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Abstract: The ongoing occurrence of foodborne diseases and the imperative need for efficient spoilage
and pathogen control in food products constitute a critical challenge for the food industry. The rising
demands of consumers for safe, healthy, and clean-label food products have led to an increased
interest in natural antimicrobial alternatives. Lactic acid bacteria (LAB) have proven their value in
the food industry in recent years, also in reason of their antagonistic properties against undesired
microbes and their significant related protechnological attributes. The natural antimicrobial com-
pounds produced by LAB exhibit inhibitory effects on pathogens and effectively inhibit the activities
of food spoilage-related organisms. Applying secondary metabolites of LAB, notably bacteriocins,
organic acids, and others, has found commercial utility across multiple food sectors, effectively pre-
venting the proliferation of undesirable microorganisms and simultaneously enhancing the sensory
properties and overall quality of various food products. This review comprehensively explores the
natural microbial compounds produced by LAB, specifically focusing on their antimicrobial action in
supporting effective and sustainable microbial management. Additionally, it highlights their strategic
application across various technological contexts within the food industry.

Keywords: lactic acid bacteria; bioprocessed food; fermentation; lactobacilli; lactococci; biocontrol;
bacteriocin; organic acid; exopolysaccharides; volatile organic compounds

1. Lactic Acid Bacteria, Food Biocontrol, and the Different Food Categories

Lactic acid bacteria (LAB) are identified as gram-positive and non-spore-forming
microorganisms. They are unable to produce catalase and are commonly observed in
both bacillus and coccus shapes. Classified as relative or obligatory anaerobes, LAB
exhibit adaptability to low-oxygen environments and function effectively in acidic pH
conditions. Moreover, they are generally recognized as safe (GRAS) and included in the
Qualified Presumption of Safety (QPS) list, which makes them a trusted choice for various
food applications. Additionally, their presence in the gut microbiota of human intestines
underscores their importance in supporting digestive health [1]. Lactic acid bacteria have
also been used in food biopreservation through fermentation for centuries, making it one
of the earliest and most traditional biotechnological techniques for preserving various
foodstuffs [1].
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Fermentation technology holds great significance in the realm of food preservation, as
it not only extends the shelf life of food but also enhances the sensory quality and boosts
its nutritional value [2]. The technical and microbiological optimization applied in fer-
mentation has further amplified its advantages, particularly in the large-scale commercial
production of fermented products. This approach minimizes costs, reduces risks, and en-
sures the efficient management of consistent physicochemical properties by implementing
precise control over specified conditions, promoting the sustainability of food systems and
label-cleaning efforts [3].

Consequently, fermentation emerges as a versatile and effective method for preserving
food, with time-tested benefits and continual innovations in the food industry [4]. In
addition, probiotic fermented products have gained widespread popularity on a global
scale. These products, referred to as probiotic food, contain sufficient amounts of live
probiotic microorganisms incorporated into a suitable matrix. It is essential for these
probiotics to maintain their viability and metabolic functions throughout all stages of food
processing, from production to consumption [5]. The regular consumption of probiotic
foods, particularly lacto-fermented varieties, has been associated with positive effects on
the immune system, reducing the risk of developing certain health conditions [6–8]. This
improvement is attributed to continuous interactions between probiotic bacteria, which are
defined as “live microorganisms that, when administered in sufficient quantities, provide
health benefits to the host” [9], and the intestinal microbial composition, which enhances
the host immune system. These changes help regulate the pathogenic population while
promoting the growth of beneficial microbial populations [10].

While contributing to driving the bioprocesses essential for food fermentation, pro-
moting gut health, and providing various health benefits, LAB exhibit a crucial probiotic
trait by actively inhibiting the growth of both spoilage and pathogenic microorganisms in
several food ecosystems [7,9–15] (Figure 1).
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This antagonistic property holds great significance in the field of food preservation,
as LAB contribute to the production of key metabolites, including organic acids, bacteri-
ocins, reuterin, diacetyl, reutericyclin, acetoin, and hydrogen peroxide. These metabolites
act as biopreservative agents, playing a crucial role in inhibiting the growth of harmful
microorganisms and ensuring the safety and extended shelf life of various fermented
foods [16].

Furthermore, the technological potential of LAB extends beyond food preservation, as
they play a crucial role in enhancing the flavours, textures, and other sensory attributes
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in various fermented products, as well as their nutritional value and functional attributes
([3,17–19]). In all these cases, the antimicrobial properties have a crucial effect, as they are
the basis of the ecological competition phenomenon that permits LAB to exert a dominance
phenomenon that allows these bacteria to be responsible for bio-based modifications that
improve the global quality of foodstuffs. The case studies in Table 1 highlight this dual
role of antimicrobial properties. On the one hand, we have the immediate valorization of
antagonistic attitudes in the design of ‘nature-inspired’ biocontrol solutions. On the other
hand, we have studies in which the antimicrobial properties are exploited to allow LAB to
perform other biotechnological functions. The case studies are also useful in highlighting
how the targets in terms of food categories are extremely broad: we find fermented and non-
fermented foods and products of animal origin and plant origin, with a wide diversification
within these sectors.

Table 1. Food biocontrol studies exploiting lactic acid bacteria’s antimicrobial potential in food
targets.

