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ABSTRACT Salmonella Enteritidis (SE) are impor-
tant zoonotic pathogens, and can be easily transferred to
humans by contaminated animal products. Epidemic
surveys of SE are necessary in current modern large-scale
chicken farms. In this study, Salmonella strains were
isolated from possibly infected samples collected at 3
independent farms, and their serotype, drug resistances,
virulence genes, and genetic similarity were analyzed by
molecular genetic analysis technologies including multi-
locus sequence typing (MLST), clustered regularly
interspaced short palindromic repeats (CRISPR),
pulsed-field gel electrophoresis (PFGE), and whole-
genome sequencing (WGS). A total of 346 Salmonella
strains were isolated from 3,598 samples (9.61%); 329
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isolates were identified as SE (95.09%) and 308 isolates
were multidrug resistant (93.62%). Virulotyping based
on 6 virulence genes showed high similarity in SE isolates
of each farm, with the exception of 2 isolates. All SE
isolates were found to be the same ST11 type by MLST,
and 22 strains of 150 SE isolates selected at random were
found to belong to 1 cluster by PFGE and the same SET1
type by CRISPR. WGS results further revealed that
these isolates belonged to the same clonal cluster, with
high genetic similarity of 99.80 to 100.00%. All these
results indicated that these SE isolates were over-
whelmingly dominant and demonstrated high genetic
similarity, which revealed that the same SE clone might
be transmitted in these farms.
Key words: Salmonella Enteritidis, antimicrobial suscep
tibility, virulotype, genetic similarity, molecular genetic
analysis technology
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INTRODUCTION

Food safety is of high concern worldwide, with a major
focus on pathogenic microbes. Salmonella spp. are among
the most frequently isolated foodborne pathogens
(Bounar-Kechih et al., 2012), ranking second among the
31 major pathogens in the United States of America
(Scallan et al., 2011). To date, over 2,600 Salmonella sero-
types have been identified, more than half of which belong
to Salmonella enterica subsp. enterica (Li et al., 2018), ac-
counting for the majority of Salmonella infections in
humans (Ren et al., 2016). Moreover, Salmonella spp.
are important zoonotic pathogens worldwide and are
responsible for 93.8 million foodborne illnesses and
155,000 deaths per year globally (Taylor et al., 2018). In
2013, 82,694 confirmed salmonellosis cases were reported
by 27 European Union member states, resulting in a noti-
fication rate of 20.4 cases per 100,000 people (Kwambana-
Adams et al., 2015). As in previous years, the 2 most
commonly reported Salmonella serovars in 2013 were Sal-
monella Enteritidis (SE) and Salmonella Typhimurium,
which represented 39.5 and 20.2%, respectively, of all re-
ported serovars associated with confirmed human cases.

Salmonella spp. can be transmitted to humans
through the food chain (Angulo et al., 2004; Kilonzo-
Nthenge et al., 2008; Marshall and Levy, 2011), and
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these species are predominantly found in poultry, eggs,
and dairy products (Silva and Aguiar, 2011; Uche
et al., 2017; Velasquez et al., 2018). Specifically, chicken
and by-products are a major source of Salmonella infec-
tion in clinical and nonclinical settings. There are serious
consequences when chickens on a farm are infected by
Salmonella. In August 2010, 0.5 billion eggs from the
California-based poultry producer Foster Farms, 0.17
billion eggs from the Iowa-based poultry producer Hill-
andale Farms, and 0.38 billion eggs fromWright County
Egg Farms were recalled. These recalls were ordered
because the eggs might have been contaminated with
Salmonella, and 1,000 cases of human salmonellosis
had been caused by eggs that had been sold. In 2014,
the Centers for Disease Control and Prevention reported
a multistate outbreak of human Salmonella infection
linked to live poultry in the backyard flocks in Atlanta,
GA. In 2012, 300 cases of human salmonellosis were re-
ported, and 80% of the reported ill people had contact
with live poultry 1 wk before the illness began (CDC,
USA). These Salmonella incidents caused social panic
in addition to severe economic losses and human deaths.

