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ARTICLE INFO ABSTRACT

Keywords: The plasmid-mediated colistin resistance gene mcr-1 has been identified in various Enterobacteriaceae species,
Antimicrobial resistance which poses a great challenge to the public health. The present study aimed to investigate the prevalence of mcr-
Colistin 1 in Vibrio parahaemolyticus isolated from food samples in China, and to conduct a comprehensive analysis on the
Mer-1 molecular characterization of V. parahaemolyticus isolate carrying mcr-1-harboring plasmid. A total of 646 V.
ITn;Z( 4 parahaemolyticus strains isolated from 2531 food samples collected in retail markets in 34 different cities in
PMOR China were screened for colistin resistance. Of the 646 V. parahaemolyticus isolates tested, 25 (2.5%) exhibited

colistin resistance. The mcr-1 gene was detected in one colistin-resistant V. parahaemolyticus isolate, VP181,
obtained from a shrimp sample collected in Hong Kong. The mcr-1 gene was located on a transferable IncX4
plasmid with size of ~40kb. A Class A B-lactamase gene, blacarp.17 and the plasmid-mediated quinolone re-
sistance (PMQR) gene gnrVC5 were detected in the mcr-1-positive V. parahaemolyticus isolate VP181. Virulence
gene assays indicated that tdh was detected in VP181 by PCR. This is the first report of the occurrence of plasmid-
encoded mcr-1 in virulent V. parahaemolyticus strain. Our findings indicate horizontal transfer of this gene to
non-Enterobacteriaceae gram-negative bacteria, which warrants further investigation because of the public health
threat it poses.

1. Introduction

Antimicrobial resistance is now recognized as one of the most ser-
ious threats to global public health (Paterson and Harris, 2016). It is
estimated that unless action is taken, the burden of deaths from anti-
microbial resistance could balloon to 10 million lives every year by
2050, at a cumulative cost to global economic output of 100 trillion
USD (O'Neill, 2016). Colistin (polymyxin E), which belongs to the fa-
mily of cationic polypeptide antibiotics polymyxin, is the last line of
defense against fatal infections caused by multidrug-resistant gram-
negative bacteria, such as carbapenem-resistant Klebsiella pneumoniae
and Escherichia coli (Quan et al., 2017; Wang et al., 2017). Although
colistin has been used both in human and veterinary medicine for >
50 years, rates of colistin resistance have been relatively low until
2015, due to all reported colistin resistance is caused by chromosomal

mutations and has long been thought to be non-transferable by mobile
genetic elements (Schwarz and Johnson, 2016). However, a plasmid-
mediated colistin-resistance gene, mcr-1, was first described by a re-
search group in China in late 2015 (Liu et al., 2016). The plasmid-
mediated transfer of the mcr-1 gene enables a variety of bacteria to be
tolerant with the antibiotic polymyxin, which poses a great challenge to
the public health. Since its identification, mcr-1 has been reported
in > 30 countries or regions, spanning five continents (Skov and
Monnet, 2016; Walsh and Wu, 2016). Although E. coli is the main host
of mcr-1, several other Enterobacteriaceae, including K. pneumoniae,
Salmonella, Shigella somnei, Enterobacter aerogenes, and Enterobacter
cloacae, have been confirmed to carry this gene (Skov and Monnet,
2016; Walsh and Wu, 2016; Yi et al., 2017). However, to date, there has
been no evidence of mcr-1 in non-Enterobacteriaceae bacteria, such as
Vibrio parahaemolyticus.
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V. parahaemolyticus is the leading cause of foodborne bacterial
poisoning in China (Li et al., 2014). This organism bearing the tdh gene,
which encodes thermostable direct haemolysin (TDH), is generally
pathogenic to humans and responsible for the vast majority of clinical
cases (Raimondi et al., 1995). Although most cases of V. para-
haemolyticus infections are self-limiting, antimicrobial therapy is re-
quired for severe or prolonged infections (Wong et al., 2012). As a re-
sult of excessive use of antibiotics in human healthcare and aquaculture
systems, antimicrobial resistance has emerged and evolved in V. para-
haemolyticus during the past few decades (Cabello, 2006; Elmahdi et al.,
2016; Li et al., 2015; Liu et al., 2013; Mazel and Davies, 1999). Sur-
prisingly, extremely high resistance rates to colistin have been observed
among V. parahaemolyticus isolates collected from both food and human
samples in previous studies (Devi et al., 2009; Elmahdi et al., 2016;
Lesmana et al., 2001). Since no additional information is available, it is
unclear whether the high resistance rate was associated with the mcr-1
gene. The aim of this study is to investigate the prevalence of mcr-1 in
V. parahaemolyticus isolated from food samples in China, and to carry
out a comprehensive analysis, including f-lactamase, plasmid-mediated
quinolone resistance (PMQR), and virulence genes analysis, and as-
sessment of transfer of mcr-1 gene, on the molecular characterization of
V. parahaemolyticus strains carrying mcr-1-positive plasmid.