Product Species of LAB Use Effect References

Kefir
Lactobacillus

kefiranofaciens subsp.
kefiranofaciens

Kefir fermentation

Production of a novel
exopolysaccharide with

antibacterial effects against
Listeria monocytogenes and

Salmonella enteridis

[20]

Probiotic yoghurt Bifidobacterium lactis and
Lactobacillus acidophilus

Probiotic yoghurt
production

Enhancing the gut microflora
by releasing natural
components, such as
exopolysaccharides

[21]

Standard yoghurt
Lactobacillus delbrueckii
subsp. bulgaricus and

Streptococcus thermophilus

Primary starter cultures
for milk fermentation

Proto-cooperation process;
lactose digestion boosts

health, especially for those
with lactose maldigestion

[21]

Artisanal cheese
Lactiplantibacillus
plantarum subsp.

plantarum

Probiotic and
biopreservation

potentials

The production of
bacteriocin-like antimicrobial

with an inhibitory effect
against enterotoxigenic

Staphylococcus aureus and
L. monocytogenes

[22]

Cheddar cheese Lactococcus lactis and
Lactococcus cremoris

Cheddar cheese
manufacturing

Fast milk acidification;
developing and enhancing

Cheddar cheese flavour
[23]

Fresh beef Latilactobacillus curvatus
CRL7057 Bioprotective culture

Anti-Listerial activity and
inhibition of Brochothrix

thermosphacta
[24]

Chicken meat and skin Ligilactobacillus salivarius Bioprotective culture

Antagonistic activity of
L. monocytogenes and

Salmonella spp. through acid
production

[25]

Smoked pork loin stored
in modified atmosphere

packaging

Latilactobacillus sakei
ST153 Biopreservative agent

Anti-Listerial activity;
preservation of the sensory

attributes and safety of
cured, smoked pork

[26]

Beef pieces

CFS (cell-free
supernatant) of

Lactiplantibacillus
plantarum subsp.

plantarum

CFS marinade as a
biopreservative on beef

Reducing the microbial load
of S. Typhimurium and

L. monocytogenes
[27]

Ground turkey meat Enterococcus faecium Biopreservative agent

Inhibitory effect towards L.
monocytogenes and Salmonella

spp. using a partially
purified bacteriocin, BacFL31

[28]
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Table 1. Cont.

Product Species of LAB Use Effect References

Cooked, peeled shrimp
stored at 8 ◦C Lactococcus piscium Biopreservative agent

A bioprotective culture
targeting B. thermosphacta

without compromising the
sensory quality of the

product

[24]

Pacific oysters Lactobacillus delbrueckii
subsp. delbrueckii Bioprotective culture

Prevention of Vibrio
parahaemolyticus growth

resulting in oyster
depuration

[29]

Snakehead fish (Channa
argus)

Lactococcus lactic L19 and
Enterococcus faecalis W24 Probiotic cultures

Stimulating the growth of
C. argus as well as enhancing

humoral immunity,
regulating the expression of
immune-related genes, and
increasing resistance against

Aeromonas veronii

[30]

Nile tilapia (Oreochromis
niloticus)

Limosilactobacillus
fermentum

PCC (LF-PCC)

Starter culture for
tilapia fish

fermentation

The production of salt-free
fish sauce characterized by a

clean flavor (generation of
aromatic compounds such as

alcohols and esters)

[31]

Atlantic salmon

Lactiplantibacillus
plantarum subsp.

plantarum
and Limosilactobacillus

fermentum

Probiotic cultures The prevention of enteritis
and enhancing endocytosis [32]

Sliced apples and lamb’s
lettuce

Lactiplantibacillus
plantarum subsp.

plantarum
Bioprotective culture Antagonistic activity against

Listeria monocytogenes [24]

Cabbage

Combination of
Lactiplantibacillus
plantarum subsp.
plantarum to low

O2-MAP

Bioprotective culture Anti-Listerial activity [33]

Pepper
Lactiplantibacillus
plantarum subsp.

plantarum

Starter culture for
habanero pepper

fermentation

The production of lactic acid
and volatile compounds

contributes to an improved
sensory profile in the

fermented pepper

[34]

Fermented soybean (gray
sufu)

L. mesenteroides F24,
Streptococcus lutetiensis,
and Lactococcus lactis

Started culture for gray
sufu fermentation

Improvement of the aroma
and overall quality of gray

sufu
[35,36]

Cucumbers

Lactiplantibacillus
pentosus,

Lactiplantibacillus
plantarum subsp.
plantarum, and

Levilactobacillus brevis

Primary starters for
cucumber fermentation

γ-aminobutyric acid (GABA)
formation during the natural

lactic acid fermentation of
brined cucumbers

[37]

Blueberry juice

Lactiplantibacillus
plantarum subsp.
plantarum and

Limosilactobacillus
fermentum

Blueberry probiotic
fermentation

Effective biotransformation
of phenolic compounds,

contributing to an increased
antioxidant capacity in the
fermented blueberry juice

[38]
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Table 1. Cont.

Product Species of LAB Use Effect References

Fermented
tomato-based drinks

Pediococcus acidilactici 3992
and Lacticaseibacillus

rhamnosus
1473

Starter culture for
tomato products

The production of a
lacto-fermented beverage

mixed with fruit juice
[39]

Soy juice

Sucrose-positive strains
Lactiplantibacillus pentosus,

Lactiplantibacillus plantarum
subsp. plantarum, and S.

thermophiles

Primary starters for soy
juice fermentation

An improvement in the
fermentation and the

organoleptic properties of
fermented soy juice

[40]

Quinoa beverage Lactiplantibacillus plantarum
subsp. plantarum Q823

Primary starter for
quinoa fermentation

The production of spoonable
vegan snack products with

high nutritional value
[41]

Fermented milk

Lactiplantibacillus plantarum
subsp. plantarum DMSZ

20079 and B. longum subsp.
longum

Probiotic starter culture

The production of antioxidant
and antimicrobial compounds
is a key factor in improving the

quality of the fermented
beverage

[42]

This review highlights the significant antimicrobial activity of lactic acid bacteria
(LAB) and its crucial role in various biotechnological applications. LAB’s ability to produce
essential metabolites, such as bacteriocins, organic acids, and hydrogen peroxide, makes
them highly potent biopreservative agents, effectively inhibiting the growth of spoilage
and pathogenic microorganisms.

