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Abstract

Salmonella continues to be a significant zoonotic pathogen, with poultry products serving as a major
vehicle for its transmission to humans. The intensification of poultry farming in India, along with the
widespread and often unregulated use of antibiotics, has led to the rise and spread of antimicrobial-
resistant (AMR) strains of Salmonella. This review systematically compiles and analyses published data
on the prevalence and antibiotic resistance patterns of Salmonella in Indian poultry from 2000-2025,
utilizing a bibliometric approach to place Indian research in the global context. Data from 1,780 original
studies, including 35 conducted in India, revealed a striking regional variation in Salmonella positivity,
ranging from as low as 0.5% to over 80%, and highlight a worrying trend of multidrug-resistance,
particularly to commonly used antibiotics such as tetracycline, ampicillin, and third-generation
cephalosporin. Bibliometric mapping further demonstrates that India, despite being a leading poultry
producer, lags behind many countries in research output on this topic. The review also critically
assesses the potential of antibiotic alternatives, including phytogenic feed additives and probiotics,
as sustainable strategies for AMR mitigation in Indian poultry production. The article discusses about
ongoing problems like the misuse of antibiotics, farmers not knowing enough, and holes in surveillance
systems. It also gives practical suggestions for better regulation, integrated One Health approaches,
and the use of proven non-antibiotic treatments. Strengthening research and surveillance, alongside
capacity building and policy reform, will be essential to ensure food safety, protect public health, and
sustain the growth of India’s poultry industry.
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INTRODUCTION

Salmonella continues to pose a major
public health challenge around the world,
especially as a cause of foodborne illness.
Salmonella are generally divided into two groups:
typhoidal and non-typhoidal Salmonella (NTS). In
poultry, infections can occur either through specific
serovars such as S. Pullorum and S. Gallinarum,
which cause a systemic, typhoid-like disease,
or through a broader range of non-typhoidal
Salmonella strains.! Among the many sources of
Salmonella, poultry and poultry products stand
out as key reservoirs, linking animal health directly
to human disease. Cross-contamination between
meat, workers, and equipment-especially when
cleaning and disinfection are inadequate-has been
identified as a major risk factor for Salmonella
contamination, particularly through chopping
boards, knives, and tables.? In addition, the
microbial load found in raw meat is often linked
to poor hygiene practices in slaughterhouses and
during transportation.>* NTS is a concern in poultry
because birds can carry the bacteria without
showing symptoms, making them hidden sources
of contamination through meat, eggs, and the
farm environment. Among the many serotypes, S.
enterica serovars Enteritidis and Typhimurium are
the most significant, being commonly transmitted
from animals to humans worldwide.® In the
United States, NTS causes an estimated 1.35
million illnesses, 26,500 hospitalizations, and 420
deaths annually.® According to the World Health
Organization, NTS is one of the four leading
global causes of diarrheal disease, contributing to
millions of cases each year. In Europe, it remains
the second most reported zoonosis, with 91,857
confirmed cases of salmonellosis recorded in
2018 by European Food Safety Authority (EFSA)
and European Centre for Disease Prevention and
Control (ECDC).”

In India, where poultry farming has
expanded rapidly over recent decades, controlling
Salmonella is not just a matter of animal health
but also of food safety and economic security.
Antimicrobial resistance (AMR) has added
another layer of complexity to this problem. In
poultry farms, antibiotics have long been used
not only to treat infections but also to promote
faster growth and prevent disease outbreaks.

However, frequent and often unregulated use of
these drugs has accelerated the emergence of
Salmonella strains that are resistant to multiple
antibiotics.®? This trend is worrying, as resistant
bacteria can spread from poultry to humans,
limiting treatment options for serious infections
and putting both animal and public health at risk.
International agencies, including the World Health
Organization (WHO) and Food and Agriculture
Organization, have identified AMR in food
animals as an urgent issue that demands stronger
surveillance and coordinated action. The Indian
poultry sector deserves special attention in this
context. India is currently among the leading global
producers of eggs and broiler meat, characterised
by a multifaceted business that encompasses
extensive commercial farms as well as small-
scale backyard enterprises. While this growth
has brought affordable protein to millions, it has
also exposed gaps in regulation, farm biosecurity,
and awareness about responsible antibiotic use.
Several Indian studies have reported high rates
of Salmonella contamination in poultry products
and worrying levels of resistance to important
antibiotics. Nevertheless, compared to countries
like the United States, China, or Brazil, India’s
published research on this topic remains limited,
making it harder to design effective national
responses.

The selection of non-typhoidal Salmonella
for this review is driven by its dual importance
as both a leading cause of foodborne disease
in humans and a major constraint to poultry
production systems. In low- and middle-income
countries, including India, NTS infections are
frequently underreported, yet they contribute
substantially to morbidity, productivity losses, and
healthcare costs. Poultry-associated salmonellosis
results in economic losses through reduced growth
rates, increased mortality, trade restrictions,
and costs related to biosecurity and disease
control.2° Moreover, the public health relevance
of this pathogen has been formally recognized
at the global level. In 2024, the World Health
Organization included non-typhoidal Salmonella
in its Bacterial Priority Pathogens List, highlighting
its high burden and the growing challenges related
to antimicrobial resistance, limited treatment
options, and prevention in both human and animal
health sectors.’ This designation underscores the
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urgency of strengthening surveillance and control
strategies for Salmonella across the food chain,
particularly in countries with rapidly expanding
poultry industries such as India.

This review aims to address these gaps by
synthesizing current evidence on the prevalence
and AMR patterns of Salmonella in Indian poultry,
placing these findings within a global context
through bibliometric analysis, and evaluating
promising alternatives to antibiotics that may
reduce drug dependence in the poultry sector. The
specific objectives are to determine the regional
prevalence trends and resistance profiles of
Salmonella in Indian poultry, assess of bibliometric
patterns and identify gaps in India’s research
output compared with global contributions.
Bibliometric analysis offers a quantitative and
systematic approach to evaluating research trends,
authorship patterns, collaborations, and citation
networks, which traditional narrative reviews
cannot provide. Unlike conventional reviews that
qualitatively summarize findings, bibliometric
analysis identifies hotspots, emerging topics, and
research gaps across a large body of literature,
providing an objective, data-driven overview. This
is especially useful for fields where publications are

(Records identified through database searching\
(n=1,858)
L Databases: Scopus, Web of Science, PubMed, )

growing quickly, as it lets researchers keep track
of how knowledge is changing and decide what
areas of research to focus on next. Therefore, the
use of bibliometric analysis in this study is novel
because it goes beyond summarizing content
to reveal structural and temporal patterns in
Salmonella research that traditional reviews may
overlook. And lastly, evaluation of the potential
of non-antibiotic strategies such as probiotics,
phytogenics, and other emerging alternatives
in poultry production. By addressing these
objectives, the review highlights knowledge gaps,
provides practical recommendations, and supports
the development of evidence-based policies for
controlling Salmonella and AMR in India’s rapidly
expanding poultry sector.

METHODOLOGY

A comprehensive literature search
was conducted to gather relevant data on the
prevalence and AMR patterns of Salmonella in
poultry across India and globally. Scholarly articles
were retrieved from search engines Scopus,
Google Scholar, and PubMed using primary
keywords such as Salmonella, prevalence, poultry,

Records after duplicates removed
(n=1,820)

( N
Records excluded
4 (n = 40; irrelevant topics, duplicates)
L Records screened by title/abstract )

Full-text articles excluded ]

e N
Full-text articles assessed for eligibility (n = 1,745; not poultry-specific, not
L {n=1,780) ) Salmonella/AMR, reviews/editorials)

Studies included in global analysis
(n =1,780; 35 Indian + 1,745 International)
% J

~N
Studies included in Indian subset analysis
(n=35)

Figure 1. Criteria for Study Selection
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India, broiler chicken, and eggs. The search
covered studies published between January 2000
and March 2025, with the final search completed
on March 31, 2025. In total, 1,858 records were
identified. After removal of 38 duplicates and 40
irrelevant studies, 1,780 peer-reviewed original
research articles were retained for analysis. Of
these, 35 studies were conducted in India, which
were analyzed separately to compare India-specific
findings with global trends. To ensure quality,
only peer-reviewed original research published in
English was included. Eligible studies had to report
either (i) prevalence of Salmonella in poultry or
poultry products, (ii) AMR patterns in Salmonella
isolates, or (iii) data relevant to bibliometric
comparisons. Exclusion criteria were: studies
not focused on poultry or Salmonella, reviews,
editorials, conference abstracts, theses, and
articles without original laboratory or field data.

