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Abstract: Salmonella are widely distributed foodborne pathogens and are often associated with food
animal products. Colistin resistance mediated by mcr-1 is an increasing threat; however, data on
the characteristics of mcr-1-harboring Salmonella among retail foods are still lacking. In this study,
retail meats from 24 supermarkets and eggs from nine markets in Qingdao city were investigated to
determine the presence and genomic characteristics of mcr-1-harboring Salmonella. We found the retail
meats and eggs were highly contaminated by Salmonella, with detection rates of 17.5% (31/177) and
12.3% (16/130), respectively. A total of 76 Salmonella isolates were obtained in this study, and 77.6%
showed multidrug resistance (MDR). The MDR proportion of egg isolates (97.5%) was significantly
higher than that in meat isolates (55.6%) (p < 0.05). The most prevalent Salmonella serotypes were
Typhimurium (56.6%) and Enteritidis (17.1%). Of the 76 Salmonella isolates, 40 possessed mcr-1. All
40 mcr-1-positive isolates were ST34 S. Typhimurium and were from eggs of eight brands. Different
mcr-1-harboring isolates existed in the same egg, and some isolates from different egg samples or
brands showed clonal relationships. The mcr-1 was located on similar IncHI2/HI2A MDR non-
conjugative plasmids lacking transfer region, resulting in the failure of conjugation. The phylogenetic
tree using genome sequences showed that the mcr-1-positive isolates from eggs clustered together
with mcr-1-positive isolates from chicken and humans in China, revealing that mcr-1-positive egg-
borne Salmonella might be derived from chicken and could potentially trigger outbreaks in humans.
The high occurrence of mcr-1-harboring Salmonella in fresh eggs is alarming, and there is an urgent
need to monitor mcr-1-harboring Salmonella in retail meats and eggs. We report for the first time the
role of retail eggs in disseminating mcr-1-positive Salmonella and the risk of transmission of these
MDR pathogens from retail food to humans should be evaluated comprehensively.
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1. Introduction

Colistin is widely and increasingly used as a last-resort antibiotic for treating severe
infections caused by multidrug-resistant (MDR) Gram-negative bacteria, especially car-
bapenemase producers [1]. However, colistin use in animals has promoted the emergence
of a mobilized colistin resistance (mcr) gene, mcr-1, challenging the efficacy and clinical
usefulness of this drug [2]. To date, several subtypes of mcr (mcr-1 to mcr-10) have been
identified in various Enterobacteriaceae members [1,3,4]. The mcr-1 gene shows the high-
est prevalence among members of Enterobacteriaceae, especially Escherichia coli, and has
been found in samples of different origins around the world in recent years, including hu-
mans [5], food-producing animals [6], aquaculture [7], migratory birds [8], wild animals [9],
environments [10], flies [11], vegetables [12] and retail meats [13].
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Salmonella, responsible for 180 million diarrheal illnesses that occur globally each
year, are widely distributed foodborne pathogens and cause about 298,000 deaths world-
wide each year [14]. In Europe, Salmonella cause 88,715 confirmed cases of salmonel-
losis, with 23.4 cases per million people [15]. In the United States, about 1.35 million
infections, 26,500 hospitalizations and 420 deaths are caused by Salmonella every year
(https://www.cdc.gov/salmonella/, accessed on 26 November 2022). In China, it has been
also reported that Salmonella are responsible for about 70~80% of foodborne pathogenic
outbreaks and cause nontyphoidal salmonellosis with an incidence of 626.5 infections per
100,000 persons [16]. To date, more than 2600 serotypes of Salmonella have been identified;
however, human nontyphoidal salmonellosis are mainly caused by only a few serotypes,
especially by S. Typhimurium and S. Enteritidis [17], which can also cause systemic dis-
ease in a wide range of host animals [15]. Foodborne salmonellosis in humans is mainly
attributed to Salmonella transmission from food animals to humans via the food chain. In
Europe, 42.4% of human salmonellosis cases were caused by the eggs of laying hens [15].
The rising incidence of MDR Salmonella in food animal products has been a great threat
to humans.

Although the detection rate of mcr-1 in clinical Salmonella isolates in many countries
remains very low [18,19], mcr-1-positive Salmonella isolates have already occurred in food
animal products, especially retail meats [20,21], and S. Typhimurium has been the preva-
lent serotype for both clinical and foodborne mcr-1-positive Salmonella isolates [22,23]. As
antimicrobial resistance (AMR) in retail foods has not been brought in line with the na-
tional AMR surveillance programmes in China [24], the understanding of mcr-1-positive
foodborne bacteria is limited. Reports about foodborne bacteria carrying mcr-1 in China
have mainly focused on E. coli from retail meats [25-27]. Recently, scattered mcr-1-positive
Salmonella isolates have been reported in retail meats in China [28,29]. In contrast, little
attention has been paid to retail eggs, which account for a considerable proportion of the hu-
man daily diet, although one S. Typhimurium recovered from egg has been found to carry
mcr-1 recently [23]. There is an urgent need to investigate the presence and characteristics
of Salmonella harboring mcr-1 in food animal products, especially retail eggs.

To increase our understanding of the molecular genetic mechanisms involved in the
emergence and dissemination of mcr-1-harboring Salmonella in retail food, we conducted
a surveillance of mcr-1-positive Salmonella in retail meats and eggs in China and identified
the genomic characteristics of prevalent isolates carrying mcr-1. Findings of current work
should lead to insights for developing effective strategies for controlling mcr-1-positive
Salmonella in retail food and reducing untreatable infections in humans.

