


Review Article
Probiotics for controlling Anti-Microbial Resistance (AMR) in dairy foods

Abstract: Antimicrobial resistance (AMR) is an increasingly significant global challenge that has critical impacts on food safety, public health and the sustainability of dairy production systems. The dairy foods may act as reservoirs and vectors of resistant bacteria and antibiotic resistance genes (ARGs), facilitating the AMR transmission along the farm-to-fork continuum and wider populations. Probiotics have emerged as an eco-friendly, effective and sustainable strategy to mitigate these risks by restoration of the microbial balance, production of antimicrobial compounds, and competitive exclusion of pathogenic bacteria. Evidence from in vitro and in vivo studies shows that specific, characterized dairy-derived probiotic strains are able to suppress resistant bacteria and some may reduce the number of antibiotic resistance genes (ARGs), but such effects are strain dependent. The potential presence of transferable ARGs in some probiotics also emphasizes the need for careful strain-level characterization, rigorous safety assessment, and proper regulation. By incorporating probiotics in dairy systems and implementing a standardized research approach, regulatory control, and One Health surveillance, the potential of probiotics to combat AMR could be fully realized. This approach offers an environmentally viable and feasible pathway to ensure the health of humanity, increase food safety, and maintain the vitality and resilience of global dairy systems. 

Keywords: Antimicrobial resistance, Probiotics, Dairy products, Antibiotic resistance genes, One Health

Introduction: 
Antimicrobial resistance (AMR) in milk and other dairy products has become a significant concern, as resistant bacteria increasingly represent a challenge and threat for food production safety and public health all around the world (Vesković-Moračanin et al., 2025). The use of antibiotics in dairy production and food processing contributes to selection and dissemination of resistant bacteria, which complicates the treatment choices available for patients and increases the risk of transmission through the food chain (Pires et al., 2024). In last decades, understanding of AMR in dairy systems has developed, highlighting the role that milk and their derivative products might play as reservoirs and vectors for resistant microbiota (Chaves et al., 2024). The significance of this domain is underlined by alarming figures, such as an estimated 10 million annual deaths globally due to AMR by the year 2050 which will have a hefty economic burden exceeding $100 trillion worldwide (Jimenez et al., 2024). 
Probiotics comprise of live microorganisms which consume directly or indirectly from ingested amount in a manner that is efficient and the host, which include Lactobacillus and Bifidobacterium species extensively found in dairy (Vesković-Moračanin et al., 2025) beverages (Arunavarsini et al., 2024), foods (Lathief & Manjusha, 2024). AMR is defined as the ability of microorganisms to resist antimicrobial agents, which are often mediated by resistance genes that can be horizontally transferred (Karabasil et al., 2025). The probiotics and AMR interplay involves the processes of the bacterial probiotic (competitive exclusion, synthesis of antimicrobial metabolites and immunological regulation), which can lead to decreased colonization with resistant organisms (Vesković-Moračanin et al., 2025). This approach is consistent with the focus of the review on the contribution of probiotics in controlling antimicrobial resistance in dairying.  
Inclusion of probiotics in dairy products such as yoghurt and cheese improves gut health, serves as a carrier for these beneficial microorganisms. The fermentation process in dairy has capacity to improve the survivability and effectiveness of probiotics, thus enhancing its capacity against AMR (Grujović et al., 2025). They boost the host immune response, thus providing an additional layer of protection against infections and reducing antibiotic use (Pattanaik et al., 2022). The mutuality of the gut microbiota can be fixed and conserved by probiotics thus avoiding the colonization of antibiotic-resistant bacteria (Kim et al., 2025). Although probiotics are recognized as an alternative to antibiotics, it still remains a major challenge for the knowledge gap on efficacy and potential safety of these products in combating antimicrobial resistance among dairy (Kim et al., 2025; Refaat et al., 2025; Tran et al., 2024). It is controversial whether probiotic strains may harbor and be able to transfer antibiotic resistance genes, which poses risks as well as health benefits (Sharma et al., 2024). The exact mechanism through which probiotics perform their antimicrobial impact on resistant infections is poorly understood, and the balance between the benefits and risk of probiotics needs to be further studied (Leistikow et al., 2022). 
This comprehensive review critically examines the role of probiotics in combating AMR when it comes to dairy industry: the resistance sources, and probiotic strains including their mechanisms of action are discussed. This review also integrates updated peer-reviewed information to discuss the potential, challenges and safety issues of probiotics as eco-friendly substitutes of antibiotics as well as research gaps and potential usage in dairy production.








Methodology:
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Fig 1: PRISMA flow diagram of the literature search and selection process for the study.


Literature Search Strategy
The aim was to investigate whether probiotics could be used as an option to prevent the dissemination of Antimicrobial Resistance (AMR) in dairy products. To ensure a strict methodology, the review adhered to the PRISMA statement on methods, to provide a transparent, reproducible and comprehensive framework for evaluating the relevant literature. The PRISMA flow diagram was produced using the PRISMA 2020 Shiny app (Haddaway et al., 2022). It clearly presents and details the process of study selection.
We searched across many electronic databases including PubMed, Scopus, Web of Science and Google Scholar to identify manuscripts in peer reviewed journals. The search strategy employed key terms and Booleans to capture as much relevant literature as possible. The key search terms included “probiotics” AND “antimicrobial resistance” AND “dairy products” or “milk” or “cheese” or “yogurt”, and “AMR control”, Or “resistance mitigation”, OR ‘resistant pathogens”.

