Prevalence and whole-genome sequencing analysis of SaImonella reveal its
spread along the duck production chain
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ABSTRACT Salmonella is the most important food-
borne pathogen in poultry production systems and can
infect humans via consumption of contaminated food.
Ducks, an important waterfowl widely raised in China,
are also a vehicle that transmits Salmonella through the
food supply chain. In this study, 701 samples were col-
lected from each production stage of the duck produc-
tion chain. Salmonella was isolated and identified, and
the isolates were tested for drug sensitivity and molecu-
lar typing based on whole genome sequencing (WGS)
to explore the prevalence of Salmonella in the duck pro-
duction chain. Altogether, a total of 180 Salmonella iso-
lates (25.7%) were obtained from the duck production
chain, 82 (35.7%) isolates were from hatchery samples,
followed by 64 (29.2%) from market samples, 17 (23.6%)
from farm samples, and 17 (9.4%) from slaughterhouse

samples. All isolates were divided into 9 serotypes,
among which S. Typhimurium, S. Anatum, and S.
Enteritidis were the dominant serotypes. The S. Typhi-
murium was distributed in various production stages in
the duck production chain. Among the 16 antibiotics,
selected 60 isolates were only resistant to NAL, indicat-
ing that resistance of Salmonella in the duck production
chain was low. WGS phylogenetic relationship results
based on core-genome SNPs showed that S. Typhimu-
rium can spread across geographic regions and along
between different stages of the duck production chain,
eventually reaching the market where it is a potential
threat to consumer health. This study explored the prev-
alence of Salmonella in the duck production chain which
will provide data support for proposing some interven-
tions to control Salmonella.
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INTRODUCTION

The World Health Organization (WHO) estimated
that 715,000 people died from diarrhea each year, and
food poisoning accounted for one-third of this number,
which Salmonella was one for the important contributor
(Besser, 2018). Most human Salmonella infections are
associated with the ingestion of contaminated foods,
such as poultry, pork, beef, eggs, and milk (Zhao et al.,
2008). Salmonella is associated with food and public
health safety, and is transmitted by ingestion of
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contaminated food or water, or by direct contact with
infected people or animals (Knodler and Elfen-
bein, 2019). The sources of Salmonella contamination
are relatively diverse, but one of the most important
sources is poultry and poultry  products
(Authority et al., 2019). Poultry products contaminated
with Salmonella can seriously impact the life, health,
and safety of consumers. Due to human production
activities, Salmonella is geographically widely spread,
making Salmonella contamination a global burden.
Duck is an important waterfowl widely raised in
China. According to the Food and Agriculture Organi-
zation (FAO) report, China is the largest producer of
duck meat, producing 3 million tons annually, and its
consumption continues to increase every year
(Wang et al., 2017). Since 1978, China has focused on
improving livestock and poultry production, and the
livestock and poultry sectors have undergone a scaling-


https://doi.org/10.1016/j.psj.2022.101993
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zmpan@yzu.edu.cn

2 KANGET AL.

up transformation from traditional household production
mainly for self-consumption or local-market distribution,
to intensive industrial production (Qian et al., 2018). At
present, there are many large duck farms in China that
have complete duck production chains, from hatching
and breeding to sales. Recent studies have shown that
waterfowl, such as ducks, are also important sources of
Salmonella (Martelli et al., 2016; Kim et al., 2021). Sal-
monella infection in ducks is a recessive infection, how-
ever, it can also cause serious clinical symptoms with
high mortality and threat to food safety (Grigar et al.,
2017). Salmonella contamination can occur at any point
in the duck production chain, such as production, har-
vest, processing, storage, transportation, and retail
(Park et al., 2013). Therefore, Salmonella contamination
is likely to eventually be inadvertently purchased by con-
sumers, thereby causing harm to their health and can
potentially be fatal. However, there are few studies on
Salmonella contamination in duck production chains.

