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Abstract
Lactic acid bacteria (LAB) are a diverse group of microorganisms widely recognized for

their significant roles in food fermentation, biotechnology, and human health. This study
examines the genetic and physiological characteristics of LAB, emphasizing their metabolic
diversity, adaptability, and functional properties. Recent advances in genomics and omics
technologies have revealed that LAB possess specialized gene clusters responsible for
carbohydrate metabolism, stress tolerance, and the production of bioactive compounds such as
bacteriocins. These genetic features directly influence their physiological behavior, enabling
survival in harsh environments and enhancing their probiotic potential. Furthermore, LAB
contribute to food safety, quality, and preservation through the synthesis of antimicrobial
metabolites. Their interaction with the gut microbiota also supports immune modulation and
intestinal health. Overall, understanding the genetic and physiological mechanisms of LAB
provides a foundation for their effective application in food, medical, and biotechnological
industries.
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Introduction. Lactic acid bacteria (LAB), commonly referred to as lactobacteria, represent a
diverse group of Gram-positive, non-spore-forming, and generally non-motile microorganisms
that play a crucial role in both natural ecosystems and industrial applications. These bacteria are
characterized by their ability to ferment carbohydrates into lactic acid as the primary metabolic
end-product. Over the past decades, lactobacteria have gained significant attention due to their
extensive use in food fermentation, probiotic formulations, and their potential therapeutic roles
in human health. Advances in molecular biology and genomics have further expanded our
understanding of their genetic structure and physiological behavior, making them a subject of
intensive scientific research. From a taxonomic perspective, lactobacteria belong to several
genera, including Lactobacillus (recently reclassified into multiple genera such as
Lacticaseibacillus, Lactiplantibacillus, and others), Lactococcus, Leuconostoc, Pediococcus, and
Streptococcus. This taxonomic reorganization, driven by whole-genome sequencing and
phylogenomic analyses, reflects the genetic diversity and evolutionary complexity within this
group. Recent studies utilizing next-generation sequencing technologies have revealed that the
genomes of lactobacteria vary significantly in size, gene content, and functional capabilities,
which directly influence their ecological adaptability and metabolic versatility.

Genetically, lactobacteria possess relatively small genomes ranging from approximately
1.2 to 4.5 megabases, depending on the species and ecological niche. Despite their compact
genomes, they exhibit a high degree of functional specialization. One of the defining genetic
features of lactobacteria is the presence of genes encoding carbohydrate-active enzymes
(CAZymes), which enable them to metabolize a wide variety of sugars. Additionally, genes
involved in stress response, acid tolerance, and bacteriocin production are critical for their
survival and competitiveness in diverse environments, including the gastrointestinal tract and
fermented food matrices. The presence of plasmids and mobile genetic elements further
contributes to their adaptability by facilitating horizontal gene transfer, allowing rapid
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acquisition of beneficial traits such as antibiotic resistance or enhanced metabolic functions.
Physiologically, lactobacteria are predominantly facultative anaerobes or microaerophiles,
thriving in environments with limited oxygen availability. Their metabolism is primarily
fermentative, with two major pathways identified: homofermentative and heterofermentative
metabolism. Homofermentative LAB convert glucose almost exclusively into lactic acid via the
Embden–Meyerhof–Parnas (EMP) pathway, whereas heterofermentative species produce lactic
acid along with other by-products such as ethanol, carbon dioxide, and acetic acid through the
pentose phosphate pathway. These metabolic differences have significant implications for their
industrial applications, particularly in food processing, where flavor, texture, and preservation
are influenced by the metabolic end-products. Another important physiological characteristic of
lactobacteria is their ability to tolerate acidic environments. This acid tolerance is facilitated by
various adaptive mechanisms, including proton pumps, acid-shock proteins, and changes in
membrane fatty acid composition. Such adaptations not only enable their survival during
fermentation processes but also support their function as probiotics, where they must withstand
the harsh conditions of the human gastrointestinal tract. Furthermore, many lactobacteria
produce antimicrobial compounds, including organic acids, hydrogen peroxide, and bacteriocins,
which inhibit the growth of pathogenic microorganisms and contribute to food safety and gut
health.

