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Abstract

Over the past few decades, microbial enzymes have become indispensable biocatalysts in food
production, fundamentally revolutionizing how we approach manufacturing processes while
simultaneously enhancing the quality of what we produce. Today, approximately 200 of the 4,000
known enzymes are deployed commercially, with proteases, amylases, lipases, and lactases leading the
charge in industrial food applications. This review brings together the latest innovations in how we use
microbial enzymes for food processing, while also exploring exciting possibilities for their future. These
enzymes do more than just improve texture and flavor, they extend shelf life, minimize waste, and enable
the creation of genuinely sustainable food products. What makes this particularly exciting is how
enzyme engineering, genetic modification, and precision fermentation have opened entirely new
possibilities for customizing enzyme properties to meet specific industrial needs. The global food
enzymes market continues to experience remarkable growth, fueled by what consumers increasingly
demand: natural processing aids, products with clean labels, and manufacturing approaches that
respect environmental constraints. But the field still faces real hurdles like regulatory compliance,
maintaining enzyme stability under challenging industrial conditions, and the persistent challenge of
production costs, all of which remain significant obstacles. Throughout this review, we examine where
microbial enzymes make the biggest impact across dairy, bakery, beverages, meat processing, and
specialty food sectors, while also addressing regulatory frameworks and charting out where enzyme
technology development might head next.
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INTRODUCTION

The food industry is facing a series of interconnected challenges that have become increasingly
urgent. Meeting growing global demand while upholding standards for sustainability and product
quality represents a balancing act that was not nearly as complicated just a few years ago. We know
that the Earth’s population will likely reach nearly
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reactions under relatively mild conditions, while showing remarkable specificity for the reactions they
catalyze. Compared with traditional chemical methods, enzymatic processes operate at lower
temperatures, require less extreme pH adjustments, and demand significantly less energy while reducing
reliance on harsh chemical additives [2]. This inherent sustainability resonates strongly with modern
consumers, who increasingly seek natural, clean-label products, while helping manufacturers reduce
both production costs and their environmental footprint.

Interestingly, the use of enzymes for food processing is not new. Considering traditional cheese
making, bread production, or the various fermentation traditions found across cultures, these time-
honored practices have relied on natural enzymatic processes for centuries [3]. What has changed
dramatically, however, is our understanding and ability to harness enzyme technologies. Biotechnology
and genetic engineering have transformed enzyme production from artisanal craft into sophisticated
engineering science. Today’s researchers can design enzymes with specific properties optimized for
particular industrial applications, something our predecessors could scarcely have imagined.

When we look at the landscape of available enzymes today, we find that approximately 200 different
microbial enzymes are being used commercially out of 4,000 known to science. This diversity,
combined with our rapidly advancing capabilities in enzyme engineering and production methods,
provides manufacturers with remarkable flexibility in optimizing their processes. This review aims to
comprehensively examine the innovations happening right now in how we apply microbial enzymes to
food production, while also exploring the emerging possibilities that could reshape the industry in the
years to come.

SOURCES AND PRODUCTION OF MICROBIAL ENZYMES

Where do we obtain microbial enzymes? The answer reveals the remarkable diversity of nature.
Bacteria, fungi, and yeasts produce useful enzymes, and each group offers distinct characteristics that
make them suitable for different industrial purposes. Specifically, bacterial strains, including Bacillus
species, fungi such as Aspergillus and Trichoderma, and yeasts such as Saccharomyces and
Kluyveromyces, serve as the primary sources for many of the enzymes we rely on commercially [4].

Production of these enzymes has evolved considerably. Traditional fermentation approaches have
been complemented and increasingly augmented by advanced biotechnological methods. Currently,
two main production strategies dominate the field: solid-state fermentation and submerged
fermentation. Each has distinct strengths that are worth understanding. Solid-state fermentation can
yield higher enzyme concentrations and uses considerably less water, making it attractive for resource-
limited settings. In contrast, submerged fermentation offers superior scalability and precise control over
the production conditions [5]. Recent developments in bioprocess engineering have pushed both
approaches forward, delivering higher yields and lower production costs than could be achieved just a
few years ago.