2. Antimicrobial Potential of LAB: Biomolecules and Molecular Mechanisms

LAB’s safety and promising health benefits make them ideal for commercial use.
Hence, they have been introduced into different sectors, such as the food industry, where
they have been predominantly used (e.g., food biopreservation, improving food quality
and safety, and control of biofilms), agriculture, and medicine.

LAB can produce several functional metabolites that have antibacterial, antifungal,
and antiviral properties against some challenging pathogens. Some of the substances are
bacteriostatic or bactericidal, including organic acids (e.g., lactic, acetic, formic, butyric, and
propionic acids), bacteriocins (selected the most studied examples), hydrogen peroxide,
lysozymes, CO2, and diacetyl. These compounds (Figure 2) can act alone or in combination
to inhibit the growth of pathogenic or spoilage microorganisms in food.
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2.1. Organic Acids

Organic acids represent the major fermentation product made by LAB during their
metabolic process [43]. These components of interest have been widely applied in the
industry due to their versatile applications. The antimicrobial activity of LAB is mainly
due to the production of organic acids, mostly lactic and acetic, but also formic, propionic,
butyric, phenyllactic, hydroxyphenyllactic, and indole-3-lactic acids, among others [44].
The quantity and nature of organic acids generated vary based on the species or strain, the
composition of the culture, and the growth conditions [24]. Once they are produced, organic
acid accumulation engenders a pH reduction, creating an unfavourable environment for
pathogenic microorganisms and disrupting their growth. The pH reduction acts mostly on
microorganisms like E. coli, Pseudomonas, Salmonella, and Clostridium, which are known for
their intolerance to acidic conditions. Due to their lipophilic nature, the undissociated state
of organic acids makes them able to pass by the bacterial cell membrane; after entering the
more alkaline environment of the bacterial cell, the anions and protons from organic acids
increase the osmotic stress and cause cell damage, which will lead to bacterial death [45].
Some researchers have demonstrated the inhibitory action of organic acids on the growth
of Gram-positive and Gram-negative bacteria, yeast, and moulds in a wide range of food
products [16]. A study conducted by Shehata et al. (2019) revealed that Lactobacillus sp.
RM1 exhibited a wide antifungal efficacy against toxigenic fungi [46]. The culture filtrate
of this strain demonstrated its capacity to reduce mycotoxins and extend shelf life, using
wheat grains as a food model. Moreover, a high concentration of acetic acid inhibits the
growth of Melissococcus plutonius and can be used as a biocontrol agent for preventing
European Foulbrood disease in honeybees [47]. Overall, organic acids remain a promising
option for biopreservation, since they are considered safe for human consumption. They
can help to extend the shelf life of food products, as well as enhance their safety and quality.

2.2. Bacteriocins

Since the emergence of antibiotic resistance as a serious threat to the treatment of
infectious diseases, bacteriocins have received considerable recognition within the scientific
community. These small antimicrobial peptides, produced by various microorganisms such
as bacteria and fungi, have shown a broad inhibitory potential against a wide spectrum
of microorganisms [48]. As a result, they have emerged as promising biopreservatives
in the food industry, replacing the use of chemical additives and antibiotics. Moreover,
bacteriocins have generally been recognized as safe (GRAS) for human consumption,
making them an attractive alternative to be used as natural food preservatives. The
bacteriocin gene clusters are organized into operons that are located on the bacterial
chromosome, plasmids, or transposons [49]. A quorum-sensing mechanism regulates the
gene clusters and requires the secretion and accumulation of peptides in the extracellular
environment for induction. While bacteriocins show considerable promise across various
domains, nisin is the only commercially approved bacteriocin to be employed in the food
industry [50]. Nisin finds extensive applications as a food additive in processed cheese,
dairy products, vegetables, processed meat, and canned foods [51]. This peptide has been
included in the list of food additives with the European identifier E234 [52]. Based on their
mode of action and their structure, bacteriocins are divided into different classes:

Class I (lantibiotics): These are small peptides (molecular masses < 5 kDa) produced
by Gram-positive bacteria that undergo significant post-translational modifications. Lan-
tibiotics are characterized by the presence of unusual amino acids (lanthionine and β

methyllanthionine); these residues are the result of the dehydration of serines and thre-
onines, leading to the formation of didehydroalanine and didehydrobutyrine residues. The
stability of this peptide is ensured by a thioether bond [53]. The first identified and well-
known lantibiotic is nisin, named E 234, a bacteriocin produced by Lactococcus lactis [48] and
the only commercialized bacteriocin so far. Based on their structural features, lantibiotics
can be sub-divided into three groups: AI, AII, and B, corresponding to bacteriocins with lin-
ear, combined, and globular conformations [54]. Nisin, epilancin 15×, and microbisporicin
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are examples of AI-type lantibiotics; their inhibitory actions are caused by the fixation
of the bacteriocin N-terminal domain to Lipid II, engendering the inhibition of cell wall
synthesis. Furthermore, the C-terminal extremity (end) attaches to the membrane and
causes its perforation, leading to the loss of essential cellular components and ultimately
resulting in cell death; this inhibitory effect is known as a double mechanism of action.
Mersacidin belongs to type B lantibiotics; they are bacteriocins with a globular secondary
structure. They exhibit a bactericidal effect by disrupting (disturbing) enzymatic reactions
in the target bacteria, resulting in the inhibition of cell wall formation [55].

Class II (non-lantibiotic): This class includes non-modified, small, and heat-stable
peptides that cause the death of the target microorganism. Their inhibitory activity is mainly
due to the amphiphilic helical structure that enables them to insert into the membrane of the
sensitive cell, inducing depolarization [56]. These bacteriocins can be further subdivided
into four subclasses: class IIa (pediocin-like bacteriocins) represent the largest group and are
characterized by the presence of the YGNVG consensus sequence [53], including pediocin,
sakacin A, and leucocin A. This bacteriocin class exerts its antibacterial activity by forming
pores in the cytoplasmic membrane, thereby disrupting the membrane’s integrity [55].
Class IIb, also known as two-peptide, unmodified bacteriocins, includes lactacin F and
lactococcin G, which are considered two-component bacteriocins. The antimicrobial effect
of these bacteriocins is generated through the synergistic action of two specific peptides.
Circular bacteriocins such as gassericin A, circularin A, and carnocyclin A belong to the
third subclass, IIc. These peptides possess two transmembrane segments, which are
involved in the formation of pores in the target cells [56]. Class IId consists of unmodified,
linear, non-pediocin-like bacteriocins [48].

