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Introduction
The growing consumer demand for “clean label” prod-

ucts (free from chemical preservatives) brings the modern 
food industry to a fundamental dilemma regarding lactic 
acid bacteria (LABs). The reduction in the use of tradi-
tional preservatives in the production of natural deli meat 
products, prepared salads, and fermented foods increases 
the vulnerability of products to microbiological spoilage, 
which often occurs without obvious external signs [1]. Fur-
thermore, LABs are becoming the key agents determin-
ing both the safety and spoilage of such products, which 
shapes their dual role.

On the one hand, LABs serve as valuable probiotics and 
the basis for biopreservation, inhibiting pathogens (e. g., 
Listeria monocytogenes) through the production of organic 
acids, bacteriocins, and other antimicrobial compounds. 
They are widely used in the production of fermented foods 
(kefir, yogurt, sauerkraut, sourdough bread), where they 
not only improve sensory and nutritional properties but 
also naturally extend shelf life. Research also confirms the 
antiviral and antifungal activity of their metabolites.

On the other hand, certain LAB strains may cause 
spoilage, especially in meat and finished products with 
limited chemical preservatives. For example, Lactobacillus, 
Leuconostoc, Carnobacterium, and Weissella species can 

produce diacetyl, which imparts an “oily” flavor, emit gases 
that cause packaging to bulge, or form biogenic amines 
that are hazardous to consumers [1]. Of particular concern 
are psychrotrophic strains adapted to refrigerated storage 
and capable of forming resistant biofilms on equipment, 
leading to persistent cross-contamination.

Modern research confirms that the spoilage or beneficial 
potential depends on the specific strain rather than on the 
species. For example, Lactobacillus sakei may exhibit both 
antimicrobial activity and act as a spoilage agent depending 
on its biotype [2]. This highlights the critical need to move 
from generalized approaches to strain-specific risk analysis. 
Modern methods, including metagenomics, metabolomics, 
and molecular typing, allow not only the identification of 
“problematic” strains but also the prediction of their behav-
ior in various products and storage conditions.

The aim of this review is to summarize current data on 
the dual role of LABs in the food industry, emphasizing 
their ability to act both as biopreservatives/probiotics and 
as food spoilage agents, particularly in the meat industry. 
The review aims to systematize knowledge about strain-
specific properties, mechanisms of beneficial and adverse 
effects, and modern control methods, as well as to analyze 
the pathways of LAB dissemination and persistence in the 
production environment.
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Objects and methods
A systematic review of the scientific literature (1996 to 

2023) was conducted using Google Scholar, PubMed, Web 
of Science, Research Gate, Springer Link, ScienceDirect, 
Taylor & Francis, and Scopus, as well as Google and other 
search engines. A  total of 105 relevant publications were 
identified and analyzed using keywords related to lactic 
acid bacteria, their beneficial properties, and food spoilage.

Classification and characteristics  
of lactic acid bacteria
Lactic acid bacteria (LABs) are a  functionally distinct 

but phylogenetically diverse group of Gram-positive mi-
croorganisms united by a key physiological trait: the abil-
ity to produce lactic acid as the primary end product of 
carbohydrate fermentation [3]. These bacteria are chemo-
organoheterotrophs, obtaining energy exclusively through 
substrate-type phosphorylation during fermentation. 
Morphologically, the group is represented by both bacil-
lary and coccoid forms. Common features of LABs include 
Gram-positive staining, do not form endospores (with rare 
exceptions), immobility in most species  [4], and catalase 
negativity. They demonstrate increased tolerance to acidi-
ty, which is their key competitive advantage [5]. LABs have 
complex nutritional requirements, requiring the presence 
of amino acids, B vitamins, and minerals [6,7]. In nature, 
they are widespread in nutrient-rich ecological niches: on 
plants, in dairy products, fermented substrates, and in the 
gastrointestinal tract of humans and animals  [8]. Their 
ability to produce organic acids allows them to effectively 
suppress the growth of competing and potentially patho-
genic microflora, which determines their key role in bio-
preservation practices [9].

The traditional classification of LABs established at the 
beginning of the 20th century was based on a complex of 
morphological, physiological, and biochemical character-
istics. A fundamental and still valid criterion is the division 
into homofermentative and heterofermentative types de-
pending on the hexose fermentation pathway [3]. Homo-
fermentative LABs (e. g., the genera Lactococcus, Strepto-
coccus, Pediococcus) break down glucose via the glycolytic 
pathway (Embden-Meyerhof-Parnas), and the end prod-
uct is predominantly lactic acid. In contrast, heterofermen-
tative LABs (e. g., the genera Leuconostoc, Weissella, Oeno-
coccus) use the phosphoketolase pathway, resulting in the 
formation of lactic acid, ethanol or acetic acid, and carbon 
dioxide from one glucose molecule  [3]. Other important 
phenotypic criteria include optimal growth temperature, 
the ability to ferment certain carbohydrates, and salt tol-
erance [10,11]. However, phenotypic identification is often 
insufficiently reliable for differentiating closely related spe-
cies, which has led to a radical revision of LAB taxonomy 
with the development of molecular genetic methods. Thus, 
based on DNA hybridization data and phylogenetic analy-
sis, the heterogeneous genus Streptococcus was divided into 
several independent genera: Streptococcus, Enterococcus, 

and Lactococcus. A  major revision of species initiated in 
2020 also affected the largest genus Lactobacillus, which 
was divided into 25 new genera (e. g., Lacticaseibacillus, 
Limosilactobacillus) based on whole-genome sequenc-
ing [12].

Therefore, modern taxonomy and identification of 
LABs are based on a polyphasic approach integrating phe-
notypic data with the results of genetic analysis [12]. Key 
methods include 16S rRNA gene sequencing, which is the 
“gold standard” for species identification, genomic finger-
printing methods such as restriction fragment length poly-
morphism (RFLP) analysis and randomly amplified poly-
morphic DNA (RAPD) analysis, as well as whole genome 
sequencing (WGS), which provides the most comprehen-
sive information for taxonomy and the study of metabolic 
potential [13].

The application of these methods has allowed to form 
a modern taxonomic structure and clearly define the key 
LAB genera of industrial significance. According to the 
modern classification, the core of the LAB group is the or-
der Lactobacillales. Bacillary bacteria of the genus Lactoba-
cillus (and newly described genera) are extremely diverse 
in their metabolic properties and are of great importance 
in the production of fermented products and as probiot-
ics  [3,8,12,14]. Mesophilic homofermentative cocci Lac-
tococcus lactis are a  key starter microorganism in cheese 
manufacturing [3]. Thermophilic homofermentative cocci 
Streptococcus thermophilus are one of the essential compo-
nents of yogurt starter  [3]. Obligately heterofermentative 
cocci Leuconostoc mesenteroides are important in the ini-
tial stages of vegetable fermentation, and Oenococcus oeni 
is specially adapted to survive in wine and is responsible 
for biological stabilization [3,11]. Homofermentative cocci 
of the genus Pediococcus, which form tetrads, are highly 
acid-resistant and are used in the fermentation of plant and 
meat raw materials [9]. The genus Bifidobacterium belong-
ing to the phylum Actinobacteria stands apart. Although 
their metabolic pathways and phylogenetic position are 
distinct, they are often considered together with LABs in 
applied contexts [8].

Lactic acid bacteria are the basis of numerous food bio-
technologies. Their role is far beyond simple acidification. 
Through proteolytic and lipolytic activity, they shape the 
flavor profile of cheeses, fermented meat, and plant prod-
ucts  [3]. Bacteriocins produced by many strains serve as 
natural biopreservatives [9,13]. A special area of ​​research 
is the use of LABs as probiotics, live microorganisms that 
benefit the host’s health  [8,14,15]. Probiotic strains must 
possess a combination of properties: resistance to gastric 
juice and bile acids, adhesion to intestinal epithelium, 
antagonistic activity against pathogens, clinically proven 
efficacy and safety  [14,15]. Thus, lactic acid bacteria rep-
resent a  classic example of the interplay between funda-
mental science and practice. The evolution of their classi-
fication from phenotypic descriptions to genome-focused 
approaches has opened up new opportunities for targeted 
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screening, selection, and safe use of these microorganisms 
in the food industry, medicine, and agriculture [5,12].

Bioactive compounds of lactic acid bacteria: diversity, 
mechanisms of action, and application in food technology

LAB bioactive compounds as multifunctional agents
Lactic acid bacteria (LABs) are an integral part of food 

biotechnology, not only due to their primary enzymatic ac-
tivity but also due to their ability to produce a wide range 
of bioactive compounds  [16]. These metabolites synthe-
sized during fermentation make a key contribution to the 
safety, quality, texture, shelf life, and health benefits of final 
products. The main classes of bioactive compounds pro-
duced by LABs are peptides, exopolysaccharides (EPS), 
bacteriocins, organic acids, and enzymes [16]. The profile 
and quantity of the compounds produced vary depending 
on the bacterial species and strains, substrate, and fermen-
tation conditions, opening up vast opportunities for the 
targeted creation of products with desired technological 
and functional properties. Thus, LABs act as powerful bio-
transformers and biofactories of valuable substances.

