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Abstract

Salmonella enterica is a major public health concern and is frequently linked to beef contamination, particularly
in developing countries where the emergence of multidrug-resistant (MDR) strains has increased health
risks associated with the consumption of contaminated meat. This study aimed to determine the prevalence,
seasonal distribution, antimicrobial resistance patterns, and biofilm-forming ability of S. enterica isolated from
different points of the beef supply chain in Peshawar, Pakistan. A total of 250 beef samples were collected from
retail markets across 23 locations between February 2021 and February 2023. Isolates were identified using
standard biochemical tests, and antimicrobial susceptibility was evaluated against 16 antibiotics using the
Kirby-Bauer disk diffusion method. Biofilm-forming ability was assessed using a quantitative microtiter plate
assay. The overall prevalence of S. enterica was 68.0% (170/250), and 150 isolates were further subjected to
molecular analysis. A clear seasonal pattern was observed, with the highest prevalence in summer (85.7% in
August) and the lowest in winter (43.8% in January), showing a strong positive correlation with temperature
(r=0.89, p<0.001). Spatial analysis showed higher odds of contamination near slaughterhouses (OR=2.21, 95%
CI: 1.15-4.23) and in urban centers (OR=2.41, 95% CI: 1.38-4.22) compared to rural areas. High resistance
levels were detected against azithromycin (87.3%), tetracycline (61.3%), and streptomycin (48.0%). The MDR
phenotype was observed in 56.7% of isolates with a mean MAR index of 0.342. Biofilm formation was detected
in 87.3% isolates, and strong producers exhibited a higher prevalence of MDR.
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Introduction

Salmonella enterica is one of the most important
foodborne bacterial pathogens in the world.
It is a facultative anaerobic, Gram-negative
rod-shaped bacteria that belonging tothe
Enterobacteriaceae family.! The global burden of
non-typhoidal Salmonella infections is estimated
at approximately 94 million cases annually,
resulting in over 150,000 deaths.? The pathogen
is commonly transmitted through contaminated
food products, particularly meat and poultry,
due to its natural presence in the intestinal tract
of animals.®. Most human infections are caused
by a limited number of non-typhoidal serovars
(Typhimurium, Enteritidis and Newport) which
are frequently found in food-producing animals
such as poultry, cattle, and pigs.*®
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Contamination of meat products occurs at
various stages of the food supply chain. In many
developing countries, inadequate food safety
systems, weak regulatory enforcement, and
inconsistent hygiene control during slaughtering
and retail handling increase the likelihood of
contamination. Factors such as poor animal
husbandry, unsanitary slaughterhouse
conditions, and disruptions in the cold chain
further exacerbate this risk.® Contamination
may originate from the pre-harvest sources, such
as, contaminated feed, water, transportation
environment, or from post-harvest stages
including processing, storage, and distribution
processes.® In addition, improper consumer
practices, such as mishandling refrigeration
practices and extended exposure of the raw meat
protein to ambient temperatures may further
contribute to the risk of bacterial proliferation.
Although proper cooking is an effective way
to eliminate Salmonella, raw meat remains
an important reservoir for the pathogen and
can lead to cross-contamination during the
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preparation of food-products.*’

Pakistan is a major meat-producing country
with steadily increasing consumption. However,
food safety monitoring and hygienic control
in the meat supply chain is still variable in
many areas.” Several studies conducted in
Pakistan have reported pathogenic bacteria
contamination (Salmonella) in meat and poultry
products, indicating any lack of sanitation and
quality control in the slaughterhouses and retail
markets.® International food safety authorities
such as the Codex Alimentarius Commission,
recognize Salmonella to be an important hazard
in meat production systems. Despite this
recognition, data on the distribution, prevalence,
and antimicrobial resistance pattern of
Salmonella in meat supply chains in Pakistan is
still lacking since it remains limited on the basis
of comprehensive data.’

ThepublichealthimpactofS. entericaisfurther
exacerbated by its ability to develop antimicrobial
resistance and form biofilms. Biofilms are
structured microbial communities that enhance
bacterial survival under adverse conditions and
reduce susceptibility to antimicrobial agents.'%*,
In environments with inadequate sanitation, the
formation of biofilm increases the persistence of
the pathogen in meat processing environments
and the susceptibility of retail products to
contamination. Concurrently, antimicrobial
resistance in Salmonella has emerged as a major
global health concern. The genus contains more
than 2,500 serovars, of which S. enterica, is
the most clinically relevant strains that cause
infections in humans. Resistance mechanisms
can occur because of chromosomal mutation or
via the acquisition of resistance genes carried on
mobile genetic elements such as plasmids.'? The
emergence of multidrug-resistant Salmonella
strains complicates treatment and contributes
to increased morbidity, mortality and healthcare
costs.’