Study Selection and Eligibility Criteria
The selection process of Studies was in accordance with the PRISMA workflow and consisted of finding, screening, checking eligibility and finally inclusion. In order to be included, studies were required to meet four key criteria: (i) original research articles or reviews focusing on probiotics; (ii) study of dairy products including milk, cheese or yogurt; (iii) investigation assessing the impact of probiotics on AMR and transmission of ARGs and; (iv) report data providing quantitative measures for relevant outcome concerning control of AMR. To maintain its relevance on probiotics-centered targeted antimicrobial therapy, papers limited exclusively to non-probiotic treatments (e.g., antibiotics, chemicals, and vaccines) were excluded.

Screening Process
The systematic review of the literature identified 416 records from the selected databases initially. There were no other records found from another sources. After removing duplicate entries, 356 records were screened and it was determined with the use of automated tools that 43 of them did not meet the requirements. An additional 32 records were excluded due to being irrelevant or problematic in method. From there, 259 reports were reviewed again and 97 thrown out after further examination. Predominant reasons for these exclusions were studies unrelated to dairy foods or not investigating the impact of probiotics on AMR.
The process continued to the retrieval phase in which 225 reports were requested for full-text screening. Nevertheless, 34 reports were not retrieved and therefore did not contribute to the pool of studies for eligibility assessment (191 papers). Following full-text assessments, 21 studies were excluded as they did not have sufficient emphasis on controlling AMR (n = 09) or did not investigate probiotic therapies (n = 11). After all evaluations, a total of 166 studies met the final inclusion. 

Data Synthesis and Analysis
The data from the selected studies were systematically classified into subgroups according to intervention (specific probiotic strains), study type (referred to as in vitro and in vivo) and also depending on the efficacy of probiotics decrease AMR per portion of dairy meal. Given that the designs of the studies were so unique to any others one, a narrative synthesis approach was taken. This enabled us to identify common themes, patterns of probiotics efficacy and possible mechanisms through which the efficiency of probiotics on AMR dynamics in dairy products might be reflected. Then, the results were examined for their consistency and to determine which strains and conditions had the greatest influence on AMR.

Antimicrobial Resistance in the Dairy Food Chain: 
Overwhelming studies have registered the widespread presence of AMR bacteria, including Escherichia coli and Staphylococcus spp., along the dairy continuum: raw milk, bulk tank milk, feces and dairy farm environment. Studies show different resistance to common antibiotics such as tetracycline, penicillins and cephalosporins, with multiple drug-resistance (MDR) commonly. There are regional differences, and increased resistance is common in developing countries. The dairy resistome is shaped by the microbial community composition and contains a diversity of resistance genes, often associated with mobile genetic elements mediating horizontal gene transfer (Souza et al., 2024). Over 60 studies are available which have determined the rates of AMR in dairy settings, where penicillin, tetracycline, sulfonamide and cephalosporin resistance were found to predominate (Souza et al., 2024). 
An investigation in raw Romanian milk showed an Escherichia coli infection rate of 22.45%, and that 27.51% of the isolates were multidrug resistant with a worrying trend towards resistance to multiple commonly used antibiotics (Drugea et al., 2025). Analysis of Australian bulk tank milk had a low prevalence of MRSA, ESBL-producing Enterobacteriaceae (ESBLE), and VRE, with no AMR organisms reported in 80 samples indicating an encouraging AMR situation within the dairy sector. The AMR profile in lactic acid bacteria has been found to decrease throughout the production of raw sheep milk cheese when comprehensive phenotypic and genotypic resistance characterization are performed (Santamarina-García et al., 2024). 
Bacteria, which formed biofilms and isolated from the dairy products were more resistant against both AMR and metal, with a clear trend between biofilm-forming potential and AMR being found (Ejaz et al., 2022). The harmful bacterial pathogens that were isolated from the Iranian cow milk samples showed high-level resistance to antibiotics; blaTEM and blaSHV resistance genes were found in E. coli and Salmonella, indicating a severe AMR problem (Hassani et al., 2022). A screening of Indian bovine milk revealed widespread antibiotic resistance and suggested that mastitis-associated infections could be reservoirs from which resistance may flow from cattle to humans (Sahoo et al., 2023). An investigation of fermented dairy products found the presence of antibiotic resistance genes in lactic acid bacteria with the same resistance pattern, similar to common indicator hygiene species, which led to consideration for their involvement as AMR spreader agents (Chaves et al., 2024). 
An opinion of the European Food Safety Authority (EFSA) assessed that it could lead to a potential risk on AMR to feed calves with milk containing residues while colostrum from treated cows does not substantially increase the level of resistance when adequate withdrawal periods are thoroughly implemented (Ricci et al., 2017). The AMR profiles of isolates showed that although the concentration of gentamicin and streptomycin was below maximum residue limits (MRL), the resistance rate among isolates were high (Zeina et al., 2013). Significant antibacterial resistance of Enterobacteriaceae and Salmonella isolated from Slovak dairy samples, particularly to ampicillin and tetracycline were also reported for milk and cheese samples (Hleba et al., 2011). The number of antimicrobial resistant (AMR) microbial species in bulk milk samples rearing in the Czech Republic was significantly higher, particularly Escherichia coli, Enterococcus and Staphylococcus isolates (Schlegelová et al., 2002). 

