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Vibrio parahaemolyticus has emerged as a major foodborne pathogen in China, Japan, Thailand, and other Asian countries. In this study, 72 strains of V. parahaemolyticus were isolated from clinical and environmental samples between 2006 and 2014 in Jiangsu, China. The serotypes and six virulence genes including thermostable direct hemolysin (TDR) and TDR-related hemolysin (TRH) genes were assessed among the isolates. Twenty five serotypes were identified and O3:K6 was one of the dominant serotypes. The genetic diversity was assessed by multilocus sequence typing (MLST) analysis, and 48 sequence types (STs) were found, suggesting this V. parahaemolyticus group is widely dispersed and undergoing rapid evolution. A total of 25 strains of pandemic serotypes such as O3:K6, O5:K17, and O1:KUT were identified. It is worth noting that the pandemic serotypes were not exclusively identified from clinical samples, rather, nine strains were also isolated from environmental samples; and some of these strains harbored several virulence genes, which may render those strains pathogenicity potential. Therefore, the emergence of these “environmental” pandemic V. parahaemolyticus strains may poses a new threat to the public health in China. Furthermore, six novel serotypes and 34 novel STs were identified among the 72 isolates, indicating that V. parahaemolyticus were widely distributed and fast evolving in the environment in Jiangsu, China. The findings of this study provide new insight into the phylogenic relationship between V. parahaemolyticus strains of pandemic serotypes from clinical and environmental sources and enhance the MLST database; and our proposed possible O- and K- antigen evolving paths of V. parahaemolyticus may help understand how the serotypes of this dispersed bacterial population evolve.
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INTRODUCTION

Vibrio parahaemolyticus is a Gram-negative, halophilic bacterium that inhabits global coastal waters and rivers, and in seafood, such as fish and shellfish (Kelly and Stroh, 1988). V. parahaemolyticus was initially discovered in 1950 (Parveen et al., 2008; Letchumanan et al., 2015b). A novel serotype of O3:K6 clone was discovered in India in 1996 (Okuda et al., 1997), and since then, this clone and its serovariants have disseminated worldwide and become a pandemic clonal group (Ansaruzzaman et al., 2005; Quilici et al., 2005; Nair et al., 2007; Chao et al., 2009; Velazquez-Roman et al., 2013; Li W. et al., 2014; Flores-Primo et al., 2015).

V. parahaemolyticus can cause three major clinical syndromes: gastroenteritis, wound infections, and septicemia (Daniels et al., 2000), and is also considered as the causative agent of the most prevalent food poisoning in Asia since the outbreak in 1959 (Miyamoto et al., 1962). V. parahaemolyticus infections usually resulted from consumption of raw or undercooked seafood, mostly causing gastroenteritis (Miyamoto et al., 1969). Recently, V. parahaemolyticus has been identified as a major foodborne pathogen in food poisoning incidents in China, raising public health concern (Ma et al., 2014; Zhang et al., 2015).

V. parahaemolyticus was initially discovered in 1950 (Parveen et al., 2008). Traditionally, the identification of V. parahaemolyticus is performed by serological and biochemical tests. V. parahaemolyticus is classified by serotyping and the serotypes of V. parahaemolyticus are determined by the combination of somatic (O) antigens and capsular (K) antigens. There are 13 O serotypes and 71 K serotypes that have been reported (Iida et al., 1997; Nair et al., 2007; Chen et al., 2012). V. parahaemolyticus infections are associated with pathogenic strains of numerous serotypes (clinical); whereas non-pathogenic strains comprise an even greater variety of serotypes.