Many molecular typing techniques are widely used in
the field of microbiology and can be used to trace the ori-
gins of pathogenic bacteria. Among them, whole genome
sequencing (WGS) enables serotyping, antimicrobial
resistance, virulence profiling, and subtyping in a single
WGS workflow and provides high resolution and preci-
sion (Inns et al., 2017). WGS is increasingly used in pub-
lic health laboratories for typing and characterizing
foodborne pathogens. WGS is also frequently imple-
mented in routine surveillance of foodborne pathogens
and in foodborne disease outbreak investigations
(Leekitcharoenphon et al., 2016). The US Food and
Drug Administration (FDA) established a monitoring
network using WGS for major foodborne pathogens
(Lindsay et al., 2018), and this technique has been suc-
cessfully used in Salmonella subtyping for monitoring
and traceability of Salmonella prevalence (Rounds et al.,
2020).

This study aimed to conduct an epidemiological sur-
vey of Salmonella in a duck production chain using sam-
ples from a hatchery and farm in Gaomi, Shandong
Province, and a slaughterhouse and market in Yangz-
hou, Jiangsu Province. We determined the levels of

Salmonella contamination in the duck production chain
and used WGS typing technology to assess the clonal
relationship between isolates. We also aimed to identify
the key stage of Salmonella contamination and provide
technical support to prevent and control Salmonella in
the duck production chain.

MATERIALS AND METHODS
Sample Collection

In this study, 701 samples were collected from a duck
production chain (one hatchery and one farm in Gaomi,
Shandong Province; one slaughterhouse and 5 markets
in Yangzhou, Jiangsu Province) for Salmonella isolation
and identification, respectively. After hatching, the
ducks were raised on a farm until adulthood and then
transported to slaughterhouses and markets in Yangz-
hou, 500 km from the farm, for slaughter and sale.

A total of 230 samples were collected from the hatch-
ery, including incubator samples, fertilized egg samples,
and weak duckling samples (Table 1). A total of 72 sam-
ples were collected from the farm, including stool, feed,
and water samples (Table 1). A total of 180 samples
were collected from the slaughterhouse and included
slaughter table samples, duck organs, duck meat, trans-
port cage samples, and slaughterhouse stool samples
from live ducks (Table 1). A total of 219 duck meat
product samples were collected from 2 supermarkets and
3 retail markets in Yangzhou (Table 1). Each sample
was marked, placed in a sterile plastic sample bag, trans-
ported to the laboratory on ice, and processed immedi-
ately (within 24 h of sample collection).

Isolation and Identification of Salmonella

Stool Samples There are many other intestinal bacte-
ria in stool samples that interfere with the isolation of
Salmonella. Therefore, Salmonella was isolated from
stool samples using a modified semi-solid Rappaport
Vassiliadis (MSRV; Difco, BD, Sparks, MD) method
(Soria et al., 2012). BPW was added to each sample at

Table 1. Isolation of Salmonella from different duck production stages.

Location Stage Sample Number of samples Isolate (%) Stage separation rate (%)
Shandong province Hatchery Fertilized egg 171 66 (38.6) 35.7% *
Incubator 50 13 (26)
Weak duckling 9 3(33.3)
Farm Stool 50 17 (34) 23.6%
Feed 12 0
Water 10 0
Jiangsu province Slaughterhouse Slaughter table 35 1(2.9) 9.4%
Duck organs 35 5(14.3)
Duck meat 35 8(22.9)
Transport cage 35 0
Slaughterhouse stool 40 3(7.5)
Market Supermarket duck meat 134 57 (42.5) 29.2% "
Supermarket duck organs 19 0
Retail market duck meat 45 6(13.3)
Retail market duck organs 21 1(4.8)
Total 701 180 (25.7)

