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The extensive use of antimicrobial growth promoters (AGPs) in livestock

has raised global concerns due to increasing antimicrobial resistance (AMR)

among pathogenic microbes. This review examines probiotics as a sustainable

alternative to AGPs, o�ering a safer approach for promoting animal growth

and health. Probiotics enhance animal productivity and immunity by producing

antimicrobial compounds and competing with pathogens for nutrients. In

addition, probiotics strengthen the gut barrier andmodulate the gutmicrobiome,

facilitating beneficial bacterial growth while suppressing pathogenic species.

Studies demonstrate the e�cacy of probiotic strains of genera Lactobacillus

and Bifidobacterium in inhibiting pathogens such as Clostridium perfringens

and Salmonella in livestock. This comprehensive evaluation highlights probiotics’

potential to advance sustainable livestock practices, reduce reliance on

antibiotics, and mitigate AMR risks, underscoring the need for further research

and regulatory considerations for their use in animal husbandry.

KEYWORDS

antimicrobial growth promoters, probiotics, antimicrobial resistance, gut microbiome
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1 Introduction

The use of antimicrobial growth promoters (AGPs) has significantly increased

following the emergence of various livestock diseases. Despite global efforts to curtail their

usage, projections estimate an 8% rise in AGP use between 2020 and 2030 (Mulchandani

et al., 2023).While AGPs have been effective in improving livestock production and profits,

their overuse has raised alarming concerns about antimicrobial resistance (AMR).1 AMR

occurs when pathogenic microbes, frequently exposed to antibiotics, develop resistance

mechanisms that render these treatments ineffective. This resistance arises through genetic

mutations or horizontal gene transfer, altering microbial gene expression and metabolic

pathways. These changes often result in the production of altered proteins and other

adaptations, making the pathogens increasingly difficult to combat.

1 https://www.avma.org/resources-tools/one-health/antimicrobial-use-and-antimicrobial-

resistance/antimicrobial-resistant-pathogens-a�ecting-animal-health
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In livestock, several microbes are implicated in AMR, including

Moraxella bovis, Moraxella bovoculi, Mannheimia haemolytica,

Pasteurella multocida, and Histophilus somni. These pathogens

cause significant diseases in cattle, such as infectious bovine

keratoconjunctivitis (IBK), bovine respiratory disease (BRD), and

thromboembolic meningoencephalitis (TEME), each leading to

substantial economic losses. IBK, caused by Moraxella species,

results in painful eye conditions, corneal ulcers, and blindness,

affecting animal welfare and productivity. BRD, caused by

Mannheimia haemolytica and Pasteurella multocida, leads to

pneumonia, reduced feed intake, and weight loss. TEME, associated

withHistophilus somni, presents with neurological symptoms, fever,

and sudden death. These diseases not only compromise animal

health but also inflate costs due to treatments and decreased

productivity in terms of growth and milk yield. To address

AMR and improve livestock health, a comprehensive strategy is

essential (Rodrigues et al., 2021). While AGPs have historically

played a pivotal role, their scrutiny has grown due to their

contribution to resistance development. AGPs (Patyra andKwiatek,

2023), derived from natural, semi-synthetic, or synthetic sources

possess antimicrobial properties that suppress microbial growth

and enhance livestock productivity by improving feed efficiency

and overall health (Hosain et al., 2021). Their introduction dates

back to the 1940s when trials revealed that fermentation by-

products of tetracycline production promoted rapid growth in

chickens (Stokstad et al., 1949). Initially, this effect was attributed

to vitamin B12, but later studies confirmed residual tetracycline

as the primary growth-enhancing agent. Since then, AGPs have

been integral to industrialized animal husbandry. However, their

widespread availability without prescription has exacerbated their

overuse, highlighting the urgent need for alternative strategies to

ensure sustainable livestock management.

Probiotics have emerged as a safer and effective alternative

to antibiotics, offering benefits beyond pathogen control. Unlike

antibiotics, probiotics promote health by enhancing gut microbiota

composition and function, reducing infection risks, and supporting

overall wellbeing. The concept of probiotics is ancient, with early

applications in fermented foods such as sour milk and soy sauce

dating back to 3000–4000 BC. Modern understanding of probiotics

began in 1892 when Doderlein identified their beneficial properties,

leading to extensive research into probiotic strains (Schmerold

et al., 2023). Probiotics function through two primary mechanisms:

bactericidal and bacteriostatic actions. Bactericidal mechanisms

involve the direct killing of pathogens via antimicrobial compounds

such as bacteriocins, hydrogen peroxide, and organic acids that

disrupt bacterial cell membranes. Bacteriostatic activity inhibits

pathogen growth by competing for essential nutrients, occupying

adhesion sites, and altering environmental factors such as pH to

create unfavorable conditions for pathogens (Nataraj andMallappa,

2021). These mechanisms enable probiotics to effectively reduce

pathogenic bacteria populations and prevent infections in livestock.

In addition, probiotics enhance the physiological composition

and activity of gut bacteria, aiding digestion, nutrient absorption,

and immune modulation (Anjana and Tiwari, 2022). They increase

the bioavailability of critical nutrients such as short-chain fatty

acids (SCFAs), peptides, and vitamins, while stimulating anti-

inflammatory and immune responses. Probiotics also mitigate

food intolerances, improve feed conversion rates, and bolster

the resilience of livestock against environmental and pathogenic

stresses (Redweik et al., 2020). The integration of probiotics

into livestock management aligns with the growing demand for

sustainable and safe farming practices. By reducing dependency

on antibiotics, probiotics not only address AMR but also support

animal welfare and productivity. However, their implementation

requires careful selection of strains, dose optimization, and

monitoring to ensure efficacy and safety.

In this review, we will discuss the role of probiotics as

alternatives to antimicrobial growth promoters in livestock,

highlighting their mechanisms, benefits, and limitations.

Each section provides a focused analysis: The introduction

discusses current challenges, and subsequent sections explore

probiotics’ mechanisms such as direct antagonism and gut

modulation, followed by a detailed assessment of targeted

pathogens, and conclude with implications for animal growth and

regulatory considerations.

2 Mechanisms of antimicrobial action
by probiotics

Probiotics, particularly strains of Lactobacillus and other

beneficial microorganisms, exert a range of antimicrobial

actions that contribute to the health and wellbeing of animals.

These mechanisms include competitive exclusion of pathogens,

production of antimicrobial compounds such as bacteriocins2

and organic acids, disruption of biofilms, and modulation of the

gut microbiota (Table 1). By enhancing the gut barrier function

and stimulating immune responses, probiotics not only help in

preventing infections but also promote overall animal growth

and productivity. Understanding these mechanisms is crucial for

optimizing the use of probiotics as a safe and effective alternative to

traditional antimicrobial growth promoters in animal husbandry

(Santacroce et al., 2019; Anjana and Tiwari, 2022; Nataraj and

Mallappa, 2021).

2.1 Direct antagonism

2.1.1 Competition for nutrients and adhesion
sites

In animals, competition among probiotic strains for nutrients

and adhesion sites plays a critical role in the inhibition of

pathogenic mechanisms. Probiotics act as biological antagonists,

vying for the same essential nutrients required by pathogens for

growth and colonization. This competition disrupts the nutrient

availability for harmful bacteria, impairing their ability to establish

infections. In the gut, the interplay between probiotics, pathogens,

and commensal microbes is a pivotal determinant of microbial

dynamics. Clostridium difficile, a known pathogen, relies on simple

sugars as a primary energy source for proliferation. However,

probiotic bacteria demonstrate superior efficiency in fermenting

key sugars such as sialic acid, glucose, and N-acetylglucosamine

within the colon. This metabolic advantage of probiotics suppresses

the growth and colonization of C. difficile, thereby mitigating

2 https://www.scielo.br/j/cta/a/nnxxYP5VT9C8CyTqCFcWJym/
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TABLE 1 Antimicrobial mechanisms of probiotics in animal health (Che et al., 2017; Elmi et al., 2020; Ramlucken et al., 2020; Zhang et al., 2021; Kalia et al., 2022; Wu et al., 2022a,b; Patyra and Kwiatek, 2023).

Mechanism Probiotic
strain(s)

Action type Target
pathogen(s)

Biological
compounds
involved

Mode of action E�ect on gut
microbiota

E�cacy indicators

Competition for

nutrients and

adhesion sites

Lactobacillus spp.,

Bifidobacterium spp.

