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Abstract

Raw-milk and raw dairy products remain a high-sensitivity One Health interface because
they bypass a major microbial control step and may carry viable foodborne pathogens, bac-
teria exhibiting antimicrobial resistance (AMR), and AMR genes from dairy animals, farm
environments, milking equipment, handlers, storage systems, and informal or direct-sale
chains. This narrative review synthesizes verified scientific evidence on raw milk as a po-
tential vehicle pathway for resistant foodborne pathogens, clinically relevant opportunistic
bacteria, indicator organisms, and AMR determinants, and evaluates AMR-related emerg-
ing public health risks through a One Health perspective. The review integrates evidence
from outbreak investigations, raw milk and raw dairy surveillance, culture-based antimi-
crobial susceptibility testing, polymerase chain reaction (PCR), whole-genome sequencing
(WGS), metagenomics, metaproteomics, risk assessment, and the consumer-risk literature.
The synthesis shows that raw-milk-associated AMR evidence should be interpreted by
inference level rather than by a single organism or global prevalence estimate. Public health
concern becomes stronger when detection or occurrence is supported by viable recovery,
plausible consumer exposure, transmission linkage, infection or colonization evidence,
source-attribution data, or quantified burden estimates. Evidence is strongest for exposure
pathways involving Campylobacter, extended-spectrum beta-lactamase (ESBL)-producing
Enterobacterales, methicillin-resistant Staphylococcus aureus (MRSA), Salmonella, Listeria,
Enterococcus, Yersinia, and raw-milk resistomes, although causal strength differs across or-
ganism groups and study designs. The review distinguishes detection or occurrence, viable
recovery, potential exposure, transmission, infection or colonization, source attribution,
and attributable AMR burden. One Health control requires mastitis prevention, prudent
antimicrobial use, milking hygiene, environmental monitoring, pasteurization or equiv-
alent exposure barriers, WGS-supported outbreak investigation, integrated surveillance,
and targeted risk communication.

Keywords: raw milk; unpasteurized milk; antimicrobial resistance; foodborne pathogens;
One Health; public health risk

1. Introduction
Raw milk occupies a distinctive position in veterinary public health because it is an

animal-derived food matrix consumed without the heat treatment that normally inter-
rupts microbial transmission from the dairy production environment to the consumer. Its
safety cannot be evaluated only as a question of product hygiene; it also reflects udder
health, mastitis epidemiology, antimicrobial use in dairy herds, fecal and environmental

Microbiol. Res. 2026, 17, 149 https://doi.org/10.3390/microbiolres17080149

https://crossmark.crossref.org/dialog?doi=10.3390/microbiolres17080149&domain=pdf&date_stamp=2026-07-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com
https://orcid.org/0009-0006-7962-0422
https://doi.org/10.3390/microbiolres17080149


Microbiol. Res. 2026, 17, 149 2 of 25

contamination, milking equipment, storage conditions, food-chain governance, and con-
sumer behavior. Antimicrobial resistance (AMR) adds a further layer of concern because
food-producing animal systems can contribute to the ecology of resistant bacteria and
antimicrobial resistance genes (ARGs) before they reach clinical settings. The global AMR
burden provides the public health context: 4.71 million deaths associated with bacterial
AMR and 1.14 million attributable deaths were estimated for 2021 [1]. These estimates do
not quantify the contribution of raw milk and should not be read as evidence that raw
milk is a dominant AMR source; rather, they establish the scale of the wider AMR problem
against which specific, preventable foodborne exposure pathways must be appraised.

Raw milk is considered a vehicle only in a qualified foodborne-epidemiological sense,
as an unheated food matrix and farm-to-consumer pathway through which viable hazards
or transferable resistance determinants may reach exposed consumers when contamination,
survival, and handling conditions align; detection of organisms or ARGs alone is not inter-
preted as proof of transmission, infection, source attribution, or burden. Microorganisms
may enter milk through intramammary infection, subclinical mastitis, fecal contamination,
teat skin, bedding, farm water, milking machines, storage vessels, animal handlers, retail
conditions, and domestic handling [2,3]. When pasteurization is absent, these inputs may
persist to the point of consumption, and delayed cooling or raw dairy processing may
further influence survival and exposure. The risk question therefore concerns continuity
across the unheated dairy chain: whether resistant organisms or transferable resistance
determinants introduced during production, handling, storage, or raw dairy processing
can remain biologically relevant by the time raw-milk or raw dairy products are consumed.

Outbreak and risk-assessment studies demonstrate why this pathway has public
health importance. During 1993–2006, 73 of 121 United States (US) dairy-associated out-
breaks with known pasteurization status involved nonpasteurized products, and 13%
of outbreak patients were hospitalized [4]. For 2009–2014, 87 dairy-related outbreaks
caused 750 laboratory-confirmed illnesses and 215 hospitalizations; unpasteurized prod-
ucts accounted for 96% of modeled illnesses while being consumed by a small minority
of consumers, yielding estimated incidence-rate ratios of 838.8 for illness and 45.1 for
hospitalization compared with pasteurized products [5]. These data do not show that
all raw-milk outbreaks are AMR-driven, but they establish raw dairy consumption as a
disproportionate exposure route into which AMR hazards may be introduced.

The persistence of raw-milk outbreaks across regulatory and market settings also
indicates that the problem extends beyond end-product testing. Earlier clinical and public
health synthesis identified unpasteurized milk as a continuing health threat, while later
US outbreak analyses and a Canada–US systematic review of dairy outbreaks showed that
raw and inadequately controlled dairy products remain recurrent exposure routes despite
the dominance of pasteurized products in the overall dairy market [6–8]. For AMR, this
distinction is critical: detecting a resistant organism in milk is not equivalent to proving
human disease, yet repeated exposure to viable resistant pathogens, clinically relevant
opportunistic organisms, or transferable ARGs can create risks that require integrated
animal, food, environmental, and clinical interpretation; resistant indicator organisms
should be treated as reservoir signals requiring follow-up, not automatically as pathogens.

The raw-milk AMR pathway is generated across connected compartments. Antimi-
crobial use and mastitis therapy may influence selection pressure in dairy animals; feces,
manure, water, bedding, soil, and biofilms may sustain or redistribute resistant bacteria
and ARGs; milking and handling can transfer organisms into bulk-tank milk or raw dairy
products; consumer preference for unpasteurized products removes a major exposure
barrier; and clinical surveillance often captures only the final, symptomatic portion of the
pathway. This cross-compartment framing is used to evaluate how selection, contamination,
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persistence, amplification, exposure, disease severity, and surveillance response interact,
rather than simply to list the sectors involved.

Current evidence remains fragmented by organism, resistance determinant, geography,
sampling frame, laboratory method, product type, and level of inference. Culture-based
prevalence, antimicrobial susceptibility testing (AST), polymerase chain reaction (PCR),
whole-genome sequencing (WGS), metagenomics, outbreak investigation, and risk assess-
ment each answer different questions. A critical synthesis must therefore compare these
evidence levels without treating all positive findings as equivalent indicators of public
health risk, while also evaluating the qualitative strength of evidence across Escherichia coli
(E. coli), Salmonella, Campylobacter, Staphylococcus aureus (S. aureus), Enterococcus, Listeria,
Yersinia, and the broader raw-milk resistome.

The aim of this narrative review is to critically synthesize scientific evidence on raw
milk as a potential vehicle pathway for resistant foodborne pathogens, opportunistic or indi-
cator bacteria, and ARGs, and to evaluate the emerging public health risks and One Health
control points that arise across dairy production, raw dairy processing, environmental
interfaces, consumer exposure, and surveillance systems.

The specific objectives are to: define the biological and technological conditions under
which raw milk supports an AMR exposure pathway; compare organism-specific evidence
for resistant bacteria, indicator organisms, reservoir organisms, and ARGs in raw milk,
raw dairy products, and dairy-chain interfaces; distinguish detection, viability, resistance
phenotype, gene mobility, outbreak linkage, and attributable burden as separate levels of
inference; identify drivers across dairy animals, farm environments, food chains, consumers,
and surveillance systems; and define evidence-based mitigation and research priorities
without overstating causality.

Figure 1 presents the conceptual pathway used in this review to connect dairy-farm
resistance ecology, raw milk as an exposure vehicle, and emerging public health risk.
The figure is intended as a framework for interpreting the subsequent evidence, not as a
substitute for organism-specific or surveillance data.

Figure 1. One Health pathway for raw-milk-associated antimicrobial resistance risk.
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2. Materials and Methods
2.1. Review Design and Objective

This manuscript was designed as a narrative review with structured literature search-
ing and critical evidence synthesis. It was not designed or reported as a systematic review,
scoping review, meta-analysis, or formal evidence map.

The review question was: how does raw milk serve as a potential vehicle pathway for
resistant foodborne pathogens, opportunistic or indicator bacteria, and AMR determinants,
and what emerging public health risks and One Health control points are supported by the
available evidence?

2.2. Information Sources and Search Date

Literature searches and source verification were conducted through PubMed/MEDLINE,
PubMed Central, publisher article records, digital object identifier (DOI) resolver/Crossref-
linked records, and open journal pages. The final search and verification date was
2 June 2026.