A PRISMA flow diagram (Figure 1)
illustrates the study selection process. Given
the wide variability in study design, laboratory
protocols, and reporting standards, a formal
risk-of-bias assessment was not applied. Instead,
quality assurance was ensured by restricting
inclusion to peer-reviewed original research, and
data extraction focused on reported prevalence
and resistance outcomes.

To derive deeper insights and identify
research trends, a bibliometric analysis was
conducted using VOS viewer a powerful text-
mining and visualization software developed
by Van Eck and Waltman in 2010.'* VOS viewer
enables the mapping and clustering of relationships
between research objects, such as keywords,
authors, publications, citations, and geographic
locations. In the visualizations generated, each
node represents a unique term or item, while
nodal distance signifies the degree of similarity
or co-occurrence. The thickness of connecting
lines reflects the strength of the linkage between
nodes. This analytical approach allowed for the
identification of key research themes, geographic
trends, and collaborative networks in Salmonella
research within India, offering a foundation for
meaningful interpretations and future directions.
The keyword co-occurrence was analyzed using
full counting to identify research themes and
trends. In the global dataset (1,780 documents), a
threshold of at least 10 keyword occurrences was

applied, while in the smaller India-specific dataset
(35 documents), the threshold was reduced to 5 to
capture relevant terms. For bibliographic coupling,
organizations were compared based on citation
impact, requiring at least two documents and 10
citations globally, and at least one document and
10 citations for the Indian dataset. At the country
level, bibliographic coupling was performed using
a stricter threshold of 30 documents and 500
citations, with results visualized according to the
number of publications.

Prevalence of Salmonella spp. in Indian Poultry

The prevalence of Salmonella spp.
in Indian poultry (Table 1, Figures 2a, 2b)
demonstrates considerable regional variation,
influenced by diverse epidemiological patterns,
sources of contamination, and risk factors.
In North India, studies have reported a wide
range of prevalence rates. For instance, a 4.8%
positivity rate was documented in chicken egg
samples across states like Uttar Pradesh, Haryana,
Punjab, Delhi, and Uttarakhand,** while a higher
prevalence of 9.43% in meat swabs, poultry feces,
and environmental samples was observed from
the same region.” In Rajasthan, the prevalence
reached 6.3%,% but an alarming 78% was reported
from intestinal content samples in a recent study.*
Chhattisgarh showed particularly high positivity
rates in both egg samples (15.5%)° and swabs/
tissues (30%)," indicating a growing concern in
Central India.

In East India, moderate to high prevalence
was reported. A study from West Bengal reported
a 6.1% positivity rate in cloacal swabs and
environmental samples,*® while Mizoram reported
12%." Notably, prevalence of 26.7% in cloacal
swabs was observed from various districts in
West Bengal, suggesting localized hotspots of
infection.?®

West India revealed some of the highest
and lowest prevalence rates. In Mumbai, a 52%
prevalence was noted in chilled ready-to-cook
meat samples, whereas frozen samples showed
only 2.6%.2* A prevalence of 7.4% was reported
across various poultry farm and processing
stages.? In Shirwal, 18% positivity was observed in
fecal samples and 6% in food and water samples.?®
However, only 0.5% prevalence reported in Udgir,**
while an extremely high prevalence of 82.35% was
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observed in surface swabs from broiler meat in
Mumbai’s retail shops, emphasizing contamination
risks in urban wet markets.?®

In South India, prevalence rates also
varied widely. In Tamil Nadu’s Salem region, 8.3%
occurrence was reported in litter samples,?® while
Kerala’s duck eggs exhibited a 51.33% positivity
rate, indicating species-level differences in
contamination.?” Manipal showed a significant
14.64% prevalence in poultry meat and fecal
samples,?® and Bengaluru recorded 25.82% from
various sources.?® Conversely, some studies noted
lower prevalence, such as 1.8% in environmental
samples from poultry wet markets in Karnataka.*

Across all regions, contamination sources
include poultry feed, drinking water, feces, cloacal
matter, meat products, and environmental
elements such as litter and swabs from processing
and retail environments. These findings suggest
that Salmonella can persist at multiple points in
the poultry production and distribution chain,
increasing the risk of cross-contamination. Risk
factors influencing Salmonella prevalence include
poor biosecurity measures, unhygienic handling of
poultry products, inadequate sanitation in live bird
markets and processing units, improper storage
conditions, and the use of contaminated water
and feed. Backyard poultry and duck farming also
pose higher risks due to lack of regulated health
management. The varied prevalence across India
reflects the need for region-specific surveillance,
better hygiene practices, and stringent monitoring
of poultry production to mitigate public health
risks associated with Salmonella infections.

Geographic Heat Map of Salmonella Prevalence in
Poultry Birds Across India: Trends and Overview
Regional Prevalence of Salmonella in Poultry
Haryana

Haryana has reported a high prevalence
of Salmonella in poultry, particularly in broiler
flocks. Salmonella Gallinarum was the most
common serovar isolated, accounting for 183 out
of 253 isolates, followed by Salmonella Enteritidis
(41 isolates) and Salmonella Typhimurium (29
isolates).**> The prevalence of Salmonella in
Haryana has shown a consistent trend over the
years, with outbreaks peaking in the fourth quarter
(October-December).*

Chhattisgarh

A study examined Salmonella in chicken
and chevon meat and discovered an overall 7%
incidence in chicken samples in Chhattisgarh,
where a significant portion of birds are raised
in backyards and small-scale systems with little
regular antibiotic supplementation.*® Interestingly,
a large number of isolates exhibited resistance
to oxytetracycline and erythromycin, which are
not commonly found in commercial broiler diets.
This suggests that the isolates may have been
cross-contaminated from mixed-species holdings
or environmental reservoirs of resistance genes.
Of the 32 Salmonella isolates, 14 had multiple-
drug-resistance indices 20.2, highlighting the
peculiar and worrisome AMR dynamics in the
mixed-production environment of Chhattisgarh.

Patna

Patna has reported a higher prevalence
of Salmonella in chicken meat (23.7%) compared
to cattle milk (7.7%). Serotyping of isolates
revealed the presence of Salmonella Typhimurium,
Salmonella Newport, and Salmonella Gallinarum.
The study also noted the presence of multiple
drug-resistant Salmonella isolates, emphasizing
the need for improved hygienic practices in the
production and handling of poultry products.*’

Other regions

Other regions in India have also reported
Salmonella prevalence in poultry, although data
is limited. Studies have consistently shown the
presence of Salmonella Enteritidis, Salmonella
Typhimurium, and Salmonella Gallinarum as the
most common serovars across the country.'#4

Serovar distribution and trends
Salmonella enteritidis

Salmonella Enteritidis is one of the most
prevalent serovars in Indian poultry (Table 2). It
has been isolated from both chicken and chevon
meat, with a prevalence of 9% in chicken meat and
7% in chevon meat.*** The serovar is known for its
ability to cause severe gastroenteritis in humans,
making it a significant public health concern.