Recent research has also highlighted the role of lactobacteria in modulating host
physiology. Through interactions with the gut microbiota, they can influence immune responses,
improve intestinal barrier function, and contribute to the synthesis of essential nutrients such as
vitamins. Genomic studies have identified specific genes associated with adhesion to intestinal
epithelial cells, immune modulation, and signaling pathways, providing deeper insights into their
probiotic mechanisms. Moreover, the application of omics technologies, including
transcriptomics, proteomics, and metabolomics, has enabled a systems-level understanding of
lactobacterial physiology under different environmental conditions. The genetic and
physiological characteristics of lactobacteria are fundamental to their ecological success and
biotechnological importance. The integration of genomic data with physiological studies
continues to uncover the complex mechanisms underlying their functionality. Understanding
these characteristics not only enhances their application in food and pharmaceutical industries
but also opens new avenues for developing innovative probiotic therapies and functional foods.
As research progresses, lactobacteria are expected to remain at the forefront of microbiological
and biotechnological advancements.

Literature review. Recent advances in microbiology, genomics, and systems biology
have significantly expanded scientific understanding of the genetic and physiological
characteristics of lactic acid bacteria (LAB). These microorganisms have been extensively
studied due to their importance in food fermentation, probiotic applications, and human health.
Contemporary research emphasizes the integration of genomic data with physiological and
ecological studies to better understand the functional diversity and adaptability of LAB. One of
the most important developments in recent years is the large-scale genomic analysis of LAB.
Modern genome mining approaches have revealed that LAB possess a highly diverse set of
biosynthetic gene clusters (BGCs), many of which are responsible for the production of
secondary metabolites, including bacteriocins. A comprehensive study analyzing over 31,000
LAB genomes identified more than 130,000 BGCs, indicating a remarkable genetic diversity and
strain-specific functional specialization . These findings suggest that LAB are not only
metabolically versatile but also capable of producing a wide range of bioactive compounds that
contribute to microbial competition and host protection. The presence of such gene clusters
highlights the evolutionary adaptability of LAB and their ability to occupy diverse ecological
niches.
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In addition to natural genomic diversity, recent literature has also focused on the genetic
modification and engineering of LAB. Advances in molecular tools such as CRISPR-Cas
systems, homologous recombination, and adaptive laboratory evolution have enabled targeted
modifications of LAB genomes. These technologies are increasingly used to enhance desirable
traits, such as acid tolerance, metabolic efficiency, and production of functional metabolites.
According to recent reviews, genetically modified LAB are considered promising platforms for
industrial biotechnology, particularly in dairy fermentation and pharmaceutical applications .
Such developments demonstrate the growing importance of synthetic biology in improving LAB
performance and expanding their applications beyond traditional uses. Another key area of
research is the physiological behavior of LAB under different environmental conditions. LAB
metabolism is strongly influenced by interactions with other microorganisms, such as yeasts, in
complex fermentation systems. Studies using proteomics and transcriptomics have shown that
co-culturing LAB with yeast can significantly alter gene expression patterns, metabolic pathways,
and cell signaling mechanisms. For instance, the presence of yeast has been shown to affect
quorum sensing systems, including the regulation of genes such as luxS and pfs, which are
involved in cell-to-cell communication . These findings highlight the importance of microbial
interactions in shaping the physiological responses of LAB and influencing fermentation
outcomes.

Biofilm formation is another critical physiological trait that has received considerable
attention in recent studies. Biofilms enhance the survival, stress resistance, and colonization
ability of LAB, particularly in harsh environments such as the gastrointestinal tract or industrial
fermentation systems. Recent research indicates that biofilm formation in probiotic LAB is
regulated by complex genetic and environmental factors, including signaling pathways, surface
proteins, and environmental stress conditions . The ability to form biofilms is closely linked to
the probiotic efficacy of LAB, as it improves their persistence and functional activity within the
host. The role of LAB in the human gut microbiome has also been a major focus of recent
literature. Studies employing high-throughput sequencing techniques, such as 16S rRNA gene
sequencing, have demonstrated that LAB can significantly influence the composition and
metabolic activity of the gut microbiota. For example, the consumption of LAB-based probiotics
has been shown to increase the abundance of beneficial microbial groups associated with short-
chain fatty acid production, while reducing potentially harmful bacteria . These changes are
associated with improved intestinal homeostasis, immune modulation, and overall health benefits.
Such findings underscore the importance of LAB as key modulators of the gut ecosystem.