2.3. Search Strategy

The search strategy combined full terms with standard database acronyms for mul-
tidrug resistance (MDR), extended-spectrum beta-lactamase (ESBL), methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), Shiga toxin-
producing Escherichia coli (STEC), and WGS.

The core search block was: (‘raw milk’ OR ‘unpasteurized milk’ OR ‘unpasteurised
milk’ OR ‘raw dairy’ OR ‘raw milk cheese’ OR ‘bulk tank milk’ OR ‘bovine milk’) AND
(‘antimicrobial resistance’ OR ‘antibiotic resistance’ OR AMR OR MDR OR resistome OR
‘resistance genes’ OR ESBL OR MRSA OR VRE OR mcr OR integron OR plasmid) AND
(dairy OR bovine OR cattle OR mastitis OR ‘udder health’ OR Escherichia coli OR STEC
OR Salmonella OR Campylobacter OR Staphylococcus aureus OR Listeria monocytogenes OR
Enterococcus OR Yersinia OR Klebsiella pneumoniae) AND (‘One Health’ OR ‘public health’
OR ‘food safety’ OR surveillance OR WGS OR metagenomics).

Targeted searches used pathogen- and pathway-specific strings: ‘bulk tank milk antimi-
crobial resistance’, ‘dairy cattle raw milk ESBL Escherichia coli Klebsiella’, ‘raw milk MRSA
Staphylococcus aureus mecA mastitis’, ‘raw milk Salmonella antimicrobial resistance blaCMY’,
‘raw milk Campylobacter fluoroquinolone resistant outbreak’, ‘raw milk Listeria monocyto-
genes antimicrobial resistance’, ‘raw milk vancomycin resistant Enterococcus’, ‘raw milk
Yersinia antimicrobial resistance’, and ‘raw milk resistome antimicrobial resistance genes’.

2.4. Eligibility Criteria

Eligible sources were DOI-bearing peer-reviewed articles, official scientific opinions
with DOIs, outbreak investigations, surveillance studies, primary microbiological studies,
genomic or metagenomic studies, risk-assessment studies, and reviews used for back-
ground or citation tracing. No geographic restriction was applied.

Sources were retained when they addressed raw milk, raw dairy products, raw-milk
cheeses, bulk-tank milk, dairy-farm milk filters, raw-milk-associated outbreaks, or directly
relevant dairy-chain interfaces. Studies centered only on pasteurized milk, unrelated dairy
foods, non-dairy foods, or non-dairy AMR ecology were excluded unless they clarified a
mechanism directly relevant to raw-milk exposure, raw dairy processing, or One Health
AMR interpretation.
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2.5. Source Selection

Each retained source was checked for DOI presence, title consistency, author–year
metadata, journal information, and relevance to the review question. Sources without a
confirmed DOI were not included in the reference list. When multiple sources addressed
the same point, primary studies, outbreak reports, risk-assessment papers, and genomic
studies were prioritized over broader narrative background sources.

2.6. Data Extraction

For each retained source, extracted information included author and year, country or
region, host species, dairy matrix, sample size, sampling unit, study design, laboratory
method, AST, pathogen, opportunistic organism, indicator organism, AMR phenotype,
ARGs or mobile genetic elements (MGEs), virulence markers, genomic method where
available, PCR or quantitative PCR (qPCR) evidence where reported, numerical findings,
major interpretive limitations, and methodological quality indicators.

2.7. Evidence Synthesis and Appraisal

Evidence was synthesized thematically by vehicle pathway, organism group, AMR
determinant, public health risk, One Health driver, surveillance implication, and mitigation
point. Studies were compared by matrix, geography, sample size, analytical method,
resistance phenotype or genotype, genomic resolution, outbreak linkage, methodological
indicators, and strength of inference.

Terminology was matched to the level of inference supported by each source. Detec-
tion or occurrence referred to culture-positive or molecular findings without demonstrated
consumer linkage; viable recovery referred to culture-confirmed resistant organisms; po-
tential consumer exposure referred to findings in milk or raw dairy matrices plausibly
reaching consumers; transmission referred to epidemiological, traceback, or genomic link-
age along the dairy chain; infection or colonization referred to documented host outcomes;
source attribution referred to linked reservoir-vehicle-case evidence; and population-level
burden referred to quantitative estimates of attributable disease. ARG detection or isolate
recovery alone was therefore not interpreted as transmission, infection, colonization, source
attribution, or attributable burden unless additional linkage evidence was available.

Numerical findings were not pooled due to heterogeneity across raw-milk sam-
ples, bulk-tank milk filters, raw-milk cheeses, outbreak datasets, qPCR panels, shotgun
metagenomes, antimicrobial panels, interpretive breakpoints, countries, and product types.
Evidence was therefore organized by the inference level supported by each study.

2.8. Quality Appraisal and Risk-of-Bias Limitations

This narrative review did not apply a formal study-level quality score or risk-of-bias
tool. Because the evidence base included heterogeneous study types, including outbreak
investigations, cross-sectional prevalence surveys, culture-based microbiological studies,
whole-genome sequencing (WGS) studies, metagenomic analyses, risk assessments, and
narrative or mechanistic reviews, methodological quality was evaluated qualitatively dur-
ing synthesis using predefined criteria appropriate to the inference being drawn. These
criteria included appropriateness of study design, clarity of sampling frame, milk or dairy-
product matrix, sampling unit, denominator and sample size, recovery of viable organisms,
antimicrobial susceptibility testing method and interpretive criteria, taxonomic or species
confirmation, molecular or genomic resolution, host assignment of antimicrobial resistance
genes (ARGs) and mobile genetic-element context where available, outbreak or traceback
linkage, exposure, colonization, infection or source-attribution evidence, consistency across
independent studies, and transparency of reporting and limitations. Accordingly, out-
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break investigations with epidemiological linkage, viable isolate recovery, antimicrobial
susceptibility testing and genomic characterization were interpreted as supporting stronger
conclusions than small cross-sectional surveys, prevalence-only studies, or deoxyribonu-
cleic acid (DNA)-based ARG detection without host assignment or viability evidence. These
judgments were qualitative and did not represent a formal risk-of-bias score.

Evidence strength was expressed as Strong, Moderate, Limited, or mixed/conditional
according to the criteria satisfied and the level of inference supported. Strong evidence
required convergent support from direct exposure or outbreak/traceback evidence, recov-
ery of viable organisms, resistance phenotype data, and preferably genomic linkage or
source-attribution evidence. Moderate evidence required repeated or methodologically
complementary findings for viable organisms, resistance phenotypes, ARGs, typing data,
or exposure-pathway signals, but without complete outbreak linkage, source attribution, or
burden quantification. Limited evidence was assigned where findings were sparse; geo-
graphically narrow; based on small isolate numbers, detection-only or ARG-only results,
uncertain host assignment, incomplete antimicrobial susceptibility testing or breakpoint
reporting; or had an absence of exposure, infection, colonization, or source-attribution
linkage. Mixed or conditional categories were used when occurrence or potential exposure
evidence was stronger than evidence for transmission, infection, source attribution, or
population-level burden.

The evidence-to-inference levels used to organize the review are summarized in
Table 1.

Table 1. Evidence-to-inference framework for raw-milk-associated antimicrobial resistance risk.

Evidence Layer Question Answered Minimum Evidence
Needed Interpretive Use Boundary Condition

Detection in raw
milk/raw dairy

Is a pathogen, indicator,
or AMR gene (ARG)
present in an exposure
matrix?

Matrix, denominator,
sampling unit, method,
and detection target
clearly reported.

Screening signal;
identifies candidate
hazards and sampling
gaps.

Does not prove source,
viability, dose,
infection, or AMR
burden.

Viable resistant isolate

Can consumers
encounter live resistant
bacteria in the product
chain?

Culture confirmation,
species identification,
susceptibility testing
method/breakpoints,
sample type, and
product context.

Product-level hazard
assessment and
prioritization of
organisms for genome
sequencing.

Usually cross-sectional;
does not prove illness
or attributable source.

Mobile or functional
resistance evidence

Could resistance
determinants persist,
transfer, or be
expressed?

Resistance-gene host
context, plas-
mid/transposon/phage
evidence,
genome-sequencing
linkage, conjugation,
metagenomics, or
metaproteomics.

Mechanistic
interpretation of
resistome, mobilome,
and potential transfer
relevance.

DNA or protein signal
still requires viability,
dose, and host
attribution for
consumer-risk
inference.

Outbreak or clinical
linkage

Did raw-milk exposure
lead to disease with
resistance relevance?

Exposure history,
epidemiological link,
clinical isolates,
susceptibility testing,
and preferably genome-
sequencing/source
comparison.

Strongest
product-to-disease
evidence; informs risk
communication and
regulation.

Event-specific; cannot
be converted into
routine prevalence or
global burden.

Attributable burden
model

What fraction of
human AMR disease is
caused by raw milk?

Linked exposure
frequency,
concentration,
resistance phenotype,
dose–response,
treatment outcome, and
source attribution.

Policy prioritization
and cost–benefit
analysis.