Indlcatcs a significant difference in isolation rate for hatchery (35.7%) to farm (23.6%) or slaughterhouse (9.4%) (P < 0.05).
Indicates a significant difference in isolation rate for market (29.2%) to farm (23.6%) or slaughterhouse (9.4%) (P < 0.05).
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10 times the sample volume. Each sample was incubated
for 16 to 18 h at 37°C for preliminary enrichment. BPW
(300 uL) was added to MSRV semi-solid medium in 3
aliquots and statically incubated for 24 h at 42°C for
selective enrichment. One loopful of each MSRV was
then streaked onto xylose lysine tergitol 4 (XL'T4; Difco,
BD) agar plates, which were incubated at 37°C for 24 h.
The suspected colonies (circular, black, with a transpar-
ent annulus) were collected from the 4 mL liquid LB
medium with a disposable sterile inoculating loop,
and cultured for 12 to 14 h at 37°C on a constant tem-
perature shaker for PCR identification (according to the
published sequence of enterotoxin STN gene of Salmo-
nella, the sequence of primers | was 5 -CTTTG-
GTCGTAAAATAAGGCG-3, and the sequence of pri-
mers I was 5 -TGCCCAAAGCAGAGAGATTC-3;
Zhou et al., 2017). The PCR-confirmed colonies were
then biochemically identified according to the API-20E
Biochemical Reagent Guide. Finally, the confirmed colo-
nies were selected for serotype identification using slide
agglutination test with O and H antigens (Tianrun
Bio-Pharmaceutical, Ningho, China) according to the
manufacturer's instructions. The serotype results were
analyzed and interpreted according to the Kauffmann-
White scheme (Wattiau et al., 2011).

Other Samples For water samples, 100 mL of water
were first filtered using 0.22-um filter (Jinteng Co. Ltd.
Tianjin, China), and the filter was collected for the
experiment. For swab and water samples, the pre-
enrichment step was performed by suspending each sam-
ple in 50 mLL BPW and incubating the samples at 37°C
for 16 to 18 h. For fertilized egg samples and weak duck-
ling samples (liver and yolk), the pre-enrichment step
was performed by weighing 10 times the volume of
BPW. After weighing, the samples were incubated at
37°C for 16 to 18 h. For the market samples (duck meat
and organs), each sample (25 £ 0.5 g) was aseptically
weighed and transferred into 225 mL of BPW and incu-
bated at 37°C for 18 h. BPW pre-incubation droplets
(1 mL) were added to 10 mL of Rappaport-Vassiliadis
R10 broth (RVR10; Difco, BD, Sparks, MD) and stati-
cally incubated for 24 h at 42°C for selective enrichment.
One loopful of each RVRI10 broth culture was then
streaked onto XL'T4 agar plates, which were incubated
at 37°C for 24 h. Salmonella confirmation and identifica-
tion were performed as for the stool samples.

Antimicrobial Susceptibility Testing

A total of 60 strains of Salmonella isolates were tested
for antimicrobial susceptibility using the Kirby—Bauer
disk diffusion method (i et al., 2014). A total of 16 anti-
microbial agents were tested: ampicillin (AMP, 10 pg),
amoxicillin (AMC 20 ug), meropenem (MEM 10 ug),
cefazolin (CFZ, 30 ug), aztreonam (ATM, 30 ug), nali-
dixic acid (NAL, 30 ung), enrofloxacin (ENR, 5 ug), cip-
rofloxacin (CIP, 5 ug), tetracycline (TET, 30 ug),
chloramphenicol (CHL, 30 wug), kanamycin (KAN,
20 pg), amikacin (AK, 30 pug), gentamicin (GEN,

10 ug), streptomycin (STR, 10 ug), trimethoprim-sulfa-
methoxazole (SXT, 10 pg), and nitrofurantoin (F, 30
1g). The results were interpreted as sensitive, intermedi-
ate, or resistant according to the Clinical and Labora-
tory Standards Institute guidelines (CLSI, 2013).
Escherichia coli ATCC 25922 and Enterococcus faecalis
ATCC 29212 were used as quality control strains.