Serotypes are useful distinguishing features to identify clinical isolates (Jones et al., 2012), and serotyping has been widely used in epidemiological research and etiological diagnostics for many decades. However, the increasing genetic diversity such as emerging of new serotypes and STs among V. parahaemolyticus strains poses a challenge to this traditional way of strain identification and differentiation due to the high cost of the antisera and the potential ambiguity encountered during serotyping (Bogdanovich et al., 2003). In the last two decades, numerous DNA-based subtyping methods such as pulsed-field gel electrophoresis (PFGE; Wong et al., 1996), multilocus sequence typing (MLST; Gonzalez-Escalona et al., 2008), repetitive element PCR (Rep PCR; Wong and Lin, 2001), multilocus variable-number tandem-repeat analysis (MLVA; Kimura et al., 2008), clustered regularly interspaced short palindromic repeats (CRISPR; Sun et al., 2015), and microarray analysis (Li et al., 2015) have been developed to investigate the genetic diversity of outbreaks caused by V. parahaemolyticus and other foodborne pathogens (Li B. et al., 2014). Each of these subtyping methods has its advantages and disadvantages with respect to sensitivity, specificity, cost, and speed (Li et al., 2015). In general, MLST is the most commonly used method (Maiden, 2006; Nair et al., 2007; Gonzalez-Escalona et al., 2008), due to its high specificity, repeatability, and portability (Nair et al., 2007).

In this study, in an effort to assess the homogeneity and heterogeneity between the clinical and environmental V. parahaemolyticus isolates from Jiangsu Provence, an east coast area in China, where seafood is widely consumed, we used the traditional classification method, serotyping, to identify 72 V. parahaemolyticus strains from the food poisoning case samples and the environmental samples. The genetic diversity among V. parahaemolyticus strains were further assessed by MLST analysis and the presence of the virulence factors such as tdh, trh, orf8, GS-PCR, PGS-PCR, and HU-α. Furthermore, we analyzed the V. parahaemolyticus isolates by using eBURST and START (http://eburst.mlst.net) to investigate the relationship between clinical and environmental V. parahaemolyticus strains based on MLST databases. Additional information on genetic variation and the distribution of virulence genes among V. parahaemolyticus strains from various cities in Jiangsu Province would enrich the MLST database and epidemiological archive and be beneficial for the development of an efficient risk assessment of this common foodborne pathogen.

MATERIALS AND METHODS

V. parahaemolyticus Strain Identification

Seventy-two presumed V. parahaemolyticus isolates were collected from nine different cities in Jiangsu province of China between 2006 and 2014, including 21 clinical isolates from patients with food poisoning and 51 isolates from food samples. All strains were characterized according to GB 4789.7–2013 Chinese Food Safety Standards (http://www.foodmate.net). The V. parahaemolyticus strains were inoculated onto Vibrio culture plates (CHROMagar, Paris, France) and Thiosulphate Citrate Bile salt Sucrose [(TCBS) Beijing Land Bridge, China] culture plates and incubated at 37°C for 16–24 h. The colonies with typical contour were selected and characterized by VITEK automatic biochemical analyzer (Biomerieux, France).

Serotyping

The serotype of V. parahaemolyticus strains was determined using two diagnostic kits; 11 antisera targeting the O1–O11 antigens and 71 antisera for the K antigens (Denka Seiken, Tokyo, Japan) and 11 antisera for O1–O13 antigens (Tianjin Biochip Corporation, Tianjin, China). Serotyping was carried out in accordance with the GB4789.7–2013 Chinese Food Safety Standard (http://www.foodmate.net). Single colonies were selected and plated onto the surface of 3% sodium chloride peptone agar plates, incubated at 37°C for 18 h. Bacterial suspension was obtained by washing the surface of agar with solution containing 3% NaCl and 5% glycerol.

O-antigen identification: The bacterial suspension was autoclaved at 121°C for 1.5 h followed by centrifugation at 12,000 g for 15 min. The pellets were washed two or three times with normal saline solution and centrifuged at 12,000 g for 15 min. The final suspension was used for O antiserum agglutination and normal saline solution was used as a negative control. If the result was negative, all the above steps were repeated; thereafter, the negative was considered as unknown antigen O.