Class III (bacteriocins): These compounds are a type of protein with a high molecular
mass > 30 kDA and are easily damaged by heat. Some examples of Class III bacteriocins
include helveticins J and lactacin B, which are produced by Lactobacillus helveticus and
Lactobacillus acidophilus, respectively. Other examples are enterolysin from Enterococcus
faecalis, megacins from Bacillus megaterium, and klebicin from Klebsiella pneumoniae [56].
Bacteriocins are known for their characteristic narrow spectrum of activity, which means
that they are only effective on closely related bacterial strains. However, recent studies
have challenged this traditional notion and demonstrated that some bacteriocins can
have a broader spectrum of activity than previously reported. In their research, Ye et al.
(2021) performed a study on a novel bacteriocin called bacteriocin ZFM54, produced by
Lacticaseibacillus paracasei ZFM54, and the results of their study showed that bacteriocin
ZFM54 exhibited a strong antimicrobial activity through cell permeabilization against a
range of pathogenic bacteria, such as Salmonella typhimurium, Micrococcus luteus, and Listeria
monocytogenes [57]. Peng et al. (2021), reported in their study that a bacteriocin named
plantaricin LP 21-2 produced by Lactiplantibacillus plantarum subsp. plantarum had a broad
antimicrobial spectrum on Gram-positive and Gram-negative bacteria as well as fungi,
including Staphylococcus aureus, Salmonella typhi, and Saccharomyces cerevisiae. Moreover,
the findings demonstrate that LP 21-2 could resist high temperatures and still have 96%
antimicrobial activity after being exposed to 121 ◦C for 15 min, making it a potential option
for food preservation applications [58].

Among all bacteriocins, the post-translationally modified class Ia nisin is probably the
most widely recognized bacteriocin for its action against Listeria spp. induced by membrane
permeabilization of the target microorganism. Recent studies have further shown that
various bacteriocins produced by LAB can effectively control the growth of pathogens in
diverse food matrices, including dairy products, meat and meat products, fish and seafood
products, juices and beverages, fruits, vegetables, and cereals [53].

For instance, Lacticaseibacillus paracasei ZFM54 produces novel bacteriocins with a
broad-spectrum inhibitory action against targeted foodborne pathogens, including Listeria
monocytogenes, Micrococcus luteus, and Salmonella typhimurium. This inhibitory action is
achieved through pore formation in the cell membrane, further enhancing their potential
as effective antimicrobial agents in food preservation [57]. In their study, Peng et al. (2021)
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demonstrated that L. plantarum SHY 21-2, isolated from yak yogurt, produces the novel
bacteriocin plantaricin LP 21-2, exhibiting a broad antibacterial spectrum against Gram-
negative bacteria, Gram-positive bacteria, and yeast [59]

Notably, LP 21-2 demonstrates resistance to heat and acidity, making it a promising
candidate for diverse applications in the food industry. It has been reported that the
main antimicrobial compound behind LAB’s antagonistic activity against pathogens is
the synthesis of organic acids, predominantly lactic and acetic acids [60]. Organic acids
primarily focus on disrupting the bacterial cell wall, cytoplasmic membrane, and specific
metabolic functions (e.g., replication and protein synthesis) in pathogenic microorganisms,
ultimately leading to their disturbance and death [61].

Indeed, a synergistic effect was observed when a combination of a bacteriocin from
Pediococcus acidilactici K10 and succinic acid, lactic acid, and acetic acid was applied, demon-
strating enhanced effectiveness against target cells of Escherichia coli O157:H7 both in vivo
and in vitro [16]. Thus, the majority of LAB demonstrate inhibitory effects against various
foodborne pathogens and spoilage microorganisms through different mechanisms, solidify-
ing their crucial role in safeguarding food safety and quality during fermentation processes.

2.3. Reuterin

Reuterin is a powerful broad-spectrum antimicrobial compound produced by Limosilac-
tobacillus reuteri through the conversion of glycerol. Its composition includes 3-hydroxypro-
pionaldehyde (3-HPA), 3-HPA hydrate, 3-HPA dimer, and acrolein [62]. The 3-PHA content
is the main inhibiting factor of reuterin, since it is a highly reactive aldehyde [63]. Reuterin is
able to inhibit various spoilage and pathogenic microorganism including E. coli, Salmonella,
Shigella, Campylobacter, Clostridium, and Candida [64]. It has been demonstrated by Asare
et al. (2023) that reuterin-producing Limosilactobacillus reuteri enhances butyrate produc-
tion and inhibits the growth of Enterobacteriaceae in the broiler chicken cecal microbiota
PolyFermS model [62].

2.4. Hydrogen Peroxide

Hydrogen peroxide is a type of ROS (reactive oxygen species) that can cause oxidative
damage to various types of molecules, such as lipids, proteins, and nucleic acids. This dam-
age occurs either directly or indirectly through the formation of highly reactive hydroxyl
radicals (OH•) [65]. In living systems, hydrogen peroxide (H2O2) is broken down into
water and molecular oxygen by the action of a catalase enzyme. O2 can be released as a gas
by both biotic and abiotic reactions [66]. The catalase enzyme plays a critical role in various
biological processes, since this enzyme is responsible for maintaining the appropriate levels
of H2O2 in cells and tissues, thus avoiding their damage. The toxicity of hydrogen peroxide
on microorganisms is widely recognized in the field of biology and medicine; hence, it
has been used as an over-the-counter antiseptic against bacteria, fungi, and viruses. Its
broad antimicrobial spectrum is due to the production of hydroxyl radicals that damage
cell components such as biofilms, cell membranes, and cell walls. Also, the effervescence
generated by the released O2 from the degradation of hydrogen peroxide also contributes
to its antimicrobial effectiveness [65]. Ibrahim et al. (2021) have reported that H2O2 has a
high bactericidal action synergistically combined with heat [16].

