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ABSTRACT

Nontyphoidal Salmonella (NTS) causes global outbreaks of foodborne disease. The main source of Salmonella for
humans is animal-borne foods; however, the monitoring of Salmonella in the food chain via genomic platforms
was limited in China. This study evaluated the prevalence, resistome, and virulome diversity of Salmonella strains
identified from pork, retail environment, aquatic products, and poultry eggs of retail markets in Yichun city,
Jiangxi province. The overall incidence of Salmonella was 9.4 %, with a higher contamination rate observed in
pork at 13.5 %, followed by the retail environment at 7.69 %. The genomic analysis of the isolates revealed a
total of fifteen distinct serovars, with serovar Enteritidis being the most prevalent (64.3 %). The phenotypic
resistance analysis conducted by the broth microdilution method, revealed that 81.12 % of the isolates exhibited
multidrug resistance (MDR), with high resistance to trimethoprim/sulphonamides (100 %), followed by tetra-
cycline (99.3 %) and streptomycin (99.3 %). Genotypic analysis of antimicrobial resistance identified 80
antimicrobial-resistant genes (ARGs), with mdf(A), aph(3)-Ib, tet(A), dfrA12, floR, blatgn 18, qnrS3, and sul2,
conferring resistance to different antimicrobial classes, being the predominant ARGs. Additionally, forty ESBL
genes, particularly critical genes such as blacrx.m and blanpwm.1, were also identified in Salmonella isolates. The
IncR, IncFIB (K), and IncX1 plasmid replicons were widely prevalent and served as significant reservoirs of
horizontally acquired foreign genes. Moreover, key virulence genes such as cdtB, Ipf and sef were also detected, in
addition to Salmonella pathogenicity islands SPI-1 and SPI-2. This study reveals the prevalence of multidrug-
resistant and virulent strains of Salmonella serovars in the markets of Yichuan city, posing a risk of human in-
fections. The gained knowledge provided essential baseline information that may be utilized for regular tracking
of MDR Salmonella transmission in the food chain to minimize potential future outbreaks.

1. Introduction

salmonellosis as the second most common human gastrointestinal in-
fections, following Campylobacter infections [5]. Animals and their

The increasing global demand for animal-derived food products is a
major dietary trend during this era, and it will most likely increase the
possibility for colonization and dissemination of foodborne infections (e.
g., Salmonella) [1]. The increasing emergence of Salmonella enterica
serovars in outbreaks of human gastroenteritis infections worldwide has
drawn attention to this pathogen [2-4]. The European Union ranks

derived food products are considered as the main reservoirs for trans-
mitting Salmonella to humans [6-10]. Food contamination can occur at
several stages, from farm to fork and the environment where animals are
grown and slaughtered, and they are mainly involved in food-borne
outbreaks caused by pathogens in humans [11]. Furthermore, the
expansion of global trade and the facilitation of cross-border mobility
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may contribute to the spread of contaminants and pathogenic agents in
food products and susceptible humans [12,13]. Recently, The World
Health Organization (WHO) has documented a widespread outbreak
(from >11 countries) of MDR S. typhimurium ST34 infection linked to
food animals and food in April 2022, indicating food safety and anti-
microbial resistance concerns [14].

The widespread application of antibiotics, such as growth promotors
in livestock farming, increases the emergence of antimicrobial resistance
in Salmonella [15]. Consumption and improper handling of animal-
derived products represent potential risks for the transmission of AMR
Salmonella to humans, which may reduce the efficacy of the treatment
and increase hospitalization. These MDR strains are directly linked to
the increasing incidence of salmonellosis in humans [9,10,16]. Ac-
cording to a previous study, a high MDR pattern (86.0 %) was observed
in Salmonella isolates, mostly from clinical sources [17]. Salmonella
strains collected from food animals have shown resistance to quinolones
and extended-spectrum p-lactamases [18]. Salmonella spp. and other
extended-spectrum f-lactamase (ESBL) producing pathogens are
becoming more common. Resistance to these key antimicrobials limits
treatment options and may result in more severe clinical outcomes
[3,17]. According to a previous study, antimicrobial resistance (AMR)
directly caused approximately 1.27 million deaths globally and was
associated with an estimated 4.95 million deaths in 2019. [19]. AMR
Salmonella data must be monitored continuously to identify dynamic
AMR patterns and detect emerging resistance genes and superbugs.
Whole-genome sequencing (WGS) is an efficient approach for under-
standing and tackling antimicrobial resistance (AMR), genomic epide-
miology, and investigating outbreaks [20].