K-antigen identification: Multi-serum against the K-antigen was added to the bacterial suspension. Positive colonies were selected for further analysis using individual K-antigen antiserum. Solution of NaCl (3%) was used as negative control.

Identification of the tdh, trh, orf8, GS-PCR, PGS-PCR, and HU-α Genes

Single colonies of V. parahaemolyticus strains were picked and inoculated into liquid culture medium containing 3% sodium chloride peptone. Cultures were incubated at 37°C for 16 h, followed by centrifugation at 12,000 g for 10 min. The genomic DNA was isolated using E.Z.N.A.TM kit (OMEGA, Beijing, China), and the concentrations of DNA were determined by spectrophotometry to ensure the OD260/OD280 was between 1.8 and 2.0.

The primers for the tdh, trh, orf8, GS-PCR, PGS-PCR, and HU-α genes were synthesized (Chao et al., 2009; Li W. et al., 2014; Table 1) by Sango Biotech Co., Ltd. (Shanghai, China). PCR reactions were performed in a volume of 25 μl containing 1 μl DNA (50 ng/μl), 12.5 μl 10 × PCR mix (Takara, Dalian, China), 1 μl of the forward and reverse primers of the virulence genes, and 9.5 μl of sterile distilled water. Strains ATCC33847 (tdh+trh−, isolated in US in 1973) and ATCC17802 (tdh−trh+, isolated in Japan in 1965) were used as positive controls. PCR reactions were performed under the following conditions: initial denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, and elongation at 72°C for 1 min, and ending with elongation at 72°C for 5 min. PCR products (1 μl) were analyzed using Agilient 2100 analyzer (Waldbronn, Germany) to determine the PCR amplicon size.

Table 1. Primers used for the detection of V. parahaemolyticus virulence genes and pandemic marker genes by PCR.
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MLST

Seven housekeeping genes, dnaE, gyrB, recA, dtdS, pntA, pyrC, and tnaA, were selected as target genes in this study. The primers for these genes were adopted from MLST website (http://www.pubmlst.net). The MLST primers for recA gene failed in most strains in the current study, and new primers for recA gene were adopted from a previous study (Gonzalez-Escalona et al., 2008). All primers as shown in Table 2 were synthesized by Sango Biotech Co., Ltd. (China). Primers were diluted to 10 μM and stored at −20°C.

Table 2. Primers of housekeeping genes used in MLST and PCR conditions in this study.
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PCR Amplification of Housekeeping Genes

To sequence the housekeeping genes, the PCR reaction volume was set at 50 μl. The components of PCR reactions as well as the parameters for each cycle were optimized for best performance. PCR products were visualized using Agilent electrophoresis and imaging system. The bidirectional DNA sequencing was conducted by Sango Biotech Co., Ltd.

Allele and Sequence Analysis

The alignment of DNA sequences was performed by uploading each of the sequences of the seven housekeeping genes of the 72 V. parahaemolyticus strains to the MLST website (http://pubmlst.org/vparahaemolyticus/). If a novel allele or sequence was identified, the forward and reverse sequences were uploaded and submitted to the database administrator to obtain a serial number for the allele or sequence.

Sequence Analysis by eBURST v3.0 and START v2.0

The ST types of all the 72 strains were analyzed by eBURST v3.0 (http://eburst.mlst.net) to distinguish clonal complex (CC), group, and singleton STs. The most stringent definition was adopted to identify the homeotic complexes, each of which was defined by the presence of at least six or seven identical alleles. The single locus variant (SLV) was defined by the presence of a single allele difference between any two ST types, based on eBURST v3.0 analysis. The evolution of each allele and ST type was analyzed by using START v2.0 (http://pubmlst.org/software/analysis/start/).

RESULTS

V. parahaemolyticus colonies were round, translucent and purplish red on CHROMagar plates measuring 2–3 mm in diameter. They were round, translucent, and smooth green-colored colonies on TCBS plates. All 72 V. parahaemolyticus isolates were confirmed by VITEK biochemical analysis.

