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ABSTRACT: The increasing pressure to reduce antibiotic use in livestock and poultry production has
intensified interest in lactic acid bacteria (LAB) as promising microbial interventions for improving animal
health. Although accumulating evidence indicates that LAB can regulate host immunity, maintain intestinal
barrier function, and enhance disease resistance, the underlying mechanisms remain incompletely
understood, and their effects are influenced by bacterial strains, host species, dietary conditions, and other
factors. Here, we comprehensively summarize the immunomodulatory mechanisms of LAB, with particular
emphasis on the direct mechanisms through which microbial components interact with host immune
signaling and cellular responses, as well as the indirect mechanisms through which LAB modulate the gut
microbiota and its metabolic outputs. We further discuss the importance of strain specificity in determining
the functional properties and immunomodulatory effects of LAB. In addition, we review the practical
applications of LAB in livestock and poultry production and highlight the major challenges and limitations
associated with their application. By integrating mechanistic insights with practical considerations, this
review offers new perspectives on the rational application of LAB to improve immune function and animal
health in livestock and poultry production.
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1. Introduction

Modern intensive livestock production, while meeting the growing global demand for meat, eggs, and
milk, is increasingly challenged by the pressures of disease prevention and the rising threat of antimicrobial
resistance (AMR). The extensive and inappropriate application of antibiotics imposes strong selective
pressure on microbial populations, causing the spread of resistance within high-density animal production
systems [1]. Antibiotic exposure can also disrupt the gut microbiota and compromise intestinal homeostasis,
thereby adversely affecting animal health and production efficiency [2]. Consequently, there is an
increasing need for sustainable strategies that enhance disease resilience while maintaining immune and
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intestinal homeostasis without relying on routine antibiotic use. Among these strategies, lactic acid bacteria
(LAB) have attracted considerable attention because of their favorable safety profiles and their capacity to
interact with the intestinal microbiota and host immune system [3,4]. Evidence from swine, poultry, and
cattle indicates that LAB supplementation can improve intestinal health, reduce pathogen burden, and
enhance production performance [4-6], supporting their potential application in low-antibiotic or
antibiotic-free production systems.

Importantly, the beneficial effects of LAB cannot be explained solely by competitive exclusion of
pathogens or changes in gut microbial composition. The intestinal mucosa represents a major interface
through which LAB communicate with the host immune system. LAB-associated molecular structures,
including lipoteichoic acids, peptidoglycan-derived fragments, surface proteins, exopolysaccharides, and
bacterial DNA, can be sensed by intestinal epithelial and immune cells through pattern-recognition
receptors such as TLR2, NOD2, and TLRY [7-11]. These interactions can subsequently modulate
intracellular inflammatory and stress-response pathways, influence macrophage and dendritic cell functions,
shape T- and B-cell responses, and contribute to the maintenance of intestinal barrier integrity and immune
homeostasis. In parallel, LAB-derived products and LLAB-associated microbial metabolites, including
bacteriocins, short-chain fatty acids (SCFAs), and bile acid derivatives, provide an additional layer of
immune regulation by linking microbial metabolic activity with epithelial, innate, and adaptive immune
responses [12—-19]. Despite increasing evidence for these immunomodulatory effects, important
mechanistic questions remain unresolved.

Existing reviews have extensively discussed probiotics and postbiotics as alternatives to antibiotics,
their effects on gut microbiota and productive performance, and their applications in individual livestock
species [3,4,6,20]. However, the mechanisms linking the interaction of LAB with the intestinal mucosa of
livestock and poultry to host immune receptor-mediated recognition, downstream cellular signaling,
metabolite-mediated regulation, and adaptive immune responses have not been sufficiently summarized
and analyzed. In addition, strain-specific characteristics of different LAB strains contribute to variation in
their functional properties and application outcomes, but these differences remain insufficiently understood.

Because LAB-mediated immunomodulation is strongly influenced by host physiology, intestinal
architecture, immune organization, and microbial ecology, this review prioritizes evidence obtained directly
from target livestock species, particularly pigs, chickens, and cattle. These species represent major livestock
and poultry production systems and therefore provide the most relevant evidence for practical application
in animal production [4—6]. Evidence from murine, human, or in vitro models is included primarily when
it provides mechanistic insight that has not yet been directly resolved in livestock and poultry, and such
evidence is clearly distinguished from findings obtained in target animal species.

Accordingly, this review will comprehensively discuss the mechanisms, application scenarios, and
challenges of LAB-mediated immune regulation in livestock and poultry, with the aim of providing new
insights and directions for the standardized application of LAB in animal production.

2. Lactic Acid Bacteria—Host Immune Interactions in Livestock and Poultry
2.1. Overview of Lactic Acid Bacteria

LAB comprise a physiologically defined group of bacteria characterized primarily by the production
of lactic acid through carbohydrate fermentation, rather than a single formal taxonomic lineage. They are
typically Gram-positive, non-spore-forming, fermentative bacteria and are widely distributed in the
gastrointestinal tract of animals, fermented feeds, foods, and other nutrient-rich environments. Most
classical LAB belong to the phylum Bacillota (traditionally Firmicutes), class Bacilli, and order
Lactobacillales. Taxonomically diverse genera within this group include Lactobacillus sensu stricto,
Lactiplantibacillus, Lacticaseibacillus, Limosilactobacillus, Pediococcus, Lactococcus, Enterococcus,
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Leuconostoc, and Weissella, among others [21,22]. Importantly, membership in the LAB group does not,
by itself, imply probiotic functionality, and the beneficial and safety characteristics of candidate strains
require strain-level evaluation.

Phylogenetic and phylogenomic studies have substantially reshaped the taxonomy of LAB. Traditional
classification based on cell morphology and fermentation characteristics does not always correspond to
evolutionary relationships inferred from 16S rRNA sequences or whole-genome data [23]. A particularly
important taxonomic revision involved the former genus Lactobacillus, which exhibited extensive
phylogenetic, ecological, and phenotypic diversity. Based on core-genome phylogeny, average amino acid
identity, clade-specific signature genes, physiological characteristics, and ecological associations, the
former Lactobacillus genus was reclassified into 25 genera, comprising the emended genus Lactobacillus,
Paralactobacillus, and 23 newly described genera [22]. This reclassification introduced several genera
frequently encountered in livestock probiotic research, including Lactiplantibacillus, Lacticaseibacillus,
and Limosilactobacillus, and more accurately reflects their evolutionary and ecological relationships.

At the genomic level, LAB exhibit substantial interspecific and intraspecific diversity. Comparative
genomic analyses indicate that, in addition to conserved core functions required for cellular maintenance
and fermentative metabolism, LAB possess variable accessory gene repertoires associated with
carbohydrate utilization, membrane transport, environmental stress responses, adhesion, exopolysaccharide
production, bacteriocin biosynthesis, and adaptation to specific ecological niches [23—28]. Gene gain and
loss, horizontal gene transfer, and other genome-level changes have contributed to the evolutionary
diversification and niche adaptation of LAB. Consequently, even closely related strains can differ markedly
in their metabolic and host-interaction phenotypes.

The biological properties of probiotic LAB further determine their ability to survive gastrointestinal
transit and interact with livestock and poultry hosts. Selected strains exhibit tolerance to gastric acidity and
bile salts, while surface proteins, mucus-binding factors, peptidoglycan, lipoteichoic acids, and
exopolysaccharides can facilitate adhesion or prolonged residence at the intestinal mucosal surface [7].
Such interactions increase opportunities for communication with intestinal epithelial and immune cells.
LAB can also compete with pathogens for nutrients and adhesion sites and produce antimicrobial
metabolites, including organic acids and bacteriocins [29,30]. Organic acids such as lactic acid and acetic
acid can inhibit many susceptible microorganisms through extracellular acidification and disruption of
intracellular pH homeostasis. However, this effect is not universal, because acid-tolerant or acid-adapted
pathogens, including Salmonella enterica, Listeria monocytogenes, and enterohemorrhagic Escherichia
coli, possess mechanisms that enhance their survival under acidic conditions [31,32]. In addition, many
LAB produce bacteriocins, such as nisin and enterocin, which can directly inhibit susceptible bacteria [30].
Together, these taxonomic, genomic, and physiological characteristics provide the biological basis for
strain-specific interactions between LAB and the intestinal microbiota and the host immune system.

