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Introduction

Food forms the foundation of human survival, providing essential nutrients,
promoting health, and supplying the energy required for daily life. Clean food
is not just about culinary preferences; it is a matter of public health and safety.
Every actor plays a role in maintaining the integrity of the food supply chain,
from producers and regulators to consumers. Food safety is a paramount con-
cern for individuals, communities, and nations worldwide. It encompasses a
complex network of practices, regulations, and precautions aimed at safe-
guarding the quality and integrity of the food we consume. From the farm to
the plate, a multitude of factors can affect the safety of our food supply, and
ensuring its protection is essential for preventing foodborne illnesses and
maintaining public health. Understanding food safety is not only a matter of
personal well-being but also a collective responsibility that involves produc-
ers, distributors, and consumers.

Food safety

First and foremost, food safety is vital because consuming contaminated food
can have severe health consequences. Foodborne illnesses primarily affect the
gastrointestinal system, commonly presenting with symptoms such as bloody
diarrhoea, vomiting, abdominal pain, and fever. In some cases, the infection
may progress to extra-intestinal complications involving the neurological, gy-
naecological, or immunological systems. The severity ranges from mild, self-
limiting illness to life-threatening conditions, often associated with Salmo-
nella spp., other bacterial pathogens, or toxins from contaminated food
sources [1-3]. Vulnerable populations, such as young children, elderly, preg-
nant women, and individuals with compromised immune systems, are partic-
ularly prone to the risks posed by contaminated food [4,5]. Therefore, ensur-
ing food safety is crucial to protect the health and well-being of the consumer.

There are various potential hazards that can compromise the safety of food.
These include biological hazards, such as bacteria, viruses, and parasites;
chemical hazards, such as pesticides, additives, and contaminants; and physi-
cal hazards, such as foreign objects or substances [6]. Biological hazards are
the most common and significant threats to food safety. Bacteria like Staphy-
lococcus spp., Salmonella spp., Escherichia coli (E. coli), Shigella spp.,
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Klebsiella spp. and others, are frequently associated with foodborne illnesses
[7-9]. These microorganisms can contaminate food during production, pro-
cessing, transportation, and handling [10,11].

In a global perspective of food safety, a study from USA used FoodNet, a
reporting system used by public health organisations, showed that Shigella
spp., Campylobacter spp., and Salmonella spp. were three of the ten most im-
portant pathogens that are responsible for foodborne illness. Estimating the
number of cases and deaths associated with Salmonella accounted for 31% of
food-related deaths, followed by Listeria spp. (28%), Campylobacter spp.
(5%), and E. coli O157:H7 (3%) [12]. An estimate by the World Health Or-
ganization (WHO) suggests that annually approximately 600 million people,
which is nearly one in ten individuals worldwide, experience illness due to
consuming contaminated food every year. Tragically, this leads to 420,000
fatalities annually, equal to the loss of 33 million healthy life years [13].

Food safety in India is a significant concern, with substantial implications
for disease burden, healthcare costs and public health hazards [14—17]. Con-
suming unsafe food contributes to a cycle of illness and significantly increases
overall morbidity rates [18]. Unfortunately, consumer awareness concerning
food safety in India remains inadequate. Although many instances of food-
borne diseases go unreported and therefore disease appears sporadic in India.

Table 1: The occurrence of diverse bacterial foodborne illnesses in India spanning
from 1983 to 2009.

Year Pathogen Source of food Number of | References
pathogen affected
people
1983 Vibrio parahaemolyticus Fish 34 [21]
1985 Salmonella bornum Chicken 34 [22]
1985 Salmonella weltevreden Stale rice 4 [23]
1987 Staphylococcus aureus Sweet meat 31 [24]
1990 Vibrio fluvialis Vegetarian meal 14 [25]
1993 Staphylococcus aureus Meat 42 [26]
1995 Salmonella paratyphi A Vegetarian meal 33 [27]
1997 Yersinia enterocolitica Buttermilk 48 [28]
1998 Salmonella enteritidis Fowl meat 78 [29]
2007 Staphylococcus aureus Potato tikki 100 [30]
2009 Salmonella enteritidis Kheer 150 [31]
2009 Salmonella wein Chicken and 10 [32]
poultry product
2009 Salmonella weltevreden Vegetarian meal 34 [33]

A comprehensive nationwide study revealed an alarming 13.2% prevalence of
foodborne diseases at the household level [19]. However, a scientific review
noted that studies on the occurrence of foodborne illnesses in India between
1980 and 2009 reported only 37 documented outbreaks, affecting a total of
3,485 individuals [20]. Table 1 presents reported bacterial foodborne illnesses
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in India (1983-2009), including the year, pathogen, food source, and number
of affected individuals.

In 2013, a food poisoning incident came to public attention when 47 pri-
mary school students fell ill, and tragically, 25 children lost their lives after
consuming a mid-day meal at a school in a remote village in the eastern Indian
state of Bihar. The Forensic Science Laboratory report confirmed the presence
of monocrotophos, an organophosphorus pesticide, in cooking oil, food rem-
nants, and a rice-vegetable mixture. The pesticide had been stored improperly
in the kitchen, leading to accidental contamination. This tragedy highlights the
severe consequences of inadequate food safety control, poor awareness, and
weak regulatory measures in institutional feeding programs, beyond routine
hygiene issues in India [34,35].

Furthermore, India reported 2,688 foodborne disease outbreaks between
2009 and 2018, resulting in 153,745 reported cases and 572 fatalities. This
averages to approximately 269 outbreaks, 15,375 cases, and 57 deaths annu-
ally [36]. The majority of these diseases were of bacterial origin, primarily
attributed to pathogens such as Staphylococcus aureus, Bacillus cereus, E.
coli, Salmonella spp., and Vibrio parahaemolyticus. Most reported outbreaks
in India affected more than 30 individuals per incident, often occurring during
public gatherings like religious events, weddings, canteen services, school
lunches, and community festivals [36] .

Foodborne illnesses are not specifically categorized within India's health
information system [37]. As per food regulations, healthcare professionals
have an obligation to report instances of food poisoning to food health author-
ities. State food laboratories are responsible for conducting investigations into
food poisoning cases. However, the healthcare system in India has tradition-
ally lacked a comprehensive approach that integrate epidemiological, environ-
mental, and laboratory components throughout the entire investigation pro-
cess, which is essential for effectively addressing foodborne diseases [38].

According to the Indian constitution, healthcare falls under the jurisdiction
of individual states and the legislative strategies are the mainstay of India's
strategy for maintaining food safety [39]. A series of legislations oversee the
Indian food industry, encompassing aspects such as sanitation, licensing, and
permits. The Food Safety and Standards Authority of India (FSSAI), estab-
lished by the Government of India, is responsible for setting food standards,
as well as regulating and supervising the production, processing, storage, dis-
tribution, sale, and import of food. The overarching goal is to ensure the avail-
ability of secure and nourishing sustenance for human consumption.
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Antimicrobial use and antimicrobial resistance

Antimicrobial use (AMU) encompasses the utilization of antimicrobial agents,
such as antibiotics, antivirals, and antifungals, across humans, animals, and
plants to prevent or treat infectious diseases [40]. These agents have substan-
tially improved health outcomes and contributed to enhanced productivity in
livestock and crop production. However, inappropriate or excessive antimi-
crobial use has contributed to the emergence of antimicrobial resistance
(AMR) [41]. AMR emerges when microorganisms, including bacteria, vi-
ruses, fungi, or parasites, develop resistance to previously effective drugs [42].
Infections caused by resistant organisms are more difficult to treat, often lead-
ing to prolonged illnesses, increased healthcare costs, and higher mortality
rates. AMR is now recognized as a global public health crisis, posing a signif-
icant challenge to the treatment and prevention of infectious diseases [43].

The rise of drug-resistant bacteria is not solely attributed to the excessive
use of antimicrobials in both humans and animals but also due to inappropriate
practices such as prescribing antibiotics for viral infections, incomplete treat-
ment courses, or the non-prescribed use of antibiotics [44—48]. In India, these
practices are compounded by widespread antibiotic availability without pre-
scription and limited public awareness of proper antibiotic use (Table 2).

India holds the dubious distinction of being the largest consumer of antibi-
otics intended for human use. In 2010, India witnessed the staggering con-
sumption of 12.9 x 10’ single dose units of antibiotics, averaging 10.7 single
dose units per individual [49]. Between 2000 and 2010, Brazil, Russia, India,
China, and South Africa (BRICS) together accounted for approximately 76%
of the global increase in antibiotic consumption [49]. Moreover, India also
ranks among the world’s top consumers of antibiotics in animal production,
with usage projected to increase by 82% by 2030 [50,51]. This disproportion-
ate rise is not just based on population size of the BRICS; rather, it reflects
rapid economic growth, intensification of livestock production, expanding ac-
cess to antibiotics, and insufficient antimicrobial stewardship in these emerg-
ing economies.

Evidence from northern Indian states highlights the widespread antibiotic
supplement use in animal feed, coupled with untreated litter, resulting in de-
velopment and dissemination of antibiotic-resistant bacteria [52]. These re-
sistant strains have spread beyond farms due to poor hygiene practices and
inadequate waste management, entering the broader environment and poten-
tially affecting both animals and humans [53].

As of 2020, India ranks among the top five nations in terms of veterinary
antimicrobial consumption, following China and Brazil [54]. This ranking re-
flects overall national use volumes rather than per-animal intensity, consistent
with earlier projections from 2015 and 2017 that anticipated India’s growing
antibiotic demand in food-animal production [55,56]. This surge in antimicro-
bial use is closely associated with the escalating demand for animal protein in
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India, which has been paralleled with rising household incomes. Notably, an-
tibiotic consumption is expected to increase further, primarily driven by the
transition toward large-scale, intensive livestock production systems that rely
heavily on antibiotics for disease prevention and growth promotion. The pres-
ence of AMR bacteria in milk and other dairy products poses a substantial
food safety risk. Resistant strains originating from livestock can enter the hu-

man food chain, posing particular risks to vulnerable populations [57,58].

Table 2. Several key factors contributing to the increasing AMR rates in India.

Factors

Cause

Overuse and misuse
of antibiotics

Antibiotics are frequently accessible without prescriptions,
resulting in their widespread and often unjustified usage.

Lack of awareness

In India, there is limited public awareness about AMR. A
significant portion of the population does not grasp the con-
sequences of incomplete antibiotic courses or their unnec-
essary use, leading to overuse and misuse, potentially fos-
tering the development of antibiotic-resistant bacteria.

Inadequate infection
prevention measures
and limited access to
safe water and sani-
tation.

In Indian healthcare facilities, suboptimal infection control
measures occasionally contribute to increased hospital-ac-
quired infections, frequently associated with drug-resistant
microorganisms, ultimately leading to elevated rates of in-
fectious diseases, heightened antibiotic usage, and the fur-
ther proliferation of AMR.

Infection pressure
and AMU

Due to the significant burden of infections in India, there is
a substantial and widespread use of antimicrobial agents.

Lack of veterinary
access

Due to lack of veterinary access farmers often misuse anti-
biotics to treat livestock diseases, leading to overuse. The
absence of veterinary oversight and monitoring amplifies
the problem, spreading AMR in livestock, posing risks to
animal health, food safety, and public health.

Lack of stringent
regulation in animal
husbandry

The prevalent use of antibiotics in animal agriculture, often
as growth enhancers and for disease prevention, may result
in the presence of antibiotic residues in meat and other ani-
mal-derived products, thus contributing to the development
of antibiotic resistance in humans.