Bacteriostatic Clostridium difficile,

Salmonella, E. coli

Adhesion proteins, surface

polysaccharides

Probiotics outcompete

pathogens for nutrients and

binding sites on intestinal

epithelium

Enhances growth of beneficial

bacteria, suppresses

pathogens

Reduced pathogen load,

increased microbial diversity

Production of

antimicrobial

compounds

Lactobacillus

plantarum,

Lactobacillus

rhamnosus

Bactericidal/

Bacteriostatic

Clostridium

perfringens, Listeria

monocytogenes

Bacteriocins, lactic acid,

hydrogen peroxide

Probiotics produce

antimicrobial substances that

inhibit pathogen growth and

disrupt cell walls

Promotes dominance of

probiotic strains over

pathogens

Zone of inhibition in

microbiological assays,

reduced infection rates

pH reduction

(organic acid

production)

Lactobacillus

acidophilus,

Propionibacterium

freudenreichii

Bactericidal/

Bacteriostatic

Escherichia coli,

Salmonella

Lactic acid, acetic acid,

propionic acid

Organic acids lower pH,

making the gut environment

unfavorable for pathogens

Alters gut pH, supports

beneficial bacteria like

Bifidobacterium

Reduction in pathogen

colonization, increased SCFA

production

Hydrogen peroxide

production

Lactobacillus

bulgaricus,

Lactobacillus lactis

Bactericidal Salmonella, E. coli Hydrogen peroxide (H2O2) Hydrogen peroxide disrupts

cellular components of

pathogens, causing oxidative

damage

Minimal impact on beneficial

bacteria, selective pathogen

targeting

Increased pathogen clearance,

reduced inflammation

Biofilm disruption Bacillus subtilis,

Lactobacillus casei

Bacteriostatic/

Bactericidal

Staphylococcus

aureus, E. coli

Exopolysaccharides, proteases Probiotics degrade biofilms

produced by pathogens,

reducing their virulence and

adhesion

Enhances biofilm formation

by probiotics, suppresses

pathogenic biofilms

Reduced biofilm formation,

increased pathogen sensitivity

Quorum sensing

inhibition

Lactobacillus

acidophilus,

Lactobacillus

fermentum

Bacteriostatic Pseudomonas

aeruginosa, Vibrio

cholerae

Exopolysaccharides,

diketopiperazines (DKPs)

Inhibits quorum sensing

pathways, preventing biofilm

formation and virulence

factor production

Fosters growth of

non-pathogenic strains,

suppresses pathogenic gene

expression

Reduced virulence gene

expression, decreased

pathogen colonization

Modulation of gut

barrier function

Lactobacillus

rhamnosus,

Lactobacillus

plantarum

Protective Clostridium difficile,

Salmonella

Mucins, tight junction

proteins (occludin, ZO-1)

Strengthens intestinal

epithelial tight junctions,

improving gut barrier

function

Strengthens gut epithelial

barrier, increases beneficial

microbe adherence

Increased tight junction

expression, improved gut

barrier integrity

Immune system

modulation

Bifidobacterium

longum,

Lactobacillus casei

Immunomodulatory Salmonella,

Escherichia coli

Cytokines, immunoglobulins

(IgA, IgM)

Modulates immune

responses, enhances

production of protective

antibodies and cytokines

Promotes a balanced immune

response, enhances defense

against pathogens

Increased IgA and IgM

production, improved

immune response

Cross-feeding of

nutrients

Bifidobacterium

adolescentis,

Bifidobacterium

longum

Growth supportive Firmicutes,

Bacteroides

Acetate, lactate, soluble

oligosaccharides

Probiotics provide essential

nutrients for other beneficial

bacteria, promoting gut

ecosystem stability

Supports beneficial

microbiota, such as

Butyrivibrio and Roseburia

Increased microbial diversity,

enhanced SCFA production
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its pathogenic effects (Huang et al., 2019). This nutrient-driven

competitive exclusion highlights a critical mechanism by which

probiotics contribute to gut health and disease prevention

in animals.

Probiotics in animals enhance their beneficial actions by

competing for adhesion sites in the gastrointestinal (GI) tract. One

hypothesis suggests that bacterial adherence to gut epithelial cells

involves targeted interactions between bacterial surface molecules

and specific receptors on these cells. This binding process may

incorporate electrostatic and hydrophobic mechanisms, facilitated

by fatty acids such as lipoic acid and unique biomolecules such

as polysaccharides and lectins. Probiotics directly communicate

with epithelial surfaces via elements such as DNA, lipoic acid,

complex polymers, and polysaccharides. Notably, specific cell

surface proteins play a critical role in augmenting bacterial

adhesion, enabling their anchoring to the mucous layer (Aleman

and Yadav, 2023). For instance, proteomic analysis of Lactobacillus

pentosus strains with potential probiotic applications has revealed

that the cell wall proteome contains multifunctional proteins.

The abundance of these proteins correlates with the strain’s

unique capacity for mucus adhesion. Adaptation to the GI tract

environment further enhances probiotic efficacy. For example,

the presence of bile signals bacterial entry into the gut,

triggering a reorganization of the bacterial surface proteome. This

adaptive response enhances adherence capabilities in the bile-

rich environment. Specifically, in Lactobacillus rhamnosus GG,

exposure to bile stress increased the abundance of surface-exposed

Clp proteins, the chaperone protein DnaK, and enzymes involved

in sugar metabolism, collectively improving its adhesion and

survival within the GI tract (Lu et al., 2022).

2.1.2 Production of antimicrobial compounds
2.1.2.1 Bacteriocins

Bacteriocins are antimicrobial peptides synthesized by bacterial

ribosomes, exerting either bactericidal (killing) or bacteriostatic

(growth-inhibiting) effects on pathogens. These peptides can be

produced by both Gram-positive and Gram-negative bacteria

(Siciliano et al., 2019). Due to their susceptibility to gastrointestinal

proteases, bacteriocins typically have limited activity in the

digestive system, yet they effectively combat foodborne infections.

Their narrow spectrum allows them to target pathogens resistant

to common antibiotics, offering an advantage over traditional

antimicrobial treatments. Bacteriocins work by interacting with

lipid II, a component involved in peptidoglycan synthesis in

Gram-positive bacteria, disrupting the plasma membrane to form

pores. In Gram-negative bacteria, bacteriocins target DNA or RNA

synthesis by penetrating the cell through specific transport proteins.

Some bacteriocins, such as LAPs, thiopeptides, and bottromycins,

inhibit protein translation by binding to ribosomal components

like the elongation factor Tu or aspartyl-tRNA synthetase. In

addition, bacteriocins participate in quorum sensing, enhancing

their own production and promoting other bacterial species to

produce similar peptides, which helps outcompete pathogens

by depleting available nutrients and binding sites (Darbandi

et al., 2022). Probiotic bacteria that produce bacteriocins offer

an effective strategy for pathogen reduction in animals. For

instance, Lactobacillus plantarum produces plantaricin, which

targets Salmonella and Escherichia coli in poultry, improving gut

health and reducing pathogens (Wang et al., 2018). Similarly,

Lactobacillus reuteri produces reuterin, inhibiting Staphylococcus

aureus in swine (Yehia et al., 2022), while Enterococcus faecium

produces enterocin, effective against E. coli in piglets, reducing

diarrhea and enhancing growth (Ben Braïek and Smaoui, 2019).

In addition, Pediococcus acidilactici produces pediocin, which

targets Listeria monocytogenes in ruminants, reducing foodborne

infection risks. Bacillus subtilis produces subtilin, effective against

Staphylococcus aureus in cattle, reducing mastitis (Teng et al.,

2023). Bacillus thuringiensisDPC6431 produces thuricin CD, which

eliminates C. difficile isolates in a distal colon model, while

preserving commensal microbiota. Bacteriocin-producing lactic

acid bacteria (LAB) also show effectiveness against pathogens such

as Listeria monocytogenes and enterococci in the intestines. For

example, Pediococcus acidilactici UL5 produces pediocin PA-1,

demonstrating anti-listerial properties in a mouse model without

disrupting natural microbiota (Teng et al., 2023).

2.1.2.2 Organic acids

Probiotic strains such as Acetobacter aceti, Lactobacillus spp.,

and Propionibacterium spp. produce organic acids such as acetic,

lactic, and propionic acids (Anjana and Tiwari, 2022). These

organic acids, including short-chain fatty acids (SCFAs), play a

crucial role in inhibiting the growth of bacteria and fungi. Acetic

acid, at a concentration of 0.2%, can inhibit bacterial growth,

particularly at pH levels below 4.5, and is effective against Gram-

negative bacteria. Propionic acid, at concentrations of 0.1% to

0.2% and pH 5.0, demonstrates strong antifungal and antibacterial

properties, particularly against Gram-negative bacteria and molds.

Lactic acid, in concentrations ranging from 1% to 2% and pH above

5, exhibits antibacterial effects, inhibiting both Gram-positive and

Gram-negative bacteria, with bactericidal effects onGram negatives

at lower pH. These acids act through a combination of dissociated

molecules and undissociated ions, resulting in sublethal damage

and promoting bacterial viability loss (Tang et al., 2023). SCFAs,

produced by the fermentation of non-digestible carbohydrates

(prebiotics), stimulate G-protein-coupled receptors (GPRs) such

as GPR41 and GPR43. These receptors are associated with

several health benefits, including anti-inflammatory, anti-tumor,

and immune-regulating effects, as well as the maintenance of

glucose homeostasis and cardiovascular health (Teneva and Denev,

2023). Various probiotics produce organic acids that benefit animal

health. For example, Lactobacillus acidophilus generates lactic acid,

reducing E. coli and Salmonella in broiler chickens (Elmi et al.,

2020). Propionibacterium freudenreichii generates propionic acid,

inhibiting Staphylococcus aureus in dairy cattle. Bifidobacterium

bifidum produces acetic acid, reducing Salmonella colonization in

pigs (Rabah et al., 2017). Lactobacillus casei produces SCFAs that

reduce E. coli pathogenicity in poultry, while Bacillus coagulans

produces butyric acid, enhancing gut integrity and improving

overall health in broilers (Hou et al., 2023).