Perhaps most transformative technologies are emerging technologies of precision fermentation and
strain engineering. These approaches rely on genetically modifying microbial strains to increase
enzyme production, boost stability, and enhance specificity [6]. By carefully engineering the
microorganisms that produce enzymes, researchers can fine-tune catalytic efficiency and adjust enzyme
properties to match very precise industrial specifications. Recombinant enzyme technology has
accelerated this transformation, allowing scientists to produce novel enzymes with enhanced
capabilities and significantly shorter development timelines [7].

MAJOR MICROBIAL ENZYMES IN FOOD PROCESSING
Amylases

Amylases have received special attention because they catalyze a straightforward yet crucial reaction:
the hydrolysis of starch into simple sugars. What is remarkable is the number of different applications
this single enzymatic reaction enables. In the baking industry, for instance, amylases break starch down
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into glucose and maltose, which then serve as food for yeast fermentation while simultaneously
softening the dough and helping bread retain moisture [8]. The result is bread with improved volume, a
softer crumb structure, and a longer shelf life—qualities that bakers and consumers value alike.

Beyond baking, the brewing industry has relied on amylases for generations to convert grain starches
into fermentable sugars that yeast need to produce alcohol [9]. Manufacturers of syrups, beverages, and
confectionery products deploy amylases to maintain consistent texture and flavor by controlling the
breakdown of starch during processing. What is particularly useful is that different amylase types work
differently: alpha-amylases cleave starch chains somewhat randomly, while beta-amylases remove
sugar units sequentially. This gives technologists precise control over starch processing outcomes.

Amylase
(C6H1005)n + nH,O—— nC12H2,014 (maltose)

Proteases

Among food enzymes, proteases represent the most versatile class. They catalyze the breakdown of
proteins into smaller peptides and amino acids, which is a simple-sounding reaction with surprisingly
broad applications. In cheese making, proteases derived from Bacillus and Aspergillus species play key
roles in both flavor development and texture formation, with different protease types producing
distinctly different sensory characteristics [10]. This control allows cheese makers to craft diverse
products, each with unique properties, a capability that explains why certain proteases have become
valuable in the dairy industry.

Meat processing is another critical domain in protease applications. When proteases break down
proteins in meat, particularly tough connective tissue proteins, they tenderize the product while reducing
cooking time and improving how consumers experience the final dish [11]. Bromelain, papain, and
bacterial proteases have become standard practices in meat processing facilities worldwide, consistently
delivering improved product quality and consumer satisfaction.

Protease

Protein + nH,O ———Peptides — Amino acids

In bread-making, a different but equally important role emerges. Here, proteases modify the gluten
network itself, changing how dough behaves and improving its elastic properties [12]. This enzymatic
modification enables bakers to produce bread with a precise texture and crumb structure. Beyond these
applications, proteases also enhance protein digestibility in various products, making them more
accessible to consumers with digestive sensitivities, a benefit that drives their adoption in functional
food development.

Lipases

Lipases catalyze reactions involving lipids, facilitating the breakdown of fats and oils into
components, such as glycerol, free fatty acids, and mono/diglycerides. In dairy processing, lipases are
important for developing distinctive, complex flavors associated with aged cheeses and quality butters.
The lipolysis process generates specific fatty acids and volatile compounds that contribute substantially
to cheese aging and create flavor complexity that consumers appreciate [13]. It is a biological process
that centuries of tradition have already discovered; modern enzyme technology simply allows us to
optimize and control it.

The bakery industry employs lipases quite differently, mainly to improve dough stability and extend
the shelf life. By adjusting the fat composition within dough, lipases create more stable emulsions and
enhance product consistency from batch to batch. Additionally, lipases can help manufacturers
eliminate or replace certain additives by modifying the fats and oils already present in raw materials,
supporting the increasingly popular clean-label trend [14].
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Specialized applications are particularly intriguing, where lipases enable the production of structured
lipids and trans-fat-free alternatives through enzymatic trans-esterification and inter-esterification
reactions [15]. These applications directly address the growing consumer demand for healthier fat
profiles, while aligning with sustainability imperatives in food production.