Despite reports of Salmonella contamination
in retail meat in several developing countries,
detailed data on prevalence, AMR, and biofilm-
forming capabilities within the beef supply
chain of Peshawar remain scarce. Peshawar, a
major city in Khyber Pakhtunkhwa province,
contains numerous slaughterhouses and retail
outlets with varying hygienic conditions and
regulatory oversight. Therefore, this study aimed
to determine the prevalence, antimicrobial
resistance patterns, and biofilm-forming ability
of Salmonella enterica isolated from beef supply
chains in Peshawar, Pakistan.

Methods

This laboratory-based cross-sectional study
was conducted to isolate and characterize
Salmonella enterica from retail beef samples in
Peshawar, Pakistan. The investigation focused on
determining pathogen prevalence, antimicrobial
susceptibility patterns, and biofilm forming
ability. Meat samples were collected from
various retail stores and slaughterhouse-
associated markets across Peshawar, which were
operationally categorized as urban, peri-urban,
or rural based on population density and market
settings.

Prior to sampling, verbal permission
was obtained from shop owners, and data
confidentiality was strictly assured. A total of
250 beef samples were collected aseptically from
randomly 200 selected meatshops from February
2021 to February 2023. Samples was performed
repeatedly across the study period to account for
seasonal variations (summer, autumn, winter,
and spring), with monthly prevalence values
generated by pooling all samples collected in the
same calendar month across the full two-year
period. A multistage random sampling approach
was used; first, 21 sampling locations across
Peshawar were identified after which eligible
meat shops were listed and selected using
simple random sampling. From each selected
outlet, one 100 g sample of freshly displayed
beef was collected during the morning hours
(08:00-11:00). Samples showing visible signs
of spoilage, frozen samples, or those weighing
less than 100 g were excluded. Each 100 grams
sample was placed in a sterile zipper sealed bag
and transported to the microbiology laboratory
under chilled conditions (approximately 4
°C) using sterile carriers to prevent cross-
contamination, and processed within two hours
of collection.

For microbiological analysis, two grams of
each meat sample was aseptically transferred
into 50 mL of Buffered Peptone Water (BPW;
Oxoid, UK) and incubated at 37°C for 18-24
hours for pre-enrichment. Following incubation,
serial dilutions were prepared, and aliquots of
10* and 10 dilutions (100uL) were plated onto
Xylose Lysine Deoxycholate (XLD) agar using the
spread plate technique. Plates were incubated at
37°C for 24-48 hours. Colonies exhibiting pink
coloration with black centers, indicative of the
production of hydrogen sulfide, were considered
presumptive isolates of Salmonella bacteria.
These colonies were subculture on Salmonella-
Shigella (SS) agar for the preparation of pure
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cultures. Colonies that were colorless with
black center on SS agar were picked for further
identification.

Presumptive isolates were Gram stained
and Gram-negative rods compatible with the
Salmonella morphology were selected for
biochemical confirmation. Aseries of biochemical
tests were performed as per standard
microbiological protocol tests including catalase,
oxidase, indole, utilization of citrate, Triple Sugar
[ron (TSI) agar, urease, motility, and Methyl Red-
Voges Proskauer (MR-VP) tests. [solates showing
catalase positive and oxidase negative reactions,
no indole production, was able to utilize citrate,
and produced an alkaline slant and acid butt
with hydrogen sulfide production on TSI agar,
negative urease activity, motility positivity, and
showed MR positive/VP negative reactions
were identified as S. enterica. Bacterial load was
determined by counting colony-forming units
(CFU) on SS agar plates using a digital colony
counter. Plates containing between 25 and 250
colonies were considered valid, and CFU per
milliliter was calculated using standard formulas
based on colony counts, dilution factors, and
plated volume.