Main classes of bioactive compounds and their 
functions in food products
Bioactive peptides formed as a result of proteolysis of 

raw material proteins (e. g., milk casein) are the most sig-
nificant from a  functional point of view are. These pep-
tides exhibit a variety of physiological activities, including 
antihypertensive, antioxidant, immunomodulatory, and 
opioid effects, which determines the prophylactic poten-
tial of fermented products [16]. Exopolysaccharides (EPS) 
secreted by LABs into the environment play a  dual role: 
they improve the rheological properties of products, act-
ing as natural thickeners and stabilizers, and also exhibit 
prebiotic and immuno-stimulating effects, promoting the 
growth of beneficial intestinal microbiota [16,17]. Organic 
acids, primarily lactic and acetic acids, are the main bio-
preservation agents lowering the pH and creating an un-
favorable environment for the development of pathogenic 
and opportunistic microflora  [18]. The accumulation of 
acids also contributes to the denaturation of proteins and 
the formation of the characteristic texture of products 
such as yogurt or cottage cheese. Furthermore, the enzy-
matic activity of LABs (proteases, lipases, amylases) leads 
to profound transformations of the food matrix: increased 
availability of nutrients, accumulation of free amino acids 
and fatty acids, formation of flavor compounds, and re-
duction in antinutrients or allergens in raw materials [17]. 
The combined action of these compounds significantly in-
creases the nutritional and functional value of the original 
substrates.

Bacteriocins: mechanisms of action and application 
strategies in biocontrol
A  special place among bioactive metabolites is occu-

pied by bacteriocins, peptides synthesized in ribosomes 
and exhibiting antimicrobial activity primarily against 

closely related bacterial species [19]. In the food industry, 
they are considered promising natural biopreservatives for 
combating spoilage and pathogens (e. g., Listeria monocy-
togenes, Staphylococcus aureus) [20]. Their key advantages 
include safety for humans (many have Qualified Presump-
tion of Safety (QPS) status), biodegradability, and efficacy 
at low concentrations [21]. QPS status implies overall safety 
across all potential uses, and the assessment incorporates 
four key principles: taxonomy, scientific knowledge, safety 
profiles, and expected end use  [22]. Combination strate-
gies are used to expand the spectrum of activity, par-
ticularly against Gram-negative bacteria. The combined 
use of bacteriocins with ethylenediaminetetraacetic acid 
(EDTA) is one of the most common strategies currently 
used to sensitize Gram-negative bacteria. EDTA promotes 
the destruction of the bacterial outer membrane, enhanc-
ing the activity of the bacteriocin against Gram-negative 
microorganisms, especially Salmonella enterica subsp. ty-
phimurium, Enterobacter aerogenes, Shigella flexneri, Citro-
bacter freundii, Escherichia coli O157: H7, Pseudomonas ae-
ruginosa, and Arcobacter butzleri [23]. Interestingly, small 
amounts of EDTA, ranging from 10 to 20 mM, are usu-
ally sufficient to induce sensitization to bacteriocins [23]. 
Combination with essential oils (thymol, carvacrol) al-
lows for a reduction in the working concentrations of both 
agents, minimizing the impact on the sensory properties of 
the product [24,25]. A study of Buyssa essential oil against 
Salmonella enterica subsp. typhimurium and Staphylococ-
cus aureus showed that the inclusion of nisin significant-
ly reduced the oil concentration required to inhibit both 
bacteria [26]. The combined use of bacteriocins with mild 
physical processing methods (high pressure, moderate 
heat) is being actively studied [27]. The use of protective 
cultures producing bacteriocins is an environmentally 
friendly alternative to synthetic preservatives [28,29].

Antiviral potential of LAB metabolites
In addition to antibacterial activity, LAB metabolites 

demonstrate potential for inhibition of viruses. This effect 
is studied primarily in the context of its impact on host 
health, since viruses do not replicate in food products [30]. 
Mechanisms of antiviral action may include: direct inter-
action of bacterial cell components or their metabolites 
with viral particles; blocking of viral receptors on target 
cells; and modulation of the body’s systemic immune re-
sponse [30,31]. Studies have shown the activity of some lac-
tobacilli strains and their metabolites against rotaviruses, 
noroviruses, and caliciviruses [30,31], as well as against the 
human immunodeficiency virus (HIV) [32]. Until now, in-
formation on the ability of lactic acid bacteria to kill virus-
es has focused on their immunomodulatory effect on the 
host immune response rather than on the direct antiviral 
action in foods. However, it is hypothesized that the pres-
ence of LABs in food indirectly protects consumers from 
viral infections by blocking receptor sites on host cells and 
neutralizing viral spread, or by enhancing the immune 
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system to counteract viral infections after food consump-
tion  [31,32]. Consumption of LAB-containing foods may 
enhance the immune response, indirectly increasing the 
body’s resistance to viral infections [31,33].

Antifungal activity of LABs and its application 
in biopreservation
The antifungal activity of LABs, directed primarily 

against filamentous fungi and yeasts, is of great practical in-
terest for the biopreservation of mold-prone foods [34]. The 
main agents of this activity are organic acids, low-molecular-
weight metabolites, and volatile compounds (diacetyl, 
acetoin)  [34,35]. Many strains of the genera Lactobacillus, 
Pediococcus, and Leuconostoc effectively inhibit the growth 
of toxigenic molds such as Aspergillus, Penicillium, and Mu-
cor  [34,36]. Volatile organic compounds capable of diffus-
ing in the airspace of packaging are particularly promising 
for protecting product surfaces [35]. The antifungal effect is 
often the result of synergy between several compounds and 
interactions between different bioprotective cultures, which 
increases efficiency [37]. The antifungal process may involve 
interactions between microbial metabolites produced by 
various bioprotective cultures [38].

Prospects for the use of bioactive compounds from 
lactic acid bacteria
Bioactive compounds from lactic acid bacteria form 

a  multifaceted and highly effective arsenal of tools for 
the modern food industry  [16]. Their unique ability to 
simultaneously address the challenges of biopreserva-
tion [18,20,27], texture improvement [16,17], enrichment of 
products with valuable metabolites [16,17], and the mani-
festation of preventive (probiotic) properties [18,29] makes 
LABs indispensable agents for the creation of functional 
foods. Further research should focus on in-depth under-
standing of the molecular mechanisms of action, optimi-
zation of production conditions for target metabolites, 
and the development of innovative synergistic approaches. 
Maximizing the potential of these natural biocatalysts will 
facilitate the development of food technologies within the 
framework of current concepts of “clean label,” personal-
ized nutrition, and sustainability.

Fermentation: biochemical foundations, historical 
evolution and modern aspects
Fermentation is one of the oldest biotechnological 

methods used by humanity for the transformation and 
preservation of food raw materials. It is essentially a pro-
cess of anaerobic or microaerophilic metabolism, during 
which microorganisms (bacteria, yeast, fungi) convert 
carbohydrates and other substrate components into alco-
hols, organic acids, gases, and a  range of aromatic com-
pounds  [39]. These biochemical changes have three key 
functions: significantly increasing shelf life by suppressing 
the growth of pathogenic and spoilage microflora (bio-
preservation), improving sensory properties (taste, aroma, 
texture), and increasing the nutritional value and digest-

ibility of the product through the preliminary breakdown 
of complex compounds and the synthesis of vitamins.

The history of fermentation dates back over 13,000 
years, as evidenced by archaeological finds such as the re-
mains of fermented beverages in stone mortars from the 
Natufian period [40]. The transition to sedentary agricul-
ture in the Neolithic gave a powerful impetus to the de-
velopment of these practices. In China, as early as 9,000 
to 8,700 years ago, there was a ritual tradition of brewing 
beer from rice, Job’s tears, and tubers, with molds appar-
ently used to saccharify the starch, a principle underlying 
the production of modern East Asian sourdoughs [41]. In 
the Middle East, the fermentation of milk led to the de-
velopment of cheese prototypes. The preservation of plant 
and animal products by lactic acid fermentation was inde-
pendently mastered in various regions of the world: from 
the Roman Empire and Slavic territories to the Himalayas 
and the Korean Peninsula. A classic example is sauerkraut 
(and its spicy Korean version, kimchi), which not only en-
sured long-term storage of plants but, as was later discov-
ered, due to its high content of vitamin C and probiotics, 
played an important role in the prevention of scurvy and 
maintaining health [42]. Today, the world’s diversity of fer-
mented foods, many of which are part of cultural heritage, 
numbers in the thousands [43].

Fermented dairy products: from traditional starters 
to targeted probiotics
Lactic acid bacteria (LABs) are the primary fermenta-

tion agents in the dairy industry. Over 260 species of these 
bacteria are known, performing complex transformations 
of raw materials. The key process is the fermentation of 
lactose to form lactic acid, which leads to casein coagula-
tion and curd formation. At the same time, the proteolytic 
and lipolytic activity of LABs breaks down proteins and 
fats, generating peptides, free amino acids, and fatty acids 
that determine the flavor, aroma, and texture of the final 
product [44].

The evolution from spontaneous fermentation by adding 
the final product to the use of standardized starter cultures 
has revolutionized the industry. Modern biotechnology en-
ables the selection of strains with specific properties: high 
acid production rates, specific flavor-forming properties (di-
acetyl and acetoin synthesis), and bacteriophage resistance. 
A particular area of ​​research is the development of probiotic 
dairy products. Probiotic strains such as Lactobacillus spp. 
and Bifidobacterium spp. must not only exhibit targeted ben-
eficial effects (e. g., pathogen antagonism, immune modula-
tion), but also maintain high viability throughout the entire 
production process and product shelf life, which represents 
a distinct technological challenge [45].