. i Lipases .
Triglyceride + 3H,O —— Glycerol + 3 Fatty acids

Other Important Enzymes
Lactase (B-galactosidase) performs a relatively straightforward but genuinely important function in
converting lactose into glucose and galactose. This capability has transformed the dairy market by
enabling lactose-free products, directly addressing lactose intolerance affecting significant consumer
populations, thereby expanding market opportunities while improving product accessibility [16].
Lactase

Ci12H201:1 (lactose) + H O —— CsH 1206 (glucose) + CsH1206

Pectinases work in fruit juice production, where they reduce the cloudiness that consumers often find
unappealing [17]. Beyond aesthetics, these enzymes function as natural preservatives by inhibiting
microbial spoilage. This is an elegant solution that improves product clarity while enhancing
preservation through antimicrobial mechanisms.

. Pectinase . . . .
Pectin + nH,O ——— n D-galacturonic acid + Oligosaccharides

Glutaminase is a recently developed enzyme with exciting possibilities. It modifies proteins through
the conversion of glutamine residues, thereby creating novel functional properties. This makes it
especially valuable for improving the nutritional profiles and textural characteristics of plant-based
foods [18]. Applications that continue to gain importance in plant-based product categories have
expanded.

Protein Glutaminase

Protein-Gln + H;O Protein-Glu + NH;

APPLICATIONS ACROSS FOOD INDUSTRY SECTORS
Dairy Industry

Globally, the dairy industry is among the largest consumers of microbial enzymes. Beyond lactase
for lactose-free products, proteases and lipases play essential roles in cheese production, where they
accelerate proteolysis and lipolysis processes that develop characteristic flavors and desirable textures
[19]. In particular, enzyme-assisted processing can reduce cheese production time from several months
to just a few weeks—a substantial improvement in economic efficiency without compromising quality.

Protease preparations from Bacillus species have become especially valuable because they generate
specific peptide profiles that contribute to desired cheese flavors. Similarly, lipase enzymes, particularly
those from Geotrichum and Candida species, impart distinctive sensory characteristics that define aged
cheese products [20]. The controlled use of enzyme cocktails (combinations of different enzymes)
allows cheese manufacturers to maintain product consistency while reducing their dependence on
traditional bacterial cultures and lengthy aging protocols, which were previously necessary.

Bakery Industry

Bakers are major consumers of microbial enzymes, particularly amylases and proteases. Amylases
improve the extent and behavior of dough while enhancing their ability to hold gas during fermentation,
ultimately producing superior bread volume and crumb structure [21]. Proteases modify gluten proteins
in dough, improve handling characteristics, and enable bakers to achieve enhanced tenderness and
moisture retention in their products.

Contemporary baking enzymes frequently exist as carefully formulated cocktails that combine
amylases, proteases, and lipases, with each component contributing distinct benefits to the final product.
Glucose oxidase derived from Aspergillus species serves as a natural dough oxidizer, strengthening
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gluten networks and improving overall dough stability [22]. These enzyme combinations empower
bakers to consistently produce high-quality products with minimal variation, while simultaneously
reducing production time and ingredient usage.

Beverage Industry

In brewing operations, amylases and proteases work together to facilitate starch conversion to
fermentable sugars, while promoting flavor compound development through proteolysis [23]. Enzyme
preparations have noticeably improved brewing efficiency, shortened production timelines, and enabled
brewers to experiment with alternative grain sources—flexibility that has broadened the range of beer
styles now available to consumers.

Fruit juice production uses pectinases for clarification and enhances the juice yield from the raw
materials. Cellulases and hemicellulases break down plant cell walls, increasing juice extraction from
fruits and vegetables, while simultaneously improving nutritional content [24]. These enzymatic
approaches directly support sustainability objectives by reducing waste and maximizing resource
utilization, outcomes that are increasingly important to both manufacturers and environmentally
conscious consumers.

Meat Processing

In meat facilities, proteases serve critical functions in both tenderization and improving the textural
qualities of the final products. Although bromelain and papain have been used historically, bacterial
proteases from Bacillus species now have commercial applications owing to their superior stability and
cost-effectiveness [25]. When proteases break down myofibrillar and connective tissue proteins, they
reduce cooking times while unexpectedly improving food safety, and enzymatic modification reduces
the populations of potentially harmful microorganisms in meat products.

Enzyme-assisted protein extraction and modification of meat products further support the
development of functional meat products with enhanced nutritional profiles [26]. These applications
respond directly to contemporary consumer demand for healthier and more sustainable protein sources
in their diets.