Currently the major
evidence gap; not
justified by isolated
prevalence studies.
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3. Raw-Milk Vehicle Pathways: Contamination, Persistence,
Amplification, and ARG Transfer

The vehicle interpretation is strongest when raw milk receives organisms from animals
and farm environments; preserves viable foodborne pathogens, opportunistic or indicator
bacteria, or ARG-bearing bacteria; permits amplification during temperature abuse; and
delivers exposure directly to consumers or indirectly through raw dairy products. In this
model, an organism- or determinant-positive sample is not only a product-quality signal;
it is a possible endpoint of intramammary infection, fecal contamination, biofilm release,
environmental input, handling, storage, or processing failure.

3.1. Microbial Ecology and Contamination Routes

Raw milk is a dynamic microbial ecosystem rather than a sterile substrate that becomes
contaminated at a single point. The raw-milk microbiota includes organisms from the
teat apex, udder, feed, water, air, soil, milking equipment, handlers, and storage environ-
ments [2]. Traditional raw-milk cheeses add further complexity because native microbiota
contribute to sensory qualities, fermentation ecology, and microbial competition, while also
creating conditions in which pathogens may survive if process controls fail [9,10].

The central mechanism is that the same farm system can generate multiple microbial
inputs. Fecal contamination may introduce Enterobacterales, Salmonella, Campylobacter,
and ARG-carrying commensals; mastitis may introduce Staphylococcus aureus and other
udder-associated organisms; biofilms may create persistent niches; and human handling
may introduce human-associated staphylococci or other contaminants [3,11].

Public health relevance becomes more direct when this multi-source farm ecology is
converted into an unheated consumer exposure route that contains viable resistant organ-
isms or transferable resistance determinants. In that setting, animal health management,
environmental hygiene, equipment sanitation, worker contact, storage conditions, and
consumer behavior are not separate topics but sequential determinants of whether resistant
organisms remain a laboratory finding or become a plausible risk in human exposure.

Prevalence data from raw milk cannot be interpreted as source attribution unless
milk is sampled together with feces, udder health status, water, equipment, handlers, and
storage conditions. A positive milk sample may reflect intramammary shedding, fecal
contamination, biofilm release, handler contamination, or post-milking amplification. The
defensible conclusion is therefore that raw milk integrates microbial signals from multiple
compartments, supporting vehicle-pathway interpretation and sentinel use rather than
serving as a simple proxy for one contamination source.

3.2. Resistome Evidence and MGEs

Metagenomic evidence has shifted raw-milk AMR science from organism detection to
ecosystem analysis. Retail raw milk has been reported to contain substantially more ARGs
than pasteurized milk, and room-temperature incubation enriched bacterial abundance and
ARG content; conjugation assays documented transfer of blaCMY-2 from raw-milk-borne
E. coli [12]. In another metagenomic study of raw milk for human consumption, sequencing
produced 17,773,004 and 8,425,326 paired-end reads from two samples, but 96.41% and
97.01% of cleaned reads were bovine-host aligned, illustrating both the feasibility and the
technical difficulty of milk resistome analysis [13].

The milk production environment also creates technical sampling questions. Whole-
metagenome sequencing of bulk-tank milk and in-line filters found that filter samples were
more informative for AMR gene detection than milk aliquots; approximately 130,000 host-
filtered reads were associated with the MEGARes AMR database across filter datasets
and one milk dataset, while several milk aliquots produced no AMR gene-associated
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hits above threshold [14]. A later shotgun metagenomic study of bulk-tank milk filters
identified Moraxellaceae and Enterobacteriaceae as important carriers of AMR genes, with
Enterobacter, Acinetobacter, Escherichia, and Pseudomonas among genera harboring most
detected determinants [15].

Targeted ARG screening also adds quantitative resolution. In 50 cow and goat raw-
milk samples from five farms in Kerala, India, PCR screening of metagenomic DNA for
15 AMR genes detected blaTEM in 24% of samples, gyrA in 22%, blaZ in 12%, blaSHV in
8%, and mcr9 in 12% [16]. High-throughput qPCR and 16S ribosomal ribonucleic acid (16S
rRNA) sequencing work on 16 bulk-tank raw-milk samples from four farms in northwest
Xinjiang detected 31 resistance alleles, with ARG abundance up to 3.70 × 105 copies/g;
variance partitioning attributed ARG distribution mainly to combined physicochemical
properties and MGEs (33.5%), physicochemical parameters and microbial communities
(31.8%), and independent physicochemical effects (20.7%) [17]. Raw-milk-to-cheese metage-
nomics further shows that ARG profiles can change during production and consumption
stages rather than simply persist unchanged from the starting milk [18].

Resistome data provide mechanistic depth by identifying resistance determinants,
potential carriers, and mobile-element contexts within raw-milk systems. Their interpreta-
tion is strongest when the analytical signal can be linked to bacterial hosts, viable isolates,
plasmid or phage localization, conjugation evidence, or storage-condition experiments.
DNA-based ARG detection may otherwise include dead cells, low-abundance taxa, or
genes whose hosts are unknown, while the high bovine DNA fraction in milk can also
produce methodological false negatives.

3.3. Storage Temperature, Pooling, Filters, and the Hidden Denominator Problem

Raw milk is frequently studied as if the sample itself were the exposure unit, but the
real exposure unit may be a pooled bulk tank, a farm-gate vessel, an in-line milk filter,
a retail bottle, a household container, or a raw-milk cheese made from multiple batches.
This distinction matters because pooling can dilute low-level contamination or spread
one contaminated animal’s output across a larger consumer volume, while filters can
concentrate farm-level microbial signals better than aliquots [14].

Storage conditions can also shift the exposure profile. Liu et al. [12] reported that
room-temperature incubation of retail raw milk increased bacterial abundance and ARG
content, showing that post-milking handling can transform a low-level contamination event
into a higher-exposure scenario. In raw-milk cheese, microbial succession and ripening
may reduce some hazards but can also preserve or reshape ARG profiles, so the food matrix
should be treated as an evolving ecosystem rather than a passive container [9,18].

The denominator of risk changes with the sampling matrix. A positive in-line filter is
a concentrated farm-level signal, a positive bulk-tank sample represents pooled production,
a positive retail bottle is closer to consumer exposure, and detection before ripening is not
equivalent to detection at consumption. Without matrix-specific interpretation, prevalence
percentages can create false comparability across studies that actually measure different
points of the farm-to-consumer pathway.

4. Resistant Foodborne Pathogens, Indicator Organisms, and Resistance
Reservoirs Documented in Raw-Milk Systems

Organism-specific evidence is organized by the biological role each organism plays
in the raw-milk AMR pathway. For each organism group, interpretation is calibrated to
the evidence level available, from detection or occurrence and viable recovery to poten-
tial exposure, transmission, infection or colonization, source attribution, and population-
level burden.
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4.1. Escherichia coli, STEC, and ESBL/AmpC Enterobacterales: Distinct Public Health Questions
in Raw Milk

These categories address different public health questions: commensal or indicator
Escherichia coli (E. coli) reflects fecal contamination and resistance-reservoir potential; Shiga
toxin-producing E. coli (STEC) is relevant primarily as a virulence-defined pathotype;
ESBL and AmpC describe resistance mechanisms within Enterobacterales; and Klebsiella
pneumoniae (K. pneumoniae) represents a distinct opportunistic Enterobacterales species
when recovered from raw-milk systems.

As an indicator and reservoir organism, E. coli connects milk hygiene, fecal contamina-
tion, and transferable ARG ecology. In a 100-sample bovine raw-milk study from northwest
Iran, E. coli was isolated from 78% of samples; isolates showed resistance to penicillin
(88.46%), cefalexin (82.05%), and amoxicillin (70.51%), and blaTEM and blaSHV were de-
tected in 50.0% and 6.4% of E. coli isolates, respectively [19]. Raw-milk cheese data from
Romania show that E. coli contamination can overlap with virulence genes and MDR [20],
while raw-milk isolates from northern China were characterized for AST, virulence genes,
and phylogroups, supporting the view that dairy E. coli cannot be reduced to a simple
hygiene indicator when resistance and pathogenicity markers are present [21,22].

STEC evidence answers a different question because it concerns virulence-defined
exposure rather than generic E. coli occurrence. In Turkey, E. coli O157:H7 isolates from cattle
and sheep milk showed virulence and AMR profiles consistent with raw milk as a potential
STEC exposure matrix [23]. An epidemiological study in India detected enterohemorrhagic
E. coli in 8.8% of 125 individual raw-milk samples and traced potential sources across
dung, udder swabs, water, soil, utensils, and milker hand washes, showing why source
attribution requires matched sampling across animals, milk, farm environments, equipment,
and handlers [24].

Evidence from Bulgaria also supports raw milk as a potential STEC exposure matrix.
Koev et al. [25] detected virulence-associated genes in bulk-tank raw-milk samples collected
from dairy farms with previous evidence of STEC shedding in cattle. Following selective
enrichment and multiplex PCR screening, stx1, stx2, eaeA, and H7-associated markers were
identified in a subset of samples, confirming STEC-related genetic determinants in the
raw-milk chain.

ESBL and AmpC findings should be interpreted as resistance-mechanism evidence
within Enterobacterales. Raw bulk cow milk from dairy cooperatives in Ethiopia contained
ESBL-producing E. coli and K. pneumoniae, with limited carbapenemase evidence [21].
This does not make ESBL or AmpC a pathogen category; instead, it identifies resistance
mechanisms that can occur in different Enterobacterales species and may affect treatment
relevance if viable organisms reach consumers or clinical reservoirs.