Inadequate surveil-
lance and regulation

India's current surveillance system for tracking AMR is in-
adequate, hindering a comprehensive understanding of the
issue and the formulation of effective interventions. Fur-
thermore, there is a need for more rigorous enforcement of
antibiotic usage regulations.

Challenges in the
pharmaceutical
industry

India plays a significant role in antibiotic production, rais-
ing concerns over inadequate regulatory control in antibi-
otic manufacturing and disposal, potentially leading to en-
vironmental pollution and AMR dissemination.
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Given the high prevalence of infectious diseases in developing nations like
India, use of antibiotics is widespread as evident from the remarkable 23%
increase in retail sales of antibiotics in India during the year 2000-2010 com-
pared to other BRICS nations, and contributing to the significant development
of resistance [49,59,60]. The increasing rates of AMR in India can be at-
tributed to several interconnected factors (Table 2).

Despite this growing threat, there is limited systematic data on the preva-
lence and genetic basis of AMR across Indian food value chains. Addressing
this gap is crucial for effective risk assessment and the development of tar-
geted interventions.

Laboratory methods for assessing antimicrobial
resistance

In the era of the increasing prevalence of multidrug-resistant (MDR) patho-
gens, it becomes imperative to conduct early AMR profiling. Accurate and
reliable detection of resistant bacteria is crucial for effective surveillance,
treatment, and control measures. Various methods are used across laboratories
to detect AMR bacteria, including phenotypic analyses and detection of spe-
cific genes by molecular methods, here referred to as genotypic analyses, to
differ it from phenotypic.

The phenotypic tests assess resistance by observing how the microorgan-
isms are affected when exposed to antibiotics, while genotypic tests analyse
the microorganism's genetic material to identify specific resistance genes or
mutations. Each approach has its advantages and limitations, and they are of-
ten used in combination to provide a comprehensive understanding of AMR.
Phenotypic tests confirm active resistance, while genotypic tests provide in-
sights into the genetic basis of resistance, which can be crucial for surveillance
and understanding patterns of emerging resistance. However, in this thesis,
the term "genotyping" is used to describe the polymerase chain reaction
(PCR)-based detection of particular resistance genes by utilizing specific pri-
mer pairs.

The most commonly employed phenotypic methods for detecting AMR in
bacteria in the laboratory settings are the antibiotic susceptibility test (AST)
by a disc-diffusion method or by epsilometer test (E-test) [61]. These tests are
widely used due to their cost-effectiveness and simplicity. However, they have
limitations in terms of sensitivity and can sometimes produce discrepant re-
sults. This can be attributed to factors such as the quality of the testing rea-
gents, technical proficiency, and interpretation of the results [62,63].

Manual AST is a cost-effective and convenient method widely utilized in
veterinary laboratories and research labs, particularly in low- and middle-in-
come countries (LMIC). However, this method comes with its share of
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challenges. Performing AST manually with pure cultures and a substantial
number of antibiotics to establish resistance patterns can be both laborious and
time-consuming.

In contrast, more advanced options like the automated BD-Phoenix micro-
biological identification system provides rapid bacterial identification and
simultaneous AST results. Similarly, Vitek-2 offers an accurate and conven-
ient alternative to BD-Phoenix. Notably, the BD-Phoenix AP instrument re-
duces the hands-on processing time by 50%. Compared to Vitek 2, it requires
11.5 seconds less manual manipulation time per isolate when setting up
batches of 14 organisms [64]. These automated systems not only enhance ef-
ficiency, but also contribute to the accuracy and speed of AST in various la-
boratory settings.

Clinical microbiology has traditionally relied on bacterial culture for AST,
but this approach has certain limitations, such as:

1. Time consuming: Bacterial culture involves growing bacteria from a pa-
tient sample on agar plates or in broth. This process can take 24 to 48
hours or even longer. During this time, the patient's condition may worsen,
and treatment decisions will be delayed.

2. Viable bacteria only: Culture-based methods can only detect and test for
viable (live) bacteria. Some bacteria may be in a viable but non-culturable
state or dead but still contain resistance genes, making them undetectable
through traditional culture.

3. Selectivity: Bacterial culture is selective, meaning it may only detect the
dominant or easily cultivable bacteria present in a sample. Rare or slow-
growing resistant strains might not be identified.

4. Limited spectrum: Culture-based methods are typically designed to test
specific antibiotics, which means they may miss emerging resistance to
newer antibiotics or unconventional resistance mechanisms.

5. Influence of culture conditions: The growth conditions used in bacterial
culture may not accurately mimic the conditions within the human body,
potentially leading to false results.

6. Resistance development: Bacteria can adapt and develop resistance mech-
anisms during the extended culture period, potentially leading to discrep-
ancies between the initial culture-based AST results and the actual re-
sistance profile.

7. Complex interpretation: Interpreting the results of bacterial culture can be
challenging, especially when dealing with mixed infections or polymicro-
bial samples, as it may be unclear which bacteria are responsible for the
patient's illness.

Given these limitations, nucleic-acid-based assays like PCR are widely used

tools for gene detection, amplification and understanding genetic mechanisms
of drug resistance bacteria. However, the presence of resistance gene does not
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necessarily mean conferring bacterial resistance detected in phenotypic tests,
but the absence of a specific gene may establish the lack of resistance, assum-
ing that resistance can only come from the tested gene. In addition, these tests
are even more specific, since they require development of protocols for each
suspected antibiotic resistance gene of interest.

In contrast to traditional methods, the primary drawbacks of employing
PCR assays in a clinical context encompass the risk of false-positive outcomes
due to deoxyribonucleic acid (DNA) contamination, the potential for false-
negative test results, detection sensitivity surpassing clinical relevance, the as-
say or platform's constrained capacity for simultaneously identifying multiple
species, virulence factors, or drug resistance, due its exceptional selectivity, it
exclusively amplifies the target gene, surpassing other details and the high
cost of reagents. However, as mentioned above, it is important to note that the
presence of target genes does not mean that the isolate will necessarily exhibit
resistance in phenotypic tests [65].

An increasingly robust alternative has emerged through whole-genome se-
quencing for antibiotic susceptibility testing (WGS-AST) and metagenomics-
based surveillance systems for antibiotic resistance. These techniques can pro-
vide faster and more accurate results, particularly in identifying specific re-
sistance genes and mechanisms. These newer approaches can help clinicians
make more informed treatment decisions, reduce the time to effective therapy,
and better combat the rising threat of AMR [66].

The escalating use of antibiotics across various environmental niches, in-
cluding animals, plants, soil, and water, serves as a catalyst for antibiotic re-
sistance. These environments act as conduits for antibiotic-resistant pathogens
and the dissemination of resistance genes. So, to understand the genetic ex-
change within and between these ecosystems and to shed light on transmission
and emergence mechanisms, metagenomic approaches can be useful.

Metagenomics, coupled with advanced bioinformatic tools, offers a non-
culture-dependent approach for characterizing microbial communities, by-
passing the need for isolation and culturing. This approach unveils insights
into resistance mechanisms, microbial populations, emerging pathogens, re-
sistance genes, and their spread [67]. It encompasses a culture-independent
method capable of identifying and characterizing organisms from diverse
sample types. In contrast, whole-genome shotgun sequencing examines the
complete DNA content of a chosen sample, providing insights into microor-
ganisms from all domains of life and their genomic makeup [68].

However, whole-genome sequencing and metagenomic analysis are cost-
intensive and demand proficient bioinformatic capabilities for data interpreta-
tion, resources that are often scarce in most research laboratories within
LMICs. Consequently, this limitation poses a substantial obstacle to achieving
a comprehensive understanding of an organism's genetic composition.
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Food safety and antimicrobial resistance in the dairy
value chain

Milk is a staple consumed by both children and the elderly, often for its nutri-
tional and health benefits. Milk and dairy products are susceptible to contam-
ination by various pathogens, including bacteria such as Staphylococcus spp.,
Salmonella, E. coli, Listeria monocytogenes and others [69,70]. Infection
caused by these pathogens are on the rise and can cause foodborne illnesses
when contaminated food is consumed by humans [71,72].

Staphylococci are responsible for a spectrum of illnesses, ranging from
mild to severe, affecting both humans and animals [73,74]. Within veterinary
settings, a prominent concern revolves around the escalating prevalence of
methicillin-resistant Staphylococcus aureus (MRSA). Additionally, methicil-
lin-resistant coagulase-negative staphylococci (MRCoNS) may also serve as
a potential reservoir for genetic elements responsible for methicillin re-
sistance, potentially contributing to the emergence of MRSA [75,76].

Milk can act as a potential vector in transmitting foodborne bacteria from
animals to humans when contaminated with antimicrobial residues or resistant
bacteria [47,77]. This concern is further magnified by the practice of consum-
ing raw milk in India due to its perceived health advantages, and a substantial
portion of the population regularly includes naturally fermented milk, such as
lassi, in their diets [77,78].

The dairy value chain encompasses multiple stages, from feed production
to dairy product processing and distribution, each posing a risk of introducing
and disseminating bacteria, including resistant strains. Contamination is pos-
sible at different points in the dairy value chain, such as bacteria infiltrating
dairy farms through contaminated feed or water sources and subsequently
spreading among animals through close contact or contaminated equipment
during production, processing, storage, and distribution [79,80]. In India, ap-
proximately 80% of milk production is attributed to smallholder dairy farmers,
and it is distributed through an informal value chain [81]. These smallholder
dairy farms typically lack essential resources, infrastructure, and access to an-
imal health services [82—84].

Hence, all the above factors influence the emergence of AMR in dairy, thus
posing a threat to human health either through the food supply chain or by
directly transmitting resistance genes between humans and animals [75,85].

19



Food safety and antimicrobial resistance in the poultry
value chain

The poultry value chain faces significant challenges related to food safety and
AMR, which impact both public health and the sustainability of poultry pro-
duction [86]. Human activities, such as the overuse and misuse of antibiotics
in poultry, have accelerated the development and spread of AMR, making it a
serious threat to public health. Resistant bacteria in poultry can be transmitted
to humans through the consumption of contaminated poultry products, high-
lighting the public health implications of AMR in this sector.

In India, the poultry industry is one of the fastest growing sectors [87], with
an annual growth rate of around 8-10% [88]. Poultry production is a signifi-
cant contributor to the economy, providing income and employment to mil-
lions of people. However, the intensive farming practices, the high-density
rearing of birds, and the unregulated use of antibiotics pose a significant risk
to public health [89].

The poultry value chain, encompassing poultry farms, processing, distribu-
tion, and transportation, represents a multifaceted process where the involve-
ment of various actors significantly influences food safety. It becomes crucial
to comprehend the pivotal role played by these actors, as they are believed to
serve as potential sources of contamination and contribute to the development
of AMR [86].

Poultry, including chicken and turkey, can be a source of foodborne path-
ogens such as Salmonella spp., Campylobacter spp. and E. coli [90]. The use
of antibiotics in the poultry industry is widespread and has been a common
practice for decades to prevent and treat bacterial infections in birds and to
promote growth [91].

Several studies have reported high levels of antibiotic residues in poultry
products in BRICS and other countries, indicating the potential for exposure
to antibiotics and the development of AMR [56,92]. The Indian government
has banned the use of some antibiotics as growth promoters in poultry feed
since 2017 [93], but the implementation and enforcement of the ban remains
a challenge. The widespread availability of antibiotics over the counter, with-
out prescription, is another factor that contributes to the misuse and overuse
of antibiotics in the poultry industry.