Specialty Foods and Functional Products

What strikes many observers is how enzyme applications continue to expand into new product
categories. Protein modification enzymes now improve the textural and functional properties of plant-
based meat alternatives, which addresses the rapidly growing demand for sustainable protein sources
[27]. This demonstrates how versatile microbial enzymes truly create innovative foods that meet
consumer demands.

The production of bioactive peptides through enzymatic protein hydrolysis has become particularly
important, enabling the development of functional foods with genuine health-promoting properties [28].
These peptides display antioxidant, antimicrobial, and immunomodulatory activities, which support the
functional food market, which continues to expand as consumers prioritize health and wellness in their
dietary choices.

CURRENT INNOVATIONS AND EMERGING TECHNOLOGIES
Enzyme Engineering and Optimization

What is happening in enzyme engineering is interesting. Recent studies have produced enzymes with
improved activity, stability, and specificity compared to those of naturally occurring versions.
Researchers have used directed evolution and rational design approaches to create enzymes optimized
for specific industrial conditions, including extreme pH and elevated temperatures [29]. These
engineered enzymes expand what is possible and improve the efficiency of industrial processes.

Artificial intelligence and machine learning are now revolutionizing enzyme optimization. Instead of
laboriously testing enzyme variants individually, researchers can now screen vast combinations of
potential mutations and predict enzyme performance computationally, dramatically reducing laboratory
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work [30]. This computational approach accelerates development cycles, substantially reduces research
costs, and democratizes access to optimized enzymes, particularly benefiting smaller companies that
previously lacked resources for enzyme development.

Precision Fermentation and Strain Engineering

Precision fermentation is a truly transformative technology. This enables the production of enzymes
with specific characteristics tailored for particular applications as shown in Figure 1. By strategically
modifying the genetics of production strains, researchers can achieve higher enzyme titers, ensure
improved product consistency, and reduce production costs [31]. This technology holds particular value
for producing enzymes from organisms that are not normally suitable for food use, ensuring regulatory
compliance and food safety.

The emerging field of synthetic biology continues to enable the design of completely novel enzymes
with properties not found anywhere in nature, opening up possibilities for applications previously
considered impossible [32]. These engineered enzymes could eventually catalyze reactions crucial for
the development of groundbreaking food products.

Enzyme Blends and Multifunctional Cocktails

An increasingly common strategy involves deploying enzyme blends—combinations of multiple
enzymatic activities that work synergistically to achieve superior results compared to single-enzyme
approaches. These carefully formulated cocktails were optimized through systematic selection and
precise dosing of the component enzymes [33]. The results enhanced product quality while reducing
overall enzyme usage—an approach that simultaneously reduces costs and simplifies formulation

processes as shown in Table 1.

Table 1. Major microbial enzymes in the food industry.

Enzyme name | Primary function Source organism Industrial applications Market applications
Amylase (alpha |Hydrolyzes starch  |Bacillus subtilis, Baking, brewing, and Bread, beer,
and beta) into glucose and Aspergillus oryzae syrup production confectionery, beverages
maltose
Protease (serine |Breaks down Bacillus, Aspergillus, Cheese making, meat Dairy products, processed
proteases) proteins into peptides | Trichoderma tenderization, bread meats, baked goods, and
and amino acids modification, protein functional foods
hydrolysis
Lipase Hydrolyzes and Geotrichum candidum, |Dairy fat modification, Cheese, butter, bakery
synthesizes lipids Candida rugosa, flavor development, and |products, structured
Aspergillus niger dough improvement lipids, trans-fat
alternatives
Lactase (B- Convert lactose to  |Aspergillus, Lactose hydrolysis in Lactose-free milk,
galactosidase) |glucose and Trichoderma, dairy yogurt, ice cream
galactose Kluyveromyces lactis
Pectinase Breaks down pectin |4Aspergillus niger, Juice clarification, waste |Fruit juices, beverages,
in plant cell walls Trichoderma reesei reduction and wine production
Cellulase Hydrolyzes cellulose |Trichoderma reesei, Juice extraction, plant cell [Fruit and vegetable
Aspergillus aculeatus  |wall breakdown juices, nutritional
enhancement
Protein Modifies glutamine |Bacillus subtilis, Protein modification for |Plant-based meat
glutaminase residues in proteins  |Streptomyces texture improvement alternatives, specialty
mobaraensis foods
Glucose Oxidizes glucose to |Aspergillus niger, Dough strengthening, Baked goods, beverages,
oxidase gluconic acid Penicillium oxygen removal and food preservation
amagasakiense
Hemicellulase |Breaks down Trichoderma Cell wall degradation Juice extraction, feed
hemicellulose longibrachiatum production
Xylanase Degrades xylan Aspergillus, Better dough, juice clarity |Bakery and beverages
polymers Trichoderma
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Figure 1. Applications of microbial enzymes across food industry sectors.