Sources and Spread of AMR in Dairy Systems
Intensive use of antimicrobials in animal husbandry has accelerated the emergence and transfer of AMR by antimicrobial-resistant bacteria (ARB) and ARG, in both veterinary one health system and food production-related microbiomes (Pires et al., 2024). Feed, water and animal contact were the initial identified primary reservoirs of resistant bacteria in such studies whereas later study was expanded to environmental compartments including manure, soil and slurry tanks (Baker et al., 2022). The creation of multidrug resistant (MDR) Escherichia coli in dairy herds has been widely studied, but there are still remarkable differences in understanding the relative contributions made by feed, water, bedding and animal contact for AMR spread (Tarrah et al., 2024). The environmental factors facilitating horizontal gene transfer (HGT) and the survival of ARGs in manure-amended soils and slurry tanks are not well known (Todman et al., 2024). Quantitatively, the consumption of antimicrobials in food, animals is expected to increase by at least more than 11% by 2030 provoking us to address the challenge of AMR and dairy production (Pires et al., 2024). 
Environmental reservoirs contributed to the microbiome of milk contamination and AMR genes are rich in milk, feed, soil, and sewage; where soil and sewage as the predominant sources (Zhou et al., 2023). Extended spectrum beta-lactamase (ESBL) producing members of the family Enterobacteriaceae have been reported in dairy cattle, as well as sources in their environment including manure and the food chain (Collis et al., 2019). In Asia, there is a significant prevalence of AMR in dairy farm environments with Escherichia coli being prevalent and environmental transmission routes have been identified (Veloo et al., 2025). ARGs found in animals, manure, and wastewater, propagating through various mechanisms, including dissemination of environment and horizontal gene transfer (Sun et al., 2024). 
The farm can therefore be considered as a reservoir for antimicrobial resistance (AMR), by spreading AMR through contaminated bedding and feed, impacting productivity negatively (Tarrah et al., 2024). antibiotic-resistant (AMR) Escherichia coli is common among pre-weaned calves, with exposure of the animals to a contaminated feed and water trough. Risk factors for its development are antibiotic use of drugs, feeding waste milk and hygienic (Duse, 2015). These bacteria and genes are widespread in slurry tanks, acting as an important reservoir of AMR while keeping a dynamic balance of ARB (Baker et al., 2022). The herd size, breed, and management factors with high Antimicrobial Usage (AMU) associated to specific herd characteristic are related to AMR (Köchle et al., 2024). 
AMR bacteria persist during including processing in dairy steps with cross contamination during processing identified (Yi et al., 2024). Higher antimicrobial use is associated with the presence of resistant mastitis bacteria, as farms with a history of AMR infections have spent more days under treatment (Sugiura et al., 2024). Antibiotics are fueling the AMR challenge leading to the emergence of alternative drugs (Pires et al., 2024). Application of antimicrobials in mastitis is shown to be linked with up-surge of ARB on dairy farms, and spreading resistance through direct contact, raw milk and manure fertilization as a result reduction in milk yield & quality (Gelalcha et al., 2021). 

Probiotics Definition and Types of Probiotic Strains Used in Dairy Foods
Probiotics are live microorganisms that, when administered in adequate amounts, confer a health benefit on the host beyond basic nutrition. (Guarner & Schaafsma, 1998). Probiotics in dairy products effectively improve the health and well-being of humans through the modulation of gut microbiota and immunological status (Pal & Pal, 2024). The probiotic market around the world estimated in billions continues to thrive as the consumers prefer functional foods over normal food, which provides healthy benefits beyond traditional nutrition (Olson & Aryana, 2022; Elango, 2025). Milk and dairy products such as yogurt, cheese, fermented milk or similar products are also effective vehicles for probiotics that offer nutritional and sensory advantages (Saha et al., 2025). 
Despite wide range of use, challenges remain on the ability to define and describe probiotic strains suitable for dairy application, with a lack in understanding the diversity and functionality of strains belonging to families other than traditional Lactobacillus and Bifidobacterium (Eismann, 2023). Emerging probiotic solutions, including dairy propionibacteria and probiotic yeasts represent promising avenues for exploration but further characterisation of these is required to understand molecular drivers and stability within dairy matrices (Rossi et al., 2025). Debates still present regarding the health effects by strain, best doses and its compatibility with processing and gastrointestinal transit (Elshaghabee et al., 2023). 
Lack of clear guidelines for the selection of probiotic and controversial clinical findings restricts full exploitation of the potential usefulness of probiotics in dairy products (Yadav & Shukla, 2017). Addressing these shortcomings will be important to further enhance product efficacy and consumer confidence (Urrutia-Baca et al., 2023). For optimal exploitation of probiotics in dairy products, it is necessary to focus on strain-specific characteristics and development of standardized methodologies to include the strains. 