2.2. Immunomodulatory Properties of LAB in Livestock and Poultry

In livestock and poultry, immune regulation refers to the dynamic processes through which the immune
system maintains physiological equilibrium while responding to environmental, microbial, and metabolic
challenges. Beyond its classical role in pathogen defense, the immune system coordinates inflammatory
responses, tissue repair, and host-microbiota interactions to preserve systemic stability and host integrity.
Accordingly, immune activation represents a regulated response aimed at restoring disrupted physiological
equilibrium rather than merely eliminating invading pathogens [33,34]. In production animals, maintaining
immune homeostasis is particularly critical because immune activity is tightly linked to metabolic resource
allocation. Excessive or chronic immune stimulation diverts nutrients and energy away from growth and
productive functions toward immune defense, thereby reducing feed efficiency and growth performance
[35]. Conversely, a balanced immune system promotes intestinal integrity, microbial stability, and effective
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responses to pathogens, ultimately supporting animal health and productive capacity. Disruption of immune
homeostasis, often termed immune stress, has been shown to impair growth performance and alter gut
microbial communities in poultry, illustrating the strong connection between immune balance and
production outcomes [36]. Accordingly, the concept of immune regulation in livestock production extends
beyond pathogen defense to encompass the maintenance of immune equilibrium that optimizes resilience,
metabolic efficiency, and productivity under intensive farming conditions [37].

The immune system of livestock and poultry comprises two integrated arms—innate immunity and
adaptive immunity—which together provide protection against pathogens while maintaining physiological
homeostasis. Innate immunity constitutes the first line of defense, relying on physical barriers, antimicrobial
peptides, and specialized immune cells such as macrophages, dendritic cells, heterophils, and natural killer
cells to rapidly recognize invading microorganisms through pattern recognition receptors (PRRs) that detect
conserved microbial structures known as microbe-associated molecular patterns (MAMPs) [38]. In contrast,
adaptive immunity develops more slowly but provides highly specific and long-lasting responses mediated
primarily by T lymphocytes and B lymphocytes, which generate antigen-specific cellular responses and
immunological memory following antigen exposure [39]. In livestock species, these two immune branches
are closely interconnected, with innate immune signaling directing antigen presentation and shaping
downstream adaptive immune responses in mucosal tissues such as the gut-associated lymphoid tissue
(GALT), a central site for host-microbiota immune interactions [40].

3. Mechanisms of Action of LAB in Modulating Host Immunity

LAB-mediated immunoregulation involves both direct recognition of bacterial structural components
and signaling mediated by soluble bioactive products and microbiota-associated metabolites. These factors
differ substantially in their origin, molecular targets, and level of experimental support in livestock and
poultry. To distinguish direct LAB-derived molecules from metabolites generated through community-
level microbial metabolism, the major LAB-derived and LAB-associated bioactive factors, their principal
immune targets, and the available livestock- and poultry-related evidence are summarized in Table 1. In
addition, the strain-specific characteristics of LAB determine the effects of LAB-mediated host immune
regulation and will be further discussed in this section.

Table 1. Major LAB-derived and LAB-associated bioactive factors involved in immune regulation in livestock and poultry.

Major Host Targets Major Biological/

Categor, Bioactive Factor Relationship to LAB References
gory P or Mechanisms Immunological Effects
. . TLR2-associated . .

Cell-associated _ . . . . ., Direct component of the .\ Modulation of innate

Lipoteichoic acids .\ recognition and . .
structural Gram-positive LAB cell immune sensing and  [10]

(LTAs) downstream .
component envelope . . . cytokine responses

inflammatory signaling
. . Regulation of
Cell-associated Peptidoglycan-  Released from the LAB Sesuiation oF .
. . Intracellular NOD2 inflammatory signaling
structural derived cell wall during growth . . [9,41]
. recognition and mucosal immune
component  muropeptides or turnover
responses

Cell-associated . . . Regulation of innate

Bacterial Direct bacterial cellular L g . .
structural . TLRY-dependent sensing immune signaling [8]

DNA/CpG motifs component . .
component and cytokine production
Cell-associated Mucus/epithelial binding Promotion of mucosal

. LAB surface-associated . . .
structural Surface proteins . . and strain-specific host retention and prolonged [7,42]
proteins and adhesins

component interactions host-microbe contact
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Regulation of
Surface- Directly synthesized by RP105/MDI1-, TLR- and inflammatory
associated or LAB and either surface- MAPK-associated responses, epithelial
EPS . . L . . [43-46]
secreted associated or released  signaling; interference  barrier protection,
polymer extracellularly with pathogen adhesion macrophage activity,
and pathogen exclusion
Direct products of Extracellular Pathogen subpression
Direct Lactic acid and LAB carbohydrate acidification and . & . PP .
. . . . .. and indirect reduction
fermentation other organic fermentation; production intracellular weak-acid . [31,47-49]
. . . . . of pathogen-associated
product acids pattern is strain-and stress in susceptible .
. . inflammatory pressure
pathway-dependent microorganisms
Pathogen inhibition,
Primarily bacterial barrier protection,
Ribosomally  Bacteriocins (e.g., Directly synthesized by membrane/cell-wall modulation of
synthesized  nisin, plantaricins,bacteriocin-producing  targets; context- inflammatory [50-53]
peptide enterocins) LAB strains dependent epithelial and responses, and possible
immune effects direct immune-cell
regulation
Maintenance of
Mainly generated epithelial barrier
. th h ity-level integrit lati f
LAB- Short-chain fatty inioﬁignaf‘;r:nnuiafi i"e FFAR3/GPR4I, 2;%“ i’areguaiéon ©
associated  acids (acetate, 't ?nﬂlfence(:hc’air FFAR2/GPR43, dencd:ilt)ic f:l?s [12,54,55]
microbial propionate, and Y HCAR2/GPR109A, and ) ’ T
. abundance through . promotion of Treg
metabolite butyrate) .. . HDAC inhibition .
metabolic interactions function, and
and cross-feeding modulation of IL-22
production
LAB can contribute to
BA jugati Regulati f epithelial
Host-derived rough spaimapecin X0 TGRS, NE- (ST et
and Bile acid- gh strain-sp KB/NLRP3-associated 2 3!
. . . BSH activity, whereas . . inflammation,
microbiota-  associated signaling, and BA- [56-61]
. . most secondary BA macrophage/DC
modified metabolites . : dependent T-cell ..
. formation requires . activity, and Th17-Treg
metabolite . . regulation
broader microbial balance

metabolism

3.1. Direct Regulation Through Host-Microbe Interaction
3.1.1. Interaction with the Intestinal Mucosal Interface

The first step in direct immunoregulation is the encounter of LAB with the intestinal mucosal interface.
This interface is not a passive barrier but a structured immunological landscape composed of the mucus
layer, intestinal epithelial cells (IECs), intraepithelial lymphocytes, lamina propria leukocytes, and an
organized GALT. In poultry and swine, the architecture of the mucosal immune system imposes species-
specific constraints on how LAB are first sensed. Chickens lack conventional lymph nodes and instead rely
heavily on a well-developed mucosa-associated lymphoid network, including Peyer’s patches, cecal tonsils,
and diffuse lymphoid aggregates distributed along the intestine. Recent work further shows that organized
lymphoid tissues in the chicken gut develop in a spatiotemporally regulated manner, creating region-specific
sites where luminal antigens and commensals can be sampled [62]. In pigs, extensive ileal Peyer’s patches and
developmentally distinct lymphoid structures in the large intestine provide additional sites for microbial sensing
and immune activation [63]. These species-specific differences suggest that the location and persistence of LAB
within the intestine may influence the nature and magnitude of subsequent immune responses.
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For LAB, effective interaction with the host depends not only on bacterial abundance but also on the
ability of individual strains to tolerate gastrointestinal conditions and remain in proximity to the mucosal
surface. Adhesion-related surface proteins, mucus-binding domains, and physicochemical interactions with
host glycoproteins can facilitate bacterial retention within the mucus layer or near epithelial cells [42]. Such
retention may prolong the duration of host-microbe contact and increase the opportunity for repeated
exposure of epithelial and immune cells to LAB-associated structural signals.

Experimental evidence in poultry and swine indicates that the earliest probiotic effects of LAB depend
on sustained mucosal association rather than receptor engagement alone. In poultry, Lactobacillus crispatus
and Lactobacillus gallinarum strains with stronger epithelial adhesion and persistence show improved
gastrointestinal colonization, although this trait must act in concert with other fitness-related properties
such as bile tolerance [64]. In swine, early mucosal contact with LAB is likewise functionally consequential:
oral administration of Limosilactobacillus reuteri D8 in newborn piglets promoted epithelial development
and enhanced mucosal immune indices [65], while porcine epithelial models have shown that selected
immunobiotic LAB can modulate antiviral and inflammatory responses at the level of intestinal epithelial
cells and in epithelial-immune cell co-culture systems [66]. Together, these findings suggest that the initial
host response to LAB is shaped by bacterial survival, spatial persistence at the mucosal surface, and early
epithelial-immune crosstalk, highlighting the intestinal epithelium as a primary site of probiotic signal
initiation rather than a passive downstream target.