Genomic studies add a mechanistic layer by linking resistance phenotypes to plas-
mids, transposons, and seasonal or strain-level patterns. In Gujarat, India, 56 isolates were
recovered from 50 cattle raw-milk samples, 26 were identified as E. coli, and 10 exten-
sively drug-resistant isolates were selected for WGS. Phenotypic resistance was highest
to ampicillin (96.15%) and cefepime (92.30%), while plasmid-mediated ARGs including
blaTEM-1, sul2, dfrA14, aph(6)-Id, aph(3”)-Ib, and tet(B), plus transposons Tn2 and Tn10,
linked resistance with MGEs [26]. A later 2026 Gujarat study collected 150 pooled bovine
raw-milk samples across summer, monsoon, and winter; 95 E. coli isolates were confirmed,
30 resistant strains underwent WGS, Amoxyclav resistance reached 72–78%, imipenem
resistance reached 62–67%, and blaCTX-M-15, dfrA14, sul2, and qnrS1 were detected across
seasons [27].

Work on diarrheagenic E. coli pathotypes from raw milk and unpasteurized buttermilk
in southwest Iran further supports the need to separate pathotype detection from generic
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E. coli counts [28]. A Romanian raw cow milk study and a 2025 Ethiopian systematic review
and meta-analysis add recent evidence that pathogenic bacteria and AMR signals in raw
milk and milk products remain geographically widespread, although sampling design and
antimicrobial panels differ substantially [29,30].

The numerical differences reported across these studies should therefore be interpreted
primarily as differences in public health question, study design, and analytical resolution,
not as direct evidence of true epidemiological contrasts between countries. Individual-milk
sampling is more sensitive to cow-level shedding and mastitis-associated contamination,
whereas bulk-tank milk dilutes individual signals but better represents farm-level exposure;
raw cheeses and fermented raw-milk products add processing, ripening, and storage effects
that are absent from fresh raw milk. Comparability is further limited by differences in
AST protocols, antimicrobial panels, breakpoint interpretation, selective enrichment, PCR
targets, and WGS depth, and whether target species, pathotypes, resistance mechanisms,
or selected resistant isolates are analyzed. Consequently, prevalence values for E. coli,
STEC, ESBL/AmpC Enterobacterales, or K. pneumoniae should be compared only within
the methodological context that generated them.

4.2. Staphylococcus aureus, Enterotoxigenic Potential, and MRSA

Staphylococcus aureus links mastitis, raw-milk contamination, food poisoning, human
carriage, and AMR. In a large US bulk-tank milk study, S. aureus was cultured from 46.6%
of 365 samples and 62.4% of 189 herds; WGS of 124 isolates found mecA in only one isolate
(0.8%) but enterotoxin genes in 52 isolates (41.9%) and a predominance of clonal complex
97 (CC97) (47.6%) [11]. This shows that high S. aureus prevalence does not automatically
mean high MRSA prevalence, but toxin gene carriage remains food-safety relevant.

Study design explains why these values should be treated as non-equivalent estimates
rather than as direct geographic contrasts. A Ugandan study sampled bulk-can milk and
sour milk in pastoral communities and reported S. aureus from 30/148 bulk-can milk
samples and 11/91 sour-milk samples; mecA was detected in 23/41 recovered isolates
(56.1%), tetracycline resistance in 73.2%, and at least one enterotoxin gene in 90.2% [31].
Evidence from Kenya and Tanzania adds further concern about MDR S. aureus and MRSA
in pastoral or small-scale raw-milk systems, but these findings should be interpreted
within their sampling frames, milk matrices, laboratory protocols, and isolate-selection
criteria [32,33].

Molecular MRSA studies add another layer. Iranian raw-milk MRSA isolates have
been assessed for staphylococcal cassette chromosome mec (SCCmec) profiles, virulence
determinants, and phenotypic resistance, indicating that raw-milk surveillance should
capture both mecA-mediated methicillin resistance and the virulence background of iso-
lates [34]. Chinese raw-milk S. aureus studies similarly show that AST and molecular
characterization are needed together, because resistance phenotype alone does not explain
toxin carriage, lineage, or dissemination potential [35].

The interpretation is two-dimensional: enterotoxin-positive S. aureus chiefly raises
intoxication concern, whereas MRSA-positive raw milk links udder health, human carriage,
occupational exposure, and potential resistant infection.

Taken together, the S. aureus/MRSA studies do not provide a harmonized basis for
ranking countries by prevalence. The US bulk-tank study combined pooled herd-level
sampling with WGS of a subset of isolates, and the Ugandan work used bulk-can and sour-
milk matrices and reported mecA among recovered isolates. These designs estimate different
epidemiological quantities: pooled herd contamination, product-level occurrence, isolate-
level resistance, and lineage or virulence profiles. Large bulk-tank surveys may dilute cow-
level or quarter-level shedding, while pastoral, smallholder, or informal systems introduce
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different contact patterns, mastitis-control practices, antimicrobial access conditions, and
raw-milk handling chains. Comparability is further affected by whether studies type all
S. aureus isolates, only phenotypically resistant isolates, only mecA-positive isolates, or
selected MDR strains. SCCmec characterization, clonal-complex assignment, virulence-
gene screening, and WGS therefore strengthen interpretation of transmission potential and
lineage structure, but the observed MRSA variation should be read primarily as a method-
and system-conditioned signal rather than as a simple country-level prevalence contrast.

4.3. Salmonella spp. and Resistant Dairy-Associated Serotypes

Salmonella remains important because dairy-associated isolates can be clinically severe
and resistant. In a US study of 176 Salmonella isolates from bulk-tank milk and milk filters,
30 isolates (17.0%) showed resistance to at least one antimicrobial and 20 isolates (11.4%)
showed a blaCMY-positive multidrug-resistant AmpC beta-lactamase (MDR-AmpC) phe-
notype; resistant serotypes included Newport, Dublin, Typhimurium, Kentucky, Anatum,
and Infantis [36].

Recent studies from lower-resource dairy chains show how contamination can extend
across milk-related sources. In Ghana, Salmonella enterica was recovered from 14.8% of
250 samples from raw milk and related sources; raw milk had the highest incidence at
38.0% (19/50), and the multiple antibiotic resistance index ranged from 0.11 to 0.77 [37]. In
Iran, Salmonella from raw milk and traditional dairy products showed resistance patterns
including beta-lactam resistance and tetracycline resistance [19,38].

The contrast between Obaidat and Stringer [36] and Adzitey et al. [37] is methodologi-
cally important. The US study was isolate-centered and emphasized resistance phenotype,
MDR-AmpC status, serotype, and milk-filter/bulk-tank sources, which makes it strong
for AMR characterization. The Ghanaian study was sample-centered across milk and
related sources, which makes it more informative for contamination distribution in a dairy
value chain. These designs answer different epidemiological questions and should not
be treated as directly comparable prevalence estimates. Isolate-based studies estimate
resistance, serotype distribution, and clinically relevant AMR phenotypes among recov-
ered Salmonella strains, whereas sample-based studies estimate Salmonella detection across
defined milk-related matrices and therefore better describe contamination distribution in a
dairy value chain.

For Salmonella, interpretive weight is greatest when a raw-milk matrix is linked to
disease-associated serotype and clinically relevant resistance, particularly cephalosporin
resistance or MDR-AmpC phenotypes.

4.4. Campylobacter jejuni as Proof-of-Pathway Evidence

Campylobacter provides some of the strongest AMR-specific raw-milk evidence because
outbreak investigations can link exposure, disease, and resistance phenotype. In a Colorado
herdshare outbreak, 12 confirmed and five probable Campylobacter jejuni (C. jejuni) cases
were associated with raw-milk consumption, and all five tested isolates were resistant to
ciprofloxacin, nalidixic acid, and tetracycline [39].

Farm-level longitudinal work adds nuance: STEC and C. jejuni may be present in dairy-
farm systems without being consistently detected in raw milk at the point of sampling,
showing that carriage, shedding, milk contamination, and consumer exposure are related
but not identical events [40]. Recent ruminant WGS and survival work from Italy included
79 raw milk samples, 33 dairy products, and 385 C. jejuni and Campylobacter coli (C. coli)
isolates from cattle and sheep sources, including 54 C. jejuni strains from milk; fewer than
10% of isolates were MDR, but survival testing showed matrix- and temperature-dependent
persistence of C. jejuni in dairy substrates [41].
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A 2026 One Health Outlook study in Gondar, Ethiopia, adds direct raw cow milk
data: 194 raw-milk samples and 196 beef carcass swabs were collected; C. jejuni prevalence
was 19.6% in cow milk and 21.9% in beef, and 44.4% of total isolates showed MDR across
tetracycline, polymyxin B, and erythromycin classes [42]. This strengthens the point that
Campylobacter risk in raw-milk chains must be interpreted together with food-chain hygiene,
antimicrobial-use context, and species-specific exposure routes.

Together, outbreak and survival evidence make Campylobacter the clearest proof-of-
pathway organism in this section: raw-milk exposure, illness, viable pathogen recovery,
and resistance phenotype can align, although single outbreaks cannot quantify routine
population risk.