Table 1. Types of Probiotic Strains:
	Study
	Taxonomic Diversity
	Functional Efficacy
	Viability Retention

	Safety and Compliance

	(Rossi et al., 2025)
	Propionibacterium freudenreichii and Acidipropionibacterium species

	Immunomodulation, anti-inflammatory properties, anti-cancer effects, metabolic advantages 

	Retention of viability in tablets and cheese 

	No report on safety issues; Needs study on antibiotic resistance 


	(Olson & Aryana, 2022)
	Lactobacillus and Bifidobacterium species most utilized in yoghurt 
	Health advantages such as immune support and gut health 

	Emphasis on survival during shelf life and GIT transit 
	Safety concerns particularly for populations at risk 


	(Martins et al., 2022)
	Lactobacillus and Bifidobacterium dominant; emerging non-dairy matrices

	Health advantages connected to gut microbiota modulation
	Microencapsulation and various strategies enhance viability

	Regulatory obstacles identified for innovative matrices 

	(Iranmanesh, 2021)
	Lactic acid bacteria in fermented and non-fermented dairy

	Probiotic and postbiotic health benefits

	Technological benefits of postbiotics for viability 

	Safety and functional advantages discussed


	(de Lima & Weschenfelder, 2019)
	Fermented milk and supplements with probiotic claims

	Antagonistic, competitive, immunological impacts on microbiota 

	Low availability of probiotic based dairy products 
	Safety generally accepted with balanced diet


	(Mäkeläinen et al., 2010)
	Lactobacillus acidophilus, L. rhamnosus, Bifidobacterium lactis

	Enhancement of phagocytosis and immunomodulation 

	Confirmation of survival during ripening and shelf life 
	Safety confirmed in elderly volunteer


	(Shah, 2000)
	L. acidophilus and bifidobacterium in yogurt and fermented milk

	Balance of gut microbiota and health benefits 
	Viability critical for therapeutic effects

	Challenges on safety and strain viability 

	(de Souza da Motta et al., 2022)
	Indigenous lactic acid bacteria in milk and its derivatives 
	Recombinant probiotics and antiviral properties 
	Viability influenced by processing and dairy matrix 

	Development of safe and harmless functional food 

	(Elango, 2025)
	Various probiotic strains in dairy beverages 

	Gut health and well-being improvement

	Challenges of viability during storage and processing 
	Future perspectives on probiotic beverage development


	(Wang et al., 2023)
	Nonbovine milk probiotics

	Extended viability and functional properties for nonbovine dairy

	Viability > log 7 cfu/mL during shelf life

	Potential of safety and unique dairy product 

	(Urrutia-Baca et al., 2023)
	Probiotics in dairy foods for fortification

	Vitamin synthesis and incorporation of mineral 
	Functional modifications quantified

	Strategies for safety and methodology were reviewed 

	(Ağagündüz et al., 2022)
	Lactic acid bacteria in dairy industry

	Production of bioactive metabolites and enhancement of health 

	Viability in fermented dairy products

	Consumer wellbeing and safety were focused.  




Mechanism of action of different probiotics against AMR: 
The escalating global threat caused by AMR infections and limitations of conventional antibiotic therapies emphasize the importance of understanding how probiotics can help in combating against AR (Matin, 2024). Over the last few decades, the scope of study clearly has expanded to move from just determining probiotics as gut microbiota modulators and even with their own specific role in coping antibiotic resistance through different biological mechanisms (Bargheet et al., 2025; Nogacka et al., 2024). 

Production of Antimicrobial Metabolites (Bacteriocins, Organic Acids)
Probiotic treatments can alter the neonatal gut, reducing resistome and pathogenic bacteria. ESBL-producing Enterobacterales are less prevalent in the presence of Bifidobacterium; oral probiotics reduce resistant organisms. Single-strain Bifidobacterium is effective and beneficial in terms of modulation of gut metabolites, helping to combat antimicrobial resistance (Bargheet et al., 2025). Lactobacillus promotes growth of Clostridiales to enhance butyrate production in the gut to counter colistin resistance in multi-drug resistant Enterobacteriaceae. A second study reports that proteins contained in the Exoproteome of Limosilactobacillus reuteri LR1 and Lacticaseibacillus rhamnosus F (also identified from this study) reduce the proliferation and biofilm formation potential of multi-drug resistant Klebsiella pneumoniae, with antagonistic proteins in single-strain LAB preparations actively promoting pathogen reduction (Savinova et al., 2021). 
Lactobacillus rhamnosus HN001 and L. acidophilus La-14 protect against numerous infections via a lowering of gut pH and release of antimicrobials. Metabolites of L. rhamnosus and S. boulardii have been shown to effectively inhibit resistant Gram- negative bacteria, with metabolites generated by ultrasound showing pathogen inhibition 85–100% (Isayenko et al., 2019). Probiotics like lactobacillus and bifidobacterium strains produce antibiotics, participate in competition with infections and reduce pathogen load and risk of antibiotic resistance in livestock (Sachdeva et al., 2025). 