3.1.2. Recognition of LAB by Host Immune Receptors

After establishing an association with the mucosal surface, LAB are recognized by the host through
specific cell-associated molecular structures (Figure 1). At the intestinal epithelial interface, intestinal
epithelial cells, macrophages, and dendritic cells can recognize a variety of LAB-associated molecular
patterns, including lipoteichoic acids, peptidoglycan-derived muropeptides, surface proteins, extracellular
exopolysaccharides, and bacterial DNA [10]. Current research has mainly focused on three major receptors:
TLR2 primarily participates in the sensing of peptidoglycan, an important component of the cell wall of
Gram-positive bacteria [11], NOD2 is mainly responsible for the intracellular recognition of peptidoglycan
fragments [9], and TLRO participates in the recognition of bacterial DNA enriched in CpG sequences [8].
This recognition process is influenced by factors including ligand chemical structure, bacterial viability,
exposure dose, and the cellular compartment in which signaling occurs, thereby affecting the intensity and
nature of host sensing of LAB [20]. In addition, the anti-inflammatory activity of some lactobacilli depends
on NOD?2 recognition of specific peptidoglycan-derived muropeptides, further indicating that receptor
activation depends on molecular composition rather than simply on the presence of lactobacilli [41].
Therefore, immune responses involving TLR2, NOD2, or other PRRs should be considered ligand- and
strain-dependent responses rather than invariant immune effects following LAB exposure, warranting
further investigation.

Compared with studies in mice or humans, direct evidence linking specific LAB molecules to defined
host receptors in livestock and poultry remains relatively limited. Recent animal studies have shown that,
in pigs infected with F18" enterotoxigenic Escherichia coli, dietary supplementation with Lactobacillus-
derived postbiotics reduced the expression of TLR4, NOD1, and CD14 in the jejunum [67], suggesting that
lactobacilli may alleviate intestinal pathogen-associated responses through modulation of pattern-
recognition receptor signaling.
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Figure 1. Pattern recognition of LAB at the intestinal mucosal interface. Notes: At the intestinal mucosal interface, lactic acid
bacteria are detected by epithelial and immune cells through conserved microbial-associated molecular patterns—such as
lipoteichoic acids, peptidoglycan fragments, surface proteins, exopolysaccharides, and DNA—engaging TLR2, NOD2, and
TLRO9 in a context-dependent manner shaped by ligand type, bacterial viability, dose, and cellular compartmentalization.

3.1.3. Cellular and Signaling Consequences of LAB Recognition

Following recognition of LAB by host pattern-recognition receptors, signal transduction induces
changes in downstream cellular and immune effectors. In porcine intestinal epithelial cell models,
Limosilactobacillus fermentum ZC529 activated the Keapl-Nrf2 pathway while suppressing NF-kB
signaling, thereby maintaining epithelial barrier integrity under inflammatory stress [68]. In weaned piglets,
a Limosilactobacillus reuteri strain isolated from Ningxiang pigs reduced intestinal IL-6 and TNF-a levels
while increasing IL-10 levels [69]. In poultry macrophages, probiotic lactobacilli similarly influenced
phagocytosis, nitric oxide production, cytokine expression, and TLR2/TLR4-related responses under heat
stress [70]. In broiler chickens, dietary supplementation with Lacticaseibacillus paracasei NSMJ15
increased the proportion of jejunal CD3"CD4*CD8" T cells and decreased CD3*CDS8*TCRyo" T cells [71],
while embryonic exposure to poultry-derived lactobacilli increased the expression of BAFF, BAFF-R, IL-
10, TGF-B, and cytokines associated with multiple T-helper cell programs in the bursa of Fabricius [72].
These studies indicate that LAB can modulate host immune status by altering the expression of downstream
inflammation-related signaling pathways and the distribution of T-cell subsets, potentially contributing to
the attenuation of intestinal inflammation.

This may represent a key mechanistic link between LAB-mediated innate immune recognition and
adaptive immunity, particularly through the functional reprogramming of antigen-presenting cells, such as
dendritic cells (DCs). In porcine monocyte-derived DCs, Lactobacillus johnsonii increased the expression
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of MHC-II and the costimulatory molecule CD80, enhanced DC-mediated CD4" T-cell proliferation, and
altered cytokine production as well as TLR2/TLR6 expression. In DC—T-cell co-culture systems, these
changes were associated with differential polarization toward Th1, Th2, and Treg-type responses, whereas
cell-free bacterial supernatants preferentially promoted Th2/ and Treg-associated responses [73]. Similarly,
oral administration of Lactobacillus delbrueckii to suckling piglets promoted DC activation and was
accompanied by changes in NF-kB and MAPK signaling pathways, providing in vivo evidence supporting
DCs as intermediary cells linking LAB sensing to downstream adaptive immune responses [74].

More direct mechanistic evidence linking LAB to B-cell and mucosal IgA responses has been
established in pigs. Lacticaseibacillus rhamnosus GG promoted early B-cell lineage development in piglets
and increased IgA production in the intestinal lamina propria [75]. Importantly, this effect was closely
associated with the LAB-derived p40 protein. p40 activated EGFR/AKT and NF-xB signaling in porcine
intestinal epithelial cells and induced the secretion of a proliferation-inducing ligand (APRIL), which
subsequently promoted IgA production by B cells. Further studies identified candidate epithelial binding
partners of p40, including ARF4 and DIF3, thereby establishing a molecular link among a defined LAB
effector molecule, epithelial cell signaling, and downstream B-cell function [75]. This pathway illustrates
how microbial signals can be translated into adaptive mucosal immunity through epithelial cell-B-cell
communication rather than simply through changes in lymphocyte abundance. More broadly, BAFF,
APRIL, TGF-B, and IL-10 collectively constitute a signaling network that regulates B-cell survival, IgA
class switching, and plasma-cell differentiation, although the relative contributions of these pathways in
livestock and poultry remain to be determined [76,77].

Overall, the available evidence supports a hierarchical mechanistic model in which LAB-associated
molecules are first sensed by intestinal epithelial cells and innate immune cells, followed by intracellular
signal transduction and functional reprogramming of antigen-presenting cells; these changes subsequently
shape T-cell polarization and B-cell/IgA responses. However, the strength of evidence differs across
immune pathways. The p40—epithelial signaling—APRIL-IgA axis established in pigs provides direct
mechanistic evidence, whereas many current studies in poultry primarily provide evidence of immune
phenotypes or transcriptional associations and require further mechanistic investigation.

3.2. Metabolite-Mediated Signaling
3.2.1. Short-Chain Fatty Acids

Organic acids represent an important class of bioactive products associated with LAB metabolism. A
defining metabolic characteristic of LAB is the fermentation of carbohydrates with lactic acid as a major
end product. Depending on the species, fermentation pathway, substrate availability, and environmental
conditions, some LAB can also produce acetate and other organic acids [47]. Metabolic studies conducted
under defined culture or fermentation conditions demonstrate that LAB can produce lactic acid and, in some
strains, additional organic acids [47].

Importantly, SCFAs detected in the intestinal environment should not all be considered direct
metabolic products of LAB. LAB primarily contribute lactate and, in some strains, acetate or other organic
acids through their own fermentation pathways. In contrast, propionate and particularly butyrate are
generally produced predominantly by other members of the gut microbiota. LAB can nevertheless
contribute indirectly to their formation through microbial cross-feeding: lactate and acetate released by
LAB can serve as substrates for specialized intestinal bacteria that subsequently generate butyrate and other
fermentation products [12,48,78]. Thus, LAB supplementation may alter intestinal SCFA profiles through
two distinct but interconnected routes—direct production of selected fermentation products and indirect
modulation of community-level metabolism. This distinction is important when interpreting increases in
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intestinal or fecal SCFAs following LAB supplementation, because such changes should not automatically
be attributed to direct production by the administered LAB strain.

SCFAs are increasingly recognized as signaling metabolites that link microbial metabolism with
epithelial and immune functions. Acetate, propionate, and butyrate can signal through G protein-coupled
receptors, including FFAR3 (GPR41), FFAR2 (GPR43), and HCAR2 (GPR109A), depending on the
metabolite and host cell type, while propionate and butyrate also exert important epigenetic effects through
inhibition of histone deacetylases (HDACs) [12,79]. Through these pathways, SCFAs can regulate
epithelial gene expression, reinforce tight-junction integrity, influence mucus production, and modulate
inflammatory signaling in epithelial cells, macrophages, and dendritic cells. These effects can restrain
excessive NF-kB-associated inflammatory responses while preserving mucosal defense, thereby
contributing to intestinal immune homeostasis rather than generalized immune suppression [12,79].

