Antimicrobial Resistance in Dairy Animals:
Drivers, One Health Implications and Strategies

for Sustainable Containment

Dr Anju Bala

1 PhD Scholar, Department of Veterinary and Animal Husbandry
Extension Education

COVS, Lala Lajpat Rai University of Veterinary and Animal Sciences,
VETERINARY Hisar, Haryana- 125004

TOD AY doi.org/10.5281/VeterinaryToday.21110954

INTERNATIONAL
ISSN 2583-8288

Abstract

Antimicrobial resistance (AMR) is among the most pressing threats to global animal and public
health, and the dairy sector occupies a uniquely sensitive position within this crisis. Antimicrobials
are used extensively in dairy herds to prevent and treat bovine mastitis and other production-limiting
diseases, creating sustained selection pressure for resistant pathogens that move between animals,
farm environments, milk, and human handlers. This paper synthesizes recent literature on the drivers
and mechanisms of AMR emergence in dairy systems, the One Health pathways linking dairy herds
to human and environmental health, and the strategies available to contain resistance. Antimicrobial
stewardship approaches—including selective dry-cow therapy and stakeholder-prioritized policy
frameworks—are examined alongside a growing portfolio of non-antibiotic alternatives such as
probiotics, bacteriocins, bacteriophages, phytotherapeutics, and improved diagnostics. Particular
attention is given to the Indian dairy context, where a large informal animal-health workforce,
limited surveillance infrastructure, and high antimicrobial consumption intersect with the world’s
largest dairy herd population. No single intervention is sufficient; durable containment requires
coordinated stewardship, diagnostics-led treatment, alternative therapeutics and strengthened One
Health surveillance and policy.
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of animals and repeated lactation cycles
creates selection pressure that smaller-scale
human use rarely matches.

1. Introduction

Antimicrobial resistance is widely
regarded as one of the foremost threats to
twenty-first-century  medicine and food
security.  While public attention has
historically centred on human clinical settings,
growing evidence shows that livestock
production, and dairy farming in particular, is
a major contributor to the emergence,
amplification, and spread of resistant bacteria.
Dairy cattle and buffaloes are treated for a

The dairy sector’s relationship with
AMR is best understood through a One Health
lens, in which resistant organisms and
resistance genes move across animal, human,
and environmental interfaces. Resistant
mastitis pathogens can persist in the udder,
shed into milk, contaminate the farm
environment through manure, and, in
documented cases, colonize the milkers who

narrow set of recurring conditions—chiefly
intramammary infection (mastitis), uterine
infection, respiratory disease and lameness but
the cumulative volume of use across millions

handle animals daily (1,11). Mobile genetic
elements carried on plasmids further allow
resistance genes to transfer horizontally
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between  unrelated  bacterial  species,
independent of any single antibiotic exposure
event (10).

India is a particularly important case
study. As the world’s largest milk producer,
with a sector dominated by smallholder mixed
cattle-buffalo systems, India is simultaneously
among the largest consumers of antimicrobials
in livestock and one of the regions where
antimicrobial use is least regulated at the point
of sale and prescription (1,2). This review
synthesizes recent literature (largely 2020-
2026) on the scale and drivers of antimicrobial
use in dairy production, the mechanisms and
One Health pathways of AMR dissemination,
and the stewardship, alternative-therapeutic,
diagnostic, and policy strategies available to
contain it—with particular attention to the
Indian context.

2. Antimicrobial Use in Dairy Production:
Scale and Drivers

2.1 Mastitis as the Principal Driver

Bovine mastitis—inflammation of the
mammary gland, most commonly caused by
bacterial intramammary infection—is
consistently identified as the single largest
driver of antimicrobial use in dairy herds
(3,4,9). Staphylococcus aureus remains one of
the most clinically important mastitis
pathogens because of its capacity to establish
persistent, biofilm-protected infections that
evade host immunity and antimicrobial
therapy (4). Klebsiella pneumoniae and
Escherichia coli are increasingly reported as
important environmental mastitis pathogens;
isolates from clinical cases in Ethiopia showed
complete resistance to amoxicillin, ampicillin,
and ceftriaxone, illustrating how readily front-
line antimicrobials can be rendered ineffective
(12).

Antimicrobials are used  both
therapeutically, to treat clinical mastitis, and
prophylactically, most notably through blanket
dry-cow therapy, in which all cows receive
intramammary antimicrobials at the end of
lactation regardless of infection status. A
comparative analysis of dairy herd typologies
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in Wales found that herds practising blanket
dry-cow therapy used substantially greater
quantities of  dry-cow  antimicrobials,
including higher-priority classes, than herds
using selective dry-cow therapy based on
individual cow risk (7) making this single
management decision one of the most
consequential and modifiable determinants of
herd-level antimicrobial consumption.