2. Materials and methods
2.1. Sample collection and bacterial identification

From July 2014 to July 2016, a total of 2531 food samples, in-
cluding 1685 seafood samples (including 1020 shrimp samples and 665
fish samples) and 846 ready-to-eat food samples (including 576 deli
meat samples, 179 cold vegetable dishes or noodles in sauce, and 91
fried rice or noodle samples), were randomly collected from retail
markets in 34 different cities in China (Fig. 1). The isolation of V.
parahaemolyticus was conducted as previously described, with slight
modification (Wong et al., 2012). Briefly, all samples were inoculated
on thiosulfate-citrate-bile salts-sucrose agar plates (Huankai Co. Ltd.,
Guangzhou, China) and incubated at 37 °C for 18-24 h. One suspected
colony with typical V. parahaemolyticus morphology (green or blue-
green colonies) and size (2-3 mm diameter) was selected from each
sample, identified by a PCR assay targeting the toxR gene (Kim et al.,
1999), and confirmed by the API 20E identification system (BioMér-
ieux, Marcy 1'Etoile, France).

2.2. Antimicrobial susceptibility testing

All V. parahaemolyticus isolates were screened for colistin resistance
by the broth microdilution method as recommended by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST, 2017).
The antimicrobial susceptibility of the V. parahaemolyticus isolate har-
boring mcr-1 and its corresponding transconjugant to 15 antimicrobial
agents was determined using broth microdilution method as re-
commended by the EUCAST and the Clinical and Laboratory Standards
Institute (CLSI, 2010). The following antimicrobials were tested: co-
listin, ampicillin, piperacillin, cefazolin, cefoxitin, cefotaxime, cefe-
pime, imipenem, meropenem, amikacin, gentamicin, tetracycline, ci-
profloxacin, trimethoprim—sulphamethoxazole, and chloramphenicol.
Results were interpreted according to the criteria of the CLSI (2010),
except for colistin, for which results were interpreted according to
EUCAST (2017). E. coli ATCC 25922 and V. parahaemolyticus ATCC
17802 were used as quality control strains.

2.3. Screening of the mcr-1 gene
Colistin-resistant isolates were screened for the presence of mcr-1

gene by PCR with the primers described by Liu et al. (2016). The full
length of mcr-1 was amplified with primers MCR-F (ATGATGCAGCAT
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ACTTCTGTGTG) and MCR-R (TCAGCGGATGAATGCGGT). The PCR
products were purified and sequenced to confirm the gene identity.

2.4. Screening of the B-lactamase, PMQR, and virulence genes tdh and trh

The presence of -lactamase and PMQR genes were determined by
PCR assay and confirmed by sequencing as previously described (Chiou
et al., 2015; Dallenne et al., 2010; Liu et al., 2013). The virulence genes
tdh and trh in mcr-1-positive V. parahaemolyticus were detected as de-
scribed by West et al. (2013). The oligonucleotide primers were syn-
thesized by Sangon Biotech (Shanghai, China) (Tdh-F: CTGTCCCTTTT
CCTGCCCCCG, Tdh-R: AGCCAGACACCGCTGCCAT- TG; Trh-F: ACCT-
TTTCCTTCTCCWGGKTCSG, Trh-F: CCGCTCTCATATG- CYTCGACAKT)
(West et al., 2013).