2.1.2.3 Hydrogen peroxide

Under anaerobic growth conditions, certain bacteria, such as

L. bulgaricus, Lactobacillus lactis, Lactobacillus acidophilus, and

Lactobacillus johnsonii, can produce hydrogen peroxide (H2O2),

which is released into the surrounding medium. Hydrogen

peroxide’s strong oxidizing properties make it effective against a

Frontiers in Sustainable FoodSystems 04 frontiersin.org

https://doi.org/10.3389/fsufs.2024.1523678
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Sachdeva et al. 10.3389/fsufs.2024.1523678

broad range of microorganisms, including viruses, bacteria, molds,

and bacteriophages. Its antimicrobial action stems from its ability

to disrupt cellular components through oxidation (Vera-Santander

et al., 2023). For example, Lactobacillus johnsonii produces

hydrogen peroxide, inhibiting E. coli growth in piglets and

reducing infection rates (Xin et al., 2020). Lactobacillus fermentum

generates hydrogen peroxide, creating an environment hostile

to Staphylococcus aureus in dairy cows, preventing infections.

Lactobacillus rhamnosus reduces Salmonella populations in poultry

by disrupting their survival mechanisms in the gut (Kunwar, 2024).

2.1.2.4 Other novel metabolites

Probiotic strains also produce other bioactive compounds, such

as proteases and exopolysaccharides (EPS), which contribute to

antimicrobial properties. Bacillus pumilus produces subtilisin and

glutamyl endopeptidase, which effectively degrade biofilms formed

by Serratia marcescens, a common hospital-acquired pathogen.

These bacteria also produce EPS with antioxidant properties,

inhibiting biofilm formation by E. coli and S. aureus (Huang et al.,

2023). Lactobacillus crispatus produces bacteriocin-like inhibitory

substances (BLIS) that suppress Salmonella in chickens (Ben

Braïek and Smaoui, 2019). Bacillus amyloliquefaciens produces

surfactin, which disrupts S. aureus biofilms in dairy cattle,

preventing mastitis. Streptococcus thermophilus produces EPS that

inhibit E. coli adhesion to the gut lining in calves, supporting a

healthy microbiota (Sabino et al., 2023). Lactobacillus paracasei

produces antimicrobial peptides effective against Salmonella in

pigs, controlling bacterial colonization in the intestines (Monteiro

et al., 2019).

2.2 Modulation of gut microbiome

Probiotics can positively influence the gut microbiome in

animals, promoting the growth of beneficial microorganisms while

inhibiting harmful pathogens. The colonization of the intestine

by probiotics, particularly lactic acid bacteria (LAB) such as

Lactobacillus and Bifidobacterium, is critical for their beneficial

effects on animal health. For a probiotic to be effective, it must

successfully adhere to the intestinal mucosa and establish a stable

presence in the gut. A study on Lactobacillus rhamnosus in mice

showed that the number of colonizing strains increased from

the proximal to the distal small intestine, with the duodenum,

jejunum, and ileum having higher colonization compared to

the colon. The intestinal mucus layer, which contains specific

O-glycan structures, acts as a receptor for bacterial adhesion,

facilitating the colonization of probiotics such as Lactobacillus and

Bifidobacterium. Furthermore, adhesion factors such as lipoteichoic

acid, peptidoglycan, and S-layer proteins play a crucial role in this

process, ensuring that probiotics can firmly attach to the gut lining

and resist being flushed out.

Research also highlights the importance of adhesion proteins in

enhancing colonization efficiency. For example, the glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) protein on the surface

of Lactobacillus reuteri ZJ617 significantly boosts the bacteria’s

adhesion ability, compared to low-adhesion strains such as L.

reuteri ZJ615 (Cui et al., 2017). Higher cell membrane permeability

and better adhesion to mucin further improve the bacteria’s

persistence in the intestine. In addition, the formation of probiotic

biofilms provides a protective barrier that not only supports

the long-term presence of beneficial bacteria but also prevents

pathogenic organisms from colonizing the gut. An in vivo study

with Lactobacillus casei LC2W demonstrated its ability to inhibit

the colonization of Escherichia coli O157:H7 in mice, offering

potential for probiotic-based treatments for gut conditions such as

colitis (Wang et al., 2019). Therefore, enhancing the colonization

ability of probiotics through biofilm formation and adhesion

proteins plays a crucial role in maintaining intestinal health and

protecting against pathogenic infections.

Lactobacillus rhamnosus helps maintain a balanced gut flora,

reducing Salmonella colonization in poultry by outcompeting

harmful bacteria for nutrients and space (Villena et al., 2014).

Bifidobacterium longum shifts the gut microbiome toward

beneficial bacteria, inhibiting E. coli in calves and promoting

digestive health. Saccharomyces boulardii modulates the gut

microbiota in piglets, reducing Salmonella colonization and

improving overall gut health. Lactobacillus casei enhances

beneficial microbiota populations in livestock, reducing the risk

of Staphylococcus aureus infections (Monteiro et al., 2019; Abou-

Kassem et al., 2021). Finally, Bacillus subtilis promotes a balanced

microbiome in chickens, decreasing the prevalence of E. coli and

supporting a healthier digestive system (Upadhaya et al., 2019).

A study was conducted by Bagarolli et al. which demonstrated

mice that were fed a diet high in fat experienced notable changes

in their intestinal flora, which were linked to various diseases.

The researchers further discovered that when probiotics were

administered to obese animals, there was an abatement in the

presence of Firmicutes and an rise in Actinobacteria within the

intestinal flora. This finding suggests that the administration of

probiotics can potentially reverse dysbiosis in the intestinal flora

and effectively treat inflammatory responses in mice (Leser and

Baker, 2023).

Another mechanism by which probiotics promote the

development of valuable bacteria is cross-feeding mechanism.

Acetate, lactate, and soluble molecules produced by B. adolescentis

through the breakdown of complex carbohydrates can

potentially be used as a source of nutrition by other bacteria,

especially butyrate-producing species such as Eubacterium

hallii, Anaerostipes caccae, and various Roseburia species. This

phenomenon is further demonstrated by the cross-feeding

interactions observed among different Bifidobacterium species.

For example, B. bifidum is typically unable to break down

plant-derived glycans such as starch or xylan on its own, but

in co-cultures, it can benefit from the simple carbohydrates

produced by the extracellular amylase activity of B. adolescentis.

In addition, when conventional mice were colonized with a

combination of B. adolescentis, B. breve, B. bifidum, and B.

longum subsp. infantis, there was a considerable growth in the

abundance of each Bifidobacterium species in contrast to mice

that were only colonized with one species (Moreno-Muñoz et al.,

2024).

Probiotics can inhibit pathogens in animals through ecological

shifts in the gut microbiota, promoting a healthy microbial balance

that outcompetes harmful pathogens. For instance, Lactobacillus

rhamnosus GG has been shown to effectively inhibit the growth

of Escherichia coli and Salmonella in the intestines of poultry by
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enhancing the gut’s beneficial bacteria while limiting pathogen

colonization. This ecological shift results in a microbiota that

is more resistant to pathogen invasion. Similarly, in swine, the

administration of Bifidobacterium strains has been reported to

reduce the prevalence of Clostridium perfringens, a pathogen

responsible for gastrointestinal disorders in pigs. The introduction

of probiotics such as Lactobacillus acidophilus and Enterococcus

faecium in dairy cows has demonstrated a reduction in the

abundance of E. coli and Salmonella species in the gut, thereby

improving the overall health and productivity of the animals.

These probiotics function by producing antimicrobial substances,

modifying the gut pH, and competing for adhesion sites, thus

limiting pathogen growth. Moreover, Bifidobacterium animalis has

shown potential in reducing pathogen load in calves, illustrating

the broader applicability of probiotics in maintaining gut health

and preventing disease. These studies highlight how probiotics can

induce ecological shifts in the microbiota, reducing pathogen load

and improving animal health.

2.2.1 Inhibiting pathogens through ecological
shifts

Probiotics can inhibit pathogens in animals through ecological

shifts in the gut microbiota, promoting a healthy microbial balance

that outcompetes harmful pathogens. For instance, Lactobacillus

rhamnosus GG has been shown to effectively inhibit the growth

of Escherichia coli and Salmonella in the intestines of poultry by

enhancing the gut’s beneficial bacteria while limiting pathogen

colonization (Kathayat et al., 2022). This ecological shift results

in a microbiota that is more resistant to pathogen invasion.

Similarly, in swine, the administration of Bifidobacterium strains

has been reported to reduce the prevalence of Clostridium

perfringens, a pathogen responsible for gastrointestinal disorders

in pigs (Zhang et al., 2023). The introduction of probiotics such

as Lactobacillus acidophilus and Enterococcus faecium in dairy

cows has demonstrated a reduction in the abundance of E.

coli and Salmonella species in the gut, thereby improving the

overall health and productivity of the animals. These probiotics

function by producing antimicrobial substances, modifying the

gut pH, and competing for adhesion sites, thus limiting pathogen

growth (Monteverde et al., 2017; Smialek et al., 2018). Moreover,

Bifidobacterium animalis has shown potential in reducing pathogen

load in calves, illustrating the broader applicability of probiotics

in maintaining gut health and preventing disease (Du et al.,

2023). These studies highlight how probiotics can induce ecological

shifts in the microbiota, reducing pathogen load and improving

animal health (Kathayat et al., 2022; Du et al., 2023). In addition,

research has demonstrated that the presence of certain substances

produced by specific strains of Lb. acidophilus, such as extracellular

polymeric substances (EPS) and diketopiperazines (DKP), can

decrease the expression of biofilm-related genes in E. coli and

Pseudomonas aeruginosa (Rabetafika et al., 2023).