Salmonella typhimurium
Salmonella Typhimurium is another
common serovar in Indian poultry. It has been
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Table 1. Prevalence of Salmonella spp. in Poultry and Associated Sources Across Different Regions of India

Region Period of Study (State) No.of  Sample type No. of % of Ref.
Samples Salmonella  Salmonella
Positive Positive
Samples Samples
North April 2006 to July 2007 (Uttar Pradesh, 560 Chicken eggs 27 4.8% [12]
India Haryana, Punjab, Delhi and
Uttarakhand)
January to August 2017 (Uttar Pradesh, 742 meat swabs, poultry 70 9.43 [13]
Uttarakhand) faeces, environment
March 2013 to August 2014 507 caecal contents 32 6.3% [14]
(Rajasthan) & faecal sample
July 2019 to Dec 2020 151 intestinal content 118 78% [15]
(Rajasthan)
August 2020 to July 2021 180 Eggs 28 15.5% [16]
(Chhattisgarh)
Not Mentioned (Chhattisgarh) 10 Swab of heart and 03 30% [17]

intestinal contents;
tissue pieces of
ovary and liver

Not Mentioned (Bareilly) 720 Egg, Feed, Drinking 24 3.3% [31]
water, Faeces, Cloaca
Not Mentioned (Haryana) - heart blood, liver and 150 - [32]
bile
Not Mentioned (Jammu & Kashmir) 101 Poultry droppings 30 16.67% [33]
2019 to 2022 (Uttar Pradesh, 26 - - - [34]
Uttarakhand, Jammu and Kashmir)
East  July to September 2013 360 cloacal swabs, feed, 22 6.1% [18]
India (West Bengal) drinking water, eggs
Mizoram 50 cloacal swabs 6 12% [19]
Not mentioned (Howrah, Hooghly, 150 cloacal swabs 40 26.7% [20]
Jalpaiguri, Darjeeling, Kolkata)
West Not Mentioned (Mumbai) 48 Chilled Ready-to-cook 25 52% [21]
India meat poultry samples
39 Frozen Ready-to-cook 01 2.6%
meat poultry samples
December 2015-2017 (Mumbai) 956 poultry farm origin, 71 7.4% [22]

poultry and product
processing stages wise
and environmental

samples
August to December 2020 100 Faecal Sample 18 18% [23]
(Shirwal, Maharashtra) Food and water samples 03 6%
Not Mentioned (Udgir, Maharashtra) 400 faecal and cloacal 02 0.5% [24]

samples, environmental
samples, chicken meat,
and restaurant meat
products
Not Mentioned (Across Mumbai) 17 Surface swab from 14 82.35% [25]
chilled broiler chicken
meat from retail

poultry shop
Oct 2023-Mar 2024 (Marathwada, 364 Cloacal swab, shell 15 4.1% [35]
Maharashtra) waste, feed, water, etc.
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Table 1. Cont...
Region Period of Study (State) No.of  Sample type No. of % of Ref.
Samples Salmonella  Salmonella
Positive Positive
Samples Samples
South Not mentioned (Salem, Tamil Nadu) 120 litter 10 8.3% [26]
India Not Mentioned (Kottayam, Kerala) 600 Eggs 02/150 1.33% [27]
in
commercial
layer hen
77/150 51.33%
in duck eggs
06/150 4% in Back-
yard raised
Layer Hen
31/150 20.66% in
Commercial
Layer Hen
January 2016-December 2017 396 poultry meat, intestinal 58 14.64% [28]
(Manipal) contents and faecal
samples
Not Mentioned (Bengaluru) 182 Swab from different a7 25.82% [29]
sources
Not Mentioned (Karnataka) 503 Environmental sources 09 1.8% [30]
of poultry wet markets
June 2003-May 2005 (Namakkal, 578 chicken meat 92 15.91% [36]
Tamil Nadu)
September-October 2005 (Kerala) 3case organsamples from 03 100% [37]
study liver, spleen, gall bladder
and heart blood
Not Mentioned (Mangalore) 50 Meat from retail stores 06 12% [38]
Not Mentioned (Tamil Nadu) 1215 Tissue samples Poultry  12/392 3.06% [39]
products Environmental  7/460 1.52%
samples 2/362 0.53%
Not Mentioned (Kolar, Karnataka) 30 Tissue samples (livers 10/30 33.3% [40]
and ovaries)
January 2010 to December 2018 - - 826 - [41]
(Vellore, Tamil Nadu)
Not Mentioned (Karnataka) 655 chicken breast meat, 22 3.35% [42]
eggs, cloacal
Not Mentioned (Kanchipuram, 60 meat samples 25 42% [43]

Tamil Nadu)
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isolated from broiler flocks in Haryana and
Patna, with a prevalence of 5.8% in chicken meat
and 2.1% in cattle milk.*#*” The serovar is also
known for its multidrug-resistance, with isolates
showing resistance to ampicillin, tetracycline, and
colistin, 1446

Salmonella gallinarum

Salmonella Gallinarum is a serovar
specifically adapted to poultry and is a major
cause of fowl typhoid. It has been isolated from
broiler flocks in Haryana, with a prevalence of
9.12:183 isolates.*** The serovar is known for its
high morbidity and mortality rates in poultry, with
a case-fatality rate of 71.55% in broiler chicks.*

Antibiotic resistance trends

Antibiotic resistance is a significant
concern in Salmonellaisolates from Indian poultry
(Figure 3). Studies have reported high resistance
to antibiotics such as ampicillin, tetracycline,
and colistin.’*#>% Multidrug-resistance has also
been reported, with isolates showing resistance
to multiple antibiotics such as erythromycin,
oxytetracycline, and cefotaxime.*4

Public health implications

The prevalence of Salmonella in poultry
and poultry products poses a significant risk
to public health. Salmonella Enteritidis and
Salmonella Typhimurium are zoonotic pathogens
that can cause severe gastroenteritis in humans.
The presence of multidrug-resistant isolates
further complicates treatment, making it essential

- Average Salmonella Prevalence by Region in India

I - ~N
15 o S

Average Prevalence (%)

w

East

West
Region

@

to implement effective surveillance and control
measures.**47 |n India, Salmonella enterica
serovar Typhimurium is the dominant cause of NTS
infections, accounting for 26.7% of non-invasive
cases and over 52% of invasive disease. The
second most common serovar is S. Worthington
(18.1%). Other frequently isolated serovars
include S. Weltevreden (5.8%) and S. Enteritidis
(5.9%). AMR) shows concerning trends: resistance
to ciprofloxacin (9.8%), ceftriaxone (9.9%), and
azithromycin (16.1%) is reported in non-invasive
isolates. Multidrug-resistance (MDR) remains a
significant issue, detected in about 30.2% of non-
invasive and 22.3% of invasive isolates. Overall,
the data highlight that India faces a substantial
burden of serovar diversity and MDR, with S.
Typhimurium and S. Worthington emerging as
key public health concerns.*® However, direct
evidence of zoonotic Salmonella transmission
to humans from contaminated meat or contact
with birds remains limited in India. In April 2008,
ten cases of gastroenteritis caused by Salmonella
Wien were reported at a tertiary hospital in
Mangalore. Biochemically similar to S. Paratyphi
B or S. Typhimurium, the serovar was confirmed
at the Central Research Institute, Kasauli. The
likely source was poultry. This appears to be the
first reported occurrence of S. Wien in humans
in India.* Another report in January 2010, a
foodborne gastroenteritis outbreak occurred
among 150 students in a hostel in Pune, India,
following consumption of a meal including milk,
rice, sprouted pulses, and curd. Eight isolates
were identified as multidrug-resistant Salmonella

Trend of Salmonella Prevalence in Poultry across Time
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Figure 2. a) Geographical prevalence of Salmonella in Poultry Birds Across India; b) its trend over the time
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Ref.
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Table 2. Regional Prevalence and Serovar Distribution of Salmonella in Poultry Across India
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(46]