The rise and dissemination of AMR within the poultry sector carry substan-
tial repercussions for public health in a nation where many opts for chicken
meat consumption, primarily due to its widespread availability, affordability
and a rich array of chicken-based dishes. In addition to consumers, individuals
working in the poultry industry, including workers, farmers, and their fami-
lies, face an increased risk of exposure to resistant bacteria due to their prox-
imity to birds and the surrounding environment [94,95].
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Food safety and antimicrobial resistance in fermented
value chain

Food safety is an important consideration also in fermented food, which in-
cludes various fermented products like yogurt, cheese, sauerkraut, kimchi, etc.
Fermented food products are known for their unique flavour, extended shelf
life, and potential health benefits [96]. The fermentation process involves the
growth of beneficial microorganisms that convert carbohydrates into acids,
alcohol, or gases, creating an acidic or anaerobic environment that inhibits the
growth of pathogens [97]. This natural preservation method contributes to the
safety of fermented foods. However, there is a growing concern about the
safety of these fermented foods due to the potential presence of harmful mi-
croorganisms and antibiotic-resistant bacteria [98].

Food safety risks in fermented derived food can arise from various sources,
including raw materials, processing conditions, storage, and handling prac-
tices. Contamination with pathogens such as Staphylococcus spp., Enterococ-
cus spp., Listeria monocytogenes, Salmonella spp., and E. coli may occur dur-
ing any of these stages.

According to the WHO, food-handling personnel play a critical role in en-
suring food safety throughout the production, processing, storage, and prepa-
ration of food [99]. In the context of fermented food products, improper han-
dling by vendors such as inadequate sanitation, poor personal hygiene, or con-
tamination of raw materials can introduce or allow the proliferation of patho-
gens. Even though fermentation processes often inhibit the growth of many
harmful microorganisms, certain pathogens can survive or multiply if hygiene
standards are neglected, posing a risk of foodborne illness to consumers
[100,101]. AMR is another concern in fermented food. While fermentation
itself does not typically contribute to the development of AMR, the raw ma-
terials used in fermentation may contain bacteria that are already resistant to
antimicrobials. These resistant bacteria can survive and proliferate during fer-
mentation, potentially leading to the presence of AMR strains in the final
product [102,103].

Lactic acid bacteria (LAB) are an essential group of microorganisms used
for the fermentation of various food products, including traditional fermented
food products of Northeast India [104]. Few studies have been conducted to
isolate and identify LAB from traditional fermented food products in North-
east India, spanning bamboo shoot, fish, milk, meat, and vegetables. These
investigations aimed to uncover microbial diversity and assess health benefits
and safety concerns tied to their consumption. [105,106].

Despite the potential health benefits, pathogenic microorganisms with an-
tibiotic resistance traits that develop in the food as a result of inadequate hy-
giene can make fermented food unsafe for consumption [107]. There is a pau-
city of data on the food safety aspects of the fermented foods that are prepared
and consumed by various tribes of northeast India.
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Regulatory framework and policies for antimicrobial
resistance in food systems in India

India’s strategy to combat AMR within the food system is anchored in a multi-
agency policy framework that integrates food safety, public health, and envi-
ronmental protection under the National Action Plan on AMR (NAP-AMR,
2017) and the Food Safety and Standards Authority of India (FSSAI)
[108,109]. The NAP-AMR, aligned with the WHO Global Action Plan on
AMR, provides a One Health roadmap integrating human, animal, food, and
environmental sectors. Within this framework, the Ministry of Health and
Family Welfare (MoHFW) serves as the nodal agency for a national AMR
policy, coordinating intersectoral activities across ministries and states. The
Indian Council of Medical Research (ICMR) operates the Antimicrobial Re-
sistance Surveillance and Research Network (AMRSN), which monitors na-
tional AMR trends and informs evidence-based treatment and stewardship
guidelines [110]. The National Centre for Disease Control (NCDC) supports
state-level implementation through guidance for State Action Plans for Con-
tainment of AMR (SAPCAR) and infection-prevention protocols [109].

From a food safety perspective, the FSSAI enforces the Food Safety and
Standards Act (2006) and issues regulations on contaminants, toxins, and res-
idues in food products, including tolerance limits for antibiotic residues. The
Bureau of Indian Standards (BIS) has established poultry feed specifications
restricting the use of certain antibiotic growth promoters [111], while the Cen-
tral Pollution Control Board (CPCB) has proposed effluent discharge stand-
ards for antibiotics from pharmaceutical and common effluent treatment
plants. Additionally, the Schedule H1 regulation restricts the sale of specific
antibiotics to prescription-only use, thereby curbing over-the-counter (OTC)
misuse in both human and veterinary sectors [112] .

India participates in global surveillance efforts through the WHO Advisory
Group on Integrated Surveillance of Antimicrobial Resistance (WHO-
AGISAR) and the Global Antimicrobial Resistance and Use Surveillance Sys-
tem (GLASS), linking clinical, animal, and foodborne AMR data [112]. These
initiatives, along with ICMR-AMRSN and FSSATI’s residue monitoring pro-
grams, represent important steps toward an integrated AMR surveillance.
However, systematic nationwide residue monitoring, standardized data report-
ing, and One Health integration across the dairy, poultry, and traditional food
sectors remain limited and fragmented [109,112,113].

In 2010, the Government of India established a National Task Force on
AMR Containment, followed by landmark initiatives including the Jaipur
Declaration (2011), the Chennai Declaration (2012), and the National Pro-
gramme on AMR Containment (2012-2017) led by NCDC.
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Table 3. An overview of antimicrobial resistance policy-related activities in India.

One Health AMR Surveil-
lance under ICMR-NCDC

veillance system that inte-
grates human, animal, and
environmental data to effec-
tively combat MR

Year | Policy / Initiative Objective Refer-
ences
2010 | Establishment of National | Assessment of the AMR sit- | [115]
Task Force on AMR Contain- | uation in India
ment
2011 | Jaipur Declaration on AMR | To preserve the efficacy of | [118]
antimicrobial agents by pro-
moting their rational use
through a holistic, multisec-
toral approach.
2011 | The Food Safety and Stand- | To ensure food is safe for | [119]
ards (Contaminants, Toxins | consumption by setting per-
and Residues) Regulations, | missible limits for contami-
by FSSAI nants, toxins, and pesticide
residues in food products
2012 | Chennai Declaration Roadmap for coordinated na- | [120]
tional policy and hospital an-
tibiotic stewardship
2012 | National Centre for Disease | 5-year national plan for the | [115]
Control (NCDC) AMR surveillance and ca-
pacity building
2014 | Implementation of Schedule | To minimize the over-the- | [121]
HI1 under Drugs and Cosmet- | counter availability of the
ics certain antibiotics
2016 | Launch of the “Red Line” | Awareness program to edu- | [122]
Campaign on Antibiotics to | cate the people for rational
create awareness regarding | usage of antibiotics
rational usage of antibiotics
2017 | Publication of the National | Amendments in planning | [109]
Action Plan for Containment | and management of AMR
of AMR and Delhi Declara- | containment
tion
2017 | Amendment to Food Safety | To update and strengthen the | [123]
and Standards (Contami- | standards for food products
nants, Toxins and Residues) | to protect public health by
Regulations ensuring they are free from
harmful levels of contami-
nants, toxins, and residues
2019 | Directive by The Ministry of | Forbidding the production, | [124]
Health and Family Welfare | vending, and circulation of
banning Colistin use in food | colistin and its derivatives
animals for use in food-producing an-
imals, dairy, poultry, aqua-
culture, and as supplements
in animal feed
2022 | Strengthening of Integrated | To establish a unified sur- | [115]
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These milestones were reinforced by Schedule H1 (2014) which restricted
over-the-counter antibiotic sales and by the 2019 MoHFW directive banning
colistin use in food-producing animals, demonstrating India’s progressive
alignment with WHO’s recommendations [114,115] (Table 3).

Recent policy developments have strengthened India’s food safety re-
sponse to AMR. The FSSAI’s Food Products Standards and Food Additives
Amendment Regulations, 2024, effective April 2025, prohibit the use of an-
tibiotics at any stage of food-animal production including dairy, poultry, and
meat and explicitly ban substances such as colistin, chloramphenicol, and
nitrofurans.

These regulations also tighten maximum residue limits (MRLs) for antibi-
otics in milk, eggs, and meat, ensuring safer food products and addressing
long-standing residue-monitoring challenges. Simultaneously, the Central
Drugs Standard Control Organisation (CDSCO, 2025) initiated a framework
for systematic documentation of veterinary antibiotic manufacture and sales,
representing India’s first coordinated effort to quantify antimicrobial use
(AMU) in livestock. [109—113,123,124]. Collectively, these initiatives reflect
India’s evolving commitment to mitigating AMR risks in the food system.
Strengthened legislation, residue-limit enforcement, and integrated surveil-
lance in dairy and poultry value chains are vital to safeguarding food safety
and public health while aligning national action with international standards
for AMR containment.
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Aims of the thesis

This thesis aimed to investigate the risks of AMR in the food production sector
of India, focusing on dairy, poultry and fermented food. The goal was to gain
insights into the epidemiology of foodborne hazards in India, with a focus on
occurrence of antibiotic resistance. Additionally, it sought to quantify antibi-
otic residues in chicken meat and feed, understand AMR in the dairy and poul-
try value chains, and investigate traditional fermented food regarding food
safety and AMR.

Objectives

1. Determine the occurrence of AMR bacteria in milk, poultry, and fer-
mented food samples obtained at the point of sale.

2. Detect and characterize antimicrobial resistance genes in bacteria iso-
lated from these food products.

3. Assess the prevalence of antibiotic residues in chicken meat and feed
to evaluate potential risks associated with antibiotic use.

4. Identify risk factors associated with AMR in poultry and dairy farms.

5. Generate knowledge to inform targeted interventions and policies for
mitigating AMR in India’s food production sector.

Through these objectives, the goal of this research was to generate deeper in-
sights into AMR within India’s food production systems, enabling stakehold-
ers to implement effective strategies that reduced risks to public health and
food safety.
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Materials and methods

Definitions

In the dairy study, methicillin resistance in Gram-positive bacteria (GPB) was
assessed in two steps. Isolates were considered phenotypically methicillin-re-
sistant if they showed resistance to one or both B-lactam antibiotics, oxacillin
and cefoxitin, via disc-diffusion test (DDT). Genotypic methicillin resistance
was confirmed by PCR detection of the mecA4 or mecC genes.

Gram-negative bacteria (GNB) were classified based on phenotypic re-
sistance patterns: extended-spectrum B-lactamase (ESBL) if resistant to cefo-
taxime and ceftazidime; AmpC B-lactamase if resistant to cefoxitin and cefo-
tetan; and metallo-p-lactamase (MBL) if resistant to imipenem and mero-
penem. Isolates exhibiting resistance to any single antibiotic tested by DDT
were classified as resistant, irrespective of the antibiotic class.

PCR detection of B-lactamase genes confirmed genotypic f-lactamase pro-
duction, and such isolates were further identified as Shigella spp., Klebsiella
spp., or E. coli; others were categorized as other Enterobacteriaceae.

For the purpose of this study, GPB isolates were classified as multidrug-
resistant (MDR) if they were resistant to both oxacillin and cefoxitin, whereas
GNB isolates were defined as MDR if they were resistant to three or more
antibiotics. For the risk analyses, a sample was considered resistant if either
the GPB or GNB component was resistant to at least one antibiotic. Dual AMR
was defined when both GPB and GNB from the same sample exhibited re-
sistance. A sample was classified as MDR if either GPB (resistant to both
oxacillin and cefoxitin) or GNB (resistant to three or more antibiotic classes)
met the MDR criteria, and as dual MDR if both GPB and GNB were MDR.

All isolates from the dairy study were categorized as resistant, intermediate,
or sensitive based on the Kirby-Bauer DDT test following the Clinical and
Laboratory Standards Institute (CLSI) guidelines [125-128]. For risk anal-
yses, samples were classified as dual resistant if both GPB and GNB from the
same sample exhibited phenotypic resistance.