In China, an increasing number of chickens are raised
on closed large-scale modern farms, as opposed to on a
small scale in backyards. These chickens and their prod-
ucts are currently the main sources of food supplies and
will continue to be in the future, as in the United States.
The safety of chickens with regard to Salmonella is also
of high concern to the Chinese government. Thus, it is
necessary to examine Salmonella infections on modern
large-scale chicken farms. Such investigations will offer
information regarding control strategies and Salmonella
clearance for different serotypes to reduce the incidence
of salmonellosis in humans, which will meet government
requirements for food safety.

In this study, we investigated Salmonella infections on
3 modern large-scale chicken farms in different provinces
of China. Based on the drug resistance of SE isolates,
certain virulence genes, and their molecular characteris-
tics, including multilocus sequence typing (MLST), clus-
tered regularly interspaced short palindromic repeats
(CRISPR), pulsed-field gel electrophoresis (PFGE),
and whole-genome sequencing (WGS) assessments, we
found SE to be a predominant serovar, with a very close
Table 1. Primers for virulence gene.

Gene Primer sequence (50–30) tem

prgH F: GCCCGAGCAGCCTGAGAAGTTAGAAA
R: TGAAATGAGCGCCCCTTGAGCCAGTC

sopB F: GAAGACTACCAGGCGCACTT
R: TTGTGGATGTCCACGGTGAG

spiC F: CCTGGATAATGACTATTGAT
R: AGTTTATGGTGATTGCGTAT

orfL F: GGAGTATCGATAAAGATGTT
R: GCGCGTAACGTCAGAATCAA

pefA F: GCGCCGCTCAGCCGAACCAG
R: CAGCAGAAGCCCAGGAAACAGTG

spvC F: TCTCTGCATTTCGCCACCAT
R: TGCACAACCAAATGCGGAAG
relationship with regard to genetic evolution of SE
among the 3 farms.
MATERIALS AND METHODS

Farms Selection and Samples Collection

This Salmonella survey was carried out on 3 modern
large-scale chicken farms A, B, and C, in Shandong,
Jiangsu, and Hebei provinces, respectively, with more
than 10 million chickens. Suspected Salmonella-infected
samples were continuously collected between September
2016 and July 2018 from 3 different breeder farms, once
every 2 mo; samples included eggs, dead embryos, and
sick and dead chickens, as well as drag samples from
hatcheries according to the method described by Bailey
et al. (2001). The chicken carcasses and samples were
stored at 4�C and transported to the laboratory within
48 h in an insulated ice chest containing ice packs.
Dead embryos were transferred to the laboratory within
24 h. Microbial analysis was performed immediately
upon arrival of samples in the laboratory.

Salmonella Isolation and Serotype
Identification

Liver and yolk sac samples were aseptically collected
from the sick and dead chickens and dead embryos,
respectively. Approximately 10 g liver tissue or yolk
sac was suspended in 100 mL buffered peptone water
and incubated at 37�C for 16 to 20 h; 1-mL aliquots of
these pre-enriched cultures were inoculated into 10 mL
Rappaport-Vassiliadis enrichment broth (BD Difco,
Sparks, MD) and continuously cultured at 42�C for
24 h. The broth cultures were streaked onto xylose lysine
Tergitol 4 (BD Difco) agar plates, which were incubated
at 37�C for 24 h. Isolated strains exhibiting a typical Sal-
monella phenotype were selected, and their biochemical
characteristics were confirmed using an API 20E test kit
(bioMerieux, Marcy I’Etoile, France). Salmonella iso-
lates were serotyped by slide agglutination for O and H
antigens using commercially available antisera (Tianrun
Bio-Pharmaceutical, Ningbo, China) according to the
manufacturer’s instructions.
Annealing
perature (�C) Amplicon (bp) Reference

55 755 Manning et al., (2015)

55 804 Gole et al., (2017)

56 300 Manning et al., (2015)

56 331 Manning et al., (2015)

58 154 Manning et al., (2015)

58 563 Manning et al., (2015)



Table 2. Amplification and sequencing primers of Salmonella for MLST.