REGULATORY LANDSCAPE AND SAFETY CONSIDERATIONS

The regulatory path for food enzymes involves thorough safety evaluations by agencies, including
the Food and Drug Administration (FDA) and European Food Safety Authority (EFSA), and many
enzymes have been generally recognized as safe (GRAS), which streamline approval processes in
multiple jurisdictions [34]. Maintaining consumer confidence requires transparent labeling and clear
communication about enzyme origins and production methods, something the industry increasingly
recognizes as important for long-term market access.

Realistically, challenges remain, particularly regarding the acceptance of genetically modified
enzymes and regulatory frameworks governing their use. Moving forward requires genuine
collaboration among scientists, regulatory bodies, and industry stakeholders as they work to establish
guidelines that appropriately balance innovation with safety [35]. We would benefit considerably from
regulatory harmonization across different countries, which would facilitate market access and accelerate
Innovation.

CHALLENGES AND FUTURE DIRECTIONS
Technical Challenges

Despite their enormous potential, challenges still limit the broad application of enzymes in food
processing. Enzyme stability, maintaining function at extreme pH, elevated temperatures, and when
inhibitory compounds are present, remains genuinely problematic for certain applications [36].
Developing more stable enzymes through protein engineering continues to be a critical research priority
in this field, which is actively pursued.

The persistent challenge of production costs deserves to be mentioned. Certain specialized enzymes
remain sufficiently expensive, and their use is restricted to high-value applications only. What is needed
is continued improvement in fermentation technology and scale-up processes to make production costs
more competitive, thereby expanding enzyme applications to commodity food products where the
potential impact could be enormous [37]. Developing more efficient production strains and
fermentation processes is a crucial and ongoing research direction.
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Consumer Acceptance and Labeling

Consumer preferences clearly favor natural, minimally processed foods, a trend that has driven
enzyme adoption in food production. However, concerns regarding genetically modified ingredients
persist and require a thoughtful response. Transparent communication and genuine consumer education
about enzyme sources and safety can effectively address these concerns [38]. Clear labeling practices
that distinguish between natural and engineered enzymes can help manufacturers maintain consumer
confidence while preserving market access.

Future Prospects

The future of microbial enzymes in food processing appears exceptionally bright. Multiple
converging factors point toward substantial growth: consumer demand for sustainable, healthier, and
genuinely innovative food products creates meaningful market opportunities for enzyme-enabled
solutions [39]. Simultaneously, rapid advances in biotechnology, computational biology, and artificial
intelligence have accelerated enzyme discovery and optimization, continuously expanding what has
become possible.

Climate change and increasing resource scarcity will inevitably drive the wider adoption of enzymatic
processes that use fewer resources and generate less environmental impact [40]. Enzymes enabling the
use of agricultural by-products and alternative protein sources will become increasingly valuable as
food production systems transition from linear models to circular economic principles [41].

Perhaps the most intriguing is how enzyme technology integration with other emerging food
technologies, such as 3D printing, cellular agriculture, and fermentation-based protein production,
promises revolutionary changes in how food is produced. These integrated approaches could eventually
enable the development of completely novel food products that would have been impossible using
traditional methods just a few years ago.

CONCLUSIONS

Reflecting on this journey, microbial enzymes have taken from niche ingredients to fundamental
tools reshaping modern food production—it is hard not to feel optimistic about what is ahead.
Innovations in enzyme engineering, precision fermentation, and synthetic biology are unlocking
unprecedented possibilities for improving food processing efficiency, quality, and sustainability
simultaneously. Applications continue to expand across all major food sectors, from traditional
industries, such as dairy and baking, to emerging applications in plant-based proteins and functional
foods, where demand continues to accelerate.