2.5. Diacetyl

Diacetyl is an aromatic compound produced by LAB using citrate as a precursor,
with a strong buttery aroma that is considered a highly valuable flavour component in
dairy products. During lactic acid bacterium-mediated fermentation, diacetyl is produced
through a process of non-enzymatic oxidative decarboxylation of alpha-acetolactate. This
compound is then converted into acetoin and 2,3-butanediol by the action of 2,3-butanediol
dehydrogenase, as described by Li et al. (2023) [67] The antimicrobial potential of diacetyl
appears to be effective against yeast, mould, and Gram-negative bacteria [68]. Previous
research has shown that the growth of some highly pathogenic microorganisms, such
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Escherichia coli O157:H7 and Salmonella typhimurium, has been controlled by the action of
diacetyl [16]. In their 2020 study, Calvo et al. investigated the antifungal activity of diacetyl
produced by Bacillus velezensis strains against postharvest fungal pathogens Penicillium
digitatum and Aspergillus niger [69].

2.6. Carbon Dioxide

Carbon dioxide is widely recognized for its remarkable inhibitory effects. It signifi-
cantly contributes to reducing microbial presence and improving the shelf life of a variety of
food products. The inhibitory mechanism operates by extending spoilage microorganisms’
lag phase and generation time, thereby playing a crucial role in maintaining food freshness
and safety [70]. Lactic acid bacteria capable of CO2 production have demonstrated their
ability to inhibit the proliferation of Gram-positive and Gram-negative psychrotrophic
bacteria, such as Enterobacteriaceae and Listeria species. The inhibitory mechanism of CO2
produced by LAB extends beyond the preservation of food freshness, and it also includes
the influence on the visual characteristics of specific cheeses. Notably, certain LAB strains,
including Lactococcus lactis subsp. lactis biovar. diacetylactis and Leuconostoc spp., play a
distinctive role in enhancing the aesthetic appeal of cheeses, particularly in the creation of
holes found in several cheeses like Gouda and Cheddar [24].

3. The Biotechnological Significance of LAB and Their Metabolites in the Food Industry:
Antimicrobial Features and Related Traits of Interest

The distinctive microbial and metabolic characteristics of LAB have become a sig-
nificant point of interest, particularly for their pivotal role in the food industry and their
recognized probiotic properties. These bacteria can generate a broad spectrum of com-
pounds during their metabolism (Table 2), including bacteriocins, exopolysaccharides,
volatile compounds, short-chain fatty acids, vitamins, and amines [71]. Some of these
metabolic targets have a direct antimicrobial activity (e.g., bacteriocins); some have biotech-
nological properties of interest for food but can also show antimicrobial properties (e.g.,
exopolysaccharides and volatile organic compounds). Other compounds have exclusive
properties of interest for food quality (e.g., water-soluble vitamins), but they can use the an-
timicrobial attributes of the strain, which carries them to improve dominance and, therefore,
biotechnological efficacy.

Table 2. Biotechnological applications and effects of diverse food matrices of lactic acid bacterium
metabolites.

Product LAB Used Metabolite of
Interest Biological Activity References

High-moisture
cheese Lactic acid bacteria Hydrogen peroxide Effective post-lethality treatment to

control L. monocytogenes [72]

Set yoghurt Leuconostoc
pseudomesenteroides XG5

Exopolysaccharide
(dextran)

Improved water-holding capacity;
enhanced texture profile; increased

viscosity; potential industrial
stabilizer

[73]

Cheddar cheese

Lactiplantibacillus
plantarum subsp.

plantarum
JLK0142

Exopolysaccharide

Enhanced moisture retention,
proteolysis, and microbiological

attributes improved the textural and
sensory properties of low-fat

Cheddar cheese

[74]

Semi-hard cheese

Lentilactobacillus buchneri
and

Lentilactobacillus
parabuchneri
Lb. danicus

Carbon dioxide
Impact the development of holes in
cheese without affecting its quality

in terms of flavour and texture
[75,76]
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Table 2. Cont.

Product LAB Used Metabolite of
Interest Biological Activity References

Yoghurt
Lactiplantibacillus
plantarum subsp.

plantarum

Diacetyl and
acetaldehyde

Positive contributions to the aroma
quality of yoghurt samples; enhance
the typical yoghurt flavour, cream
flavour, and overall acceptability

[77]

Soft white cheese
“Jben” Lactococcus lactis Acetoin

Food flavouring
Provides a buttery, creamy odour in

Jben
[78,79]

Apple juice
fermentate Leuconostoc citreum TR116 Mannitol

(sweet-tasting polyol)
Food sweetener; development of
low-sugar, fruit-based beverages [80]

Commercial bread Weissella cibaria Riboflavin Food biofortification [81]

Dairy product Streptococcus, Lactobacillus,
and Lactococcus Folic acid Food biofortification [82]

Chicken cecal
microbiota Limosilactobacillus reuteri Reuterin

Food preservative (antimicrobial
activity against Gram-positive and

Gram-negative bacteria, yeast,
mould, and protozoa)

[62,83]

Fermented fish
Soyuncu

Lactiplantibacillus
plantarum subsp.

plantarum
Volatile compounds

Flavor development through the
production of benzaldehyde,

hexanoic and butanoic acids, ethyl
octanoate, and ethyl lactate

[84]

Honey bees Pediococcus acidilactici
ZN016

Short-chain fatty
acids (acetic acid)