Jiangxi province, located in southern China, is one of the major
provinces for food animals in China, with numerous excellent local
chicken and pig breeds [21]. This province is rich in rivers and lakes,
with a humid subtropical monsoon climate, a wide range of aquatic
animals, and a large population of food animals, providing a favorable
habitat for Salmonella survival [22]. The total population of chickens in
Jiangxi was 241.674 million in 2022, indicating a 4.2 % rise compared
to the previous year [23]. A comprehensive study on the distribution of
Salmonella serovars, the trend of MDR isolates, and the occurrence of
p-lactamase resistance genes in food animals, their associated food
products and environmental resources from Jiangxi province is lacking.

In this study, we therefore, characterized 143 Salmonella isolates
collected from foods of animal origin, including pork, poultry eggs,
aquatic products, and the retail environment in Yichun city, Jiangxi
province, China through WGS. We also examined serovar diversity, AMR
prevalence, virulence factors, and plasmids associated with AMR.

2. Methodology
2.1. Sample collection

The study was conducted over two years, from January 2020 to
September 2021, to monitor Salmonella prevalence from various sour-
ces, including pork, poultry eggs, aquatic products, and the retail envi-
ronment. The sample size for the current study was calculated using the
following formula:

Sample Size (N) = ZZPQ/ a.

where N is the desired sample size, Z is the standard normal deviate set
at 1.96, p is the estimated prevalence in the previous study (11.87 %
from Zeng et al. [24] and 10.1 % to 26.5 % from Sun et al. [25] was
used), q = 1-p, and d is the degree of accuracy set at 0.05. Therefore, the
estimated sample size was <1168.

A total of 1528 food samples of animal origin, including pork (n =
746), poultry eggs (n = 230), aquatic products (n = 240), and retail
environment (floor, knife, chopping board, and cages etc.) (n = 312),
were randomized collected in three separate batches from five local
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agricultural markets across Yichun city, Jiangxi province, China. We
mainly focus on major retail markets in the city, where a large number of
customers seek to purchase animals and animal products. Animal food
samples (>250 g) and sterile cotton swabs from the retail environments
were collected at each sampling site and stored in tightly sealed aseptic
bags. The samples were immediately transferred to the microbiology
laboratory at 4 °C for further processing within 2 h. All samples were
analyzed qualitatively for Salmonella spp. using an enrichment method
defined in the National Food Safety Standard of China—Food Microbi-
ological Examination, Salmonella spp. (method GB 4789.4).

2.2. Isolation and identification of Salmonella spp.

Salmonella isolates were isolated and identified using previously
described standard methods [26]. 10 g animal food samples and sterile
swabs were initially enriched in 100 mL buffered peptone water (BPW)
(Oxoid, UK) at 37 °C overnight. Subsequently, for selective enrichment,
samples were further inoculated into Rappaport-Vassiliadis (MSRV)
broth (Oxoid, UK) and cultured for 24 h at 42 °C. 100 uL of bacterial
culture from MRSV was spread on selective media (XLD agar) (Oxoid,
UK) and cultured at 37 °C overnight. Red colonies with black cores on
XLD media were identified as suspected Salmonella colonies. For mo-
lecular confirmation, DNA was extracted from positive Salmonella iso-
lates using a bacterial genome extraction kit (Beijing Solarbio Science
Technology Co., Ltd., Beijing, China). Next, a conventional PCR assay
targeting the invA gene was performed for Salmonella confirmation [4].

2.3. Antimicrobial susceptibility testing

The broth microdilution method was used to determine the Mini-
mum Inhibitory Concentration (MIC) for each isolate of Salmonella, as
previously described [27]. A total of 13 clinically important antibiotics
from 8 different antimicrobial classes were used to evaluate phenotypic
AMR patterns according to CLSI guidelines. The antibiotics evaluated
were ampicillin (AMP), amoxicillin-clavulanic acid (AMC), sulfameth-
oxazole/trimethoprim (SUL), kanamycin (KAN), cefoxitin (CX), ceftio-
fur (CF), chloramphenicol (CHL), streptomycin (STR), gentamicin
(GEN), ciprofloxacin (CIP), nalidixic acid (NAL), tetracycline (TET), and
azithromycin (AZI). The data were analyzed using the Clinical and
Laboratory Standards Institute (CLSI) guidelines [28]. The Escherichia
coli ATCC 25922 strain was used for control. MDR isolates were defined
as Salmonella strains resistant to more than three different antibiotic
classes. Pan-drug resistance (PDR) was described as resistance to all
drugs in all antimicrobial classes.