The biofilm forming ability was assessed
using qualitative and quantitative methods. For
qualitative screening, isolates were inoculated
onto Congo Red Agar prepared with Brain Heart
infusion agar supplemented with sucrose along
with Congo red dye and incubated at 37°C for
24-48 hours. Colonies with black, dry crystalline
morphology were considered as biofilm
producers, whereas red color were considered
as non-producers. In addition, the tube
adherence method was done using Tryptic Soy
Broth with different concentrations of glucose.
After incubation at 37°C for 24 hours, tubes were
stained with 0.1% safranin and examined for the
presence of a visible film on the inner walls as
an indication of biofilm formation. Quantitative
evaluation was performed by using the
microtiter plate assay in sterile 96-well plates.
Bacterial suspensions adjusted to 0.5 McFarland
Standard were inoculated into the wells
containing Tryptic Soy Broth and incubated at
37°C for 24 hours. Wells were then washed, fixed
with methanol, stained with safranin, and optical
density was determined at wavelength 570 nm
using microplate reader. Biofilm production was
classified as non-producer, weak, moderate, or
strong based on optical density values relative to
the cut-off optical density (ODc) calculated from
the negative control. All assays were performed
in triplicate to ensure reproducibility.'*
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Antimicrobial susceptibility testing was
performed via the Kirby-Bauer disk diffusion
technique on Mueller-Hinton agar following the
2022 Clinical and Laboratory Standards Institute
(CLSI)  guidelines. Bacterial suspensions
equivalent to the 0.5 McFarland turbidity
standard were prepared in sterile saline, and
approximately 100 pL of each suspension was
spread evenly on Mueller-Hinton agar plates.
Sixteen antimicrobial agents (Oxoid, UK) from
commonly used classes of antibiotics were tested.
Plates were incubated at 37°C for 16-18 hours
and inhibition zone diameters were measured
and interpreted according to CLSI breakpoints.
The multiple antibiotic resistance (MAR) index
was determined for each of the isolates using
the formula MAR = a/b, where “a” represent the
number of antibiotics the isolate was resistant
to and “b” represent the total number of the
antibiotics tested. MAR index values greater than
0.2 were considered as indicative for isolates
to have originated from environments that
have been contacted frequently by antibiotics.
Confirmed isolates of S. enterica bacteria
were maintained for subsequent analysis by
storage of overnight cultures in nutrient broth
supplemented with 20% sterile glycerol at -80°C.
For each isolate, 800 microliters (ul) of bacterial
culture were mixed with 200 uL of glycerol
in sterile cryovials and saved under frozen
conditions.

Data analysis was conducted using IBM
SPSS Version 27, including descriptive statistics
and chi-square tests for location differences.
Associations between biofilm-forming capacity
and antimicrobial resistance were determined
and statistical significance at p-value less than
0.05 level was defined. Optical density values
from microtiter plate assays represented mean
values with a standard deviation of triplicate
values. Crude odds ratios (ORs) with 95%
confidence intervals were calculated to compare
contamination levels across location categories,
using rural sites as the reference group. Ethical
approval was not required, as the study involved
retail food samples and did not include human
participants or live animals.

Results

A total of 250 beef samples were taken from
slaughterhouses, butchers, and retail outlets
across 23 locations in Peshawar. Following
enrichment and culture on Xylose Lysine
Deoxycholate (XLD) and Salmonella-Shigella (SS)
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Seasonal Variation in Salmonella enterica
Prevalence in Beef Samples
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Figure 1 Seasonal Variation in the Prevalence of Salmonella enterica

agar, Salmonella enterica was confirmed in 170
samples representing an overall prevalence of
68.0%. From these positive samples, 150 isolates
were selected for comprehensive analysis,
ensuring representative distribution across all
sampling locations.

Monthly  prevalence values represent
pooled data across 2021-2023. The highest
contamination rate was observed in August
(85.7%), while the lowest was recorded in
January (43.8%). A strong positive correlation
was observed between the environmental
temperature and contamination rates (r=0.89,
p<0.001) (Figure 1).

Spatial analysis further showed that
contamination rates were varied significantly

Spatial Risk of Salmonella enterica
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Figure 2 Spatial Distribution of Salmonella
enterica Contamination Risk

by locations. Samples collected from regions
adjacent to slaughterhouses and with a high-
density urban area had significantly higher
odds of Salmonella contamination compared
to rural areas. Analysis showed higher odds of
contamination near slaughterhouses (OR=2.21,
95% CI: 1.15-4.23) and in urban centers
(OR=2.41, 95% CI: 1.38-4.22) compared
with rural areas. In contrast, peri-urban
areas showed a borderline associated with
contamination risk. Quantitative enumeration
of bacterial loads showed that samples from
close to slaughterhouses showed significantly
higher bacterial loads when compared to other
locations (p<0.001) (Figure 2).

The biofilm-forming capacity of all the 150

Distribution of Biofilm Formation Among
Salmonella enterica Isolates.