2. Materials and Methods
2.1. Isolation and Serotyping of Salmonella

For this study, 177 retail raw meat samples (31 pork samples and 146 chicken meat
samples) belonging to 15 brands were collected from 24 large supermarkets distributed
across Qingdao city, China. These 177 unpackaged meat samples included 19 in the year
2017, 49 in 2018 and 109 in 2021. A total of 130 fresh eggs were purchased from four large
supermarkets (64 eggs) and five small markets (66 eggs) in Qingdao in 2021. These eggs
came from 22 farms about which further information was unfortunately not available. All
samples were stored below 8 °C and processed within 24 h after sampling.

Raw meat samples were aseptically homogenized individually, and 25 g of each
homogenized meat sample was mixed with 225 mL buffered peptone water (BPW) in
stomacher bag. For detecting Salmonella within egg, the egg content was obtained according
to a previous method [30]. Briefly, we removed adherent materials on the shell surface
and then soaked eggs in 70% ethyl alcohol for at least 10 s. The shell was cracked, and
a sterile thumb forceps was used to aseptically separate shell from the interior content
to generate a hole. The whole egg content including albumen and yolk was poured into
sterile bag and then mixed thoroughly. Each homogenized egg content (25 mL) was also
mixed with 225 mL BPW and then incubated at 37 °C overnight as the retail meat samples.
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Salmonella isolates were obtained according to the procedures established by China national
food safety standard GB 4789.4-2016 [31]. As different Salmonella colonies might exist in
the same sample, one to three suspected colonies were selected from each sample. The
obtained isolates were identified using a Salmonella-specific invA gene PCR [32]. Thirty-one
different serotypes representing the most common clinical Salmonella were identified in this
study. The serotypes Enteritidis, Typhimurium, Dublin and Pullorum/Gallinarum were
identified by PCR as previously described [33,34]. The remaining 27 different serotypes
were determined using another method [35]. The PCR amplicons were randomly selected
for sequencing to confirmed the serotypes.

2.2. Antimicrobial Susceptibility Testing and Identification of Resistance Genes

The minimum inhibitory concentrations (MICs) of ampicillin, ceftiofur, cefotaxime,
meropenem, nalidixic acid, enrofloxacin, ciprofloxacin, levofloxacin, tetracycline, doxycy-
cline, tigecycline, streptomycin, kanamycin, gentamicin, amikacin, colistin and fosfomycin
were determined by the agar dilution method, and the results (except for tigecycline)
were analyzed according to the CLSI criteria [36]. The MIC method used for colistin
and resistant breakpoints for colistin and tigecycline were recommended according to
a 2019 EUCAST procedure [37]. The presence of mcr genes (mcr-1 to mcr-10) was deter-
mined by PCRs [3,4], and carbapenemase-encoding genes were also screened as previ-
ously described [38]. Plasmid-mediated quinolone resistance (PMQR) and blactx-m genes
were analyzed as we reported previously [39]. 165 rRNA methyltransferases genes were
also analyzed [40].

2.3. Pulsed-Field Gel Electrophoresis and Conjugation Experiments

Pulsed-field gel electrophoresis (PFGE) was performed to determine the genetic relat-
edness among the obtained Salmonella isolates [41], and PFGE patterns were analyzed with
the BioNumerics software. The multilocus sequence types (MLSTs) of Salmonella carry-
ing mcr genes were also analyzed (https:/ /pubmlst.org/bigsdb?db=pubmlst_salmonella_
seqdef, accessed on 26 November 2022). Conjugation of all mcr-carrying isolates was
performed using the broth mating method with streptomycin-resistant E. coli C600 as
the recipient.

2.4. Whole Genome Sequencing and Phylogenetic Analysis

Because three (S34L1, S34L.2 and S34L3), two (S37L1 and S37L3) and two (S58L1
and S58L2) mcr-1-positive isolates with different PFGE patterns were recovered from egg
sample S34, S37 and S58, respectively; these seven mcr-1-harboring isolates were further
analyzed using whole-genome sequencing (WGS). Three mcr-1-positive isolates (S46L1
from brand 5, S47L1 from brand 5 and S54L1 from brand 6) with identical PFGE patterns
from different egg samples/brands were also subjected to WGS. Briefly, total genomic
DNA of mcr-1-harboring isolates were prepared using the TIANamp Bacteria DNA Kit
(Tiangen, Beijing, China). Paired-end sequencing (2 x 150 bp) of genomic DNA was
performed using the Illumina HiSeq platform (Illumina, San Diego, CA, USA) to generate
enough data sets (>100 x coverage for each sample). In order to obtain high-quality
clean reads, raw reads were filtered to remove the adaptor sequences and the low-quality
reads. SPAdes v3.8.2 was used to assemble the Illumina clean reads [42]. Isolates S461.1
and S58L2 with different sizes of plasmids were further sequenced using the Oxford
Nanopore MinlON sequencer platforms. Illumina and MinlON reads were assembled
de novo using Unicycler v0.4.7 [43]. The Center for Genomic Epidemiology web tools
(https://cge.cbs.dtu.dk/services/, accessed on 26 November 2022) were used to analyze
resistance genes and plasmid replicon types.