Whole Genome Sequencing and Analysis

A total of 29 S. Typhimurium and 12 S. Enteritidis iso-
lates randomly selected from different production stages
were processed for whole genome sequencing. Genomic
DNA was extracted from the Salmonella isolates using
the TIAN amp Bacteria DNA Kit (Tiangen, Beijing,
China) according to the manufacturer’s instructions. All
the genomes were fragmented with an insertion size of
500 bp to construct the library, and the NEB Next Ultra
DNA Library Prey Kit for lllumina (NEB, Beverly, MA)
was used to generate sequencing libraries, following the
manufacturer’s recommendations. The gene libraries
were sequenced using the Illumina platform Hiseq 2500
(lumina, San Diego, CA) by Novogene Co. Ltd. (Bei-
jing, China). All genomes were assembled de novo using
SPAdes (version 3.15.3; Bankevich et al., 2012). The sero-
types were analyzed using the Salmonella in silico typing
resource (SISTR; Yoshida et al., 2016). The Multilocus
Sequence Typing (MLST) of isolates was identified in sil-
ico with an open-source software, mlst (https://github.
com/tseemann,/mlst), which incorporates components of
the PubMLST database (Jolley and Maiden, 2010). The
alleles and STs were assigned according to the MLST
scheme at http://mlst.warwick.ac.uk /mlst /dbs/Senterica.
The antimicrobial resistance genes of the isolates were
analyzed using the ResFinder 4.1 database (https://cge.
cbs.dtu.dk/services/ResFinder-4.1/) (Bortolaia et al.,
2020). Core-genome SNP analysis of the Salmonella iso-
lates was performed using Snippy (https://github.com/
tseemann /snippy). Then, the core-genome SNP-based
maximum-likelihood (ML) tree was constructed by Gub-
bins (Croucher et al., 2015). WGS data of all Salmonella
isolates were submitted to the European Nucleotide
Archive with the accession number PRJEB51470.

Data Analysis

Data on the prevalence of Salmonella isolates from the
study samples were analyzed using the statistical soft-
ware program SPSS (version 16.0, SPSS, Chicago, IL).
The data were compared using the chi-square test, and
P < 0.05 was regarded as statistically significant.

RESULTS

Salmonella Isolation Rate in Duck
Production Chain

As shown in Table 1, a total of 701 samples were col-
lected in this study, and 180 strains of Salmonella were
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isolated. The total positive rate of Salmonella isolates
was 25.7%. Of all the production stages, the highest rate
of Salmonella isolates was 35.7% in the hatchery, fol-
lowed by 29.2% in the market. The positive rate of Sal-
monella isolates from the slaughterhouse was 9.4%, and
23.6% from the farm samples. The isolation rate of Sal-
monella in the hatchery and market samples was signifi-
cantly higher than that in the farm and slaughterhouse
samples (P < 0.05).

Salmonella Serotype Distribution

Nine different serovars were identified among the 180
positive Salmonella isolates (Figure 1), of which the iso-
lates from market contained the most serotypes (n = 7).
The isolates from hatchery and slaughterhouse con-
tained four serotypes each, and the isolates from farm
contained one serotype. In this study, the most preva-
lent isolated serotype was S. Typhimurium (28.9%, 52/
180), followed by S. Anatum (28.3%, 51/180), S. Enteri-
tidis (17.2%, 31/180), S. Kentucky (12.8%, 23/180), S.
Potsdam (3.9%, 7/180), S. Agona (3.9%, 7/180), S.
Newport (2.8%, 5/180), S. Derby (1.7%, 3/180), and S.
Londan (0.6%, 1/180; Figure 1). S. Typhimurium was
the most widely distributed and appeared in all stages of
the production chain (Figure 1). S. Anatum was mainly
concentrated in the hatchery, whereas S. Enteritidis
appeared in slaughterhouse and market samples
(Figure 1). Other serotypes were isolated in small
amounts and concentrated in only one or 2 kinds of sam-
ples; for example, S. Derby and S. Newport were only
isolated from market samples (Figure 1).