2.4. Whole-genome sequencing, de novo assembly, and annotation

Genomic DNA was extracted from each isolate using the Genomic
DNA Extraction Kit (Promega, Beijing, China). The purity of the DNA
sample was confirmed using a Nanodrop spectrophotometer. Illumina
sequencing libraries were constructed using the Rapid DNA-Seq Kit
(PerkinElmer., Shanghai, China) from fragmented DNA. The sequencing
was carried out using a 250-bp paired-end protocol on Illumina se-
quencers (HiSeq/NovaSeq).

FastQC was used to assess sequencing quality, and trimmomatic
v.0.30 was used to remove adapter sequence [29]. Denovo assembly was
carried out using SPAdes v.4.0.1. [30]. The assembled genomes were
evaluated using a quality assessment tool for genome assemblies
(QUAST) for assembly quality [31]. Prokka v.1.13 [32] was used to
annotate each assembly with default settings. Serotyping is the gold
standard for classifying Salmonella. SeqSero2 v.4.6.1 was used for in
silico serotyping of raw sequencing reads [33].
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2.5. In silico identification of antimicrobial-resistant determinants and
sequence types

Allelic profile sequence types (ST) were identified using in silico
multi-locus sequence typing (MLST V2.0) [34]. Antimicrobial resistance
genes (ARGs) were identified through ResFinder V4.1 and the
Comprehensive Antibiotic Research Database (CARD). Antimicrobial
resistance genes were screened using ResFinder with default settings.
The results of both databases were combined by using gene IDs to pro-
vide a complete list of ARGs [35].

2.6. Identification of virulence genes and plasmid replicons

The virulence genes were identified using ABRicate v0.9.7 (https://
github.com/tseemann/abricate) with default parameters. Plasmid
Finder 2.0 was used to identify plasmids with default settings [36].

2.7. Data analysis and projection

Bar and Pie Charts were created using GraphPad Prism v9.0. Specific
dynamics were identified by analyzing interactions between sampling
time, host and serovar. To visualize the data, heatmaps were generated
using the ggplot2 package in R programming.

3. Results
3.1. Prevalence of Salmonella serovars

During 2020-2021, a total of 143 (9.4 %) positive Salmonella isolates
were found in 1528 samples from pork, poultry eggs, aquaculture and
retail environment (Table 1). Our findings indicated that there was a
significant difference (p < 0.01) in Salmonella detection among samples
from diverse sources, with pork showing the greatest occurrence (13.54
%), followed by retail environment (7.69 %), aquaculture (4.17 %), and
chicken eggs (3.48 %). Based on the period of sample collection, a higher
frequency of Salmonella isolates was recovered during 2021 (14.97 %,
109/728), followed by 2020 (4.25 %, 34/800) (Supplementary data
$1). According to in silico serotyping methods, the 143 Salmonelia iso-
lates belonged to 15 distinct serovars. The most prevalent serovar was
Enteritidis (64.33 %, 92/143), followed by Typhimurium (6.99 %, 10/
143), and London (4.19 %, 6/143) (Fig. 1). The findings also revealed
that serovars Enteritidis and Typhimurium were the most commonly
found in pork, aquaculture and the environment in this study (Fig. 1 &
Supplementary data S2).

3.2. Antimicrobial resistance phenotype

The broth microdilution MIC assay was used to assess antimicrobial
resistance in Salmonella isolates. The most common resistance found in
isolates were against SUL (100 %, n = 143), TET (99.3 %, n = 142), STR
(99.3 %, n = 142), AMP (98.6 %, n = 141), AMC (98.6 %, n = 141), CHL
(97.9 %, n = 140), GEN (59.4 %, n = 85), and CIP (51.0 %, n = 73).
Resistance to KAN and CX was identified in 52.4 % and 47.6 % of the

Table 1
Sample summary and Salmonella enterica positive isolates distributed across
Pork, Aquatic products, Poultry eggs and Environmental sources.