Locus

Sequence of primers (50–30)

Size of products (bp)Amplification primers Sequencing primers

aroC F: CCTGGCACCTCGCGCTATAC F: GGCACCAGTATTGGCCTGCT 826
R: CCACACACGGATCGTGGCG R: CATATGCGCCACAATGTGTTG

dnaN F: ATGAAATTTACCGTTGAACGTGA F: CCGATTCTCGGTAACCTGCT 833
R: AATTTCTCATTCGAGAGGATTGC R: CCATCCACCAGCTTCGAGGT

hemD F: ATGAGTATTCTGATCACCCG F: GTGGCCTGGAGTTTTCCACT 666
R: ATCAGCGACCTTAATATCTTGCCA R: GACCAATAGCCGACAGCGTAG

hisD F: GAAACGTTCCATTCCGCGCAGAC F: GTCGGTCTGTATATTCCCGG 894
R: CTGAACGGTCATCCGTTTCTG R: GGTAATCGCATCCACCAAATC

purE F: ATGTCTTCCCGCAATAATCC F: CGCATTATTCCGGCGCGTGT 510
R: TCATAGCGTCCCCCGCGGATC R: CGCGGATCGGGATTTTCCAG

sucA F: AGCACCGAAGAGAAACGCTG F: AGCACCGAAGAGAAACGCTG 643
R: GGTTGTTGATAACGATACGTAC R: GGTTGTTGATAACGATACGTAC

thrA F: GTCACGGTGATCGATCCGGT F: ATCCCGGCCGATCACATGAT 852
R: CACGATATTGATATTAGCCCG R: CTCCAGCAGCCCCTCTTTCAG

Abbreviation: MLST, multilocus sequence typing.
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Antimicrobial Susceptibility Testing

The antimicrobial susceptibility test was performed
according to the guidelines of the Clinical and Labora-
tory Standards Institute (Liljebjelke et al., 2017). Agar
diffusion assays were performed using Mueller-Hinton
agar with disks containing 7 classes of antimicrobial
agents (Brain Heart Infusion, Oxoid, Basingstoke,
UK): ampicillin, 10 mg; amoxicillin/clavulanic acid, 20/
10 mg; cefazolin, 30 mg; meropenem, 10 mg; aztreonam,
30 mg; kanamycin, 30 mg; gentamicin, 10 mg; strepto-
mycin, 10 mg; amikacin, 30 mg; ciprofloxacin, 5 mg; enro-
floxacin, 5 mg; nalidixic acid, 30 mg; trimethoprim/
sulfamethoxazole, 1.25/23 mg; chloramphenicol, 30 mg;
and nitrofurantoin, 300 mg. All Salmonella isolates
were tested for susceptibility to each of these antibiotics.
Virulotyping Based on Selected Virulence
Genes

Salmonella genomic DNA was extracted according to
the QIAamp DNA Mini kit protocol (Qiagen GmbH,
Hilden, Germany). The extracted genomic DNA was
stored at 70�C for later use.
PCR was conducted in individual reactions using

primers targeting the following genes: prgH, sopB, spiC,
orfL, pefA, and spvC (Manning et al., 2015; Gole et al.,
2017). The specific primer sequences are shown in
Table 1. Fifty SE isolates randomly selected from each
farm were tested.
Table 3. Amplification and sequencing p

Locus Primer sequence (5

CRISPR1 F: GCTGGTGAAACGTGTTT
R: ATTCCGGTAGATYTKGA

CRISPR2 F: AACGCCATGGCCTCCTC
R: CAAAATCAGYAAATTAG

Abbreviation: CRISPR, clustered regularly
Molecular Genetic Analysis by Multi-
Technologies