2.2 Prescribing Behaviour and the Human
Dimension

Use patterns are shaped as much by
human decision-making as by disease biology.
A knowledge, attitude, and practice survey of
466 veterinarians across Indian dairy herds
found that most relied on personal experience
rather than diagnostic testing when selecting
antimicrobials, and that highest-priority
critically important antimicrobials—
quinolones and third-generation
cephalosporins were nonetheless commonly
used in cattle (2). Poor farmer compliance
with prescribed courses, and farmer-driven
demand for antibiotics even where clinically
unnecessary, were statistically significant risk
factors for treatment failure, which in turn
predisposes herds to further, often broader-
spectrum, use (2).

A broader review of Indian animal-
health and drug-use practices found that
disease-surveillance infrastructure is
underdeveloped, that untrained “animal health
workers” are frequently consulted in
preference to costlier veterinarians, and that
over-the-counter  antimicrobial  purchase
without ~ prescription IS widespread.
Withdrawal periods are reported to be rarely
observed, and antibiotic-contaminated milk
has been documented in the supply chain (1).
These features illustrate how prescribing
culture, workforce composition, and farmer
economics interact with biological risk factors
to shape AMR trajectories.
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3. Mechanisms and Pathways of AMR
Emergence and Dissemination

3.1 Pathogen-Level Resistance Mechanisms

Resistance in mastitis-associated organisms
arises through both intrinsic and acquired
mechanisms. Methicillin-resistant
Staphylococcus aureus (MRSA), confirmed by
the mecA gene, has been documented in
subclinical mastitis in dairy buffaloes, with
one Pakistani study reporting molecular
MRSA prevalence of nearly 19% among S.
aureus isolates and phylogenetic relatedness to
strains from Africa, the United States, India,
Italy, Turkey, and lIran (14). Erythromycin-
resistant S. aureus from bovine subclinical
mastitis in Egypt carried multiple macrolide-
and erythromycin-resistance genes, with high
sequence homology to strains previously
isolated from bovine mastitis in India and
Kenya, underscoring the international
circulation of closely related resistant clones
(13).  Biofilm  formation, intracellular
persistence, and immune evasion further allow
S. aureus to survive antimicrobial exposure,
contributing to chronic, recurrent infections
that disproportionately require escalated
treatment (4).

3.2 Environmental Amplification and
Horizontal Gene Transfer

Resistance genes selected for in the
udder do not remain confined to the animal.
Whole-genome sequencing of multidrug-
resistant E. coli from dairy cattle manure in
Poland identified a previously undescribed
IncY plasmid carrying resistance genes
against  beta-lactams, aminoglycosides,
tetracyclines, sulfonamides, trimethoprim, and
fluoroquinolones, together with  mobile
elements that actively promote horizontal
transfer between bacteria (10). Because
manure is routinely applied to land and can
enter water systems, such plasmids allow
resistance genes selected for within a herd to
disseminate into the wider environment
independent of further antibiotic exposure
(10)—a key reason why reducing
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antimicrobial volume at the farm gate alone is
necessary but not sufficient.

3.3 Climate Change as an Emerging
Amplifier

Climate change is an increasingly
important indirect driver of AMR. Elevated
temperature and humidity induce heat-stress-
related immunosuppression in dairy cows,
compromising mammary defences, while
favouring survival and biofilm formation of
environmental mastitis pathogens such as E.
coli, Klebsiella spp., and Streptococcus
uberis(5). The result is an extended seasonal
risk window, geographic redistribution of
disease pressure, and incidence spikes after
extreme weather—translating into higher
antimicrobial use and greater opportunity for
horizontal gene transfer through increased
environmental  persistence  of  resistant
organisms (5).

4. One Health Dimensions: From Farm to
Fork

4.1 Zoonotic Transmission and Occupational
EXxposure

Dairy workers who handle animals and
milk daily are a direct human interface for
AMR exposure. A study of 178 dairy farm
milkers in Tigray, Ethiopia, found E. coli and
Klebsiella spp. in the stool of 68.0% and 9.5%
of participants respectively, with multidrug-
resistant carbapenemase-producing isolates
detected in 3.4% (11). Recent diarrhoeal
illness and raw milk consumption were
independently associated with carriage of
these organisms, with raw milk consumption
alone linked to a more than six-fold increase
in odds of carriage (11) supporting inclusion
of farm workers, not only animals, within One
Health AMR surveillance and flagging raw
milk consumption as a modifiable risk point
relevant to producing households in India.