Source Total no. of No. of Positive Positive x2 (P)
Samples Samples Rate (%)

Pork 746 101 13.40

:rel:/aiimment 312 24 7:37

Aquatic 33.39
q 240 10 458 (<0.01)

products

Poultry eggs 230 8 4.35

Total 1528 143 9.4
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isolates, respectively, while CF showed the least resistance (37.8 %)
(Fig. 2a). Interestingly MDR pattern was reported in (81.1 %, n = 116)
Salmonella isolates, while PDR or non-susceptibility to all antimicrobial
categories, was observed in (18.88 %, n = 27) (Fig. 2b). Overall, pork
samples had the highest frequency of MDR and PDR isolates (55.9 % &
14.7 % respectively), followed by the environment (16.8 % & 3.5 %) and
aquatic products (6.3 % & 0.7 %) (Fig. 2¢). There were no PDR isolates
found in poultry egg samples.

3.3. Multidrug resistance (MDR) patterns

Furthermore, we analyzed several antimicrobial resistance patterns,
such as tri-, tetra-, penta-, and hepta-drug resistance patterns (Fig. 3).
The occurrence of clinically significant resistance patterns, including Tri
(ACT: ampicillin, chloramphenicol, tetracycline), Tetra (ASSuT: ampi-
cillin, streptomycin, sulfamethoxazole, tetracycline), Penta (ACSSuT:
ampicillin, chloramphenicol, streptomycin, sulphonamide, tetracy-
cline), and Hex resistance patterns (ACSSuT-AMC: ACSSuT, amoxicillin-
clavulanic acid), was observed in more than 97.9 % of the isolates.
ACSSuT-AMC-CIP was another common antibiotic resistance pattern
observed among Salmonella (51.05 %) isolates. An octa-drug resistance
pattern ACSSuT-AMC-CIP-AZI (ACSSuT and azithromycin) was also
detected (33.57 %) in isolates (Fig. 3a). These MDR patterns were also
associated with the source of the isolation. ACT, ACSSuT-AMC, ASSuT-
CX, ACSSuT-AMC-CIP and ACSSuT-AMC-CIP-AZI multidrug-resistant
patterns were more frequent in isolates acquired from pork followed by
environment, aquaculture, and poultry eggs (Fig. 3b). In terms of
phenotypic resistance to several antibiotic classes, Salmonella isolates
obtained from foods of animal origin and retail environment exhibited
increased resistance to aminoglycosides and beta-lactams (Fig. 3c).
However, Salmonella strains from pork or environmental samples dis-
played more critical AMR phenotypes than those strains isolated from
poultry eggs.

3.4. Genotypic resistome of Salmonella isolates

Complete genome sequences of 143 Salmonella isolates were inves-
tigated to explore antibiotic resistance genes using an in-silico approach.
Eighty genes showed resistance to ten antimicrobial groups, including
p-lactams, trimethoprim, aminoglycosides, rifampicin, tetracycline,
phenicol, sulfonamides, quinolones, and macrolides were found (Fig. 4).
The most detected ARGs were floR encoding resistance to phenicols
(67.13 %; 96/143), mdf(A) encoding resistance to Macrolides (63.64 %,;
91/143), tet(A) encoding resistance to tetracyclines (58.04 %; 83/143),
dfrA12 encoding resistance to trimethoprim (49.65 %; 71/143),
blargy_1p encoding resistance to penicillins (43.36 %; 62/143), aph(3)-
Ib, encoding resistance to aminoglycosides (34.27.%; 49/143), sul3
encoding resistance to sulfonamides (37.06 %; 53/143), and gnrS1
encoding resistance to fluoroquinolones (41.26 %; 59/143). Forty
resistant genes of beta-lactam class, including ceftriaxone-mediated
ESBLs (blactx-m), AmpC (blacmy, blaacr2 & blapua) p-lactamases,
carbapenems-mediated ESBLs (blanypm-1 & blagxa), penicillin mediated
ESBLs (blatgy & blasyy) were also detected. The widespread distribution
of key resistance genes in isolates poses a major public health risk.
Moreover, regarding the isolation source, the results showed that iso-
lates from pork and environmental sources harbor more diversified
antimicrobial resistance genes. Poultry egg samples exhibit the least
incidence of AMR determinants. The study demonstrated the association
between the phenotypic trend of antimicrobial resistance (AMR) and the
existence of related genes (Fig. 3c). The results indicated that the highest
correlation between genotypic and phenotypic resistance was found for
tetracycline (98.5 %), trimethoprim-sulfamethoxazole (97 %), and
aminoglycosides (96.5 %).
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Fig. 1. A Sankey diagram demonstrating the temporal distribution of Salmonella serovars among pork, aquatic products, poultry eggs and retail environmental
sources in Yichun. The diameter of the line is proportional to the number of isolates from a given source.