Competitive Exclusion and Biofilm Inhibition
Strains like L. rhamnosus and murinus contribute to the enhancement of colonisation resistance in patients and mice, their partnership with Clostridiales boosts host immunity (Djukovic et al., 2022). Probiotics and prebiotics enable modulation of gut diversity to rid hosts of antimicrobial-resistant bacteria. Lactobacillus as well as Saccharomyces boulardii probiotics reduce pathogen survival, and both the monospecies and synbiotic designs of supplementation show mild benefits in terms of gut diversity and immunological stimulation (Rahman et al., 2024). From the gastrointestinal tract of goat, Lactic acid bacteria such as Pediococcus, Weissella, Enterococcus strains prevent multidrug resistant infections. Single-strain isolates shown antibacterial efficacy against resident resistant bacteria and may possess potential immunomodulatory effects (Adeniyi & Olorunshola, 2024). Probiotics, particularly Lactobacillus and Bifidobacterium strains, mitigate infection risk and impede the progression of antibiotic resistance. Combined probiotic and bacteriophage products exhibit augmented antimicrobial efficacy, as Lactobacillus exometabolites and phages proficiently suppress resistant pathogens while preserving the integrity of normal gut flora (Neschislyaev et al., 2023). Probiotics can suppress the expression of resistance and virulence genes in Klebsiella pneumoniae. When used with ciprofloxacin, single-strain probiotics work together to lower the levels of AcrA and gyrA in clinical isolates from UTIs and sputum (AL-Suramerry & Al-Zubaidib, 2024). 

Modulation of Gut Microbiota and Resistome
Single-strain probiotics exhibit strain-specific reductions in tetM, tetO, and blaTEM genes, with fecal culture models demonstrating their influence on the resistome and indirect immunological regulation through microbiota alterations (Nogacka et al., 2024). All of these data show that probiotics can help fight antimicrobial resistance in many ways. 

Prevalence of probiotics and antibiotic resistance genes (ARG’s) in dairy foods and their correlation with human health risks: 
Due to the probiotic potentials as well as nutritional benefits of fermented dairy products, nurtures for gut and immune system (Xu et al., 2022; Kim et al., 2025), it is a highly consumed item worldwide. The growing consumption and importance of probiotic dairy products in the human diet make it essential to evaluate their microbiological risk, particularly with regards to the presence of ARGs that may contribute to antibiotic resistance (AMR) development (Li et al., 2023). 
Despite the known benefits of probiotics in fermented dairy, antibiotic-resistant bacteria and antibiotic resistance genes (ARGs) are a significant challenge in these preparations. It has been shown that antimicrobial resistance genes (ARGs) are carried out by lactic acid bacteria (LAB) and several of the probiotic strains from dairy origin, indicating multidrug resistance and also possibility for transferring these genes to effector pathogenic bacteria (Guo et al., 2017; Wang et al., 2019). The absence of established methodologies and widespread monitoring renders risk assessment more complex, possibly threatening consumer safety and the regulatory system (Zavisic et al., 2023). 

	Study
	Probiotic prevalence
	ARG’s Diversity and Abundance
	Correlation with Health-risks
	Gene Transfer Potential
	Methodological Approaches

	(Xu et al., 2022)
	High abundance of beneficial LAB in dairy foods particularly Lactococcus
lactis
	Low ARG levels
in dairy; higher
in soy products
	Low risk from
dairy; higher
risk from soy
fermented
foods
	Limited
evidence; focus
on ARG
presence
	Shotgun
metagenomics
and meta-analysis

	(Guo et al., 2017)
	Thirty-three (33)
Lactobacillus
strains isolated
from fermented
milk
	Detection of
van(X), van(E),
gyr(A), tet(M)
genes
	No observed
gene transfer
in mating
assays
	No transfer
detected in
filter mating
	PCR, antibiotic
susceptibility,
mating assays

	(Qu et al., 2024)
	Higher number of beneficial 
bacterial
diversity in
probiotic
yogurt vs
pasteurized
	1149 ARG
subtypes
identified, among them, 
rifampicin,
multidrug efflux
common
	Speculated
safety issues in
probiotic
yogurt
	Network
analysis
suggests co-occurrence of
ARGs
	Shotgun
metagenomics
and network
analysis

	(Kerek et al., 2024)
	Firmicutes
dominant in
raw milk and
cheese;
microbial shifts
during
maturation 
	112 ARGs
identified; ESBL
genes detected
	ARG increase
during cheese
maturation
noted
	Phage/plasmid
carriage and
mobility
assessed
	Next-generation
sequencing and
resistome
analysis 

	(Moghimi et al., 2023)
	S. thermophilus
and L.
bulgaricus
prevalent in
traditional
yogurt
	ARGs aacA-D,
tetK, ermA, blaZ,
gyrA detected
	Potential role
in ARG
transmission to
humans
	Not directly
assessed
	Culture, PCR,
disk diffusion

	(Alzubaidy et al., 2019)
	Lactobacillus
dominant in
local dairy
products
	tetM, ermB, blaZ
genes detected
in isolates
	Resistance
phenotypes
linked to gene
presence
	Not assessed
	PCR,
antimicrobial
sensitivity, MIC
testing

	(Duche et al., 2022)
	Lactobacillus
strains from
food and
human origin
	parC, aac(6’)Ii,
ermB, ermC,
tetM genes
prevalent
	Presence of
transferable
resistance
genes noted
	Transferability
investigated in
vitro
	Phenotypic and
genotypic
screening