4.5. Listeria monocytogenes and High-Risk Consumers

Listeria monocytogenes (L. monocytogenes) differs from Enterobacterales and Campylobac-
ter because the dominant public health concern is severe disease in vulnerable populations,
persistence in dairy environments, and post-processing contamination. In raw milk, equip-
ment, and dairy-worker samples, L. monocytogenes has been molecularly characterized
with AMR patterns, linking product, equipment, and worker interfaces [43]. In the Iranian
100-sample study, L. monocytogenes was detected in 47% of raw-milk samples and isolates
showed high phenotypic resistance to penicillin, cefalexin, and amoxicillin, although the
tested beta-lactam resistance genes were not detected [19].

Raw-milk cheese studies add process-level context. Experimental and review evidence
indicates that Listeria and STEC can survive certain raw-milk cheese-making conditions,
and 60-day aging alone should not be treated as a universal safety guarantee [10,44].

Raw camel milk evidence published in 2026 refines the Listeria interpretation. In Iran,
225 raw camel milk samples yielded Listeria spp. in 28.0% (63/225; 95% confidence interval
(CI), 22.4–34.4) and L. monocytogenes in 1.8% (4/225; 95% CI, 0.5–4.5); high resistance rates
among Listeria spp. were reported for tetracycline (82.5%), nalidixic acid (76.1%), and
streptomycin (61.9%), while all L. monocytogenes isolates remained susceptible to ampicillin,
gentamicin, and trimethoprim-sulfamethoxazole [45].

Listeria links product ecology to environmental persistence more directly than many
raw-milk hazards. The study by Tahoun et al. [43] connects raw milk, milking equip-
ment, and dairy workers, while raw cheese studies show that processing conditions do
not uniformly eliminate Listeria or STEC. The strongest public health inference therefore
comes from the convergence of environmental persistence, raw dairy processing, docu-
mented species-level recovery, and vulnerable-consumer exposure, rather than from AMR
prevalence alone.

Listeria AMR claims require caution: species-level recovery of L. monocytogenes from
raw milk is often low, leaving small isolate numbers, unstable resistance percentages, and
limited cross-study AMR comparability. Genus-level Listeria spp. findings should not be
merged with species-level L. monocytogenes data without considering denominator, species
composition, milk matrix, antimicrobial panel, and treatment relevance; severe-disease risk
remains important even when AMR is not the primary driver.

4.6. Enterococcus spp., VRE Signals, and Commensal Reservoirs

Enterococci occupy a different evidentiary niche from Salmonella or Campylobacter.
They are often commensals and environmental survivors, but they are also clinically
important opportunists and reservoirs of transferable resistance determinants. In Egypt,
100 retail raw cow milk samples yielded VRE from 24 samples; 22 isolates were classified as
vancomycin-resistant and two as intermediate, with reported co-resistance to vancomycin,
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teicoplanin, and linezolid in 83.3% of isolates and detection of vanB, tet(M), tet(L), and
erm(B) in subsets of isolates [46].

Enterococcus evidence is best interpreted as reservoir/sentinel evidence: resistant
enterococci in raw milk may indicate antimicrobial selection, fecal or environmental inputs,
persistence, and possible gene-reservoir function; this signal does not by itself demonstrate
milk-attributable enterococcal disease.

Culture-positive VRE and resistome data answer complementary questions: viable iso-
lates support product-chain surveillance, whereas DNA-based ARG signals map potential
reservoirs when host assignment remains uncertain [14,15,46].

4.7. Yersinia and Less Frequently Prioritized Raw-Milk Hazards

Yersinia enterocolitica (Y. enterocolitica) and related Yersinia species are less frequently
foregrounded than E. coli, Salmonella, Campylobacter, S. aureus, and Listeria, but they are
relevant because some strains can grow at refrigeration temperatures and have been
detected or characterized in raw-milk systems. In Sardinia, 738 bulk-tank samples from
sheep and goat raw milk yielded Y. enterocolitica in 24/507 (4.8%) sheep milk and 24/231
(10.4%) goat milk samples; isolates carried ystB in 87.5% and inv in 83.3%, and five AMR
profiles were reported, including resistance involving beta-lactams and cephalosporins [47].

The broader lesson from Yersinia is mechanism-specific rather than prevalence-driven:
small-ruminant raw milk can carry psychrotrophic organisms with virulence markers and
resistance profiles; thus, cold-chain conditions, host species, milk type, and surveillance
scope affect AMR interpretation.

4.8. Comparative Synthesis of Organism-Specific Evidence

Across organism groups, biology and study design define the evidentiary gradi-
ent. Outbreak-linked Campylobacter evidence provides the strongest pathway inference;
culture- and WGS-supported data for E. coli/STEC, ESBL/AmpC Enterobacterales (in-
cluding K. pneumoniae where documented), S. aureus/MRSA, and Salmonella support
organism-, pathotype-, and mechanism-specific surveillance; L. monocytogenes carries high
severity but often limited isolate numbers for AMR comparison; Enterococcus is mainly
sentinel/reservoir evidence; and Yersinia adds cold-chain ecological relevance. Prevalence
values should be compared only when denominators, sampling units, matrices, AST panels,
breakpoints, and molecular resolution are compatible; detection-only or DNA-based ARG
evidence remains useful but supports weaker causal and burden-level inference when host
assignment, mobility, or consumer exposure is unresolved.

The organism-specific evidence is synthesized in Table 2, which separates qualitative
evidence-strength interpretation, raw-milk matrix and pathway evidence, emerging public
health relevance, One Health interface, and surveillance priority for each major organism group.

Table 2. Organism-specific One Health matrix for raw-milk-associated antimicrobial resistance.

Organism/Group
Qualitative

Evidence-Strength
Interpretation

Raw-Milk Matrix
and Pathway

Evidence
Emerging Public

Health Risk One Health Interface Surveillance Priority

Indicator/reservoir
E. coli

Moderate: frequent
culture-based and
genomic evidence
supports use as a
fecal-contamination
indicator and resistance
reservoir; pathogenic or
burden-level inference
requires pathotype,
virulence, or
source-attribution
evidence.

Raw-milk, bulk-tank
milk, and raw dairy
products can contain
viable E. coli and
transferable ARGs
linked to fecal
contamination and
dairy hygiene.

Exposure to resistant
indicator organisms
and mobile ARG
reservoirs; public
health relevance
depends on viability,
gene mobility, and
consumer exposure
rather than
occurrence alone.

Cattle feces, udder
hygiene, water,
bedding, manure,
milking equipment,
and raw-product
handling.

Report species
identity, matrix
denominator,
sampling unit, AST
panel, breakpoint
criteria, ARGs, MGEs,
and whether isolates
are commensal,
selected resistant
strains, or
virulence-positive
strains.
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Table 2. Cont.

Organism/Group
Qualitative

Evidence-Strength
Interpretation

Raw-Milk Matrix
and Pathway

Evidence
Emerging Public

Health Risk One Health Interface Surveillance Priority

Shiga
toxin-producing
E. coli (STEC)

Moderate:
virulence-defined
raw-milk evidence
supports potential
exposure; strongest
public health concern is
severe disease, but source
attribution and
attributable burden
remain study-dependent.

Raw milk can contain
STEC-associated
virulence markers or
isolates, including
Shiga toxin- and
intimin-associated
genetic evidence
where documented.

Potential exposure to
a virulent pathotype
associated with
hemorrhagic colitis
and hemolytic
uremic syndrome;
AMR modifies, but
does not define, the
primary hazard.

Fecal shedding, farm
environment, water,
udders, utensils,
handlers, and
raw-milk handling
before consumption.

Separate STEC
pathotype evidence
from generic E. coli
occurrence; report
virulence genes,
serogroup/serotype,
viability, source
tracing, and AMR
pheno-
type/genotype only
where measured.

ESBL/AmpC-
producing
Enterobacterales

Mixed/conditional
(moderate-to-strong):
resistance-mechanism
occurrence in raw-milk
systems where culture,
AST, confirmatory testing,
and molecular data align;
infection and burden
inference remain limited
without exposure or
clinical linkage.

Raw-milk and
dairy-chain samples
can contain
Enterobacterales
carrying
ESBL/AmpC
phenotypes and
associated
beta-lactamase genes.

Potential consumer
exposure to viable
resistant organisms
with treatment
relevance if
colonization or
infection follows;
ESBL and AmpC are
resistance
mechanisms, not
pathogen groups.

Dairy
Enterobacterales
ecology,
antimicrobial
selection pressure,
fecal contamination,
water, equipment,
manure, and
food-chain interfaces.

Report organism
identity,
ESBL/AmpC
confirmation method,
AST criteria,
beta-lactamase gene,
plasmid/MGE
context, matrix
denominator, and
isolate-selection rule.

Klebsiella
pneumoniae
where
documented

Mixed/conditional
(limited-to-moderate):
relevant as an
opportunistic
Enterobacterales species
when specifically
recovered and
characterized; should not
be inferred from
Enterobacterales-level
resistance evidence alone.

Targeted raw-milk
studies may recover
K. pneumoniae
carrying ESBL or
related resistance
determinants, but
organism-specific
denominators are
often limited.