The immunological influence of SCFAs further extends to adaptive immunity. Butyrate and propionate
can promote the differentiation and functional stability of regulatory T cells through metabolic and
epigenetic mechanisms, while SCFA-dependent signaling can also influence T-cell polarization and
mucosal cytokine production, including IL-22 [80]. These responses contribute to immune tolerance,
epithelial repair, and antimicrobial defense.

Within the gastrointestinal tract, the relationship between LAB metabolism and SCFAs is further
complicated by microbial cross-feeding. Acetate, propionate, and butyrate are generated by the collective
metabolic activity of diverse intestinal microorganisms rather than by LAB alone [12,78]. Metabolites
released by one microbial population can serve as substrates for another; in particular, lactate and acetate can
be utilized by specialized intestinal bacteria to produce butyrate and other fermentation products [48]. In
weaned piglets, supplementation with a complex probiotic preparation containing Lactobacillus acidophilus
altered fecal SCFA composition and was accompanied by improved average daily gain [54]. However,
because the intervention contained multiple probiotic organisms and SCFAs were measured at the intestinal
community level, this study supports an association between probiotic-induced microbial metabolic changes
and host performance rather than direct SCFA production by L. acidophilus. SCFAs are also increasingly
recognized as modulators of porcine intestinal barrier function and mucosal immunity [81].

Therefore, LAB may influence the intestinal SCFA profile both through their own metabolic products
and indirectly by modifying substrate availability, microbial community structure, and cross-feeding
networks. These findings indicate that changes in fecal or intestinal SCFA concentrations following LAB
supplementation may be mediated by interactions between LAB and the resident microbiota, as well as by
LAB-induced effects on the host that subsequently alter the intestinal microbial community. These
mechanisms warrant further investigation.

3.2.2. Bacteriocins

Bacteriocins are ribosomally synthesized antimicrobial peptides produced by diverse bacteria,
including many LAB species. Among LAB-derived bacteriocins, nisin produced by Lactococcus lactis is
the most extensively characterized, while other representative compounds include plantaricins produced by
Lactiplantibacillus plantarum and enterocins produced by Enterococcus spp. Their primary biological
function is antimicrobial activity, which may be narrow- or broad-spectrum depending on the bacteriocin
[15,50]. For example, nisin binds to lipid II, an essential precursor of bacterial cell-wall synthesis, and
subsequently promotes membrane permeabilization and pore formation, resulting in rapid inhibition of
susceptible Gram-positive bacteria [82]. Therefore, the contribution of bacteriocins to host health should
first be considered in the context of pathogen control and microbial ecological regulation rather than being
interpreted solely as direct immune stimulation.

In addition to their antimicrobial activity, LAB-derived bacteriocins may directly or indirectly
influence epithelial barrier function and inflammatory responses. In a recent in vitro study, nisin, enterocin
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Grl7, and plantaricin RX-8 reduced Listeria monocytogenes adhesion and invasion in Caco-2 intestinal
epithelial cells, preserved tight junction proteins, including ZO-1, occludin, and claudin-1, and attenuated
the expression of IL-6, IL-1B, and TNF-a by reducing MAPK and NF-kB activation [14]. In porcine
peripheral blood leukocytes, nisin exerted concentration- and activation-state-dependent effects. At higher
concentrations, nisin stimulated proliferation, and IL-1p and IL-6 production, and increased the proportion
of CD4"CDS8" T cells in unstimulated leukocytes, whereas in Escherichia coli-stimulated cells it reduced
proliferative activity, phagocytosis, and IL-6 production [51]. These bidirectional responses indicate that
nisin does not uniformly enhance or suppress immunity; instead, its effects depend on the physiological
and inflammatory state of immune cells. At the same time, in vitro studies cannot establish that bacteriocins
directly regulate host immunity in vivo.

In vivo studies have shown that, in broilers challenged with Clostridium perfringens, dietary nisin
supplementation alleviated intestinal injury, reduced serum TNF-a concentrations, increased jejunal claudin-
1 expression, and decreased apoptosis-related signaling, while also modifying cecal microbial composition
[52]. More recently, dietary nisin supplementation in yellow-feathered broilers increased serum IgY
concentrations and reduced circulating IL-1B, IL-6, and TNF-a, together with changes in intestinal SCFA
concentrations and microbial community structure [83]. In lactating cows with subclinical mastitis,
intramammary administration of nisin Z increased bacteriological cure rates and reduced somatic cell counts
and N-acetyl-B-D-glucosaminidase (NAGase) activity in milk [53]. These studies indicate that nisin can
modulate inflammatory and immune-associated phenotypes in animal models. Nevertheless, because
antimicrobial activity, microbiota remodeling, barrier protection, and immune responses occur
simultaneously in vivo, the extent to which these outcomes reflect direct signaling by nisin versus secondary
consequences of altered pathogen burden or microbiota composition remains unresolved. Future studies using
microbiota-depleted or microbiota-controlled models could help determine whether bacteriocins exert direct
effects on host immune responses independent of their antimicrobial and microbiota-mediated effects.

3.2.3. Exopolysaccharides

Exopolysaccharides (EPSs) are high-molecular-weight carbohydrate polymers synthesized by many
LAB and either retained in close association with the bacterial surface or released into the extracellular
environment. LAB-derived EPSs comprise structurally diverse homopolysaccharides and
heteropolysaccharides that differ substantially in molecular weight, monosaccharide composition,
glycosidic linkage, degree of branching, charge, and non-carbohydrate substituents. These physicochemical
characteristics are important determinants of their biological activity; therefore, EPSs should not be
considered a functionally uniform class of molecules [43]. In the context of LAB-mediated
immunoregulation, this structural heterogeneity provides a plausible molecular basis for the marked strain-
specificity of EPS-associated host responses.

Purified LAB-derived EPSs can directly interact with intestinal epithelial and immune cells and
modulate inflammatory signaling. In porcine intestinal epithelial cells, EPS fractions produced by
Lactiplantibacillus plantarum N14 were shown to attenuate enterotoxigenic Escherichia coli-induced
inflammatory responses. In particular, acidic EPS reduced the expression of pro-inflammatory mediators,
including IL-6, IL-8, and MCP-1, and enhanced the expression of negative regulators of Toll-like receptor
signaling, such as IRAK-M and MKP-1. Mechanistic analyses implicated the RP105/MD1 complex,
together with TLR-associated signaling, in these regulatory effects [44]. These observations indicate that
EPS-mediated immunoregulation can involve active modulation of pattern-recognition signaling rather
than merely forming a physical barrier around bacterial cells.

Comparable effects have been reported for EPSs from other LAB strains in porcine intestinal epithelial
models. EPS isolated from Limosilactobacillus reuteri 1.26 attenuated the upregulation of pro-
inflammatory mediators induced by Salmonella Typhimurium in IPEC-J2 cells, including changes in IL-6,
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IL-8, TNF-a, and TLR-associated responses [45]. Similarly, EPS production by Lactiplantibacillus
plantarum T10 contributed substantially to its barrier-protective and anti-inflammatory effects in ETEC-
challenged IPEC-J2 cells. The EPS fraction enhanced epithelial barrier function and modulated
inflammatory responses through TLR-associated p38 MAPK signaling; however, the corresponding in vivo
validation in that study was performed in a murine colitis model rather than in livestock [84]. Together,
these findings support a direct capacity of defined LAB-derived EPSs to influence porcine epithelial
immune signaling, while also illustrating that mechanistic validation at the whole-animal livestock level
remains limited.

EPSs may additionally protect the intestinal mucosa through mechanisms that are not necessarily
dependent on direct immune-receptor signaling. In a porcine small-intestinal segment perfusion model,
reuteran and levan produced by Limosilactobacillus reuteri strains were evaluated during challenge with
enterotoxigenic E. coli K88. Reuteran significantly reduced adherent ETEC, and the tested glycans reduced
ETEC-associated intestinal fluid loss [46]. These findings demonstrate that LAB-derived EPSs can interfere
with pathogen adhesion, thereby reducing epithelial exposure to microbial virulence factors. However, this
anti-adhesive effect should be distinguished from direct immunomodulation, because reduced pathogen—
epithelium contact may secondarily alleviate inflammatory pressure without requiring direct activation or
inhibition of host immune receptors.

