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Abstract: Non-typhoidal Salmonella (NTS) is a foodborne pathogen and a prevalent causative agent
for disease outbreaks globally. The Salmonella enterica serovar 4,[5],12:i:- (5.4,[5],12:i:-) belongs to
the monophasic variant of Salmonella typhimurium, which is of current global concern. In this study,
the epidemiology and genomic characterization of S. 4,[5],12:i:- isolates from 17 livestock farms in
Hunan Province between 2019 and 2020, as well as their susceptibility to 14 antimicrobial agents,
were profiled. Twelve Salmonella serotypes were identified using the White-Kauffmann-Le Minor
scheme, and whole-genome sequencing analyses were conducted based on these isolates. Overall,
107 Salmonella strains were isolated, of which 73% (78/107) were multidrug resistant. Resistance
to tetracycline (85.05%) was found to be the most prevalent, followed by the 0gxAB and aac(6')-Ib-
cr genes. S. typhimurium (monophasic) 4,[5],12:i:- was the most common serotype, followed by S.
typhimurium and S. derby. Most antimicrobial-resistant strains were isolated from pigs, indicating
that they could be important reservoirs of resistant non-typhoidal Salmonella strains. The presence of
similar genetic environments in S. 4,[5],12:i:- indicates both vertical and horizontal transmission of
resistance plasmids, which may promote the spread of drug resistance genes. Appropriate measures
should be taken to curb the prevalence of S. 4,[5],12:i:-.

Keywords: chicken farm; foodborne pathogen; horizontal transmission; multidrug resistance; pig
farm; Salmonella typhimurium monophasic variant; vertical transmission

1. Introduction

Salmonella is a Gram-negative, rod-shaped bacterium that is facultatively anaerobic
and belongs to the Enterobacteriaceae family. These bacteria are generally mobile, without a
capsule, non-spore-forming, and are able to colonize the digestive tracts of many vertebrates.
Salmonella is one of the most important zoonotic pathogens and a causative agent for food-
borne gastroenteritis in humans, domestic animals, and wildlife worldwide [1]. In the USA,
Salmonella was estimated to cause illness in 46,623 patients annually across 53 states in
2016 [2]. Salmonellosis is the second most commonly reported gastrointestinal infection in
the European Union (EU), with 91,662 confirmed human salmonellosis cases in all member
states in 2017 [3]. Salmonella is also reportedly responsible for approximately 70-80% of
foodborne pathogenic outbreaks in China [4].

Salmonella can be classified as typhoidal or non-typhoidal (NTS) based on its ability to
cause specific pathologies in humans [5]. It is notable that non-typhoidal Salmonella is the
main pathogen causing diarrhea and responsible for approximately 153 million cases of
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gastroenteritis as well as 57,000 deaths globally per annum [6]. Recently, the incidence of
non-typhoidal salmonellosis was reported to be 626.5 cases per 100,000 persons in China [7].

Generally, animal farms are cultivable environments for the replication and persistence
of Salmonella, and livestock are considered to be natural reservoirs for this bacterium [8].
Because fluoroquinolones, cephalosporins, azithromycin, and carbapenems are critically
important antibiotics for the treatment of salmonellosis, emerging resistances to these drug
classes are of paramount concern [9]. As a result, the World Health Organization (WHO)
has deemed fluoroquinolone-resistant Salmonella to be priority pathogens, which urgently
calls for new antimicrobials [10].

More than 2600 distinct serovars of Salmonella have been identified. In Salmonella,
the resistance profiles vary in different serovars [11]. However, in recent decades, the
monophasic variant of S. typhimurium, has emerged as a new multidrug-resistant serovar.
This variant lacks the second-phase flagellar antigen (encoded by fIjB) and produces a
unique antigenic formula 4,[5],12:i:-. It has been frequently isolated from husbandry
animals, food products, and humans in many countries and territories worldwide [12]
and has become one of the major serotypes responsible for human diarrhea. In 2017,
S. ntyphimurium (monophasic) was the third most commonly identified serovar among
human cases of salmonellosis reported in the European Union after S. enteritidis and S.
typhimurium [3]. A recent study pointed out that the prevalence of S. 4,[5],12:i:- has increased
and become the second most frequently identified serotype in outpatients in the Henan
Province of China [13].

To provide a further understanding of multidrug resistance and the distribution of
drug resistance genes in S. typhimurium (monophasic), we collected 107 Salmonella isolates
from 17 livestock farms (9 chicken farms and 8 pig farms) in Hunan Province, China.
Serological typing and molecular epidemiological analyses were used to comprehensively
profile the diversity of Salmonella isolates in their serotypes, drug resistances, and genotypic
characteristics. These data will aid in the development of scientific strategies for the future
prevention and control of Salmonella.

2. Results
2.1. Salmonella Strains Isolation

A total of 107 non-typhoidal Salmonella isolates were collected, with an isolation rate of
5.1% (52/1017) in samples from chickens and 4.5% (55/1223) in samples from pigs, in 2019
and 2020; the isolation rate in 2019 (7.8%) was higher than that in 2020 (2.8%) (Table 1). The
107 collected isolates were sampled in geographically different sites, as follows: Changsha
(n = 15); Liuyang (n = 20); Ningxiang (n = 22); Changde (n = 30); Zhuzhou (n = 10);
Chenzhou (n = 6); Leiyang (n = 3); and Xiangtan (n = 1) (Supplementary Materials).