MLST Seven housekeeping genes, aroC, dnaN, hemD,
hisD, purE, sucA, and thrA (primers are shown in
Table 2), recommended by the University College Cork
(http://mst.ucc.ie) were assessed in the MLST assay
(Sukhnanand et al., 2005). The amplified PCR products
were sent toGenScript (Nanjing)Co., Ltd. for sequencing.
The sequencing results were evaluated using MEGA v7.0
(Kumar et al., 2016), and the corresponding minimum
spanning tree diagram was generated using BioNumerics
v7.5 (AppliedMathsNV, Sint-Martens-Latem,Belgium).
CRISPR Primers for CRISPR are listed in Table 3 (Fei
et al., 2017). The PCR products were sent to GenScript
(Nanjing) Co., Ltd. for sequencing. The sequencing re-
sults were uploaded to a website (http://crispr.i2bc.
paris-saclay.fr/Server/) for processing to determine the
spacer arrangement of SE and to export the files in bi-
nary form. A corresponding color map was completed.
PFGE PFGEwas conducted as a part of routine surveil-
lance. PFGE for Salmonella strains was performed ac-
cording to the PulseNet protocol using Xba I as the
restriction enzyme (New England Biolabs, Leusden,
The Netherlands). Cluster analysis was performed with
BioNumerics 5.1 using the Dice similarity coefficient
and the unweighted pair group method using average
linkages dendrogram type (optimization 0.5%, position
tolerance 1.5%).
WGS Genomic DNA of the selected Salmonella isolates
was extracted using the QIAamp DNA Mini kit (Qiagen
rimers of Salmonella for CRISPR.

0–30) Size of products (bp)

ATCC 1,000–2,000
TGGAC
CTG 1,000–2,000
CTGCTGTTC

interspaced short palindromic repeats.

http://mst.ucc.ie
http://crispr.i2bc.paris-saclay.fr/Server/
http://crispr.i2bc.paris-saclay.fr/Server/


Table 4. Salmonella isolation from different samples in 3 farms.

Samples

Salmonella positive/samples (% ratio) Total

A (Shandong)

Eggs 0/17 2/26 (7.7) 1/23 (4.3) 3/32 (9.4) 1/25 (4) 1/29 (3.4) 2/24 (8.3) 0/19 2/21 (9.5) 0/25 4/25 (16) 0/21 16/287 (5.6)
Dead embryos 11/34 (32.4) 9/30 (30) 11/37 (29.7) 7/27 (25.9) 7/29 (24.1) 7/25 (28) 10/33 (30.3) 11/35 (31.4) 9/32 (28.1) 8/29 (27.6) 7/23 (30.4) 11/36 (30.6) 108/370 (29.2)
Sick/dead chickens - 0/1 1/1 (100) - 1/3 (33.3) 0/2 - 1/3 (33.3) 1/2 (50) - 1/2 (50) 0/1 5/15 (33.3)
Drag samples 2/28 (7.1) 2/37 (5.4) 1/35 (2.9) 0/35 5/39 (12.8) 2/36 (5.6) 2/33 (6.1) 0/29 3/35 (8.6) 2/32 (6.3) 2/34 (5.9) 1/32 (3.1) 22/405 (5.4)
Total 151/1,077 (14.02)

B (Jiangsu)