2.5. Plasmid analysis

Conjugation experiments were carried out as previously described
(Liu et al., 2013), with slight modification. Briefly, donor (mcr-1-posi-
tive V. parahaemolyticus) and recipient (sodium-azide-resistant E. coli
strain J53) strains were mixed in a 1:1 ratio, mated on a filter and
selected on plates supplemented with colistin (2mg/L) and sodium
azide (100 mg/L) to select transconjugants. PCR-based replicon typing
(PBRT) was conducted as described previously (Li et al., 2015). To
analyze the location of the mcr-1 gene, SI nuclease pulsed-field gel
electrophoresis (S1-PFGE) and Southern blot analysis were carried out
as described by Li et al. (2015). Plasmid stability was assessed by daily
serial passages of culture without antibiotic; the culture was analyzed
daily for colistin resistance and the presence of mcr-1 was confirmed by
DNA probing (Liu et al., 2016).

3. Results
3.1. Detection of mcr-1 in V. parahaemolyticus

Of the 2531 food samples, 646 V. parahaemolyticus isolates were
obtained, including 592 isolates from seafood samples (including 426
from shrimp samples and 166 from fish samples) and 54 isolates from
ready-to-eat food samples (including 36 from deli meat samples, 15
from cold vegetable dishes or noodles in sauce, and 3 from fried rice or
noodle samples). Of the 646 V. parahaemolyticus isolates tested, 25
(2.5%) with a minimal inhibitory concentration (MIC) =2mg/L, in-
cluding 22 from the seafoods and 3 from the ready-to-eat food samples,
were defined as colistin-resistant according to EUCAST clinical break-
points. The mcr-1 gene was detected in one colistin-resistant V. para-
haemolyticus isolate, VP181, which was obtained from a shrimp sample
collected from Hong Kong, China. Sequences of the mcr-1 products
obtained from VP181 showed that it was 100% identical to that re-
ported by Liu et al. (2016).

3.2. Antimicrobial susceptibility of VP181

Antimicrobial susceptibility tests revealed that VP181 exhibited
MIC of 4 mg/L to Colistin (Table 1). The isolate was also shown to be
resistant to ampicillin, piperacillin, gentamicin, amikacin, and cipro-
floxacin, but was susceptible to other antimicrobials tested, including
carbapenems (Table 1).

3.3. Detection of the -lactamase, PMQR, and virulence genes

B-lactamase and PMQR gene screening and sequencing showed that
a Class A P-lactamase gene, blacagp.17, and the PMQR gene gnrVC5
were detected in VP181. Virulence gene screening assays indicated that
tdh was present in VP181.
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Fig. 1. The sampling sites of foods sample in China.
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The sampling 34 cities including Harbin, Changchun, Shenyang, Hohhot, Urumgqi, Xining, Lanzhou, Yinchuan, Xi'an, Taiyuan, Beijing, Shijiazhuang, Jinan,
Zhengzhou, Nanjing, Shanghai, Hangzhou, Nanchang, Changsha, Guiyang, Chengdu, Kunming, Nanning, Beihai, Zhangjiang, Guangzhou, Shenzhen, Shantou,
Xiamen, Fuzhou, Haikou, Sanya, Hongkong, Macau, are denoted with red dots. The provinces included in this study are shaded entirely with blue. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Antimicrobial resistance profiles of VP181 and its corresponding transconju-
gant VP181TC.

Antimicrobial agents MIC (mg/L)

VP181 E. coli J53 VP181TC"
Colistin 4 0.25 4
Ampicillin 256 4 4
Piperacillin > 512 2 4
Cefazolin 1 8 8
Cefoxitin 4 2 4
Cefotaxime 0.125 0.0625 0.0625
Cefepime 1 < 0.25 < 0.25
Imipenem <0.125 <0.125 < 0.125
Meropenem < 0.125 <0.125 < 0.125
Amikacin 128 <05 < 0.5
Gentamicin 64 0.125 0.25
Tetracycline 2 1 1
Ciprofloxacin 16 0.0625 0.125
SXT" 1/19 0.125/2.375 0.125/2.375
Chloramphenicol 2 4 4