3.5. Detection of plasmid replicon using WGS

The plasmid replicons found in Salmonella samples were analyzed
using Plasmid Finder. The results identified 33 different plasmid repli-
cons among the 143 genomes investigated in this study (Fig. 5). The
most abundant plasmid replicon identified was IncR (37.06 %; 53/143),
followed by IncFIB (K) (27.97 %; 40/143) and IncX1 (25.84 %; 37/143).
All these strains (143/143) were positive for at least one plasmid. Our
results showed that pork isolates have the most diverse plasmids (27
types), followed by environment and aquatic products (nine types of
plasmids in each source), while only one plasmid replicon was identified
in poultry egg isolates.

3.6. Co-existence of plasmid contigs and antimicrobial resistance genes

The co-existance of plasmid replicons and antibiotic resistance genes
was evaluated Fig. 6a). The results showed that the IncQ1l plasmid,
alongside the Col3M, IncFIA, IncFIC (FII), IncFIB(S), IncX1, IncU, IncR
and IncFII(S) plasmids, are the primary carrier of antimicrobial resis-
tance genes. The AMR genes mostly linked with IncQI were blargm.18,
floR, aph(6)-Id, ant(3")-Ia, aph(3)-Ila, aph (3")-Ib, qnrS2, qnrD1, tet(A)
and sul2, encoding resistance to the f-lactam, phenicol, aminoglycoside,
quinolone, tetracycline, and sulfonamide respectively. Moreover, the
plasmid replicons and ARG co-occurrences were mainly detected in pork
and environmental isolates.

3.7. Invasiveness index of Salmonella isolates in different hosts

The Invasiveness Index employs DeltaBS and random forests to
identify gene degradation patterns associated with invasiveness in Sal-
monella, indicating potential niche adaptation. The results suggested
that the majority of isolates exhibit genetic modifications previously
observed in extraintestinal infection serovars (Fig. 6b). The isolates from
poultry eggs were less invasive. The results showed no significant (p >

0.05) variation in invasive index among isolates from various sources.

3.8. Prediction of virulence profiles and Pathogenicity Island (PIs)

Genetic virulence characteristics were studied in 143 genomes to
have a better understanding of Salmonella pathogenicity. VFDB and
SPIFinder were used to identify virulence factors and Pathogenecity
Islands (PIs) in all Salmonella genomes, respectively. PIs such as C63PI,
SPI-1, SPI-2 SPI-5, SPI-9, SPI-14, and SPI-13 were found in all isolates.
The findings revealed the identification of 105 distinct virulence genes,
indicating various Salmonella virulence and pathogenicity pathways
(Fig. 7). Furthermore, our results indicated the presence of cytolethal
distending toxin (CDT) genes (cdtB, pltA, pltB) encoding typhoid toxin
production in isolates from environment (6.99 %, 10/143), aquaculture
(7.69 %, 11/143) and poultry eggs (4.19 %, 6/143). In contrast, the
majority of the isolates from pork, environment, aquaculture, and
poultry eggs had the virulence plasmid genes and plasmid-encoded
fimbriae, which encode fimbriae that are crucial to the NTS pathoge-
nicity. However, Salmonella Pathogenicity Islands 1 and 2 (SPI-1 and
SPI-2) and key virulence genes were present in most Salmonella isolates
examined in this study.

4. Discussion

NTS is a prominent cause of foodborne infection globally, with 22.8
million human cases in the Asian region each year [37-39]. Foodborne
outbreaks primarily result from the consumption of contaminated food
animals and their related products, particularly involving foodborne
pathogens such as NTS [1,21,40]. Another concern is the ability of
Salmonella to persist outside its host in farm environments, including
manure, soil, and water [41]. China produces and consumes more than
500 million pigs annually, which makes up a significant portion of
global pork consumption [42]. Jiangxi is a major animal breeding region
in China, known for high-quality native chicken and pig breeds [21].
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Fig. 2. Summary of overall resistance percentages of Salmonella isolates (n = 143) to different types of antibiotics determined by the broth microdilution method.
(a): The individual AMR percentage of Salmonella tested with 13 antibiotics. (b): Percentage of Salmonella isolates found to be MDR and PDR in our study. (c): MDR
and PDR Salmonella isolates were found in pork, the environment, aquatic products, and poultry eggs.