Eggs 2/40 (5) 0/43 3/52 (5.8) 0/36 1/39 (2.6) 2/41 (4.9) 1/43 (2.3) 0/33 2/40 (5) 0/39 2/42 (4.8) 1/36 (2.8) 14/484 (2.9)
Dead embryos 5/28 (17.9) 6/31 (19.4) 4/23 (17.4) 4/25 (16) 3/22 (13.6) 4/27 (14.8) 6/28 (21.4) 4/25 (16) 3/23 (13.0) 3/25 (12) 4/22 (18.2) 3/23 (13.0) 49/302 (16.2)
Sick/dead chickens 0/2 - - 0/2 1/1 (100) 0/1 - 0/1 - 1/2 (50) 0/2 0/1 2/12 (16.7)
Drag samples 0/37 0/41 0/40 1/35 (2.9) 1/42 (2.4) 0/41 2/43 (4.7) 1/36 (2.8) 0/42 1/40 (2.5) 1/37 (2.7) 0/39 7/473 (1.5)
Total 72/1,271 (5.66)

C (Hebei)

Eggs 2/41 (4.9) 0/37 3/30 (10) 3/43 (7.0) 4/40 (10) 2/38 (5.3) 3/42 (7.1) 1/40 (2.5) 4/39 (10.3) 2/43 (4.7) 1/36 (2.8) 3/39 (7.7) 28/468 (6.0)
Dead embryos 6/21 (28.6) 8/24 (33.3) 5/22 (22.7) 8/26 (30.8) 6/26 (23.1) 6/20 (30) 6/23 (26.1) 5/21 (23.8) 7/25 (28) 6/23 (26.1) 5/22 (22.7) 5/24 (20.1) 73/277 (26.4)
Sick/dead chickens - - 0/1 - 0/2 - 1/2 (50) 1/1 (100) 0/3 2/2 (100) 0/2 0/3 4/16 (25)
Drag samples 2/42 (4.8) 0/43 0/39 4/36 (11.1) 2/42 (4.8) 3/46 (6.5) 1/41 (2.4) 0/35 0/45 4/40 (10) 0/41 2/39 (5.1) 18/489 (3.7)
Total 123/1,250 (9.84)
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Table 5. Classification of Salmonella serovars in 3 farms.

Farm No. of samples No. of Salmonella isolates (%)

No. of Salmonella isolates (%)

SE ST SIND SINF SD

A (Shandong) 1,077 151 (14.02) 144 (95.36) 6 (3.97) 1 (0.67)
B (Jiangsu) 1,271 72 (5.66) 70 (97.22) 2 (2.78)
C (Hebei) 1,250 123 (9.84) 115 (93.50) 4 (3.25) 2 (1.62) 2 (1.62)
Total 3,598 346 (9.61) 329 (95.09) 12 (3.46) 1 (0.29) 2 (0.58) 2 (0.58)

Abbreviations: SD, Salmonella Derby; SE, Salmonella Enteritidis; SIND, Salmonella Indiana; SINF, Salmonella Infantis; ST,
Salmonella Typhimurium.
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GmbH), and WGS was performed by Novogene Co.
Ltd., Beijing, China. The genomic DNA sequencing re-
sults were analyzed using the Illumina HiSeq platform
to generate 150-bp parallel (Almeida et al., 2018) reads
with a data volume of approximately 150 Gb/strain
clean reads (Thermo Fisher Scientific, Waltham, MA).
Gene fragments were assembled using SPAdes v3.11
(Illumina, Inc., San Diego, CA) with the parameter para:
–careful–cov cutoff auto. Genomic similarity analysis
was performed on the assembly results using the Mash
assay (Lindsay et al., 2018).
RESULTS

High Prevalence of SE as a Predominant
Serovar

The prevalence of Salmonella on the breeder farms is
summarized in Table 4. Overall, the Salmonella isolation
rate of farm A (Shandong) was the highest (14.02%), fol-
lowed by farm C (Hebei) (9.84%), and farm B (Jiangsu)
scored the lowest (5.66%). A total of 346 Salmonella iso-
lates were recovered from 3,598 samples (9.61%). These
Salmonella isolates showed low diversity, with 95.09%
being identified as SE (Table 5).
Table 6. Antibiotic susceptibility among 3