Table 1. Number of strains with resistance phenotypes.

Antibiotic Agent 2019 (1 =79) 2020 (n = 28)
Penicillin: Ampicillin 56 (70.9%) 20 (71.4%)
B-lactams combination: o o
Amoxicillin/Clavulanic 3(3.9%) 2(7.1%)
Aminoglycosides: o, o
Gentamicin 36 (45.6%) 2 (7.1%)
Spectinomycin 23 (29.1%) 13 (46.4%)
Tetracyclines: Tetracycline 27 (34.2%) 21 (75.0%)
Florfenicol 59 (74.7%) 13 (46.4%)
Sulfafurazole 52 (65.8%) 16 (57.1%)
Trimethoprim/sulfamethoxazole 47 (59.5%) 13 (46.4%)
Ceftiofur 9 (11.4%) -
Ceftazidime 2 (2.5%) -
Enrofloxacin 43 (54.4%) 4 (14.3%)
Ofloxacin 17 (21.5%) -
Meropenem 2 (2.5%)
Apramycin - -
Polymyxins: Colistin 5(6.3%) -

Mequindox
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2.2. Prevalence of Salmonella Serovar

The 12 serovars were identified in 107 isolates (Table 2), including S. typhimurium
(monophasic) (n = 34), S. typhimurium (n = 21), and S. derby (n = 17). Others serovars
included S. rissen (n = 13), S. enteritidis (n = 11), S. kentucky (n = 2), S. lindiana (n = 2),
S. london (n = 1), S. thompson (n = 1), S. meleagridis (n = 1), and S. readings (n = 1). The
dominant serotypes in chickens were S. typhimurium (28.9%), and S. enteritidis (21.2%),
while the dominant serotypes in pigs were S. typhimurium (monophasic) (49.1%) and
S. derby (21.8%) (Supplementary Materials).

Table 2. Number of Salmonella serovars.

Serotypes In Total Pig Poultry
Potential monf)pha.sm variant of 34 27 7
Typhimurium
Typhimurium 20 6 15
Derby 17 12 5
Rissen 13 9 4
Enteritidis 11 11
Apeyeme 3 - 3
Kentucky 2 - 2
Indiana 2 - 2
London 1 1 -
Meleagridis 1 - 1
Thompson 1 - 1
Reading 1 - 1
In total 107 55 52

2.3. Antibiotic Susceptibility Testing

Fourteen antibiotics were selected for the susceptibility test, including tetracycline, ampi-
cillin, amoxicillin/clavulanic acid, ceftazidime, ceftiofur, gentamicin, florfenicol, enrofloxacin,
ofloxacin, spectinomycin, gentamicin, meropenem, trimethoprim/sulfamethoxazole, sulfafu-
razole, and colistin (Table 3). The results showed that 73% (78/107) of the Salmonella isolates
were resistant to three or more antimicrobial agents. The Salmonella strains were mostly
found to be resistant to tetracycline (84.1%), followed by ampicillin (70.9%), florfenicol
(66.4%), sulfafurazole (63.6%), spectinomycin (62.6%), trimethoprim/sulfamethoxazole
(56.1%), enrofloxacin (43.9%), gentamicin (34.6%), ofloxacin (15.9%), and colistin (10.3%).
However, all isolates were less frequently resistant to ceftiofur (8.4%), ceftazidime (5.6%),
amoxicillin (4.7%), and meropenem (1.9%) (Table 2). Interestingly, resistance to ceftazidime
(n = 2), meropenem (n = 2), and colistin (n = 11) was observed only in Salmonella isolated
from chickens. Overall, the multidrug-resistant profile of the pig-origin Salmonella (n = 51)
was higher than that of chicken-origin Salmonella (n = 27). In addition, the resistance rates
of the pig-derived strains to six drugs (tetracycline, florfenicol, sulfafurazole, trimetho-
prim/sulfamethoxazole, enrofloxacin, and colistin) were all higher when compared with
the chicken-derived strains (Table 4).
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Table 3. Antimicrobial resistance phenotype of 107 Salmonella isolates.

Breakpoint Interpretive Criteria

Antibiotic Agent  Abbreviation o gft‘glt’ilg:;an g (ug/mL) Results in Percentage (%)
(ug/mL) S I R s I R
Penicillin: Ampicillin AMP 0-512 <8 16 >32 32 (29.9%) 0 75 (70%)
-lactams
combination: Amoxi- AMC 0.5/0.25-256/128 <8/4 16/8 >32/16 76 (71%) 26 (243%) 5 (4.7%)
cillin/Clavulanic
Amé“"glyc."s.ldes’ GEN 0.25-128 <4 8 >16 51 (47.7%) 19 (17.8%) 37 (34.6%)
entamicin
Spectinomycin STP 0-512 <32 64 >128 14 (13%) 26 (24%) 67 (62.6%)
T;tracyd‘?‘es' TET 0-512 <4 8 >16  17(15.9%) 0 90 (84.1%)
etracycline
Florfenicol FFC 0-256 <4 8 >16 36 (33.6%) 0 71 (66.4%)
Sulfafurazole SOX 0-512 <256 - >512 39 (36.5%) - 68 (63.6%)
Co-trimoxazole SXT 0-32/608 <2/38 - >4/76 47 (43.9%) - 60 (56%)
Ceftiofur EFT 0.12-256 <2 4 >8 96 (89.7%)  1(0.9%) 10 (9.4%)
Ceftazidime CAZ 0.12-256 <4 8 >16 97 (90.7%) 4 (3.7%) 6 (5.6%)
Enrofloxacin ENR 0.01-32 <0.25 0.5-1 >2 18(16.8%)  42(39.3%) 47 (43.9%)
Ofloxacin OFX 0.03-64 <2 4 >8 57 (53.3%)  33(30.8%) 17 (15.9%)
Meropenem MEM 0.03-10 <1 2 >4 104 (97.2%) 0 3 (2.8%)
Apramycin APR 0-64 - - - - - -
Polymyxins: Colistin CL 0.12-256 <2 - >4 95 (88.8%) - 12 (11.2%)
Mequindox NA 1-512 - - - - - -