Food animals and animal-derived products from Jiangxi are also
distributed to other surrounding provinces such as Hunan, Guangdong,
Zhejiang and Fujian. These transmission pathways also contribute to the
spread of pathogens and AMR strains from farmers to dealers and con-
sumers. Therefore, the presence of foodborne pathogens, especially
Salmonella in Jiangxi has consequences not only at a local level but also
across a wide geographical area, in relation to the One Health concept.
This study investigated the prevalence, serovar distribution, multidrug-
resistant profiles, and occurrence of Salmonella spp. in foods of animal
origin and the retail environment in Yichun city from Jiangxi Province,
China, collected from 2020 to 2021.

Accordingly, over 70 % of foodborne disease outbreaks in China are
linked to Salmonella spp., with a significant number of cases associated
with the consumption of foods of animal origin, particularly pork and
chicken, which serve as primary reservoirs for the dissemination of
Salmonella spp. [43]. In this study, the overall prevalence (9.4 %) of

Salmonella in foods of animal origin and retail environment was lower
than previous studies from China(12-19 %) [36,44,45] and was higher
than that in Spain (8.9 %) [46] and Poland (5.5 %) [47]. In our study,
the incidence of Salmonella in pork was higher than in previous studies
from China [48,49]. In contrast, we found an incidence of Salmonella in
retail environments, which was higher than what was found in
Chongqing (6.93 %) and Shaanxi 11.3 % [50,51]. The level of
contamination of aquatic products (6.99 %) and poultry eggs (5.59 %)
was lower than those reported in China, Thailand and Malaysia [52-54].
Our data suggest that pork is an essential reservoir of Salmonella
contamination, highlighting the need to monitor Salmonella infections in
food-producing animals and the food chain supply.

Epidemiological monitoring of Salmonella serovars needs to be
prioritized across the food system to ensure consumer safety. Our results
showed that S. enteritidis ST11 (64.33 %) was the most common serotype
found among the identified serovars, which is consistent with a previous
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Fig. 3. Antimicrobial resistance pattern of 143 strains of Salmonella enterica isolated from different sources. (a, b): Different antimicrobial resistance patterns of all
143 Salmonella isolates according to sample sources. (¢): The heatmap shows AMR profiles grouped by the drug class to which Salmonella strains isolated from pork,

environment, aquaculture, and poultry eggs in China were phenotypically resistant.

study isolated from dead chicken embryos in Northern China [55]. In
China, S. enteritidis was shown to be the most common serovar in isolates
from Pork [36], chicken eggs [56], seafood [2] and the environment
[57]. Furthermore, it is well-known that S. enteritidis is one of the pri-
mary serovars that cause salmonellosis in humans worldwide [58,59].
However, previous studies conducted in northern China revealed that
the most common Salmonella serovars in chicken meat were Meleagridis,

Senftenberg, Kentucky, Corvallis, Hadar, and Derby [60]. These varia-
tions can result from changes in temperature across different seasons,
local environmental factors, and the sampling strategy. Therefore,
dissemination of these strains throughout the food supply poses major
risks to end consumers and may cause serious food-borne illnesses.
Conventionally, Salmonella infections can be treated with a variety of
antibiotics. However, in recent decades, antimicrobial resistance
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Fig. 5. Distribution of plasmid replicons among Salmonella strains isolated from different sources.

Salmonella has been reported globally, especially for isolates from the
environment, animals, and food. Our results showed that 81.12 % of the
isolates exhibited MDR to a minimum of three antimicrobial classes.
According to the previous findings, Salmonella isolates with high resis-
tance to tetracycline, ESBLs, quinolones, and ampicillin, have been
identified worldwide in samples collected from different food sources
[44,61-63]. The majority of the isolates (>90 %) identified as Salmo-
nella serovars Enteritidis, Derby, London, Typhimurium, and Indiana
were resistant to at least one antibiotic, which is consistent with prior
findings reported in China [23]. The majority of resistant strains were
isolated from pork, suggesting that pork may serve as a significant
reservoir for non-typhoidal Salmonella MDR strains. The high prevalence
of MDR among Salmonella spp. may provide a major hurdle to the
effective treatment of Salmonella in China. This study reveals a high
prevalence of tetra-, penta-, and hepta-resistant patterns in