In the poultry study, 30 farms per state were initially categorized by size:
small (<4,000 birds), medium (4,000—8,000 birds), and large (>8,000 birds).
Based on the actual farm-size distribution, the categories were redefined as
small (500-1,540 birds), medium (1,546—13,000 birds), and large (13,020-
31,200 birds) to improve statistical robustness. Samples were classified as

26



AMR if resistant to a single antibiotic and MDR if resistant to more than three
antibiotic classes.
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Study sites in India

Samples were collected from various states across India to comprehensively
assess the prevalence of AMR in different sectors of the food supply chain.
Figure 1 shows sampling locations, highlighting the states from which dairy,
poultry, and fermented food samples were obtained. This geographical diver-
sity in our sample collection allowed us to gain insights into AMR trends
across various regions of India.

Daman and Diu and ]

500 0 500 1000 1500 2000 km

Figure 1. Map of India showing the sampling states, for dairy samples highlighted in
blue (Haryana) and red (Assam), for poultry samples highlighted in green and red
(Karnataka and Assam), for fermented food samples highlighted in purple (Arunachal
Pradesh, Manipur, Meghalaya, Nagaland and Sikkim).

The dairy study was conducted across two geographically distant Indian
states, Assam and Haryana, separated by approximately 2,300 kilometres
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(Figure 1). Assam, located in the north-eastern region of India (26.2006° N,
92.9376° E), lies along the Brahmaputra River and shares international bor-
ders with Bhutan and Bangladesh. The state is known for its lush green forests,
tea plantations, and wildlife sanctuaries. Assam experiences a humid subtrop-
ical climate, typified by hot and humid summer, mild winters, and a distant
monsoon season extending from June to September. According to the Eco-
nomic survey, Government of Assam (2019), the state has around 10.9 million
cattle and 0.4 million buffaloes, with an estimated annual milk production of
975 million litters [129].

In contrast, Haryana, situated in the northern India (29.0588° N, 76.0586°
E), exhibits a semi-arid climate, with hot summers and cool winters, and rela-
tively low annual rainfall [130]. According to the 2019 Livestock Census, the
state possesses around 1.93 million cattle and 4.38 million buffaloes, contrib-
uting an estimated 10.63 million tonnes of milk annually [131,132]. Common
bovine diseases in both states include foot-and-mouth disease, mastitis, and
brucellosis [133—137]. While both states are significant milk producers, their
dairy systems differ substantially. Haryana represents a highly developed and
organized sector dominated by commercial and cooperative farms, whereas
Assam primarily comprises a less developed, unorganized system (Figure 2).

Figure 2. An organized (left) and unorganized (right) dairy shed in Haryana and As-
sam, India.

The poultry study was conducted in Karnataka and Assam, approximately
3,000 kilometres apart (Figure 1), chosen to reflect contrasting geographical,
infrastructural, and production system characteristics. Karnataka, in southern
India (15.3173° N, 75.7139° E), has a highly developed poultry sector domi-
nated by integrated commercial farms managed by poultry companies (Figure
3.A).

In contrast, Assam exhibits a heterogeneous poultry production system, in-
cluding backyard and emerging integrated farms (Figure 3.B.). According to
the 2022 estimates, Karnataka houses approximately 59.5 million poultry,
whereas Assam accommodates about 46.7 million [138].

Farms were randomly selected from five representative districts in each
state: Sullia, Sidlaghatta, Hoskote Urban, Hoskote Rural, and Nelamangla in
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Karnataka, and Sonapur, Mirza, Rampur, Chaygaon, and Morigaon in Assam,
covering both rural and peri-urban areas. Sampling was conducted over a 20-
month period from August 2019 to April 2021. The farms were identified us-
ing an authorized list provided by a multinational poultry company, which
also granted access for field sampling and data collection.

Figure 3. (A) Organized poultry farms managed by a multinational company in Kar-
nataka; (B) Less organized poultry farms managed locally in Assam.

The fermented food study was conducted across five north-eastern Indian
states: Nagaland, Arunachal Pradesh, Sikkim, Meghalaya and Manipur (Fig-
ure 1), selected for their rich cultural heritage and diverse tribal populations.
These states have a long tradition of producing and consuming fermented
food, making them key regions for assessing food safety in traditional prod-
ucts. Samples were collected from traditional markets using a non-probabilis-
tic sampling approach over a three-year period from 2013 to 2015.

The traditional markets in these states offer a wide variety of fermented
products, including pickles, chutneys, sauces, bamboo shoots, fish and meat
products, and beverages such as beer and wine. The raw materials used for
fermentation are locally sourced and vary with the seasons; for instance, mil-
let, rice, and maize are commonly used during winter, while bamboo shoots,
fish, and meat products are predominant in summer.

The production and consumption of fermented food in these regions are
influenced by factors such as population density, biodiversity, climatic condi-
tions, and urbanization. Additionally, the peri-urban and urban populations
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have shown increasing interest in fermented food products due to their health
benefits and unique taste [139,140].

Study design and sampling

To conduct the dairy and poultry study, a cross-sectional approach was em-
ployed within the selected sampling states. This involved a multi-level, ran-
dom sampling process, which encompassed the selection of villages, dairy
farms, as well as milk traders and vendors within those villages. For the
fermented study, a non-probabilistic approach, convenience sampling, was
utilized.

The sample size for the dairy study was calculated using a one-sample bi-
nomial approach, assuming a 95% confidence level, 5% precision, and 15%
prevalence of resistant bacteria, yielding approximately 200 samples per state
[137]. To account for a small design effect, the target was increased to 240
samples. For the poultry study, assuming 15% prevalence of resistant bacteria,
95% confidence, and £5% precision, the required sample size was 126 per
state after applying finite population correction [141]. No formal sample size
estimation was performed for the fermented food study.

All collected samples were analyzed for the presence of antibiotic re-
sistance in bacterial isolates obtained from milk, poultry meat, feed, environ-
mental samples and fermented food samples. Additionally, data on farm-level
risk factors for AMR were collected in the dairy and poultry studies. Multi-
level logistic regression models were applied to investigate associations be-
tween AMR prevalence and other variables across farms in two states.

Dairy value chain

Sampling from dairy farmers was conducted in the Karnal, Bhiwani, and
Kaithal districts of Haryana and the Golaghat, Baska, and Kamrup districts of
Assam between December 2016 and February 2017. Subsequently, dairy ven-
dor sampling was carried out in the same districts of Haryana, covering both
raw and pasteurized milk, and in the Golaghat, Baska, Kamrup, and Kokrajhar
districts of Assam, limited to raw milk, from September to November 2017.
A total of 401 milk samples were collected and analyzed for GNB, while
only 328 milk samples were analyzed for GPB. The study included both raw
and pasteurized milk samples. Although the quantity of pasteurized milk sam-
ples obtained was limited (20 analysed for GPB and 22 for GNB), they were
included in the study due to the potential risk they posed to consumers, but the
results of that investigation are shown separately. Milk samples were collected
from bulk milk reserves stored at the farm, destined for consumption or sale,
as well as from vendors ready for sale. The collection of farm and vendor milk
was conducted using sterile 50 mL Falcon tubes (Tarson, Kolkata, India),
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while vendor-acquired samples also comprised packaged milk pouches. En-
suring the integrity of the samples, a stringent cold chain was maintained dur-
ing their transportation to the laboratory. This meticulous sampling approach,
guided by standardized protocols and comprehensive geographic coverage,
formed the foundation for the ensuing analyses, aiming to unravel the preva-
lence and characteristics of methicillin-resistant GPB and -lactamase produc-
ing GNB in the examined milk samples.

Poultry value chain

For the poultry study, a total of 30 poultry farms were meticulously selected,
encompassing 10 farms from each of the three categories: large, small, and
medium. A total of 343 samples were collected, that comprised chicken meat
and various environmental samples (including faecal matter, litter, socks,
treated water, and untreated water), for microbiological analyses. Addition-
ally, 124 of the collected samples, consisting of chicken feed and chicken
meat, were examined for presence of antibiotic residues.

Fermented food safety

For the fermented food, a pilot study was conducted in the selected states. A
total of 113 samples were collected from traditional markets where the food
was sold in bamboo baskets wrapped with leaves. The traditional markets
were identified through extensive interactions with local residents.

Laboratory analyses

All samples across the three studies were maintained at 4°C until the com-
mencement of processing, which adhered to established laboratory protocols
for the isolation of Staphylococcus spp., Shigella spp., Klebsiella spp., non-
typhoidal Salmonella (NTS), E. coli and LAB.

Dairy value chain

To isolate GPB from milk, samples were initially inoculated in mannitol salt
broth and incubated at 37°C to promote the growth of presumptive staphy-
lococci, followed by cultivation on staphylococci agar S110. The isolated
colonies were characterized based on colony morphology, Gram staining,
mannitol fermentation, pigment production, and gelatinase activity using se-
lective media, leading to their initial identification as probable staphylo-
cocci. Phenotypic methicillin resistance was assessed using the disk diffu-
sion test (DDT), and PCR was subsequently employed to detect methicillin-
resistance genes (mecA and mecC) in DDT-resistant isolates. These isolates
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were then identified at the species level, and the minimum inhibitory con-
centration (MIC) of confirmed methicillin-resistant isolates was determined
using E-tests.

For GNB, milk samples were inoculated in buftered peptone water and in-
cubated at 37°C for 18-24 hours, followed by plating on MacConkey agar to
promote the growth of presumptive E. coli, Shigella spp., and Klebsiella spp.,
with additional inoculation on EMB agar for differential detection of E. coli.
Colonies were initially characterized by morphology, Gram staining, and lac-
tose fermentation. Antibiotic susceptibility testing was performed using DDT
with specific antibiotics: cefotaxime and ceftazidime for ESBL detection,
cefoxitin and cefotetan for AmpC detection, and imipenem and meropenem
for MBL detection. PCR was then used to screen for f-lactamase genes in
positive isolates, followed by species identification and MIC determination
using E-tests with relevant antibiotic strips.

Further genotyping by PCR using selected primers was conducted to iden-
tify specific AMR genes and bacterial species. All laboratory analyses were
performed at the Indian Council of Agricultural Research—National Institute
of Veterinary Epidemiology and Disease Informatics (ICAR-NIVEDI), Ban-
galore, India.

Poultry value chain

In the poultry study, various samples, including fresh bird droppings, water
from feeders and tanks, socks, litter, and chicken meat, underwent microbio-
logical analyses. These samples were processed according to standard labora-
tory procedures to isolate NTS and E. coli. Initial identification of the isolates
relied on characteristics like colony morphology, Gram staining, and sugar
fermentation.

The preliminary confirmed isolates were then further identified and as-
sessed for antibiotic susceptibility using the BD-Phoenix M50 automated mi-
crobiological identification system. This laboratory analysis was conducted at
ICAR-NIVEDI, Bangalore, India.

The NTS isolates identified through the automated system were subse-
quently subjected to serotyping by National Salmonella and Escherichia Cen-
tre (NSEC) in Kausali, India. Additionally, both chicken meat and chicken
feed samples were screened for the presence of antibiotic residue using the
liquid chromatography tandem mass spectrometry (LC-MS/MS) technique by
Vimta Labs Pvt Ltd, Telangana, India.

Fermented food safety

For the fermented food study, two portions of each sample were separated
aseptically. One portion underwent processing for the isolation of LAB, while
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the other segment was subjected to assessments of aerobic plate counts and
coliform counts to evaluate the food's hygienic parameters.