Non-biofilm
producers
=12.7% Strong biofilm

producers
25.3%
Weak biofilm

producers =
27.3%

Figure 3 Distribution of Biofilm Formation
among Salmonella enterica Isolates
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Antimicrobial Resistance Pattern of Salmonella enterica Isolates
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Figure 4 Antimicrobial Resistance Pattern of Salmonella enterica Isolates

confirmed isolates was evaluated using the
microtiter plate assay. The majority of the isolates
(87.3%) demonstrated the capacity to produce
biofilms. Among them, 25.3% were classified as
strong biofilm producers, 34.7% as moderate
biofilm producers, and 27.3% as weak biofilm
producers, while 12.7% of isolates exhibited no
detectable biofilm formation (Figure 3).
Antimicrobial  susceptibility = test was
performed on all isolates using Kirby-Bauer disc
diffusion method against 16 antimicrobial agents
of different groups of antibiotics. The highest
resistance rates were recorded for azithromycin

(87.3%), tetracycline (61.3%), and streptomycin
(48.0%). Moderate resistance was observed
for ampicillin  (22.7%), chloramphenicol
(22.0%), and trimethoprim-sulfamethoxazole
(19.3%). Low resistance rates were found for
cephalosporins  (14.0%), fluoroquinolones
(8.0%) and carbapenems (6.0%) (Figure 4).
The cephalosporin and beta-lactamase inhibitor
combination cefoperazone-sulbactam had the
best susceptibility, with only 0.7% resistance
among the isolates.

Multidrug resistance (MDR), defined as
resistance to three or more antimicrobials

Association Between Biofilm Formation
and Multidrug Resistance
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Figure 5 Association Between Biofilm Formation and Multidrug Resistance
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classes, was observed in substantial proportion of
isolates. The mean Multiple Antibiotic Resistance
(MAR) index of isolates was 0.342. A positive link
was observed between biofilm-forming capacity
and antimicrobial resistance. Strong biofilm-
producing isolates had the highest prevalence
of multidrug resistance (73.7%) and the highest
mean MAR index (0.412). In comparison,
moderate biofilm producers showed MDR
prevalence rate of 61.5% with mean MAR index
of 0.358 while weak biofilm producers showed
MDR prevalence rate of 46.3% with mean MAR
index of 0.312. Non-biofilm forming isolates
had much lower levels of resistance, with MDR
prevalence of 31.6% and Mean MAR index of
0.248. Statistical analysis confirmed whether
there were significant differences in the levels
of resistance according to the type of biofilm
(p<0.001) (Figure 5).

Analysis of resistance profiles identified 37
distinct antibiograms among the 150 isolates,
indicating significant diversity in the AMR
patterns of Salmonella enterica in the study area.

Discussion

The present study revealed a high prevalence of
multidrug-resistant Salmonella enterica (68.0%)
in beef samples collected from different points
of the supply chain in Peshawar. This prevalence
is considerably higher than reports from other
regional studies, such as those in Lahore. These
discrepancies may be attributed to differences
in sampling strategies and environmental
conditions between retail and slaughterhouse
settings.’®> The high contamination rates
suggest these environments serve as significant
reservoirs for bacterial dissemination. Similar
trendshave been observed in other low- and
middle-income countries where challenges in
maintaining the cold chain contribute to meat
product contamination.’® Although hygiene
practices were not directly assessed in the
present study, the higher contamination burden
observed in slaughterhouse-associated and
urban retail settings may reflect differences
in handling conditions, equipment sanitation,
carcass exposure, and cold-chain maintenance
reported in similar settings.

A distinct seasonal trend was observed, with
significantly higher contamination rates during
warmer months. The strong correlation between
environmental temperature and contamination
(r=0.89, p<0.001) is consistent with the
global epidemiological evidence showing the

existence of a positive relation between ambient
temperatures and the survival and multiplication
of Salmonella in food products and surrounding
environments. Several studies have reported
that the rise in environmental temperature is
linked with the rise in number of non-typhoidal
Salmonella infections and higher contamination
rate in food supply chains.'”'® Warmer conditions
may enable the growth of bacteria on the meat
surface, multiplied mechanical vectors such as
flies, and reduce the efficiency of the cold chain
of preservation of the food during transport
and retail display. These mechanisms overall
add up to seasonal enhancement of foodborne
pathogens.

Spatial analysis revealed significantly
higher odds of contamination among samples
collected round slaughter-houses and in
urban retail environments in comparison with
rural areas. These results show the important
role that slaughterhouse environments
have as contamination hotspots in the meat
production chain. Slaughtering processes are
often associated with the extensive handling
of carcasses, exposure of these carcasses
to contaminated equipment and cross-
contamination of carcasses by intestinal contents
during evisceration. Previous investigations have
also indicated slaughterhouses as significant
points for transmission of food borne pathogens
and antimicrobial-resistant bacteria.'*?® The
considerably higher bacterial loads reported in
samples collected near to slaughterhouses is an
additional indication of these environments as
major sources of contamination.