To track the phylogenetic relationships of the mcr-1-positive ST34 S. Typhimurium
isolates from different origins, we used 10 genome sequences of Salmonella obtained from
eggs in this study and the genome sequences of the few mcr-1-positive ST34 S. Typhimurium
in the NCBI Pathogen database (https://www.ncbi.nlm.nih.gov/pathogens, accessed
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on 26 November 2022) including seven from humans, one chicken isolate and one egg
isolate. SNPs were determined using the web tool CSI Phylogeny 1.4 (https://cge.food.dtu.
dk/services/CSIPhylogeny/, accessed on 26 November 2022) and S46L1 possessing the
prevalent PFGE pattern was set as reference. The phylogenetic tree was generated using
the online tool iTOL v6 (https:/ /itol.embl.de, accessed on 26 November 2022).

2.5. Characterization of mcr-1-Bearing Plasmids

The complete sequences of micr-1-bearing plasmids were obtained from the two nanopore-
sequenced genomes, while the plasmid contigs in the remaining Illumina-sequenced
isolates were extracted from the whole-genome sequences with Plasmid SPAdes tool
(http:/ /spades.bioinf.spbau.ru/plasmidSPAdes/, accessed on 26 November 2022) using
default parameters. Functional annotation of the sequenced genomes was performed
using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) server. The alignment
comparison of mcr-1-bearing plasmids was visualized by the BRIG version 0.95 [44]. The
linear alignment of these plasmids was also performed using Easyfig version 2.1 [45].

2.6. Nucleotide Sequence Accession Numbers

The accession numbers of the chromosomes of S46L.1 and S58L2 submitted to NCBI
are CP091540 and CP091542, respectively, and accession numbers of pMCR_S46L1 and
PMCR_S58L2 are CP091541 and CP091543, respectively. The genome sequences of the remain-
ing eight isolates are as following: S34L1 (JAKKDG000000000), S34L.2 (JAKKDHO000000000),
S34L3 (JAKKDI0O00000000), S37L1 (JAKKDJ000000000), S37L3 (JAKLWT000000000), S47L1
(JAKLWU000000000), S54L1 (JAKLWV000000000) and S58L1 (JAKLWW000000000).

3. Results
3.1. Detection Rates and Serotypes of Salmonella in Raw Meats and Eggs

Among the 177 raw meat samples, 36 Salmonella isolates were identified in 31 meat
samples (17.5%, 31/177) from 14 large supermarkets (Table 1 and Figure 1). Of the 109 meat
samples collected in 2021, 21 samples (19.3%) harbored Salmonella, and this detection rate
was similar with that in samples collected during 20172018 (p > 0.05). There was no
significant difference between the Salmonella isolation rate in chicken meats (17.8%, 26/146)
and that in pork (16.1%, 5/31) (p > 0.05) (Table 1). A total of 16 fresh egg samples of eight
brands from three markets harbored Salmonella. A group of 40 Salmonella isolates were
obtained from these 16 egg samples, which came from eight chicken farms (Figure 2). The
detection rate of Salmonella in eggs (12.3%, 16/130) was similar to that in retail meats (17.5%,
31/177) (p > 0.05). Notably, all the Salmonella-positive egg samples were collected from
small markets, and the detection rate was 24.2% (16/66) (Table 1).

Here, 70 of the 76 Salmonella isolates were successfully serotyped, and S. Typhimurium
was the most common serotype (56.6%), followed by S. Enteritidis (17.1%) and S. Braen-
derup (15.8%) (Table 2). Among the 36 isolates from retail meats, the top two serotypes
were S. Enteritidis (36.1%, 13/36) and S. Braenderup (33.3%, 12/36), while all 40 isolates
from fresh eggs belonged to S. Typhimurium (Table 2).

Table 1. Isolation rates of Salmonella in different types of retail foods.

Sample Types Isolation Rates of Salmonella (%)
Small Markets Large Supermarkets
Raw meat samples (n = 177) - 17.5(31/177)
Chicken meat (n = 146) - 17.8 (26/146)
Pork (n =31) 16.1 (5/31)

Fresh eggs (n = 130) 24.2 (16/66) 0.0 (0/64)
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PFGE-Xbal

Strain

S2041L1
SALIJ20L1
$2012
52023
S1333L1
SALIJSL1
SALLIMLIJLLCL2
S2044L1
SALI79L1
SALJ79L2
SALLIMLIJLCL2
SALLIMLJILCL3
SALLIMLIJLCLS

S2055L1
S2069L1
SALJ20L2
SALJ32L1
S2046L1
S2052L1

SALLIMLJLLPL2
SALLIMLJLLPL2

S2085L1
S2083L1
S2081L1
S2078L1
S2076L3
S2073L2
S2071L1
S2073L1
S2066L1
S2067L1
S2069L.2
S2080L1
S2031L1

SALLIMLILLPL4

S20111.2

Origin

supermarket 6
supermarket 12
supermarket 5
supermarket 5
supermarket 4
supermarket 11
supermarket 16
supermarket 7
supermarket 14
supermarket 14
supermarket 17
supermarket 17
supermarket 17
supermarket 8
supermarket 9
supermarket 12
supermarket 13
supermarket 7
supermarket 7

supermarket 10
supermarket 10
supermarket 10
supermarket 10
supermarket 9

supermarket 9

supermarket 9
supermarket 9
supermarket 10
supermarket 6

supermarket 4

Sample

chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
supermarket 15 pork

supermarket 16~ pork

chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
supermarket 8  pork

supermarket 9 pork

supermarket 8 pork

chicken meat
chicken meat
chicken meat
chicken meat
chicken meat
supermarket 16  pork

chicken meat

Serotype bla

S. Enteritidis
S. Newport
S. Newport

S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis
S. Enteritidis

S. Typhimurium
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Braenderup
S. Typhimurium

CTX-M

9G

9G

Figure 1. Characteristics and PFGE dendrogram patterns of the 36 Salmonella isolates from retail

meats of different origins.