The samples were studied following standard laboratory procedure to iso-
late LAB using selective mediums followed by anaerobic incubation at 30°C
for up to 3 days. The microbial load was analysed using aerobic plate count
(APC) and most probable number (MPN) methods, and the counts were used
to assess the food's hygienic parameters.

The identification of the isolates and AST was conducted using the BD
Phoenix-100 automated microbiological identification system. The BD Phoe-
nix-100 confirmed LAB were further characterized for functional properties
using the amylolytic and proteolytic phenotypic methods.

Additionally, the LAB isolates were further studied by PCR using a set of
primers to test for the presence of functional and AMR genes. The pathogens
that grew alongside LAB were identified by BD Phoenix-100. Subsequently,
for specific confirmation, only staphylococci were reconfirmed by cultivating
them on a selective medium and reidentified them using the BD Phoenix-100.
The antibiotic resistance markers were identified based on the interpretation
of the phenotypic antibiotic susceptibility test results obtained from the BD
Phoenix-100. The laboratory analysis for the fermented food study was carried
out at [CAR- Department of Animal Husbandry & Dairying (DAFS), Megha-
laya, India. The reference strain American Type Culture Collection (ATCC)
25923 (Staphylococcus aureus) and ATCC 25922 (Escherichia coli) was used
for antibiotic susceptibility testing.
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Data analysis and statistical methods

For the dairy and poultry studies, data were first entered into Microsoft Excel
(Version 2308, Build 16.0.16731.20052) and subsequently analyzed using
STATA version 15.1 (StataCorp, College Station, TX, USA). Descriptive sta-
tistics were generated, with categorical variables summarized as frequencies
and percentages alongside 95% confidence intervals (Cls). Associations be-
tween categorical variables were examined using the chi-square test, or
Fisher’s exact test when the assumption of the chi-square test were not met. A
p-value <0.05 was considered statistically significant.

AST data were obtained using the BD Phoenix M50 automated system.
Missing AST results, arising when the instrument failed to report data or when
no antibiotics were available for testing, were excluded listwise from further
analyses to ensure analytical consistency.

Risk factor analyses were guided by a causal diagram, directed acyclical
graph (DAG) constructed in DAGitty (https://dagitty.net/dags.html). Both
univariable and multivariable logistic regression models were applied to esti-
mate odds ratios (ORs) with 95% Cls. Farmer knowledge had been measured
using 11 questions on antibiotic use and AMR; responses were dichotomized
as correct (1) or incorrect (0), summarized into a total knowledge score, and
used as a predictor. Variables were retained in final models based on theoret-
ical relevance, statistical significance, and model fit assessed via the Akaike
Information Criterion (AIC).

To account for small-sample bias and quasi-complete separation in logistic
models, Firth’s penalized maximum likelihood estimation was applied using
the firthlogit command in Stata. Model diagnostics included checks for mul-
ticollinearity, goodness-of-fit, and the underlying assumptions.

Additionally, a one-way ANOVA was performed to assess differences in
positivity rates for NTS and E. coli across poultry sample matrices. Farm-size
categories were redefined based on histogram distribution as small (500—
1,540 birds), medium (1,546—13,000 birds), and large (13,020-31,200 birds),
replacing the originally planned thresholds. This reclassification provided a
more accurate representation of farm size distribution and improved model
robustness. Meat samples were excluded from statistical models since all sam-
ples from Assam tested negative for both NTS and E. coli.

For the fermented food study, data were managed in Microsoft Excel. Col-
ony-forming unit (CFU/g or ml) and most probable number (MPN/g or ml)
values were log-transformed (LogCFU/g, LogMPN/g) before analysis. Coli-
form classification was based on the three-tube MPN method, with samples
considered positive if at least one tube showed growth. Values <0.3 MPN/g
(ml) were recorded as 0.15 MPN/g (ml) for quantitative analysis. Percentage,
mean, minimum, maximum, and standard deviation (SD) were used to de-
scribe APC results.
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Ethical statement

The dairy study was approved by the Institutional Research Ethics Committee
(IREC) of the International Livestock Research Institute (ILRI) (21 September
2015, No. ILRI-IREC2015-12; 27 February 2017, No. ILRI-IREC2017-05)
and by collaborating institutes within the Indian Council of Agricultural Re-
search (ICAR).

The poultry study was approved by the Institutional Animal Care and Use
Committee (IACUC) of ILRI (16 October 2019, No. ILRI-IACUC2019-33)
and collaborating institutes within ICAR. For the poultry component, all par-
ticipants (farmers and veterinarians) were informed about the study and con-
sented to data publication.
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Results

Dairy value chain

Gram-positive bacteria

Phenotypic prevalence of methicillin-resistance (Paper I)

Out of 282 milk isolates tested by DDT, 262 were obtained from raw milk
samples collected from farmers and vendors. Among these, 67% exhibited re-
sistance to oxacillin, similar in Haryana (65%) and Assam (69%). Cefoxitin
resistance was, however, significantly higher in Haryana (41%) than Assam
(25%, p=0.002). Oxacillin resistance was significantly greater in farmer-
sourced milk (79%) compared to vendor milk (57%, p<0.001), while cefoxitin
resistance showed no significant difference (38% vs. 32%). Overall resistance
to at least one P-lactam was similar between the states (~70—-72%), but higher
in farmer milk (80%) than vendor milk (63%). Resistance to both oxacillin
and cefoxitin was more common in Haryana (35%) than Assam (23%) and
higher in farmer-sourced milk (36%) than vendor milk (25%).

Genotypic prevalence of methicillin-resistance (Paper I)

PCR genotyping identified methicillin-resistance genes (mecA / mecC) in 5%
of raw milk isolates, with higher prevalence in Haryana (7%) compared to
Assam (2%). In Haryana, nine isolates carrying the mecA4 gene and two iso-
lates harbouring the mecC gene were identified, whereas in Assam, only two
mecA-positive isolates were detected. The mecA gene was slightly more com-
mon in vendor-sourced milk (5%) than farmer-sourced milk (3%), whereas
the novel mecC was detected exclusively in farmer-sourced isolates (1%).

Genus and species level identification of methicillin-resistant isolates
(Paper I)

Among 262 raw milk isolates, 71% were confirmed as staphylococci by PCR,
more common in Assam (75%) than Haryana (69%). Isolates from vendor-
sourced milk was significantly more likely to be staphylococci (78%) than
from farmer-sourced milk (63%, p <0.001). Oxacillin resistance was slightly
higher in staphylococci isolates from Assam (73%) than from Haryana (69%),
but cefoxitin resistance was markedly higher in Haryana (39%) than in Assam
(15%, p <0.001).
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Species-level PCR of methicillin-resistant isolates revealed S. epidermidis
and S. aureus as most prevalent in Haryana, followed by S. sciuri and S. ar-
lettae, whereas Assam isolates were solely S. epidermidis. The mecC gene was
detected only in Haryana isolates (S. pseudoxylosis). Most Haryana isolates
were MRCoNS (73%), with MRSA constituting 27%, while Assam isolates
were exclusively MRCoNS. MRSA was detected only in vendor-sourced
milk, whereas MRCoNS was prevalent in both farmer- and vendor-sourced
milk. Overall, 35% of isolates from Haryana and 23% from Assam were iden-
tified as MDR.

Identification of staphylococcal cassette chromosome mec in MRSA with
mecA gene (Paper I)

Multiplex PCR for SCCmec typing of mecA-positive staphylococci revealed
that 33% of the isolates from Haryana and all the isolates from Assam be-
longed to type V. SCCmec type V was more prevalent in vendor-sourced milk
(57%) than in farmer-sourced milk (25%).

Genotypic-phenotypic correlation of methicillin resistance (mec4 and
mecC) in staphylococci (Paper I)

Most mecA-positive staphylococci were resistant to oxacillin (91%) and
cefoxitin (73%), with 36% showing resistance to both. The two mecC-positive
isolates were resistant only to oxacillin (100%).

Gram-negative bacteria

Prevalence of phenotypic B-lactam resistance (Paper II)

Among the 421 Gram-negative bacterial isolates, 399 was from raw milk and
the rest from pasteurized milk, where 70% (279/399) the isolates from raw
milk exhibited antibiotic resistance by DDT. Resistance was significantly
higher in Assam (77%. 162/211) than in Haryana (63%, 117/188) (»p = 0.001),
with no significant difference observed between farmer- and vendor-sourced
milk. Overall, 15% of isolates from Assam and 14% from Haryana were mul-
tidrug-resistant (MDR) (p = 0.013). Notably, 2% of isolates from Haryana ex-
hibited resistance to all six tested antibiotics.

Genotypic prevalence of f-lactamase (Paper 1I)

Among 421 Gram-negative milk isolates (including 22 pasteurized milk)
screened by multiplex PCR for -lactamases, 43 (10%) were found positive:
9 carried ESBL genes, 11 MBL genes, and 28 AmpC genes. The overall prev-
alence was higher in Haryana (13%) than in Assam (7%), and similar between
farmer- and vendor-sourced milk (~10-11%). In Haryana, AmpC genes pre-
dominated (10%), followed by ESBL (3%) and MBL (2%), while Assam iso-
lates mainly carried AmpC (3%) and MBL (3%), with fewer ESBL (1%). Five
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isolates exhibited combinations of resistance genes: two from Haryana (ESBL
+ AmpC, ESBL + MBL) and three from Assam (AmpC + MBL).

Genus and species level identification of B-lactamase-producing isolates
(Paper II)

Among 43 PCR-confirmed B-lactamase-producing isolates (including 22 pas-
teurized milk), twelve were identified as Shigella spp., six as Klebsiella spp.,
two as E. coli, and 23 was classified as ‘other Enterobacteriaceae’. Within the
Shigella group, seven carried AmpC, six MBL, and one ESBL genes. Among
the Klebsiella isolates, five carried AmpC and two ESBL genes. Of the two
E. coliisolates, one carried the MBL gene and the other harboured ESBL gene.
In other Enterobacteriaceae, most isolates carried AmpC genes (n=17), fol-
lowed by ESBL (n=5) and MBL genes (n=4).

Genotypic—phenotypic correlation of f-lactamase-mediated resistance
(AmpC, ESBL, and MBL) (Paper II)

Genotypic and phenotypic results for f-lactamase-mediated resistance were
not always consistent. Among the genotypically confirmed B-lactamase-pro-
ducing isolates (including 22 pasteurized milk), both the DDT and E-test
showed variable performance across resistance types. For AmpC detection,
using the antibiotics cefoxitin and cefotetan, rates were comparable: DDT
identified resistance in 68% and 57% of the gene-positive isolates, while the
E-test detected 71% and 46%, respectively. For ESBL, using cefotaxime and
ceftazidime, DDT detected resistance in 67% and 44% of the gene-positive
isolates, whereas the E-test detected 78% and 67%, respectively. For MBL,
DDT showed that 73% of the gene-positive isolates were resistant, compared
to only 36% by the E-test. Overall, AmpC detection rates among gene positive
isolates were similar between the two methods (DDT 79% vs. E-test 75%).