Table 4. Different resistance phenotypes between chickens and pigs.

Antimicrobial Agents Pig (n = 55) Chicken (n = 52) p-Value
Ampicillin 40 (72.7%) 35 (67.3%) 0.6903
Amoxicillin/Clavulanic 2 (3.6%) 3 (5.8%) 0.6013
Gentamicin 17 (30.9%) 21 (40.4%) 0.3059
Spectinomycin 50 (90.9%) 18 (34.6%) 147
Tetracycline 54 (98.2%) 37 (71.2%) <0.0005
Florfenicol 51 (92.7%) 21 (40.4%) <0.0005
Sulfafurazole 50 (90.9%) 19 (36.5%) <0.0005
Trimethoprim/sulfamethoxazole 46 (83.6%) 14 (26.9%) <0.0005
Ceftiofur 1(1.8%) 8 (15.4%) 0.0115
Ceftazidime 0 (0%) 2 (3.9%) 0.1420
Enrofloxacin 33 (60.0%) 14 (26.9%) 0.0005
Ofloxacin 7 (12.7%) 10 (19.2%) 0.3576
Meropenem 0 (0%) 2 (3.9%) 0.1420
Apramycin - -
Colistin 0 (0%) 11 (21.2%) 0.0003
Mequindox - -

2.4. Antibiotic Resistance Gene and Plasmid Profiles

A total of 46 antimicrobial resistance genes (ARGs) were detected in the Salmonella
isolates (Figure 1). Most ARGs (e.g., aac( 6')-Iaa, 0gxAB, aac(6')-Ib-cr, gnrS1, and qnrS2) are
associated with resistance to aminoglycosides and quinolones. The aminoglycoside gene
aac(6’)-Ina was detected in all isolates. In addition, three plasmid-mediated quinolone
resistance (PMQR) genes [0gxA (n = 50), 0oqxB (n = 50), aac(6')Ib-cr (n = 45)] and two variants
of the qnrS gene family gnrS2 (n = 40) and qnrS1 (n = 20) were detected. Among the genes
encoding (3-lactamases, the majority of CTX-M-type genes were blaCTX-M-27, blaCTX-M-
55 and blaCTX-M-65. The frequency of occurrence of the majority of CTX-M-type genes
was lower than 4.7%, which is consistent with the finding of less resistance to 3-lactam
antibiotics in all isolates (Figures 1 and 2). The Salmonella isolates that were positive for
the tetracycline resistance gene tet(A) accounted for 73.8% and carried the sulfonamide
resistance gene sul2 (42%) (Figure 2). Additionally, the sulfonamide resistance gene sul3
was detected in more than half of the isolates.
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Figure 1. Different positive rates of resistance genes between chickens and pigs.
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Figure 2. Positive rates of diverse resistance genes among different S. 4,[5],12:i:- isolates.

The results of the plasmid replicons in 107 Salmonella isolates are presented in the
Supplementary Materials. The results show that the most abundant plasmid replicons
were IncHI2 (33.6%, 36/107), IncHI2A (33.6%, 36/107), IncX1 (15.9%, 17/107), IncFII (S)
(15.0%;16/107), and IncFIB(S) (15.0%, 16/107).

2.5. Characteristic of S. 4,[5],12:i:-

Among all isolates, 34 S. 4,[5],12:i:- isolates (31.8%, 34/107) were identified according to
serotyping. Isolates with similar sequence types were grouped based on their phylogenetic
relationship, and all S. 4,[5],12:i:- isolates belonged exclusively to ST34 (Supplementary Ma-
terials). It was the most common serovar in our sampling (Table 4), particularly from pigs.
An antimicrobial susceptibility test of these 34 S. 4,[5],12:i:- isolates against 14 antimicrobial
compounds showed resistance phenotypes in all isolates. The most common resistance
was to tetracycline (100%), followed by spectinomycin (91.2%), florfenicol (91.2%), ampi-
cillin (91.2%), trimethoprim/sulfamethoxazole (88.2%), enrofloxacin (76.5%), sulfafurazole
(70.6%), gentamicin (47.1%), and ofloxacin (20.6%). The S. 4,[5],12:i:- isolates were less
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frequently resistant to ceftiofur (2.9%) and colistin (2.9%), and none of them were resistant
to amoxicillin/clavulanic acid, meropenem, or ceftazidime (Table 5).

Table 5. Different resistance phenotypes among S. 4,[5],12:i:- isolates.