PFGE-Xbal

Strain Origin Serotype
S33L1 market 1 S. Typhimurium
S33L2 market 1 S. Typhimurium
S50L.2 market 3 S. Typhimurium
S40L1 market 2 S. Typhimurium
S54L1 market 3 S. Typhimurium
S40L2 market 2 S. Typhimurium
S47L3 market 3 S. Typhimurium
S541.2 market 3 S. Typhimurium
S65L1 market 3 S. Typhimurium
S44L.1 market 2 S. Typhimurium
S49L1 market 3 S. Typhimurium
S50L1 market 3 S. Typhimurium
S541.3 market 3 S. Typhimurium
SS8L1 market 3 S. Typhimurium
S65L2 market 3 S. Typhimurium
S33L3 market 1 S. Typhimurium
S38L3 market 2 S. Typhimurium
S46L1 market 3 S. _[yphgmurgum
S47L1 market 3 S Typh{mur{um
S49L.2 market 3 S. Typhimurium
S55L.2 market 3 S. Typhimurium
S55L3 market 3 S. Typhimurium
S58L2 market 3 S. Typhimurium
S34L1 market 1 S. T,ypht,mun,um
S46L.2 market 3 S. Typhimurium
S47L2 market 3 S. Typhimurium
S49L3 market 3 S. Typhimurium
S58L3 market 3 S. ?phimurium
S46L3 market 3 S. Typhimurium
S34L.2 market 1 S. Typhimurium
S30L1 market 1 S. Typhimurium
S31L2 market 1 S. Typhimurium
S31L1 market 1 S. %"yph{mur{um
S30L2 market 1 S. Typhimurium
S37L.2 market 2 S. Typhimurium
S38L2 market 2 S. Tiph{mun:um
S37L1 market 2 S. Typhimurium
S37L3 market 2 S. Typhimurium
S40L3 market 2 S. Typhimurium
S34L3 market 1 S. Typhimurium

mcr-1 Brand Farm

mer-1
mcr-1
mer-1
mer-1
mcr-1
mer-1
mer-1
mcr-1
mer-1
mer-1
mer-1
mer-1
mcr-1
mer-1
mer-1
mcr-1
mer-1
mcr-1
mer-1
mer-1
mer-1
mer-1
mcr-1
mcr-1
mer-1
mer-1
mer-1
mer-1
mer-1
mcr-1
mcr-1
mer-1
mer-1
mer-1
mer-1
mer-1
mer-1
mer-1
mer-1
mer-1

brand 3
brand 1
brand 4
brand 5
brand 6
brand 8
brand 2
brand 2
brand 1
brand 5
brand 5
brand 6
brand 6
brand 2
brand 3
brand 3
brand 3
brand 5
brand 6
brand 7
brand 8
brand 3
brand 5
brand 5
brand 5

farm C
farm A
farm D
farm E
farm F
farm H
farm B
farm B
farm A

Figure 2. Characteristics and PFGE dendrogram patterns of the 40 Salmonella isolates harboring mcr-1

from retail eggs.
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Table 2. Distribution of the serotypes of 76 Salmonella isolates in retail food from different sources.

Ratio of Different Serotypes (%)

Origins
Enteritidis Typhimurium Braenderup Newport Not Identified
Meat (n = 36) 36.1(13/36) 8.3 (3/36) 33.3(12/36) 5.6 (2/36) 16.7 (6/36)
Chicken meat 43.3 (13/30) 3.3 (1/30) 30.0 (9/30) 6.7 (2/30) 16.7 (5/30)
Pork 0.0 (0/6) 33.3(2/6) 50.0 (3/6) 0.0 (0/6) 16.7 (1/6)
Fresh eggs (n = 40) 0.0 (0/40) 100.0 (40/40) 0.0 (0/40) 0.0 (0/40) 0.0 (0/40)
Total (n = 76) 17.1 (13/76) 56.6 (43/76) 15.8 (12/76) 2.6 (2/76) 7.9 (6/76)

3.2. Antimicrobial Resistance Patterns and Genotypes

The highest resistance rates were found for ampicillin (78.9%) and nalidixic acid
(78.9%). Resistance rates to streptomycin, gentamicin, kanamycin and colistin were all
above 50.0% (Table 3). No isolate was found to be resistant to meropenem and tigecycline.
Notably, the resistance rate to the six antimicrobials (gentamicin, kanamycin, colistin,
streptomycin, ampicillin and nalidixic acid) among isolates from eggs was above 90.0% and
was significantly higher than that from retail meats (p < 0.05) (Table 3). In particular, 59 of
the 76 Salmonella isolates (77.6%) exhibited MDR, resistant to at least one agent in three or
more antimicrobial classes (Table 3). Notably, 97.5% of the 40 Salmonella isolates from eggs
were MDR and the resistance rate to at least three and four antimicrobial classes in fresh egg
isolates was significantly higher than that in isolates from retail meats, respectively (p < 0.05)
(Table 3). The resistance pattern (ampicillin-colistin-streptomycin-kanamycin-gentamicin-
nalidixic acid) was observed in 28 egg-sourced isolates and was also the predominant MDR

pattern among the 59 foodborne MDR isolates.