7% in chicken meat

Chhattisgarh

Patna

(47]
[14,39]

Salmonella Typhimurium, Salmonella Newport, Salmonella Gallinarum

23.7% in chicken meat
Varies by region

Salmonella Gallinarum, Salmonella Enteritidis, Salmonella Typhimurium

Other Regions

enterica serovar Weltevreden.*® A foodborne
outbreak of gastroenteritis occurred among staff
and students of a tertiary care hospital in southern
India after consuming chicken shawarma. A case-
control study among 348 students found a strong
association between illness and consumption
of chicken shawarma from a specific outlet (OR
121.8; P <0.001). Stool samples and the implicated
food tested positive for Salmonella Enteritidis.
The study highlights meat-based shawarma as
a potential source of non-typhoidal Salmonella
infection and underscores the need for strict food
safety practices.®® A 52 year-old male from rural
Mysuru, India, developed acute gastroenteritis
after contact with cattle and poultry. He was
diagnosed with Salmonella enterica serovar
Hvittingfoss, marking the first documented case
in India.>* The pathogenicity of Salmonella is
increasing rapidly, and the true burden of non-
typhoidal Salmonella (NTS) infections in India
is likely underestimated due to the lack of a
comprehensive national surveillance system.
The geographic heat map of Salmonella
prevalence in poultry birds across India highlights
the regional variations in serovar distribution and
antibiotic resistance trends. Haryana, Chhattisgarh,
and Patna have reported high prevalence
rates, with Salmonella Enteritidis, Salmonella
Typhimurium, and Salmonella Gallinarum being
the most common serovars. The presence of
multidrug-resistant isolates underscores the need
for improved hygienic practices, judicious use of
antibiotics, and effective surveillance to mitigate
the risk of Salmonella transmission to humans.
Salmonella load is significantly reduced
by commercial pelleting procedures (usually 80-
90 °C for 60-90 sec), although numerous Indian
studies still demonstrate its recovery from final
feed. For instance, a 7.4% positivity rate was
observed in feed and ambient samples from
Maharashtra,?> while Salmonella was detected
in 6.1% of feed samples combined with cloacal
swabs in West Bengal.*® These findings most likely
represent post-pelleting recontamination-through
contaminated dust, equipment, or storage bins-
and, in certain backyard or small-scale mills, the
sporadic addition of meat-bone meal (MBM).
Following restricitions imposed by the Food Safety
and Standards Authority of India (FSSAI), the
use of MBM in commercial poultry rations has
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drastically decreased. However, residual use in
unregulated sectors may still be a factor in feed-
borne Salmonella.

Antimicrobial resistance patterns

The AMR pattern (Table 3) observed
across different regions of North India reveals
substantial variations in resistance profiles among
Salmonellaisolates derived from poultry products,
environmental samples, and clinical specimens. A
striking finding is the high resistance to commonly
used antibiotics, notably colistin (COL) and
polymyxin B (PMB), with some isolates-particularly
from egg samples, showing 100% resistance.?
Similarly, erythromycin (ERY) demonstrated
complete resistance in certain isolates obtained
from chicken meat and poultry feces. Resistance
to penicillin (PEN) and oxacillin (OXA) was also
universally reported in multiple studies,*?*
underscoring the diminished efficacy of several
frontline antibiotics.

Moreover, multidrug-resistance (MDR)
and extensive drug resistance (XDR) were frequently
observed in specific Salmonella serovars such as
Salmonella Typhimurium, Salmonella Kentucky,

400

350

o8]
[end
(=}

Average Resistance (%)
[y
[en)
(=]

100

50

2000-2010

2011-2020

and Salmonella Weltevreden, which exhibited
resistance to multiple antibiotic classes. Several
studies highlighted high resistance to B-lactam
antibiotics, including ampicillin (AMP), amoxicillin-
clavulanic acid (AMC), ceftazidime (CTZ), and
cefotaxime (CTX).'™?2 Notably, Salmonella
Kentucky demonstrated significant resistance
to fluoroquinolones such as ciprofloxacin (CIP),
levofloxacin (LEV), gatifloxacin (GAT), and nalidixic
acid (NA), raising concerns about its role in
persistent poultry-related infections.®

Distinct regional variations in resistance
patterns were also evident. For instance, isolates
from Rajasthan showed elevated resistance to
third-generation cephalosporins like ceftazidime
(CAZ), cefotaxime (CTX), and ceftriaxone (CEF).
In contrast, isolates from Chhattisgarh exhibited
a higher prevalence of resistance to macrolides
like erythromycin (ERY), azithromycin (AZI)
and tetracyclines (TET).'®¥” Haryana reported
significant resistance to carbapenems in
Salmonella Gallinarum and Salmonella Enteritidis
strains.®2 Emerging resistance to critical antibiotics
was especially concerning. Fluoroquinolone
resistance was prominently noted in Salmonella

EColistin (%)

B Third-gen Cephalosporins (%)

8Fluoroquinolones
(Ciprofloxacit/Enrofl oxacin) (%)

B Tetracycline (%)

2 Ampicillin (%)

2021-2025

Figure 3. Decade-wise illustrative trends in antimicrobial resistance (AMR) of Salmonella enterica in poultry
(2000-2024). Values represent approximate resistance levels to tetracyclines, beta-lactams, fluoroquinolones, and
cephalosporins, derived qualitatively from narrative descriptions in the manuscript. Percentages are not pooled
or statistically calculated but are presented to visualize reported trends: 2000-2010 (moderate resistance, ~40%
tetracycline, ~25% beta-lactams, ~15% fluoroquinolones, ~10% cephalosporins); 2011-2020 (increased resistance,
~55%, 45%, 35%, 30% respectively); 2021-2025 (alarming resistance including XDR strains, ~65%, 60%, 55%, 50%

respectively)
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Kentucky and Salmonella Typhimurium,*3* while
carbapenem resistance in certain regions points to
the rise of extensively drug-resistant Salmonella
strains.43?

In eastern India, particularly West
Bengal and Mizoram, several studies have
highlighted the increasing role of backyard
poultry in the persistence of Salmonella. A 6.1%
prevalence was recorded among 360 diverse
poultry samples, with universal resistance to
ciprofloxacin, tetracycline, and chloramphenicol,
indicating long-standing drug pressure.® In
Mizoram, Salmonella Typhimurium and Salmonella
Virchow was detected in 50 cloacal swabs from
Mizoram, with 80% of isolates resistant to third-
generation cephalosporins, pointing towards
severely limited treatment options in these
semi-urban settings.’ A comprehensive study in
multiple districts of West Bengal found Salmonella
in 26.7% of 150 cloacal swabs from backyard and
contract broilers.?’ Nearly all isolates showed
resistance to tetracycline and chloramphenicol,
with over 80% also resistant to fluoroquinolones
and cephalosporins. These findings highlight the
potential risk of community-acquired Salmonella
infections emanating from unregulated backyard
poultry systems.

The western region, notably Maharashtra,
has also shown a high burden of MDR Salmonella.
Gautam et al. reported that chilled and frozen
poultry samples from Mumbai were heavily
contaminated with S. Typhimurium and S.
Enteritidis, with nearly 90% resistance to
tetracyclines and nalidixic acid, posing a significant
food safety hazard in urban centers.?

Similarly, Salmonella was found in
7.4% of nearly 1,000 samples across the poultry
production chain, with 83.3% resistant to
erythromycin and 78.5% to tetracycline.? These
trends underscore the risk of MDR Salmonella
infiltration into consumer supply chains. Data from
Shirwal,?®* Udgir,>* and Marathwada® reinforce
this threat, with resistance rates approaching
100% for ampicillin, tetracycline, and sulfadiazine.
Alarmingly, it was also noted the presence of S.
Enteritidis and S. Typhimurium in retail settings,
indicating poor post-harvest sanitation.?