Numbers 4,[5],12:i:- (n = 34)

Antibiotic agent Drug resistant Multidrug resistant (n = 31)
Tetracyclines: Tetracycline 34 (100%) 31
B-lactam: Ampicillin 31 (91.2%) 31
Chloramphenicols: Florfenicol 31 (91.2%) 31
Aminocyclitols: Spectinomycin 31 (91.2%) 31
Sulfonamides: trimethoprim/sulfamethoxazole 30 (88.2%) 30
Fluoroquinolones: Enrofloxacin 26 (76.5%) 26
Sulfonamides: Sulfafurazole 24 (70.6%) 22
Aminoglycosides: Gentamicin 16 (47.1%) 16
Fluoroquinolones: Ofloxacin 7 (20.6%) 7
Cephalosporins: Ceftiofur 1(2.9%) 1
Polymyxins: Colistin 1(2.9%) 1

B-lactams combination: Amoxicillin/Clavulanic -
Carbapenems: Meropenem - -
Cephalosporins: Ceftazidime - -

2.6. Phylogenetic Analysis

To investigate the genomic relationships among the isolates, a phylogenetic tree
was established based on core single-nucleotide polymorphism (SNP) analysis (Figure 3).
Although there were differences in the hosts, timing, and sites of the collection, these
strains still exhibited relatively close genetic relationships. The close genetic relationship
between the isolates at different time points on the same farm or city also proved the
existence of clonal transmission. For example, the high similarity in genomic data in strains
590, S91, 5156, S157, and S191-5193 conceivably indicated that certain hosts had driven
the horizontal transmission. It is concerning that clonal transmission probably happened
alongside horizontal transmission in this study.

Tree scale: 0.1 ————

Year

v 2020

¢ 2019
Host

[] rig

D Chicken
Location

O Changde
O Chenzhou
O Leiyang
O Liuyang
@ nNingxiang
() Xiangtan
() Changsha

O Zhuzhou

Figure 3. Bayesian phylogenetic analysis of 107 isolates (left) and the correlation with the distribution
of resistance genes (right). Location and time are represented in the middle. To further evaluate
possible transmission events, we coded the farms in the same city with one color (defined as intra-farm
association events).
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3. Discussion

Poultry and livestock farms are considered to be favorable biotopes for the accumu-
lation of pathogens like Salmonella, which cause huge economic losses in many countries,
including China [14]. Hunan Province is one of the most concentrated areas for farm
animals in China [15]. Disease control and prevention during breeding mainly depend
on the use of antibiotics. The irrational use of antibiotics, however, has contributed to the
emergence of multidrug-resistant bacteria under selective antimicrobial pressure.

In this study, resistance phenotypes varied in the identified isolates, as 73% were
resistant to at least three classes of antimicrobials (considered multidrug-resistant), which is
remarkably higher than that observed in previous reports conducted in China [7] and lower
than the resistance rates reported in Argentina and Australia [16,17]. Most of the resistant
strains were isolated from pigs, which indicates that pigs could be important reservoirs of
resistant non-typhoidal Salmonella strains. Among the identified drug resistances, resistance
to tetracycline (85.1%) and ampicillin (70.1%) was predominant. These results are in
agreement with previous studies on Salmonella isolates obtained from food animal farms
in Xinjiang, China [18]. Resistance to quinolones and (-lactams was also recognized in
many Salmonella isolates in this study, which is in agreement with previous reports [19,20].
Quinolone resistance, and that to ciprofloxacin in particular, has become a common issue in
China and other countries, particularly resistance to ciprofloxacin [21]. The high prevalence
of such genes is regarded as a significant threat to public health since these antimicrobials
are currently used for frontline therapy against salmonellosis in humans [22].

PMQR genes are very common in farms [23], and this study showed that ogxAB and
aac(6')-Ib-cr were the main PMQR genes. All oqxA-positive isolates were screened for
0gxB. 0gxAB, and aac(6')-Ib-cr commonly coexisted in the same strain, and 36 strains were
found to carry them simultaneously. Carrying two or more PMQR genes in the same
strain normally leads to resistance to nalidixic acid and decreases the susceptibility to
fluoroquinolones like ciprofloxacin [24]. The presence of different ARGs based on whole-
genome sequencing analysis demonstrated that the aac(6')-Ina gene, which mediates the
resistance to aminoglycosides, was detected in all of the studied isolates. This was consistent
with previous Chinese and South Korean studies [25]. The high levels of resistance to
quinolones detected in this study may be due to the acquisition of PMQR genes through
horizontally transferable elements, as well as mutagenesis in genes affecting the DNA
gyrase and DNA topoisomerase IV genes [26].