In the context of food fermentation, LAB play a central role in determining the quality,
safety, and sensory properties of fermented products. Recent studies have highlighted their
involvement in complex metabolic processes, including carbohydrate fermentation, protein
hydrolysis, and lipid metabolism. These processes contribute to the development of flavor,
texture, and nutritional value in fermented foods. Furthermore, metabolomic analyses have
revealed that LAB can influence the dynamics of microbial communities during fermentation,
leading to the production of a wide range of metabolites that enhance product quality . The
integration of omics technologies has enabled a more comprehensive understanding of these
processes, facilitating the optimization of fermentation systems. Another emerging area of
research is the application of LAB in agriculture and environmental biotechnology. Genome
mining studies have identified LAB strains with potential roles in plant growth promotion and
biocontrol. These bacteria can produce antimicrobial compounds, enhance nutrient availability,
and improve plant resistance to pathogens. Recent findings suggest that LAB may serve as
sustainable alternatives to chemical fertilizers and pesticides, contributing to environmentally
friendly agricultural practices . This highlights the expanding scope of LAB research beyond
traditional food and health-related applications. Furthermore, recent literature emphasizes the
importance of signaling mechanisms and regulatory networks in LAB physiology. For example,
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cyclic di-AMP signaling systems and other regulatory pathways play crucial roles in stress
response, metabolic regulation, and cellular homeostasis. These systems enable LAB to adapt to
changing environmental conditions, including variations in pH, temperature, and nutrient
availability. Understanding these regulatory mechanisms is essential for improving the stability
and performance of LAB in industrial and probiotic applications .

The integration of multi-omics approaches, including genomics, transcriptomics,
proteomics, and metabolomics, has revolutionized LAB research. These approaches allow for a
systems-level understanding of LAB biology, linking genetic information to phenotypic traits.
By combining different layers of biological data, researchers can identify key genes, pathways,
and regulatory networks that determine LAB functionality. This holistic perspective is critical for
developing next-generation probiotics, optimizing fermentation processes, and designing novel
biotechnological applications. Recent literature demonstrates that the genetic and physiological
characteristics of lactic acid bacteria are highly complex and dynamically regulated. Advances in
genome sequencing, bioinformatics, and systems biology have revealed the remarkable diversity
and adaptability of LAB, as well as their significant roles in food production, human health, and
environmental sustainability. Continued research in this field is expected to further uncover the
molecular mechanisms underlying LAB functionality and expand their applications in various
scientific and industrial domains.

Research discussion. The present study highlights that the genetic and physiological
characteristics of lactic acid bacteria (LAB) are closely interconnected and collectively
determine their adaptability, metabolic efficiency, and functional applications. Recent scientific
findings confirm that LAB exhibit remarkable genetic plasticity, which enables them to respond
dynamically to environmental changes and perform diverse biological functions across food
systems, host organisms, and ecological niches. One of the key observations in this study is the
relationship between genetic composition and metabolic versatility in LAB. Modern genomic
studies demonstrate that LAB possess specialized gene clusters responsible for carbohydrate
metabolism, stress tolerance, and the synthesis of bioactive compounds. These genetic features
directly influence their physiological performance, particularly in fermentation processes. For
instance, LAB are capable of producing various metabolites such as organic acids, bacteriocins,
and exopolysaccharides, which contribute to food preservation and microbial inhibition . This
metabolic diversity not only enhances their industrial relevance but also underscores the
importance of strain-specific genetic traits in determining functional outcomes. Another
important aspect revealed through this analysis is the adaptability of LAB under different
environmental conditions. LAB are known to thrive in acidic, low-oxygen environments, and
their physiological mechanisms—such as proton pumps, membrane adaptation, and stress-
response proteins—play a crucial role in maintaining cellular homeostasis. These adaptive traits
are particularly significant in fermentation systems, where environmental conditions fluctuate.
Recent studies confirm that LAB can maintain metabolic activity even under stress conditions,
ensuring consistent production of lactic acid and other metabolites essential for fermentation
processes . This resilience highlights their suitability for industrial applications and probiotic
formulations.