The recent study from Mumbai further
confirmed these trends, with 82.35% of surface
swab samples testing positive for Salmonella, and

100% resistance to ampicillin, alongside 92.85%
resistance to tetracycline.” These findings signal
a dire need for enhanced regulatory oversight and
farm-to-fork interventions.

The southern states of India, notably Tamil
Nadu, Kerala, and Karnataka, have demonstrated
varied patterns of Salmonella contamination
across poultry production and retail sectors,
accompanied by alarming trends in AMR. In early
surveillance from Salem, Tamil Nadu, an 8.3%
prevalence of Salmonella was reported from
poultry litter, emphasizing the environmental
persistence of the pathogen.?> More concerning
data came from Namakkal, a major poultry hub,
where S. Enteritidis was identified in 15.91% of 578
chicken meat samples.?® These isolates exhibited
100% resistance to ampicillin and erythromycin,
and over 88% resistance to kanamycin, tetracycline,
and cephalexin, underscoring the endemicity of
multidrug-resistance in commercial broiler chains.

In Kerala, the situation was no better,
diverse serotypes was found including S.
Weltevreden, S. Worthington, and S. Dublin
in eggs, with all isolates showing complete
resistance to vancomycin and novobiocin. A
significant proportion (40%) were also resistant to
tetracycline, suggesting widespread antimicrobial
usage in layer farms.?’ S. Gallinarum was reported
in organ samples from diseased poultry, again
noting resistance to core veterinary drugs like
penicillin and ceftazidime.?” These findings
highlight the pathogenic burden of host-specific
serotypes in Kerala’s poultry systems.

Karnataka too reflects concerning trends.
From meat retail stores in Mangalore, Salmonella
was found in 12% of samples, with complete
resistance to tetracycline and nitrofurantoin.®®
In Kolar, Salmonella was found in 33% of liver
and ovary samples from poultry, with 100%
resistance to fluoroquinolones like ciprofloxacin
and enrofloxacin, both of which are considered
critically important in human medicine.*® The
widespread presence of Salmonella in tissue and
environmental samples was also reported in Tamil
Nadu (1.7% prevalence from over 1,200 samples),
reflects the complexity of transmission routes and
contamination hotspots.*

A broader examination of serotypes was
conducted in Manipal, where S. Infantis (43.1%),
S. Kentucky (22.41%), and rarer types like S. Poona
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and S. Kouka were isolated. Fluoroquinolone
resistance was again significant, with 72.4%
of isolates resistant to ciprofloxacin.?® with
Surveillance in Vellore added another dimension,
where S. Typhimurium and S. Enteritidis were
commonly found in poultry environments,
although specific AMR data were limited.*!
In environmental samples from Karnataka’s
wet markets, identified S. Typhimurium with
resistance to a wide range of cephalosporins and
carbapenems, pointing towards the probable
circulation of extended-spectrum beta-lactamase
(ESBL) or carbapenemase-producing strains.*®

Further studies confirm that the
pathogen is not restricted to high-density farms.
In Karnataka, S. Enteritidis and S. Typhimurium
was found in breast meat (4.83%), eggs (2.15%),
and cloacal swabs (2.5%). These isolates showed
high resistance to polymyxin B (82%) and colistin
(59.1%), both of which are considered last-resort
antibiotics.*? In Bengaluru, recorded a Salmonella
prevalence of 25.82% from swabs of different
sources, with high resistance to doxycycline
(94.3%), cephradine (84.9%), and ciprofloxacin
(72.6%). Importantly, 17% of isolates were
identified as ESBL producers, signifying the
presence of strains with advanced resistance
mechanisms.?*

The most recent report from Kanchipuram
(Tamil Nadu) showed an extremely high prevalence
(42%) of Salmonella in meat samples, although
detailed AMR profiles were not retrievable. Still,
the high detection rate itself indicates severe
lapses in meat hygiene and slaughterhouse
practices.*®

The aggregated data from 2009-2024
paints a concerning picture of Salmonella
prevalence and AMR in India’s poultry sector.
While serotype distribution varies by region, S.
Typhimurium and S. Enteritidis remain dominant
across most zones. The emergence of MDR
strains such as S. Kentucky and S. Weltevreden
in certain pockets warrants close surveillance.
The most common antibiotics showing high
resistance rates include tetracycline, ampicillin,
nalidixic acid, erythromycin, and even third-
generation cephalosporins such as cefotaxime and
ceftriaxone. These results indicate not only the
excessive utilization of antimicrobials in veterinary
medicine but also the possibility of zoonotic

transmission and therapeutic failure in human
healthcare. Coordinated national surveillance,
stringent antimicrobial stewardship, and public
awareness campaigns are urgently needed to
mitigate this escalating public health threat.

Bibliometric perspective of the current status of
research in India compared to world

Bibliometric analysis is an effective way to
obtain a clear view of the worldwide status of any
research area.> Figure 4 illustrate the bibliometric
mapping of several reported publications in the
past two decades in India (2000-2025) focussing
on co-occurrence and bibliographic coupling
by organization where studies were conducted.
The mapping reveals interconnected keywords
between reported articles, revealing the similarity
in searches for articles under the roof that bring
Salmonella, antibiotic resistance and poultry for
the strong surveillance system to certain food
safety. Figure 5 shows the distribution of the total
number of collected original studies on occurrence
of Salmonella and antibiotic resistance from the
poultry sector in India, 2000-2025.

Country-wide bibliometry analysis
connecting the coauthorships revealed the
names of the leading nations with the maximum
reported literature on occurrence of Salmonella
in poultry and its antibiotic resistance pattern.
Thirteen developed nations contribute about 1142
articles and 12 developing countries contribute
780 articles (Table 4). Among developed countries
USA topped the list with 373 documents and
developing nations China published maximum
194 documents, followed by Brazil. India lags
behind at position 9 with only 35 published
documents (Table 4 and Figures 5 & 6). Figures 7
and 8illustrate the bibliometric mapping of several
reported publications in the past two decades
in the whole world focussing on co-occurrence
and bibliographic coupling by organization where
studies were conducted, the mapping was much
more complex and intricate due to large of studies
as compared to Indian data only.

Alternative Solutions to tackle AMR challenge
The discovery of the growth-promoting
effects of antibiotics led to their incorporation
into animal feed as antibiotic feed additives
(AFAs) at sub-therapeutic levels. Poultry farming
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has widely used AFAs for nearly eight decades
to enhance growth rates, feed efficiency, and
overall productivity. According to estimates
by Van Boeckel et al., global antimicrobial
consumption in food animal production is
projected to reach approximately 105,596 (+3605)
tons by 2030.>* While the use of AFAs has brought
significant benefits in terms of animal health and
performance, it has also posed serious challenges.
The continuous and indiscriminate use of these
additives has contributed to the emergence
and spread of antibiotic-resistant strains of
pathogens, notably Salmonella, Campylobacter,
and Escherichia coli in poultry. This escalation in
AMR, alongside the release of antibiotic residues
into the environment, has become a matter of
global concern. The unregulated and prolonged

use of antimicrobials in animal agriculture has
accelerated the selection of MDR pathogens.
For instance, a well-documented MDR strain
of Salmonella typhimurium, a major cause of
salmonellosis in humans, was initially detected
in livestock.>® Increasing global pressure from
the WHO and EU to limit antibiotic use in poultry
production has highlighted the urgent need
for sustainable alternatives to AFAs. As AMR
continues to rise, the poultry industry faces a
critical challenge: to develop effective, long-
term solutions that support animal health and
productivity without exacerbating resistance.
Several promising substitutes have been explored,
including phytogenic feed additives, probiotics,
prebiotics, antimicrobial peptides, and feed
acidifiers, bacteriophages, vaccines and CRISPR-