Determination of serovars and multilocus sequence typing (MLST) patterns showed
the dominance of S. 4,[5],12:i:- among the collected Salmonella isolates, especially those
from pigs. This is consistent with the results of previous studies, in most of which S.
4,[5],12:i:- strains originated from pigs and pork products [27]. Intriguingly, the isolates
from other sources such as chicken or the environment were less resistant to antibiotics
of clinical importance, suggesting that pigs might be important reservoirs of resistant
5.4,[5],12:i:- strains. The multidrug resistance of S. 4,[5],12:i:- is primarily associated with
antimicrobials from seven classes. The detection of the aac(6')-Ib-cr, 0gxA, 0gxB, qnrS1, and
gnrS2 genes has been reported in different serovars, including isolates of S. 4,[5],12:i:-,
S. London, S. Indiana, S. Thompson, S. Kentucky, and S. Enteritidis. The presence of
these genes enhances the adaptability of S. 4,[5],12:i:- to drugs, promoting the broader
dissemination of such resistance genes [23]. In this study, 13 different plasmid replicons
were identified among 107 Salmonella isolates. The most abundant plasmids were IncHI2A,
IncHI2, and IncX1 (Supplementary Materials). IncHI2A and IncHI2 were predominant
in 5.4,[5],12:i:-. Interestingly, these plasmids were found to be associated with resistance
to different antimicrobial classes, including 3-lactams, aminoglycosides, sulfafurazole,
tetracyclines, and polymyxins [28]. Consequently, these plasmids may increase the risk
related to the horizontal transmission of these antimicrobial resistance genes in animal food
chains, leading to severe disease in humans [29].

Phenotypic and genotypic resistance of most tested antibiotics showed high coherence,
but tetracycline and quinolone resistance showed moderate coherence. The obtained results
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are consistent with previous reports on Salmonella isolates from dead poultry that revealed
that drug resistance gene expression patterns and drug resistance spectra were remarkably
similar among strains in Shandong [14]. Similarly, a large-scale study reported high levels
of coherence between phenotypic and genotypic resistance for all tested antibiotics [30].
Hence, performing phenotypic verification on the collected isolates was necessary to avoid
potential bias caused by genomic analysis.

Phylogenetic analysis showed that isolates of the same serovar with similar sequence
types were closely clustered. Notably, the exact inter-farm transmission event occurred
among ST34, which may be due to farms’ lack of strict hygiene standards for handling.
Hence, it is essential to improve hygiene and sanitizing procedures. Additional documen-
tation of the traceability of inputs and outputs that may carry disease sources on each farm
can help reduce the persistence and spread of Salmonella between poultry farms. However,
we found that the detection rates of isolates and drug resistances were lower in 2020 than in
2019; one potential explanation is that the Ministry of Agriculture of the People’s Republic
of China formulated plans to ban or reduce the use of specific antimicrobials in 2019 [7].
This indicates that strengthening veterinary medicine management could help to effectively
prevent the development of antibiotic-resistant bacteria.

In conclusion, in this study, the high prevalence of multidrug-resistant non-typhoidal
Salmonella in the studied samples and its severe risk to human health were reported. The
results indicate that, in the future, we must continue monitoring Salmonella serovars and
conduct strategic control plans based on whole-genome sequencing. The application of an
antimicrobial management plan for the rational use of essential antimicrobials in animal
farms will also be vital to help control the spread and prevalence of drug resistance genes
and to provide reliable human health protection measures.

4. Materials and Methods
4.1. Sample Collection and Isolation of Salmonella Strains

In 2019 and 2020, 2240 fecal samples were collected from 17 chicken and pig farms
located in nine cities of Hunan Province: Changsha, Leiyang, Hengyang, Xiangtan, Ningxi-
ang, Changde, Zhuzhou, Chenzhou, and Liuyang. Salmonella was isolated as described pre-
viously [19,20]. Briefly, cotton swab samples were subjected to pre-enrichment in buffered
peptone water and then enriched in a modified semisolid Rappaport Vassiliadis plate,
and colonies were isolated on xylose lysine deoxy-cholate agar. Subsequently, the isolated
strains were confirmed via the amplification of the invA gene using the following primers ac-
cording to a previously described protocol [31]: F:5'-ACAGTGCTCGTTTACGACCTGAAT-
3" and R:5’-AGACGACTGGTACT-GATCGATAAT-3'. Specifically, 25 PCR cycles with an
annealing temperature of 56 °C were performed with Taq Polymerase (Tsingke Biotechnol-
ogy Co., Ltd., Beijing, China) on a thermal cycler. Colonies confirmed as Salmonella were
inoculated into Luria—Bertani broth for minimal inhibitory concentration (MIC) determina-
tion and genomic DNA preparation.

4.2. Detection of the Salmonella Strain Serotypes

The confirmed isolates were serotyped via slide agglutination using commercially
available antisera kits (Tianrun BioPharmaceutical Co. Ltd., Ningbo, China) with O and H
antigen-specific sera. Serovar results were interpreted according to the Kauffmann-White—
Le Minor scheme [32].

4.3. Antibiotic Susceptibility Testing

The MIC of 14 antibiotics (nine classes) was determined using the microdilution broth
method according to the criteria recommended by the Clinical and Laboratory Standards
Institute [33]. Escherichia coli ATCC25922 was used as a quality control strain.
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4.4. Whole-Genome Sequencing, De Novo Assembly, and Annotation

Genomic DNA was extracted from the Salmonella isolates and purified using the
TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Beijing, China) according to the manu-
facturer’s instructions. Protein quality was assessed via gel electrophoresis and quantified
using a Qubit Fluorometer 2.0 (Invitrogen, Waltham, MA, USA; Life Technologies, Carlsbad,
CA, USA). Whole genome sequencing was performed using Annoroad Gene Technology
(Beijing, China) on a NovaSeq 6000 S4 sequencing platform with the NovaSeq 6000 S4
Reagent kit V1.5. Bacterial genome assembly was performed using the SPAdes software
(version 3.11) [34].