Serotyping

There were 25 serotypes identified among the 72 V. parahaemolyticus isolates. The dominant serotypes were O3:K6 (n = 8) and O2:K28 (n = 8), followed by O1:KUT (n = 6), O5:K17 (n = 5), O5:KUT (n = 5), O1:K25 (n = 3), O4:K34 (n = 3), O10:KUT (n = 3), O2: KUT (n = 3), O1:K32 (n = 3). For the 21 clinical strains, nine serotypes were identifies where O3:K6 was the dominant serotype (n = 8), followed by O5:K17 (n = 5), O2:KUT (n = 3), and one strain of O1:K25, O11:K40, and O13:KUT (novel serotype). In addition, there was one strain (WX14115) that failed to react to either O or K antiserum (Table 3).

Table 3. Serotypes, sequence types, allele profiles, and presence of virulence genes of the 72 V. parahaemolyticus strains.
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Of the 25 serotypes, six were novel serotypes. Out of the six novel serotypes, five new serotypes were recovered from environmental samples and one was from clinical sample. Specifically, the five environmental strains are O2:K25, O4:K9, O4:K42, O8:K39, and O11:31, and the single clinical isolate is O13:KUT (Table 4). In the present study, 25 strains of pandemic serotypes were identified from Jiangsu Province, including 16 clinical strains and 9 environmental strains. Specifically, the clinical strains were serotypes O3:K6 (n = 8), O5:K17 (n = 5), and environmental strains were serotypes O1:KUT (n = 6), O1:K25 (n = 3), O3:K29 (n = 1), and O3:KUT (n = 1) (Table 3).

Table 4. V. parahaemolyticus strains of pandemic serotypes and novel serotypes from clinical and environmental samples.
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Identification of Virulence Factor Genes tdh, trh, GS-PCR, PGS-PCR, orf8, and HU-α

The virulence genes in the 72 V. parahaemolyticus isolates were assessed by PCR. There were nine tdh+ strains and four trh+ strains, accounting for 61.9% (13/21) of the clinical strains. No strain was tdh+trh+. The nine tdh+ strains included seven O3:K6, one O1:K25 strain and one O4:KUT strain. Four trh+ strains included three O5:K20 and one O13:KUT (Table 3). The prevalence of the other four virulence genes, GS-PCR, PGS-PCR, orf8, and HU-α, are 81.9, 38.9, 16.9, and 18.9%, respectively. GS-PCR gene showed the highest prevalence and orf8 gene showed the lowest prevalence for the four virulence genes in our collection (Table 3).

MLST Analysis

All seven housekeeping genes were amplified in the V. parahaemolyticus strains using specific primers, and the PCR products were sequenced. Seventy-two V. parahaemolyticus strains were classified into 48 STs by MLST analysis. Of the 48 ST types, 34 were singleton and 14 were ST groups. Each singleton represented only one strain, while each ST group included two to eight strains (Figure 1). Twenty-one clinical strains were classified into 13 STs. The dominant ST was ST-3 with eight strains, followed by ST-79 and ST-564, each of which covered three strains. The remainder of STs was singletons. The MLST results indicated that V. parahaemolyticus strains showed genetic polymorphisms with much higher incidence rate in environmental strains than in clinical strains.
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FIGURE 1. V. parahaemolyticus “population snapshot” of the 72 strains in this study created by using eBURST v3. The 15 groups were defined using stringent criteria (5/7 shared alleles). The founder is labeled in blue, the number in green refers to the STs that have been existed in the query dataset; the number in pink represents the STs are among the reference and query dataset. The STs with SLVs to each other were shown connected by black lines. The sizes of the circles are relative to the numbers of strains in the ST.