The immunological activity of EPSs is also strongly strain- and structure-dependent. EPSs purified
from two Lacticaseibacillus casei strains, AP and AG, differed in carbohydrate content, elemental
composition, and immunological activity. Both EPS preparations enhanced phagocytic activity and nitric
oxide production in RAW264.7 macrophages, but the EPS from strain AP showed stronger activity; notably,
phosphorus was detected in AP-derived EPS but not in AG-derived EPS [85]. These results reinforce the
concept that apparently closely related LAB strains can produce chemically distinct EPSs with different
biological activities. Nevertheless, because these experiments used a murine macrophage cell line and
strains of human origin, they provide mechanistic evidence for structure-dependent EPS activity rather than
direct livestock-specific proof.

Overall, LAB-derived EPSs can contribute to host protection through several complementary
mechanisms, including modulation of epithelial pattern-recognition signaling, attenuation of excessive
inflammatory responses, preservation of epithelial barrier integrity, and interference with pathogen
adhesion. Importantly, these effects are determined by the physicochemical properties of individual EPSs
and cannot be generalized across LAB species or strains. Current evidence is particularly informative in
porcine intestinal epithelial systems, whereas direct in vivo evidence defining EPS-specific immune
mechanisms in livestock—especially poultry—remains comparatively limited. Future studies integrating
detailed structural characterization of purified EPSs with receptor-level analyses and controlled livestock
and poultry intervention models will therefore be essential to establish structure—function relationships and
determine whether specific EPS signatures can serve as reliable criteria for selecting immunomodulatory
LAB strains.

3.2.4. Bile Acid-Associated Metabolites

Bile acids (BAs) represent another class of bioactive metabolites through which LAB may indirectly
or directly influence host physiology and immune homeostasis (Figure 2). Unlike microbial fermentation
products, primary BAs are synthesized from cholesterol by the host liver, subsequently conjugated
predominantly with glycine or taurine, secreted into the intestine, and extensively recycled through the
enterohepatic circulation. Once they enter the intestinal lumen, however, their chemical composition can
be substantially modified by the gut microbiota, generating a structurally diverse BA pool with distinct
signaling properties [19,56]. Therefore, the contribution of LAB to BA-mediated immunoregulation is more
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accurately described as LAB-associated modulation of the intestinal BA pool rather than direct production
of the entire spectrum of secondary BAs.
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Figure 2. LAB-associated modulation of the bile acid pool and its potential impact on host immune homeostasis. Notes: LAB
can reshape the intestinal bile acid pool through BSH-mediated deconjugation and microbiota remodeling. Microbe-derived bile
acid metabolites subsequently regulate epithelial and immune responses through TGRS, FXR, and T-cell-associated pathways.

One of the best-characterized mechanisms by which LAB can directly modify BAs is bile salt hydrolase
(BSH)-mediated deconjugation. BSH removes the amino acid moiety from conjugated BAs, producing
unconjugated BA substrates that can subsequently undergo further microbial transformations. Importantly,
BSH activity is not universal among LAB. Screening studies have shown that it is common in selected
intestinal Lactobacillus species and strains but absent or substantially weaker in several other LAB taxa,
indicating marked species- and strain-level heterogeneity [86]. Recent reviews likewise emphasize
substantial variation in substrate specificity and catalytic activity among BSH enzymes from Lactobacillus,
Bifidobacterium, and Enterococcus [58]. Thus, the ability of a LAB strain to modify the BA pool cannot
be inferred solely from its taxonomic identity.

Specific LAB with experimentally characterized BSH activity have been identified. For example, the
chicken-derived Ligilactobacillus salivarius NRRL B-30514 possesses a functionally characterized BSH
with activity toward both glycine- and taurine-conjugated bile salts, providing direct evidence that certain
poultry-associated LAB can enzymatically deconjugate host BAs [87]. In pigs, the Lactobacillus
delbrueckii strain used by Hou et al. was shown to harbor the BSH2 gene and exhibit BSH activity in vitro;
dietary supplementation enhanced ileal BA deconjugation and altered the enterohepatic FXR-FGF19 axis
in vivo [59]. Broader phylogenomic analyses have also identified BSH-encoding members among
Limosilactobacillus  reuteri,  Lactiplantibacillus  plantarum,  Lacticaseibacillus ~ rhamnosus,
Lacticaseibacillus casei, and several other intestinal lactobacilli, although BSH activity and substrate
specificity remain strongly strain-dependent [88]. Importantly, these findings demonstrate LAB-mediated
BA deconjugation, but they do not establish that these LAB strains directly generate the downstream



Biobreeding 2026, 1(4), 10019. doi:10.70322/biobreeding.2026.10019 13 0f 28

secondary BAs responsible for immune signaling. Direct strain—enzyme—BA—immune causal evidence
remains limited in livestock and poultry.

Following deconjugation, further BA transformations are carried out by the broader intestinal microbial
community. Oxidation, epimerization, and, in particular, 7a-dehydroxylation generate a range of secondary
and modified BAs. The latter pathway is restricted to a relatively small group of anaerobic intestinal bacteria
carrying bile acid-inducible (bai) genes, including certain Clostridium species, rather than representing a
general metabolic property of LAB [56]. Consequently, LAB can influence secondary BA profiles
indirectly by providing deconjugated substrates, changing the abundance of BA-transforming
microorganisms, or modifying the intestinal ecological environment. This community-level perspective is
essential for avoiding over-attribution of secondary BA formation to LAB themselves.

Evidence from pigs directly supports this distinction. In growing-finishing pigs, dietary
supplementation with Lactobacillus delbrueckii enhanced ileal BA deconjugation, increased fecal BA
excretion, altered serum and hepatic BA composition, and modified the intestinal FXR-FGF19 axis,
providing in vivo evidence that a LAB strain can reshape BA metabolism through BSH-related activity [59].
In weaned piglets, oral Lactiplantibacillus plantarum supplementation reduced ileal lithocholic acid
concentrations and altered the abundance of several bacterial genera involved in BA biotransformation,
including Clostridium, Parabacteroides, and Ruminococcus [60]. These findings suggest that LAB can
modify the host BA pool through both direct enzymatic activity and indirect restructuring of BA-
transforming microbial communities. However, neither study demonstrates that the administered LAB
strain itself synthesized all of the secondary BAs detected in vivo.

Changes in BA composition are immunologically relevant because different BA species exhibit distinct
affinities for host receptors and immune-regulatory targets. Two major signaling nodes are the nuclear
receptor farnesoid X receptor (FXR) and the membrane G protein-coupled bile acid receptor TGRS.
Through these pathways, BAs can regulate epithelial barrier integrity, inflammatory signaling, macrophage
and dendritic-cell activity, and systemic metabolic responses [18,19]. In innate immune cells, TGRS
activation can increase intracellular cAMP and activate protein kinase A-dependent signaling, thereby
attenuating excessive NF-kB activity and NLRP3 inflammasome activation. For example, microbiota-
derived secondary BAs alleviated Staphylococcus aureus-induced mastitis in a mouse model through the
TGR5—cAMP-PKA-NF-kB/NLRP3 axis [17]. Although this study provides useful mechanistic evidence,
it does not demonstrate that the responsible secondary BAs were directly generated by LAB, nor does it
establish an equivalent pathway in livestock.

BA-associated immune regulation also extends to adaptive immunity. Specific microbiota-derived
LCA derivatives can directly influence CD4" T-cell differentiation. In mechanistic mouse studies, 3-
oxoLCA inhibited Th17 differentiation through direct interaction with RORyt, whereas isoalloLCA
promoted regulatory T-cell differentiation through mitochondrial reactive oxygen species-dependent
enhancement of FoxP3 expression [61]. These findings establish that microbial BA metabolites can shape
the Th17-Treg balance, but they should be interpreted as evidence for the broader microbiota—BA—immune
axis rather than as LAB-specific effects. Because BA pools and microbial BA-transforming capacities vary
considerably among host species, extrapolation from murine and human systems to pigs and poultry
requires caution.

Overall, current evidence supports a model in which LAB influence BA-associated immune signaling
primarily by reshaping the intestinal BA pool, rather than by directly synthesizing the full range of secondary
BAs. This modulation can occur through strain-specific BSH activity, changes in the abundance or function
of other BA-transforming microorganisms, and downstream alterations in FXR-, TGRS5-, and BA-responsive
immune pathways. Direct evidence is currently strongest in swine for LAB-mediated changes in BA
metabolism, whereas livestock- and poultry-specific studies linking defined LAB strains, individual BA
metabolites, and immune outcomes remain limited. Future studies that combine strain-level BSH
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characterization, targeted BA metabolomics, microbiome functional analysis, and immune phenotyping will
be required to resolve the causal contribution of LAB to the BA—immune axis in animal production.