Both Gram-positive bacteria and Gram-negative bacteria

Methicillin-resistance and p-lactamase-producing bacteria in pasteurized
milk isolates (Paper I, II & III)

Only pasteurized milk samples from Haryana were included in the study, and
out of the 20 samples tested for Gram-positive bacteria, all contained pre-
sumptive staphylococci, with 70% resistant to oxacillin and 60% to cefoxitin.
PCR confirmed 18 (90%) of them as staphylococci, with 4 carrying mecA gene
(identified as S. aureus, S. warneri, Enterococcus gallinarum). However, only
S. aureus with mecA gene were found to be of SCCmec type V. The mecA
detection in Enterococcus gallinarum is novel for India, but it was not ana-
lyzed further as it was not a staphylococci. Notably, all confirmed staphylo-
cocci harbouring the mecA gene were resistant to both oxacillin and cefoxitin
by DDT.
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Among the Gram-negative bacteria isolated from 22 pasteurized milk sam-
ples, 73% exhibited antimicrobial resistance. Most isolates showed resistance
to cefoxitin (55%), followed by cefotaxime (41%), imipenem (23%), cefotetan
(18%), ceftazidime (9%), and meropenem (5%). Only one isolate classified as
other Enterobacteriaceae carried AmpC B-lactamase genes (blarox, blacmy)
and showed dual resistance to cefotetan and ceftazidime. These findings high-
light the presence of methicillin- and B-lactamase-producing bacteria in pas-
teurized milk isolates.

Overall, phenotypic resistance to either Gram-negative or Gram-positive
bacteria was high in the pasteurized milk (94%), with 53% having dual re-
sistance.

Risk analysis of AMR and MDR predictors on farms (Paper III)

Overall, 90% of samples had resistant bacteria, and 48% contained MDR bac-
teria. Univariable regression showed no significant association between state,
herd size, mastitis history, antibiotic use, or farmer knowledge and AMR or
MDR outcomes. Although the isolates from Haryana showed lower odds of
dual AMR and higher odds of dual MDR compared to Assam, these differ-
ences were not statistically significant. Interestingly, cow cleanliness was as-
sociated with increased odds of dual AMR (OR = 3.74, 95% CI: 1.13-12.39,
p =0.031), but other outcomes were inconsistent with wide confidence inter-
vals. Multivariable analyses also identified no significant predictors of re-
sistance at the farm level, highlighting the challenge of linking farm-level
practices to AMR outcomes. The, phenotypic resistance to either Gram-nega-
tive or Gram-positive bacteria was observed in 90% of raw milk samples, with
48% showing dual resistance.

Poultry value chain

Prevalence of non-typhoidal Salmonella and Escherichia coli (Paper 1V)

NTS was detected on 66% (41/62) of the farms, with a higher prevalence in
Karnataka (81%; 26/32 farms) than in Assam (50%; 15/30 farms). E. coli was
found on 92% of the farms, with 100% of the farms in Assam and 84% in
Karnataka testing positive.

The prevalence of NTS and E. coli varied by sample type and state. In Kar-
nataka, NTS was most frequently detected in socks (59%) and faeces (56%),
followed by litter (41%) and water (16—40%), while 44% of meat samples
tested positive. In Assam, faeces (33%) and socks (27%) showed the highest
NTS positivity. Overall, NTS positivity was higher in Karnataka (44%) than
in Assam (21%).

E. coli detection was higher in Karnataka (64%) than Assam (49%), with
the highest detection in socks (81%) and faeces (72%) in Karnataka, and
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faeces (90%) and socks (57%) in Assam. Across both states, faecal and sock
samples were the main indicators of contamination, significantly exceeding
positivity in litter and water (p < 0.001).

Antimicrobial resistance of non-typhoidal Salmonella and E. coli; and
antibiotic residue testing (Paper IV)

AMR patterns differed significantly between the two states (p < 0.001). In
Karnataka, all NTS isolates (100%) were resistant to at least one antimicrobial
agent, whereas only 45% of the isolates from Assam exhibited resistance, and
multidrug-resistance was also considerably higher in Karnataka (69% vs.
10%). For E. coli, the majority of isolates were resistant to at least one anti-
microbial agent, with 95% in Assam and 87% in Karnataka showing re-
sistance, and more than half demonstrating MDR (Assam 62%, Karnataka
56%).

At the farm level, AMR-NTS was more prevalent in Karnataka, being de-
tected on 81% of farms, compared to 33% in Assam. In contrast, resistant .
coli was observed on all farms in Assam (100%), compared to 81% of farms
in Karnataka (p = 0.015).

NTS isolates exhibited high resistance to aminoglycosides and cephalo-
sporins, while E. coli displayed greater resistance to tetracyclines and fluoro-
quinolones. Both pathogens remained susceptible to colistin and cefopera-
zone—sulbactam, with minimal carbapenem resistance. No antibiotic residues
were detected in chicken meat or feed samples.

Frequency of AMR and MDR across different NTS serovars and E. coli
(Paper 1V)

S. Typhimurium was the dominant serovar in both states, with high AMR in
Assam faeces (83%), socks (80%), and litter (67%). In Karnataka, Salmonella
enterica serovars: Choleraesuis, Entertidis, Typhimurium, Kentucky, and In-
fantis showed 100% AMR across faeces, litter, socks, and water, with MDR
highest in socks and water. MDR was common among serovars: Choleraesuis,
Infantis, Kentucky, Entertidis and Typhimurium. Notably, S. Kentucky iso-
lated from treated water was AMR-positive. E. coli exhibited consistently high
AMR across all sample types, including treated water. The meat samples from
Karnataka only showed 88% AMR and 64% MDR.

Risk factor analyses for AMR among NTS and E. coli (Paper 1V)
Multivariable analysis revealed that samples from Karnataka had significantly
higher odds of resistant NTS compared to Assam (OR = 108, 95% CI: 5.45—
2157, p = 0.002). Among sample types, sock samples were notably associated
with increased odds of detecting resistant Sa/monella (OR = 29.95, 95% CI:
1.07-840, p = 0.046). No other factors, including state, farmer knowledge, or
flock size, were significantly associated with resistance in E. coli.
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Fermented food safety

Identification of lactic acid bacteria (LAB) in food and their antibiotic
susceptibility (Paper V)

LAB was isolated from 20 out of 113 samples (18%; 95% CI: 11-26%), yield-
ing a total of 30 strains identified using BD Phoenix100 system. The strains
included Pediococcus parvulus (n=10), P. pentosaceus (n=9), P. acidilactici
(n=5), Leuconostoc mesenteroides (n=3), P. damnosus (n=1), Aerococcus vir-
idans (n=1), and Lactococcus plantarum (n=1).

Pediococcus spp. were the most prevalent, predominantly isolated from
fermented dry fish (n=9) and bamboo shoots (n=8). No LAB were recovered
from yak cheese, milk products, fish, or meat pickles. All LAB isolates were
resistant to teicoplanin and vancomycin; however, PCR screening revealed no
detectable AMR genes. None of the LAB carried vand, vanB, blaTEM,
blaCTX-M, gnrA, gnrB, tetA, or tetB genes, suggesting that phenotypic re-
sistance was not linked to known genetic determinants.

Functional properties of lactic acid bacteria (Paper V)

Among the 30 LAB isolates, only 33% (n=10, CI 17-53%) displayed amylo-
lytic activity. These amylolytic LAB included Pediococcus pentosaceus
(n=5), P. acidilactici (n=1), Leuconostoc mesenteroides (n=2), Lactococcus
plantarum (n=1), and P. parvulus (n=1). None of the LAB isolates exhibited
proteolytic activity, indicating limited protein-degrading capacity.

Genotypic screening for functional genes among LAB revealed that 80%
(24/30, CI 50-85) of the LAB possessed the ribA gene, suggesting riboflavin
synthesis capacity, while 20% (6/30, CI 7-38) of LAB carried both ribA and
ribB genes, indicating enhanced vitamin synthesis potential. Additionally,
70% (21/30, CI 50-85) of the LAB harbored the amy gene responsible for
starch metabolism, and 60% (18/30, CI 40-77) of the LAB carried the bsh
gene related to bile salt metabolism. These findings indicate that most LAB
exhibit multiple functional traits relevant to nutrient enrichment and survival
in fermented foods.

Pathogens and their antibiotic susceptibility (Paper V)

Bacterial assessment of 113 food samples showed aerobic plate counts rang-
ing from 4.4-7.7 log cfu/g, with coliforms present in 43% of samples (95%
CI: 34-53). Most fermented foods (82%) lacked LAB but contained detectable
pathogenic bacteria. Among 60 identified isolates, 46 demonstrated antibiotic
resistance. Staphylococci were predominant (n=42), exhibiting phenotypic -
lactamase production, methicillin-resistance, high-level-mupirocin resistance,
and macrolide—lincosamide—streptogramin B resistance. Other resistant iso-
lates included vancomycin-resistant Enterococcus faecalis/faecium (n=2,
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VRE), Providencia stuartii (n=1, potential carbapenemase producing), and
Micrococcus lylae (n=1, nitrofurantoin resistant).
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Discussion

This thesis provides a comprehensive assessment of AMR in key components
of India’s food system, encompassing dairy, poultry, and traditional fermented
food products. The findings collectively highlight the widespread occurrence
of resistant bacteria across the food value chain, revealing complex patterns
of resistance in both Gram-positive and Gram-negative organisms, and em-
phasizing the need for integrated surveillance and mitigation strategies that
account for regional and system-level differences.

Dairy value chain

The dairy studies revealed a high prevalence of AMR among bacteria isolated
from the Indian value chain, encompassing both Gram-positive and Gram-
negative bacteria from raw and pasteurized milk. Phenotypic testing showed
high oxacillin resistance (69%), with cefoxitin resistance significantly ele-
vated in Haryana (41%) as compared to Assam (25%). Also, resistance to both
oxacillin and cefoxitin was more common in Haryana (35%) than in Assam
(23%) and higher in farmer-sourced milk (36%) than in vendor milk (25%),
highlighting milk from farmer as a key source of B-lactam-resistant isolates.

Although phenotypic resistance was found to be widespread, the genotypic
prevalence was lower (5% methicillin resistance; 10% f-lactamase produc-
ers), and below previous Indian reports (13—17% and 22-30% for methicillin
and B-lactam resistance respectively) [142—147]. This difference may reflect
the use of consumer milk in the present study rather than milk from clinically
infected cows. The findings of AMR in milk meant for consumption implies
direct risks for public health, further exacerbated by the common consumption
of raw milk, often preferred for its perceived taste and health benefits, which
may facilitate direct exposure to resistant microorganisms and enhance the
potential for AMR dissemination across the food chain [78]. It is important to
note that the study did not test for all possible antibiotics. Inclusion of addi-
tional B-lactams such as penicillin or other antimicrobial classes might have
revealed an even higher prevalence of resistance than reported here.

The species-level identification of methicillin-resistant staphylococci re-
vealed clear regional and source-specific differences. In Haryana, both methi-
cillin-resistant S. epidermidis and S. aureus were prevalent, while S.
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epidermidis was the sole methicillin-resistant species in Assam, indicating a
narrower species distribution in the latter. The detection of mecC exclusively
in S. pseudoxylosis from Haryana highlights the emergence of uncommon
methicillin-resistance determinants in this region. This represents the first re-
port of S. pseudoxylosis carrying mecC in Indian livestock, expanding known
resistance reservoirs.

The predominance of methicillin-resistant coagulase-negative staphylo-
cocci (MRCoNS) across both states, outnumbered MRSA, reflecting global
trends where MRCoNS is emerging as an important foodborne pathogen and
reservoir of resistance genes [85,148—154]. The confinement of MRSA to ven-
dor milk further highlights post-farm contamination risks during handling and
transport. SCCmec type V predominated, particularly in vendor milk, corrob-
orating findings from other Indian studies and highlighting the potential for
horizontal gene transfer among staphylococcal populations. Genotypic—phe-
notypic correlation was generally strong for mecA-positive isolates but limited
for mecC, underscoring the complexity of methicillin resistance mechanisms
in dairy-associated staphylococci.