The convergence of multiple technological advances, such as enzyme engineering, artificial
intelligence, genomic technologies, and bioprocess optimization, creates genuinely remarkable
opportunities for continued innovation. However, realizing the full potential of microbial enzymes
requires addressing real obstacles: regulatory challenges need resolution, enzyme stability
improvements remain necessary, production costs require reduction, and transparent communication
must be maintained with increasingly informed consumers.

As global food systems face unprecedented pressures from population growth, climate change, and
resource constraints, microbial enzymes offer concrete, practical solutions for building food production
systems that are simultaneously more efficient, sustainable, and nutritious. The trajectory is clear: food
innovation’s future is inextricably linked to the continued development and strategic application of
novel enzyme technologies. What is needed is strategic investment in enzyme research, supportive
regulatory frameworks that do not stifle innovation, and genuine collaboration among academia,
industry, and regulatory bodies. With these elements in place, we can realize the transformative
potential of microbial enzymes by nourishing a growing global population, while safeguarding the
planetary resources we all depend on.

© STM Journals 2026. All Rights Reserved 50



Research & Reviews: Journal of Food Science & Technology
Volume 15, Issue 1
ISSN: 2278-2249 (Online), ISSN: 2321-6468 (Print)

Conflict of Interest

The authors declare no potential conflicts of interest with respect to the research, authorship, and/or

publication of this article.

REFERENCES

L.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Fedoroff NV. Food in a future of 10 billion. Agric Food Secur. 2015;4:11. doi:10.1186/s40066-
015-0031-7.

Bell EL, Finnigan W, France SP, Green AP, Hayes MA, Hepworth LJ, Lovelock SL, Niikura H,
Osuna S, Romero E, Ryan KS, Turner NJ, Flitsch SL. Biocatalysis. Nat Rev Methods Primers.
2021;1(1):46. doi:10.1038/s43586-021-00044-z.

Siddiqui SA, Erol Z, Rugji J, Tasc1 F, Kahraman HA, Toppi V, Musa L, Di Giacinto G, Bahmid
NA, Mehdizadeh M, Castro-Muiioz R. An overview of fermentation in the food industry — Looking
back from a new perspective. Bioresour Bioprocess. 2023;10(1):85. doi:10.1186/s40643-023-
00702-y.

Singh R, Kumar M, Mittal A, Mehta PK. Microbial enzymes: Industrial progress in 21st century. 3
Biotech. 2016;6:174. doi:10.1007/s13205-016-0485-8.

Mascarin GM, Golo PS, de Souza Ribeiro-Silva C, Muniz ER, de Oliveira Franco A, Kobori NN,
Fernandes EKK. Advances in submerged liquid fermentation and formulation of entomopathogenic
fungi. Appl Microbiol Biotechnol. 2024;108(1):451. doi:10.1007/s00253-024-13287-z.

Boukid F, Ganeshan S, Wang Y, Tiilbek MC, Nickerson MT. Bioengineered enzymes and precision
fermentation in the food industry. Int J Mol Sci. 2023;24(12):10156. doi:10.3390/ijms241210156.
Olempska-Beer ZS, Merker RI, Ditto MD, DiNovi MJ. Food-processing enzymes from
recombinant microorganisms — A review. Regul Toxicol Pharmacol. 2006;45(2):144-158.
doi:10.1016/j.yrtph.2006.05.001.

Rebholz GF, Sebald K, Dirndorfer S, Dawid C, Hofmann T, Scherf KA. Impact of exogenous a-
amylases on sugar formation in straight dough wheat bread. Eur Food Res Technol.
2021;247(3):695-706. doi:10.1007/s00217-020-03657-y.

Espinosa-Ramirez J, Pérez-Carrillo E, Serna-Saldivar SO. Maltose and glucose utilization during
fermentation of barley and sorghum lager beers as affected by f-amylase or amyloglucosidase
addition. J Cereal Sci. 2014;60(3):602—-609. doi:10.1016/.jcs.2014.07.008.

Zhao X, Zheng Z, Zhang J, Sarwar A, Aziz T, Yang Z. Change of proteolysis and sensory profile
during ripening of Cheddar-style cheese as influenced by a microbial rennet from rice wine. Food
Sci Nutr. 2019;7(4):1540-1550. doi:10.1002/fsn3.1003.

