the textile industry to desize
fabrics, inthe detergentindustry to remove stains made by
starch, in the pulp and paper industry to reduce their
viscosity, the pharmaceutical industry and as a source of
biofuels among other things, indicating their widespread
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relevance in economics [4]. The major use of a-amylase
was demonstrated(Figure1).
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Figure 1: MajorIndustrial Sectors Utilizing a-Amylase

Its applications are important in the food and beverage
sector(bakery, brewing, starch processinginto syrups), the
textile and paper industry, and in the production of ethanol
and as a digestive aid in pharmaceuticals and
nutraceuticals. In the past, Bacillus species (e.g., B.
licheniformis, B. amyloliquefaciens) and filamentous
Aspergillus species have been used as the major
microbiological sources of commercial alpha-amylase
production because of their high secretion capacity,
established fermentation techniques, and reqgulatory
approvals [5]. The enzymes are often found to show poor
functioning in high-pressure industries characterized by
high temperatures, harsh pH, or heavy salt. This canlead to
denaturation of enzymes, loss of activity, and increased
production costs due to the need to have stabilizers or
process adjustments [6]. The paper gives a comparative
overview of traditional microbial a-amylases and
extremophilic a-amylases, their optimal temperature, pH,
halotolerance, and applications. Stability is better at high
temperature, strong pH, and high salinity than
conventional Bacillus and Aspergillus enzymes, and
extremophilic a-amylases are therefore better adapted to
harshindustrialenvironments(Figure 2).
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Figure 2: Comparison of Conventional and Extremophilic
Microbiala-Amylases

Microorganisms known as extremophiles, which flourishin
conditions previously deemed inhospitable to life, present
a significant and largely unexplored source of resilient
biocatalysts [7]. Organisms such as thermophiles found in
geothermal springs, compost heaps, and hydrothermal
vents generate enzymes that maintain stability at elevated
temperatures. Halophiles, which inhabit salt flats and
saline lakes, produce enzymes that can withstand high salt
concentrations [8]. Acidophiles, sourced from acidic
mines or hot pools, along with alkaliphiles from soda lakes,
demonstrate stability across varying pH levels [9].
Meanwhile, psychrophiles from polar and alpine regions
develop cold-active enzymes that function effectively at
low temperatures [10]. a-Amylases derived from these
organisms frequently exhibit a range of beneficial
characteristics, including thermostability, halotolerance,
and pH stability. These traits can contribute to minimizing
contamination risks, decreasing energy consumption, and
enhancing process efficiency inindustrial applications[11].
The representative global habitats of microorganisms that
thrive in extreme conditions, including thermophilic,
halophilic, acidophilic/alkaliphilic, and psychrophilic
environments, all of which are capable of producing a-
amylases, were illustrated. Thermophiles (red) are
associated with geothermal springs and hydrothermal
zones; halophiles (blue) inhabit saline lakes and salt flats;
acidophiles/alkaliphiles (orange) occur in acidic mines and
soda lakes; psychrophiles(light blue)are found in polar and
alpine environments. Callouts indicate representative
locations(Figure 3).
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Figure 3: Global Distribution of Representative Extremophilic
Habitats