Fermented plant-based foods: biodiversity 
and innovation
Fermentation is an effective method for preserving 

perishable fruits, vegetables, and grains, not only extend-
ing their shelf life but also enriching them with nutrients 
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and bioactive substances [46]. The surface of plant-based 
raw materials harbors autochthonous microbiota, includ-
ing low numbers of LABs, but during fermentation, spe-
cific consortia are formed. The dominant genera are often 
Leuconostoc, Weissella, Pediococcus, Lactococcus, and Lac-
tiplantibacillus (formerly Lactobacillus) [47].

Classic products such as sauerkraut demonstrate 
a  staged process: an initial heterofermentative phase in-
volving Leuconostoc mesenteroides is followed by a homo-
fermentative phase dominated by Lactiplantibacillus plan-
tarum, which ensures optimal acidity and stability. Olive 
fermentation is a more complex symbiotic process involv-
ing LABs and yeasts, with L. plantarum and L. pentosus 
playing a key role [48].

A  current trend is the development of a  market for 
functional plant-based soft drinks, such as fermented 
juices. These are positioned as natural, healthy alterna-
tives for consumers with lactose intolerance or milk pro-
tein allergies. The use of specially selected probiotic strains 
(e. g., Lactobacillus spp.) allows for the combination of the 
benefits of plant-based raw materials (vitamins, polyphe-
nols, and fiber) with the beneficial properties of live cul-
tures [49]. Research is focused on identifying new adapted 
strains, optimizing processes to preserve nutrients, and 
studying the in vivo effects of such products.

Fermentation in bakery: symbiosis of yeasts  
and lactic acid bacteria
Sourdough bread technology is based on the synergy of 

yeast and LABs. Yeast (Saccharomyces cerevisiae) is respon-
sible for alcoholic fermentation, releasing carbon dioxide 
to leaven the dough. LABs, a complex of over 70 species 
(with a predominance of now-reclassified genera such as 
Lactiplantibacillus, Fructilactobacillus, and others), carry 
out lactic acid fermentation [50,51].

This symbiosis imparts fundamentally different prop-
erties to bread. Acidification of the environment (lower-
ing the pH) improves the rheological properties of the 
dough, slows staling, and inhibits the growth of mold and 
Bacillus cereus, the bacterium that causes “potato disease” 
of bread. LAB metabolites, lactic and acetic acids, diace-
tyl, and esters, create a unique flavor profile. In addition, 
bacterial proteolytic activity increases the availability of 
amino acids, including glutamate, enhancing the umami 
flavor, and helps reduce the content of potentially harm-
ful compounds such as acrylamide  [52,53]. Traditional 
Chinese cereal fermentation methods for steamed bread 
also rely on complex microbial communities to enrich the 
product [51].

Fermentation of meat and fish products: 
biopreservation and flavor development
Fermentation of meat and fish is primarily a controlled 

biopreservation process, an alternative to the use of chemi-
cal preservatives. The primary mechanism is the rapid 
acidification of the substrate through the activity of LAB 
starter cultures (most commonly Latilactobacillus sakei 

and Latilactobacillus curvatus). The accumulation of lac-
tic acid reduces the pH to values ​​(usually below 5.0) un-
acceptable for the development of most pathogenic and 
spoilage bacteria, such as Salmonella spp. and Staphylococ-
cus aureus [54].

Regional differences in technology (e. g., more acidic 
Northern European products versus less acidic Mediter-
ranean ones) are due to the use of different strains, tem-
perature regimes, and salt concentrations (2–6 %)  [55]. 
In addition to preservation, fermentation makes a decisive 
contribution to the development of sensory characteristics. 
The enzymatic activity of LABs and associated microflora 
(micrococci, coagulase-negative staphylococci, yeasts) 
leads to profound proteolysis and lipolysis. This causes 
softening of muscle fibers and the accumulation of free 
amino acids, peptides, and volatile aromatic compounds 
creating the characteristic flavor and aroma of dry-cured 
delicacies [54].

Fish fermentation, one of the oldest methods of fish 
preservation, also aims to stabilize the product through 
acidification and enzymatic hydrolysis. This process helps 
preserve valuable nutrients, including proteins and ome-
ga‑3 fatty acids, and creates unique traditional products 
with distinctive flavors [56].

Negative effects of LABs in the food industry

Food spoilage
Lactic acid bacteria (LABs) occupy an ambivalent posi-

tion in the meat industry, acting simultaneously as agents 
of targeted biopreservation and as the primary spoilage 
agents of chilled products. This duality is due to their ex-
ceptional ecological plasticity and metabolic diversity. The 
current understanding of this problem has become more 
complex with the broadening of plant-based meat analogs. 
While possessing favorable physicochemical properties for 
LABs (neutral pH, high moisture), they have become a new 
niche for their development, including potentially hazard-
ous strains. In light of recent in light of recent research (af-
ter 2020), this dual role appears even more complex and is 
determined not only by species but also by strain-specific 
metabolic profile, which is being actively studied in the 
context of clean label and functional food development.

The ecological source and adaptation of LABs in the 
production environment are the key to understanding the 
problem of recurrent spoilage. Sources of contamination 
include both primary raw materials and stable populations 
within factories. Cross-contamination between raw ma-
terials and finished products (e. g., sliced ​​ham) occurs via 
equipment surfaces and air  [57,58]. Psychrotolerant LAB 
species, which not only survive but also actively grow at 
refrigerated storage temperatures (0–8 °C), are a particu-
lar problem. These species successfully colonize produc-
tion facilities, adapt, and form stable biofilms, leading to 
systematic contamination of the final products  [58–61]. 
Similar complex ecosystems, where starter and spoilage 
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microorganisms coexist, are also characteristic of other 
food industry sectors [62]. Finished meat products pack-
aged in modified atmosphere or vacuum, which inhibit the 
growth of competitive aerobic microflora, create ideal con-
ditions for the dominance of psychrotrophic LABs, which 
cause spoilage [63–65].

An important contemporary aspect is the taxonomic 
revision of the LAB group. In 2020, phylogenetic analysis 
led to the division of the heterogeneous genus Lactobacil-
lus into 25 new genera, including Latilactobacillus, Lacti-
plantibacillus, and Levilactobacillus. This division reflects 
profound genetic and metabolic differences and explains 
why closely related organisms may exhibit contrasting 
technological properties. For example, Latilactobacillus 
sakei may be both a dominant spoilage agent and the ba-
sis for protective cultures. Understanding this taxonomy 
is critical for the accurate identification of contaminants 
and the selection of beneficial strains. Modern analysis 
also shifts focus to the bioactive potential of LABs beyond 
classical lactic acid fermentation. In addition to bacterio-
cins  [66–68], their ability to synthesize other antimicro-
bial agents (organic acids, hydrogen peroxide, reuterin), 
texture-improving exopolysaccharides, and even neuroac-
tive substances such as gamma-aminobutyric acid (GABA) 
is being actively studied, opening up prospects for the cre-
ation of functional foods.

The taxonomic diversity of LABs associated with meat 
spoilage is extremely high and geographically determined. 
Species belonging to new genera derived from Lactobacillus 
(e. g., Latilactobacillus sakei, Latilactobacillus curvatus) are 
among the most common spoilage agents, causing severe 
acidification, off-flavor, and slime in various types of meat 
stored under vacuum or in modified atmosphere [69–77]. 
The strictly psychrotrophic Lactobacillus algidus, first iso-
lated from vacuum-packed beef, poses a particular prob-
lem for markets with long-term refrigerated storage [78]. 
Members of the genus Leuconostoc, particularly L. gelidum 
and L. gasicomitatum, are responsible for gas and acetic 
acid production, leading to package bulging, oily odor, and 
slime formation [59,79–85]. Carnobacterium spp. are fre-
quently found in meats with low oxygen levels and play 
a  dual role  [80, 86–88]. Weissella spp. and Lactococcus 
spp. (e. g., L. piscium) are also significant spoilage agents, 
with the latter often dominating toward the end of shelf 
life  [71,74,80,81,89–92]. Certain species of the genus En-
terococcus have also been detected in spoiled meat [93,94].

Innovative research in recent years has expanded our 
understanding of the mechanisms for antagonism of pro-
tective cultures. In addition to the classical mechanisms of 
competitive exclusion and bacteriocin diffusion  [66–68], 
new modes of interaction have been discovered. For ex-
ample, recent studies have identified a contact-dependent 
mechanism of pathogen inhibition, in which direct physi-
cal contact with the cell of an antagonist bacterium (such 
as Lactococcus carnosus) is required to kill a  target cell 
(e. g., Listeria monocytogenes). This mechanism is mediated 

by a specialized protein, bacteriolysin, and opens up new 
prospects for targeted biopreservation. Furthermore, the 
use of LABs to combat fungal spoilage and mycotoxins is 
actively developing. Many strains are capable of producing 
antifungal metabolites and adsorbing mycotoxins, mak-
ing them promising “green preservatives” for protecting 
a wide range of food products.

The geographic and temperature distribution of spoil-
age agents shows clear pattern. In cold climates and in 
global supply chains, obligate psychrotrophic species pose 
a major problem [78,80,91,92]. Their cold adaptation and 
high competitiveness make them serious spoilage agents. 
A  key problem is that standard microbiological tests at 
30 °C often completely ignore these psychrotrophic popu-
lations, leading to underestimation of quality and overesti-
mation of shelf life [95]. Control of these LABs is difficult 
due to their tolerance to cold, vacuum, modified atmo-
sphere [61,64,83,96,97], and even sodium nitrite [98]. The 
resistance of many strains to sanitization is aggravated by 
their ability to form biofilms [99]. Research confirms that 
psychrotrophic species of Leuconostoc and Lactococcus are 
the dominant problem at the end of shelf life of packaged 
chilled products, demonstrating their persistence [92,100].