3.3. Strain-Specific Effects on Immune Responses

Accumulating evidence demonstrates that the immunomodulatory effects of LAB are highly strain-
specific and context-dependent. Even at the species level, different strains of lactic acid bacteria (LAB)
exhibit marked heterogeneity in functional properties, including adhesion capacity, metabolite production,
and immunomodulatory activity. This strain-specific functional diversity is fundamentally associated with
genomic variation. Comparative genomic analyses have revealed extensive intra-species genetic diversity
among LAB, with substantial differences in gene content even among strains of the same species. For
instance, pan-genome analysis of 34 Lacticaseibacillus paracasei strains demonstrated an open pan-
genome characterized by extensive gene gain and loss [24], and similar genomic diversity has been reported
across multiple LAB species [25]. Importantly, higher genome sequence identity between strains does not
reliably predict similarity in functional phenotypes, including immunomodulatory activity [26],
underscoring that subtle genomic and regulatory differences, rather than species-level taxonomy alone,
shape strain-specific host interactions [27,28]. As genomic characterization of LAB continues to advance,
research focus has increasingly shifted from species-level classification toward strain-level resolution,
reflecting the recognition that probiotic functionality is a strain-dependent trait driven by both genomic
content and regulatory architecture. Importantly, strain-specific functional variation is also evident in vivo.
Studies in pigs, poultry, and calves demonstrate that individual LAB strains differ in their capacity to
reshape the intestinal microbiota and in the magnitude of their effects on growth, intestinal health, immune
status, and disease resistance. Even closely related strains can generate distinct microbial and host responses.

Comparative characterization of broiler-derived Limosilactobacillus reuteri isolates demonstrated
substantial within-species functional heterogeneity. Among the eight L. reuteri isolates examined, LR21,
LR29, and LR61 exhibited relatively high surface hydrophobicity, whereas LR42 showed the strongest
adhesion to Caco-2 cells. Moreover, reuterin production was detected only in LR21, LR42, LR61, and
LR77, further demonstrating that closely related strains of the same species can differ markedly in
probiotic-associated functional traits [89].

Strain-specific functional differences have also been demonstrated in porcine systems. In pigs, two
strains of the same species, Lactiplantibacillus plantarum 22F and 25F, produced distinct effects on
intestinal microbial parameters despite both showing probiotic potential, supporting functional variation at
the strain level [90]. More recent mechanistic evidence further supports this concept. Seven L. plantarum
strains isolated from porcine colostrum and milk induced markedly different immune responses in porcine
intestinal epithelial cells. In particular, strain 4M4-417 strongly modulated the expression of PGRPI1,
PGRP3, NODI1, NOD2, and pBDI1, whereas strain 4M4-326 showed a particularly strong capacity to
enhance IFN-a and IFN-f3 expression following poly(I:C) challenge [91]. These findings demonstrate that
even strains belonging to the same species can differ substantially in their interactions with porcine
intestinal innate immune pathways. However, the latter evidence was obtained in a porcine epithelial cell
model and therefore requires further in vivo validation in pigs. Additional L. plantarum strains, including
P-8 in piglets, HILP-1, HIZWO08, and LPJZ-658 in broilers, and 299v in calves, have also been associated
with distinct changes in gut microbiota, growth performance, intestinal health, and immune-related
outcomes (Table 2).
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Table 2. Strain-specific effects of LAB on gut microbiota, growth, and health in livestock and poultry: insights from
Lactiplantibacillus plantarum.

LAB Species Strain ID Effects on the Gut Microbiota of the Animal Effects OI} the Growth and Health References
of the Animal

Improved ADG and feed conversion

relative to controls and increased

intestinal villus height and VH:CD

ratio.

Pigs: Increased viable fecal lactobacilli and
L. plantarum  22F reduced Enterobacteriaceae compared with the
control.

[90]

Pigs: Increased fecal lactobacilli and reduced
Enterobacteriaceae, although viable lactobacilli
counts were lower than those observed with the
other probiotic treatments.
Weaned piglets: Altered ileal and colonic Improved feed conversion, intestinal
microbiota, increased recovery of L. plantarum, morphology and antioxidant
L. plantarum  P-8 and changed microbial functional pathways capacity; overall body weightand  [92]
related to carbohydrate degradation and nutrient early-stage ADG were improved
utilization. relative to controls.
Broilers: Increased cecal microbial richness and Increased average daily weight gain
enriched SCFA-associated bacteria including  and reduced feed-to-gain ratio;

Improved growth efficiency and
intestinal morphology compared [90]
with the untreated control.

L. plantarum  25F

L. plantarum  HILP-1 Ruminococcus and Lachnospiraceae; cecal increased IgM, IgY and IL-10, [93]
acetate and butyrate concentrations were decreased IL-1p, and enhanced
increased. antioxidant capacity.

Broilers: Altered a-diversity and cecal microbial

. . . Increased BW and ADG; enhanced
structure and enriched taxa including

IgA, IgY, IL-10 and antioxidant

L. plantarum HIZWO08 Bacte'ro.ides, Lactimif:rlobium massiliense, status while decreasing IL-1B, IL-6 [94]
Intestinimonas butyriciproducens, and
. . . and TNF-q.
Barnesiella viscericola.
Broilers: Altered cecal microbial diversity and
composition, reduced Streptococcus, Veillonella,Increased ADG and ADFI and
L. plantarum  LPIZ-658 Neisseria, and. Haemophilz'ts, and i'ncreas‘ed reduced FCR; improved. intestinal [95]
several potentially beneficial taxa including morphology, carcass traits and meat-
Bacteroides, Phascolarctobacterium, Bacillus, quality-related indices.
and Akkermansia.
. . I d starter intake and ADG,
Preweaning calves: Increased fecal Bacter01detesr2(chrlia:§ disasrrhzg 111r11:1 di:r?:e
L. plantarum  299v and bacterial diversity indices while reducing ’ [96]

increased IgA, IFN-y and soluble
CD4, and reduced IL-6.

Note: ADG, average daily gain; BW, body weight; FCR, feed conversion ratio; ADFI, average daily feed intake; VH:CD, villus
height-to-crypt depth ratio

Firmicutes and Proteobacteria.

Strain-specific differences are also evident in LAB-derived metabolites. In Staphylococcus
haemolyticus-challenged RAW264.7 murine macrophages, metabolites derived from two
Lactiplantibacillus plantarum strains induced distinct transcriptional responses. qRT-PCR showed that
metabolites from strain AD73 increased iNOS and IL-6 mRNA expression by 22.59- and 16.82-fold,
respectively, whereas metabolites from strain TISTR2070 preferentially increased COX-2 mRNA
expression by approximately 18.43-fold [57]. These differential responses, together with strain-resolved
metabolomic profiles, support an association between strain-dependent metabolic output and immune
activity. Because this study used a murine macrophage model developed in the context of bovine mastitis,
it should be interpreted as mechanistic evidence rather than direct evidence in cattle. Collectively, these
findings demonstrate that LAB-mediated immunomodulation cannot be generalized at the species level and
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support the need for strain-level functional validation. These biological differences provide the rationale
for the mechanism-guided strain-selection framework discussed in Section 5.1.

4. Practical Applications in Livestock and Poultry Production
4.1. Modulation of the Gut Microbiota

LAB can reshape the intestinal microbial ecosystem through competition for nutrients and adhesion
sites, antimicrobial activity, and modification of the intestinal physicochemical and metabolic environment
[3,29]. However, available studies do not indicate a uniform shift toward higher microbial diversity. Instead,
changes in community richness, structure, specific taxa, and metabolic functions vary according to LAB
strain, dose, host species, and physiological context.

In pigs, supplementation with Limosilactobacillus reuteri ZLLR0O03 increased microbial species
richness and the abundance of Bacteroidetes, while increasing Bifidobacterium, Lactobacillus,
Christensenellaceae R-7 group, and Rikenellaceae RC9 gut group and decreasing Clostridium sensu stricto
1, Terrisporobacter, Blautia, Corynebacterium, and Streptococcus [97]. The two doses also produced
distinct microbial and metabolic responses; notably, acetate and butyrate concentrations were higher at the
lower dose than at the higher dose, indicating a nonlinear dose—microbiota relationship [97]. By contrast,
Lactiplantibacillus plantarum P-8 did not significantly alter ileal a-diversity but significantly reduced the
Shannon and Simpson indices of the colonic microbiota, while enriching L. plantarum itself [92].
Functional profiling further showed enrichment of microbial pathways involved in galactose and stachyose
degradation and other nutrient-utilization processes. Thus, beneficial host responses following LAB
supplementation are not necessarily accompanied by increased microbial a-diversity [92].