Potential exposure to
an opportunistic
resistant species with
clinical relevance,
especially if viable
isolates carry mobile
resistance
determinants.

Dairy environment,
fecal contamination,
water, equipment
biofilms, udder
health, and interfaces
with clinical
Enterobacterales
surveillance.

Report species
confirmation, viable
recovery, resistance
phenotype,
ESBL/AmpC/
carbapenemase
testing, genomic
context, and whether
evidence is
organism-specific or
part of broader
Enterobacterales
screening.

Staphylococcus
aureus (S.
aureus)/MRSA

Moderate: repeated
detections and typing
data; prevalence varies by
herd system and study
design.

Bulk-tank and
raw-milk products
can carry
mastitis-associated S.
aureus, toxin genes,
mecA/SCCmec-
positive MRSA, and
regional lineage
differences.

Staphylococcal
intoxication, MRSA
exposure,
occupational carriage,
and
resistant-infection
risk.

Udder health,
mastitis therapy, farm
workers, milking
hygiene, equipment
contamination, and
direct sale.

mecA/mecC,
enterotoxin genes,
lineage, mastitis
status, worker
interface, and retail
versus bulk matrix.

Salmonella

Moderate: resistant
serotype evidence;
isolate-based and
sample-based estimates
address different
questions.

Milk and filters can
contain resistant
serotypes,
MDR-AmpC
phenotypes, blaCMY
or ESBL markers, and
dairy-chain
contamination
signals.

Invasive
salmonellosis,
treatment
compromise when
cephalosporin
resistance is present,
and outbreak
amplification.

Fecal shedding,
manure, water, milk
filters, bulk tanks,
informal markets,
traceability, and
outbreak response.

Serotype,
cephalosporin
resistance, MDR
profile, mobile gene,
sample source, and
exposure traceback.

Campylobacter

Strong: outbreak-linked
exposure, illness, viable
isolates, and resistance
phenotype align.

Raw milk provides
proof-of-pathway
evidence when
exposure, illness, and
resistant C. jejuni and
C. coli isolates are
connected.

Fluoroquinolone- or
tetracycline-resistant
campylobacteriosis
and recurrent
herdshare/direct-
sale outbreaks.

Ruminant reservoirs,
milk hygiene,
direct-consumption
practices, public
health intervention,
and clinical AST.

Exposure history, C.
jejuni and C. coli
species,
quinolone/macrolide/
tetracycline
resistance, and WGS
source linkage.

Listeria

Mixed/conditional
(limited-to-moderate):
severe hazard and
persistence evidence;
comparison constrained
by low isolate numbers.

Raw milk,
equipment, workers,
raw cheeses, and
camel milk can carry
Listeria spp., L.
monocytogenes,
persistence traits, and
AMR signals.

Severe listeriosis in
pregnant, neonatal,
elderly, or immuno-
compromised
consumers; AMR
relevance is
isolate-specific.

Dairy environment,
equipment biofilms,
workers, raw dairy
processing, cold
storage, and
vulnerable-consumer
exposure.

Species confirmation,
persistence niches,
virulence profile,
first-line
susceptibility, and
product–
environment linkage.
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Table 2. Cont.

Organism/Group
Qualitative

Evidence-Strength
Interpretation

Raw-Milk Matrix
and Pathway

Evidence
Emerging Public

Health Risk One Health Interface Surveillance Priority

Enterococcus/VRE
Limited: sentinel
reservoir evidence; weak
milk-attributable disease
linkage.

Retail raw milk can
carry viable VRE,
while milk-chain
metagenomics
detects broader
resistance-gene and
mobile-element
signals.

Sentinel evidence of
resistance-gene
reservoirs rather than
strong evidence of
milk-attributable
enterococcal disease.

Animal intestines,
fecal contamination,
manure, water, farm
environment, milk
matrix, and clinical
resistance ecology.

vanA/vanB,
linezolid/teicoplanin
co-resistance, tet/erm
genes, culture plus
metagenomics, and
environmental
co-sampling.

Yersinia and
psychrotrophs

Limited: plausible
cold-chain persistence;
sparse resistance and
exposure evidence.

Small-ruminant raw
milk can contain
Yersinia with
virulence markers
and resistance
profiles under
cold-chain-relevant
ecology.

Psychrotrophic
survival may
preserve hazards
during refrigeration
and complicate
raw-milk storage
assumptions.

Sheep/goat systems,
bulk tanks, cold
storage, regional
husbandry,
raw-product
handling, and
surveillance blind
spots.

Cold-storage
survival, virulence
markers,
species-level
identification, AMR
profile, and
small-ruminant
matrix.

5. Emerging Public Health Risks: Exposure, Outbreak Evidence, and
Interpretive Uncertainty

Several frequently cited numerical findings are best read as study-level signals rather
than direct geographic contrasts. For example, the US bulk-tank milk study reported Staphy-
lococcus aureus by sample and herd denominators and assessed mecA among sequenced
isolates; the Ugandan study sampled bulk-can milk and sour milk from pastoral communi-
ties and reported mecA among recovered Staphylococcus aureus isolates [11,31]. Likewise,
the Iranian bovine raw-milk study, the Ethiopian cooperative bulk-milk study, the US
Salmonella isolate study, and the Ghanaian milk-and-related-sources study used different
matrices, denominators, target organisms, and downstream selection rules [19,21,36,37].
These values therefore cannot be interpreted as a ranking of countries or production systems
without harmonized sampling, laboratory, and isolate-selection protocols.

Table 3 summarizes the methodological context needed to interpret selected prevalence
and resistance percentages cited in this review. It shows how differences in sample matrix,
sampling unit, denominator, product level, isolation and identification workflow, AST
method and interpretive criteria, molecular confirmation, and isolate-selection rules affect
whether quantitative findings can be compared across studies. The table is intended to
contextualize selected high-impact examples rather than to re-rank countries, production
systems, or organisms by prevalence.

Table 3. Methodological comparability factors affecting cross-study interpretation of prevalence and
resistance percentages in raw-milk AMR studies.

Study/Example Sample Matrix and
Sampling Unit

Sample
Size/Denominator

Used in the
Manuscript

Product/Sampling
Level

Isolation/Identification
Method, AST Method

and Interpretive Criteria,
and Molecular

Confirmation Relevant
to Comparability

Further
Analysis/Selection

Issue

US Staphylococcus
aureus bulk-tank milk
study [11]

Bulk tank milk;
sample-level and
herd-level
denominators.

365 bulk-tank milk
samples; 189 herds;
WGS of 124 S.
aureus isolates.

Pooled farm milk
matrix rather than
individual cow milk
or retail product.

Culture recovery and
identification of S. aureus;
AST/breakpoint
interpretation and
WGS-based assessment of
virulence and resistance
determinants, including
mecA, as reported in the
cited study.

mecA frequency was
calculated among
sequenced isolates; it
should not be
compared directly
with isolate sets
generated under
different selection
criteria.
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Table 3. Cont.

Study/Example Sample Matrix and
Sampling Unit

Sample
Size/Denominator

Used in the
Manuscript

Product/Sampling
Level

Isolation/Identification
Method, AST Method

and Interpretive Criteria,
and Molecular

Confirmation Relevant
to Comparability

Further
Analysis/Selection

Issue

Ugandan
Staphylococcus
aureus/MRSA
study [31]

Bulk-can milk and
sour milk from
pastoral
communities.

148 bulk-can milk
samples and
91 sour-milk
samples; 41 S.
aureus isolates
reported in the
manuscript
synthesis.

Pooled/processed
local milk products,
not a national
bulk-tank survey.

Culture isolation and
identification of S. aureus;
phenotypic AST with
study-reported
interpretive criteria;
molecular detection of
mecA.

mecA and resistance
percentages are
isolate-based after
recovery from
selected community
milk matrices.

Iranian bovine
raw-milk
foodborne-pathogen
study [19]

Bovine raw milk;
individual sample
denominator
reported.

100 bovine
raw-milk samples.

Individual raw-milk
samples; multiple
foodborne bacteria
assessed in one study.

Culture-based pathogen
recovery and
identification; phenotypic
AST with study-reported
interpretive criteria;
selected resistance-gene
PCR.

Percentages differ by
organism and gene;
they should be
interpreted as
organism-specific
findings within one
sampling design.

Ethiopian
ESBL/carbapenemase
Enterobacterales
cooperative
bulk-milk study [21]

Raw bulk cow milk
from dairy
cooperatives.

Bulk-milk
denominator
reported for
cooperative-level
sampling in the
cited study.

Bulk milk at a dairy
value-chain node, not
individual cow milk.

Targeted isolation and
confirmation of ESBL-
and carbapenemase-
producing E. coli and K.
pneumoniae;
AST/confirmatory
criteria and
resistance-gene testing as
reported in the cited
study.

Findings are
conditioned by
targeted
resistant-organism
screening and are not
directly comparable
with total E. coli
prevalence surveys.

US Salmonella
bulk-tank milk/filter
isolate study [36]

Bulk tank milk and
milk filters;
isolate-based
denominator.

176 Salmonella
isolates.

Milk and filter
matrices used for
dairy-environment
surveillance.

Salmonella isolation and
serotyping; AST with
study-reported
interpretive criteria;
antimicrobial resistance
characterization.