Thus, the negative impact of LABs in the meat indus-
try is the result of a  complex interaction of factors: the 
adaptability of psychrotrophic species, the inadequacy 
of standard control methods  [95], the selective action of 
modern packaging technologies  [92], and the formation 
of stable biocenoses in production. Solving this problem 
requires a paradigm shift. Prospects lie in the field of preci-
sion microbial management: the use of modern molecular 
methods for monitoring, in-depth study of metabolomics 
and strain-specific mechanisms of action (including re-
cent ones, such as contact-dependent antagonism), and 
the development of integrated solutions. These include the 
creation of “microbial consortia” with targeted properties, 
combining LABs with other gentle technologies (gentle 
physical methods, active packaging) within the hurdle 
technology concept, and thoroughly assessing the safety of 
each candidate strain, including the absence of antibiotic 
resistance genes. This approach will not only reduce spoil-
age but also create safe meat products with an extended 
shelf life and improved functional properties.

LAB prevalence in the food industry
The prevalence and environmental persistence of lac-

tic acid bacteria (LABs) in the food industry represent 
a complex problem beyond simple contamination of raw 
materials. LABs are integral commensals of the produc-
tion environment, demonstrating high plasticity and the 
ability to form resident populations on processing equip-
ment, indoor surfaces, and in engineering systems. This 
environmental adaptation reinforced by resistance to 
a number of environmental factors and the ability to form 
biofilms creates a  significant risk of recurrent contami-
nation of finished products, which directly threatens the 
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quality and shelf life, especially for pasteurized and chilled 
products such as cooked sausages [101]. The key genera of 
contaminants in the meat processing industry are Lacto-
bacillus (particularly L. sakei, L. curvatus), Leuconostoc 
(L. gelidum, L. carnosum), Carnobacterium, and Weissella 
(W. viridescens), each of which is associated with specific 
defects, ranging from acidification and slime formation to 
color changing and packaging bulging.

The primary source of LABs is the raw material, i. e. 
fresh meat with an initial contamination level that may 
reach 10⁴-10⁵ CFU/g. However, to ensure the microbio-
logical stability of products, secondary contamination 
and microflora circulation control within the facility is 
critical. Modern studies using molecular typing methods, 
such as [62,102], clearly demonstrate the phenomenon of 
cross-contamination by establishing the genetic identity of 
strains isolated from the surfaces of processing equipment 
(e. g., cutting tables) and strains responsible for spoilage of 
finished sausages. This transfer occurs through several key 
channels.

Air is one of the most significant and dynamic vectors 
of spread. Aerosols generated during washing, sanitization, 
cutting, and slicing serve as a vehicle for viable LAB cells. 
Bacterial concentrations in the air of production areas may 
be significant, and general ventilation and air condition-
ing systems facilitate their migration between different de-
partments, including technologically isolated workshops. 
A striking example is the detection of Weissella viridescens 
in the air of refrigerated rooms, where this specific spoil-
age microorganism enters from primary processing ar-
eas  [62,103,104]. Modern studies of the air environment 
in meat processing plants confirm that the qualitative and 
quantitative composition of microbial bioaerosols, includ-
ing the proportion of LABs, serves as a reliable indicator 
of the sanitary condition of both individual zones and the 
entire production facility, allowing for the identification of 
critical risk points before mass product spoilage occurs.

The surfaces of equipment, tools, walls, and floors, es-
pecially in conditions of high humidity and the presence of 
organic residues, serve as primary reservoirs for the adhe-
sion and subsequent formation of biofilms by resident LAB 
strains. Areas difficult to access for mechanical cleaning, 
as well as joints, seals, and drain systems, pose a particu-
lar hazard. Personnel, mobile process equipment (trolleys, 
containers), and inadequately disinfected post-treatment 
water also act as active carriers of contaminants between 
relatively clean and dirty areas.

Effective management of these risks requires a  shift 
from reactive control to a  preventive strategy based on 
a comprehensive approach. This includes regular moni-
toring not only of products but also of critical points 
in the production environment using modern methods 
such as quantitative PCR (qPCR) and metagenomic anal-
ysis, which enable the rapid identification and tracking of 
target indicator microorganisms, including key spoilage 
LABs. Based on monitoring data, sanitization programs 

(HACCP) should be developed and continuously adapt-
ed, taking into account the need to disrupt biofilms and 
target specific resident populations. Zoning of production 
flows is also an important element, minimizing the con-
tact of raw materials, semi-finished, and finished prod-
ucts, as well as cross-contamination through personnel 
and air. This systematic approach, integrating continuous 
environmental monitoring, validated sanitation proce-
dures, and targeted management of processes, allows for 
not simply reacting to spoilage incidents, but proactively 
suppressing the circulation of LABs in the production en-
vironment, which is the key to the consistent quality and 
safety of meat products.

Modern approaches to monitoring and controlling 
the resident LAB populations
Traditional microbiological control methods based on 

selective swabs are often insufficiently sensitive to detect 
and identify specific contaminant strains that form bio-
films. Modern strategies are shifting toward the use of 
molecular methods, such as high-throughput sequencing 
(metagenomics) and MALDI-TOF mass spectrometry, 
which enable not only detection but also comparative phy-
logenetic analysis of microflora from various points along 
the production chain. This makes it possible to map the 
distribution of a  specific undesirable strain and identify 
the true source of persistent contamination.

Combating persistent LAB biofilms requires a revision 
of traditional sanitation protocols. In addition to optimiz-
ing cleaning and disinfection regimens to address the need 
to disrupt the biofilm’s extracellular polymer matrix, the 
use of biocontrol and biopreservation tactics is a promis-
ing approach. This involves the targeted colonization of 
production surfaces or the introduction of competing, safe 
strains of LABs or their metabolites (bacteriocins) into 
the product, which will suppress the development of un-
wanted spoilage microflora  [102]. Another relevant area 
is the study and application of combinations of natural 
antimicrobial agents, such as essential oils (citrus, clove) 
and their active components (carvacrol, eugenol), which 
have demonstrated synergistic effectiveness against LABs 
and may be used within the framework of the “clean la-
bel” concept for surface treatment or in packaging materi-
als [101,103,104].

Thus, the problem of LAB prevalence in the food in-
dustry has transformed from a simple issue of raw material 
contamination into a  complex task of managing the mi-
crobial ecology of the enterprise. An effective solution lies 
at the intersection of precise microbiological monitoring, 
the use of modern molecular tools for strain tracking, the 
development of innovative sanitization protocols targeting 
biofilms, and the implementation of proactive biological 
control strategies. This integrated approach allows not only 
for the mitigation of consequences but also for the proac-
tive management of microbial risks, ensuring consistent 
food quality and safety.
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Conclusion
The review highlights the fundamental ambivalence of 

lactic acid bacteria (LABs) in the modern food industry, 
particularly in the context of the “clean label” trend. This 
duality manifests itself in their ability to act both as indis-
pensable biopreservatives, fermentation agents, and probi-
otics, and as key microbial spoilage agents, particularly in 
the chilled meat sector.

On the one hand, LABs are a powerful biotechnologi-
cal tool. Their ability to produce a  complex of bioactive 
compounds, i. e. organic acids, bacteriocins, and exopoly-
saccharides, underlies natural methods for extending shelf 
life and creating functional foods. The introduction of 
LAB-based protective cultures offers an environmentally 
friendly alternative to synthetic preservatives and meets 
consumer demand.

On the other hand, the high ecological plasticity and 
adaptive potential of certain LAB strains make them a seri-
ous challenge. Psychrotrophic representatives of the genera 
Lactobacillus, Leuconostoc, Carnobacterium, and Weissella, 
adapted to refrigerated storage and modified atmosphere 
packaging, are dominant spoilage agents. Their ability to 
form persistent populations and biofilms on equipment 
leads to persistent cross-contamination and significant 
economic losses.

A key conclusion is the need to move from generalized 
approaches to precise, strain-specific microbial manage-
ment. Modern molecular identification and typing meth-
ods (metagenomics, MALDI-TOF MS) allow not only the 
accurate identification of contaminants but also the track-
ing of their spread throughout the enterprise. Solving this 
problem requires a comprehensive strategy, including:
1.	 Improved monitoring of the production environment 

with an emphasis on identifying psychrotrophic popu-
lations and biofilms;

2.	 Development and validation of targeted sanitation pro-
cedures effective against complex microbial communi-
ties;

3.	 Active implementation of biocontrol methods based on 
the use of safe antagonist strains or their metabolites;

4.	 Hurdle technology, where the use of LABs as protective 
cultures is combined with gentle physical processing 
methods and active packaging.
Thus, the future of the effective use and control of LABs 

in the food industry lies in a balanced approach that recog-
nizes and utilizes their beneficial potential while simulta-
neously applying advanced scientific methods to minimize 
the associated risks. This will ensure consistent quality, 
safety, and extended shelf life of products while reducing 
the use of chemical preservatives.