	(Tóth et al., 2020)
	ARG diversity in
kefir and
yoghurt
	ARGs
undermining
multiple
antibiotic classes
found
	ARGs may
increase during
fermentation
	One mobile
ARG detected
	Metagenomic
sequencing and
bioinformatics

	(Qin et al., 2023)
	ARGs in raw
camel milk
microbiome
	136 ARGs
detected, co-occurrence with
Corynebacterium
	Raw milk as
ARG reservoir;
potential
spread via
food chain
	MGEs and
horizontal
transfer
suggested
	qPCR and 16S
rRNA
sequencing

	(Yang & Yu, 2019)
	ARGs and
transfer in LAB
from Chinese
dairy
	Resistance genes
detected; tetM
and tetS
transferred to L.
monocytogenes
	LAB as
reservoirs and
vectors of
ARGs
	Conjugation
experiments
confirmed
transfer
	PFGE, PCR,
conjugation
assays

	(Kaszab et al., 2023)
	ARGs in
Lactobacillales
genomes
	335 strains with
ARGs; 194 with
transferable
ARGs
	Highlights One
Health
concerns of
ARG spread
	Plasmid and
iMGE linked
ARGs identified
	Whole genome
sequencing and
bioinformatics  



Table 2. Evidence from In Vitro, In Vivo, and Food-Based Studies
Table 3. In-vitro studies
	Study:
	Anti-microbial Activity:
	Biofilm Inhibition:
	Mechanistic Insights:
	Safety and Resistance:

	(Kaya et al., 2024)
	Cell-free supernatant from Lactobacillus rhamnosus decreased CFU in single-species and two-species biofilms

	Marked
antibiofilm
effect in 3D
wound model
	No resistance
induction after
repeated
exposure 
	Safe for host cell; low cytotoxicity 

	(Dawwam et al., 2022)
	L. acidophilus
and L. plantarum
inhibited multidrug-resistant (MDR) uropathogenic Escherichia coli
with
inhibition zones
16-23 mm
	Phenotypic inhibition and downregulation of biofilm gene 
	Downregulation
of csgA, crl,
csgD biofilm
genes
	Safety not
detailed

	(Hashem & El-Baky, 2021) 
	Supernatant of Lactobacillus stopped MDR Escherichia coli from growing; with areas 15–18 mm
	>50% biofilm
reduction
confirmed by
Scanning Electron Microscopy (SEM)
	Probiotic
characteristics
included acid
and bile
tolerance
	Non-hemolytic;
Sensitive to antibiotic except vancomycin 

	(Chin et al., 2023)
	Lactic Acid Bacteria strains
inhibited
Salmonella and E.
coli by >90% in
broth
microdilution
	Not assessed
	Optimization of
growth medium
for probiotic
production
	Safety not
detailed

	(Abdelhamid et al., 2018)
	Probiotic CFSM (cell-free spent medium) showed inhibition zones of 11.7–23.1 mm against MDR E. coli.
	Biofilm
formation
inhibited up to
64.5%
	Antimicrobial
activity linked to
metabolites in
CFSM
	Safety not
detailed

	(Adeniyi et al., 2024)
	Poultry-derived
LAB CFS inhibited
MDR bacterial
and fungal
pathogens
	Not assessed
	Metabolite
quantification
linked to
antimicrobial
activity
	Safety not
detailed

	(Abdelhalim et al., 2022)
	Lactobacillus
helveticus and L. 
rhamnosus CFS
inhibited MDR Klebsiella
pneumoniae
	Not assessed
	Antimicrobial
activity superior
to cefoperazone
alone
	Safety not
detailed

	(Zakaria et al., 2021)
	Selected
Pediococcus and
Lactobacillus
isolates showed
antimicrobial and
antibiofilm
activity
	Significant
antibiofilm
inhibition
	Antibacterial
activity
increased post supplementation
	Safety not
detailed

	(Amigh et al., 2024) 
	Lactobacillus rhamnosus  strains inhibited  Staphylococcus saprophyticus and exhibited antibiofilm activity
	Significant
antibiofilm and
organic acid
production
	Antimicrobial
activity linked to
organic acids
	No virulence factors; susceptible to most antibiotics 





Table 4. In vivo study
	Study
	Antimicrobial Efficacy
	Probiotic Viability
	Safety and Resistance
	Product Quality Impact

	(Fathalla & Elshora, 2024)
	Significant
reduction of S.
aureus counts
in Kareish
cheese
	Lactobacillus
acidophilus and
Bifidobacterium
lactis stable
during storage
	Noted
antibiotic
resistance in
pathogens,
probiotics safe
	Improved safety without sensory data

	(Adriani et al., 2023)
	Probiotic
consortium
inhibited
Salmonella
typhimurium in
yogurt
	High enzyme
activity indicating
probiotic viability
	Not assessed
	Increased activity of enzyme; lack of sensory data
 

	(Judge et al., 2022)
	ARGs detected
in kefir and
yogurt bacteria
	Lactiplantibacillus
plantarum
showed low ARG
presence
	Bifidobacterium
animalis had
high ARG
prevalence
	Not assessed