Resistance
percentages are
isolate-based; they do
not estimate
sample-level
Salmonella
prevalence.

Ghanaian Salmonella
milk-and-related-
sources study [37]

Raw milk and
milk-related
sources.

250 samples;
raw-milk subset
reported as
50 samples in the
manuscript
synthesis.

Mixed milk-chain
sources, including
raw milk.

Salmonella recovery and
identification; AST with
study-reported
interpretive criteria;
genomic characterization.

Sample-level
occurrence across
mixed sources should
not be compared
directly with
isolate-only datasets.

Historical bulk-tank surveillance adds a useful baseline. Large raw-milk surveys
in Ontario, Pennsylvania, and Sweden showed that major foodborne pathogens can be
detected in bulk-tank milk, but detection frequency varies by pathogen, region, season,
herd practices, and analytical method [48–51]. These studies are not all AMR-centered,
but they define the raw-milk microbiological pathway upon which AMR interpretation
is layered.

Recent functional and genomic work expands the comparison from ‘which organism
is present’ to ‘what resistance functions are present’. Functional metagenomics has identi-
fied dairy products and dairy-processing environments as reservoirs of antibiotic-resistance
determinants, raw cow milk metaproteomics has detected expressed AMR-associated pro-
teins, and 2025 bulk-tank raw-milk work used bacterial diversity and resistance profiling to
identify signals relevant to exposure and potential gene transfer in dairy ecosystems [52–54].
These studies push the field toward functional surveillance rather than endpoint-only
pathogen counting.

Outbreak and burden estimates remain important because they define the clinical
and population context in which raw dairy exposure occurs, even when the outbreak
isolates were not characterized for resistance. Their contribution to AMR interpretation
depends on whether exposure histories can be connected to culture-based susceptibility
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data, resistance-gene evidence, WGS, metagenomics, or outbreak investigations in which
resistance was measured.

Within the broader foodborne AMR landscape, raw milk should therefore be inter-
preted as a narrower but highly controllable exposure pathway rather than as a quantified
major contributor to the human AMR burden. A recent foodborne AMR synthesis con-
cluded that the human health impact attributable to food remains difficult to quantify
because properly designed source-attribution studies are scarce [55], and AMR source-
attribution and risk-assessment frameworks emphasize that comparing reservoirs requires
harmonized occurrence, exposure, subtyping, transmission, and outcome data [56].

Commodity-specific evidence further indicates that major foodborne AMR reservoirs
are not uniform: in a European meta-analysis of ESBL-producing Escherichia coli and
Salmonella in animal-origin foods, chicken meat had the highest pooled prevalence of
ESBL-producing E. coli (40%), whereas pork, seafood, and milk were lower (5%, 2%, and
2%, respectively), and ESBL-producing Salmonella was reported only in poultry meat
and pork [57]. Fresh produce also constitutes a distinct exposure route because raw or
minimally processed fruits and vegetables may acquire resistant foodborne pathogens
through irrigation water, soil amendments, handling, and retail contamination; a 2010–2023
meta-analysis estimated Salmonella prevalence in retail fresh fruits and vegetables at 2.90%,
with a 95% CI of 1.80–4.30, and identified AMR among recovered isolates [58]. Marine
bivalves and seafood represent another non-dairy route in which filter-feeding biology and
environmental contamination can concentrate resistant bacteria from aquatic systems [59].
Against this background, raw milk is best understood not as the dominant foodborne
AMR pathway, but as a direct animal-to-consumer route whose importance is amplified
by the absence of pasteurization, potential consumption by vulnerable groups, direct-sale
or informal distribution, and feasibility of control through dairy hygiene, stewardship,
and surveillance.

The central synthesis is not that a single global prevalence exists. The stronger in-
ference is that raw milk can integrate resistant bacteria and ARGs from multiple sources
and preserve them along an exposure pathway. Risk concern strengthens when viable
foodborne pathogens, clinically relevant opportunistic bacteria, mobile resistance deter-
minants, recurrent indicator signals, poor storage, direct sale, vulnerable consumers, and
weak surveillance coincide.

6. One Health Drivers: From Dairy Herd Management to Public
Health Exposure

The potential for raw-milk-associated AMR exposure is shaped by interacting drivers:
mastitis epidemiology, antimicrobial use for udder and systemic disease, herd health status,
fecal contamination, teat preparation, milking-machine hygiene, bulk-tank management,
equipment biofilms, water quality, manure handling, storage temperature, direct-sale
practices, consumer trust, and regulation. Dairy food safety therefore depends on how
animal-level decisions, farm environments, food-chain practices, and consumer behavior
jointly influence downstream exposure [3,60].

This framing is scientifically useful only if it connects mechanisms rather than listing
sectors. In dairy systems, antimicrobial use can select resistant bacteria in animals; manure
and water can move bacteria or ARGs through farm environments; milking equipment
and handlers can introduce or redistribute organisms; raw-milk distribution can bypass
a heat-kill step; and consumers may intentionally choose raw products despite warnings.
The evidence pathway is therefore sequential and networked: selection, contamination,
persistence, amplification, distribution, potential exposure, transmission or colonization
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where demonstrated; infection where documented; source attribution where linked data
are available; and surveillance response.

Dairy-farm AMR ecology is especially shaped by mastitis control. Mastitis treat-
ment and prevention are legitimate animal-health priorities, but they create stewardship
questions about diagnosis, antimicrobial choice, intramammary therapy, systemic therapy,
dry-cow therapy, treatment duration, records, withdrawal periods, selective treatment,
culling, milking order, bedding hygiene, and herd-level prevention. Dairy antimicrobial
use does not automatically contaminate milk with resistant bacteria or priority pathogens;
it becomes a public health concern when selection pressure, contamination routes, and
consumption of unpasteurized milk converge.

Governance and supervision also affect consumer-facing risk. Raw milk sold through
informal markets, farm-gate channels, herdshares, vending machines, or traditional raw-
milk cheeses differs in traceability, producer testing, cooling, labeling, inspection, and
outbreak response. Consumer behavior remains relevant, but it should be interpreted as
the final exposure layer of a farm-to-fork system that begins with herd management and
milk hygiene.

Legal and market structures modify the same biological hazard. Where regulation
permits direct sale, safety depends on producer testing, storage, labeling, traceability,
veterinary inspection, and consumer compliance; where sale is informal, risk management
may depend more on herd-level biosecurity, community trust, and household practices.
This explains why outbreak evidence from the US, consumer perception evidence from
Europe, and contamination studies from Africa or Asia should be compared but not treated
as interchangeable [4,5,21,61]. A 2026 Indian dairy value-chain study of 256 milk samples
from Assam and Haryana further shows that AMR can be widespread in dairy chains while
farm-level risk-factor signals remain difficult to isolate, underscoring the complexity of
attribution in real production systems [62].

Risk management fails when raw-milk AMR is treated only as consumer behavior or
only as laboratory contamination. Outbreak and risk-assessment data show the downstream
consequence of exposure, while farm and value-chain studies show that attribution is gen-
erated upstream through mastitis, antimicrobial use, hygiene, water, manure, equipment,
storage, and direct-sale structures. The 2026 Indian value-chain data are especially instructive:
AMR can be widespread even when individual farm-level risk factors are difficult to isolate.
This argues for system-level controls rather than single-variable explanations.

7. One Health Surveillance and Mitigation Priorities
Pasteurization remains the most direct exposure barrier because it reduces viable

bacterial hazards, but it does not modify the upstream ecology in which resistant bacteria
and resistance determinants are selected, maintained, or transferred before milk reaches the
consumer. Effective control therefore begins earlier in the dairy system, through mastitis
prevention, prudent antimicrobial use, treatment records, withdrawal compliance, selective
dry-cow approaches where appropriate, udder hygiene, milking-machine maintenance,
equipment sanitation, rapid cooling, water quality control, manure management, biofilm
control, herd health planning, and auditing of raw-milk distribution systems [5,63,64]. In
this context, raw-milk risk management depends on accountable farm-to-consumer control,
not only on end-product testing or voluntary hygiene advice.

Integrated AMR surveillance should follow the dairy production unit and the exposure
chain: lactating cows, clinical and subclinical mastitis cases, feces, bedding, bulk-tank milk,
in-line filters, milking equipment, farm water, manure, raw dairy products, workers, and,
when outbreaks occur, human clinical isolates. Comparability across jurisdictions depends
on standardized protocols for sample matrices, sampling frequency, metadata capture, AST
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panels, interpretive breakpoints, resistance-gene reporting, isolate selection for WGS, and
criteria for linking food, animal, environmental, and clinical isolates. WGS can connect
isolates across compartments when sampling is designed correctly, while metagenomics
can profile the broader resistome and mobile-gene potential [11,14].

This surveillance architecture can be organized into four linked layers. First, routine
farm-level sentinel sampling should combine bulk-tank milk, in-line filters, udder health
records, antimicrobial-use records, mastitis pathogen profiles, and water or equipment
swabs. Second, product-level surveillance should distinguish raw milk sold for drinking
from raw milk entering cheese production because exposure dose, microbial competition,
ripening, and consumer population differ. Third, laboratory surveillance should pair
culture and AST with WGS for priority isolates and metagenomics for selected high-risk
systems. Fourth, public health surveillance should connect clinical isolates and exposure
histories to food-chain isolates during outbreak investigations. These layers become op-
erational only when data-sharing routes link veterinarians, dairy producers, diagnostic
laboratories, food-safety authorities, public health agencies, and clinicians, because dis-
connected datasets cannot support source attribution, targeted enforcement, or timely
risk communication.