2.2.2 Strengthening gut barrier function
The intestinal barrier is crucial for maintaining overall

health and mitigating diseases in animals. It serves as a

primary defense mechanism, ensuring intestinal homeostasis by

protecting against physical, chemical, immune, and microbial

threats. Damage or dysfunction in the mucosal layer can

compromise these protective functions. Probiotics have emerged

as a promising solution to enhance mucosal barrier integrity,

reducing the risk of harmful organisms overwhelming the gut

environment. The efficacy of the intestinal barrier relies on

intestinal epithelial cells (IECs) and their intercellular junction

complexes, especially tight junctions (TJs) located on the apical

surface of IECs. Probiotics influence the activation of genes and

proteins involved in TJ signaling andmodulate the balance between

cell death (apoptosis) and cell growth (proliferation) of IECs.

For example, Lactobacillus acidophilus has demonstrated strain-

specific capabilities to improve TJ barrier performance rapidly by

forming heterodimeric complexes of Toll-like receptor-2 (TLR-2),

specifically TLR-2/TLR-1 and TLR-2/TLR-6. This mechanism helps

protect against intestinal inflammation (Gou et al., 2022).

In animals, Lactobacillus plantarum has been shown to enhance

the intestinal barrier in pigs, preventing E. coli translocation and

supporting gut health. Lactobacillus rhamnosus increases mucus

production in poultry, thereby protecting against Salmonella

invasion and strengthening gut defense (Sabino et al., 2023). In

calves, Bifidobacterium lactis strengthens the epithelial barrier,

reducing susceptibility to Staphylococcus aureus infections and

promoting overall gut health (Chuang et al., 2022). Similarly,

Saccharomyces cerevisiae improves TJ integrity in livestock, limiting

E. coli infection by reducing gut permeability (Che et al., 2017).

Lactobacillus fermentum enhances the immune response and gut

lining resilience, reducing Salmonella infections in broiler chickens

and promoting overall gut health (Kalia et al., 2022).

Goblet cells within the intestinal epithelium play a pivotal role

in secreting a protective mucus layer composed mainly of mucins,

large glycoproteins. This mucus facilitates nutrient absorption,

provides attachment points for beneficial bacteria, and forms

a barrier against invading microbes (Wu et al., 2022a,b). For

instance, Lactobacillus plantarum 12 enhances the chemical barrier

of the intestinal mucosa by increasing mucin2 (MUC-2) levels,

while certain strains release short-chain fatty acids (SCFAs), which

upregulate MUC-2 mRNA expression in cells (Wu et al., 2022a,b).

Extensive evidence underscores the critical role of probiotics

in enhancing intestinal function through diverse and well-

documented mechanisms. Probiotic bacteria maintain paracellular

permeability, fortify the physical mucous layer, stimulate immune

system responses, and modulate the composition and activity

of resident microbiota, all contributing to optimal intestinal

homeostasis (Boirivant and Strober, 2007). These effects have been

thoroughly examined in humans, pigs, and chickens, highlighting

the central role of probiotic–epithelial barrier interactions in

achieving intestinal equilibrium (Cisek and Binek, 2014; Gresse

et al., 2017). Lactobacillus spp., a predominant genus in the

gastrointestinal tract of humans and animals, has emerged as a

cornerstone in probiotic research due to its strain-specific benefits.

Studies on strains such as Lactobacillus plantarumMB452, L. casei,

L. rhamnosus GG, and L. reuteri I5007 reveal their capacity to

influence transepithelial electrical resistance (TER) and epithelial

permeability. They also modulate the expression and localization

of tight junction (TJ) proteins, directly enhancing intestinal barrier

integrity (Patel et al., 2012; Yang et al., 2015).

The immunomodulatory effects of Lactobacillus spp. are

equally compelling. For example, Lactobacillus GG and L.

rhamnosus CRL1505 promote anti-inflammatory cytokines such
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as IL-10 and IFN-γ, while strains such as L. reuteri LR1 and L.

plantarum 2142 suppress proinflammatory cytokines, including

IL-6, IL-8, and TNF-α (Villena et al., 2014; Wang et al., 2016).

These actions reduce systemic inflammation and support immune

resilience. In addition, L. reuteri I5007 and L. plantarum DSMZ

12028 can stimulate the synthesis of antimicrobial peptides by the

intestinal epithelium, enhancing host defenses against pathogens

(Liu et al., 2017). The ability of Lactobacillus strains to influence

resident microbiota is another key factor in their health-promoting

effects. Strains such as L. salivarius UCC118 and L. acidophilus

significantly alter the composition and activity of gut microbiota,

fostering an environment conducive to intestinal health (Li et al.,

2017).

3 Spectrum of targeted pathogens

3.1 Gram-positive pathogens

3.1.1 Clostridium perfringens
The data from the Center for Disease Control and Prevention

(CDC)3 ,4 ,5 indicate that Clostridium perfringens is a common

etiological agent of foodborne diseases, responsible for an estimated

1 million cases annually in the United States (Jiang et al.,

2022). C. perfringens exhibits the capacity to form spores,

subsequently transitioning into metabolically active bacterial

forms that proliferate within contaminated food substrates.

Upon ingestion of food contaminated with C. perfringens, the

bacterium has the capability to produce a toxin, thereby inducing

diarrheal symptoms. Predominantly, individuals afflicted with

C. perfringens-related food poisoning manifest symptoms of

diarrhea and abdominal discomfort, devoid of emesis (Lone

et al., 2021). The onset of symptoms typically occurs within

a timeframe spanning from 6 to 24 h post-ingestion of the

bacteria. The onset of symptoms is characterized by an acute

commencement, typically subsiding within duration of <24 h

(CDC). Different strains of Bifidobacterium and Lactobacillus have

demonstrated effectiveness in inhibiting Clostridium perfringens

growth through several mechanisms (Ramlucken et al., 2020).

Notably, Lactobacillus plantarum strain ATCC 8014 is highly

effective against C. perfringens and other pathogenic Clostridium

species by producing lactic acid, lowering the environmental pH,

generating bacteriocins, and competing for nutrients and adhesion

sites, thereby disrupting the pathogen’s ability to proliferate and

form biofilms (He et al., 2024). Table 2 illustrates various probiotic

strains and how they counter the growth of Clostridium perfringens

which is validated by diameter of zone of inhibition. More the ZOI,

more effective will be that prebiotic strain against C. perfringens.

3.1.2 Staphylococcus aureus
Staphylococcus aureus is considered a part of normal flora

but can cause opportunistic infection which can be considered

fatal such as bacteremia or sepsis, endocarditis (heart valves

got infected), osteomyelitis (infection in bones), and pneumonia.

3 https://www.cdc.gov/ecoli/general/index.html

4 https://www.cdc.gov/foodsafety/diseases/clostridium-perfringens.html

5 https://www.cdc.gov/hai/organisms/staph.html

Also due to its multidrug resistance, it is mandate to use

other sources as prophylaxis than antibiotics (CDC), and one

of them can be intake of probiotics. Several strains are able

to counter the infection of S. aureus, such as Enterococcus

durans LAB38, Bacillus, Lactobacillus acidophilus CL1285, and

Lactobacillus casei LBC80R. The mechanism of action involved,

formation of metabolites (SCFA, ethanol, CO2, sorbic acids),

biosurfactants, exopolysaccharides, production of antimicrobial

peptides, alteration of the gut microbiota, etc. (Figure 1). Along

with these they are induce competition for binding sites, nutritional

requirements, inhibition of quorum sensing, reduction in virulence

factors formed by S. aureus, bactericidal action by bacteriocins

(Nataraj and Mallappa, 2021; Jain et al., 2023).

3.2 Gram-negative pathogens

3.2.1 Escherichia coli
Escherichia coli (E. coli) bacteria typically inhabit in the GI tract

(animals and humans), primarily the intestines. While the larger

proportion of E. coli strains are benign, contributing to the normal

functioning of the animals intestinal flora, certain strains possess

pathogenic attributes, capable of inducing illness, manifesting

as either diarrheal or extraintestinal afflictions. Transmission of

diarrheagenic E. coli strains, which encompass six pathotypes

associated with diarrheal conditions, occurs through various

avenues including intake of water or food that is contaminated, as

well as direct contact with infected animals or individuals (CDC).

Infection with E. coli has the potential to compromise the

structural integrity of the intestinal tract, resulting in significant

impairment of its physiological function. This disturbance extends

to the perturbation of the intestinal microbiota equilibrium,

consequently precipitating a reduction in immune competence

(Braz et al., 2020). Several investigations have suggested that the

administration of probiotics can enhance the immune response

in calves, as evidenced by heightened serum IgG levels (Smialek

et al., 2018). Furthermore, additional research has demonstrated

that probiotic supplementation correlates with a decrease in the

incidence of calf diarrhea and an elevation in IgM levels by the

14th day, accompanied by increased concentrations of serum IgA,

IgM, and IgG by the 28th day (Wu et al., 2022a,b). Moreover,

they illustrated that the addition of probiotics (L. acidophilus

3 × 109 CFU/g, B. subtilis 3 × 109 CFU/g, and S. cerevisiae

1 × 109 CFU/g) resulted in enhancements in both the growth

metrics and immune reactivity of calves. In line with these

observations, our investigation revealed that the concentration of

gut secretory immunoglobulin A (SIgA) in jejunum of the calves

in the probiotic-supplemented group exhibited a notable increase,

reaching 86.48µg/g (Karamzadeh-Dehaghani et al., 2021).