Antimicrobial Resistance Phenotypes

The susceptibility of 60 Salmonella isolates to 16 anti-
biotics is shown in Table 2. The overall resistance of the
Salmonella isolates in this study was low. They were sus-
ceptible to B-Lactams, Aminoglycosides, Sulfonamides,
Tetracycline, Chloramphenicol, Nitrofuran. However,
resistance to NAL was the most commonly observed in
the duck production chain isolates. The S.Typhimurium
isolates from duck production chain were only resistant
to NAL, and the resistance rate was 100% (35/35). The
resistance rate of S. Anatum to NAL was 68% (17/25).

100%:
3 1

1

60%

S. Londan

S. Derby

S. Newport

S. Agona

S. Potsdam
S Kentucky

S. Enteritidis
40% = S. Anatum
mm S. Typhimurium

A Now
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©

20%

Hatchery Farm Slaughterhouse Market

Figure 1. The prevalence of serotypes of Salmonella isolates in
duck production chain. Numbers represent the isolate numbers of dif-
ferent Salmonella serotypes in different stages.

Whole Genome Sequences Analysis of
S. Typhimurium

S. Typhimurium was the most predominant serotype
isolated in duck production chain. Twenty-nine strains
of S. Typhimurium isolates selected randomly from
different production stages were used for WGS. The
serotypes, MLST, antimicrobial resistance genes, and
phylogenetic analysis were performed based on the
assembly of whole genome sequences. The WGS data
showed that the serotype of 29 Salmonella isolates was
S. Typhimurium consistent with the Kauffmann-White
scheme result. The MLST results showed that 29 strains
of S. Typhimurium isolates were classified into 2 STs,
including ST19 (82.8%, 24/29) and ST1544 (17.2%, 5/
29; Figure 2). ST19 subtypes were found in all produc-
tion stages, including hatchery, farm, slaughterhouse,
and market. ST1544 subtypes appeared in hatchery,
slaughterhouse, and market samples.

The antimicrobial resistance genes of 29 strains of S.
Typhimurium were analyzed based on WGS. The results
showed that only aac(6¢' )-Iaa (aminoglycoside resistance
gene) was identified in the S. Typhimurium isolates
(Figure 2), and it was present in all tested isolates
(100%, 29/29). Quinolone resistance is usually mediated
by mutations in the quinolone resistance-determining
regions (QRDRS) of the gyrA, gyrB, parC, and parE
genes (Almeida et al., 2018). The mutation of QRDRs in
the Salmonella isolates is shown in Table 3. Our results
showed that 28 of 29 strains (96.6%) presented mutation
points in the gyrA gene, all of which were resistant to
nalidixic acid (Table 3). The points of mutation in gyrA
included gyrA (D87G) in 5 isolates and gyrA(S83Y) in
23 isolates.

The phylogenetic relationships between the 29 S.
Typhimurium strains were assessed using core-genome
SNPs. The resulting phylogenetic tree showed that the
S. Typhimurium isolates were grouped into 3 clusters
(A1, B1, and C1; Figure 2). The main cluster was Cl1,
which contained 8 closely related isolates from all duck
production stages (hatchery [n = 8|, farm [n = 4],
slaughterhouse [n = 2|, and market [n = 5]). Cluster Al
contained Salmonella isolates from the hatchery, slaugh-
terhouse, and market samples, and cluster B1 had only
one isolate identified from the hatchery samples.

Whole Genome Sequences Analysis of
S. Enteritidis

S. Enteritidis was identified as another prevalent sero-
type in the slaughterhouse and market in this study.
Twelve strains of S. Enteritidis isolates selected ran-
domly for WGS (Figure 3). Two ST patterns were iden-
tified in S. Enteritidis isolates. ST11 subtype was found
in market. ST8055 which is a new subtype was found in
both slaughterhouse and market. By WGS analysis 12
antimicrobial resistance genes were identified in S.
Enteritidis isolates. The aminoglycoside resistance gene
aac(6’)-Taa was detected in all the isolates, followed by
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Table 2. Antimicrobial resistance phenotypes of 60 Salmonella isolates.