2 VP181TC, Transconjugant of VP181.
> SXT, trimethoprim-sulphamethoxazole.

3.4. Plasmid characterization

Conjugation experiments showed that the MIC of colistin against
VP181TC (transconjugant of VP181) was 4 mg/L, which was equal to
the MIC value of colistin against the donor VP181 and 16-fold higher
than that of the recipient strain E. coli J53 (0.25 mg/L) (Table 1). These
results indicated colistin resistance was transferrable from the VP181 to
the recipient strain E. coli J53. However, there were no differences

between the MICs of other 14 antimicrobials tested in this study against
VP181TC and recipient strain E. coli J53, which demonstrated no other
resistance was co-transferred (Table 1). The analysis of S1-PFGE re-
vealed that VP181 contained two plasmids of ~40kb and ~100kb,
respectively, but VP181TC only contained the ~40 kb plasmid, which
suggested only the ~40kb plasmid was transferrable to the recipient
strain (Fig. 2A). PBRT results showed that the ~40kb transmissible
plasmid belonged to the IncX4 type plasmid, while the ~100kb
plasmid was untypeable. Southern Blotting hybridization with mcr-1-
specific probe showed the mcr-1 gene was located on the IncX4 plasmid
of ~40kb in both VP181 and its corresponding transconjugant
VP181TC, which confirmed the mcr-1 gene was transferrable to the
recipient strain by conjugation (Fig. 2B). While southern Blotting hy-
bridization with gnrVC5-specific probe showed the gnrVC5 was only
detected on the plasmid of ~100 kb, which demonstrated the gnrVC5
was unable to transfer to the recipient strain by conjugation (Fig. 2C).
The blacarg.17 gene was not detected on any of the two plasmids (data
not shown). The plasmid carrying mcr-1 was stable in both VP181 and
its corresponding transconjugant VP181TC for up to 14 days of passage
in the absence of colistin.

4, Discussion

V. parahaemolyticus is one of the important zoonoses that pose a
threat to public health globally (Zhang et al., 2016). Although most
cases of V. parahaemolyticus infections are self-limiting, the use of an-
timicrobials, such as tetracycline, quinolones, and third-generation ce-
phalosporins, are necessary for the treatment of severe infections
(Elmahdi et al., 2016). However, increasing antimicrobial resistance in
V. parahaemolyticus, due to excessive use of antimicrobials in clinical
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Fig. 2. S1-PFGE and Southern hybridization of VP18land its corresponding
transconjugant VP181TC. A) Plasmid size determination by S1 nuclease-PFGE.
B) Southern Blotting hybridization with mcr-1-specific probe. C) Southern
Blotting hybridization with gnrVC5-specific probe. Salmonella H9812 served as
the DNA marker. Plasmid carrying and transferring mcr-1 is noted by the black
arrow. Plasmid carrying qnrVC5 is noted by the white arrow.

treatments and aquaculture production, has been observed in several
countries, including the USA, Italy, Brazil, India, Mexico, and China (de
Jestis Hernandez-Diaz et al., 2015; Devi et al., 2009; Elmahdi et al.,
2016; Melo et al., 2011; Ottaviani et al., 2013; Shaw et al., 2014; Xie
et al., 2017). Both clinical and foodborne V. parahaemolyticus isolates
are commonly resistant to ampicillin, penicillin, and tetracycline, and
some isolates even show resistance to streptomycin, kanamycin, and
trimethoprim/sulfamethoxazol (de Jesiis Hernandez-Diaz et al., 2015;
Devi et al., 2009; Elmahdi et al., 2016; Melo et al., 2011; Ottaviani
et al., 2013; Shaw et al., 2014; Xie et al., 2017). Surprisingly, extremely
high resistance rates to colistin have been observed among V. para-
haemolyticus isolates obtained from food (100%), environmental
(100%), and clinical sources (97%) in previous studies (Devi et al.,
2009; Elmahdi et al., 2016; Lesmana et al., 2001). In contrast to these
reports, our study revealed a very low rate of colistin resistance in V.
parahaemolyticus isolates recovered from food samples (2.5%) in China.
It is noteworthy that one of the 25 colistin-resistant V. parahaemolyticus
isolates in the present study, the resistance was attributed to the mcr-1-
mediated mechanism, which suggests that plasmid-mediated colistin
resistance is not even the main source of colistin resistance in V.
parahaemolyticus. While resistance to colistin for the other 24 colistin-
resistant V. parahaemolyticus isolates is likely mediated by chromoso-
mally located genes (e.g. pmrAB, phoPQ and its negative regulator
mgrB) (Liu et al., 2016).