Madhusankha GDMP, Thilakarathna RCN. Meat tenderization mechanism and the impact of plant
exogenous proteases: A review. Arab J Chem. 2021;14(2):102967.
doi:10.1016/j.arabjc.2020.102967.

GuM, Hong T, Ma Y, XiJ, Zhao Q, Xu D, Jin Y, Wu F, Xu X. Effects of a commercial peptidase
on rheology, microstructure, gluten properties of wheat dough and bread quality. LWT.
2022;160:113266. doi:10.1016/j.1wt.2022.113266.

McSweeney PLH, Sousa MJ. Biochemical pathways for the production of flavour compounds in
cheeses during ripening: A review. Lait. 2000;80(3):293—-324. doi:10.1051/1ait:2000127.
Reyes-Reyes AL, Valero Barranco F, Sandoval G. Recent advances in lipases and their applications
in the food and nutraceutical industry. Catalysts. 2022;12(9):960. doi:10.3390/catal12090960.
Sivakanthan S, Madhujith T. Current trends in applications of enzymatic interesterification of fats
and oils: A review. LWT. 2020;132:109880. doi:10.1016/j.1wt.2020.109880.

Bendelja Ljolji¢ D, Dolen¢ié¢ Spehar I, Kos I, Hulak N, Vnuéec I. Lactose-free dairy products: A
growing market and nutritional advantages. In: Book of the 50th Food Quality and Safety
Conference. Brno: Mendel University; 2024. p. 41-45. doi:10.11118/978-80-7509-996-9-0041.
Ribeiro DS, Henrique SMB, Oliveira LS, Macedo GA, Fleuri LF. Enzymes in juice processing: A
review. Int J Food Sci Technol. 2010;45(4):635-641. doi:10.1111/j.1365-2621.2010.02177..x.

Liu X, Wang C, Zhang X, Zhang G, Zhou J, Chen J. Application prospect of protein-glutaminase
in the development of plant-based protein  foods. Foods. 2022;11(3):440.
doi:10.3390/foods11030440.

© STM Journals 2026. All Rights Reserved 51



A Review on Microbial Enzymes in the Food Industry Kumar et al.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li L, Pei Y, Cheng K, Deng Y, Dong X, Fang R, Chu B, Wei P, Chen Q, Xiao G. Production and
evaluation of enzyme-modified cheese adding protease or lipase to improve quality properties. J
Biosci Bioeng. 2023;135(5):389-394. doi:10.1016/j.jbiosc.2023.02.006.

Marcellino N, Beuvier E, Grappin R, Guéguen M, Benson DR. Diversity of Geotrichum candidum
strains isolated from traditional cheesemaking fabrications in France. Appl Environ Microbiol.
2001;67:4752-4759. doi:10.1128/AEM.67.10.4752-4759.2001.

Yin L, Wei Y, Wu W, Peng Y, Ding W, Xiao S, He B, Wang X, Wu Y. Effect of enzymes on baking
quality of wheat dough and storage quality of toast bread. Int J Food Sci Technol.
2024;59(12):9479-9489. doi:10.1111/ijfs.17597.

Decamps K, Joye 1J, Courtin CM, Delcour JA. Glucose and pyranose oxidase improve bread dough
stability. J Cereal Sci. 2012;55(3):380-384. doi:10.1016/j.jcs.2012.01.007.

Evans E. Brewing: Science and practice. J Sci Food Agric. 2005;86:169. doi:10.1002/jsfa.2344.
Stanek-Wandzel N, Krzyszowska A, Zarebska M, Gebura K, Wasilewski T, Hordyjewicz-Baran Z,
Tomaka M. Evaluation of cellulase, pectinase, and hemicellulase effectiveness in extraction of
phenolic compounds from grape pomace. Int J Mol Sci. 2024;25(24):13538.
doi:10.3390/ijms252413538.

Hailemichael F. Production and industrial application of microbial aspartic protease: A review. Int
J Food Eng Technol. 2021;5(2):85. doi:10.11648/j.ijfet.20210502.17.