Figure 2 translates this surveillance logic into an integrated One Health framework
in which the analytical value depends on linking animal, product, environmental, worker,
and clinical data rather than interpreting raw milk results as an isolated endpoint.

Figure 2. Integrated One Health surveillance framework.

Mitigation should be ranked by the strength of the control point and by the level at
which responsibility is assigned. Mastitis prevention and milking hygiene reduce pathogen
entry; antimicrobial stewardship reduces selection pressure; rapid cooling reduces pre-
consumption amplification; pasteurization prevents viable exposure; WGS supports source
attribution; and consumer warnings improve informed choice but depend on trust and
risk perception. At the herd level, stewardship requires more than restricted antimicrobial
access; it depends on antimicrobial-use records, mastitis treatment protocols, diagnostic
testing, treatment review, selective dry-cow decision-making where appropriate, and
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feedback from resistance surveillance. For high-risk groups, risk communication should
be direct: raw milk and raw-milk cheeses are not equivalent to pasteurized products,
especially when pregnancy, infancy, older age, immunosuppression, or chronic illness
increases susceptibility.

A surveillance system that only tests final milk misses upstream reservoirs; a sys-
tem that only monitors antimicrobial sales misses milk-chain exposure; and a system that
only waits for clinical outbreaks misses silent circulation in herds and farm environments.
Effective One Health governance therefore requires culture, AST, WGS, metagenomics,
herd metadata, antimicrobial-use records, consumer-exposure data, intersectoral reporting
routes, and evidence-based policy triggers within the same decision framework. Policy
triggers may include intensified farm investigation after repeated detection of priority resis-
tant pathogens or reservoir organisms, targeted audits of raw-milk distribution, mandatory
corrective actions for hygiene or cooling failures, and harmonized public health messaging
for consumers and vulnerable groups. Such regulation remains proportionate when it
distinguishes isolated detection from recurrent, viable, or genomically linked hazards that
require coordinated intervention.

The decision matrix below translates the surveillance and mitigation synthesis into
practical One Health decision points, measurements, and actions across the raw-milk
exposure chain. Table 4 presents a One Health decision matrix linking major AMR exposure
pathways with relevant measurements and corresponding surveillance and control actions.

Table 4. One Health decision matrix for surveillance and control.

Decision Node Failure Mode Creating AMR
Exposure

Measurement That Adds
Scientific Value Decision or Action Enabled

Udder health and
antimicrobial use

Mastitis, empirical therapy,
inadequate records, and fecal
shedding introduce or select
resistant bacteria before milk
pooling.

Mastitis pathogen profile,
treatment history,
susceptibility-guided therapy,
somatic cell context, and
withdrawal compliance.

Targeted stewardship,
selective treatment, mastitis
prevention, culling or
segregation decisions.

Farm environment and
equipment

Bedding, manure, water,
biofilms, and filters seed or
concentrate bacteria and
resistance genes across
repeated milking events.

Matched sampling of water,
bedding, manure, equipment
swabs, filters, bulk-tank milk,
resistance genes, and
mobile-element profiles.

Sanitation audit, water
correction, manure
management, biofilm control,
and filter-based sentinel
surveillance.

Milk handling and raw dairy
processing

Pooling, delayed cooling,
transport, raw-milk sale, and
raw-cheese ripening alter
viable dose and
resistance-gene ecology.

Time–temperature history,
batch traceability, raw versus
ripened product testing, and
culture plus genomic or
metagenomic testing.

Cooling requirements,
pasteurization barrier,
raw-cheese process controls,
and batch hold/release
decisions.

Consumer and clinical
interface

High-risk consumers may
convert low-level
contamination into severe
disease or
treatment-complicated
infection.

Exposure history,
vulnerable-group status,
clinical-isolate susceptibility
testing, genome sequencing,
and product-consumption
traceback.

Risk communication, outbreak
investigation, product recall,
and clinical–food isolate
linkage.

Integrated governance

Separated animal, food,
environmental,
antimicrobial-use, and clinical
datasets obscure recurrent
hazards, weaken source
attribution, and delay
proportionate public health
action.

Standardized identifiers and
reporting fields across herd,
product, laboratory, genomic,
antimicrobial-use,
exposure-history, and clinical
datasets.

Intersectoral reporting,
evidence-based policy
triggers, targeted audits,
corrective actions,
harmonized risk
communication, and
evaluation of intervention
impact.

8. Research Gaps and Future Agenda
The literature needs fewer isolated prevalence studies and more integrated farm-to-

consumer designs. Priority gaps include matched herd-to-product-to-human sampling,
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longitudinal bulk-tank and filter surveillance, storage experiments under realistic farm-gate
conditions, AMR-aware quantitative microbial risk assessment, standardized antimicrobial
panels, consistent breakpoints, plasmid and phage characterization, low- and middle-
income country surveillance, and comparison of legal raw-milk distribution systems.

Mechanistic studies should address whether ARGs in raw milk are located in viable
pathogens, opportunistic or indicator bacteria, commensals, plasmids, phages, or dead-
cell DNA. Epidemiological studies should test how mastitis status, somatic cell count,
antimicrobial treatment history, bedding, water, milking-machine sanitation, cooling time,
and herd size influence AMR detection in bulk-tank milk and filters. Policy studies should
examine whether producer certification, warning labels, point-of-sale communication, or
restrictions change behavior among consumers with high trust in direct producers.

The next generation of studies should be designed around attribution. A strong
attribution design would sample cows, mastitis cases, feces, bedding, water, milking units,
filters, bulk tanks, bottled raw milk, raw-milk cheeses, workers, and clinical cases in
the same geography, then combine culture, AST, WGS, plasmid analysis, metagenomics,
antimicrobial-use records, and herd health data. Such designs are expensive, but without
them the field will continue to infer pathways from disconnected prevalence snapshots.

Quantitative microbial risk assessment also needs AMR-aware inputs. Current raw
dairy risk estimates are powerful for illness and hospitalization, but AMR-specific models
would require pathogen concentration at farm and product level, resistance phenotype,
dose–response, survival during storage or ripening, consumption frequency, vulnerable-
consumer exposure, treatment failure probability, and attributable outcome severity. The
absence of these linked parameters explains why raw-milk AMR-related exposure is scien-
tifically plausible and documented, yet not fully quantified as an attributable public health
burden fraction.

The evidence supports raw milk as a plausible and documented AMR exposure route,
but it does not yet quantify the fraction of human AMR infections attributable to raw milk.
This is not a weakness that can be solved by adding more disconnected prevalence studies.
The missing link is a matched attribution design connecting herd reservoirs, antimicrobial-
use records, milk and filter samples, retail exposure, clinical isolates, WGS relatedness, and
outcome severity. Strong pathway plausibility and outbreak evidence justify prevention
now; attributable-burden quantification is the next research frontier.

9. Conclusions
This narrative review concludes that raw milk can be interpreted as a vehicle pathway

for resistant foodborne pathogens, opportunistic or indicator bacteria, and resistance
determinants when farm-level selection pressure, udder or fecal contamination, equipment
biofilms, pooling, delayed cooling, raw dairy processing, and direct consumption converge.
The risk is not uniform across all raw-milk products or production systems; it depends on
whether resistant organisms or mobile resistance determinants remain viable or transferable
at the point of consumer exposure.

The most defensible interpretation is pathway-based rather than prevalence-based.
Raw-milk-associated AMR concern should therefore be interpreted along connected ev-
idence levels: the selection of resistant bacteria in dairy systems, the contamination of
milk or milk-contact environments, persistence or amplification before consumption, the
potential exposure of susceptible consumers, transmission or source-attribution linkage
where available, and the still-limited evidence for attributable population burden. This
explains why detection of resistance genes alone is not equivalent to human disease, while
outbreak-linked resistant pathogens, clinically relevant resistant organisms, and matched
source-attribution designs provide stronger public health evidence. The strongest current
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inference comes from outbreak-linked Campylobacter evidence and multi-method evidence
for resistant Enterobacterales, MRSA, and Salmonella, whereas Listeria, Enterococcus, Yersinia,
and resistome-only findings require more cautious interpretation because isolate numbers,
host assignment, viability, or attributable-disease linkage are often limited.

From a One Health perspective, control should target both the entry of hazards into
milk and exposure of consumers. Mastitis prevention, prudent antimicrobial use, milking
hygiene, equipment sanitation, cooling, pasteurization or equivalent exposure barriers,
traceability, genomic surveillance, environmental monitoring, and risk communication are
complementary rather than interchangeable interventions. What is known is that raw milk
can provide a preventable animal-to-consumer exposure route for AMR hazards; what
remains uncertain is the fraction of human AMR infections attributable to raw milk under
defined production, distribution, regulatory, and consumer-behavior conditions. Over the
next five years, research should move from isolated prevalence estimates toward matched
attribution studies, standardized surveillance protocols, AMR-aware risk assessment, and
policy evaluations that test which controls measurably reduce exposure.
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