4.2 Antibiotic Residues in Milk and Food
Safety

Residual antimicrobial compounds in
milk represent a related food-safety concern
when withdrawal periods are not observed. A
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spore-based biosensor platform, developed
with researchers from ICAR—National Dairy
Research Institute, Karnal, detected twelve
beta-lactam antibiotics in milk at sensitivities
at or below the maximum residue limits set by
FSSAI and Codex Alimentarius, using an
inexpensive paper-based format suited to
resource-limited settings (24) a practical
complement to withdrawal-period
enforcement where laboratory testing is not
routinely accessible.

4.3 Surveillance Gaps

A global comparison of livestock
AMR data against priority pathogens found
that, of 232 country-level pathogen—
antimicrobial ~ combinations  flagged as
priorities, formal surveillance data existed for
only 48% (15). S. aureus resistance to
fluoroquinolones and macrolides was a high
priority in many countries, yet fewer than 10%
reported corresponding livestock data, in
contrast to comparatively well-monitored E.
coli resistance in cattle, chickens, and pigs
(15). This uneven landscape means the true
scale of AMR in dairy-pathogen populations,
including in India, is likely understated,
constraining evidence-based prioritization.

5. Strategies for Sustainable Containment

5.1 Antimicrobial Stewardship and Prudent-
Use Frameworks

The most direct lever for reducing
selection pressure is stewardship that
eliminates unnecessary antimicrobial
exposure.  Selective  dry-cow  therapy
(SDCT)—in which only high-risk cows
receive antimicrobials at dry-off, while low-
risk cows receive an internal teat sealant
alone—has accumulated strong supporting
evidence: a Romanian field study found an
internal-teat-sealant-only approach reduced
antimicrobial use by 88.8% per cow with no
significant difference in infection rates,
somatic cell score, milk yield, or total
economic cost compared with antimicrobial
dry-cow therapy (8). Ireland’s national Cell
Check programme has similarly developed
pragmatic, farm-level stewardship
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recommendations in response to EU
restrictions on prophylactic use,
acknowledging that recommendations must
sometimes proceed pragmatically where local
evidence is incomplete (9).

At sectoral scale, a participatory multi-
criteria decision analysis with stakeholders
across agriculture, veterinary medicine, public
health, and consumer groups in Quebec
evaluated 22 candidate interventions against
18 criteria. Across multiple risk scenarios,
mandatory producer education, financial
support for preventive veterinary activities,
and mandatory disease surveillance ranked
highest, while restrictive sales regulations
ranked lowest on feasibility and acceptability
(6) suggesting that, in jurisdictions like India
with limited enforcement capacity, education
and surveillance investment may achieve more
traction than sales restrictions alone.
Relatedly, clustering of Welsh dairy herds by
management characteristics identified distinct
“typologies” differentiated by antimicrobial
use, indicating that stewardship is more
effective when targeted to specific herd
types—such as those still practising blanket
dry-cow therapy—than applied uniformly (7).

5.2 Non-Antibiotic Alternatives

A rapidly growing literature evaluates
non-antibiotic  alternatives. A  systematic
review of seventeen controlled cattle studies
on  microbiome-modulating interventions
(probiotics, prebiotics, postbiotics, organic
acids, phytogenic additives) found that
benzoic acid increased average daily gain,
fructo-oligosaccharide prebiotics increased
weaning body weight, and polyphenol and
bile-acid interventions substantially reduced
calf mortality and disease severity, while
native rumen microbial supplements improved
milk yield without increasing feed intake
though study quality was only moderate,
calling for larger trials with direct antibiotic-
comparator arms (16).

Bacteriocins—narrow-spectrum
antimicrobial peptides—have been proposed
for mastitis treatment and rumen-microbiota
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modulation, with a possible co-benefit of
reduced methane emissions @av).
Bacteriophage-based products are gaining
attention, though a regulatory review found
inconsistent international classification and
safety-evidence requirements, calling for a
dedicated Codex Alimentarius initiative (18).
Phytotherapy—herbal extracts and essential
oils—is the most extensively researched
alternative  for  bovine  mastitis, with
demonstrated activity against multidrug-
resistant S. aureus, E. coli, and streptococci,
though compound degradation and batch
variability =~ remain  concerns  (19,21);
incorporation of essential oils into Al-
optimized nanofibre delivery systems has been
proposed to reduce reliance on prophylactic
dry-cow antibiotics while enabling predictive
herd-health monitoring (22). A meta-analysis
of ten controlled trials found Traditional
Chinese Medicine significantly more effective
than control treatment for bovine mastitis
(odds ratio 1.54), with lower heterogeneity
than the corresponding antibiotic-efficacy
analysis (odds ratio 3.00) (23). Antimicrobial
peptides, lactoferrin,  trisodium citrate,
photodynamic and laser therapy, antibody-
based treatments, and vaccination as an
indirect preventive strategy are also reviewed,
with most approaches still requiring more in
vivo validation before routine adoption
(19,20).