Novel Allele and STs

The ST composition of the 72 V. parahaemolyticus strains included 32 novel STs with 32 new allele values and 34 allele spectra, accounting for 79% of total STs. All of these newly identified allele values and allele spectra were submitted to the PubMLST database (http://pubmlst.org/vparahaemolyticus/) as shown in Table 3. There were 13 STs among the 21 clinical strains, including seven newly identified STs accounting 53.85% (7/13) of the ST types. There were 36 STs identified among the 51 environmental strains, including 27 newly identified STs, accounting 75% (27/36) of the STs. It appears that 13 new STs were formed through allele recombination, while the other 21 new STs were created by the newly identified housekeeping gene alleles which included several types of dnaE (N = 4), gyrB (N = 6), recA (n = 7), dtdS (n = 2), pntA (n = 3), pyrC (n = 9) genes, and one tnaA gene.

Homologous Allele Complex and Systematic Development Analysis

The system evolution diagram was plotted by eBURST v3 software, and 48 STs were divided into one clonal complex (CC), four double combinations (D), and 38 singletons (S). The CC identified in this study was the CC3 which covered seven strains of O3:K3 ST-3 and one strain of O3:KUT ST-3; these eight strains were epidemic strains from clinical samples. The D type included ST-799-ST-1108, ST-212-ST-1002, ST-996-ST-999, and ST-993-ST-968. The ST-1108, ST-1002, ST-996, ST-999, and ST-993 were newly identified in this study. Of the 38 singletons, 28 novel STs were identified in this study, which were genetically distant to the ST-3 and other STs (Table 3; Figure 1).

Association of STs between Serotypes and Virulence Genes

The strains with identical serotype usually showed similar STs or were clustered together, such as the majority serotype of O3:K6 in the present study belonging to ST-3; only one O3:KUT strain shared the ST-3 with O3:K6 strains. On the other hand, some strains with identical serotypes have different STs, such as strains of O1:KUT. These were identified as ST-1007, ST-212, and ST-276 (Figure 2).
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FIGURE 2. Phylogenetic relationships of 72 V. parahaemolyticus strains based on the concatenated sequences of seven housekeeping genes. The dendrogram is based on the UPGMA generated from allelic profiles of V. parahaemolyticus strains and was performed on START (http://pubmlst.org/software/analysis/start/) written by Jolley et al. (2001). Bioinformatics, 17, 1230–1231 (Jolley et al., 2001).



There were nine tdh+ pathogenic strains identified in this study, including eight ST-3 strains (seven O3:K6 serotypes and one O1:K25 serotype), and one ST-332 strain (serotype O4:KUT). All of these 10 strains were epidemic strains from clinical samples. There were four trh+ strains, including three ST-79 (O5:K17) strains and one ST-1114 (O13:KUT) strain. All the four trh+ strains seemed to be epidemic strains (Table 4).

DISCUSSION

V. parahaemolyticus is the major foodborne pathogen. It is widely distributed with high survival and incidence rates, especially in the coastal areas of China (Su and Liu, 2007; Chao et al., 2009; Yan et al., 2015). Based on the epidemiological surveillance data from countries in Southeast Asia, V. parahaemolyticus infections have become a majority of foodborne pathogen (Pan et al., 1997; Wong et al., 1999; Obata et al., 2001; Liu et al., 2004; Cho et al., 2008; Letchumanan et al., 2014). In the present study, 25 serotypes and 48 STs were identified among the 72 V. parahaemolyticus isolates. Of the 25 serotypes and 48 STs, six additional novel serotypes and 34 novel STs were identified, indicating the V. parahaemolyticus population in Jiangsu Province was highly dispersed. The diversity in serotypes and STs of V. parahaemolyticus, especially environmental strains, is attributed to frequent recombination events in the pathogen but not by mutation (Gonzalez-Escalona et al., 2008). One example to support this is that the serotype of epidemic strains (O3:K6), which has been continuously evolving, resulted in 21 derivative serotypes of O3:K6 such as O4:K68, O1:K25, O1:KUT, O4:K12, and O5:K17 (Nair et al., 2007). All those strains demonstrated identical genotypes and molecular spectra, therefore the O3:K6 and its derivative are called O3K6 clones or pandemic strains. MLST analysis confirmed that O3:K6 and its derivatives belong to the same genetic lineage (Chowdhury et al., 2000, 2004; Matsumoto et al., 2000). Surprisingly, the 25 pandemic strains identified in this study were not exclusively from clinical samples (n = 16), rather, some strains were recovered from environmental samples (n = 9) as well.