Table 3. Antimicrobial resistance phenotypes of 76 Salmonella isolates from different sources.

Antimicrobial Agents

Resistance Rates (%)

Retail Meats (n = 36)

Fresh Eggs (n = 40)

Total (n = 76)

B-lactams
ampicillin
ceftiofur
cefotaxime
meropenem
Quinolones
nalidixic acid
enrofloxacin
ciprofloxacin
levofloxacin
Tetracyclines
tetracycline
doxycycline
tigecycline
Aminoglycosides
streptomycin
kanamycin
gentamicin
amikacin
Lipopeptides
colistin
Others
fosfomycin
>3 (MDR)
>4
>5

55.6 (20/36) @ 100.0 (40/40) ® 78.9 (60/76)
8.3 (3/36) 2.5 (1/40) 2 5.3 (4/76)
8.3(3/36) 0.0 (0/40) 2 3.9 (3/76)

0.0 (0/36) 0.0 (0/40) 0.0 (0/76)

55.6 (20/36) @ 100.0 (40/40) ® 78.9 (60/76)
8.3 (3/36) 0.0 (0/40) @ 3.9 (3/76)
8.3(3/36) 2 5.0 (2/40) 2 6.6 (5/76)
5.6 (2/36) 2 0.0 (0/40) @ 2.6 (2/76)

36.1 (13/36) @ 0.0 (0/40) ® 17.1 (13/76)

36.1 (13/36) @ 0.0 (0/40) ® 17.1 (13/76)

0.0 (0/36) 0.0 (0/40) 0.0 (0/76)

44.4 (16/36) 2 100.0 (40/40) P 73.7 (56/76)
25.0 (9/36) @ 92.5 (37/40) b 60.5 (46/76)

33.3(12/36) 2 97.5 (39/40) b 67.1 (51/76)
2.8(1/36)2 0.0 (0/40) 1.3 (1/76)
0.0 (0/36) @ 100.0 (40,/40) ® 52.6 (40/76)
8.3(3/36) 2 2.5 (1/40) 5.3 (4/76)

55.6 (20/36) 2 97.5 (39/40) ® 77.6 (59/76)

27.8(10/36) @ 97.5 (39/40) ® 64.5 (49/76)
5.6 (2/36) 2 2.5 (1/40) 3.9 (3/76)

Different lowercase letters (* and ?) stand for significant differences (p < 0.05).
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Among the 76 Salmonella isolates, three from chicken meats possessed blactx-m genes
(Figure 1). A group of 40 isolates (52.6%) carried mcr-1, and all 40 isolates were S. Ty-
phimurium. Notably, all 40 mcr-1-positive S. Typhimurium were recovered from eggs of
eight brands, and each of these eight brands came from one chicken farm (Figure 2). Genes
mcr-2~mcr-10 were not found in our study. Only one isolate harbored the PMQR gene
0qxAB, and other PMQR genes were not found in our study. Carbapenemase-encoding
genes and 16S rRNA methyltransferases genes were also not identified in our study.

3.3. Conjugation and PFGE Analysis

We determined the transferability of mcr-1 using conjugation three times, but mcr-1 in
all 40 S. Typhimurium isolates could not be transferred to E. coli C600. All 76 Salmonella
isolates were successfully subtyped by Xbal-PFGE. For the 36 isolates from retail meats,
18 PFGE patterns were identified, and isolates of the same serotype were clustered together
(Figure 1). All the S. Braenderup isolates had high genetic similarity (>96.5%), and isolates
from different types of meat or markets (i.e., isolates S2076L3, S2078L1, S2073L1 and
52071L1) also shared identical PFGE pattern. Clonal relationships were also found among
S. Enteritidis from different samples within market or different markets (i.e., isolates
52044L1, SALJ79L1 and SALLJMLJJLCL2). Notably, Salmonella isolates from the same
meat sample had different PFGE patterns (i.e., SALJ20L1 and SALJ20L2) or serotypes (i.e.,
52069L1 and S2069L2) (Figure 1).

All the 40 S. Typhimurium isolates harboring mcr-1 from fresh eggs were ST34 type and
most isolates were clustered together (Figure 2). Isolates possessing different PFGE patterns
were also identified in the same samples (i.e., isolates S34L.1, S34L.2 and S34L3 from sample
534; isolates S37L1 and S37L3 from sample S37; isolates S40L1 and S40L3 from sample S40).
Clonal relationship was found among the S. Typhimurium isolates from different samples
of the same brand (i.e., isolates S46L1 and S47L1 from egg brand 5; isolates S37L1, S38L.2
and S40L1 from egg brand 3). Notably, S. Typhimurium isolates harboring mcr-1 from eggs
of different brands (i.e., S30L1, S31L1, S40L.1, S441.1, S471.1, S54L.1, S58L.1 and S65L2 from
egg samples of eight brands) were also found to share identical PFGE pattern.

3.4. Genomic Characteristics of mcr-1-Positive S. Typhimurium Isolates

For each of the 10 sequenced isolates, the number of obtained contigs ranged from 50
to 56, and the contig N50 size was between 318,715 bp and 377,001 bp. All 10 sequenced
isolates possessed multiple antimicrobial resistance genes, including resistance to colistin
(mcr-1), aminoglycosides (aph(4)-Ia, aac(3)-1V, aph(6)-Id, aac(6’)-Iaa, and aph(3”)-Ib), B-lactams
(blapx a1 and blatgp-s), fluoroquinolones (aac(6’)-Ib-cr and gyrA (D87Y)), phenicols (catB3),
rifamycin (arr-3) and sulfonamides (sul1 and sul2) (Table 4). Isolate S58L2 also carried eight
additional resistance genes (aph(3')-1a, aadA1, aad A2b, sul3, 0qxAB, floR, dfrA12, and cmlA1).
All 10 mcr-1-positive isolates only carried IncHI2 /HI2A type plasmid (Table 4).