environmental and pork isolates, which poses a significant public health
threat due to potential treatment failures after simple infections caused
by MDR isolates. These findings were consistent with various global
investigations demonstrating a high incidence of MDR patterns among
Salmonella strains isolated from different sources [19,30]. The extensive
use of antibiotics in the medical and veterinary sectors that resulted in a
high AMR by exerting a selection pressure against the used antimicro-
bials. Our findings raised serious concerns for public healthcare systems,
as quinolone and ESBLs antibiotics are the first-line treatment choices
for human salmonellosis. Consequently, stringent policies should be
implemented to reduce the utilization of essential antibiotics in livestock
agriculture.

We used WGS analysis to determine the presence of several ARGs in
order to obtain a comprehensive understanding of the mechanisms un-
derlying the phenotypic resistance of the isolates. The results showed
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Fig. 6. Co-occurrence of common plasmid replicons, top ten detected AMR-
associated genes and invasive index of Salmonella isolates from different sour-
ces. (a): The primary source of ARGs is carried by distinct plasmid replicons.
The connecting line between ARGs and plasmid replicons represents the po-
tential carrying relationship. (b): The box plot graph showed the invasive index
of Salmonella isolates from different sources. Isolates from poultry eggs are less
invasive. No statistical differences were observed among isolates from
different sources.

that various determinants contributing to resistance against distinct
antibiotics were identified in our sequenced strains, with each isolate
containing between 1 and 23 antibiotic resistance genes (ARGs). The
most detected genes were tet(A), and blargy 1, these results were
consistent with previous studies [64,65]. However, another Chinese
investigation revealed that blatgy was dominant in isolates from chicken
embryos [66]. Moreover, in our study, the detection of ESBL genes,
including blanpm-1, blacrx.m, blasgy, blagey and blaacr, from foods of
animal origin and retail environment is alarming. A previous study from
China identified blaypy.1 gene conferring carbapenem resistance in
Salmonella isolated from a child [67]. This could be because food ani-
mals serve as Salmonella reservoirs, increasing the number of human
cases of foodborne salmonellosis caused by MDR strains. According to a
previous study, Salmonella isolates obtained from food animals in China
in 2019 were the first reported to contain the blacrx.p-130 gene [68]. Our
findings also illustrated that isolates from pork and environmental
sources harbor more diversified ARGs than other sources. The animal
protein consumption in Asia increased over threefold from 1960 to 2013
[69]. Livestock farming expanded quickly in order to satisfy this de-
mand. Because of the high animal’s population and the irrational use of
antibiotics to prevent and treat diseases during animal husbandry, there
is increasing selection pressure for the development of resistant bacterial
strains in certain sources [48]. Therefore, there should be better sur-
veillance of these strains since isolates from food animals can be a major
carrier for the transmission of ARGs. Finally, we also found high
coherence between phenotypic and genotypic resistance, particularly
for aminoglycosides, trimethoprim-sulfamethoxazole, and tetracycline,
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which is consistent with a previous study [70]. These results are
considered serious concerns to public health, leading to limited drugs of
choice for the treatment of salmonellosis in humans as well as animals.

Salmonella virulence factors contribute to pathogenicity and host
colonization by facilitating attachment, invasion, and replication within
host cells, while evading host defenses through various mechanisms,
including flagella, adhesion systems, toxins, and capsules. Virulence
factors are commonly grouped within pathogenicity islands, which are
typically located on mobile genetic elements like plasmids [71]. Our
study identified several virulence genes primarily associated with
secretion system components and fimbrial adherence determinants,
which are linked to Salmonella pathogenicity Islands SPI-1 and SPI-2.
CDT genes (encoding typhoid toxin production) of pltA, pltB, and cdtB,
were identified in aquatic products, poultry eggs and environmental
samples, which is consistent with earlier studies indicating the link of
CDT genes with food animal isolates [72,73]. Furthermore, the cdtB
gene was detected in NTS isolates, leading to invasive infections in
humans [30,74]. The presence of virulence genes in Salmonella is
epidemiologically associated with human salmonellosis, highlighting
the necessity of establishing a surveillance program to protect public
health and mitigate potential threats. The fimbrial adherence de-
terminants (pef and spV genes) are crucial in the virulence mechanisms
of NTS strains [75]. The prevalence of Salmonella isolates harboring
numerous virulence genes in food animals and their associated products
pose a significant risk to public health, since it has the potential to cause
severe illness in end consumers.