Among Gram-negative bacteria, 70% of the isolates exhibited phenotypic
B-lactam resistance, with a higher prevalence in Assam (77%) than Haryana
(63%). AmpC B-lactamases were the most predominant, followed by ESBL
and MBL genes, consistent with global trends of rising AmpC-mediated re-
sistance in dairy environments. Among B-lactamase genes, ESBL and AmpC
variants previously identified in Indian cow milk were also detected, aligning
with clinical isolates from human infections [147,155-163]. The detection of
MBL-associated genes (blaymm, blamvp, blaspm, blasiv, and blagiv) in dairy milk,
previously unreported in India, raises important questions on their introduc-
tion and persistence in food chains, given limited reported human MBL cases.

However, a discordance between genotypic and phenotypic results was ob-
served, reflecting limitations in phenotypic detection methods and the variable
expression of resistance genes. Notably, the E-test seemed to be more precise
for ESBL gene-positive isolates, whereas DDT was more sensitive for MBL-
gene positive isolates. Overall, the findings demonstrated a complex and het-
erogeneous B-lactam resistance landscape in milk, emphasizing the need for
an increased molecular surveillance to complement phenotypic monitoring.

While phenotypic methods such as disc diffusion and E-test remain cost-
effective and widely used, genotypic approaches like PCR offer faster and
more specific results, though they may not always reflect the actual resistance.
Novel techniques, including whole-genome sequencing and metagenomics,
provide detailed insights into resistance mechanisms and transmission dynam-
ics, but are costly and technically demanding, problematic particularly in low-
and middle-income settings. Phenotypic and genotypic results do not always
match, as the presence of a resistance gene may not result in expressed re-
sistance, and phenotypic resistance can arise from mechanisms not detected
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by PCR. This underscores the need to combine both approaches for accurate
AMR assessment [164].

Antimicrobial resistance in pasteurized milk

Although pasteurization is essential to significantly reduce microbial load and
improve milk safety, the detection of resistant bacteria in pasteurized milk in-
dicates that microbial contamination can occur even after pasteurization, dur-
ing handling, packaging, or storage. Cold-chain lapses such as improper re-
frigeration during transport or storage may allow bacterial survival or prolif-
eration [77,78].

In Haryana, all 20 pasteurized milk samples analysed for GPB contained
presumptive staphylococci, 70% resistant to oxacillin and 60% to cefoxitin;
20% carried mecA (including S. aureus, S. warneri, and Enterococcus galli-
narum), with two S. aureus identified as SCCmec type V. Notably, E. galli-
narum carrying mecA represents the first report in Indian livestock. Entero-
coccus spp. are frequently found in milk and dairy environments, often due to
post-pasteurization contamination or biofilm persistence in processing equip-
ment [165]. Their detection in pasteurized milk suggests possible contamina-
tion or survival through inadequate hygiene control.

Among the 22 pasteurized milk samples analyzed for Gram-negative bac-
teria, 73% were resistant to at least one antibiotic, most frequently cefoxitin
(55%) and cefotaxime (41%), with lower resistance to imipenem (23%), cefo-
tetan (18%), ceftazidime (9%), and meropenem (5%). One isolate carried
AmpC genes (blarox and blacmy), confirming the persistence of B-lactamase
enzyme producing bacteria even in processed milk. These findings of both
methicillin-resistance and -lactamase production underscore that pasteurized
milk is not inherently free of bacteria and that maintaining strict hygiene and
uninterrupted cold-chain management is essential to ensure the microbiologi-
cal safety of milk for consumption.

Interestingly, pasteurized milk showed higher dual MDR (23%) than raw
milk (6%), suggesting possible contamination after pasteurization, persistence
of resistant strains within processing equipment, or lapses in hygiene. As
demonstrated in this work, resistant bacteria and bacteria carrying resistant
genes may still be present even after pasteurization, highlighting the potential
for exposure to antibiotic-resistant bacteria through processed milk. This risk
is especially concerning because pasteurized milk is often consumed without
further heat treatment.
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Overall antimicrobial resistance prevalence and farm
level risk factors

Building on Papers I and II, Paper III explored the risk factors and the com-
bined AMR burden in milk from both states. Even though this work only
investigated resistance towards selected important antibiotics, the total AMR
prevalence was widespread; 91% in Assam and 89% in Haryana. MDR oc-
currence was influenced more by milk type and handling than by farm-level
factors. Nearly half of samples showed dual AMR or MDR, though dual
MDR was uncommon (7%). Farmer-collected raw milk showed slightly
higher prevalence of resistance than vendor-sourced milk, though not statis-
tically significant.

Regression analyses indicated that farm-level factors such as state, herd
size, mastitis history, antibiotic use, and farmer knowledge were not signifi-
cantly associated with the presence of AMR or MDR. This suggests that the
development of AMR is more complex than what could be modelled in this
project. However, this thesis suggests that post-farm factors, including milk
handling, processing, and distribution, may exert a strong influence on re-
sistance dynamics and public health risks.

Nevertheless, effective bacteriological control requires integrated interven-
tions spanning the entire dairy value chain, from farm to post-farm stages.
Behavioural and socioeconomic determinants further compound the risk: lim-
ited access to veterinary services, non-prescription antibiotic use, and inade-
quate awareness foster the emergence of AMR, as evidenced by our previous
studies on the knowledge, attitudes and practices of the dairy farmers and ven-
dors [166,167] These findings underscore the importance of farmer training,
enhanced hygiene practices, and robust antibiotic stewardship.

Poultry value chain

The poultry value chain across Assam and Karnataka (Paper IV), revealed
high prevalence of NTS and E. coli with distinct regional patterns. Karnataka
exhibited higher NTS positivity (44%) as compared to Assam (21%), and the
prevalence of E. coli was also elevated in Karnataka (64%) as compared to
Assam (49%), and both surpassing national averages [168,169]. Faeces and
sock samples consistently detected pathogens most often, reinforcing their
value for AMR surveillance in poultry farms. The distribution of Sal/monella
enterica serovars showed strong geographical variation: Assam was domi-
nated by S. Typhimurium and S. Welteverden, whereas Karnataka exhibited
greater serovar diversity, including S. Kentucky, S. Enteritidis, S. Infantis, S.
Choleraesuis, and S. Tennessee. S. Typhimurium remained the most frequent
serovar overall, consistent with prior reports in poultry study [170].
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The observed Salmonella serovars have differences in pathogenicity and
host adaptation, but all contribute to public health risks in India. S. Typhi-
murium, the most frequent serovar overall, is a major cause of foodborne ill-
ness worldwide, with virulence mechanisms such as the Type III secretion
system encoded by Salmonella pathogenicity island 1 (SPI-1) that facilitate
host cell invasion and inflammation [171]. S. Weltevreden has emerged as a
significant cause of diarrheal disease, particularly in tropical regions, with ge-
nomic analyses indicating frequent recovery from human patients [172]. S.
Kentucky, while traditionally less virulent, has acquired mutations in viru-
lence-associated genes that may enhace its pathogenicity and adaptability in
certain contexts [173]. S. Enteritidis is commonly associated with eggs and
poultry and triggers inflammatory responses via SPI-1 [174], whereas S. In-
fantis has caused foodborne outbreaks linked to chicken and eggs, with varia-
ble virulence across strains [175]. S. Choleraesuis is highly invasive, often
causing septicemia or extra-intestinal infections in humans [176], and S. Ten-
nessee, though less common, has been implicated in foodborne outbreaks such
as those linked to contaminated peanut butter [ 177]. Monitoring these serovars
is critical for understanding their pathogenic potential and for guiding public
health interventions.

Antimicrobial resistance patterns showed considerable regional and
serovar-level differences, reflecting differences in management practices and
antimicrobial exposure. In Assam, S. Typhimurium predominated and exhib-
ited high resistance in faeces, socks, and litter, indicating persistent environ-
mental contamination. In contrast, Karnataka showed broader serovar diver-
sity, with S. Choleraesuis, S. Enteritidis, S. Typhimurium, S. Kentucky, and
S. Infantis displaying complete resistance across faeces, litter, socks, and wa-
ter. The detection of resistant S. Kentucky in treated water underscores the
potential role of contaminated farm environments in the maintenance and dis-
semination of resistant strains. Across both states, multidrug-resistance was
particularly pronounced in S. Choleraesuis, S. Infantis, and S. Kentucky, high-
lighting the growing concern of resistance among key poultry-associated
serovars.

NTS isolates showed high resistance to aminoglycosides and cephalospor-
ins, while E. coli exhibited greater resistance to tetracyclines and fluoroquin-
olones, antimicrobials of critical importance to human health. The consistently
high resistance observed in E. coli across all sample types, including treated
water, indicated widespread environmental dissemination. Particularly in Kar-
nataka, meat isolates showed high levels of AMR and MDR, which suggested
post-harvest contamination and possible gaps in hygienic handling along the
processing chain.

S. Kentucky, first identified in poultry in 1938 [170], has re-emerged glob-
ally as a major MDR serovar; in this study, 60% of the isolates were resistant
to multiple antibiotic classes [178—182]. Alarmingly, some E. coli isolates
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were resistant to all tested antibiotic classes, including carbapenems
(imipenem and meropenem), raising serious public health concerns [183].

Differences in AMR patterns between Assam and Karnataka reflect their
poultry production systems. Karnataka operates under highly organized, inte-
grated production networks with contract farming, whereas Assam relies on
smallholder and backyard systems [138]. Although flock sizes are comparable
between Karnataka (59.5 million) and Assam (46.7 million) [138], differences
in production intensity, biosecurity, and antibiotic use likely drive the ob-
served regional variations. Environmental contamination, evidenced by
treated water harbouring both NTS and E. coli, further exacerbates the AMR
burden, suggesting inadequate disinfection practices across both the states.
Overall, these findings reveal widespread dissemination of AMR in poultry
ecosystems, spanning environmental, animal, and food matrices. They high-
light the interconnected risks of poor biosecurity, excessive antimicrobial use,
and contaminated farm environments in promoting resistant pathogens.

Safety of fermented food

Diversity and prevalence of lactic acid bacteria

In traditional fermented food products from five North-eastern Indian states,
where such food products are integral to local diets and cultural identity, a
diverse community of lactic acid bacteria (LAB) with notable probiotic and
functional potential was observed. These fermented food products thus repre-
sent valuable reservoirs of beneficial microbes contributing to their unique
flavours, textures, and potential health benefits. Interestingly, the detection of
Pediococcus parvulus, P. damnosus, and Aerococcus viridans, rarely reported
in earlier studies from this region, highlights the microbial uniqueness and
biocultural richness of these traditional products.

Antimicrobial resistance profile of lactic acid bacteria

All the identified LAB strains exhibited resistance to teicoplanin and vanco-
mycin but PCR genotyping found no AMR (vanA, vanB, blaTEM, blaCTX-M,
gnrd, gnrB, tetd, or tetB) genes. This pattern suggests intrinsic resistance
mechanisms, such as the natural presence of modified peptidoglycan precur-
sors (e.g., D-Ala-D-Lac) that reduce glycopeptide binding affinity [184,185].
Even though the AMR genes were not confirmed by genotyping in any path-
ogenic bacteria the possibility of resistance transfer to the gut microbiota can-
not be excluded, warranting further molecular and in vivo investigations [186—
188].
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Functional attributes of lactic acid bacteria

The identified LAB strains displayed key functional traits such as riboflavin
production, bile salt tolerance, and starch-metabolizing ability, attributes that
enhance both nutritional and health-promoting value. Riboflavin synthesis en-
riches the vitamin content of foods, bile salt tolerance supports LAB survival
through the gastrointestinal tract, thereby improving probiotic efficacy, and
starch metabolism contributes to desirable flavour, texture, and digestibility
[189—-193]. Molecular detection of genes such as amy further underscores the
potential to select robust LAB strains for developing functional and health-
promoting fermented foods.