Serotypes of O3:K6 and O5:K17 were the most common serotypes among the 21 clinical strains whereas some serotypes such as O11:K40, O4:K8, O2:KUT, and O13:KUT are rarely reported globally. It has been shown that serotype O1:KUT is closely related to pandemic strains and is seldom detected as environmental strains (Iida et al., 1997; Mahoney et al., 2010). However, in the present study, O1:KUT was identified as a common serotype with six isolates from environmental samples. More importantly, the six O1:KUT strains demonstrated extremely high genetic diversity with five different STs among the six strains (Table 4). Furthermore, of the five STs possessed by O1:KUT strains, three were novel STs, namely ST-1002, ST-1007, and ST-1105, suggesting these O1:KUT strains were highly dispersed and evolving rapidly in the environment. In addition, some of the O3:K6-specific pandemic markers such as GS-PCR and PGS-PCR were tested positive among most of these strains of pandemic serotypes. However, the pathogenicity of those strains needs to be further confirmed by recovering those strains from patients. Nevertheless, the risk posed to the public health in China by these “environmental” pandemic strains should not be overlooked.

The exact pathogenic mechanism of V. parahaemolyticus remains unclear, but the tdh and trh genes are considered the main pathogenic factors. Thermostable direct hemolysin (TDH), encoded by the tdh gene, manifests hemolytic, intestinal, and cardiac toxicities (Iida et al., 1997; Rosec et al., 2009; Raghunath, 2014). The trh gene is closely associated with the production of urease (Quilici et al., 2005). An epidemiological surveillance of V. parahaemolyticus in Northwest Mexico showed that up to 71.74% of the environmental isolates carried the tdh gene (De Jesus Hernandez-Diaz et al., 2015). However, numerous reports have shown that many pathogenic strains from patients were detected with neither of the two virulence factor genes, indicating more virulence factor genes are needed as markers for identification of pandemic V. parahaemolyticus strains (Garcia et al., 2009; Jones et al., 2012; Liu and Chen, 2015). Additionally, the type III secretion system (T3SS) of V. parahaemolyticus has been identified as a potential strain virulence factor (Park et al., 2004; Broberg et al., 2011).

V. parahaemolyticus O3:K6 serogroup has group-specific gene sequences in the toxRs operon and orf8, one of the 10 known open reading frames (ORFs) which is unique to the O3:K6 filamentous phage f237. The toxRs and orf8 genes have been used as genetic markers to differentiate O3:K6 from other serogroups (Matsumoto et al., 2000; Nasu et al., 2000). Additionally, the HU-αORF, a specific biomarker for pandemic strain, which has a C-terminal amino acid sequence different from those of other strains of V. parahaemolyticus, was used to identify O3:K6 and other serotypes, such as O1:K25, O1:KUT, and O4:K68 (Matsumoto et al., 2000; Williams et al., 2004).

It has been reported that V. parahaemolyticus that lacked the tdh and trh genes were pathogenic in a study using mice (Rosec et al., 2009). In this study, most of the clinical strains (13/21) were negative for the tdh and trh genes, but possessed at least one of the four other virulence genes, GS-PCR, PGS-PCR, orf8, and HU-α. For instance, two tdh−trh− strains, OUT:KUT (WX14115, clinical) and O5:KUT (YZ0608, environmental) were positive for the other four virulence genes (GS-PCR, PGS-PCR, orf8, and HU-α). Using a panel of six virulence genes as pathogenic markers, almost all the O3:K6 strains (except for two strains, WX1475 and WX14116) were positive for at least four of the six virulence genes, and only one clinical strain of O5:K17 (WX14102) was negative for all the six virulence genes among the 21 clinical strains. Thus, the results of this panel of virulence genes may more closely reflect the pathogenicity potential of those strains.