The major hurdle in preventing the global dissemination of
multidrug-resistant (MDR) infections is the possibility of rapid transfer
of virulence factors and resistance genes across isolates. Plasmids serve
as the primary means of transferring genetic information horizontally.
Here, 33 distinct plasmid replicons were detected. The most abundant
plasmids were IncI1-I (Alpha), IncFIA (HI1), and IncR, prevalent in pork,
environments, and aquaculture. These plasmids had previously been
observed in Salmonella isolates obtained from pork [7,76]. Interestingly,
it is found that these plasmid types carry key antimicrobial resistance
genes, including blatgy, QnrS2, floR, Sul2 and aph (6)-Id. The isolates
that possess the spv virulence-associated region and plasmid encoding
fimbriae exhibit hypervirulence and enhance bacterial fitness [77]. Our
results also showed that Salmonella’s main antimicrobial resistance
determinant carrier is IncQ1, along with IncX1 and IncI1 alpha. These
results are consistent with previous findings in which isolates from
China plasmids carry different antimicrobial resistance genes [77,78].
Hence, the presence of these plasmids in the isolates raises severe con-
cerns regarding the horizontal spread of antibiotic resistance along the
food chain. The burden of invasive bloodstream infections caused by
MDR S. enterica continues to increase, especially in developing countries
[75]. The genomic analysis of isolates in this study found that strains
obtained from pork, the retail environment, and aquatic products had a
higher invasive ability, which may have increased the risk of diarrhea.
According to previous findings, most invasive Salmonella serovars are
acquired from food, water, and the environment [79,80]. Our study has
a limitation in that it was a regional investigation with a particular focus
on Yichuan city, China, and the findings might not be broadly appli-
cable. However, the high rate of Salmonella contamination in various
food animal products and their associated environments in our study
indicates that animal-derived food serves as a vehicle for the spread of
MDR Salmonella in Jiangxi. Therefore, multidisciplinary efforts are
needed to limit these MDR Salmonella strains with invasive capabilities
in the Chinese food system. China ranks among the largest global pro-
ducers and consumers of food animals, particularly pork and poultry.
Consequently, there is a necessity to enhance the regulation and moni-
toring of antibiotic use in livestock production. Moreover, Salmonella
contamination can be reduced by maintaining and implementing
essential control procedures like good manufacturing practices (GMP)
and hazard analysis and critical control point (HACCP), as well as by
improving food handler/ processor training. Finally, safe food
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Fig. 7. Distribution of virulence genes among the studied isolates. The color of the individual cells varies with the prevalence of each virulence gene.

processing practices, including maintaining clean hands, utensils, and
surfaces, separating raw from cooked foods, and cooking foods to safe
minimum internal temperatures, should be considered as essential
measures to prevent customers exposure to MDR foodborne pathogens.

5. Conclusion

This study investigated the prevalence, AMR genotype, virulence
factors and plasmid replicons in Salmonella isolates from pork, poultry
eggs, aquaculture and retail environments in Yichuan city, China. Our
findings revealed that S. enteritidis was the most prevalent serovar, with
alarge percentage of MDR isolates harboring several AMR determinants,
particularly key ESBLs genes, including blacrx.y and blaypy.1- We also
identified essential virulence genes, including fimbrial and typhoid
toxin genes in addition to SPI-1 and SPI-2 PIs. Therefore, the detection of
pathogenic multidrug-resistant Salmonella serovars from food animals
and associated products is a serious concern for animal and human
health. Furthermore, the generation of similar data from human clinical
isolates can support a One Health strategy, assess the public health ef-
fects of Salmonella from food animals and related food products, and
contribute to source tracing. Continuous monitoring of Salmonella in
food animals and associated food products is essential for advising food

10

safety practices and evaluating the outcomes of interventions, including
the reduction of antimicrobial use in livestock farming. Moreover, the
implementation of effective hygienic practices, including regular
cleaning and disinfection of environments associated with food in
markets, may serve as a viable strategy to reduce the existence of this
pathogen in animal products.
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