Resistance number of different sample isolates (%)

Hatchery

Antibiotic Farm Slaughterhouse Market
S. Typhimurium S. Typhimurium S. Typhimurium S. Typhimurium
Serotype (n=15) S. Anatum (n = 25) (n=10) (n=4) (n=16)
B-Lactams
Ampicillin (AMP) 0 0 0 0 0
Amoxicillin (AMC) 0 0 0 0 0
Cefazolin (CFZ) 0 0 0 0 0
Meropenem (MEM) 0 0 0 0 0
Aztreonam (ATM) 0 0 0 0 0
Aminoglycosides
Kanamycin (KAN) 0 0 0 0 0
Gentamicin (GEN) 0 0 0 0 0
Streptomycin (STR) 0 0 0 0 0
Amikacin (AK) 0 0 0 0 0
Quinolone
Ciprofloxacin (CIP) 0 0 0 0 0
Enrofloxacin (ENR) 0 0 0 0 0
Nalidixic acid (NAL) 15 (100) 17 (68) 10 (100) 4(100) 6 (100)
Sulfonamides
Trimethoprim-sulfamethoxazole (SXT) 0 0 0 0 0
Tetracycline
Tetracycline (TET) 0 0 0 0 0
Chloramphenicol
Chloramphenicol (CHL) 0 0 0 0 0
Nitrofuran
Nitrofurantoin (F) 0 0 0 0 0
the beta-lactamase resistance gene blarpyiip (75%, 9/ DISCUSSION

12). Out of the 12 S. Enteritidis isolates, 10 (83.3%) car-
ried more than 3 antimicrobial resistance genes. A mini-
mum spanning tree based on the cgSNP analysis showed
that the S. Enteritidis isolates are grouped into 3 clus-
ters. Clusters B2 contained ST11 subtypes. The new
subtypes ST8055 were belonged to Clusters C2.

Tree scale: 0.1 +———

In recent years, the prevalence of Salmonella in ducks
has been reported in China (Yang et al., 2019;
Chen et al., 2020), but the prevalence in the duck pro-
duction chain has rarely been studied. We investigated
the prevalence of Salmonella in a duck production chain

aac(6')-Iaa

Isolates ST
'YZU3423 1544
'YZU3424 1544
'YZU3407 1544
'YZU3402 1544
"YZU3403 1544

Al
B1
C1 ’[
[ Hatchery L
8 Farm {
Slaughterhouse
Market

'YZU3413 19
'YZU3416 19
'YZU3440 19

@
2
=
o
i
"YZU3436 19
'YZU3431 19
"YZU3432 19
"YZU3405 19

YZU3428 19
YZU3422 19
YZU3397 19
YZU3398 19
YZU3437 19
YZU3399 19
YZU3434 19
YZU3438 19
‘YZU3415 19
YZU3429 19
YZU3433 19 ‘ ’
YZU3435 19
YZU3401 19 |
‘YZU3395 19 |
YZU342T 19
YZU3425 19
YZU3426 19

Figure 2. Phylogenetic tree of S. Typhimurium isolates based on core-genome SNPs. The analysis included 29 S. Typhimurium isolates from dif-
ferent duck production stages. The antimicrobial resistant genes were listed according to the WGS data. Abbreviation: WGS, whole genome

sequencing.
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Table 3. Mutation of the QRDRs in S. Typhimurium and S.
Enteritidis.

Serotypes gyrA gyrB  parC  parE

S. Typhimurium (n =29)  D87G (5) S83Y (23) 0 0 0

S. Enteritidis (n = 12) D87Y (6) D87G (1) 0 0 0
D83Y (5)

across 2 provinces (Jiangsu and Shandong), and used
core-genome SNPs to evaluate the clonal relationship
between isolates from different sources. Our results
showed that Salmonella could spread between different
geographic regions and along the stages of the duck pro-
duction chain.