A high percentage (90.3%, 65/72) of strains were positive for at least one of the six virulence genes, tdh, trh, GS-PCR, PGS-PCR, orf8, and HU-α. Out of the six virulence genes, the GS-PCR gene showed the highest prevalence 81.9% (59/72). This result is very different from other investigators in China, where GS-PCR gene was seldom detected from environmental samples (Alam et al., 2009; Chao et al., 2009; Zhang et al., 2013). This difference might be a reflection of the genetic diversity between the indigenous isolates in this area (Jiangsu, China) and other areas or an artifact caused by sampling difference.

The GS-PCR gene has been shown to be a specific for genetic marker for the identification of pandemic V. parahaemolyticus strains (Li W. et al., 2014; Pazhani et al., 2014). The trh gene showed the lowest prevalence 5.6% (4/72), which is consistent with the results from other Asia countries (Alam et al., 2009; Chao et al., 2009; Zhang et al., 2013, 2015; Letchumanan et al., 2015a). Of note is that a number of different serotypes of tdh−trh− strains (such as O28:K28, O5:KUT, and O11:KUT) were positive for at least three of the four virulence genes, GS-PCR, PGS-PCR, orf8, and HU-α (Table 3). Although these strains were isolated from the environment, it is quite possible for a non-pathogenic strain to gain pathogenicity potential after acquiring several virulence genes from pathogenic strains as indicated by the evolving path of the pandemic strain O3:K6 (Nair et al., 2007).

In this study, there were 34 new STs out of the 48 ST types, and the newly defined gene spectra accounted for 70.83%, suggesting this V. parahaemolyticus group is highly dispersed. The cluster diagram of MLST analysis showed that V. parahaemolyticus strains in Jiangsu area demonstrated a higher level of polymorphisms within environmental strains than clinical strains. ST-3 was the dominant ST among the 21 clinical strains and all ST-3 strains (n = 7) belonged to pandemic O3:K6 serotype, which is in agreement with previous reports from China and other countries (Gonzalez-Escalona et al., 2008).

It is worth noting in this study that there were a number of cases in which strains with identical serotype were classified into different STs; while strains with an identical ST possessed different serotypes. For instance, several strains of O1:KUT serotype were subtyped as ST1007, ST212, and ST276 by MLST; and the same ST strains, such as ST-3 strains, included O3:K6 and O3:KUT serotypes, whereas ST-276 strains included O1K:25 and O1K:KUT serotypes (Table 5). This observation not only indicates the advantages and limitations of serotyping and MLST analysis, but also implies that frequent mutation and/or recombination occur on the O- and K-antigens on the chromosome.

Table 5. Possible recombination scenerios of reprentive strains of V. parahaemolyticus that share a serotype or a STa.
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In this study, we used serotyping and MLST methods to differentiate the V. parahaemolyticus isolates and assessed the presence of six virulence factors, tdh, trh, orf8, GS-PCR, PGS-PCR, and HU-α. A total of 25 serotypes and 48 STs were identified among the 72 V. parahaemolyticus isolates; six novel serotypes and 34 novel STs were identified; and highly variable profiles of six virulence factor genes were detected among the isolates, suggesting this V. parahaemolyticus group was a highly dispersed group and was evolving rapidly. This information not only can enrich the MLST database but also can serve as a valuable set of matrices to trace the gene mutation and HGT (or recombination) among the V. parahaemolyticus population.