Multiple  studies have confirmed that  mcr-1-positive
Enterobacteriaceae strains, such as E. coli and Salmonella, usually also
carry other resistance genes (Sun et al., 2016; Yang et al., 2016; Zheng
et al., 2016). Accordingly, the Class A f-lactamase gene blacagrp.17 and
the PMQR gene gnrVC5 were detected in the mcr-1-positive V. para-
haemolyticus isolate VP181. The blacagrg.17 gene may contribute to the
resistance of VP181 to ampicillin and piperacillin, whereas gnrVC5 is
likely responsible for the resistance to ciprofloxacin. Although these
two genes were not located on the conjugative plasmid harboring mcr-
1, the co-existence of gqnrVC5 and mcr-1 in mcr-1-positive V. para-
haemolyticus highlights the need to limit its further dissemination, due
to ciprofloxacin is a major agent of choice for the treatment for V.
parahaemolyticus infections.

The prevalence of mcr-1 on plasmids harbored by different bacterial
species highlights its potential horizontal transfer. To date, mcr-1 has
been found on diverse plasmids belonging to the IncI2 (E. coli,
Salmonella, E. Sakazakii), IncX4 (E. coli, Salmonella), IncHI2 (E. coli,
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Salmonella), IncP (E. coli, Salmonella), IncFII (E. coli), and IncF (E. coli)
types (Campos et al., 2016; Falgenhauer et al., 2016; Gu et al., 2016; Li
et al., 2016; Liu et al., 2016; Liu et al., 2017; Malhotra-Kumar et al.,
2016; Webb et al., 2016; Zhao et al., 2017; Zhi et al., 2016). Among
these, IncX4, which is associated with the spread of multiple resistance
genes, has been widely identified in E. coli, K. pneumoniae, and Salmo-
nella enterica from different sources and countries (Chen et al., 2013; Ho
et al., 2013; Lo et al., 2014; Stokes et al., 2013). In the present study,
the mcr-1 gene was found to be located on an IncX4 plasmid in VP181,
which strongly suggests that IncX4 plasmids harboring mcr-1 have al-
ready circulated between V. parahaemolyticus and Enterobacteriaceae
species.

V. parahaemolyticus is a gram-negative, halophilic bacterium that
exists naturally in estuarine and marine environments, and is frequently
isolated from aquatic products and seafoods (Makino et al., 2003). In
this research, the mcr-1-positive V. parahaemolyticus isolate VP181 was
obtained from a shrimp sample collected from Hong Kong, where V.
parahaemolyticus is the leading cause of foodborne illnesses owing to
the high rate of seafood consumption (Liu et al., 2013). Interestingly, a
previous study showed that the plasmid-mediated colistin resistance
gene mcr-1was detected in an ESBL producing E. coli ST10 strain re-
trieved from seawater at a public beach in Norway (Jgrgensen et al.,
2017). Furthermore, the mcr-1 in VP181 was located on the IncX4
plasmid, which was also found in the mcr-1-positive E. coli ST10 strain
isolated from seawater in Norway (Jgrgensen et al., 2017). Although
the relationship between the two isolates is unclear, together, these
results indicate a potential transfer of the mcr-1 gene from E. coli or
other Enterobacteriaceae species to non-Enterobacteriaceae gram-nega-
tive bacteria, which needs close attention and warrants further in-
vestigation.

V. parahaemolyticus is the leading cause of seafood-associated bac-
terial gastroenteritis in many countries, including the USA and China
(Elmahdi et al., 2016; Li et al., 2014). The pathogenesis and virulence of
V. parahaemolyticus are commonly associated with two genes, tdh and
trh, which encode thermostable direct haemolysin (TDH) and TDH-re-
lated haemolysin (TRH), respectively (Honda and Iida, 1993; Xie et al.,
2017). According to West et al. (2013), tdh-positive isolates are more
virulent than trh-positive ones. It is disconcerting that tdh was detected
in the mcr-1-positive V. parahaemolyticus isolate VP181 in the present
study, which suggests that the mcr-1 gene is likely to spread into
virulent V. parahaemolyticus strains.

5. Conclusion

In conclusion, we here report the first detection of the plasmid-
mediated colistin resistance gene mcr-1 in V. parahaemolyticus. To the
best of our knowledge, this is also the first report of mcr-1 in a non-
Enterobacteriaceae species worldwide. Our study highlights a potential
transfer of the mcr-1 gene from E. coli or other Enterobacteriaceae species
to non-Enterobacteriaceae gram-negative bacteria, and suggests the gene
is likely to spread rapidly into virulent V. parahaemolyticus strains,
which may pose a significant threat to public health and warrants
further investigation.
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