The findings emphasize the role of LAB in complex microbial ecosystems, where
interactions with other microorganisms significantly influence their physiological behavior. Co-
culture systems, especially those involving yeasts and other bacteria, have been shown to alter
gene expression patterns and metabolic pathways in LAB. Such interactions can enhance or
suppress specific functions, including metabolite production and quorum sensing mechanisms.
These dynamic interactions are essential for understanding fermentation processes, as they
directly affect product quality, safety, and sensory characteristics. A critical physiological feature
discussed in recent literature is biofilm formation, which significantly enhances the survival and
persistence of LAB in adverse environments. Biofilms provide structural protection and improve
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resistance to environmental stresses, including acid, bile salts, and antimicrobial agents.
Research indicates that biofilm formation is regulated by complex genetic networks and
environmental signals, which together determine the colonization efficiency of probiotic strains .
This capability is particularly important for LAB used as probiotics, as it facilitates their
adherence to intestinal surfaces and prolongs their beneficial effects within the host.

In addition to their ecological and industrial roles, LAB have been shown to exert
significant physiological effects on host organisms, particularly within the gastrointestinal tract.
The interaction between LAB and the gut microbiota plays a crucial role in maintaining
microbial balance, enhancing immune responses, and improving nutrient metabolism. Recent
studies demonstrate that LAB can modulate gut microbiota composition, promote the production
of beneficial metabolites, and inhibit pathogenic microorganisms . These findings support the
growing recognition of LAB as key components in functional foods and therapeutic
interventions. Another important discussion point is the expanding application of LAB in
emerging biotechnological fields. Recent research highlights their role in improving the
digestibility and sensory properties of alternative protein sources, such as plant-based and
cultivated meat products. LAB fermentation has been shown to enhance protein bioavailability,
reduce antinutritional factors, and generate desirable flavor compounds, thereby increasing the
acceptability of these products . This demonstrates the potential of LAB in addressing global
challenges related to food sustainability and nutrition. Moreover, LAB contribute significantly to
food safety through their antimicrobial properties. The production of bacteriocins and other
antimicrobial metabolites enables LAB to inhibit spoilage organisms and foodborne pathogens.
Recent studies emphasize their role in bio-preservation, where LAB are used as natural
alternatives to chemical preservatives. These properties are particularly relevant in modern food
systems, where there is increasing demand for clean-label and minimally processed products .

The discussion confirms that the genetic and physiological characteristics of LAB are
deeply integrated and collectively determine their functionality. Advances in omics technologies
have provided deeper insights into the molecular mechanisms underlying these characteristics,
enabling a more comprehensive understanding of LAB biology. However, despite significant
progress, several challenges remain, including the need for strain-specific characterization,
improved understanding of regulatory networks, and optimization of industrial processes. The
findings of this study align with recent scientific literature, demonstrating that LAB are highly
adaptable microorganisms with significant genetic diversity and physiological flexibility. Their
multifunctional roles in food production, human health, and biotechnology make them a subject
of continued research. Future studies should focus on integrating multi-omics data with applied
research to further unlock the full potential of LAB in various scientific and industrial domains.

Conclusion. Lactic acid bacteria (LAB) represent a highly diverse and functionally
significant group of microorganisms whose genetic and physiological characteristics underpin
their wide-ranging applications. The integration of genomic and physiological insights
demonstrates that LAB possess remarkable adaptability, driven by specialized gene clusters,
efficient metabolic pathways, and robust stress-response mechanisms. These features enable
them to thrive in various environments, including food matrices and the gastrointestinal tract.
Moreover, LAB play a crucial role in food fermentation, safety, and quality enhancement
through the production of organic acids, bacteriocins, and other bioactive compounds. Their
probiotic potential further highlights their importance in promoting human health by modulating
gut microbiota and supporting immune functions. Recent advances in omics technologies and
genetic engineering have expanded the scope of LAB applications, opening new opportunities in
biotechnology, functional foods, and sustainable agriculture. Overall, a deeper understanding of
LAB genetics and physiology provides a strong foundation for their effective utilization in
scientific and industrial fields, while future research should focus on strain-specific optimization
and innovative applications.
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