4.5. Antibiotic Resistance Genes and Phylogenetic Analysis

The ARGs for Salmonella strains were analyzed using the Center for Genomic Epi-
demiology (ResFinder tools). The relationship with non-typhoidal Salmonella isolates was
evaluated using core-genome alignments and phylogenetic trees were constructed using
Parsnp (neighbor-joining method)and visualized using the online tool (iTOL 6.5.7) [35].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12071178 /s1, Table S1. MIC, serotypes and plasmid of
107 non-typhoidal Salmonella isolates.

Author Contributions: Conceptualization and methodology, X.Z. and J.L.; investigation, Z.Z., J.L.
and R.Z.; data curation and formal analysis, H.L., Q.X., YW. and S.Q.; writing—original draft, Z.Z.;
writing—review and editing, X.Z., Z.Z., ].L., YW. and P.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by grants from the Department of Science and Technology of
Hunan Province to Xiaofeng Zheng (2019RS1050 and 2021JJ30354) and a grant from the Department
of Science and Technology of Hunan Province to Pishun Li (2023]J30291).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All genome assemblies of all strains were deposited in GenBank under
the BioProject accession number PRINA993584.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Hendriksen, R.S.; Vieira, A.R.; Karlsmose, S.; Lo Fo Wong, D.M.; Jensen, A.B.; Wegener, H.C.; Aarestrup, EM. Global monitoring
of Salmonella serovar distribution from the World Health Organization Global Foodborne Infections Network Country Data
Bank: Results of quality assured laboratories from 2001 to 2007. Foodborne Pathog. Dis. 2011, 8, 887-900. [CrossRef] [PubMed]
CDC. National Enteric Disease Surveillance: Salmonella Annual Report. 2016. Available online: https://www.census.gov/geo/
pdfs/maps-data/maps/ (accessed on 24 April 2021).

EFSA; ECDC. European Food Safety Authority (EFSA); European Centre for Disease Prevention and Control (ECDC)The
European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2017. EFSA J.
2018, 16, €05500. [CrossRef]

Zhou, K.; Wu, B.; Pan, H,; Paudyal, N.; Jiang, J.; Zhang, L.; Li, Y.; Yue, M. ONE Health Approach to Address Zoonotic Brucellosis:
A Spatiotemporal Associations Study Between Animals and Humans. Front. Vet. Sci. 2020, 7, 521. [CrossRef]

Arnold, M.E.; Papadopoulou, C.; Davies, R.H.; Carrique-Mas, ].J.; Evans, S.J.; Hoinville, L.J. Estimation of Salmonella prevalence
in UK egg-laying holdings. Prev. Vet. Med. 2010, 94, 306-309. [CrossRef] [PubMed]

Kirk, M.D.; Pires, S.M.; Black, R.E.; Caipo, M.; Crump, J.A.; Devleesschauwer, B.; Dopfer, D.; Fazil, A.; Fischer-Walker, C.L.; Hald,
T.; et al. World Health Organization Estimates of the Global and Regional Disease Burden of 22 Foodborne Bacterial, Protozoal,
and Viral Diseases, 2010: A Data Synthesis. PLoS Med. 2015, 12, €1001921. [CrossRef]

Xu, Y.; Zhou, X,; Jiang, Z.; Qi, Y,; Ed-Dra, A.; Yue, M. Epidemiological Investigation and Antimicrobial Resistance Profiles of
Salmonella Isolated From Breeder Chicken Hatcheries in Henan, China. Front. Cell. Infect. Microbiol. 2020, 10, 497. [CrossRef]
Bonardi, S. Salmonella in the pork production chain and its impact on human health in the European Union. Epidemiol. Infect.
2017, 145, 1513-1526. [CrossRef]

WHO Guidelines Approved by the Guidelines Review Committee. In WHO Guidelines on Use of Medically Important Antimicrobials
in Food-Producing Animals; World Health Organization: Geneva, Switzerland, 2017.


https://www.mdpi.com/article/10.3390/antibiotics12071178/s1
https://www.mdpi.com/article/10.3390/antibiotics12071178/s1
https://doi.org/10.1089/fpd.2010.0787
https://www.ncbi.nlm.nih.gov/pubmed/21492021
https://www.census.gov/geo/pdfs/maps-data/maps/
https://www.census.gov/geo/pdfs/maps-data/maps/
https://doi.org/10.2903/j.efsa.2018.5500
https://doi.org/10.3389/fvets.2020.00521
https://doi.org/10.1016/j.prevetmed.2010.01.004
https://www.ncbi.nlm.nih.gov/pubmed/20116871
https://doi.org/10.1371/journal.pmed.1001921
https://doi.org/10.3389/fcimb.2020.00497
https://doi.org/10.1017/S095026881700036X

Antibiotics 2023, 12,1178 10 of 11

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cuypers, W.L.; Jacobs, J.; Wong, V.; Klemm, E.J.; Deborggraeve, S.; Van Puyvelde, S. Fluoroquinolone resistance in Salmonella:
Insights by whole-genome sequencing. Microb. Genom. 2018, 4, €000195. [CrossRef]

Ito, J.; Sugimoto, R.; Nakaoka, H.; Yamada, S.; Kimura, T.; Hayano, T.; Inoue, I. Systematic identification and characterization of
regulatory elements derived from human endogenous retroviruses. PLoS Genet. 2017, 13, e1006883. [CrossRef]