Drugs

N

A n5144

b-Lactams AMP 93 (64.58)
AMC 68 (47.22)
CZO 15 (10.42)
MEM 3 (2.08)
ATM 14 (9.72)

Aminoglycosides KAN 0 (0)
GEN 0 (0)
STR 92 (63.89)
AMK 0 (0)

Quinolones CIP 15 (10.42)
ENR 66 (45.83)
NAL 143 (99.31)

Sulfonamides SXT 3 (2.08)
Chloramphenicols CHL 1 (0.69)
Nitrofurantoin NIT 134 (93.06)

Abbreviations: AMC, amoxicillin/clavulani
ATM, aztreonam; CHL, chloramphenicol; CIP
floxacin; GEN, gentamicin; KAN, kanamycin; M
nitrofurantoin; SE, Salmonella Enteritidis; S
sulfamethoxazole.
Little Difference in Antimicrobial
Susceptibility

The antimicrobial susceptibilities or drug resistances
observed are summarized in Table 6. A total of 329 SE
isolates were resistant to at least 1 antimicrobial agent,
and 308 SE isolates exhibited multidrug resistance
(93.62%). The highest resistance rates recorded corre-
sponded to nalidixic acid (96.35%), ampicillin
(57.75%), and streptomycin (53.19%). There was little
difference in the drug resistance of SE isolates among
the 3 breeder farms.
High Similarity in Virulotype

Salmonella virulence was assessed by PCR using 50
SE isolates randomly selected from each farm. All SE iso-
lates tested positive for the pefA and spvC genes
(Table 7). Only 2 isolates differed: 1 SE isolate from
the Shandong A farm carried only orfL, spiC, pefA,
and spvC genes without prgH and sopB genes; and 1
SE isolate from the Jiangsu B farm harbored only pefA
and spvC genes without prgH, sopB, orfL, and spiC
genes. The rate of virulence gene positivity among the
remaining SE isolates tested was 100%.
29 SE isolates in 3 breeder farms.

o. of drug-resistant strains (%)

B n570 C n5115 Total n5329

52 (74.29) 45 (39.13) 190 (57.75)
14 (20.00) 1 (0.87) 83 (25.23)
4 (5.71) 8 (6.96) 27 (8.21)
3 (4.29) 0 (0) 6 (1.82)
3 (4.29) 7 (6.09) 24 (7.29)
4 (5.71) 6 (5.22) 10 (3.04)
4 (5.71) 1 (0.87) 5 (1.52)
50 (71.43) 33 (28.70) 175 (53.19)
4 (5.71) 0 (0) 4 (1.22)
57 (81.43) 3 (2.61) 75 (22.80)
33 (47.14) 3 (2.61) 102 (31.00)
69 (98.57) 105 (91.30) 317 (96.35)
4 (5.71) 3 (2.61) 10 (3.04)
5 (7.14) 13 (11.30) 19 (5.78)
12 (17.14) 2 (1.74) 148 (44.98)

c acid; AMK, amikacin; AMP, ampicillin;
, ciprofloxacin; CZO, cefazolin; ENR, enro-
EM, meropenem; NAL, nalidixic acid; NIT,
TR, streptomycin; SXT, trimethoprim/



Table 7. PCR results for the presence of virulence genes in SE isolates in 3
breeder farms.

Farm PCR results No. of resistant strains

A (Shandong) prgH-sopB-orfL-spiC-pefA-spvC 49
orfL-spiC-pefA-spvC 1

B (Jiangsu) prgH-sopB-orfL-spiC-pefA-spvC 49
pefA-spvC 1

C (Hebei) prgH-sopB-orfL-spiC-pefA-spvC 50

Abbreviation: SE, Salmonella Enteritidis.
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High Genetic Similarity by Multi-
Technologies