The genomic phylogeny analysis showed that 182 SNPs were obtained among the
19 mcr-1-positive ST34 S. Typhimurium isolates, which included isolates from humans
and chicken in the NCBI pathogen database. All 10 ST34 S. Typhimurium isolates from
eggs in our study were clustered together and had a limited number of variations (0 to
2 SNPs), showing a close genetic relationship among these isolates even for those from
different samples or brands (Figure 3). Notably, all 10 egg-sourced isolates were also
clustered together with the chicken-source isolate SCSM4.1 (NZ_CP047115) in China, with
a limited number of variations (20 to 21 SNPs), suggesting chicken feces as the likely
contamination source of mcr-1-harboring S. Typhimurium in eggs (Figure 3). Most human
isolates from China and America showed less than 135 SNPs away from our egg-sourced
isolates (Figure 3).
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Table 4. Characteristics of the 10 mcr-1-positive S. Typhimurium isolates derived from whole genome
data analysis.

Isolates Egg Brands Markets Resistance Genes Replicon Type
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S46L1 Brand 5 Market 3 sull, sul2, arr-3, blaoxa-1, blatem-18 , catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-laa, aph(3"')-Ib,
S58L.2 Brand 7 Market 3 aph(3')-Ia, aad A1, aadA2b, sull, sul2, sul3, arr-3, blaoxa-1, blatem-18, IncHI2 /HI2A
catB3, gyrA (D87Y), 0qxAB, floR, dfrA12, cmlAl
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S34L1 Brand 2 Market 1 sull, sul2, arr-3, blagxa-1, blatem-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S34L.2 Brand 2 Market 1 sull, sul2, arr-3, blaoxa-1, blatgm-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S34L3 Brand 2 Market 1 sull, sul2, arr-3, blaoxa-1, blatem-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S37L1 Brand 3 Market 2 sull, sul2, arr-3, blagxa-1, blatgm-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-ct, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S37L3 Brand 3 Market 2 sull, sul2, arr-3, blapxa-1, blatem-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-Ia, aac(6')-Ib-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3")-Ib,
S47L1 Brand 5 Market 3 sull, sul2, arr-3, blapxa-1, blatgm-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S54L1 Brand 6 Market 3 sull, sul2, arr-3, blapxa-1, blatem-18, catB3, gyrA (D87Y) IncHI2/HI2A
mer-1, aph(4)-1a, aac(6')-1b-cr, aac(3)-1V, aph(6)-1d, aac(6')-Iaa, aph(3"')-Ib,
S58L1 Brand 7 Market 3 sull, sul2, arr-3, blagxa-1, blatem-1s, catB3, gyrA (D87Y) IncHI2/HI2A
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Figure 3. Phylogenetic analysis (A) and SNPs variation (B) of the 19 mcr-1-harboring ST34 S. Ty-

phimurium isolates from different countries and different sources, including nine genomes from the
NCBI database and 10 isolates in this study.

3.5. Complete Sequence Analysis of mcr-1-Carrying Plasmids

The complete sequences of mcr-1-carrying IncHI2/HI2A plasmids pMCR_S58L2
(CP091543, 185529 bp) and pMCR_S46L1 (CP091541, 149407 bp) were obtained. The
plasmid contigs in the remaining eight isolates were also identified, and all these iso-
lates also carried only one IncHI2 /HI2A type plasmid harboring mcr-1. All plasmids in
the remaining eight isolates were highly identical to pMCR_S46L1 (Figure 4A). Notably,
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PMCR_S58L2 covered all sequences of pMCR_S46L1 with an identity of 100.0%; however,
PMCR_546L1 possessed 85% sequences of pMCR_S58L2 (Figure 4). All nine pMCR_S46L1-
like plasmids carried nine resistance genes including mcr-1, aph(4)-Ia, aac(3)-1V, blagxa-1,
aac(6')-Ib-cr, catB3, arr-3, sull and sul2 (Figure 4B). In addition to the above nine resistance
genes, pMCR_S58L2 harbored nine additional resistance genes including aminoglycosides
(aph(3')-In, aadA1 and aadA2b), sulfonamides (sull and sul3), fluoroquinolones (0gxAB),
phenicols (floR and cmlA1) and trimethoprim (dfrA12) resistance genes (Figure 4B). In both
types of mcr-1 plasmids, all resistance genes except mcr-1 were located in the MDR region,
and transposase genes within insertion sequences, especially tnpA-1S26, were adjacent
to each of these resistance genes. An MDR region of ~36 kb carrying nine additional
resistance genes mentioned above was integrated into the MDR region of pMCR_S46L1,
forming the plasmid pMCR_S58L2 (Figure 4B). Only one copy of ISApl1 was near mcr-
1 in all mcr-1-bearing plasmids in this study, and a heavy metal resistance region pos-
sessing multiple tellurium resistance genes (terYXWZABCDEF) was also found in these

plasmids (Figure 4A).
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Figure 4. Circular (A) and linear (B) sequence alignment of micr-1-bearing IncHI2 plasmids in this study

and other similar plasmids available from the NCBI database. (A) Circular alignment of the nine pMCR_
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S46L1-like plasmids, pMCR_S58L2 and similar plasmids available from the NCBI database including
pHNSHP45-2 (KU341381), pSH16G1394 (NZ_MK477614) and plas4.1.1 (NZ_CP047116). Plasmid
pHNSHP45-2 was included as a reference and the outermost ring showed annotations of pHHINSHP45-
2. The resistance genes and transfer-related genes are marked with red and purple, respectively.
(B) Linear alignment of mcr-1-harboring pMCR_S46L1 (CP091541), pMCR_S58L2 (CP091543) and
plas4.1.1 (NZ_CP047116). Insertion sequences or tnpA in insertion sequences are highlighted in
orange arrows, while resistance genes are indicated by red arrows.