A mixed L. plantarum—Bacillus subtilis fermented feed produced a different pattern in Bamei pigs.
After 50 days, microbial community structure differed among dietary groups, and fermented-feed
treatments generally maintained higher diversity than the control or antibiotic treatment. The mixed
treatment increased Lactobacillus abundance and suppressed Clostridium and Streptococcus; at day 50,
Lactobacillus accounted for approximately 9.5% of the microbiota in the mixed-fermented group compared
with 1.3% in the basal-diet control [98]. Because this intervention also contained B. subtilis, however, these
microbial changes cannot be attributed specifically to LAB.

Comparable strain- and context-dependent changes have been reported in poultry. In broilers, L.
plantarum HIZWO0S altered cecal a-diversity and community structure, increased Actinobacteriota at the
higher dose, and enriched taxa including Lactimicrobium massiliense, Intestinimonas butyriciproducens,
and Barnesiella viscericola [94]. These changes were accompanied by increased isobutyrate and isovalerate
concentrations and improved immune indices, although the study does not establish that the microbial
changes directly mediated the immune effects.

Under pathogen challenge, LAB appear to act partly by limiting infection-associated dysbiosis rather
than simply increasing overall diversity. In Salmonella Enteritidis-infected broilers, supplementation with
L. plantarum Lp71 and Enterococcus faecium Ef72 prevented the infection-associated decline in cecal
microbial diversity, reduced microbiota dysbiosis, and restored taxa including Oscillospiraceae and
Lachnospiraceae; it also counteracted the abnormal expansion of Akkermansia muciniphila induced by
infection [99]. Functional prediction indicated recovery of pathways related to transcription and signal
transduction [99]. Similarly, in Salmonella Typhimurium-challenged yellow-feathered broilers, L.
plantarum GX17 did not significantly alter Chaol or Shannon a-diversity, but B-diversity differed among
treatment groups (Adonis, p = 0.021); GX17 increased Lactobacillus abundance and counteracted the
infection-associated increase in Anaerotruncus [100].

Evidence from cattle further indicates that LAB-associated microbial responses depend strongly on
production stage and dietary context. During a 163-day feedlot study, probiotic LAB altered the relative
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abundance of major fecal bacterial groups, with Clostridiaceae, Lachnospiraceae, Ruminococcaceae, and
Bifidobacteriaceae forming prominent core communities. Interestingly, microbial diversity was influenced
more strongly by the administration period than by probiotic supplementation itself, while predicted
metabolic functions during the first 40 days were enriched for complex plant-polysaccharide degradation
and amino-acid-related metabolism [5].

Collectively, these studies show that LAB-mediated microbiota modulation cannot be defined simply
as an increase in microbial diversity or enrichment of a universal set of “beneficial bacteria”. Depending
on the strain and host context, LAB may increase, decrease, or leave a-diversity unchanged while still
producing marked changes in B-diversity, specific microbial taxa, and metabolic functions. A more
consistent pattern is the restructuring of particular ecological and functional features, including suppression
of pathogen-associated taxa, enrichment of fermentative or SCFA-associated microorganisms, and
modification of carbohydrate and nutrient metabolism. However, because microbiota and immune
outcomes are usually measured concurrently, these associations should not be interpreted as proof that
microbial restructuring directly causes the observed immune benefits.

4.2. Promoting Growth in Livestock and Poultry

Improvement of productive performance is one of the major practical outcomes associated with the use
of selected LAB strains in animal production. LAB supplementation has been reported to influence average
daily gain (ADQG), feed conversion efficiency, nutrient digestibility, and intestinal development, although
the magnitude of these responses varies according to strain, dosage, animal age, diet, and production
conditions. Representative applications of LAB supplementation in livestock and poultry are summarized
in Table 3.

Table 3. Effects of LAB in livestock and poultry production.

Supplementation Methods
and Dosages

Basal diet supplemented with
. 0.01% and 0.03% LL (5.0 x
pigs 10" CFU/g)

Basal diet supplemented with Improves growth performance

LAB Strain Host Species Primary Effects References

Growing-finishing Improves growth performance

Lactobacillus lactis (LL) and meat quality

[101]

Lactiplantibacillus plantarum

BG000! Weaned piglets 19/ and 0.2% BG0001 _and modulates fecal microbiota " )
Lactiplantibacillus plantarum Bmller.ChICkeI.lS. Basal diet supplemented with Alleviates intestinal damage and
(necrotic enteritis [103]

HWI HW1 (4 x 10% CFU/g) enhances growth performance

challenge model)

Lacticaseibacillus rhamnosus Broiler chickens 0.2 mL of bacterial (1 x 10°

(Salmonella Exhibits anti-Salmonella activity

SN21-1 & Lactiplantibacillus . . CFU/mL) suspension via . [104]
plantarum SN21-2 Typhl@ urium intragastric gavage and improves safety outcomes
infection)
Poultry (Salmonella Bacterial (1 x 108 CFU/mL) Exerts immunomodulatory effects
L. plantarum NC8 Gallinarum suspension via intragastric  and enhances resistance to [105]
infection) gavage Salmonella
4 g of bacterial powder (1.2 x Functions as a direct-fed
L. plantarum GB LP-1 Newborn calves 10° CFU/g) added to milk ~ microbial, promoting growth and [106]
replacer once daily improving intestinal health
Lactiplantibacillus plantarum Basal diet supplemented with Enhances growth perforrpance,
(LP) DSA 20174 + Bacillus Pre-weaned LP (1 x 10'° CFU/calf/day) improves blood biochemical [107]
Holstein calves and BT (3 x 10° parameters, and modulates fecal

‘ s (BT) AT
oyonensis (BT) ATCC 55050 CFU/calf/day) microbiota
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In swine, dietary supplementation with Lactiplantibacillus plantarum P-8 improved feed conversion ratio,
intestinal morphology, and antioxidant capacity in weaned piglets and was accompanied by improved growth
performance [92]. Similarly, supplementation with the swine-derived Pediococcus acidilactici FT28 improved
feed utilization and nutrient digestibility, supporting better growth efficiency in weaned piglets [108]. Other
feeding studies have also reported improvements in growth-related traits following supplementation with LAB
such as Lactobacillus lactis and Lactiplantibacillus plantarum in growing-finishing or weaned pigs [101,102].
These findings indicate that selected LAB strains can contribute to improved productive efficiency, although
responses should not be generalized across strains or production systems.

Potential production benefits of LAB have also been observed in poultry and cattle. In poultry, dietary
Lactiplantibacillus plantarum supplementation has been associated with improvements in feed efficiency,
nutrient utilization, intestinal health, and overall growth performance [109]. In neonatal and pre-weaning
calves, L. plantarum-based direct-fed microbial supplementation has likewise been associated with
improved growth-related outcomes and gastrointestinal health [106,107]. Together, these studies indicate
that LAB can support productive performance across different livestock species, but the magnitude and
reproducibility of the response depend strongly on strain characteristics, delivery method, host
developmental stage, diet, and farm conditions. Therefore, improvements in growth performance should be
regarded as strain- and context-dependent outcomes rather than universal properties of LAB.

4.3. Enhancing Disease Resistance in Livestock and Poultry

Enhancing resistance to enteric and other infectious challenges is another important application of LAB
in livestock and poultry production. LAB may contribute to disease resistance through several
complementary processes, including competitive exclusion of pathogens, production of antimicrobial
compounds, maintenance of epithelial barrier integrity, and modulation of host inflammatory and immune
responses [4,67,99]. However, most evidence derives from experimental challenge models rather than
population-level disease incidence; these findings therefore primarily support enhanced disease resistance
rather than demonstrated reductions in field disease incidence.

In pigs, protective effects have been demonstrated particularly against enterotoxigenic Escherichia coli
(ETEC). In young piglets challenged with ETEC K88, dietary Lactiplantibacillus plantarum prevented
challenge-induced diarrhea and counteracted increases in intestinal permeability and plasma endotoxin
levels, as well as villus shortening, crypt deepening, and reductions in jejunal ZO-1 and occludin expression
[110]. Similarly, prophylactic administration of microencapsulated Lactiplantibacillus plantarum 22F/25F
and Pediococcus acidilactici 72N reduced fecal E. coli and ETEC virulence-gene abundance, decreased
IL-1a, IL-6, IL-8, and TNF-a, and improved villus morphology and growth performance in ETEC-
challenged weaned piglets [111].

Comparable protection has been observed in poultry. In Salmonella Typhimurium-challenged yellow-
feathered broilers, L. plantarum GX17 mitigated infection-associated weight loss; at 5 d post-infection, the
untreated infected birds weighed approximately 24.85 g less than GX17-treated infected birds. Salmonella
burdens in the liver, spleen, and cecum of untreated infected birds were approximately 12.23-, 12.65-, and
11.92-fold higher, respectively, than those in GX17-treated birds [100]. In a necrotic-enteritis model,
dietary L. plantarum HW1 increased ADG while reducing intestinal lesion scores, IL-1p and TNF-a, serum
D-lactate and diamine oxidase, and cecal counts of C. perfringens and other potentially pathogenic bacteria;
simultaneously, ileal IL-10, occludin, and ZO-1 were increased [103].