3.2.2 Salmonella
The transmission of Salmonella typhimurium infection through

food continues to be a major public health issue, posing a

significant threat even in developed countries (Won and Lee,

2017). Probiotics show promise in the prevention and treatment of

Salmonella infections. As an example, studies have demonstrated

significant decreases in the growth of S. typhimurium, as well
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TABLE 2 Diameter of zone of inhibition produced by various probiotic strains against Clostridium perfringens based on the agar spot test (Monteiro

et al., 2019).

Probiotic strain Probiotic concentration
(CFU/mL)

Zone of inhibition
(mm ± SD)

Specific conditions

Bifidobacterium animalis 56.1 1× 109 0 No inhibition observed under standard anaerobic

incubation at 37◦C for 24 h.

Bifidobacterium bifidum 14.2 1× 108 11± 1.7 Incubation in MRS broth at pH 6.5, anaerobic at 37◦C

for 24 h.

Bifidobacterium longum ATCC 15707 1× 108 11± 1.4 Cultured anaerobically in MRS broth, 37◦C, pH 6.5 for

24 h.

Bifidobacterium longum 49.3 1× 109 10± 0.7 Cultured in anaerobic conditions at 37◦C in standard

MRS media.

Lactobacillus brevis ATCC 367 1× 109 0 No inhibition under anaerobic incubation at 37◦C, pH

6.0 for 24 h.

Lactobacillus delbrueckii ATCC 9649 1× 108 12± 2.4 Incubated anaerobically at 37◦C, pH 6.5 in MRS media

for 48 h.

Lactobacillus fermentum ATCC 23271 1× 108 10± 0.6 Cultured anaerobically at 37◦C in MRS broth, pH 6.5

for 24 h.

Lactobacillus fermentum 54.2 1× 109 10± 0.0 Incubation at 37◦C, anaerobic conditions in MRS

broth, 24-h duration.

Lactobacillus paracasei ATCC 335 1× 108 11± 0.4 Incubated anaerobically at 37◦C, pH 6.5 for 24 h in

MRS media.

Lactobacillus plantarum ATCC 8014 1× 108 13± 0.6 Anaerobic incubation in MRS broth at 37◦C, pH 6.0,

for 48 h.

Lactobacillus rhamnosus ATCC 9595 1× 109 0 No antagonistic activity under anaerobic conditions,

37◦C incubation for 24 h.

Lactobacillus rhamnosus GG ATCC 53103 1× 108 0 No inhibition observed in MRS broth at 37◦C,

anaerobic, for 24 h.

FIGURE 1

This diagram shows how a generalized probiotic can a�ect S. aureus by interfering in biofilm production, quorum sensing, and others.

as reduced colonization and severity of disease in mice, when

they were exposed to both live and pasteurized Akkermansia

muciniphila. Research into the host response to live and pasteurized

A.muciniphila has uncovered specific pathways linked to protective

effects. Research suggests that the presence of live A. muciniphila

in the gut can potentially improve the integrity of the gut barrier.

However, when A. muciniphila is pasteurized, it may have the

opposite effect by triggering inflammasome activation and the
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production of cytokines. This can potentially lead to apoptosis and

hinder the replication of pathogens.

The mucin layer, which is continuously renewed by goblet

cells, is composed of heavily glycosylated and protein-bound

molecules. This results in a compact hydrogel that provides a

protective barrier for the intestinal epithelium against the presence

of native microorganisms. Enhancing the mucin layer may impede

bacterial movement and confine them within the mucus matrix.

Past studies indicate that expediting the removal of mucin can help

in effectively clearing out bacteria during an infection. Research

has demonstrated that A. muciniphila can improve the integrity

of the gut barrier and increase mucin secretion by goblet cells in

conditions such asmetabolic disorders or colitis induced by dextran

sodium sulfate (DSS). Mice treated with AKK showed heightened

expression of Mucin 2 and other tight junction proteins both

prior to and following infection. Host cells generate antimicrobial

peptides (AMPs), such as RegIII lectins, that serve as natural

immune agents in identifying and eradicating harmful bacteria.

RegIII lectins have the ability to bind to specific sugars found

in Mucin 2. This binding helps to enhance the attachment of

harmful lipopolysaccharides and strengthen the protective function

of the mucus layer. As a result, they play a crucial role in

fighting against bacteria. In addition, the gut microbiota’s increased

production of short-chain fatty acids (SCFAs) is likely to play a

role in preventing colonization. SCFAs have the ability to hinder

the growth of harmful pathogens by affecting intracellular pH,

reducing the expression of virulence genes, and boosting the ability

of macrophages to engulf and destroy them. AKK and pAKK

treatment resulted in a notable increase in SCFA production,

specifically acetate and propionate, both prior to and following

infection. In addition, the AKK group showed an enrichment

of Bifidobacteriaceae and Bacteroidetes both before and after

antibiotic treatment. This aligns with previous research that has

connected traditional probiotics, such as Bifidobacterium, to an

increase in the production of short-chain fatty acids (SCFAs). In

addition, the presence of certain microbial species has been shown

to play a significant role in protecting against S. typhimurium

infection by producing high levels of propionate. Therefore, it is

possible that A. muciniphila supports host defense through similar

mechanisms. The gut microbiota composition was influenced by

the administration of both live and pasteurized A. muciniphila (Liu

et al., 2023). Figure 2 illustrates the intricate action mechanism of

probiotics in countering Salmonella sp. multiplication, elucidating

both bactericidal and bacteriostatic effects. The flow chart offers

a comprehensive visualization of probiotic intervention against

Salmonella proliferation.

3.3 Others

Probiotics can show repertoire effects on pathogenic bacteria

leading to inhibit spreading of infection or inhibition in even entry

of the same. Some disease causing bacteria such as Helicobacter

pylori, enterohemorrhagic Escherichia coli (EHEC), Shigella species,

Salmonella species, and Campylobacter species can be encountered

effectively either via action of probiotic microbe. Mechanisms may

include, either direct action via probiotics or stimulate host body to

fight against causative agent (Figure 3), increase in the phagocytic

response in the host, production of metabolites which can either

change ecology (changer PH conditions) or can act as bactericidal

(L. rhamnosus GG, L. johnsonii NCC 533, L. reuteri ATCC

55730, bacteriostatic Lactobacillus strains via production of specific

bacteriocins), inhibition of upregulation of proinflammatory genes

in host (L. casei DN-114 001 in Shigella infection), impair binding of

bacteria to the epithelial layer (L. rhamnosus GG, L. johnsonii NCC

533, L. casei Shirota, L. reuteri ATCC 55730, L. acidophilus LB, etc.

in E. coli infection), reduce toxin production (L. rhamnosus GG in

E. coli infection), inhibit flagellar motility (L. casei Shirota against

S. typhimurium), prevention of structural and function injured to

the host, ceasing entry of pathogen into host cell (L. casei Shirota

against S. typhimurium), leads to aggregation of pathogen resulting

in reduction of spread in the body (L. johnsonii NCC 533 in H.

pylori attack), inhibit enzymatic action of the pathogen (L. casei

Shirota against H. pylori infection), and enhance tight junctions

between the cells (L. rhamnosus GG in E. coli infection) (Villena

et al., 2014).

4 Impact on animal growth
performance

There are several species of bacterial probiotics known till

date, but most popular ones are Lactobacillus, Streptococcus,

Lactococcus, and Bifidobacterium, and in case of fungi it can be

Saccharomyces cerevisiae and Aspergillus oryzae. Some of them are

described below.

Lactobacillus, a Gram-positive bacterium categorized

among lactic acid-producing bacteria, predominantly inhabits

the mammalian microbiota (Giri et al., 2013; Huang et al.,

2022). Numerous species within this genus are commonly

utilized as probiotics in various animal consumables, both

dairy and non-dairy. Moreover, certain Lactobacillus species,

employed as feed supplements, have demonstrated advantageous

properties, such as reducing fish mortality, enhancing piglet

growth performance, augmenting egg production and quality

in poultry, bolstering immune defense mechanisms in fish, and

mitigating Salmonella contamination in poultry (Mo et al., 2020;

Arsène et al., 2021). Notably, Lactobacillus strains capable of

producing active dietary enzymes, including, phytase, amylase,

lipase, protease, and protease, present promising probiotic

candidates owing to their crucial role in nutrient digestion

and absorption. However, it is imperative to acknowledge that

certain members of the genus, such as Lactobacillus casei and

Lactobacillus rhamnosus, were implicated in bacterial diseases.

Consequently, probiotic’s usage holds promise for maintaining

animal health and serving as a prophylactic measure, albeit

with cautious consideration of potential risks (Arsène et al.,

2021).

Bifidobacterial strains, well-known for their alleged positive

effects on health, are frequently used as probiotics (Esteban-Torres

et al., 2021). The benefits encompass protection against infections,

regulation of the host immune system, provision of minerals

and vitamins, and various other documented favorable effects.

Bifidobacteria ferment diverse complex carbohydrates, hence

supplying nutrients to the host via their metabolic by-products.