Salmonella spp. was recovered from a duck production
chain between Yangzhou, Jiangsu Province, and Gaomi,
Shandong Province, with an overall prevalence of
25.7%, indicating that Salmonella contamination in the
duck production chain is relatively serious. The highest
isolation rate of Salmonella (35.7%) was observed at the
hatchery stage indicating that a potential threat to the
downstream of duck production chain. The isolation
rate of Salmonella in farms was 23.6%, similar to the
21.9% found in the study by Martelli et al. (2017).
Kim et al. (2021) found that the positive rate of Salmo-
nella contamination increased significantly after the
introduction of ducklings to the farm. In contrast, the
duck farm in this study had strict biosecurity measures
of removing weak ducklings after they hatch, which may
lead to a lower rate of Salmonella isolation in the farm
than in the hatchery. The isolation rate of Salmonella in
the slaughterhouse was 9.4%, which is lower than the
21.7% found by Lee et al. (2016). The isolation rate in
the market segment (29.2%) was significantly higher
than that in the slaughterhouse (P < 0.05). Among
them, the supermarket duck meat samples had the high-
est isolation rate (42.5%), which may be due to cross-
contamination of Salmonella during production, storage,
transportation, and sales.

Of the nine serovars identified in this study, the domi-
nant serotypes were S. Typhimurium, S. Anatum, and
S. Enteritidis. S. Typhimurium was the most widely

Tree scale: 0.1

A2

1

C2

distributed in duck production chain. §. Typhimurium
is one of the most frequent serotypes causing foodborne
diseases and has been proven to exist widely (Roccato
et al., 2015). Tt has disrupted the development of the
aquaculture industry and negatively affected human
health (Sun et al., 2020). S. Anatum was only isolated in
the hatchery and mainly came from fertilized egg sam-
ples (70.9%), indicating that it had been present in the
hatchery for a long time. In addition, we found that S.
Anatum was not isolated from the downstream produc-
tion stages of the farm, slaughterhouse, and market,
indicating that it may lead to dead embryos and weak
ducklings, which are probably eliminated before reach-
ing the farm stage. Yang et al. (2019) also isolated a
large amount of S. Anatum from a duck farm in Shan-
dong Province. There have been several reports that S.
Anatum causes harm to a variety of livestock and poul-
try (Yang et al., 2019) and salmonellosis infections in
humans (Hassan, 2017). In addition, S. Enteritidis and
S. Kentucky accounted for a certain proportion of out-
breaks, but they only existed in a few sources. S. Enteri-
tidis was only found in the slaughterhouse and the
market samples, and S. Kentucky only in the market,
which shows that these 2 serotypes are newly introduced
serotypes after the farm stage. Therefore, it is necessary
to strengthen the disinfection of slaughterhouses and
markets. S. Kentucky has been reported to be wide-
spread in poultry such as chickens and turkeys
(Vosik et al., 2018), but rarely in ducks. This shows that
there is serious Salmonella cross-contamination in the
market. S. Kentucky has emerged as a global human
pathogen (Xiong et al., 2020) and requires further
research attention.

The extensive use of antimicrobial agents has contrib-
uted to the development of antimicrobial resistance
and multidrug resistance (MDR) in Salmonella
(Nguyen et al., 2016). We selected 60 Salmonella isolates
to conduct resistance experiments against 16 major anti-
biotics. 64% of Salmonella isolates from the hatchery
and all Salmonella isolates from the farm, slaughter-
house, and market are resistant to NAL. The ducks in
the farm are in good health, and NAL is not currently

Antibiotic Resistance Genes

aac(6')-laa
blaTEM-1B
aac(3)-lid
aph(3')-Iia

Source
tet(A)