	(Abonee et al., 2023)
	Antimicrobial
activity against
multi-drug resistant 
pathogens
demonstrated
	Aggregation potency; Good tolerance
to GI conditions,

	Enhancement of pathogen growth by some isolates 
	No sensory data

	(Mehrabani et al., 2013)
	Dairy products
better for
bifidobacteria
delivery
	Viability lower in
solid products
	No difference
in antibiotic
susceptibility
	Better exclusion of pathogen in nondairy isolates 

	(Tomičić et al., 2024)
	Probiotic yeast
enhances dairy
product quality
	Viability >10^6
cfu/mL at shelf
life end
	Yeast antibiotic
resistance
noted
	Improvement of sensory characteristics 

	(Uttarwar et al., 2024)
	Bifidobacterium animalis subsp. lactis (BB-12) and
yogurts mitigate
antibiotic induced gut
dysbiosis
	Retention of probiotic viability throughout the antibiotic treatment 
	Not assessed
	Gut microbiota protection 

	(Cizeikiene & Jagelaviciute, 2021)
	Lactobacillus
and
Bifidobacterium
strains show
antibacterial
activity
	Confirmed survival ability at low pH and bile salts 
	No virulence factor and sensitive to ampicillin 
	Potential for
functional
food/feed

	(Boontun et al., 2023)
	Lack of ARGs in selected isolates 
	Confirmation of enzyme production and antimicrobial activity 
	Absence of 51
tested AMR
genes
	Candidates for industrial probiotic 



Safety, Regulatory, and Risk Considerations: 
The increasing detection of antibiotic resistance genes (ARGs) in probiotic strains and fermentation dairy products has raised concerns on their role as reservoirs and vectors for the dissemination of antimicrobial resistance (AMR) (Qu et al., 2024). Studies have also reported significantly higher prevalence rates of probiotic multidrug-resistant strains in commercial products, which highlights the need to consider the practical significance of addressing AMR concerns in this area (Baumgardner et al., 2021). 
The combination of phenotypic and genotypic safety studies are required to better predict the risks of probiotic administration. These comprehensive approaches draw attention to the importance of complete regulation and detailed evaluation required for ensuring probiotic safety (Kim et al., 2025). Disc Diffusion and Antibiotic Susceptibility Testing (AST) Disc diffusion and antibiotic sensitivity testing are important in assessing the safety of probiotics. The discovery of resistant isolates before exposure to jerky is facilitated by the inclusion of AST after the aflatoxin testing. This approach is highly important when in dairy matrices it is still possible to transfer the antibiotic resistance genes (Sharma et al., 2024).
With shotgun metagenomics together with network analysis, more comprehensive views on the microbial interactions and putative risk paths are warranted. These results further illustrate the importance of stringent processing hygienic conditions for microbial safety (Qu et al., 2024). Market surveys coupled with anti-microbial susceptibility testing, performed taking in consideration survey-based and laboratory-based tests for resistance, demonstrates the presence of strains resistant to antibiotics in some commercial probiotics. These results emphasize the importance of alerting health professionals to potential risks associated with probiotic-induced resistance. Therefore, new legislation and disposal instructions should be considered to avoid potential human health risks (Zavisic et al., 2023).
Dairy farm and production practices have been associated with the ARG risk occurrence from one end of the raw milk cheese production chain. Contamination of heath shown in the literature, literature has indicated that ARGs found in LAB can reflect those ones from hygiene indicator bacteria. Therefore, in dairy production it is very important to follow the Good Manufacturing Practices (GMP), Good Hygienic Practice (GHP) and effective risk management methods (Chaves et al., 2024). Lactobacillus helps keep food safe because it has antibacterial properties, and it is also very important for gut health. Reviews of its methods show how these bacteria help keep food fresh and cut down on pollution. To guarantee their proper utilization, probiotic applications are examined alongside essential safety considerations (Razzaq et al., 2024). Regulatory and clinical levels review the co-administration of probiotics with antibiotics and related risk. The analyses identify significant gaps in dosing recommendations and potential contraindications, underlining the importance of careful clinical review (Andreev et al., 2022). PCR detection of pathogenic and antibiotic resistance genes in probiotic strains to verify important safety and pathogenicity determinants. This strategy would contribute to determining effective and safe strains that are able to be applied as animal probiotics (Seighalani et al., 2022). 


Research Gap and Future Directions: 
Research Gaps: 
Several studies indicate the general lack of knowledge about influence and role of probiotic strains on gut resistome and AMR spread in dairy foods (Refaat et al., 2025). There is evidence that probiotics reduce the carrying capacity of ARG reservoirs and antibiotic-induced gut dysbiosis (Nogacka et al., 2024); however, concerns about horizontal transfer of ARGs and increased resistance gene pools have been raised elsewhere (Kim et al., 2025; Mousa et al., 2023). This paradoxical observation complicates the establishment of regulations and safety use of probiotics, with potential implications as raising risks for AMR (Zavisic et al., 2023). 
Probiotics have a wide effects that would be used to combat AMR but the specific mechanisms of action by which the probiotics interact in dairy matrices are not well understood and more research is essential (Vesković-Moračanin et al., 2025; Matin, 2024). The contribution of variations among strains is also emphasized by the need to identify effective strains that adequately maintain the efficacy during processing and storage (Refaat et al., 2025). Moreover, there is currently insufficient evidence to justify the application of probiotics in prevention and/or treatment of mastitis, and nonstandardized regulations still limited their safe and effective use in dairy products (Topp, 2017). 