Co-occurrence by Keywords
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Table 4. Distribution of Publications on Salmonella and A
and Region (2000-2025)

ntibiotic Resistance in Poultry by Country Classification

Country Documents Region
Developed Nations United States 373 North America
United Kingdom 104 Europe
Canada 79 North America
Germany 75 Europe
France 64 Europe
South Korea 63 East Asia
Spain 58 Europe
Italy 53 Europe
Denmark 37 Europe
Belgium 37 Europe
Japan 36 East Asia
Netherlands 33 Europe
Total 12 1142
Developing Nations China 194 East Asia
Brazil 122 Latin America
Egypt 107 North Africa
Nigeria 60 Sub-Saharan Africa
Iran 49 Middle East
Poland 41 Eastern Europe*
South Africa 39 Sub-Saharan Africa
Bangladesh 39 South Asia
India 35 South Asia
Thailand 32 Southeast Asia
Malaysia 32 Southeast Asia
Portugal 30 Europe* (Emerging)
Total 12 780

based methods. These alternatives offer various
mechanisms to support animal health, modulate
gut microbiota, and enhance immunity. A summary
of their potential effects and mechanisms of action
in poultry is presented in Table 5.%°

Several studies carried out in India have
explored the use of Phytogenic feed additives
and probiotics as an alternative to antibiotics to
be used as growth enhancers. A collaborative
study was conducted between the College of
Veterinary Science and Animal Husbandry, R.K.
Nagar, Agartala, Tripura, and the R&D team of
Ayurvet Ltd., Baddi, Himachal Pradesh.>” The study
evaluated the efficacy of a herbal growth promoter
developed by Ayurvet Ltd. as an alternative to
conventional antibiotic growth promoters. The
formulation, comprising herbal oils from Eruca
sativa (arugula), Trigonella foenum-graecum
(fenugreek), Zingiber officinale (ginger), and Allium
sativum (garlic), was administered at a dose of 500
g/ton of basal feed to 120 day-old chicks. Results

showed that birds receiving the herbal supplement
exhibited significantly higher growth performance
compared to those fed with the antibiotic
growth promoter (Vetclin 112). A recently
published report investigates the combined
use of Andrographolide (from Andrographis
paniculata) and Ajwain (Trachyspermum ammi)
as a phytoremediation-based alternative to
antibiotics for treating Salmonella gallinarum
infections in poultry. Through in vitro and in
vivo experiments, the combination showed
antimicrobial, immunomodulatory, and anti-
inflammatory effects, significantly reducing
mortality, clinical symptoms, and pathological
damage in infected chickens. The approach
highlights a sustainable and effective strategy
for managing Salmonella infections in poultry
production.®®

The potential of Emblica officinalis (amla)
fruit powder as a natural growth promoter was
investigated in commercial broiler chickens.*®
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Their findings revealed a significant increase in
average body weight over a 6-week period in
birds supplemented with amla powder. A recent
study reported that combination of grape and
olive pomace extracts, administered to male Ross
308AP95 broiler chicks via drinking water (2 L:1000
L) for 1-42 days, improved body weight and feed
conversion ratio (FCR), and significantly reduced
mycotoxin-induced damage.®

Anand Agricultural University
evaluated the effects of dietary inclusion of
probiotics, prebiotics, and their combination
(synbiotics) on broiler chickens and found
synbiotic supplementation significantly improved
performance efficiency and economic returns.®*
Kemin Industries South Asia Pvt. Ltd. in
collaboration with the West Bengal University of
Animal and Fishery Sciences, conducted a study
comparing the growth-promoting potential of the
probiotic Bacillus subtilis PB6 with conventional
antibiotic growth promoters in broiler chickens.5?
Probeads-EC® is an enteric-coated probiotic bead
developed by the Translational Research Platform
for Veterinary Biologicals (TRPVB), Tamil Nadu
Veterinary and Animal Sciences University, using
the unique polymer Cellulose Acetate Phthalate.
It contains Bacillus firmus, Bacillus subtilis,
Enterococcus faecium, Enterococcus faecalis, and
Saccharomyces cerevisiae. This study assessed
the effects of Probeads-EC® supplementation on
the growth performance of Aseel cross chicks,
revealing significant improvements in body
weight, feed efficiency, and livability without
compromising gut health.®® Another study
conducted in collaboration with Cargill and
West Bengal University of Animal and Fishery
Sciences, this study assessed the effects of Bacillus
subtilis (probiotic) and Saccharomyces cerevisiae
fermentation product (postbiotic) on broiler
chickens. These findings demonstrated enhanced
growth performance, improved vaccine efficacy,
and reduced prevalence of antimicrobial-resistant
bacteria.5* Bhagwat et al. evaluated HimFlora, a
synbiotic formulation with phytoactives (SFP),
containing probiotic Bacillus strains and herbal
actives, in broiler chicken diets. Nine hundred
Cobb 430y chicks were divided into five groups,
including controls, antibiotic (Enramycin), SFP (100
g and 150 g/ton feed), and a competitor probiotic
product (CPP). Supplementation with SFP at 150

g/ton improved growth performance, ready-to-
cook weight, gut health, nutrient digestibility, and
litter quality, performing comparably to Enramycin
and CPP. Additionally, SFP reduced fecal water-
soluble phosphorus by up to 23.08%, suggesting
its potential as an effective antibiotic alternative
in broiler production.®® Another study showed
supplementation with 1% citric acid, alone or with
antibiotics over 45 days, significantly improved
body weight gain, feed intake, and FCR compared
to controls and antibiotic-only groups. The study
confirmed that 1% citric acid can effectively
replace chlortetracycline as a growth promoter
without compromising performance.®

There are quite a few reports from India
regarding the use of bacteriophages, vaccines
and antimicrobial peptides. Bacteriophages as
an alternative to antibiotics was evaluated for
controlling Salmonella in poultry. Salmonella
isolates from poultry sources that showed high
resistance to nalidixic acid (71%), tetracycline
(71%), nitrofurantoin (50%), and ampicillin (43%)
targeted with Salmonella-specific lytic phage
PSES isolated from poultry wastewater. The lytic
activity of PSE5 significantly reduced bacterial
counts at a multiplicity of infection (MOI) of 0.01
within 2 hours. In an egg-surface contamination
model, PSE5 treatment reduced S. Enteritidis levels
by approximately 2 x 10° CFU/ml compared to
untreated controls. These findings highlight the
potential of bacteriophage therapy as an effective
strategy for controlling Salmonella in poultry
production and reducing pathogen transmission.®”
The role of vaccination in managing Salmonella
in poultry was evaluated by Maiti et al. The
research group has developed a novel trivalent
outer membrane vesicle (OMV) based vaccine
targeting invasive non-typhoidal Salmonella (iINTS)
in poultry. OMVs were isolated from Salmonella
Typhimurium, S. Enteritidis, and S. Gallinarum
and combined in a 1:1:1 ratio. were orally
immunized thrice at two-week intervals. One-
day-old vaccinated chicks showed reduced fecal
shedding and organ invasion following challenge
with homologous and heterologous (S. Infantis)
serovars, with protective effects maintained up to
one year. These results indicate that the trivalent
OMV formulation is a promising broad-spectrum
vaccine candidate for preventing iNTS infections in
both broiler and layer poultry.®® The use of chicken
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Figure 5. Spatial distribution of the number of studies on occurrence of Salmonella and antibiotic resistance from
the poultry sector in India, 2000-2025

Bibliometric coupling by countries
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Figure 6. (a) Bibliometric coupling of reports on prevalence of Salmonella in Poultry by countries; (b) Spatial

distribution of the number of studies on occurrence of Salmonella and antibiotic resistance from the poultry sector
in India, 2000-2025
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Figure 7. Bibliometric mapping of reports on prevalence of Salmonella and its antibiotic resistance pattern in
Poultry (World)
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Table 6. Knowledge Gaps & Future Directions