MLST MLST was performed on the Salmonella isolates,
and the sequencing results showed 95.09% (329 out of
346) of these Salmonella isolates to be ST11, indicating
that they are SE. MLST results for the SE isolates
showed that the nucleotide sequence ranges of the
aroC, dnaN, hemD, hisD, purE, sucA, and thrA sites
were completely identical: 5, 2, 3, 7, 6, 6, and 11, respec-
tively (Figure 1).
CRISPR All SE isolates from the 3 breeder farms were
subjected to CRISPR typing (Fei et al., 2017). Specific
results with the same SET1 CRISPR type are presented
in Figure 2. CRISPR1-Spacer had 8 spacers, including
Ent1, Ent2, Ent3, Ent4, Ent5, Ent6, Ent7, and Ent8.
The CRISPR2 segments had 10 spacers, including
EntB0 and EntB1, EntB2, EntB3, EntB4, EntB5,
EntB6, EntB7, EntB8, and EntB9. The spacer compo-
sition and arrangement of CRISPR types revealed that
Figure 1. Three hundred and twenty nine of 346 isolates from 3 breede
multilocus sequence typing; SE, Salmonella Enteritidis.
all the tested SE isolates from the 3 breeder farms were of
the SET1 type (Figure 3), which was the same as the
CRISPR type of SE P125109 (submission number:
AM933172) in the National Center for Biotechnology
Information library.
PFGE The same 22 SE isolates from the 3 breeder farms
were subjected to PFGE subtyping. The Dice coefficient
was greater than 0.85 for the same cluster, and Salmo-
nella in the same cluster was considered homologous. A
homology of 100% was considered to represent the
same PFGE subtype, and the 22 SE strains were divided
into 1 cluster and 8 PFGE subtypes (Figure 4). The
similarity of the bands was high, indicating that these
SE isolates on the 3 chicken farms had very similar ge-
netic relationships, though a few bands differed
significantly.
WGS Genomic DNA sequencing results showed that
the similarity among the 22 representative SE isolates
from the 3 breeder farms was 99.80 to 100.00%
(Figure 5); these isolates also belonged to the same
r farms were ST11-type (SE) based on MLST. Abbreviations: MLST,



SE
CRISPR cluster

CRISPR1-Spacer CRISPR2-Spacer

Ent1 Ent2 Ent3 Ent4 Ent5 Ent6 Ent7 Ent8 EntB0 EntB1 EntB2 EntB3 EntB4 EntB5 EntB6 EntB7 EntB8 EntB9

P125109 o o o o o o o o o o o o o o o o o o

SET1(n=22) o o o o o o o o o o o o o o o o o o

Note: “o” is positive

Figure 2. CRISPR typing dendrogram of SE isolates in 3 breeder farms.
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clonal cluster. WGS analysis further indicated the pos-
sibility that the same SE strain was pandemic on the 3
breeder farms.
DISCUSSION

Salmonella infection remains a major public health
concern worldwide (Flockhart et al., 2017), contributing
to the economic burden of both industrialized and under-
developed countries due to the costs associated with sur-
veillance, prevention, and treatment of salmonellosis
(Uche et al., 2017). In China, an increasing number of
chickens are raised on closed large-scale modern farms
and not on a small scale in backyards. These chickens
and their by-products are major sources of food and
will continue to be a major source in the future, as in
the western developed countries (Besser, 2018).
Figure 3. Twenty two representative SE isolates were SET1-type ba
interspaced short palindromic repeats; SE, Salmonella Enteritidis.
In the past, chickens were raised on a small scale in
the backyard, and many different serotypes of
Salmonella were isolated, with rich diversity, including
Salmonella Pullorum, Salmonella Gallinarum, SE, and
Salmonella Typhimurium (Ford et al., 2018). Although
SE can also infect chickens, the birds show no clinical
symptoms, and few die under normal feeding conditions.
Thus, SE has been easily neglected. In addition, Salmo-
nella has a placeholder effect: once SE becomes estab-
lished on a farm, it diffuses via horizontal and vertical
transmission. Vertical transmission of SE can lead to
infection of eggs and offspring to cause generational
magnification, persisting on a farm for long time
(Taylor et al., 2018). In this survey, Salmonella strains
were isolated from many eggs, dead embryos, and sick
and dead chickens (Bailey et al., 2001; Fei et al., 2017),
though we cannot conclude which Salmonella strain
was the main factor causing death among embryos and
sed on CRISPR typing. Abbreviations: CRISPR, clustered regularly