REFERENCES
1.	 Kasra-Kermanshahi, R., Mobarak-Qamsari, E. (2015). Inhi-

bition effect of lactic acid bacteria against food born patho-
gen, Listeria monocytogenes. Applied Food Biotechnology, 
2(4), 11–19. https://doi.org/10.22037/afb.v2i4.8894

2.	 Kaur, M., Williams, M., Bissett, A., Ross, T., Bowman, J. P. 
(2021). Effect of abattoir, livestock species and storage tem-
perature on bacterial community dynamics and sensory 
properties of vacuum packaged red meat. Food Microbiology, 
94, Article 103648. https://doi.org/10.1016/j.fm.2020.103648

3.	 Mora-Villalobos, J. A., Montero-Zamora, J., Barboza, N., Rojas
Garbanzo, C., Usaga, J., Redondo-Solano, M. et al. (2020). 
Multi-product lactic acid bacteria fermentations: A  review. 
Fermentation, 6(1), Article 23. https://doi.org/10.3390/fer-
mentation6010023

4.	 Cousin, F. J., Lynch, S. M., Harris, H. M., McCann, A., Lynch, 
D. B., Neville, B. A. et al. (2015). Detection and genomic char-
acterization of motility in Lactobacillus curvatus: Confirma-
tion of motility in a species outside the Lactobacillus salivar-
ius clade. Applied and Environmental Microbiology, 81(4), 
1297–1308. https://doi.org/10.1128/AEM.03594-14

5.	 Hayek, S. A., Ibrahim, S. A. (2013). Current limitations and chal-
lenges with lactic acid bacteria: A review. Food and Nutrition Sci-
ences, 4(11), 73–87. http://dx.doi.org/10.4236/fns.2013.411A010

6.	 Hébert, E. M., Raya, R. R., de Giori, G. S. (2004). Evaluation 
of minimal nutritional requirements of lactic acid bacteria 
used in functional foods. Chapter in a book: Environmental 
microbiology: Methods and protocols. Totowa, NJ: Humana 
Press, 2004. https://doi.org/10.1385/1-59259-765-3:139

7.	 Vinderola, G., Ouwehand, A., Salminen, S., von Wright, A. 
(2019). Lactic acid bacteria: Microbiological and functional as-
pects. CRC Press, 2019. https://doi.org/10.1201/9780429057465

8.	 Parvez, S., Malik, K. A., Ah Kang, S., Kim, H. -Y. (2006). Pro-
biotics and their fermented food products are beneficial for 

health. Journal of Applied Microbiology, 100(6), 1171–1185. 
https://doi.org/10.1111/j.1365-2672.2006.02963.x

9.	 Mokoena, M. P. (2017). Lactic acid bacteria and their bacte-
riocins: Classification, biosynthesis and applications against 
uropathogens: A mini-review. Molecules, 22(8), Article 1255. 
https://doi.org/10.3390/molecules22081255

10.	 Lechiancole, T., Ricciardi, A., Parente, E. (2002). Optimiza-
tion of media and fermentation conditions for the growth of 
Lactobacillus sakei. Annals of Microbiology, 52(3), 257–274.

11.	 Foucaud, C., Francois, A., Richard, J. (1997). Development 
of a chemically defined medium for the growth of Leuconos-
toc mesenteroides. Applied and Environmental Microbiology, 
63(1), 301–304. https://doi.org/10.1128/aem.63.1.301-304.1997

12.	 Zheng, J., Wittouck, S., Salvetti, E., Franz, C. M. A.P., Har-
ris,  H. M. B., Mattarelli, P. et al. (2020). A  taxonomic note 
on the genus Lactobacillus: Description of 23 novel genera, 
emended description of the genus Lactobacillus Beijerinck 
1901, and union of Lactobacillaceae and Leuconostocaceae. In-
ternational Journal of Systematic and Evolutionary Microbiol-
ogy, 70(4), 2782–2858. https://doi.org/10.1099/ijsem.0.004107

13.	 Zhang, T., Zhang, Y., Li, L., Jiang, X., Chen, Z., Zhao, F. et al. 
(2022). Biosynthesis and production of class II bacteriocins 
of food-associated lactic acid bacteria. Fermentation, 8(5), 
Article 217. https://doi.org/10.3390/fermentation8050217

14.	 Quinto, E. J., Jiménez, P., Caro, I., Tejero, J., Mateo, J., Girbés, 
T. (2014). Probiotic lactic acid bacteria: A review. Food and 
Nutrition Sciences, 5(18), 1765–1775. http://doi.org/10.4236/
fns.2014.518190

15.	 Sadishkumar, V., Jeevaratnam, K. (2017). In vitro probiotic 
evaluation of potential antioxidant lactic acid bacteria iso-
lated from idli batter fermented with Piper betle leaves. Inter-
national Journal of Food Science and Technology, 52(2), 329–
340. https://doi.org/10.1111/ijfs.13284



65

Yushina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2026, vol. 11, no. 1, pp. 57–68

16.	 Hakim, B. N. A., Xuan, N. J., Oslan, S. N. H. (2023). A com-
prehensive review of bioactive compounds from lactic acid 
bacteria: Potential functions as functional food in dietetics 
and the food industry. Foods, 12(15), Article 2850. https://doi.
org/10.3390/foods12152850

17.	 Melini, F., Melini, V., Luziatelli, F., Ficca, A. G., Ruzzi, M. 
(2019). Health-promoting components in fermented foods: 
An up-to-date systematic review. Nutrients, 11(5), Arti-
cle 1189. https://doi.org/10.3390/nu11051189

18.	 Naidu, A. S., Bidlack, W. R., Clemens, R. A. (1999). Probio
tic spectra of lactic acid bacteria (LAB). Critical Reviews 
in Food Science and Nutrition, 39(1), 13–126. https://doi.
org/10.1080/10408699991279187

19.	 Parada, J. L., Caron, C. R., Medeiros, A. B. P., Soccol, C. R. 
(2007). Bacteriocins from lactic acid bacteria: Purifica-
tion, properties and use as biopreservatives. Brazilian ar-
chives of Biology and Technology, 50(3), 512–542. https://doi.
org/10.1590/S1516-89132007000300018

20.	Sidhu, P. K., Nehra, K. (2019). Bacteriocin-nanoconjugates as 
emerging compounds for enhancing antimicrobial activity of 
bacteriocins. Journal of King Saud University-Science, 31(4), 
758–767. https://doi.org/10.1016/j.jksus.2017.12.007

21.	 Field, D., Ross, R. P., Hill, C. (2018). Developing bacterio-
cins of lactic acid bacteria into next generation biopreserva-
tives. Current Opinion in Food Science, 20, 1–6. https://doi.
org/10.1016/j.cofs.2018.02.004

22.	Bourdichon, F., Laulund, S., Tenning, P. (2019). Inventory of 
microbial species with a rationale: A comparison of the IDF/
EFFCA inventory of microbial food cultures with the EF-
SA Biohazard Panel qualified presumption of safety. FEMS 
Microbiology Letters, 366(Supplement_1), Article fnz048. 
https://doi.org/10.1093/femsle/fnz048

23.	Prudêncio, C. V., dos Santos, M. T., Vanetti, M. C. D. (2015). 
Strategies for the use of bacteriocins in Gram-negative bacte-
ria: Relevance in food microbiology. Journal of Food Science 
and Technology, 52(9), 5408–5417. https://doi.org/10.1007/
s13197-014-1666-2

24.	Turgis, M., Vu, K. D., Dupont, C., Lacroix, M. (2012). Com-
bined antimicrobial effect of essential oils and bacterio-
cins against foodborne pathogens and food spoilage bacte-
ria. Food Research International, 48(2), 696–702. https://doi.
org/10.1016/j.foodres.2012.06.016

25.	Govaris, A., Solomakos, N., Pexara, A., Chatzopoulou, P. S. 
(2010). The antimicrobial effect of oregano essential oil, ni-
sin and their combination against Salmonella Enteritidis in 
minced sheep meat during refrigerated storage. International 
Journal of Food Microbiology, 137(2–3), 175–180. https://doi.
org/10.1016/j.ijfoodmicro.2009.12.017

26.	Mokoena, M. P., Omatola, C. A., Olaniran, A. O. (2021). 
Applications of lactic acid bacteria and their bacteriocins 
against food spoilage microorganisms and foodborne patho-
gens. Molecules, 26(22), Article 7055. https://doi.org/10.3390/
molecules26227055

27.	Silva, C. C., Silva, S. P., Ribeiro, S. C. (2018). Application of 
bacteriocins and protective cultures in dairy food preser-
vation. Frontiers in Microbiology, 9, Article 594. https://doi.
org/10.3389/fmicb.2018.00594

28.	EFSA Panel on Biological Hazards (BIOHAZ), Ricci, A., Al-
lende, A., Bolton, D., Chemaly, M., Davies, R. et al. (2018). 
Listeria monocytogenes contamination of ready-to-eat foods 
and the risk for human health in the EU. EFSA Journal, 16(1), 
Article e05134. https://doi.org/10.2903/j.efsa.2018.5134

29.	Todorov, S. D. (2009). Bacteriocins from Lactobacillus plan-
tarum production, genetic organization and mode of action. 
Brazilian Journal of Microbiology, 40(2), 209–221. https://doi.
org/10.1590/S1517–83822009000200001

30.	Daliri, F., Aboagye, A. A., Daliri, E. B. -M. (2020). Inactiva-
tion of foodborne pathogens by lactic acid bacteria. Jour-
nal of Food Hygiene and Safety, 35(5), 419–429. https://doi.
org/10.13103/jfhs.2020.35.5.419