High antimicrobial active against
Melissococcus plutonius; biocontrol
agents for preventing European
Foulbrood disease in honeybees

[47]

3.1. Bacteriocin Applications

Antimicrobial activity is a key characteristic in the selection of probiotic strains
of LAB. This intrinsic antagonistic ability amplifies the probiotic potential of LAB and
positions them as crucial contributors to the development of functional foods with en-
hanced microbial defences against foodborne pathogens [16]. The use of probiotic bacteria
presents a promising alternative for both prophylactic and therapeutic interventions against
pathogens such as S. paratyphi. This approach can be promising against spoilage bacte-
ria and pathogens, preventing biofilm formation, reducing antimicrobial resistance, and
extending shelf life [85]. These barriers include substrate competition, the generation of
metabolites such as organic acids, aldehydes, and peroxides, and the synthesis of antibacte-
rial peptides [86]. In the control of pathogenic growth, the use of an antimicrobial agent
such as nisin, or the synergistic application of two or more antimicrobial agents, proves
effective in inhibiting the targeted microorganism and ensuring its complete prevention
of growth without compromising the sensory properties of the food matrix [16]. Various
studies have highlighted the advantages of the synergistic effects of lactic acid bacterium
bacteriocins when combined with other biomolecules. For instance, the combined ap-
plication of nisin and citric acid has proven effective against Staphylococcus aureus and
Listeria monocytogenes. Similarly, enterocin AS-48 and ethambutol have exhibited efficacy in
impeding Mycobacterium tuberculosis [61]. Moreover, it has been reported that the antifungal
metabolites produced by LAB demonstrate the potential for synergistic interactions. This
synergy, particularly between organic acids and other antifungal metabolites, contributes
to a higher antifungal activity [87]. The combination of diacetyl produced by certain strains
of LAB, along with specific bacteriocins such as reuterin, has been reported as a potent
antimicrobial additive effective against Listeria monocytogenes [60].

Several studies have also emphasized the intrinsic antimicrobial properties of lactic
acid bacterium bacteriocins, demonstrating their effectiveness against a broad spectrum
of foodborne pathogens. For example, leucocin A stands out as a promising candidate,
exhibiting anti-Listerial activity and resisting challenging conditions throughout the fer-
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mentation process of meat products [23]. Plantaricin P1053, produced by Lactiplantibacillus
plantarum subsp. plantarum PBS067, exhibits a wide-ranging antimicrobial effect against
both Gram-negative bacteria, including E. coli, and Gram-positive S. aureus [16]. Strong evi-
dence supports the notion that LAB can impart probiotic effects by competitively excluding
pathogenic bacteria. Competitive exclusion occurs when introducing a culture containing
at least one non-pathogenic bacterium into the gastrointestinal tract of animals [61]. These
bacteria compete for limited resources, including nutrients and space, using two distinct
competitive strategies: exploitation competition, where they compete for nutrients and
space, and interference competition, which involves the production of antimicrobial com-
pounds to target the pathogenic bacteria [88]. Siedler et al. (2020) reported in their studies
that the competition for manganese significantly restricts the growth of spoilage organisms
in yoghurt supplemented with a bioprotective culture of L. paracasei and Lacticaseibacillus
rhamnosus [89]. Additionally, the study emphasized that competitive exclusion constitutes
a mechanism that is challenging for spoilage organisms to overcome through spontaneous
mutation, making it an ideal mechanism for the bioprotection of food. It has been reported
by Vieco-Saiz et al. (2019) that the administration of 1 × 109 CFU/mL of Lactiplantibacillus
pentosus HC-2 exerted strong inhibitory effects on the growth of Vibrio parahaemolyticus in
the shrimp intestine [61,71,80,90].