The culture-independent methodologies of the recent
past, especially metagenomics, amplicon sequencing, and
high-throughput functional screening, have givenusawide
knowledge of microbial diversity beyond the small number
of culturable species[12, 13]. These approaches have been
used to identify a large number of new a-amylase genes
whose properties may be improved using protein structure
modeling, homology-based mining, and machine learning
techniques [14]. However, few comprehensive reviews
have been conducted to capture such improvements. The
present review provides a revised synthesis of microbial a-
amylases in extreme environments with their structural
and biochemical adaptations, their discovery methods,
and their use in the food processing sector, textile sector,
detergents, paper production, pharmaceutical sectors, as
well as biofuel production. Traditional alpha-amylases,
predominantly found with Bacillus and Aspergillus strains,
control the market but usually exhibit low stability in high
temperatures, extreme pH, or high salt content. These
shortcomingsaddto productionexpensesandlimitthemin
severe industrial processes. Thermophiles, halophiles,
acidophiles, alkaliphiles, and psychrophiles are examples
of extremophilic microorganisms that provide enzymes
with impressive thermostability, halotolerance, and pH
adaptability that are more suited to the needs of industry.
New technologies (within the last five years, 2020-2025),
including metagenomics, functional screening, structural
biology, and machine learning controlled enzyme mining,
have increased the finding of novel a-amylase genes by
previously unculturable microbes. Synthetic biology and
protein engineering are also making the optimization of
extremophilic scaffolds for particular uses feasible.
Nevertheless, there are still significant knowledge gaps in
terms of studying unexplored habitats, resolution
structures, enhancing heterologous expression, and
creating cost-efficient scale-up techniques. This review
aims to fill this gap between environmental enzyme
diversity and commercial application by combining
ecological, biochemical, and technological views on the
research in extremophilic 2-surrendered Aylase,
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presenting both the present and possible future
developments of this research. The left track shows
culture-dependent screening(isolation, fermentation, and
activity assays), while the right track shows culture-
independent approaches (DNA extraction, metagenomic
sequencing, bioinformatic mining, and functional
screening). Both approaches converge at the
characterization of new a-amylase candidates for
industrialapplication(Figure 4).
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Figure 4: Workflow for Discovery of Novel a-Amylases

Classification

a-Amylases(EC 3.2.1.1)are found in the glycoside hydrolase
(GH) family and are mostly defined by their action on the
polysaccharide chains [15]. Two main types of amylolytic
enzymes are possible. Endo-amylases break internal a-1,4
bonds of starch and other related polysaccharides,
producing oligosaccharides of variable length. Exo-
amylases, such as a-amylase(EC 3.2.1.2)and glucoamylase
(EC 3.2.1.3), sequentially cleave a-1,4 or a-1,6 bonds at the
non-reducing terminus of the polypeptide to yield maltose
or glucose [16]. The most outstanding endo-hydrolase in
such categories is a-amylase, with its high catalytic ability
and extensive substrate selectivity. It finds widespread
application in the food industry, detergent industry, and
biofuel industry because of its flexibility and cost-
effectiveness [17]. A schematic categorization of the
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amylolytic enzymes into endo-type and exo-type is
distinguishing between endo-type enzymes, which cut
internal a-1,4 bonds, and exo-type enzymes, which cleave
one ortwo terminals of the chains.

Mechanism of Action

The hydrolysis of starch is catalyzed by alpha-amylase
using the retaining, double-displacement reaction that
involves a covalent glucosyl-enzyme intermediate. A
conserved catalytic triad of a nucleophilic aspartate, an
acid/base glutamate, and a stabilizing aspartate residue at
the catalytic domain facilitates this reaction [18, 19].
Active-site water molecules coordinate and play a key role
in the glycosylation phase and determine the reaction rate
[20]. Cofactors such as bound Ca 2 ions have an effect on
domaininterfaces, but neighbouring Clions alteracid-base
arrangements and further enhance the activity of the
catalyst, particularly in chloride-dependent subfamilies.
The combination of these dynamics, along with the help of
metal/anion-induced modifications, can be considered the
significant determinant of the activity, stability, and
commercial performance of alpha-amylase. The catalytic
action of 2010 kb of alpha-amylase with its preserved
active-site residues and necessary metal/anion cofactors.
Left: internal 14-alpha-1,4 bond is cleaved by endo-
amylases (e.g., 2-amylase, EC 3.2.1.1) into
oligosaccharides. Right: exo-amylases(e.qg., a-amylase, EC
3.2.1.2; glucoamylase, EC 3.2.1.3; pullulanase, EC 3.2.1.41)
remove glucose/maltose units from chain termini.
Examples indicate common sources and representative
industrialapplications(Figure5).
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The mechanism employed by the enzyme is a retaining
double-displacement reaction that includes an Asp
nucleophile, an acid /base Glu, and a stabilizing Asp. The
structural stability of the ionis supplied by calciumions(Ca
2 +), whereas the allosteric modulators are chloride ions(Cl
-). Schematically, the two-step formation of the covalent
glucosyl enzyme intermediate and hydrolysis to give
maltose/glucoseisdepicted.