31.	 Li, Y. -T., Xu, H., Ye, J. -Z., Wu, W. -R., Shi, D., Fang, D. -Q. 
et al. (2019). Efficacy of Lactobacillus rhamnosus GG in treat-
ment of acute pediatric diarrhea: A systematic review with 
meta-analysis. World Journal of Gastroenterology, 25(33), 
4999–5016. https://doi.org/10.3748/wjg.v25.i33.4999

32.	Martin, V., Maldonado, A., Fernández, L., Rodriguez, J. M., 
Connor, R. I. (2010). Inhibition of human immunodeficiency 
virus type 1 by lactic acid bacteria from human breastmilk. 
Breastfeeding Medicine, 5(4), 153–158. https://doi.org/10.1089/
bfm.2010.0001

33.	 Kim, K., Lee, G., Thanh, H. D., Kim, J. -H., Konkit, M., Yoon, S. 
et al. (2018). Exopolysaccharide from Lactobacillus plantarum 
LRCC5310 offers protection against rotavirus-induced diarrhea 
and regulates inflammatory response. Journal of Dairy Science, 
101(7), 5702–5712. https://doi.org/10.3168/jds.2017-14151

34.	Crowley, S., Mahony, J., van Sinderen, D. (2013). Current per-
spectives on antifungal lactic acid bacteria as natural bio-pre-
servatives. Trends in Food Science and Technology, 33(2), 93–
109. https://doi.org/10.1016/j.tifs.2013.07.004

35.	Salas, M. L., Mounier, J., Maillard, M. -B., Valence, F., Co-
ton, E., Thierry, A. (2019). Identification and quantification 
of natural compounds produced by antifungal bioprotec-
tive cultures in dairy products. Food Chemistry, 301, Arti-
cle 125260. https://doi.org/10.1016/j.foodchem.2019.125260

36.	Shi, C., Maktabdar, M. (2022). Lactic acid bacteria as bio-
preservation against spoilage molds in dairy products  — 
A  review. Frontiers in Microbiology, 12, Article 819684. 
https://doi.org/10.3389/fmicb.2021.819684

37.	Lee, J.-J., Choi, Y.-J., Lee, M. J., Park, S. J., Oh, S. J., Yun, Y.-R. 
et al. (2020). Effects of combining two lactic acid bacte-
ria as a  starter culture on model kimchi fermentation. 
Food Research International, 136, Article 109591. https://doi.
org/10.1016/j.foodres.2020.109591

38.	Branen, J. K., Davidson, P. M. (2004). Enhancement of ni-
sin, lysozyme, and monolaurin antimicrobial activities by 
ethylenediaminetetraacetic acid and lactoferrin. Interna-
tional Journal of Food Microbiology, 90(1), 63–74. https://doi.
org/10.1016/S0168-1605(03)00172-7

39.	Niakousari, M., Razmjooei, M., Nejadmansouri, M., Bar-
ba, F. J., Marszałek, K., Koubaa, M. (2021). Current devel-
opments in industrial fermentation processes. Chapter in 
a book: Fermentation Processes: Emerging and Convention-
al Technologies. John Wiley & Sons Ltd., 2021. https://doi.
org/10.1002/9781119505822.ch2

40.	Liu, L., Wang, J., Rosenberg, D., Zhao, H., Lengyel, G., Nadel, 
D. (2018). Fermented beverage and food storage in 13,000 y-
old stone mortars at Raqefet Cave, Israel: Investigating Natu-
fian ritual feasting. Journal of Archaeological Science: Reports, 
21, 783–793. https://doi.org/10.1016/j.jasrep.2018.08.008

41.	 Wang, J., Jiang, L., Sun, H. (2021). Early evidence for beer 
drinking in a  9000‑year-old platform mound in south-
ern China. PLoS One, 16(8), Article e0255833. https://doi.
org/10.1371/journal.pone.0255833

42.	Peñas, E., Martinez-Villaluenga, C., Frias, J. (2017). Sauer-
kraut: Production, composition, and health benefits. Chapter 
in a book: Fermented foods in health and disease prevention. 
Academic press, 2016. https://doi.org/10.1016/B978-0-12-
802309-9.00024-8

43.	Tamang, J.P. (2010). Diversity of fermented foods. Fermented 
foods and beverages of the world. CRC Press, 2010.

44.	de Souza, E. L., de Oliveira, K. Á., de Oliveira, M. E. (2023). 
Influence of lactic acid bacteria metabolites on physical and 



66

Yushina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2026, vol. 11, no. 1, pp. 57–68

chemical food properties. Current Opinion in Food Science, 
49, Article 100981. https://doi.org/10.1016/j.cofs.2022.100981

45.	García-Burgos, M., Moreno-Fernández, J., Alférez, M. J., 
Díaz-Castro, J., López-Aliaga, I. (2020). New perspectives 
in fermented dairy products and their health relevance. 
Journal of Functional Foods, 72, Article 104059. https://doi.
org/10.1016/j.jff.2020.104059

46.	Ramos, C. L., Bressani, A. P. P., Batista, N. N., Martinez, S. J., 
Dias, D. R., Schwan, R. F. (2023). Indigenous ferment-
ed foods: Nutritional and safety aspects. Current Opinion 
in Food Science, 53, Article 101075. https://doi.org/10.1016/j.
cofs.2023.101075

47.	Di Cagno, R., Coda, R., De Angelis, M., Gobbetti, M. (2013). 
Exploitation of vegetables and fruits through lactic ac-
id fermentation. Food Microbiology, 33(1), 1–10. https://doi.
org/10.1016/j.fm.2012.09.003

48.	Randazzo, C. L., Rajendram, R., Caggia, C. (2010). Lactic ac-
id bacteria in table olive fermentation. Chapter in a book: Ol-
ives and Olive Oil in Health and Disease Prevention. Academic 
Press, 2010. https://doi.org/10.1016/B978-0-12-374420-3.00041-3

49.	Garcia, C., Guerin, M., Souidi, K., Remize, F. (2020). Lactic fer-
mented fruit or vegetable juices: Past, present and future. Bev-
erages, 6(1), Article 8. https://doi.org/10.3390/beverages6010008

50.	Arora, K., Ameur, H., Polo, A., Di Cagno, R., Rizzello, C. G., 
Gobbetti, M. (2021). Thirty years of knowledge on sour-
dough fermentation: A  systematic review. Trends in Food 
Science and Technology, 108, 71–83. https://doi.org/10.1016/j.
tifs.2020.12.008

51.	 Oshiro, M., Tanaka, M., Zendo, T., Nakayama, J. (2020). Im-
pact of pH on succession of sourdough lactic acid bacteria 
communities and their fermentation properties. Bioscience 
of Microbiota, Food and Health, 39(3), 152–159. https://doi.
org/10.12938/bmfh.2019-038

52.	Liu, T., Li, Y., Chen, J., Sadiq, F. A., Zhang, G., Li, Y. et al. 
(2016). Prevalence and diversity of lactic acid bacteria in Chi-
nese traditional sourdough revealed by culture dependent and 
pyrosequencing approaches. LWT-Food Science and Technol-
ogy, 68, 91–97. https://doi.org/10.1016/j.lwt.2015.12.025

53.	Limbad, M., Gutierrez Maddox, N., Hamid, N., Kanto-
no, K. (2020). Sensory and physicochemical characteriza-
tion of sourdough bread prepared with a coconut water ke-
fir starter. Foods, 9(9), Article 1165. https://doi.org/10.3390/
foods9091165

54.	dos Santos Cruxen, C. E., Funck, G. D., Haubert, L., da Sil-
va Dannenberg, G., de Lima Marques, J., Chaves, F. C. et 
al. (2019). Selection of native bacterial starter culture in the 
production of fermented meat sausages: Application po-
tential, safety aspects, and emerging technologies. Food Re-
search International, 122, 371–382. https://doi.org/10.1016/j.
foodres.2019.04.018

55.	Pennacchia, C., Vaughan, E. E., Villani, F. (2006). Poten-
tial probiotic Lactobacillus strains from fermented sau-
sages: Further investigations on their probiotic properties. 
Meat Science, 73(1), 90–101. https://doi.org/10.1016/j.meat-
sci.2005.10.019

56.	Belleggia, L., Osimani, A. (2023). Fermented fish and fer-
mented fish-based products, an ever-growing source of 
microbial diversity: A  literature review. Food Research In-
ternational, 172, Article 113112. https://doi.org/10.1016/j.
foodres.2023.113112

57.	Björkroth, K. J., Korkeala, H. J. (1996). Evaluation of Lactoba-
cillus sake contamination in vacuum-packaged sliced cooked 
meat products by ribotyping. Journal of Food Protection, 
59(4), 398–401. https://doi.org/10.4315/0362-028X‑59.4.398

58.	Björkroth, K. J., Korkeala, H. J. (1997). Use of rRNA gene 
restriction patterns to evaluate lactic acid bacterium con-

tamination of vacuum-packaged sliced cooked whole-meat 
product in a  meat processing plant. Applied and Environ-
mental Microbiology, 63(2), 448–453. https://doi.org/10.1128/
aem.63.2.448-453.1997

59.	Vihavainen, E. J., Björkroth, K. J. (2009). Diversity of Leuco-
nostoc gasicomitatum associated with meat spoilage. Interna-
tional Journal of Food Microbiology, 136(1), 32–36. https://doi.
org/10.1016/j.ijfoodmicro.2009.09.010