Campos, J.; Mourao, J.; Peixe, L.; Antunes, P. Non-typhoidal Salmonella in the Pig Production Chain: A Comprehensive Analysis
of Its Impact on Human Health. Pathogens 2019, 8, 19. [CrossRef]

Sun, H.; Wan, Y.; Du, P,; Bai, L. The Epidemiology of Monophasic Salmonella Typhimurium. Foodborne Pathog. Dis. 2020, 17, 87-97.
[CrossRef] [PubMed]

Li, Y,; Kang, X.; Ed-Dra, A.; Zhou, X,; Jia, C.; Miiller, A.; Liu, Y.; Kehrenberg, C.; Yue, M. Genome-Based Assessment of
Antimicrobial Resistance and Virulence Potential of Isolates of Non-Pullorum /Gallinarum Salmonella Serovars Recovered from
Dead Poultry in China. Microbiol. Spectr. 2022, 10, €0096522. [CrossRef] [PubMed]

China Agriculture Statistical Report; Ministry of Agriculture and Rural Affairs: Beijing, China, 2021.

Vico, ].P,; Lorenzutti, A.M.; Zogbi, A.P.; Aleu, G.; Sanchez, I.C.; Caffer, M.I.; Rosmini, M.R.; Mainar-Jaime, R.C. Prevalence,
associated risk factors, and antimicrobial resistance profiles of non-typhoidal Salmonella in large scale swine production in
Cordoba, Argentina. Res. Vet. Sci. 2020, 130, 161-169. [CrossRef]

Sia, C.M.; Baines, S.L.; Valcanis, M.; Lee, D.Y.].; Gongalves da Silva, A.; Ballard, S.A.; Easton, M.; Seemann, T.; Howden, B.P; Ingle,
D.J.; et al. Genomic diversity of antimicrobial resistance in non-typhoidal Salmonella in Victoria, Australia. Microb. Genom. 2021,
7,000725. [CrossRef]

Liu, Y;; Jiang, J.; Ed-Dra, A.; Li, X.; Peng, X.; Xia, L.; Guo, Q.; Yao, G.; Yue, M. Prevalence and genomic investigation of Salmonella
isolates recovered from animal food-chain in Xinjiang, China. Food. Res. Int. 2021, 142, 110198. [CrossRef] [PubMed]

Liu, Q.; Chen, W.; Elbediwi, M.; Pan, H.; Wang, L.; Zhou, C.; Zhao, B.; Xu, X.; Li, D,; Yan, X,; et al. Characterization of Salmonella
Resistome and Plasmidome in Pork Production System in Jiangsu, China. Front. Vet. Sci. 2020, 7, 617. [CrossRef]

Jiang, Z.; Paudyal, N.; Xu, Y.,; Deng, T.; Li, E; Pan, H.; Peng, X.; He, Q.; Yue, M. Antibiotic Resistance Profiles of Salmonella
Recovered From Finishing Pigs and Slaughter Facilities in Henan, China. Front. Microbiol. 2019, 10, 1513. [CrossRef] [PubMed]
Chen, H.; Song, J.; Zeng, X.; Chen, D.; Chen, R.; Qiu, C.; Zhou, K. National Prevalence of Salmonella enterica Serotype Kentucky
ST198 with High-Level Resistance to Ciprofloxacin and Extended-Spectrum Cephalosporins in China, 2013 to 2017. mSystems
2021, 6, €00935-20. [CrossRef]

Elbediwi, M.; Li, Y,; Paudyal, N.; Pan, H; Li, X,; Xie, S.; Rajkovic, A.; Feng, Y.; Fang, W.; Rankin, S.C.; et al. Global Burden of
Colistin-Resistant Bacteria: Mobilized Colistin Resistance Genes Study (1980-2018). Microorganisms 2019, 7, 461. [CrossRef]

He, J.; Sun, F; Sun, D.; Wang, Z,; Jin, S.; Pan, Z.; Xu, Z.; Chen, X,; Jiao, X. Multidrug resistance and prevalence of quinolone
resistance genes of Salmonella enterica serotypes 4,[5],12:i:- in China. Int. J. Food Microbiol. 2020, 330, 108692. [CrossRef]

Zhang, ].; Yang, X.; Kuang, D.; Shi, X.; Xiao, W.; Zhang, J.; Gu, Z.; Xu, X.; Meng, J. Prevalence of antimicrobial resistance of
non-typhoidal Salmonella serovars in retail aquaculture products. Int. J. Food Microbiol. 2015, 210, 47-52. [CrossRef]

Hyeon, J.Y,; Li, S.; Mann, D.A.; Zhang, S.; Kim, K.J.; Lee, D.H.; Deng, X.; Song, C.S. Whole-Genome Sequencing Analysis
of Salmonella Enterica Serotype Enteritidis Isolated from Poultry Sources in South Korea, 2010-2017. Pathogens 2021, 10, 45.
[CrossRef]

Vidovic, S.; An, R.; Rendahl, A. Molecular and Physiological Characterization of Fluoroquinolone-Highly Resistant Salmonella
Enteritidis Strains. Front. Microbiol. 2019, 10, 729. [CrossRef]

Hauser, E.; Tietze, E.; Helmuth, R; Junker, E.; Blank, K.; Prager, R.; Rabsch, W.; Appel, B.; Fruth, A.; Malorny, B. Pork contaminated
with Salmonella enterica serovar 4,[5],12:i:-, an emerging health risk for humans. Appl. Environ. Microbiol. 2010, 76, 4601-4610.
[CrossRef] [PubMed]