The antimicrobial resistance patterns
identified in this study indicate a substantial
burden of resistance among Salmonella enterica
isolates. High resistance rates were observed for
azithromycin, tetracycline, and streptomycin.
Similar resistance patterns have been reported
in studies investigating foodborne Salmonella
isolates from livestock and poultry production
systems in South Asia.?** The widespread
use of tetracyclines and other antibiotics in
livestock production is considered a major
driver of antimicrobial resistance development
in foodborne pathogens. Continuous exposure
of bacterial populations to sub-therapeutic
concentrations of antimicrobials used for
growth promotion or disease prevention may
select for resistant strains that subsequently
enter the food chain. The detection of multidrug
resistance in more than half of the isolates in this
investigation study suggests that the meat supply
chain may represent an important reservoir for
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resistant bacteria.

An important finding of this study was the
high prevalence of biofilm-forming isolates and
the strong association between biofilm formation
and antimicrobial resistance. More than 80% of
the isolates demonstrated the ability to form
biofilms, with strongbiofilm producers exhibiting
significantly higher multidrug resistance and
MAR index values compared with non-biofilm-
forming isolates. Biofilm formation provides
several adaptive advantages for bacterial
survival in food processing environments. The
extracellular polymeric matrix produced during
biofilm development acts as a physical barrier
that limits the penetration of antimicrobial
agents and disinfectants. In addition to that,
the cells inside biofilms often have decreased
metabolicactivity and a divergent pattern of gene
expression that make the cells more tolerant to
antimicrobial compounds.?*** High cell density
within biofilms is also a condition that allows
rapid horizontal transfer of resistance genes
via plasmids or other mobile genetic elements,
accelerating the dissemination of antimicrobial
resistance.

The spatial distribution of biofilm forming
isolates evidenced in these findings further
supports the hypothesis that the environmental
conditions in slaughterhouses may be conductive
to the selection of biofilm producing strains.
Strong biofilm producers were found more often
in the samples around slaughterhouses than in
the rural areas. For one, slaughterhouses and
meat procession facilities are places where
bacteria are constantly exposed to disinfectants
and cleaning agents, not to mention more
variable environmental conditions. Such stresses
can facilitate the choice of bacterial populations
with the capacity to create stable biofilms
in equipment surfaces and carcasses. These
biofilms can be permanent after formation and
be the source of continuous contamination in
the processing environment even after normal
sanitation practices.?®

The implications of such findings on
population health are great. The prevailing
prevalence coupled with multidrug resistance
and the ability to form biofilms implies that
contaminated beef may pose a significant source
of transmission of drug-resistant pathogens
to humans of isolates of Salmonella enterica.
Multidrug-resistant bacterial foodborne
infections may result in more treatment failures,
longer stay and more expensive medical care. In
addition, the existence of the resistant bacteria
in the food supply chain helps to further spread
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the antimicrobial resistance in the community
due to the presence of the environmental and
human exposures pathways.?¢

This study has several limitations. First,
the absence of serotyping limits identification
of specific Salmonella serovars and their
distribution, which may vary in virulence
and resistance profiles. Second, the lack of
molecular characterization of antimicrobial
resistance genes and biofilm-associated
determinants restricts understanding of the
genetic mechanisms underlying the observed
phenotypes. Third, the cross-sectional design
captures contamination patterns at a single
point in time and does not allow evaluation of
temporal trends or causality. Future studies
should prioritize molecular characterization
of isolates to resistance genes, mobile genetic
elements, and biofilm-associated genetic
determinants. Utilizing advanced techniques
such as whole-genome sequencing (WGS) and
serotyping will be instrumental in elucidating
complex transmission routes between animal
reservoirs, food products, and human infections.
Longitudinal surveillance studies to monitor
dynamic trends in antimicrobial resistance
within food supply chains. Such data will be vital
for evaluating the long-term effectiveness of
targeted intervention strategies and improving
food safety frameworks in the region.

In conclusion, the beef supply chain in
Peshawar is a significant source of multidrug-
resistantSalmonellaenterica. The high prevalence
of biofilm-forming isolates, especially among
resistant strains, underscores a heightened risk
of environmental persistence. Strengthening
cold chain maintenanceand implementing
stricter antimicrobial stewardship in livestock
production are crucial to reducing the public-
health burden of foodborne antimicrobial
resistance.
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