The Structural and Functional Features

The alpha-amylases are usually monomeric proteins with a
molecular weight ranging between 45and 60 kDa[21]. They
exhibit three domain folds: Domain A (the B/a barrel
catalytic domain), Domain B (a loop area needed in binding
Ca 2), and Domain C(a B-sheet domain commonly involved
in binding raw starch). This modular design enables the a-
amylasestointeract with alarge number of substrates and
maintain their functions in different working conditions
[22]. The variations of loop-regions, surface residues, and
metal-binding sites between extremophilic and a-
amylases are considered to be the causes of their higher
stability at high temperature levels, salinity, or extreme pH
levels [23]. Extremophilic Micro-organisms as Novel
Suppliers of 2-Amylases [24]. The a-amylases that are
secreted by these microorganisms are physically and
functionally adapted to survive high temperatures, high
PH, high salinity, or low temperatures. These features
make them attractive replacements for conventional
microbial a-amylasesintheindustry[25,26]. Findings: The
species of microbes and their location and optimum
temperatureand pH.(Table1).

Table 1: Representative Extremophilic Microorganisms
Producinga-Amylasesand Their Key Biochemical Properties

Microorganism |Environment/| Optimal |Optimal| Unique Traits/
(Species) Habitat |[Temp(°C)| pH Notes
High
Geobacillus Hot springs thermostability,
stearothermophilus | (thermophile) 70-80 | 5.5-65 rapid starch
liquefaction
Calcium-
Anoxybacillus Compost/ - . independent
flavithermus thermal soils 65-75 6.0-7.0 a-amylase
(REF)
Haloferax Salt flats Active at
mediterranei (halophile) 4050 185751 5 /v NacCl
Halomonas Saline lakes Broad salt
meridiana (halophile) 35-45 | 7.0-8.0 tolerance
. . Acidic o
AI:(;é/CIOk;gCII]us hot springs 55-65 | 3.0-4.0 p:t :lséa/bllgy
acidocaldarius (acidophile) p
Bacillus Soda lakes High alkaline
alcalophilus (alkaliphile) | #0-50  [9:0-10.5 " “geapility
Pseudoalteromonas| Polar sea 0-15 6.0-7.0 Cold-active
haloplanktis (psychrophile) - o a-amylase
. Arctic :
Colwellia ; Catalysis at low
diment R X
psychrerythraea (piicm)e;hisle) 0-10 6.0-7.0 temperature
12
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This table summarizes major extremophilic microbial
species reported between 2020 and 2025, highlighting
their native habitats, optimal temperature and pH for a-
amylase activity, and unique adaptive traits such as
thermostability, halotolerance, acid/alkali stability, and
coldactivity.

Thermophilic Organisms

Thermophilic archaea and bacteria thrive in geothermal
springs, compost heaps and hydrothermal vents[27]. Their
amylases have 2, 3-alpha2 stabilities and activities at high
temperatures above 70° C and they are capable of rapid
liqguefaction of starch as well as reduced viscosity without
the use of additional stabilizers [28, 29]. Some examples
include Geobacillus stearothermophilus, Anoxybacillus
flavithermus, and some archaeal species of thermal
springs [30]. Hermophilic microorganisms of geothermal
environments generate a-amylases that are stable and
active at high temperatures, allowing efficient liquefaction
of starch underindustrial conditions.