Furthermore, an important characteristic of bifidobacterial
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FIGURE 2

This flow chart depicts how action mechanism of probiotics can counter the multiplication (bactericidal or bacteriostatic) of Salmonella sp.

metabolism is the production of vitamins, including riboflavin

(also known as vitamin B2), within the organism itself (Jing

et al., 2020). Genomic research has identified genes associated

with riboflavin production across the entire Bifidobacterium

genus. For instance, researchers have discovered naturally

occurring strains of Bifidobacterium longum subsp. infantis

ATCC 15697 that produce higher levels of riboflavin. This leads

to an increase in the concentration of vitamin B2 in a fecal

fermentation system (Monteiro et al., 2019; Abou-Kassem et al.,

2021). In addition, these bacteria establish themselves in the gut,

protecting against harmful microorganisms by regulating the

function of the intestinal lining. Specific taxa of bifidobacteria

secrete extracellular layers, such as exopolysaccharide (EPS),

which allows them to withstand gastrointestinal obstacles and

persist in the stomach for prolonged durations. EPS derived

from probiotic bacteria has been associated with beneficial

immunomodulatory effects. The role of bifidobacterial EPS in

immune cell response has been extensively studied. Moreover,

alterations in gut microbiota and their by-products have been

linked to several inflammatory and immunological mechanisms

connected with the formation of cancer and the growth of tumors.

Research has investigated the potential of using Bifidobacterium

bifidum JCM 1254 to treat antibiotic-induced dysbiosis. It

has been found that Bifidobacterium breve M-16V exhibits

long-lasting colonization in the gut after treatment and may

contribute to the development of a healthy gut microbiota

(Esteban-Torres et al., 2021).

The genus Saccharomyces is an integral component of the

gut microbiota. Among the species within this fungal genus,

Saccharomyces cerevisiae stands out as the most renowned

and widely utilized probiotic strain. Research indicates that

S. cerevisiae exhibits beneficial effects, such as enhancing the

reproductive performance of sows, augmenting the concentration

of immunoglobulin G (IgG) in colostrum and subsequent plasma

IgG levels in piglets, improving growth performance, and fostering

intestinal health in pigs. Moreover, positive outcomes associated

with the utilization of S. cerevisiae have been documented in fish

species. For instance, studies have demonstrated its capacity to

enhance growth, hematological parameters, antioxidant defenses,

and immune responses in Nile tilapia. Furthermore, S. cerevisiae

has been shown to bolster the resistance of Nile tilapia against

infections caused by the pathogenic fungus A. flavus and enhance

the cellular innate immune response in gilthead seabream. In

addition, other species within the Saccharomyces genus, such as

Saccharomyces carlsbergensis, are also employed as probiotics in

animal nutrition (Arsène et al., 2021).

Probiotics show different effect on different type of animal, such

as in cattle, poultry, and fishes. A diagram illustrates some of the

functions of probiotics in the type of animals and how they are

benefitted from them when introduced into their feed.
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FIGURE 3

This diagrams gives an overview of how probiotics counter pathogens invading the body.

4.1 Biological mechanisms of probiotics,
specifically lactobacillus, in enhancing
animal growth

Probiotics, including Lactobacillus species, influence animal

growth through a variety of biological mechanisms that contribute

to improved health and performance (Khushboo et al., 2023). These

mechanisms include enhancing nutrient absorption, reducing

pathogen load, and modulating immune and hormonal responses

(Redweik et al., 2020).

4.1.1 Enhancing nutrient absorption
Probiotics improve nutrient absorption by promoting a

healthier gut environment. Species such as Lactobacillus are

known to produce digestive enzymes, such as amylase and

protease, which break down complex carbohydrates and proteins

into simpler, more absorbable forms. These enzymes facilitate

better digestion and nutrient uptake, leading to increased growth

rates in animals. In addition, Lactobacillus can stimulate the

production of short-chain fatty acids (SCFAs), which are crucial

for maintaining gut health. SCFAs, like butyrate, provide energy

for intestinal cells and enhance the integrity of the gut barrier,

improving nutrient absorption efficiency (Song et al., 2018; Huang

et al., 2022). Lactobacillus acidophilus enhances calcium and

phosphorus uptake in poultry by promoting an acidic environment

conducive to mineral solubilization (Chen et al., 2022). Similarly,

Lactobacillus casei ATCC 49178 has been found to enhance

protein digestion in pigs by increasing protease activity in the

gut (Wang et al., 2019). In ruminants, Lactobacillus plantarum

CICC6257 stimulates fiber degradation by producing enzymes that

aid cellulose breakdown, enhancing volatile fatty acid production

(Reuben et al., 2022). In aquaculture, Lactobacillus delbrueckii

promotes fatty acid absorption, improving fish growth performance

(Merrifield et al., 2010). In addition, Lactobacillus reuteri has

demonstrated improved bioavailability of iron in animal models

by reducing gut inflammation and enhancing epithelial transport

(Hou et al., 2015).

4.1.2 Reduction of pathogen load
One of the primary benefits of probiotics is their ability

to compete with pathogenic bacteria in the gut. Lactobacillus

species exert a competitive exclusion effect by occupying binding

sites on the intestinal mucosa, limiting the ability of harmful

bacteria to colonize the gut. This results in a reduced pathogen

load and decreases the likelihood of infections that can hinder

growth performance (Redweik et al., 2020; Braz et al., 2020).

Moreover, Lactobacillus strains produce antimicrobial compounds

such as bacteriocins, lactic acid, and hydrogen peroxide, which

inhibit the growth of harmful bacteria. By lowering pathogen

levels, these probiotics reduce the energy and immune resources

the host would otherwise expend fighting infections, redirecting

that energy toward growth and development (Giri et al.,

2013). Lactobacillus acidophilus has been shown to reduce

Clostridium difficile infections by restoring gut microbiota balance.

Similarly, Lactobacillus rhamnosus GG effectively diminishes the

load of Salmonella typhimurium in poultry, contributing to
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food safety (Kizerwetter-Swida and Binek, 2009). Furthermore,

Lactobacillus plantarum has demonstrated the ability to inhibit

Listeria monocytogenes in fermented food products, enhancing

preservation and safety (Behera et al., 2018). These studies highlight

the potential of Lactobacillus as a natural biocontrol agent in both

clinical and industrial settings, reducing reliance on antibiotics

and chemical preservatives. In addition, bacteriocins produced by

Lactobacillus, such as nisin and reuterin, possess antimicrobial

properties that target specific pathogens without harming beneficial

microbes (Griggs and Jacob, 2005; Lutful Kabir, 2009). Competitive

exclusion by Lactobacillus involves occupying adhesion sites on

epithelial cells, preventing pathogens such as Escherichia coli and

Salmonella spp. from colonizing (Corr et al., 2007).

4.1.3 Immune modulation and hormonal
stimulation

Probiotics can modulate the immune system, leading to

enhanced growth performance. Lactobacillus species stimulate

the production of mucosal immunoglobulin A (IgA) and other

immune factors that strengthen the gut’s defense against pathogens.

This improved immunity reduces disease incidence, which can

have a positive effect on growth rates. In addition, probiotics

may influence hormonal responses related to growth (Lee et al.,

2013). They can stimulate the release of growth-related hormones

such as insulin-like growth factor 1 (IGF-1), which plays a

significant role in promoting muscle growth and development

(Du et al., 2018). Enhanced gut health due to probiotic use can

also support optimal endocrine function, further contributing to

improved growth metrics. Overall, the combination of enhanced

nutrient absorption, reduction in pathogen load, and modulation

of immune and hormonal responses explains why Lactobacillus

and other probiotics are effective in boosting animal growth and

performance (Zhang et al., 2021).

4.2 E�ect of probiotics on poultry

The forthcoming decade is anticipated to witness a 14% surge

in the worldwide consumption of meat proteins by the year 2030,

in contrast to the baseline average spanning 2018 to 2020. This

escalation is primarily attributed to the rise in both income levels

and population numbers (Anee et al., 2021). So, there is a need

to increase the yield by providing proper nutrition and disease

prevention, for which we can employ the use of probiotics in

their diet. Broiler chickens can experience improvements in their

immune system, overall growth rate, and also antioxidant levels

when they are fed with Lactobacillus acidophilus, Lactobacillus

casei, and Bifidobacterium at a concentration of ∼1 percent of

their food intake, which corresponds to over 5 × 109 CFU/g

(Zhang et al., 2021). In addition, the quality of chicken meat can

be enhanced through the use of probiotics. For instance, Bacillus

subtilis has been found to have a positive impact on chicken meat

quality (Mohammed et al., 2021). Similarly, the growth rate and

meat quality of quails can be improved by the administration

of Bifidobacterium bifidum and Bacillus toyonensis (Abou-Kassem

et al., 2021). Furthermore, the presence of Lactobacillus casei in

the diet of broiler chickens can lead to an increase in high-density

lipoprotein (HDL) levels and a decrease in low-density lipoprotein

(LDL) levels (Sudha et al., 2009). In contrast, probiotics have been

acknowledged for their beneficial effects in treating diseases such

as salmonellosis in hens. Research has shown that administering

1 × 109 CFU of Lactobacillus plantarum LTC-113 strain to

newly hatched chicks through vaccination will successfully protect

them from salmonellosis. The particular strain of Lactobacillus

plantarum mentioned in the study has the capacity to inhibit

the growth of dangerous bacteria in the gut and maintain the

proper functioning of tight junction genes in the cells lining the

gut. As a result, it enhances the chickens’ ability to withstand

infections (Wang et al., 2018). Recent research indicates that the

combination of probiotics and recombinant attenuated Salmonella

vaccine (RASV) can effectively decrease the infection rate of APEC

and Salmonella in White Leghorn hens, who are very susceptible to

these diseases (Redweik et al., 2020). In addition, the inclusion of

Bacillus licheniformis and Bacillus subtilis in feed supplements has

been demonstrated to lessen the excretion of E. coli in hens laying

eggs (Upadhaya et al., 2019).