3.2. Exopolysaccharide Production

In recent years, the food industry has increasingly recognized the importance of
microbial exopolysaccharides, particularly for their significant roles in fermented dairy
and bakery products. Notably, these macromolecular compounds, resulting from the
polymerization of multiple monosaccharides or their derivatives, offer advantages such
as cost-effectiveness and a short production cycle [71,80]. Several species of LAB are
documented as producers of EPSs (exopolysaccharides). Notably, strains belonging to
streptococci and lactobacilli are primarily producers of heteropolysaccharides (HePSs),
while Weissella, Leuconostoc, and Pediococcus spp. are homopolysaccharide (HoPS) produc-
ers [90]. LAB and their EPS derivatives (HePSs and HoPSs) find applications as additives in
both in situ and ex situ food processing. In situ synthesis primarily relies on fermentation
conditions, including factors like medium composition, pH value, temperature, incubation
time, and agitation. In contrast, ex situ production involves the direct addition of purified
EPSs as an ingredient in food [91]. To enhance products with favourable rheological and
sensory attributes, EPSs serve as versatile ingredients, functioning as thickeners, emulsi-
fiers, and stabilizers in the dairy industry [92]. In their study, Aarti and Khusro et al. (2019)
proved that the EPS-producing Lactiplantibacillus plantarum subsp. plantarum strain AAS3,
isolated from fermented, dry fish-based food, has shown potential as an adjunct or starter
culture in the food processing industry [93]. Moreover, the exopolysaccharides derived
from Lactiplantibacillus plantarum subsp. plantarum SKT109 exhibit promising potential
for applications in the food-processing sector. As adjuncts, they can improve the sensory
aspects, texture, rheological properties, and nutritional profile of Cheddar cheese [74].
Similarly, the producer strains can also find applications in the fermentation processes of
various foods. For instance, certain starter cultures with the ability to synthesize EPSs, like
Streptococcus thermophilus zlw TM11 and Lactobacillus delbrueckii subsp. bulgaricus, have
the potential to elevate the exopolysaccharide content in yogurt. This property boosts
the yoghurt exopolysaccharide content and enhances its syneresis, texture, and overall
sensory qualities [82]. Numerous studies have consistently demonstrated the antibiofilm
and antimicrobial properties of exopolysaccharides (EPSs) derived from lactic acid bacte-
ria (LAB), underscoring their potential significance in preventing biofilm-related issues
and inhibiting the proliferation of both Gram-positive and Gram-negative spoilage and
pathogenic microorganisms. In [94], the researchers investigated the impact of Lactiplan-
tibacillus plantarum-exopolysaccharides (L-EPSs) on biofilm formation by Shigella flexneri
CMCC51574. Their findings demonstrated that L-EPSs effectively reduced polysaccha-
ride production within the extracellular polymeric matrix of S. flexneri, thereby inhibiting
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biofilm formation. Furthermore, L-EPSs contributed to lowering the minimum biofilm
elimination concentration (MBEC) of antibiotics against S. flexneri biofilm and inhibited
the adhesion and invasion of S. flexneri to HT-29 cell monolayers. In their study, Karaca
et al. (2022) found that the antibiofilm potential of Lactiplantibacillus plantarum EIR/IF-1
against oral bacteria is attributed to the EPSs’ ability to inhibit bacterial auto-aggregation
and co-aggregation, along with their capacity to bind to hydrocarbons [95]. In another
study, Rahnama Vosough et al. (2021) demonstrated that the EPS produced by Enterococcus
faecium, exhibiting no in vitro cytotoxicity, shows promise as a natural antioxidant and
antibacterial agent. Notably effective against Staphylococcus aureus and Enterococcus faecalis,
this EPS offers potential applications in both the food and pharmaceutical industries [96].
According to Riaz Rajoka et al. (2021), Lactobacillus EPSs contain functional groups such
as carbonyl, phosphate, and hydroxyl groups, which are considered essential for their
antimicrobial and antioxidant properties [97]. Exopolysaccharides (EPSs) serve as cru-
cial adhesins for LAB, enhancing their capacity to colonize the intestinal epithelium. By
adhering to intestinal epithelial cells, EPSs facilitate the colonization of LAB in the gastroin-
testinal tract and prevent their elimination by intestinal peristalsis [98]. Dextran, a type of
homopolysaccharide, can act like gluten in terms of texture; they have been exceptionally
suitable for the production of gluten-free or low-gluten bakery products. Strains of Weissella
cibaria also produce EPSs during sourdough and wheat fermentation, thus allowing for an
improvement in the texture, nutritional profile, shelf life, and machinability of gluten-free
breads [81]. In a study conducted by Ashfaq et al. (2020), dextran was observed to not only
enhance the population of beneficial LAB but also reduce the abundance of pathogenic
bacteria such as E. coli, Salmonella, and Enterococcus species in poultry intestines. These
results suggest that dextran holds potential as a substitute for antibiotics in poultry feed,
effectively controlling the proliferation of common enteric pathogens [99].

Alongside the functions of interest for the development of bio-based food applications,
the possibility of polysaccharides exerting a barrier action against the entry of nutrients
into undesired microorganisms was studied [100]. Polysaccharides can reduce several
phenomena underlying the production of biofilms by eukaryotic microorganisms, reducing
the anchoring activity of pathogens [100,101]. Future investigations are necessary for a
better valorization of the biotechnological potential, also due to the chemical complexity of
this class of biomolecules.

3.3. Volatile Compound Synthesis

Flavour stands out as a crucial aspect for consumers. The fermentative properties of
LAB emerge as the key factor in developing the sensory profile of various fermented foods
ranging from dairy products and meat to fish, vegetables, as well as alcoholic and non-
alcoholic beverages [102]. LAB actively contribute to flavour development by generating a
diverse array of volatile compounds, enhancing the overall quality of the final fermented
product [103]. Flavour is the intricate combination of taste and smell sensations elicited
by a substance within the mouth and is assessed using a sensory analysis. It originates
from the recognition of two key elements: water-soluble taste compounds associated with
the fundamental tastes (sweet, salty, bitter, sour, and umami) and a multitude of aroma
compounds. These aromatic compounds, characterized by their volatile nature, contribute
to the diverse array of flavours found in fermented foods [104]. More than 2000 volatile
compounds have been identified in fermented foods, including aldehydes, esters, heterocy-
cles, alcohols, acids, terpenes, ketones, and nitrogen and sulfur compounds [105]. Hu et al.
(2020) explored the correlation between bacterial communities and volatile compounds
in traditional dry sausages from various regions in Northeast China [105]. The results
revealed the presence of 120 volatile compounds, predominantly comprising alcohols,
acids, aldehydes, ketones, esters, and terpenes. There were positive correlations between
Weissella hellenica, Lactobacillus sakei, Lactococcus lactis, Companilactobacillus alimentarius, Lac-
tiplantibacillus plantarum, and carboxylic acids and alcohols. Furthermore, Lactococcus lactis,
Companilactobacillus alimentarius, and Lactiplantibacillus plantarum were associated with the
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production of most esters, aldehydes, and ketones [105]. Zang et al. (2020) investigated
the flavour evolution in Chinese traditional fermented fish, known as Suanyu, using a
mixed starter culture of Lactiplantibacillus plantarum strain 120 and Saccharomyces cerevisiae
strain 31. This study revealed lactobacilli as the dominant starter throughout fermentation,
playing a crucial role in flavour development [84]. Notably, Lactobacillus was involved in
the production of key flavours, including benzaldehyde, hexanoic and butanoic acids, ethyl
octanoate, and ethyl lactate. The unique aroma of yoghurt, characterized by its buttery
flavour, is attributed to C4 compounds, including diacetyl, acetoin, and 2,3-butanediol.
Several LAB can synthesize these compounds through glycolysis or citrate metabolism,
including species belonging to Streptococcus, Lactococcus, Leuconostoc, and Weissella genera
and to lactobacilli [106]. Papaioannou et al. characterized the volatile compounds and over-
all flavour in yoghurts prepared from cow’s and goat’s milks using different commercial
starter cultures, both with and without the addition of probiotic bacteria. Their findings
indicated that yoghurts made from cow’s milk, using the mild and classic starter culture
in the absence of probiotic Bifidobacterium BB-12, and dessert yoghurts from goat’s milk,
prepared with the classic and acidic starter culture along with the probiotic Lactobacillus
acidophilus LA-5, were most valued during the consumer’ tests. Notably, the respective
volatile compounds in these yoghurts were aldehydes, acetaldehyde, ketones, butanoic
acid, hexanoic acid, α-pinene, camphene, and limonene [107]. Recently, Xiao and coworkers
investigated the microbial communities associated with three traditional Chinese fermented
vegetable-based foods (i.e., Jiangxi yancai, Sichuan paocai, and Dongbei suanca). The obtained
findings revealed that lactobacilli dominated the microbial composition in all three exam-
ined products, with specific strains closely associated with over twenty flavour compounds.
Notably, L. sakei exhibited a positive correlation with volatile compounds like ethyl es-
ters, benzoic acid, lactic acid, and (R)-3-hydroxybutyric acid. Additionally, L. acetotolerans
demonstrated correlations with flavour compounds such as sinapic acid, linalool, terpinyl
acetate, 3-methylhepta-1,6-dien-3-ol, and lactic acid [108].