Halophiles

Halophiles live in the salt lakes, solar salterns and saline
soils, producing a-amylases that remain active in high salt
levels [31]. Halotolerant enzymes reduce the risk of
contamination and stabilise industrial reactions within a
brine or high-ionic strength environment. Other notable
producers include Haloferax spp., Halomonas meridiana
and Natrialbamagadii[ 32-34].
Acidophiles and Alkaliphiles

Alpha-amylases that are produced by acidophilic and
alkaliphilic bacteria in the acidic mines or soda lakes have
the ability to remain active at extreme levels of pH widening
the scope of their application in food processing,
detergents and in producing biofuels [35]. They include
Alicyclobacillus acidocaldarius (acidophilic) and Bacillus
alcalophilus(alkaliphilic)[ 36].

Psychrophilic Organisms

The cold-active alpha-amylases synthesized by
psychrophilic polar region and alpine microorganisms
enable low-temperature catalysis thus reducing energy
costsin processes like cold-wash detergents as well as the
fermentation of chilled food [37, 38]. Such species as
Pseudoalteromonas haloplanktis and Colwellia
psychrerythraea[39].

Other Potential Market Niches.

Other than well-studied thermophilic, halophilic,
acidophilic/alkaliphilic, and psychrophilic environments,
deserts, deep-sea hydrothermal vents, and cave
microbiomes are ecosystems with novel a-amylases of
unknown properties. Metagenomic studies of such
environments have demonstrated numerous families of
amylase genes. The continued research can reveal the
existence of enzymes with unique substrate specificities
or stability properties that can be used in new industrial
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applications.

Biochemical and Functional Properties of Extremophilic
o-Amylases

Extremophilic 2-amylases are biochemically and
structurally distinct to enable their stability and
functioning in harsh conditions. These properties make
them unlike the conventional microbial a-amylases which
make them suitable to specificindustrialuse[28].
Thermal Stability

High temperature thermophilic a-amylases have increased
optimum temperatures (typically over 70°C) and high
temperature half-lives, which reduce the viscosity of
starchslurries, speed up processing, and reduce the risk of
contamination[40]. Improved thermostability is often due
to increased hydrogen bonding, additional salt bridges,
reduced hydrophobic cores of reduced size, and greater
loop regionrigidity[ 41].

pH Stability

The acidophilic and alkaliphilic 1/ 2 -amylases can be
catalyticallyactive in extreme pHand at the same time they
can be used at pH 2-4 and also at pH 9-11[42] The large pH
stability would ensure that the processes of adjusting the
pH would be significantly reduced in the industrial
processes, which would lead to higher efficiency and lower
costs [43]. Some of the structural adaptations include in
the modification of surface charge distribution and the
strengthening of lon-pair networks[44].

Salt Tolerance

Halophilic alpha-amylases are active at high ionic strength
(i.e. 3M NaCl) and thus, at that concentration, other
enzymes would precipitate or denature. This feature works
to the advantage of brine-based processes and improves
the stability of enzymes to proteolysis [45]. To guarantee
solubility, halophilic enzymes tend to have an increased
concentration of acidic amino acids on their surfaces and
reduce theirhydrophobicity[46].

Cold Activity

Psychrophilic -amylases make efficient use of low
temperature(0-15°C)to catalyze hydrolysis of starch which
may be used in cold-wash laundry product and chilled food
fermentation with low energy consumption[47]. Their high
catalytic turnover and low thermostability are evidence of
active-site loops that are flexible, as well asa small number
of stabilizinginteractions.