Knowledge Gap

Research/Policy Recommendation

Fragmented AMR surveillance

Low research output on Salmonella/AMR
Efficacy data for alternatives in India
Regulatory gaps for feed additives
Farmer/veterinarian education

Nationwide WGS-based AMR monitoring network
Incentivize collaborative, multi-institutional projects

Fund RCTs and field trials in Indian poultry settings
Accelerate FSSAI guideline development & implementation
Launch national AMR stewardship & awareness campaigns

intestinal-derived antimicrobial peptides (AMPs)
as an alternative to antibiotic growth promoters
in broilers was evaluated by Vaani et al. AMP
supplementation significantly modulated cytokine
expression, downregulating pro-inflammatory
cytokines (IL-17A, IFN-a, IFN-y) and upregulating
the anti-inflammatory cytokine IL-10, indicating
an enhanced cell-mediated immune response.®

The advancement in the CRISPR-based
method of genome editing is also explored in
eliminating Salmonella infection. CRISPR-Cas
systems offer a powerful tool for selectively
targeting pathogenic bacteria, such as S. enterica,
while sparing beneficial or commensal species.
Programmable CRISPR RNAs can be designed
to target specific genetic sequences, such
as the mviM virulence gene in S. enterica,
enabling precise pathogen elimination with strain-
level discrimination and quantitative control of
microbial populations-capabilities not achievable
with traditional antibiotics or bacteriophages.”
Building on this concept, CRISPR/Cas9 was used to
delete the SpvB gene from the virulence plasmid
of S. Gallinarum (SG18). The resulting SpvB_SG18
strain was avirulent in broiler chickens, causing
no disease or mortality, did not affect bird weight,
and was rapidly cleared from the liver, although
it persisted in the intestine for 4-5 days.” These
findings demonstrate the essential role of SpvB
in systemic infection and underscore the dual
potential of CRISPR technology both as a “smart
antibiotic” platform to target foodborne pathogens
and as a tool for generating live attenuated vaccine
strains against fowl typhoid.

Alternative therapies for antibiotic
resistance hold significant promise but face
multiple challenges that hinder their widespread
adoption. Scientifically, many remain in early
research stages with limited clinical evidence,
making their effectiveness less certain compared
to conventional antibiotics. Some therapies

also struggle with specificity, potentially
harming beneficial microbiota, while issues of
standardization and quality control complicate
consistent safety and efficacy. Economically, these
treatments are less attractive to pharmaceutical
companies due to low profit potential, given that
antibiotics are prescribed for short durations,
unlike chronic disease drugs. High development
and production costs further limit accessibility,
especially in resource-limited settings, and
unclear regulatory pathways create delays in
approval. On a systemic level, lack of awareness
among healthcare professionals, inadequate
infrastructure for delivery, and persistent misuse
of antibiotics by the public exacerbate resistance
challenges. Overcoming these barriers requires
not only scientific advancements but also stronger
regulatory support, economic incentives, public
education, and collaborative efforts between
researchers, clinicians, policymakers, and industry.

Economic impact and cost-benefit insights

The economic ramifications of AMR in
Indian poultry production are substantial and
multifaceted. Annual losses due to poultry diseases
are estimated at X 25,000 crore (approximately
$3 billion), encompassing mortality, reduced
productivity, treatment costs, and trade
restrictions. Small-scale farmers, who constitute
approximately 80% of India’s poultry producers,
are particularly vulnerable to these economic
shocks due to limited resources for biosecurity
measures and veterinary care. Undercooked
poultry products contaminated with Salmonella
and Campylobacter are estimated to cause
approximately 175,000 reported cases of illness
annually in India, although the true incidence is
likely significantly higher due to underreporting.
According to the National Institute of Nutrition,
poultry accounts for around 43% of all Salmonella
infections in humans. These bacteria are capable
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of surviving for extended periods in processed
meat products, particularly when cold chain
systems are poorly maintained. Additionally,
cross-contamination during food preparation
increases the risk of infection, extending exposure
beyond direct consumers of poultry.”? Cost-benefit
analyses of antibiotic restrictions reveal complex
trade-offs. Studies suggest that while complete
bans may reduce AMR development, they can
initially increase therapeutic antibiotic usage and
production costs. The EU experience indicates
that savings from discontinued AGP use can offset
decreased feed efficiency costs, though substantial
investments in alternative production systems may
be required.”®”* Global projections estimate that
AMR could lead to a 3%-8% reduction in livestock
production by 2050, with low-income countries
potentially experiencing up to 11% reduction. For
India’s rapidly growing poultry sector, valued at
over USD 28 billion in 2021-22, such reductions
could translate to significant economic losses.””®

Antimicrobial resistance policy frameworks:
fragmented enforcement in India and lessons
from global models

Multiple agencies with overlapping
mandates but fragmented implementation
shape the regulatory framework for antimicrobial
resistance (AMR) control in Indian poultry.
FSSAI announced its AMR action plan in 2024,
emphasizing farmer awareness on judicious
antibiotic use and initiating surveillance of
antimicrobial susceptibility in food matrices. It
has issued directives restricting antibiotic use in
livestock and introduced mandatory withdrawal
periods for animal products.”®”” Parallel efforts
are coordinated by the National Centre for Disease
Control (NCDC), which launched the National
Programme on AMR Containment in 2013 with
the objectives of developing laboratory-based
surveillance, monitoring antimicrobial usage
patterns, strengthening infection control practices,
and promoting awareness among healthcare
providers. The program currently operates
through ten network laboratories tracking four
priority pathogens of public health concern.”®
The Indian Council of Agricultural Research
(ICAR) has also expanded its role through the All
India Network Programme on AMR (AINP-AMR),

which compiles surveillance data via the Indian
Network for Fisheries and Animal Antimicrobial
Resistance (INFAAR). In addition, ICAR-IVRI has
applied machine learning approaches to identify
critical drivers of AMR in poultry, including
agro-climatic zones and pathogen phylotypes.”
Despite these initiatives, policy enforcement in
India remains weak, marked by poor intersectoral
coordination, absence of uniform standards
on antibiotic usage in animals, and continued
prophylactic application of antimicrobials in
poultry production. Structural limitations such
as inadequate surveillance systems, insufficient
regulatory oversight, and limited resources for
compliance further undermine effectiveness.®8!

In contrast, the European Union (EU)
offers a more consolidated model of AMR
control. The EU introduced a complete ban on
antibiotic growth promoters (AGPs) in 2006,
following incremental restrictions that began
in the 1970s with the UK’s Swann Committee
recommendations. This comprehensive approach
contributed to a 53% reduction in antibiotic
sales for livestock between 2011 and 2022.%2 The
regulatory framework integrates strict prescription
requirements, veterinary supervision, and
extensive monitoring. Denmark has pioneered
targeted interventions, including the “yellow card”
system that penalizes producers with antibiotic
consumption exceeding twice the industry
average, while the Danish Integrated Antimicrobial
Resistance Monitoring Programme (DANMAP)
provides systematic surveillance across animal,
food, and human sectors.®2 Economic analyses of
the EU ban revealed only modest impacts, with
costs estimated at EUR 0.008 per kilogram of
live broiler weight, equivalent to approximately
16% of overall regulatory compliance expenses.
Longitudinal assessments further demonstrated
sustained reductions in antibiotic usage without
adverse effects on productivity in Denmark,
Norway, and Sweden.?>® India, by comparison,
has yet to implement a comprehensive
prohibition on AGPs despite recommendations
by the Bureau of Indian Standards in 2007 to
discontinue antibiotics with systemic action for
growth promotion. Existing measures remain
fragmented, enforcement mechanisms are limited,
and surveillance infrastructure is inadequate.
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The ongoing availability of AGPs in Indian
markets despite regulatory advisories illustrates
persistent gaps between stated policy and actual
practice.®%8# The National Action Plan on AMR
(2017-2021) endorsed a One Health framework,
but operationalization has been constrained by
weak coordination between human and animal
health sectors. These limitations are compounded
by India’s federal structure, where outcomes rely
heavily on state-level administrative capacity and
political will.2° Regulatory enforcement challenges
persist even where guidelines exist: although
FSSAI has mandated withdrawal periods and the
Drug Controller General of India requires labeling
of antibiotics with withdrawal information,
monitoring and enforcement remain minimal.®
Economic incentives also remain misaligned, as
small-scale farmers continue to depend on low-
cost antibiotics in the absence of financial support
for adopting improved biosecurity, husbandry, or
alternative interventions. Without comprehensive
cost-sharing mechanisms to ease the transition
toward antibiotic-free systems, reliance on
prophylactic use is unlikely to diminish. Moreover,
the absence of integrated data systems represents
a fundamental limitation to policy evaluation.
Unlike Denmark’s DANMAP, which links antibiotic
consumption with resistance trends across sectors,
India lacks cross-sectoral databases, preventing
evidence-based refinements and adaptive
management of AMR policies.®