Gonzalez-Osuna MF, Bernal-Mercado AT, Wong-Corral FJ, Ezquerra-Brauer JM, Soto-Valdez H,
Castillo A, Rodriguez-Figueroa JC, Del-Toro-Sanchez CL. Bioactive peptides and protein
hydrolysates used in meat and meat products’ preservation: A review. ACS Food Sci Technol.
2024;4(5):1003-1016. doi:10.1021/acsfoodscitech.3c00605.

Fan Y, Zheng S, Annamalai PK, Bhandari B, Prakash S. Enhancement of the texture and
microstructure of faba bean-based meat analogues with brewers’ spent grain through enzymatic
treatments. Sustain Food Technol. 2024;2(3):826—836. doi:10.1039/d4fb00045¢.

Ye H, Tao X, Zhang W, Chen Y, Yu Q, Xie J. Food-derived bioactive peptides: Production,
biological activities, opportunities and challenges. J Future Foods. 2022;2(4):294-306.
doi:10.1016/j.jfutfo.2022.08.002.

Porter JL, Rusli RA, Ollis DL. Directed evolution of enzymes for industrial biocatalysis.
ChemBioChem. 2016;17:197-203. doi:10.1002/cbic.201500280.

HuZ, Liu' Y, Huang Y, Yu P. Advances in the directed evolution of computer-aided enzymes. Curr
Top Med Chem. 2025;26. doi:10.2174/0115680266377310250526045137.

Deckers M, Deforce D, Fraiture MA, Roosens NHC. Genetically modified micro-organisms for
industrial  food  enzyme  production: An  overview. Foods.  2020;9(3):326.
doi:10.3390/f00ds9030326.

Huang W, Wang S, Wei Y, Bai Y, Zhu Z, Yin D, Liu T, Sheng X, Zhou Z. Design and evolution
of artificial enzyme with in-situ biosynthesized non-canonical amino acid. Nat Commun.
2025;16(1):8698. doi:10.1038/s41467-025-63733-3.

Hu J, Arantes V, Pribowo A, Saddler JN. The synergistic action of accessory enzymes enhances
the hydrolytic potential of a cellulase mixture but is highly substrate specific. Biotechnol Biofuels.
2013;6(1):112. doi:10.1186/1754-6834-6-112.

Center for Food Safety and Applied Nutrition. Guidance for industry: Recommendations for
submission of chemical and technological data for food additive petitions and GRAS notices for
enzyme preparations. Silver Spring (MD): US Food and Drug Administration; 2022. Available
from: http://www.fda.gov/FoodGuidances

Zhang Y, Geary T, Simpson BK. Genetically modified food enzymes: A review. Curr Opin Food
Sci. 2019;25:14-18. doi:10.1016/j.cofs.2019.01.002.

Modarres HP, Mofrad MR, Sanati-Nezhad A. Protein thermostability engineering. RSC Adv.
2016;6(116):115252-115270. doi:10.1039/c6ral6992a.

Du YH, Wang MY, Yang LH, Tong LL, Guo DS, Ji XJ. Optimization and scale-up of fermentation
processes driven by models. Bioengineering. 2022;9(9):473. doi:10.3390/bioengineering9090473.

© STM Journals 2026. All Rights Reserved 52



Research & Reviews: Journal of Food Science & Technology
Volume 15, Issue 1
ISSN: 2278-2249 (Online), ISSN: 2321-6468 (Print)

38. Hwang H, Nam SJ. The influence of consumers’ knowledge on their responses to genetically
modified foods. GM Crops Food. 2021;12(1):146—157. doi:10.1080/21645698.2020.1840911.

39. Sendergaard HA, Grunert KG, Scholderer J. Consumer attitudes to enzymes in food production.
Trends Food Sci Technol. 2005;16(10):466—474. doi:10.1016/j.tifs.2005.06.003.

40. Khan MF. Recent advances in microbial enzyme applications for sustainable textile processing and
waste management. Sci. 2025;7(2):46. doi:10.3390/s¢i7020046.

41. Prithviraj V, Diaz LP, Lemus-Mondaca R, Ullah A, Roopesh MS. Emerging advancements in 3D
food printing. Front Food Sci Technol. 2025;5. doi:10.3389/1rfst.2025.1607449.

© STM Journals 2026. All Rights Reserved 53