Substrate Specificity and Raw Starch Affinity

The substrate specificity of a-amylases extremophiles has
a broad range of substrate specificity in comparison to
traditional enzymes, which have alow affinity to raw starch.
The features canreduce the number of pretreatment steps
and increase yields of the starch-based processes [48].
This affinity is increased by aromatic residue-binding
domains or surface loops. Industrial uses of extremophilic
a-Amylases Applications The enzymeisusefulinindustries
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tosubstitute traditionalenzymesin diverse functionalities.
They have the advantage of being naturally stable in high
temperature, extreme pH or high salinity conditions to
promote shorter processing times, less risk of
contamination, and less need to use stabilizing additives
[49]. Alpha-amylases are thermophilic enzymesinvolvedin
the liquefaction of starch used in brewing, baking, as well
as preparation of sweeteners like high fructose syrups and
maltodextrins [50]. They have a high tolerance to high
temperatures and can be directly incorporated into hot
mash or dough processes and as a result, reduce cooling
processesandincrease efficiency[51].
Paperand Textile Industries

In the case of textiles, 3-amylases are used in the removal
of starch-based finishes in fabrics. Enzymes that are
thermostable promote short desizing times and water
saving. In pulp and paper industry, alpha-amylases reduce
the viscosity of the pulp, hence increasing drain and sheet
forming[52].

Surfactants

Psychoactive 0-amylases are cold-active enzymes, which
can be used at low washing temperatures to save energy
during domestic and commercial laundry. They still remain
active in highly salty and alkaline detergents formulations,
outperforming conventionalenzymes[53,54].

Biofuels and Biorefineries

By eliminating the additional cooling stages and providing
the possibility of saccharification and fermentation in one
step, thermophilic a-amylases promote the effectiveness
of the starch-to-ethanol transformation. This saves on
energy use and enhancesyield on production of bioethanol
[55].

Pharmaceuticals and Special Applications.

Extremophilic 6-amylases have been studied in terms of
their possible uses as digestive enzymes, diagnostic
enzymes and in controlled-release formulations in which
they must endure atypical conditions[56].

Identifying Research Gaps and Future Directions
Nevertheless, in spite of the major achievements of the
isolation and characterization of a-amylases of
extremophiles, there are some critical gaps in knowledge.
Limited Exploration of Ecosystem Research has mainly
focused on readily available geothermal springs, saline
lakes and soda lakes. There are many untapped niches,
such as deep-sea sediments, desert-dwelling crusts, cave
microbiomes and extreme oligotrophic environments, that
are not well characterized. The use of higher sampling and
global cooperation can reveal new enzyme families with
unanticipated properties. Clues to Structure and
Mechanism despite many new a-amylase genes having
been discovered, few have high-resolution 3D structures.
To explore the atomic basis of thermostability,
halotolerance, and pH stability through crystallography,
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cryo-EM, and computational modeling is necessary to
engineer the rational enzyme. Several metagenomic
studies have been performed based on functional
metagenomics and high-throughput screening in which
sequence-based mining is commonly applied, whereas
functional screening has been constrained by throughput
and expression issues. The use of novel microfluidic and
cell free systems of expression can facilitate a greater
number of active enzymes that are acquired directly out of
environmental DNA, protein engineering and directed
evolution. A combination of extremophilic scaffolds with
site-directed mutagenesis, domain swapping, and
directed evolution can be used to create tailored a-
amylases that can be used in specific industrial settings.
The inclusion of machine learning models in stability or
substrate prediction could reduce the experimental effort
(REF) that is needed. Reqgulation, scale up and
sustainability. Regulatory approval, cost of production and
impact to the environment are subject to commercial
acceptance of a product. The future directions vital are
optimization of the fermentation processes involving
extremophilic enzymes, research on GRAS (generally
regarded as safe) status and use of renewable substances
during fermentation.

CONCLUSION

Because they are stable in harsh environments including
high temperatures, salinity, and fluctuating pH,
extremophilic a-amylases have a great deal of promise for
industrial use. Enzyme discovery is now a systematic,
predictive approach rather than a random screening
method because to developments in metagenomics,
bioinformatics, and machine learning. Continued
integration of protein engineering, synthetic biology, and
sustainable processing is anticipated to produce highly
effective, personalized enzymes, despite obstacles in
structural characterization, large-scale production, and
regulatory approval. To fully realize the industrial and
environmental benefits of extremophilic a-amylases,
interdisciplinary collaborationwill be essential.
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