Conclusion:
The emergence of AMR poses a serious threat to the sustainability of dairy production, as well as public health and food safety. That this has been aggravated by extensive use of antibiotics in animal husbandry as well as the rise resistant bacteria and resistance genes along the dairy value chain. The One Health framework believes that resistance can travel from water and soil to cattle, then to milk and other dairy products, and finally to the human gut. This illustrates the interconnected nature of animal, environmental and human health. Probiotics offer a good long-term strategy to reduce AMR. Popular strains compete with one another to reduce resistant infections in milk and on dairy animals through competitive exclusion, production of inhibitory metabolic end products, and altering the microbial ecology of both host and product. This has been demonstrated in vitro and in vivo. But because there is potential for ARGs to be passed down, it becomes all the more important to conduct rigorous strain-level analysis and genetic screening. Regulatory agencies, such as the U.S. Food and Drug Administration (FDA) or the European Food Safety Authority (EFSA), must establish standardised criteria for selecting strains, screening safety and monitoring its own market once open. This way we can ensure that probiotics are both safe and effective. Regulatory action that is coordinated and supported by high-quality research as well as One Health stewardship is required for the promise of probiotics to curb AMR and preserve consumer health and the quality of dairy chain foods to be realized. 

Challenges and Limitations: 
Challenges:
ARTG may have been transferred to pathogenic microorganisms, making AMR spread a risk for various food industry products such as probiotics (LAB especially) (Refaat et al., 2025) depending on the source of isolation (Kim et al., 2025). Intrinsic resistance of Lactobacillus spp to certain antibiotics, including tetracycline, vancomycin and erythromycin is widely reported, with these resistances being chromosomally encoded and generally non-transferable. Acquired resistances like tet(W), tet(M) and erm(B) are frequently present in plasmids or transposons and can easily be transferred, representing the major threat to human health (Ashraf & Shah, 2011). Complexity in these interactions could influence how effectively probiotics counteract AMR. Probiotics influence the gut microbiota, one of the main sources of ARGs (Pattanaik et al., 2022). Many of the commercially available probiotic products are mislabeled with regards to the number of viable cells or bacterial species, endangering their safety and effectiveness, so strict quality control is needed (Tran et al., 2024). Safety and efficacy of probiotics in dairy products should be ensured by regulatory bodies, particularly by considering the strains for existence of transferable ARGs and health risks to public (Kim et al., 2025). 

Limitations: 
Given that most studies focus on individual regions or product types (e.g. artisanal cheeses, fermented dairy from China), geographic and product diversity would appear to remain a limitation in published research. The available data are driven by such a limited focus that their external validity is restricted too as to the generalization of recent results to diverse origins/dairy/ probiotic formulae (Qu et al., 2024; Li et al., 2024; Chaves et al., 2024). In the absence of in-vivo or clinical validation, much research depends on in vitro or metagenomic studies. This calls into question conclusions on the safety and effectiveness of probiotics, as well as making it more challenging to interpret such findings in relation to human health (Nogacka et al., 2024). Many of these studies fail to include identification details of the probiotic strains or genomic characteristics, therefore preventing accurate estimations related with the prevalence and potential transferability of antibiotic resistance genes and specificity, which limits their applicability (Mousa et al., 2023). These literatures are not very complete, and important sources or carriers of antibiotic resistance may be missed because most studies only look at Lactobacillus and Bifidobacterium species and no other types of probiotics (Sujatha & Mahalakshmi, 2025). 

Future directions:
The major issue of future studies concerns to identify new probiotic strains with strong antibacterial activity. This involves identifying which strains can be effective in suppressing infections that show antimicrobial resistance growing in the dairy environment (Romario-Silva et al., 2021). But it remains possible to deepen the knowledge of these strains in terms of mode of action and application in dairy products, by identifying the activity characterization methods such as metabolomics and proteomics (Hove et al., 2020). 
The stability and activity of probiotics in dairy products can be preserved by applying cost-effective encapsulation strategies. In dairy products, the shelf-life and functionality of probiotics can be enhanced through new delivery systems such as microencapsulation (Romario-Silva et al., 2021). It is also important to ensure the safety of probiotic strains since they have a potential to spread and harbor antibiotic resistance genes. Twist and turns of AMR hitches should be manacled by scrupulous screening assays, coupled with regulatory guidelines for transferring the genes to pathogens (Imperial & Ibana, 2016). In view of their potential impacts on the gut resistome and AMR dynamics, regulatory administrations need to offer specific guidance regarding the use of probiotics in dairy (Montassier et al., 2021). 
The databases like ProbResist could be used to catalog drug-resistant probiotic strains, which are resources for the rational selection of safe probiotics for dairy foods (Dou et al., 2022). To optimally personalize probiotic therapies, person-directed and antibiotic effect directed research is needed on the impact of probiotics on the gut resistome (Montassier et al., 2021).

Data availability: All the data are in the manuscript.
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