In addition to MDR regions, all 10 plasmids also had other backbone structures typical
of IncHI2 plasmid pHNSHP45-2 (KU341381), such as plasmid replication (repHIA and
repHI2), maintenance system (such as parA and parB) and transfer-related (tra and trh series
genes) regions (Figure 4A). The 10 plasmids were similar (>99.99%) to the two typical mcr-
1-bearing plasmids pHNSHP45-2 (KU341381, 251493 bp) and pSH16G1394 (NZ_MK477614,
251867 bp) from E. coli in a pig and Salmonella from a diarrheal patient in China, respectively;
however, the nine pMCR_S46L1-like plasmids and pMCR_S58L2 possessed only 59%
and 70% sequences of the two typical IncHI2 plasmids, respectively (Figure 4A). The
typical IncHI2 plasmids (pHNSHP45-2 and pSH16G1394) contained two transfer regions:
region 1 including genes traJ-traH and genes trhR-trhG; region 2 including traNUW and
trhIUFOZCVBKEL (Figure 4A). We did not identify conjugative transfer region 1 in our
10 plasmids (Figure 4A), accounting for the failure of conjugation. Notably, pMCR_S58L2
was highly similar (100.0% identity and 98.0% coverage) to the mcr-1-bearing plasmid
plas4.1.1 (NZ_CP047116, 190174 bp) in Salmonella from chicken feces in China (Figure 4A),
and only a deletion and inverted insertion of small fragments mediated by transposases
were found in plasmid plas4.1.1 (Figure 4B). This result suggests that mcr-1-harboring
plasmids in S. Typhimurium in fresh eggs might be derived from plasmids in isolates from
chicken feces.

4. Discussion

Salmonella are the leading cause of bacterial food poisoning worldwide [14,29], and the
antimicrobial resistance of such foodborne pathogens is spreading in many countries [46].
However, data on the characteristics and transmission of foodborne Salmonella harboring
mcr-1 are still lacking. In this study, we investigated the detection rate of Salmonella among
retail food sold in Qingdao, China, and found that retail meats and eggs were widely
contaminated by Salmonella. Moreover, colistin resistance gene mcr-1 was frequently found
in Salmonella isolates from retail food, especially from eggs. In this context, retail food
animal products were important reservoirs in spreading Salmonella carrying mcr-1.

The detection rate of Salmonella in retail meats in this study was 17.5%, which was
higher than that reported in Hubei Province, China (10.5%) [47], and that reported in the
United States (8.1%) [48] but lower than that reported in Hebei Province, China (59.5%) [49].
The detection rate of Salmonella in egg samples (12.3%, 16/130) in this study was similar to
that in retail eggs in Nigeria (10.0%) [30] but higher than that reported in eggs in southern
Brazil (1.25%) [50]. Notably, the detection rate of 10% in the Nigerian study was artificially
inflated because the samples were pooled (each sample from five eggs), unlike in this study;,
where an individual egg was used as one sample. Actually, no Salmonella was obtained in
market-sourced egg contents, and all the market-sourced Salmonella isolates were recovered
from eggshells in the previous Nigerian study [30]. The high detection rate of Salmonella in
egg contents in this study was somewhat unexpected, because retail eggs were paid little
attention in previous surveillance studies in China [49]. Notably, all the Salmonella-positive
egg samples were collected from small markets, which might be because the biosecurity
and hygiene measures in the farm suppliers of eggs between small markets and large
supermarkets were different. S. Typhimurium was the most common serotype in this
study, consistent with a previous study in China [23], while it differed from other reports
in which the dominant serotype was S. Thompson in Iran [51], S. Thompson in Hubei
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Province, China [47] and S. Derby in Hebei Province, China [49]. The differences in the
dominant serotypes among studies might be the result of geographical differences and
different sample types. Thus, ongoing surveillance is necessary to monitor the prevalence
of Salmonella in various sample types and areas.

The high resistance rates to ampicillin and streptomycin in Salmonella from retail food
observed in this study agree with the fact that these antimicrobials are widely used in
food-producing animals [52]. The observed high proportion of MDR isolates was up to
77.6%, and the MDR proportion in fresh egg isolates (97.5%) was significantly higher than
that in retail meat isolates (55.6%) suggesting that in addition to retail meats, fresh eggs
might have been underestimated in spreading antimicrobial resistance. As colistin has
been a last-resort antimicrobial for defending against MDR Gram-negative bacteria, we are
surprised to see the high detection rate of mcr-1 in Salmonella from food products. Given
mcr-1 has been found in Salmonella from animals in many countries [6,53] and also occurred
in Salmonella of human origin [17,19], food products, especially fresh eggs, may play a key
role in disseminating such pathogens between animals and humans. In this study, all
the mcr-1-positive Salmonella isolates were ST34 S. Typhimurium, similar to the finding
that the majority of mcr-1-positive Salmonella isolates in humans and animals were ST34
S. Typhimurium [54,55]. Because ST34 S. Typhimurium has been reported across European
countries, Japan and China [56,57], the relationship between ST34 S. Typhimurium and
mcr-1 needs to be further elucidated, and international coordinated intervention strategies
are required to limit the further dissemination of mcr-I-harboring ST34 S. Typhimurium
around the world.