60.	Vihavainen, E., Lundström, H. S., Susiluoto, T., Koort, J., 
Paulin, L., Auvinen, P. et al. (2007). Role of broiler carcass-
es and processing plant air in contamination of modified-
atmosphere-packaged broiler products with Psychrotrophic 
lactic acid bacteria. Applied and Environmental Microbiology, 
73(4), 1136–1145. https://doi.org/10.1128/AEM.01644-06

61.	 Björkroth, J. (2005). Microbiological ecology of marinat-
ed meat products. Meat Science, 70(3), 477–480. https://doi.
org/10.1016/j.meatsci.2004.07.018

62.	Stellato, G., De Filippis, F., La Storia, A., Ercolini, D. (2015). 
Coexistence of lactic acid bacteria and potential spoilage mi-
crobiota in a dairy processing environment. Applied and En-
vironmental Microbiology, 81(22), 7893–7904. https://doi.
org/10.1128/AEM.02294-15

63.	Bjorkroth, K. J., Vandamme, P., Korkeala, H. J. (1998). Identifi-
cation and characterization of Leuconostoc carnosum, associat-
ed with production and spoilage of vacuum-packaged, sliced, 
cooked ham. Applied and Environmental Microbiology, 64(9), 
3313–3319. https://doi.org/10.1128/AEM.64.9.3313–3319.1998

64.	Samelis, J., Kakouri, A., Rementzis, J. (2000). Selective effect 
of the product type and the packaging conditions on the spe-
cies of lactic acid bacteria dominating the spoilage microbial 
association of cooked meats at 4 °C. Food Microbiology, 17(3), 
329–340. https://doi.org/10.1006/fmic.1999.0316

65.	Vasilopoulos, C., Ravyts, F., De Maere, H., De Mey, E., Pa-
elinck, H., De Vuyst, L. et al. (2008). Evaluation of the spoilage 
lactic acid bacteria in modified‐atmosphere‐packaged artisan‐
type cooked ham using culture‐dependent and culture‐inde-
pendent approaches. Journal of Applied Microbiology, 104(5), 
1341–1353. https://doi.org/10.1111/j.1365–2672.2007.03664.x

66.	Chaillou, S., Christieans, S., Rivollier, M., Lucquin, I., 
Champomier-Verges, M. C., Zagorec, M. (2014). Quantifica-
tion and efficiency of Lactobacillus sakei strain mixtures used 
as protective cultures in ground beef. Meat Science, 97(3), 
332–338. https://doi.org/10.1016/j.meatsci.2013.08.009

67.	Fall, P. A., Pilet, M. F., Leduc, F., Cardinal, M., Duflos, G., 
Guérin, C.et al. (2012). Sensory and physicochemical evolution 
of tropical cooked peeled shrimp inoculated by Brochothrix 
thermosphacta and Lactococcus piscium CNCM I‑4031 dur-
ing storage at 8 °C. International Journal of Food Microbiology, 
152(3), 82–90. https://doi.org/10.1016/j.ijfoodmicro.2011.07.015

68.	Vasilopoulos, C., De Mey, E., Dewulf, L., Paelinck, H., De 
Smedt, A., Vandendriessche, F. et al. (2010). Interactions 
between bacterial isolates from modified-atmosphere-
packaged artisan-type cooked ham in view of the develop-
ment of a  bioprotective culture. Food Microbiology, 27(8), 
1086–1094. https://doi.org/10.1016/j.fm.2010.07.013

69.	Audenaert, K., D’Haene, K., Messens, K., Ruyssen, T., Van-
damme, P., Huys, G. (2010). Diversity of lactic acid bacte-
ria from modified atmosphere packaged sliced cooked meat 
products at sell-by date assessed by PCR-denaturing gra-
dient gel electrophoresis. Food Microbiology, 27(1), 12–18. 
https://doi.org/10.1016/j.fm.2009.04.006

70.	Doulgeraki, A. I., Paramithiotis, S., Kagkli, D. M., Nychas, G.-J. E. 
(2010). Lactic acid bacteria population dynamics during 
minced beef storage under aerobic or modified atmosphere 
packaging conditions. Food Microbiology, 27(8), 1028–1034. 
https://doi.org/10.1016/j.fm.2010.07.004



67

Yushina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2026, vol. 11, no. 1, pp. 57–68

71.	 Jiang, Y., Gao, F., Xu, X. L., Su, Y., Ye, K. P., Zhou, G. H. (2010). 
Changes in the bacterial communities of vacuum-packaged pork 
during chilled storage analyzed by PCR-DGGE. Meat Science, 
86(4), 889–895. https://doi.org/10.1016/j.meatsci.2010.05.021

72.	Koort, J., Murros, A., Coenye, T., Eerola, S., Vandamme, P., 
Sukura, A., Björkroth, J. (2005). Lactobacillus oligofermentans 
sp. nov., associated with spoilage of modified-atmosphere-
packaged poultry products. Applied and Environmen-
tal Microbiology, 71(8), 4400–4406. https://doi.org/10.1128/
AEM.71.8.4400-4406.2005

73.	Lyhs, U., Björkroth, J. K. (2008). Lactobacillus sakei/cur-
vatus is the prevailing lactic acid bacterium group in 
spoiled maatjes herring. Food Microbiology, 25(3), 529–533. 
https://doi.org/10.1016/j.fm.2007.11.007

74.	Sakala, R. M., Hayashidani, H., Kato, Y., Kaneuchi, C., Oga-
wa, M. (2002). Isolation and characterization of Lactococ-
cus piscium strains from vacuum‐packaged refrigerated beef. 
Journal of Applied Microbiology, 92(1), 173–179. https://doi.
org/10.1046/j.1365-2672.2002.01513.x

75.	Sakala, R. M., Kato, Y., Hayashidani, H., Murakami, M., 
Kaneuchi, C., Ogawa, M. (2002). Lactobacillus fuchuensis sp. 
nov., isolated from vacuum-packaged refrigerated beef. Inter-
national Journal of Systematic and Evolutionary Microbiology, 
52(4), 1151–1154. https://doi.org/10.1099/00207713-52-4-1151

76.	Samelis, J., Kakouri, A., Rementzis, J. (2000). The spoilage 
microflora of cured, cooked turkey breasts prepared com-
mercially with or without smoking. International Journal of 
Food Microbiology, 56(2–3), 133–143. https://doi.org/10.1016/
S0168-1605(99)00190-7

77.	in’t Veld, J. H. H. (1996). Microbial and biochemical spoilage 
of foods: An overview. International Journal of Food Microbi-
ology, 33(1), 1–18. https://doi.org/10.1016/0168-1605(96)01139-7

78.	Kato, Y., Sakala, R. M., Hayashidani, H., Kiuchi, A., Kaneu-
chi, C., Ogawa, M. (2000). Lactobacillus algidus sp. nov., 
a psychrophilic lactic acid bacterium isolated from vacuum-
packaged refrigerated beef. International Journal of Sys-
tematic and Evolutionary Microbiology, 50(3), 1143–1149. 
https://doi.org/10.1099/00207713-50-3-1143

79.	Diez, A. M., Jaime, I., Rovira, J. (2009). The influence of dif-
ferent preservation methods on spoilage bacteria popula-
tions inoculated in morcilla de Burgos during anaerobic cold 
storage. International Journal of Food Microbiology, 132(2–3), 
91–99. https://doi.org/10.1016/j.ijfoodmicro.2009.03.019

80.	Nieminen, T. T., Vihavainen, E., Paloranta, A., Lehto, J., Pau-
lin, L., Auvinen, P. et al. (2011). Characterization of psychrotro-
phic bacterial communities in modified atmosphere-packed 
meat with terminal restriction fragment length polymor-
phism. International Journal of Food Microbiology, 144(3), 
360–366. https://doi.org/10.1016/j.ijfoodmicro.2010.10.018

81.	 Samelis, J., Björkroth, J., Kakouri, A., Rementzis, J. (2006). 
Leuconostoc carnosum associated with spoilage of refrigerated 
whole cooked hams in Greece. Journal of Food Protection, 69(9), 
2268–2273. https://doi.org/10.4315/0362–028X‑69.9.2268

82.	Susiluoto, T., Korkeala, H., Björkroth, K. J. (2003). Leuconostoc 
gasicomitatum is the dominating lactic acid bacterium in retail 
modified-atmosphere-packaged marinated broiler meat strips 
on sell-by-day. International Journal of Food Microbiology, 
80(1), 89–97. https://doi.org/10.1016/S0168–1605(02)00123-X

83.	Vihavainen, E. J., Björkroth, K. J. (2007). Spoilage of value-
added, high-oxygen modified-atmosphere packaged raw 
beef steaks by Leuconostoc gasicomitatum and Leuconostoc 
gelidum. International Journal of Food Microbiology, 119(3), 
340–345. https://doi.org/10.1016/j.ijfoodmicro.2007.08.029

84.	Björkroth, K. J., Geisen, R., Schillinger, U., Weiss, N., De Vos, 
P., Holzapfel, W. H. et al. (2000). Characterization of Leu-
conostoc gasicomitatum sp. nov., associated with spoiled 

raw tomato-marinated broiler meat strips packaged under 
modified-atmosphere conditions. Applied and Environmen-
tal Microbiology, 66(9), 3764–3772. https://doi.org/10.1128/
AEM.66.9.3764-3772.2000