Due to their diffusive chemical characteristics, mVOCs (microbial VOCs) play a role
in various interactions between microorganisms and between micro- and macroorgan-
isms [109]. In the recent literature, there is growing evidence of how VOCs produced
by lactic acid bacteria can have an inhibitory effect on the development of filamentous
fungi (e.g., Aspergillus niger and Aspergillus flavus) [110,111]. The chemical features of these
compounds are also of extreme interest for biotechnological valorization, which makes this
type of application promising for the development of new bio-based solutions.

3.4. Vitamins Production

The synthesis of vitamins like folic acid, riboflavin, vitamin C, pyridoxal [112], and
cobalamin [113] during the fermentation process of lactic acid bacteria can be regarded as a
form of nutritional fortification of the fermented food [82]. Several strains of LAB have the
ability to produce vitamin B2, thus enhancing the nutritional profiles of food products and
creating novel foods enriched with higher vitamin contents [81]. Riboflavin, also known as
vitamin B2, is a water-soluble, heat-stable vitamin synthesized by most plants and microor-
ganisms. It plays a vital role in human and animal growth and reproduction [114]. The
industrial production of riboflavin can be achieved through both chemical synthesis and
fermentation, but the fermentation process offers a cost-effective advantage by enabling
the one-step production of vitamin B2 [115]. Hernández-Alcántara and coworkers reported
that strains of Weissella cibaria exhibited the ability to bio-fortify experimental wheat breads
in situ with riboflavin [81]. Moreover, incorporating a riboflavin-overproducing Limosi-
lactobacillus fermentum UFG169 strain during soymilk fermentation not only enhanced the
nutritional and functional qualities of the resulting product but also increased its riboflavin
content [116].

Folate, particularly in the forms of tetrahydrofolate (THF) and methyl-tetrahydrofolate
(MTHF), belongs to the water-soluble B-vitamin group [117]. It is pivotal in fundamental
biological processes, including DNA synthesis, methylation, and the generation of amino
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acids, nucleotides, and other vitamins [118]. Folate deficiency in the body may result in
conditions such as megaloblastic anaemia, homocysteinemia, cardiovascular diseases, and
certain forms of cancer [117]. Recent research suggests that folate-producing lactic acid
bacteria (LAB) could serve as a natural substitute for chemical folic acid [119]. Streptococcus,
Lactococcus, and lactobacilli are among the lactic acid bacteria identified as folate producers.
A study conducted by Carrizo et al. demonstrated that the administration of pasta made
with quinoa sourdough and fermented by Lactiplantibacillus plantarum strains, both B2
and B9 producers, led to increased levels of these vitamins in mice blood compared to
depleted animals [120]. Their results suggest that the bio-enrichment of quinoa pasta
using LAB could be a novel strategy to enhance vitamin and mineral bioavailability in
cereal/pseudocereal-derived foods. Albano and collaborators exhibited the potential use
of lactobacilli as adjunct cultures for cheese bio-enrichment [121]. The in situ application
of LAB strains during cheese manufacturing resulted in a twofold increase in the folate
content after 30 days of ripening. Extending the cheese ripening to 60 days led to a further
rise, exceeding 100 µg 100 g−1. As a result, the consumption of this bio-enriched cheese
can contribute to achieving the recommended daily folate intake of 400 mcg [121]. In
this work, we report the in situ, food-grade lactic acid bacterium-based overproduction
of vitamins as an example of a trait of biotechnological interest that can benefit from
antimicrobial properties to improve dominance. This is to highlight how an antagonistic
behaviour against other microorganisms is a phenotype that can directly support other
biotechnological features in LAB.

4. Conclusions

Lactic acid bacteria have been extensively employed in various fermentation pro-
cesses, reaffirming their significant role in the safe production of various bioprocessed
foods. These beneficial microorganisms not only offer health benefits but also enhance food
safety through the production of natural antimicrobial compounds. The organic acids and
bacteriocins produced by LAB inhibit the growth of foodborne pathogens, extend the shelf
life of food products, and ensure their safety for human consumption. Additionally, the
probiotic properties of several LAB make them valuable for promoting gastrointestinal
health. This review highlights their vast potential in different food applications, under-
lining the importance of antimicrobial attributes, in combination with other features of
biotechnological interest, to support the valorization of LAB for the green transition of
food systems. Overall, the multifaceted contributions of LAB in food science, including
their technological applications, health-promoting properties, and potential for innovative
product development, underscore their importance in the food industry and the pursuit of
healthier, cleaner, and safer food options for consumers.
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