Elbediwi, M.; Pan, H.; Biswas, S.; Li, Y.; Yue, M. Emerging colistin resistance in Salmonella enterica serovar Newport isolates from
human infections. Emerg. Microbes. Infect. 2020, 9, 535-538. [CrossRef] [PubMed]

Diaconu, E.L.; Alba, P,; Feltrin, F.; Di Matteo, P.; Iurescia, M.; Chelli, E.; Donati, V.; Marani, I.; Giacomi, A.; Franco, A.; et al.
Emergence of IncHI2 Plasmids With Mobilized Colistin Resistance (mcr)-9 Gene in ESBL-Producing, Multidrug-Resistant
Salmonella Typhimurium and Its Monophasic Variant ST34 From Food-Producing Animals in Italy. Front. Microbiol. 2021,
12, 705230. [CrossRef]

Neuert, S.; Nair, S.; Day, M.R.; Doumith, M.; Ashton, PM.; Mellor, K.C; Jenkins, C.; Hopkins, K.L.; Woodford, N.; de Pinna, E.;
et al. Prediction of Phenotypic Antimicrobial Resistance Profiles From Whole Genome Sequences of Non-typhoidal Salmonella
enterica. Front. Microbiol. 2018, 9, 592. [CrossRef] [PubMed]

Zhu, C.; Yue, M,; Rankin, S.; Weill, EX.; Frey, ].; Schifferli, D.M. One-Step Identification of Five Prominent Chicken Salmonella
Serovars and Biotypes. J. Clin. Microbiol. 2015, 53, 3881-3883. [CrossRef] [PubMed]

Guibourdenche, M.; Roggentin, P.; Mikoleit, M.; Fields, P.I.; Bockemuhl, J.; Grimont, P.A.; Weill, EX. Supplement 2003-2007 (No.
47) to the White-Kauffmann-Le Minor scheme. Res. Microbiol. 2010, 161, 26-29. [CrossRef] [PubMed]

CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 30th Edn.CLSI Supplement M100; Clinical and Laboratory
Standards Institute: Wayne, PA, USA, 2020.


https://doi.org/10.1099/mgen.0.000195
https://doi.org/10.1371/journal.pgen.1006883
https://doi.org/10.3390/pathogens8010019
https://doi.org/10.1089/fpd.2019.2676
https://www.ncbi.nlm.nih.gov/pubmed/31532231
https://doi.org/10.1128/spectrum.00965-22
https://www.ncbi.nlm.nih.gov/pubmed/35727054
https://doi.org/10.1016/j.rvsc.2020.03.003
https://doi.org/10.1099/mgen.0.000725
https://doi.org/10.1016/j.foodres.2021.110198
https://www.ncbi.nlm.nih.gov/pubmed/33773671
https://doi.org/10.3389/fvets.2020.00617
https://doi.org/10.3389/fmicb.2019.01513
https://www.ncbi.nlm.nih.gov/pubmed/31333618
https://doi.org/10.1128/mSystems.00935-20
https://doi.org/10.3390/microorganisms7100461
https://doi.org/10.1016/j.ijfoodmicro.2020.108692
https://doi.org/10.1016/j.ijfoodmicro.2015.04.019
https://doi.org/10.3390/pathogens10010045
https://doi.org/10.3389/fmicb.2019.00729
https://doi.org/10.1128/AEM.02991-09
https://www.ncbi.nlm.nih.gov/pubmed/20472721
https://doi.org/10.1080/22221751.2020.1733439
https://www.ncbi.nlm.nih.gov/pubmed/32122270
https://doi.org/10.3389/fmicb.2021.705230
https://doi.org/10.3389/fmicb.2018.00592
https://www.ncbi.nlm.nih.gov/pubmed/29636749
https://doi.org/10.1128/JCM.01976-15
https://www.ncbi.nlm.nih.gov/pubmed/26378281
https://doi.org/10.1016/j.resmic.2009.10.002
https://www.ncbi.nlm.nih.gov/pubmed/19840847

Antibiotics 2023, 12,1178 11 of 11

34. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012, 19,
455-477. [CrossRef]

35. Hu,],; Yang, J.; Chen, W,; Liu, Z.; Zhao, Q.; Yang, H.; Sun, Z.; Chen, X,; Li, ]. Prevalence and Characteristics of mcr-1-Producing
Escherichia coli in Three Kinds of Poultry in Changsha, China. Front. Microbiol. 2022, 13, 840520. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.3389/fmicb.2022.840520
https://www.ncbi.nlm.nih.gov/pubmed/35464934

	Introduction 
	Results 
	Salmonella Strains Isolation 
	Prevalence of Salmonella Serovar 
	Antibiotic Susceptibility Testing 
	Antibiotic Resistance Gene and Plasmid Profiles 
	Characteristic of S. 4,[5],12:i:- 
	Phylogenetic Analysis 

	Discussion 
	Materials and Methods 
	Sample Collection and Isolation of Salmonella Strains 
	Detection of the Salmonella Strain Serotypes 
	Antibiotic Susceptibility Testing 
	Whole-Genome Sequencing, De Novo Assembly, and Annotation 
	Antibiotic Resistance Genes and Phylogenetic Analysis 

	References