4.3 E�ect of probiotics on ruminants

Total beef production is projected to rise by 9% in the

upcoming decade until 2029, while total milk production is

anticipated to grow by 20% during the same timeframe. The

increased levels of milk and ruminant meat production are

foreseen to primarily stem from the expansion of worldwide

cattle herds, which are expected to increase from the current

1.6 billion to almost 1.8 billion by 2028. Probiotics tailored for

ruminants encompass a range of direct-fed microbial agents,

encompassing yeast species such as Saccharomyces cerevisiae, as

well as various bacterial strains including Bacillus, Bifidobacterium,

Enterococcus, Lactobacillus, and Propionibacterium. Incorporating

S. cerevisiae and Aspergillus oryzae into the diets of dairy

cows has been shown to yield significant enhancements in

milk production, accompanied by increased concentrations of

milk proteins. Similarly, supplementation with strains of Bacillus

subtilis as probiotics has been observed to elicit improvements in

ruminal fermentation and subsequent milk yield in dairy cows

(OECD).6 ,7 Probiotics are acknowledged as advantageous agents

for enhancing milk output in dairy animals. Several specific

probiotic bacteria, including as Bacillus subtilis, Saccharomyces

cerevisiae, and Enterococcus faecalis, have been recognized as

factors that promote higher milk production (Ma et al., 2020). In

addition, Bifidobacterium bifidum has demonstrated the capacity to

alleviate milk allergy responses (Jing et al., 2020). Furthermore, the

use of Bacillus subtilis and Bacillus amyloliquefaciens as probiotics

has been associated with improved development and growth of

the intestines by increasing the GH/IGF-1 hormone (Du et al.,

2018). Probiotics are essential for enhancing rumen fermentation.

Several strains of probiotics have been discovered to produce

antibacterial substances, which conclusively decrease the presence

6 https://one.oecd.org/document/TAD/CA/APM/WP(2020)18/FINAL/En/

pdf

7 https://www.oecd-ilibrary.org/sites/4dd9b3d0-en/index.html?itemId=/

content/component/4dd9b3d0-en#section-d1e19686
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of zoonotic pathogens and control the creation of ammonia.

Rhodopseudomonas palustris, a photosynthetic bacterium, has

gained attention as a potential probiotic option in the case

of animal feed section of the industry. Chen B. et al. (2020)

and Chen Y. Y. et al. (2020) observed that feed additives

containing Rhodopseudomonas palustris improved the survival

of rumen bacteria, leading to enhanced growth performance

and microbial fermentation, ultimately maintaining microbial

equilibrium. Moreover, the utilization of Megasphaera elsdenii has

demonstrated the ability to increase the generation of butyrate and

food intake in newborn calves, indicating its potential in enhancing

rumen function and overall calf wellbeing (Muya et al., 2015).

4.4 E�ects of probiotics on aquaculture

Aquaculture is a growing industry following substantial rise

in 2018, wherein net production, trade, and usage of products

reached unprecedented levels, there was a slight decline observed

in the global fisheries and aquaculture sector in 2019. However,

aquaculture production continued its upward trajectory, expanding

by more than 2% (OECD). So, to cater high consumption

requirements, production of healthy products is mandatory and

one of the approach to this is usage of probiotics instead of

harmful antibiotics (Hassoun-Kheir et al., 2020). Bacillus subtilis,

derived from the Bacillus genus, is frequently utilized (Olmos

et al., 2020). When employed alone, Bacillus probiotics have been

shown to effectively fight against a range of hazardous microbes

in fish populations, such as Vibrio, Flavobacterium, Aeromonas,

Acinetobacter, Clostridium, Pseudomonas, Streptococcus, and

white spot syndrome virus (Kuebutornye et al., 2020). In

addition, LAB bacteria, specifically Lactococcus lactis (Balcázar

et al., 2007) and Lactobacillus plantarum VSG-3 (Giri et al.,

2013), are frequently consumed as probiotics in aquaculture.

Gram-negative bacteria encompass another crucial category of

probiotics employed in fish farming. Another example can be of

Saccharomyces cerevisiae which can be beneficial for the health

of fishes (Mo et al., 2020; Wu et al., 2020). Figure 4 presents

a systematic web diagram showcasing the versatile applications

of probiotics in animal husbandry, offering holistic benefits

across aquaculture, ruminant farming, and poultry production.

It highlights their multifaceted role in enhancing animal health

and productivity.

4.5 Probiotics in enhancing livestock
breeding and health

Farm animals are continuously exposed to various

environmental stressors, including rearing methods, dietary

changes, and housing conditions, which can disrupt the delicate

balance of their intestinal ecosystems. Such disturbances heighten

the risk of pathogenic infections, directly impacting the health and

productivity of livestock. Across all species, maintaining optimal

animal health is critical for sustaining efficiency in the production

chain (Torres-Rodriquez et al., 2007).

The strategic incorporation of probiotics into animal feed

has emerged as a scientifically validated approach to modulating

intestinal microbiota. Probiotic strains, administered individually

or in combination, significantly enhance feed absorption, nutrient

utilization, and weight gain across a range of animals, including

turkeys, chickens, piglets, sheep, goats, cattle, and horses. These

benefits translate to measurable improvements in the quantity

and quality of milk, meat, and eggs. For instance, probiotics have

been shown to alleviate issues such as weak limbs in broiler

chickens (Samli et al., 2007) and reduce diarrheal episodes in piglets

during the critical post-weaning period—a time of heightened

susceptibility to nutritional and environmental stressors (Li et al.,

2006; Casey et al., 2007).

The efficacy of probiotics in combating diarrheal conditions,

a persistent challenge in piglets, has been a focal point

in numerous studies (Li et al., 2006; Casey et al., 2007).

Furthermore, recombinant probiotics represent an advanced

application of genetically modified organisms (GMOs) in animal

health, providing targeted benefits without clinical side effects.

4.5.1 Probiotics in swine production
Weaning is a pivotal phase in pig production, characterized by

nutritional shifts frommilk to plant-based diets and environmental

transitions to production farms (Modesto et al., 2009). These

changes often impair immunological functions and disrupt

intestinal microbiota. Böhmer et al. (2006) demonstrated that

supplementing sows’ diets with Enterococcus faecium DSM 7134

from late pregnancy through lactation significantly improved feed

intake, litter size, and offspring weight. This supplementation

also mitigated “starvation sterility” in young sows, attributed to

insufficient energy availability during lactation.

Probiotics enhance digestion, particularly cellulolytic processes,

and stimulate microbial protein synthesis. Mountzouris et al.

(2007) evaluated a probiotic blend containing strains from

Lactobacillus, Bifidobacterium, Enterococcus, and Pediococcus in

broiler chickens, showing growth stimulation comparable to

avilamycin, an antibiotic growth promoter. In addition, these

probiotics effectively modulated intestinal microbiota composition

and activity, highlighting their potential as sustainable alternatives

to antibiotics.

4.5.2 Probiotics in ruminants
The use of YEA-SACC-1026 and bacterial strains such as

Bacillus licheniformis and Bacillus subtilis has demonstrated

significant benefits in ruminants (Kritas et al., 2006). These

probiotics, administered during late pregnancy and lactation,

improved milk quality (e.g., higher fat and protein content) and

enhanced lamb body weight. Similarly, the Bio Plus 2B R© probiotic

improved sows’ blood lipid profiles and milk composition,

underscoring its utility in boosting productivity during lactation

(Alexopoulos et al., 2004). Yu et al. (1997) explored the effects

of adding Aspergillus oryzae culture to steamed corn in cows’

diets, observing increases in milk protein content and solids-not-

fat (SNF) over a 70-day trial. These results reinforce the potential

of probiotics in optimizing milk composition and productivity in

dairy cattle.

Frontiers in Sustainable FoodSystems 13 frontiersin.org

https://doi.org/10.3389/fsufs.2024.1523678
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Sachdeva et al. 10.3389/fsufs.2024.1523678

FIGURE 4

This systematic web diagram illustrates how probiotics is applicable in the animal husbandry and how it is providing holistic benefit in the field of

aquaculture (to the left hand side), ruminants (below center), and poultry (to the right hand side).

4.5.3 Probiotics and meat quality
Ceslovas et al. (2005) investigated the impact of probiotics

(YEASTURE, MICROBOND) and phytobiotics (YUCCA,

QUILLAYA) on pigs’ growth and meat quality. Probiotics

significantly improved carcass yield, culinary properties, cooking

loss reduction, and meat tenderness, outperforming phytobiotics

in these aspects. The integration of probiotics into livestock

diets represents a scientifically robust and sustainable strategy to

enhance animal health, productivity, and product quality. Their

application extends beyond mitigating disease risks to improving

feed efficiency, growth, and product characteristics. Continued

research and tailored formulations will further optimize their

efficacy, supporting the transition toward sustainable and resilient

animal production systems (Van Immerseel et al., 2006).

5 Safety and regulatory considerations

The assessment of probiotics for safety and efficacy in animals

involves a rigorous and multifaceted approach to ensure that the

microorganisms provide benefits without posing risks to the host

(Merenstein et al., 2023). It is very important to checklist probiotic

before being used or administered to any organism, so there are

certain criteria to fulfill, like, to properly characterize an isolate,

check if that probiotic is safe or not, there should a record of at

least one positive clinical trial (Ahire et al., 2024) of the same,

and it should retain a specific number in the product during its

shelf life (Table 3). These assessments consider factors such as

strain specificity, potential adverse effects, and the conditions under

which probiotics are used.