Challenges and recommendation

Challenges in Addressing Salmonella and
AMR in Indian Poultry (Table 6): The Indian poultry
sector faces several challenges in addressing the
issue of Salmonella and AMR:

Overuse and Misuse of Antibiotics:
The widespread use of antibiotics in poultry for
growth promotion and disease prevention has
been a major driver of AMR. This practice is often
unregulated and lacks proper oversight.#

Lack of Awareness and Education: Many
poultry farmers and workers lack awareness
about the risks of AMR and the proper use of
antibiotics. This lack of knowledge contributes to
the indiscriminate use of antibiotics.®#7:88

Inadequate Infrastructure and
Biosecurity: Poor farm management practices,
inadequate biosecurity measures, and insufficient

infrastructure for waste management and
disinfection contribute to the spread of AMR
bacteria in poultry farms.8>#78

Regulatory and Policy Gaps: Despite
existing policies and regulations, their
implementation is often weak. This lack of
enforcement allows the continued misuse of
antibiotics in the poultry sector.t>®

Emergence of MDR Salmonella Strains:
The emergence of MDR Salmonella strains, such as
Salmonella Infantis, poses a significant challenge to
public health. These strains are often resistant to
multiple antibiotics, making treatment difficult.*2

Recommendations for Mitigating
Salmonella and AMR in Indian Poultry (Table 6):
To address the challenges posed by Salmonella
and AMR in Indian poultry, the following
recommendations are proposed:

Strengthening Regulatory Frameworks:
There is a need for stricter enforcement of existing
regulations on antibiotic use in poultry. This
includes banning the use of antibiotics for growth
promotion and ensuring that antibiotics are used
only for therapeutic purposes under veterinary
supervision.8>#

Improving Awareness and Education:
Educational programs for poultry farmers, workers,
and veterinarians on the risks of AMR and the
proper use of antibiotics are essential. This can
be achieved through workshops, training sessions,
and awareness campaigns.5587:88

Enhancing Biosecurity and Farm
Management: Improving biosecurity measures,
such as better waste management, disinfection
protocols, and farm hygiene, can reduce the
spread of AMR bacteria in poultry farms 8878

Promoting Alternative Strategies:
Encouraging the use of antibiotic alternatives,
such as probiotics, prebiotics, bacteriophages, and
vaccines, can reduce the reliance on antibiotics in
poultry production.®**

Strengthening Surveillance and
Monitoring: Establishing a robust surveillance
system to monitor the use of antibiotics and the
spread of AMR bacteria in poultry is crucial. This
includes regular testing of poultry products for
antibiotic residues and AMR bacteria.®>#¢

Encouraging Public-Private Partnerships:
Collaboration between government agencies,
poultry industry stakeholders, and research
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institutions is essential for developing and
implementing effective strategies to combat AMR
in poultry.8997

Artificial intelligence and machine
learning applications offer transformative
potential for AMR surveillance and prediction.
Al-driven tools can automate resistance gene
identification, predict resistance phenotypes, and
optimize treatment strategies based on genomic
data. Studies demonstrate that ML models can
predict antibiotic resistance in E. coli with high
accuracy using metagenomic data from livestock
environments, %10

Whole genome sequencing (WGS)-
based surveillance represents the future of
AMR monitoring, providing comprehensive
characterization of resistance mechanisms and
transmission dynamics. However, implementation
requires substantial investments in infrastructure,
training, and bioinformatics capabilities that many
low-resource settings currently lack.®

CONCLUSION

The findings of this review highlight
that Salmonella and AMR remain major threats
to poultry production, food safety, and public
health in India. The high prevalence of non-
typhoidal Salmonella, coupled with increasing
resistance to critically important antimicrobials,
reflects systemic challenges related to biosecurity,
antibiotic stewardship, and surveillance capacity
within the poultry sector.

From a One Health perspective,
these challenges highlight the urgent need
for a holistic and integrated approach that
recognizes the interconnectedness of animal,
human, and environmental health in addressing
Salmonella and AMR in Indian poultry systems. The
widespread overuse and misuse of antibiotics in
poultry production have significantly accelerated
the emergence and dissemination of MDR
Salmonella, exacerbating risks to food safety and
public health. To mitigate these risks, alternative
strategies such as bacteriophages, probiotics,
prebiotics, phytobiotics, and vaccines have gained
increasing attention as viable tools to reduce
Salmonella colonization and lessen dependence
on antibiotics. These approaches offer promising,

sustainable options to curb AMR while maintaining
productivity in poultry production.

This review further highlights that MDR
Salmonella is becoming an increasingly serious
concern in the Indian poultry industry, with
regional variations in prevalence and resistance
patterns posing direct threats to animal health,
human health, and environmental safety. The
fragmented nature of surveillance systems and
India’s relatively low research output, when
compared with global leaders, emphasize the
need for a coordinated national response.
Adoption of a comprehensive One Health
strategy which encompasses strengthened
surveillance, enforcement of antimicrobial
stewardship frameworks such as the WHO
AWaRe classification, closure of regulatory gaps,
and accelerated implementation of antibiotic
alternatives that is essential to safeguard public
health and ensure the long-term sustainability
of the poultry sector. Investment in research,
cross-sectoral collaboration, and farmer-centered
education will be critical to addressing existing
gaps and building long-term resilience against
AMR.

However, while alternative interventions
show considerable promise, further research
and development are required to optimize their
efficacy, scalability, and cost-effectiveness to
ensure widespread adoption within the poultry
industry. By embedding One Health principles into
policy, practice, and research, and by promoting
responsible antibiotic use alongside validated
alternatives, India can substantially reduce the
burden of AMR and move toward a safer, more
sustainable food production system.

While this review offers a comprehensive
bibliometric and epidemiological synthesis, it is
limited by potential publication bias (exclusion of
non-English and gray literature), lack of access to
certain proprietary data, and the absence of meta-
analytical statistical pooling due to heterogeneity
of methods in included studies. Additionally, the
field is evolving rapidly, and surveillance data
published after 2024 may alter key trends and
recommendations.

Top five priorities

e  Establishment of a national One Health AMR
surveillance platform linking animal, food, and
human sectors.
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e Enforcing restrictions on non-therapeutic
antibiotic use in poultry move toward
prescription-only models.

e Accelerating field validation and approval
of antibiotic alternatives, especially those
showing robust efficacy.

e Al-powered surveillance systems capable
of real-time AMR monitoring and outbreak
prediction.

e Inclusion of low-cost Whole genome
sequencing (WGS) to obtain comprehensive
insights into AMR mechanisms and
transmission.

e Farmer-centricintervention studies to identify
effective behavior change strategies

e Investing in research consortia and capacity
building (funding, training, equipment) for
AMR/Salmonella research.

e Promoting cross-sectoral (public, private,
academic) partnerships for innovation,
education, and policy implementation.
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