85.	Lyhs, U., Koort, J. M., Lundström, H. -S., Björkroth, K. J. 
(2004). Leuconostoc gelidum and Leuconostoc gasicomitatum 
strains dominated the lactic acid bacterium population asso-
ciated with strong slime formation in an acetic-acid herring 
preserve. International Journal of Food Microbiology, 90(2), 
207–218. https://doi.org/10.1016/S0168-1605(03)00303-9

86.	Casaburi, A., Nasi, A., Ferrocino, I., Di Monaco, R., Mauriello, 
G., Villani, F. et al. (2011). Spoilage-related activity of Carno-
bacterium maltaromaticum strains in air-stored and vacuum-
packed meat. Applied and Environmental Microbiology, 77(20), 
7382–7393. https://doi.org/10.1128/AEM.05304-11

87.	Ercolini, D., Casaburi, A., Nasi, A., Ferrocino, I., Di Mona-
co, R., Ferranti, P. et al. (2010). Different molecular types of 
Pseudomonas fragi have the same overall behaviour as meat 
spoilers. International Journal of Food Microbiology, 142(1–2), 
120–131. https://doi.org/10.1016/j.ijfoodmicro.2010.06.012

88.	Laursen, B. G., Bay, L., Cleenwerck, I., Vancanneyt, M., 
Swings, J., Dalgaard, P. et al. (2005). Carnobacterium diver-
gens and Carnobacterium maltaromaticum as spoilers or pro-
tective cultures in meat and seafood: Phenotypic and geno-
typic characterization. Systematic and Applied Microbiology, 
28(2), 151–164. https://doi.org/10.1016/j.syapm.2004.12.001

89.	Diez, A. M., Björkroth, J., Jaime, I., Rovira, J. (2009). Micro-
bial, sensory and volatile changes during the anaerobic cold 
storage of morcilla de Burgos previously inoculated with Weis-
sella viridescens and Leuconostoc mesenteroides. International 
Journal of Food Microbiology, 131(2–3), 168–177. https://doi.
org/10.1016/j.ijfoodmicro.2009.02.019

90.	Zhang, Q. Q., Han, Y. Q., Cao, J. X., Xu, X. L., Zhou, G. H., 
Zhang, W. Y. (2012). The spoilage of air-packaged broiler meat 
during storage at normal and fluctuating storage tempera-
tures. Poultry Science, 91(1), 208–214. https://doi.org/10.3382/
ps.2011-01519

91.	 Rahkila, R., Nieminen, T., Johansson, P., Säde, E., Björkroth, J. 
(2012). Characterization and evaluation of the spoilage poten-
tial of Lactococcus piscium isolates from modified atmosphere 
packaged meat. International Journal of Food Microbiology, 
156(1), 50–59. https://doi.org/10.1016/j.ijfoodmicro.2012.02.022

92.	Pothakos, V., Snauwaert, C., De Vos, P., Huys, G., Devliegh-
ere, F. (2014). Psychrotrophic members of Leuconostoc gas-
icomitatum, Leuconostoc gelidum and Lactococcus piscium 
dominate at the end of shelf-life in packaged and chilled-
stored food products in Belgium. Food Microbiology, 39, 61–
67. https://doi.org/10.1016/j.fm.2013.11.005

93.	Björkroth, J., Ristiniemi, M., Vandamme, P., Korkeala, H. 
(2005). Enterococcus species dominating in fresh modified-
atmosphere-packaged, marinated broiler legs are overgrown 
by Carnobacterium and species during storage at 6 °C. In-
ternational Journal of Food Microbiology, 97(3), 267–276. 
https://doi.org/10.1016/j.ijfoodmicro.2004.04.011

94.	Koort, J., Coenye, T., Vandamme, P., Sukura, A., Björkroth, J. 
(2004). Enterococcus hermanniensis sp. nov., from modified-
atmosphere-packaged broiler meat and canine tonsils. Inter-
national Journal of Systematic and Evolutionary Microbiology, 
54(5), 1823–1827. https://doi.org/10.1099/ijs.0.63112-0

95.	Pothakos, V., Samapundo, S., Devlieghere, F. (2012). Total me-
sophilic counts underestimate in many cases the contamination 
levels of psychrotrophic lactic acid bacteria (LAB) in chilled-
stored food products at the end of their shelf-life. Food Micro-
biology, 32(2), 437–443. https://doi.org/10.1016/j.fm.2012.07.011

96.	Hamasaki, Y., Ayaki, M., Fuchu, H., Sugiyama, M., Mori-
ta, H. (2003). Behavior of psychrotrophic lactic acid bacteria 



68

Yushina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2026, vol. 11, no. 1, pp. 57–68

isolated from spoiling cooked meat products. Applied and 
Environmental Microbiology, 69(6), 3668–3671. https://doi.
org/10.1128/AEM.69.6.3668-3671.2003

97.	McMillin, K. W. (2008). Where is MAP going? A review and 
future potential of modified atmosphere packaging for meat. 
Meat Science, 80(1), 43–65. https://doi.org/10.1016/j.meat-
sci.2008.05.028

98.	Paik, H.-D., Lee, J.-Y. (2014). Investigation of reduction and 
tolerance capability of lactic acid bacteria isolated from kim-
chi against nitrate and nitrite in fermented sausage condition. 
Meat Science, 97(4), 609–614. https://doi.org/10.1016/j.meat-
sci.2014.03.013

99.	Kubota, H., Senda, S., Nomura, N., Tokuda, H., Uchiyama, H. 
(2008). Biofilm formation by lactic acid bacteria and resistance 
to environmental stress. Journal of Bioscience and Bioengineer-
ing, 106(4), 381–386. https://doi.org/10.1263/jbb.106.381

100.	Labadie, J. (1999). Consequences of packaging on bacteri-
al growth. Meat is an ecological niche. Meat Science, 52(3), 
299–305. https://doi.org/10.1016/S0309-1740(99)00006-6

101.	Takahashi, H., Nakamura, A., Fujino, N., Sawaguchi, Y., Sa-
to, M., Kuda, T. et al. (2021). Evaluation of the antibacterial 
activity of allyl isothiocyanate, clove oil, eugenol and car-
vacrol against spoilage lactic acid bacteria. LWT, 145, Ar
ticle 111263. https://doi.org/10.1016/j.lwt.2021.111263

102.	Settanni, L., Corsetti, A. (2008). Application of bacteriocins 
in vegetable food biopreservation. International Journal of 
Food Microbiology, 121(2), 123–138. https://doi.org/10.1016/j.
ijfoodmicro.2007.09.001

103.	Guo, J., Gao, Z., Li, G., Fu, F., Liang, Z., Zhu, H. et al. 
(2019). Antimicrobial and antibiofilm efficacy and mecha-
nism of essential oil from Citrus Changshanhuyou YB chang 
against Listeria monocytogenes. Food Control, 105, 256–264. 
https://doi.org/10.1016/j.foodcont.2019.06.014

104.	Yuan, W., Teo, C. H. M., Yuk, H. -G. (2019). Combined an-
tibacterial activities of essential oil compounds against 
Escherichia coli O157: H7 and their application potential 
on fresh-cut lettuce. Food Control, 96, 112–118. https://doi.
org/10.1016/j.foodcont.2018.09.005

AUTHOR INFORMATION

Yulia K. Yushina, Doctor of Technical Sciences, Head of Department of Hygiene of Production and Microbiology, V. M. Gor
batov Federal Research Center for Food Systems. 26, Talalikhin str., 109316, Moscow, Russia. E-mail: yu.yushina@fncps.ru
ORCID: https://orcid.org/0000‑0001‑9265‑5511
* corresponding author

Vyacheslav K. Deryugin, Junior Research Assistant, Department of Hygiene of Production and Microbiology, V. M. Gorbatov 
Federal Research Center for Food Systems. 26, Talalikhin str., 109316, Moscow, Russia. E-mail: v.deryugin@fncps.ru
ORCID: https://orcid.org/ 0000–0002–3048–7118

Elena V. Zaiko, Candidate of Technical Sciences, Junior research assistant, Department of Hygiene of Production and 
Microbiology, V. M. Gorbatov Federal Research Center for Food Systems. 26, Talalikhin str., 109316, Moscow, Russia.  
E-mail: e.zaiko@fncps.ru.ru
ORCID: https://orcid.org/0000‑0002‑5048‑9321

Dagmara S. Bataeva, Candidate of Technical Sciences, Leading Research Fellow, Department of Hygiene of Production  
and Microbiology, V. M. Gorbatov Federal Research Center for Food Systems. 26, Talalikhin str., 109316, Moscow, Russia.  
E-mail: d.bataeva@fncps.ru
ORCID: https://orcid.org/0000‑0002‑1374‑2746

Maria A. Grudistova, Candidate of Technical Sciences, Researcher, Department of Hygiene of Production and Microbiology, 
V. M. Gorbatov Federal Research Center for Food Systems. 26, Talalikhin str., 109316, Moscow, Russia.  
E-mail: m.grudistova@fncps.ru
ORCID: https://orcid.org/0000‑0002‑8581‑2379

Anzhelika A. Makhova, Researcher, Department of Hygiene of Production and Microbiology, V. M. Gorbatov Federal Research 
Center for Food Systems. 26, Talalikhina str., 109316, Moscow, Russia. E-mail: a.mahova@fncps.ru
ORCID: https://orcid.org/0000‑0002‑2508‑2888

All authors bear responsibility for the work and presented data.

All authors made an equal contribution to the work.

The authors were equally involved in writing the manuscript and bear the equal responsibility for plagiarism.

The authors declare no conflict of interest.