5.1 Selection and characterization of
probiotic strains

Probiotic safety begins with the selection of specific strains

that have a history of safe use. This involves identifying the

strain through genomic sequencing, ensuring that it does not

carry harmful genes related to antibiotic resistance, virulence,
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TABLE 3 This table shows a generalized idea about the steps to be followed to meet the criteria by an organism as probiotic (Wu et al., 2020; Binda et al.,

2020; Ahire et al., 2024).

Checklist Description

Characterization Nomenclature

• Use ICN (Parte, 2018)

• Proper typing is done as a specific quality is acquired by that specific strain only

• Strain designation (can be maintained in culture collection centers).

Identification

• Phenotypic technique

• 16s rRNA dependent approach

• Validated by PATRIC database (Wattam et al., 2017) or Bergey’s Manual of Determinative Bacteriology

• Whole Genome Sequencing

• Others

• Multi Locus Sequence Typing (for comparison)

Characterization

• Presence of useful properties like, production of SCFA, adhesion to mucus membrane etc.

Safety concerns • GRAS status

• Qualified Presumption of Safety (QPS)

• Check for no risk factor included in strain (ESFA issued)

• ISO determined screening methods

• In vivo safety testing

• Other phenotypic properties are observed

At least one successful positive clinical trial • Design the protocol (ICH-GCP, the WHO) [International Committee of Medical Journal Editors (ICMJE)].

• Trial reporting

• Critical appraisal

• RoB Assessment

Retain a specific number of population in the

product during its shelf life

• Dose range studied (in clinical studies Maximum Tolerable Dose is taken)

• ISO determined enumeration methods are employed

• Usage of culture independent metagenomics

or toxin production. Characterization of the probiotic strain

includes evaluating its potential for beneficial effects, such as

improving gut health or immune function, while screening for

adverse traits that may pose risks to the host (Haranahalli Nataraj

et al., 2024). Strain specificity is crucial as different species and

strains of bacteria can have varying effects on different animal

species. For instance, a strain that is safe and beneficial for

ruminants may not be appropriate for poultry or companion

animals. Thus, the choice of strain is closely linked to the

target species and intended health outcomes (Hradicka et al.,

2023).

5.2 Safety testing in animal models

Before a probiotic is approved for use, it undergoes extensive

safety testing in animal models. These studies assess whether

the probiotic can survive, colonize, and exert a beneficial

effect without causing harm. Key safety endpoints include

monitoring for signs of infection, gastrointestinal disturbances,

immune responses, and any negative impacts on growth or

feed efficiency (Haranahalli Nataraj et al., 2024). Testing often

involves evaluating a probiotic’s potential to translocate from

the gut to other body parts, which could indicate a risk of

systemic infection. Animal trials also aim to observe whether

the probiotic impacts the animal’s native microbiota, potentially

disrupting beneficial microbial communities. These trials are

designed to mimic the conditions in which the probiotic

would be used, considering factors such as dosage, duration of

administration, and environmental conditions (Merenstein et al.,

2023).

5.3 Monitoring adverse e�ects and
long-term impact

While probiotics are generally considered safe, potential

risks must be evaluated, especially for vulnerable populations

such as neonatal or immunocompromised animals. Long-

term studies are often needed to assess whether probiotics

have chronic effects on the animal’s health, microbiome

composition, or physiological functions. Particular attention

is given to the risk of horizontal transfer of antibiotic

resistance genes, which could have broader ecological and health

implications (Spacova et al., 2023).

5.4 Potential risks associated with
probiotics in animals

Despite the benefits, probiotics are not without potential

risks. In specific scenarios, probiotics may cause adverse

effects in particular animal species or under certain conditions

(Rabetafika et al., 2023; da Silva et al., 2024).

5.4.1 Species-specific risks
Some animal species may react differently to the same

probiotic strain. For example, strains of Lactobacillus and

Bifidobacterium are generally well-tolerated in ruminants

but could cause digestive upset in animals with different

gut environments.
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5.4.2 Immune response
In some cases, probiotics may overstimulate the immune

system, leading to inflammation or allergic reactions. This is

particularly relevant for immunocompromised animals or those

with pre-existing health conditions (Evangelista et al., 2023).

5.4.3 Microbial translocation
There is a risk of probiotics translocating from the

gastrointestinal tract to other body sites, potentially leading

to systemic infections (Halder et al., 2024). This concern is

heightened in animals with compromised intestinal barriers or

those receiving probiotics in high doses.

5.4.4 Antibiotic resistance
Probiotic strains must be screened for antibiotic resistance

genes. There is a theoretical risk that these genes could be

transferred to pathogenic bacteria within the host or the

environment, potentially exacerbating antibiotic resistance issues

Nataraj and Mallappa, 2021.

The European-Union’s ban on antibiotics as growth promoters

in animal feed, effective since 1 January 2006, was a critical

step to combat antimicrobial resistance (Avicola et al., 2022;

Schmerold et al., 2023). Before this ban, antibiotics were widely

used at sub-therapeutic levels in animal feed to enhance growth

rates and improve feed efficiency. However, extensive scientific

research highlighted that this practice contributed significantly

to the development of antibiotic-resistant bacteria, posing risks

to both animal and human health. The regulation, introduced

under Regulation (EC) No 1831/2003, aimed to protect public

health by eliminating non-essential antibiotic use in agriculture

(Schmerold et al., 2023). It also aligns with the One Health

concept, which seeks to balance human, animal, and environmental

health. Following the ban, the livestock industry had to adapt

to alternative methods for promoting growth and preventing

disease. These alternatives include improved animal husbandry

practices, enhanced biosecurity measures, and the use of non-

antibiotic growth promoters such as probiotics, prebiotics, organic

acids, and phytogenics. The EU’s policy also sets the stage for

stricter regulations on antibiotic usage in veterinary medicine,

including the requirement for veterinary oversight for therapeutic

applications. This legislation has influenced global practices, with

several countries and regions implementing similar restrictions

(Nordeus, 2023). The EU ban demonstrated that it is feasible

to maintain animal health and productivity without relying on

antibiotics for growth promotion. This shift has led to significant

advancements in research for sustainable livestock production

and antibiotic alternatives, contributing to the broader effort of

reducing the spread of antibiotic resistance—a crucial goal for

safeguarding future efficacy of antibiotics in both human and

veterinary medicine (Schmerold et al., 2023).

Regulatory agencies emphasize the need for probiotics to be

thoroughly evaluated for safety, particularly in animal populations

intended for food production. Safety assessments often include

evaluating the genetic stability of the probiotic strain to ensure that

it does not acquire or transfer harmful traits. In addition, adherence

to good manufacturing practices (GMP) is critical to prevent

contamination with unwanted microorganisms during production

(da Silva et al., 2024). Products targeted for specific populations,

such as neonatal animals or those in clinical settings, undergo

stricter testing to meet higher safety standards (Hradicka et al.,

2023). Quality control measures, such as third-party verification of

strain purity, potency, and identity, are recommended to ensure

the safety and efficacy of probiotics in animal health. The safe

and effective use of probiotics in animals relies on a combination

of careful strain selection, comprehensive safety testing, and

ongoing monitoring for adverse effects. While probiotics hold

great promise for enhancing animal health, understanding and

mitigating potential risks is essential to ensure they provide

benefits without unintended consequences (Merenstein et al., 2023;

Haranahalli Nataraj et al., 2024; Ahire et al., 2024).

6 Conclusion

Probiotics represent a promising alternative to traditional

antimicrobial growth promoters (AGPs) in animal husbandry,

addressing critical concerns such as antimicrobial resistance

(AMR) and promoting animal health sustainably. The effectiveness

of probiotics hinges on their mechanisms of action, which involve

direct antagonism against pathogens, modulation of the gut

microbiome, and enhancement of the host’s immune system. The

ability of probiotics to compete for nutrients and adhesion sites,

produce antimicrobial compounds such as bacteriocins and organic

acids, and alter the gut’s ecological environment underscores their

potential to outcompete and inhibit pathogenic bacteria. This

direct antagonism has been effective in reducing the prevalence of

harmful microbes such as Clostridium perfringens and Salmonella,

enhancing overall animal health and productivity.

Furthermore, probiotics positively influence the gut

microbiome, fostering beneficial bacteria and inhibiting pathogenic

species through ecological shifts. They also reinforce the gut

barrier function, crucial for preventing systemic infections and

maintaining animal welfare. These attributes collectively contribute

to enhanced growth performance and disease resistance across

various animal species, including poultry, ruminants, and fish.

Despite the advantages, safety remains a critical aspect in

the use of probiotics. The potential risks, such as species-

specific adverse reactions, overstimulation of immune responses,

microbial translocation, and the horizontal transfer of antibiotic

resistance genes, highlight the need for careful strain selection

and rigorous testing. Regulatory frameworks ensure that probiotics

meet stringent safety standards, particularly in food-producing

animals, to minimize risks while maximizing health benefits.

The comprehensive assessment and monitoring of probiotics

are essential to harness their full potential as a sustainable

solution in animal husbandry. The ongoing refinement of safety

protocols and regulatory guidelines, combined with advancing

research, will be pivotal in expanding the safe use of probiotics,

reducing reliance on antibiotics, and mitigating AMR challenges in

animal health.
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