mailto:Image of Figure 2|eps


Figure 4. Twenty two representative SE isolates belonged to 1 same cluster based on PFGE. Abbreviations: PFGE, pulsed-field gel electrophoresis;
SE, Salmonella Enteritidis.
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chickens. As SE in chickens can exclude other Salmonella
serotypes, SE can readily become the predominant
serotype.
Figure 5. Twenty two representative SE isolates belonged to 1 same clo
WGS, whole-genome sequencing.
In this survey, Salmonella isolates exhibited low diver-
sity, and SE was the predominant serotype on modern
large-scale chicken farms inChina, consistent with reports
nal cluster based on WGS. Abbreviations: SE, Salmonella Enteritidis;
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from other countries (Silva et al., 2011; Uche et al., 2017).
Additionally, a very close genetic relationship among the
SE isolates from the 3 breeder farms in China was
observed, and the same pandemic SE strain might be pre-
sent on these farms.We sought to address why SE is prev-
alent on different remote poultry farms and has a very
close genetic relationship, though it might be the same
pandemic strain. This transition may be due to the intro-
duction by breeders, which had been confirmed that SE
was able to be transmitted following the chick supply
chain (Fei et al., 2017). Some modern large-scale chicken
farmshave no self-cultivated ancestral chickens,with their
chickens obtained from different domestic ancestral
chicken farms. Conversely, some modern large-scale
chicken farms have their own ancestral chickens, which
were imported directly from farms abroad; nonetheless,
it cannot be guaranteed in a commercial contract that
these ancestral chickens were not infected with SE. Ac-
cording tomany reports (Eriksson et al., 2018),Salmonella
Pullorum has been purged from chicken farms in devel-
oped western countries, whereas SE has not been
completely purged. Many of the breeder farms involved
in this experiment were recorded as importing chickens
from abroad. It is possible that Salmonellawas introduced
when chickens were imported, which may account for this
type of SE. Regardless, there is a lack of sufficient evidence
for this hypothesis that this large cluster of SE derives
fromthe same source as the commonSE in exporting coun-
tries, and further investigation is needed.
Four technologies, including MLST, CRISPR, PFGE,

andWGS,were employed for genetic analysis, with the re-
sults of MLST and CRISPR being similar and those of
PFGE and WGS showing high similarity. PFGE indi-
cated that the representative SE isolates assessed
belonged to 1 cluster, with a Dice coefficient greater
than 0.85. WGS also showed that the isolates belonged
to the same clonal cluster, with similarity of 99.80 to
100.00%. These 4 methods indicated that genetic differ-
ences among these SE isolates were very small, and the
fact that the isolates have a close relationship suggests
the same pandemic strain in these farms. If this is true,
SEwill become amain target during Salmonella clearance.
Many targeted measures, such as a novel vaccine, can be
used to control this type of SE, which is the main serotype
in these farms.
However, antimicrobial susceptibility testing revealed

little differences in drug resistance among these Salmo-
nella isolates in different breeder farms. It is possible
that the same bacterium can undergo changes in drug
resistance to adapt to different environments and anti-
biotic pressures.
The severe problem of SE in modern large-scale

chicken farms is not restricted to China; it is in fact a
worldwide issue, and it is currently difficult to control
this type of SE in these farms. However, researchers in
China and other countries continue to study novel
methods to protect poultry and livestock against SE.
The high genetic similarity of SE as a predominant sero-
type in large-scale chicken farms in China will offer a new
targeted strain to design vaccines.
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