5.3 Diagnostics and Rapid Detection

Stewardship and alternatives are most
effective when paired with diagnostics
enabling targeted rather than empirical
treatment. Point-of-care molecular diagnostics
for pathogen identification and susceptibility
testing are repeatedly identified as a priority
for reducing inappropriate use (3,4). At the
food-safety end, low-cost biosensors detecting
antibiotic residues against regulatory limits
offer a practical route to verifying withdrawal-
period compliance where formal laboratory
testing is inaccessible to producers (24)—and
could wusefully be embedded within
cooperative milk-collection testing workflows
in India.
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5.4 Policy, Regulation, and Capacity
Building

Technical interventions alone cannot resolve
AMR without supporting policy and
workforce investment. India’s National
Programme for Containment of AMR and
National Action Plan on AMR represent
important commitments, but on-the-ground
practice shows veterinary access, dispensing
controls, and withdrawal-period enforcement
remain weak, with non-veterinary animal-
health workers filling much of the prescribing
gap (1). Strengthening this workforce through
training and integration into stewardship
programmes—rather than attempting to
eliminate its role—is likely more feasible than
enforcement  alone, consistent  with
stakeholder findings favouring education and
surveillance over restrictive regulation (1,6).
Harmonized international guidelines are
similarly needed for emerging alternatives
such as bacteriophage products (18), and
closing documented surveillance gaps remains
a precondition for evidence-based
prioritization and resource allocation (15).

6. The Indian Dairy Context: Challenges
and Opportunities

India’s dairy sector combines features
that make AMR containment both urgent and
structurally  challenging:  predominantly
smallholder, mixed cattle—buffalo production;
a large, often untrained, animal-health
workforce  alongside  fewer  qualified
veterinarians; widespread prescription-free
antimicrobial availability; and documented
under-observance of withdrawal periods (1,2).
India also has substantial assets to leverage,
including ICAR-network research capacity
(illustrated by the NDRI Karnal-affiliated
biosensor work), an established dairy-
cooperative infrastructure for decentralized
testing, and existing national AMR policy
architecture (1,24).

Priorities for the Indian context
include:  veterinarian-focused  stewardship
education targeting the prescribing behaviours
identified in the GADVASU KAP survey,
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particularly use of fluoroquinolones and third-
generation cephalosporins in mastitis cases
(2); formal training and integration of the
existing animal-health-worker cadre rather
than reliance on veterinarians alone (1); field
evaluation of selective dry-cow therapy and
herd-typology-informed stewardship under
Indian housing and hygiene conditions, given
high reported prevalence of multidrug-
resistant Klebsiella and Staphylococcus
isolates in regional South Asian studies
(8,12,14); and integration of low-cost residue-
screening tools into cooperative milk-
collection testing to support withdrawal-
period compliance at scale (24). Together
these reframe AMR containment as a
coordinated programme spanning education,
workforce development, diagnostics and field-
adapted stewardship, rather than a single
regulatory fix.

7. Conclusion

AMR in dairy animals is the
cumulative outcome of disease biology
(principally mastitis), prescribing and farm-
management  behaviour, environmental
amplification through manure and horizontal
gene transfer, and gaps in surveillance and
enforcement.  Meaningful  progress s
achievable through coordinated action across
four fronts: stewardship that reduces
unnecessary exposure at the point of use, such
as selective dry-cow therapy; a maturing
portfolio of non-antibiotic alternatives—
probiotics,  bacteriocins,  bacteriophages,
phytotherapeutics, and vaccination; diagnostic
and residue-detection technologies that make
targeted treatment and compliance verification
practical even in resource-limited settings; and
policy that prioritizes education, workforce
development, and surveillance investment
over enforcement alone. For India, the path
forward lies in adapting these strategies to
smallholder, cooperative-based realities rather
than importing high-resource-system solutions
unmodified. Sustained containment  will
ultimately depend on treating the farm, the
animal, the milk, and the people who work
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with them as a single, interconnected One
Health system.
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