Isolates ST
YZU3442 11

YZU3443 11
YZU3444 11
YZU3448 11
YZU3445 11
YZU3441 11

YZU3447 8055
YZU3446 8055

-

Slaughterhouse
Market

YZU3409 8055
YZU3410 8055
YZU3449 8055
YZU3417 8055

Figure 3. Phylogenetic tree of S. Enteritidis isolates based on core-genome SNPs. The analysis included 12 S. Enteritidis isolates from slaughter-
house and market. The antimicrobial resistant genes were listed according to the WGS data. Abbreviation: WGS, whole genome sequencing.
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used in the farm to prevent and control bacterial con-
tamination. Therefore, this phenomenon may be due to
the large use of quinolone antibiotics in the early stage
to prevent and control bacterial contamination. How-
ever, with the continuous improvement of relevant poli-
cies on the use of antibiotics and the continuous
improvement strict biosecurity measures, the sensitivity
of Salmonella to antibiotics has increased. The high
resistant to NAL deserves further attention because
resistance to this antimicrobial agent may lead to the
delay or failure of fluoroquinolone therapies and could
have serious consequences (Marquez-Ruiz et al., 2008).
The aac(6')-Iaa (aminoglycoside resistance gene) was
found in all tested S. Typhimurium, however aac(6')-
laa is cryptic gene in Salmonella and cannot confer ami-
noglycoside resistance (Magnet et al., 1999). Quinolone
resistance is typically mediated by mutations in the
QRDRs of gyrA, gyrB, parC, and parE, which code for
bacterial DNA gyrase, leading to changes in the binding
site of the antimicrobial to the enzyme and /or the acqui-
sition of plasmid-mediated quinolone resistance
(PMQR) genes
(McDermott et al., 2016). Our results showed that most
of the nalidixic acid resistant (Quinolone) S. Typhimu-
rium strains presented mutations in gyrA. However, one
nalidixic acid-resistant strain did not show any mutation
in gyrA, gyrB, parC, and parE, consistent with the
results of Almeida et al. (2018) in S. Typhimurium
strains isolated from Brazil.

Studies have shown that WGS can be used to per-
form molecular characterization and phylogenetic
analysis of Salmonella spp. (Pearce et al., 2018). Our
results showed that Salmonella serotyping based on
WGS is consistent with the Kauffmann-White Scheme
using antisera. The results indicated that WGS pro-
vides an effective alternative tool for genome-based
identification serovars. WGS has been frequently used
in Salmonella subtyping for outbreak investigation
and pathogen source tracking (Hyeon et al., 2021). In
our study, S. Typhimurium from the different stages
in the duck production chain, clustered together sug-
gesting that S. Typhimurium can spread along the
production chain, and eventually flow into the market,
becoming a potential threat to human health. Because
the hatchery, farm and slaughterhouse, market were
located in different geographic regions, S. Typhimu-
rium can spread between disparate regions of the pro-
duction chain. Similar findings by Karp et al. (2020)
showed that Salmonella spread from Asia to the Amer-
icas through production pathways. S. Typhimurium
which spreads between different regions along the
duck production chain, expands the scope of contami-
nation and has a serious impact on the local preven-
tion and control of Salmonella. Therefore, the
prevention of Salmonella contamination in food prod-
ucts should not only focus on the downstream market,
but also the control strategies at the upstream stages,
including hatcheries, farms, and slaughterhouses, to
stop the spread of Salmonella along the production
chain. The control of Salmonella in the whole duck

production chain effectively improves the food safety
of final retail products and decreases the risk of trans-
mission to humans.

In conclusion, we examined the epidemiology of Sal-
monella in a duck production chain in Jiangsu and Shan-
dong provinces. Our results indicate a high prevalence of
Salmonella in the duck production chain. The core-
genome SNP results showed that Salmonella isolates
from different production stages were genetically simi-
lar. This shows that Salmonella can spread between dif-
ferent regions along the duck production -chain.
Therefore, the control of Salmonella in the duck produc-
tion chain should be strengthened, and relevant regula-
tions should be formulated to prevent the spread of
Salmonella from the duck production chain to humans.
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