Evidence in cattle also indicates disease-related benefits, although outcomes are not uniformly positive.
In neonatal dairy calves, oral administration of L. reuteri TP1.3B or L. johnsonii TP1.6 for 10 d reduced
diarrhea incidence and improved fecal scores, whereas ADG, circulating cytokine expression, IgA
concentrations, and fecal pathogen abundance were not significantly affected, and responses varied between
calving seasons [112]. In lactating cows with subclinical mastitis, intramammary nisin Z, a bacteriocin
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produced by Lactococcus lactis, achieved an overall bacteriological cure rate of 65.2% compared with 15.9%
spontaneous recovery in untreated controls; cure rates were 90.1% for Streptococcus agalactiae, 50.0% for
Staphylococcus aureus, and 58.8% for coagulase-negative staphylococci, accompanied by reductions in
milk somatic-cell and NAGase indices [53].

Collectively, these studies indicate that disease protection by LAB is expressed through different
endpoints across host species, including reduced pathogen burden, diarrhea, tissue injury, barrier disruption,
and excessive inflammatory responses. Importantly, the magnitude and nature of protection are strain-,
pathogen-, and host-dependent, and improvement in one disease-related endpoint does not necessarily
imply broader enhancement of immunity or productivity.

5. Challenges in Practical Implementation

In the practical application of LAB, a series of challenges remain, primarily involving strain selection
and application methods (Figure 3).
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Figure 3. Practical challenges limiting the effective application of LAB probiotics in livestock and poultry.

5.1. Strain Selection

As discussed in Section 3.3, LAB functionality is highly strain-specific and is further influenced by
host diet, resident microbiota, rearing conditions, and other environmental factors [113—115]. This
variability complicates the identification of strains with reproducible efficacy across production systems.
Therefore, practical strain selection should move beyond species-level taxonomy or isolated in vitro traits
toward an integrated, mechanism-guided framework.

A practical mechanism-guided selection strategy should integrate genomic, metabolic, and host-
response features in a stepwise manner. At the first stage, candidate strains should undergo strain-level
taxonomic confirmation and genomic safety screening to exclude isolates carrying acquired antimicrobial-
resistance genes, virulence-associated determinants, or potentially transferable mobile genetic elements
[116]. Among strains that pass this safety screen, functional genomic features related to gastrointestinal
survival and host interaction—including genes involved in acid and bile tolerance, mucus adhesion,
carbohydrate utilization, exopolysaccharide biosynthesis, bacteriocin production, and other defined
probiotic effector functions—can be used to identify candidates with greater functional potential [117].
These genomic predictions should then be verified phenotypically by measuring acid and bile tolerance,
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epithelial adhesion, aggregation, organic-acid production, bacteriocin activity, exopolysaccharide
production, and substrate-utilization capacity [89,108].

The most promising strains should subsequently be evaluated in host-relevant cell models. Practical
readouts may include preservation of epithelial barrier function, such as ZO-1 and occludin expression;
modulation of inflammatory pathways such as NF-xB and MAPK; dendritic-cell activation and expression
of costimulatory molecules; cytokine responses; and, where relevant, APRIL/IgA-associated mucosal
immune pathways. Candidates showing consistent activity across these assays should finally be validated
in the target livestock species using endpoints such as growth performance, pathogen burden, intestinal
morphology, barrier integrity, inflammatory responses, and microbiota/metabolite changes. Thus, strain
selection can be organized as a sequential pipeline of safety exclusion, functional prioritization, mechanistic
host-cell validation, and target-animal confirmation, rather than relying on a single in vitro probiotic trait.

5.2. Application Methods

Practical deployment of LAB probiotics in animal production hinges on the route and formulation used
to deliver viable microbes to the gastrointestinal tract, with each strategy presenting distinct operational
considerations.

The most common approach in commercial systems remains dietary inclusion—either through direct
mixing into feed or coating onto pellets—enabling large-scale delivery during routine feeding, although
thermal and mechanical stress during pelleting can substantially reduce bacterial viability, especially for
non-spore-forming strains, thereby limiting functional efficacy unless protective formulations are employed
(e.g., spray-coating technologies) to enhance survival through feed processing and storage [118].

Drinking water supplementation represents an alternative that can ensure more uniform intake and has
been shown in broiler studies to improve performance and immunological indices compared with feed
delivery [119]. However, this route can be constrained by water quality, chlorine content, and variable
individual consumption patterns under field conditions.

Beyond feed and water, microencapsulation and targeted delivery technologies—such as alginate or
chitosan beads and other protective matrices—have emerged to shield LAB from gastric acidity and
improve colonization, yet these approaches introduce additional costs and formulation complexity that must
be balanced against scalability for routine use [120].

Collectively, while multiple administration routes can effectively introduce LAB probiotics into
livestock and poultry, each method demands tailored strategies to preserve microbial viability, achieve
reliable host colonization, and align with the operational realities of large-scale production systems.

5.3. Safety Considerations

Although many LAB have a long history of use as probiotics, their safety should be evaluated at the
strain level rather than inferred solely from species identity. A primary concern is the presence and potential
transferability of antimicrobial-resistance determinants. Whole-genome sequencing can be used to identify
acquired resistance genes, virulence-associated determinants, and mobile genetic elements, whereas
phenotypic antimicrobial susceptibility testing remains necessary to confirm that predicted resistance traits
are functionally expressed [116,117]. Particular attention should be paid to resistance genes located on
plasmids, transposons, or other mobile elements because of their potential horizontal transfer to commensal
or pathogenic bacteria.

Safety evaluation should also include phenotypic traits that cannot be fully inferred from genome
sequence alone. Candidate LAB strains should be assessed for hemolytic or cytotoxic activity, production
of undesirable metabolites such as biogenic amines or excessive D-lactate, and the absence of other strain-
specific traits that may adversely affect host health. This is especially important for taxa that contain
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opportunistic pathogens, such as some Enterococcus strains, for which probiotic functionality and safety
must be demonstrated independently at the strain level. In vivo tolerance studies should further confirm that
the proposed dose and administration period do not induce adverse clinical, inflammatory, or metabolic
responses in the target livestock or poultry species.

Finally, safety assessment should extend beyond the individual animal to consider microbial
persistence, environmental dissemination, and the potential transfer of antimicrobial-resistance
determinants within farm ecosystems. Therefore, a comprehensive safety framework for LAB application
should integrate genomic screening, phenotypic safety testing, host-specific in vivo evaluation, and post-
application monitoring. Such an approach is essential to ensure that strains selected for immunomodulatory
or production benefits do not introduce unintended risks to animal health, microbial ecology, or
antimicrobial-resistance control.

6. Conclusions, Limitations, and Recommendations

This review summarizes the current understanding of how LAB regulate immune function in livestock
and poultry through multiple interconnected mechanisms. LAB can directly interact with host pattern-
recognition receptors, including TLRs, NOD-like receptors, and other sensing systems, through cell wall
components, surface molecules, and secreted factors, thereby modulating epithelial and immune cell
responses. LAB also influence intestinal immune homeostasis indirectly by reshaping the gut microbiota
and regulating microbial metabolites, including SCFAs and bile acid derivatives, which can further affect
epithelial integrity, inflammatory signaling, and systemic immune responses. Representative mechanisms,
such as the LAB-EGFR/AKT—-APRIL-IgA axis, further illustrate how specific LAB-derived factors can
connect microbial signals with mucosal immune regulation. Importantly, these effects are highly strain-
and context-dependent and cannot be generalized across LAB strains, hosts, diets, or production conditions.
Current evidence is also limited by substantial heterogeneity among experimental systems, incomplete
mechanistic validation in target livestock species, insufficient causal evidence linking microbiota or
metabolites to immune outcomes, and limited large-scale commercial validation.

Future research should move beyond descriptive assessments toward mechanism-driven, strain-
specific, and standardized evaluation of LAB. Integrating strain-level genomic, transcriptomic,
metabolomic, and phenotypic data with host immune and microbiome profiling will be important for
identifying functional determinants and distinguishing association from causation. In parallel, microbiome-
guided precision nutrition may enable LAB interventions to be tailored to host physiological status, diet,
and baseline microbial communities. Advances in multi-omics and computational modelling could further
support the identification of predictive biomarkers and the rational selection of strain—diet—dose
combinations. Together, these approaches may facilitate more precise, reproducible, and biologically
informed application of LAB in livestock and poultry production.
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