All 40 S. Typhimurium isolates from eggs harbored mcr-1 gene and mcr-1-positve
isolates with different PFGE patterns were also identified in the same eggs, indicating that
fresh eggs were important reservoirs of MCR-1-producers and that the traditional method
of one isolate from each sample would underestimate the detection rate of mcr-1-positve
Salmonella by missing out such isolates. Clonal relationships were found among the mcr-
I-positive S. Typhimurium isolates from different egg samples of the same or different
chicken farms. This phenomenon could be explained as that clonal spread of mcr-1-positive
Salmonella exists among and within chicken farms, as the contamination of mcr-1-positive
Salmonella in eggs might be derived from chicken. The source of such resistant pathogens
in retail food products should be traced in the future.

The mcr-1 gene has been reported in plasmids with different replicon types including
Incl2, IncX4, IncHI2, IncHI1, IncP, IncFII and IncFIB [1,17], and the primary replicon type
varies among different Enterobacteriaceae members. For instance, IncI2 and IncX4 were
the two primary replicon types of plasmids harboring mcr-1 in E. coli from animals [6] and
humans [5]. However, mcr-1-carrying IncHI2 plasmid was the primary type in Salmonella
from animals [57] and humans [17]. Most of the IncHI2 plasmids carrying mcr-1 reported
previously were 210~260 kb in size and were also transferable, suggesting that these
plasmids harbored complete functional transfer regions. Actually, these typical transferable
IncHI2 plasmids contained two transfer regions as previously reported [39]. However,
all mcr-1-bearing IncHI2 plasmids sequenced in this study were 149 kb or 186 kb and
did not possess the conjugative transfer region including genes traJGIH and trhRYXFHG,
accounting for the failure of the transferability of these plasmids by conjugation. In addition
to mcr-1, all the IncHI2 plasmids observed in this study also encoded resistance genes to
aminoglycosides (aac(3)-1V, aph(4)-1a), quinolones (aac(6”)-Ib-cr) and sulphonamides (sull,
sul2), which were all relevant drugs for both humans and animals. In order to limit the
further spread of mcr-1, the adverse effects of these non-polymyxin antimicrobial agents on
the spread of colistin resistance in both animals and humans deserve more attention.

The mcr-1 has been often found in various combinations with one or two copies of
ISApl1 or devoid of IS element, and IS elements especially the ISApl/1 have made an im-
portant contribution to the rapid dissemination of mcr-1 [1]. In this study, one copy of
ISApl1, rather than ISApl1-flanked composite transposon (Tn6330), was near mcr-1 in all
our observed mcr-1-bearing plasmids. It is reported that heavy metals including tellurium
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in environments may contribute to the co-selection of resistance genes such as mcr-1 in
clinically important pathogens, and this contribution can be attributed to the relevant heavy
metal resistance-encoding genes [58]. The mcr-1-bearing plasmids in this study possessed
multiple tellurium resistance genes (terY XWZABCDEF), further facilitating the spread of
mcr-1-bearing pathogens.

All the mcr-1-positive ST34 S. Typhimurium isolates from different egg samples or
brands in our study had a limited number of variations (0 to 2 SNPs), providing evidence
of a clonal relationship among these isolates. The rapid expansion of colistin-resistant
Salmonella in retail eggs due to clonal spread presents a potential public health threat. This
threat is proven by the observation of few SNP differences between isolates from retail
eggs tested in this study and humans in China [22], suggesting a likely epidemiological
association between fresh eggs and human cases. A close relationship was also found
between the mcr-1-bearing S. Typhimurium isolates from eggs and chicken. The similar
mcr-1-carrying plasmid as those in this study was also identified in S. Typhimurium
SCSM4.1 (NZ_CP047115) from chicken in China. These results suggest that chicken is the
likely contamination source of mcr-1-bearing S. Typhimurium in eggs.

5. Conclusions

We reported a high detection rate of Salmonella in food animal products at retail mar-
kets in Qingdao, China. Retail eggs carried mcr-1-bearing ST34 S. Typhimurium frequently
and might have been underestimated vehicles of Salmonella in spreading antimicrobial
resistance including colistin resistance. Resistance gene mcr-1 was located on similar
IncHI2 MDR non-conjugative plasmids lacking transfer region and the mcr-1-positive
S. Typhimurium isolates from different egg samples or brands showed clonal relation-
ships. A phylogenetic tree based on genome sequences revealed that the mcr-1-positive
Salmonella from eggs in this study might have derived from chicken and could potentially
trigger outbreaks in humans. Our findings may help explain the increasing occurrence and
transmission of mcr-1-harboring Salmonella in the community. The high detection rate of
mcr-1-harboring Salmonella in food animal products especially fresh eggs is alarming and
constitutes a food safety issue. Sustained surveillance needs be conducted to monitor the
presence of Salmonella with mcr-1 in food animal products, and control measures need to be
taken to ensure food consumers’ health. To our knowledge, this is the first report of the
high detection rate of mcr-1-harboring Salmonella in fresh eggs.
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