Pathogenic contamination and antimicrobial resistance risks

Although several studies have described microbial diversity in Indian fer-
mented food products [194,195], few have explored AMR and food safety
aspects. In this thesis, food safety assessments revealed substantial microbial
variability, with aerobic plate counts ranging from 4.4 to 7.7 log CFU/g, coli-
form contamination was detected in 43% of the samples, and Staphylococcus
spp. was identified in 53% of the fermented food products. Notably, the ma-
jority of the samples (82%) lacked LAB but contained potential pathogens,
highlighting an imbalance between beneficial and contaminating microflora.

Among the 60 bacterial isolates identified, Staphylococcus spp. predom-
inated (70%), reflecting their high environmental persistence and ability to
tolerate salt and low pH typical of fermented foods. The widespread occur-
rence of Pf-lactamase production, methicillin resistance, and MLSb pheno-
types among these isolates underscores the presence of clinically relevant
resistance traits. The detection of high-level mupirocin resistance is particu-
larly concerning, as this antimicrobial is often used to treat skin infections
caused by S. aureus.

The recovery of vancomycin-resistant Enterococcus faecalis/faecium
(VRE), Providencia stuartii (a potential carbapenemase producer), and Mi-
crococcus lylae resistant to nitrofurantoin, although less frequent, further
demonstrates the diversity of resistance mechanisms circulating in the food
microbiota. These findings indicate that traditional fermented foods, when
produced under poor hygienic conditions, may serve as reservoirs of multi-
drug-resistant bacteria. The absence of LAB in most fermented food samples
may result from uncontrolled fermentation conditions or competitive growth
of contaminant flora, compromising both product safety and quality.

Many of the detected pathogens, predominantly staphylococci, exhibited
multidrug-resistance to B-lactams, gentamicin, and macrolides, suggesting
that these traditional food products could act as reservoirs for AMR, even
though genotypic confirmation of resistance genes was not performed. Sea-
sonal variations and small-scale production practices may have further
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influenced the microbial composition and resistance profiles. Collectively,
these findings underscore the need for improved hygiene, careful selection and
use of starter cultures, and adherence to microbial safety standards. Future
research incorporating longitudinal sampling and metagenomic approaches
would provide deeper insights into microbial succession, functional traits, and
resistance gene dynamics in these culturally and nutritionally important fer-
mented foods.

Antimicrobial resistance risks across food value chains

The public health risks of AMR extend beyond the farm, varying by food type,
handling practices, and consumption patterns. Ready-to-consume products,
such as raw milk, pasteurized milk, and fermented dairy items, pose the high-
est direct transmission risk, as they are often ingested without further cooking.
In contrast, raw chicken or meat generally presents lower risk if cooked thor-
oughly; however, improper cooking or cross-contamination during food prep-
aration can allow resistant bacteria to transfer to ready-to-eat food, creating
significant exposure risks. Contamination of utensils, cutting boards, or hands
can amplify these risks, particularly in household or small-scale processing
environments.

Experimental studies from Southeast Asia provide concrete evidence of
such risks and illustrate methodologies that could be applied to Indian food
systems as well. In Vietnam, handling of raw and cooked pork revealed that
cross-contamination with Salmonella enterica was extremely high (up to
78%) when the same knives, cutting boards, and hands were used without
proper separation, while careful utensil management drastically reduced con-
tamination [196]. Similarly, in Cambodian households, the transfer of Salmo-
nella enterica from raw chicken to ready-to-eat chicken salad varied widely
depending on washing order and utensil reuse, with contamination rates rang-
ing from 0% to 78% across scenarios [197]. These studies highlight how be-
havioural practices, even in routine household settings, strongly influence the
risk of pathogen transfer.

Applying similar experimental designs and approach to Indian poultry,
dairy and other food systems could provide a quantitative understanding of
AMR cross-contamination risks. Such approaches would complement surveil-
lance of raw and ready-to-eat foods, helping identify critical control points
along the value chain where interventions, such as improved hygiene, utensil
management, and cold-chain maintenance, can most effectively reduce AMR
exposure to consumers.

Strengthening surveillance, enforcing tailored antibiotic stewardship, and
improving hygiene throughout the food value chain are therefore essential. A
coordinated One Health approach, integrating veterinary, environmental, and
human health sectors, is essential. Broader geographical and longitudinal
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studies will further support evidence-based national strategies to mitigate
AMR risks in India’s poultry and dairy sectors.
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Conclusion

This thesis provides comprehensive evidence of widespread antibiotic-re-
sistant bacterial contamination across some of India’s most important food
sectors, highlighting significant public health and food safety concerns.

Methicillin-resistant and p-lactamase producing bacteria were documented
in milk intended for human consumption, including pasteurized milk.

The presence of bacteria carrying mecC gene was reported for the first time
in Indian livestock. These findings underscore both emerging resistance
mechanisms and critical gaps in processing hygiene, handling, and cold-chain
management.

Methodologically, the study demonstrates the limitations of relying on sin-
gle tests such as cefoxitin alone for detecting methicillin resistance, advocat-
ing for combined testing approaches (oxacillin and cefoxitin) to improve ac-
curacy. Similarly, dual testing for B-lactam resistance (DDT and E-test) could
improve phenotypic detection, emphasizing the need for integrated AMR sur-
veillance strategies.

Beyond dairy, the detection of multidrug-resistant non-typhoidal Salmo-
nella and E. coli across poultry value chains reflects the influence of antibiotic
use practices, environmental contamination, and system-level differences be-
tween intensive and backyard production systems. Traditional fermented
foods, while harbouring beneficial lactic acid bacteria with probiotic and func-
tional potential, also contained resistant and pathogenic bacteria when hygiene
was inadequate, highlighting the dual nature of these foods as both health-
promoting and potential AMR reservoirs.

The collective findings revealed that different Indian food products can
serve as vehicles for transmitting antimicrobial resistance, amplified by cross-
contamination, poor hygiene, and insufficient awareness of antibiotic with-
drawal periods. The emergence of resistance to methicillin, f-lactams, fluoro-
quinolones, carbapenems, and other critically important antibiotic classes un-
derscores the urgent need for coordinated, multi-sectoral interventions.
Strengthening AMR surveillance, enforcing responsible antibiotic use, pro-
moting hygiene along the food value chain, and ensuring compliance with
withdrawal periods are crucial for protecting public health.

The novel contributions of this thesis include the first reports of mecC-pos-
itive S. pseudoxylosis and mecA-positive E. gallinarum in Indian live-stock,
the detection of MBL genes in dairy Gram-negative bacteria, and the detailed
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characterization of functional and resistance traits of LAB in traditional fer-
mented foods from North-eastern India.

Overall, this thesis provides robust evidence and actionable insights for sci-
entists, public health authorities, and policymakers. It emphasizes that ad-
dressing antimicrobial resistance in India’s food system requires a One Health
approach that integrates human, animal, and environmental health, alongside
behavioural, regulatory, and technological interventions to safeguard food
safety and mitigate AMR dissemination.
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Future perspective

This research highlights the pervasive presence of AMR bacteria across In-
dia’s dairy and poultry value chains and in traditional fermented food prod-
ucts. Building on these findings, future research and interventions should fo-
cus on strategies that reduce AMR transmission, improve food safety, and
support small-scale producers while addressing socio-economic constraints.

1.

One health and systems integration: Future research must opera-
tionalize the One Health approach by integrating surveillance across
humans, animals, food, and the environment to trace AMR transmis-
sion pathways. Regular health checkups for both livestock and farm-
ers living in close contact are essential to prevent zoonotic spillovers
in both directions. Linking microbiological, genomic, and socio-eco-
nomic datasets can improve risk modelling and strengthen AMR con-
tainment in India’s diverse production landscapes from smallholder
dairy and poultry farms to large-scale processors and traditional fer-
mented food producers.

Policy implementation, monitoring, and support systems: While
India has established AMR and food safety guidelines, strict enforce-
ment and long-term monitoring remain major challenges. Present
guidelines often face implementation barriers due to limited field out-
reach, poor farmer engagement, and lack of clarity on the roles of dif-
ferent value chain actors. Future policies should broaden their scope
to include all value chain actors including farmers, vendors, proces-
sors, veterinarians, and consumers under clearly defined responsibili-
ties. Simplifying compliance requirements, ensuring easier follow-up
mechanisms, and promoting farmer acceptance through local-lan-
guage training, subsidies, and technical support can enhance long-
term sustainability. Government and institutional support should aim
to bridge existing gaps by improving outreach, ensuring accountabil-
ity, and providing critical financial and technical assistance to under-
resourced actors in the food value chain.
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Translational research and funding incentives: Translational stud-
ies should assess how training and awareness programs for dairy and
poultry handlers, milk vendors, and fermented food producers influ-
ence hygiene, antibiotic usage, and food safety. Government and in-
stitutional funding must be expanded to support AMR surveillance,
behavior change programs, and capacity-building efforts. Incentiviz-
ing safe practices such as rewarding farmers who withhold milk from
treated animals, stop selling treated poultry, adopt hygienic fermenta-
tion processes, use safe starter cultures, and maintain bio-secure envi-
ronments can improve compliance and livelihoods simultaneously.

Community-based participatory approaches: Participatory “train-
ing-of-trainers” models can empower local actors to lead change.
Farmer cooperatives and women'’s self-help groups can be involved
in community-led quality monitoring, safe milk and poultry handling,
and hygiene campaigns. Incentive schemes tied to improved food
quality, coupled with peer-based accountability, can foster ownership
and self-sustaining behavioral change.

Technological innovation and surveillance: Future work should lev-
erage advanced tools for early AMR detection such as rapid point-of-
care diagnostics, whole-genome sequencing, and digital traceability
systems. Mobile-based reporting and data-sharing platforms can fa-
cilitate real-time surveillance of antibiotic use and contamination
hotspots, improving transparency and responsiveness.

Behavioral, consumer, and socio-economic research: Understand-
ing how awareness, affordability, and cultural habits shape food safety
practices is critical. Consumer education campaigns should highlight
the value of antibiotic-free and hygienic foods, stimulating market de-
mand that encourages vendors and farmers to improve practices. Ad-
dressing poverty, underpayment, and poor living conditions of live-
stock-keeping households is essential, as economic vulnerability of-
ten undermines biosecurity and hygiene compliance.

Sustainable production and safe fermentation practices: Research
should emphasize improved biosecurity, clean water, safe fodder, and
responsible waste management to limit environmental AMR reser-
voirs. Promoting probiotic and phytobiotic alternatives, selective use



of antimicrobials, and biocontainment practices can further reduce
AMR spread. For fermented foods, ensuring the use of high-quality
raw materials and safe starter cultures is vital to maintain microbial
safety while preserving India’s traditional fermentation heritage.

8. Impact assessment and longitudinal evaluation: Long-term, multi-
sectoral studies are needed to measure the cumulative impact of inter-
ventions training, funding, hygiene, surveillance, and incentive mech-
anisms on AMR prevalence, foodborne disease burden, and economic
stability. Applying a longitudinal theory-of-change framework will
help identify which interventions most effectively convert inputs
(awareness, resources, policy engagement) into sustained outcomes
(reduced AMR, improved food safety, and farmer resilience).

By embedding these priorities into an integrated theory-of-change, India can
establish a coherent roadmap that links interventions, incentives, and account-
ability with measurable improvements in public health and food system sus-
tainability. Strengthening policy implementation, ensuring inclusivity across
value chains, supporting low-income farmers, and promoting continuous sur-
veillance and monitoring will be pivotal in mitigating AMR while securing
the future of safe, nutritious, and culturally valued foods in India.
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