Data from Table 5 indicate that the O- and K-antigens move together more often than to move independently; and the K-antigen is more likely to be swapped than O-antigen. For example, the ST-3 strains included, in addition to the seven O3:K6 strains, a single strain of O1:K25 (WX1461). TheO1:K25 strain (belonged to ST-3) can serve as an example for O- and K-antigen exchange between serotypes O3:K6 and O1:K25, i.e., the O3:K6 antigens of strain WX1461 were replaced by O1:K25 antigens as evidenced by its identical allele and virulence gene profiles with seven O3:K6 (ST-3) strains. Another example is WX1475 which is serotype O3:K6 but was subtyped as ST-1109 by MLST based on different allele and virulent gene profiles than with those other O3:K6 serotype strains (Table 5, lower middle). The third example is that strains with different STs acquired the O2:K28 antigens from a strain with different ST (ST-1003; Top of Table 5). Specifically, a serotype O2:K28 isolate (YZ0864) was subtyped as ST-1003 with another serotype O2:K28 isolate (YZ0685).

In this study, there were eight strains with serotype O2:K28 but were differentiated into six different STs, based on the high discriminatory power of MLST (Table 5). Serotype O2:K28 was initially found in 1977 (Libinzon et al., 1977) and is generally considered as an environmental strain (Martinez-Urtaza et al., 2004). Drastic differences were found between the results derived from the two subtyping methods. It is hard to pinpoint the exact cause(s) that led to the differences in allele profiles among those isolates during their evolution path. However, a plausible scenario is that the O- and K-antigens of the six strains (O2:K28) of different STs might have been acquired from strains such as YZ0684 (O2:K28; ST-1003) over years (Table 5).

Similar virulence gene profiles exist between the O2:K28 strains of ST-1003 and the six different STs strains (lacking tdh and trh genes but are positive for GS-PCR) seem to corroborate this notion (Table 5). In addition to the genetic evidence generated in this study, our hypothesis is also supported by the findings on bacterial antigens, virulence genes, and genetic traits of V. parahaemolyticus (Chowdhury et al., 2000; Gonzalez-Escalona et al., 2008; Chao et al., 2009; Mala et al., 2016). As shown in Table 5, serotype conversion (from one serotype to a different serotype) occurred more frequently than ST change (from one ST to a different ST) among the listed strains, whose serotype was shared by strains of different STs or whose ST was shared by strains of different serotypes. It seemed that O- and K-antigen conversion occurred simultaneously more often than independently, suggesting that the O- and K-antigens are actively evolving and the two antigens are mostly moving together by horizontal gene transfer (HGT) (or recombination). This presumption is well in agreement with the recent findings on V. parahaemolyticus genomic evolution that HGT is 10–1000 times more attributable than single nucleotide variants to genome diversification. This may be the underlying drive that is responsible for the high diversity among the V. parahaemolyticus studied. This hypothesis is consistent with other researchers on the diversity and pathogenicity of V. parahaemolyticus (Chowdhury et al., 2000; Gonzalez-Escalona et al., 2008; Chao et al., 2009; Mala et al., 2016). Furthermore, other studies on K-antigen and comparative genomic analysis of V. parahaemolyticus (Chen et al., 2010, 2011), have demonstrated that the O- and K-antigens are at two adjacent loci on chromosome II and, thus the O- and K-antigens could be swapped via a single recombination event to create both novel O- and K-antigens (Chen et al., 2010). Moreover, the human upper intestine is believed to be a particularly suitable niche for the intra- and inter-specific lateral transfer of genetic material necessary to enhance bacterial pathogenicity (Larocque et al., 2005; Okada et al., 2009; Hasan et al., 2010; Wang et al., 2011). Therefore, our model is supported not only by multiple lines of genetic evidence from V. parahaemolyticus, but also by the presence of suitable ecological niche that can facilitate HGT. With this notion, we can better interpret the scenarios we encountered here, i.e., the pandemic V. parahaemolyticus strains recovered not only from patients, but also from nine “environmental” seafood samples; and the high genetic diversity among the 72 isolates.

In summary, V. parahaemolyticus in Jiangsu, China, were highly dispersed and widely distributed in the environment. In light of that V. parahaemolyticus has become one of the major foodborne pathogens in China in recent years (Li Y. et al., 2014; Qi et al., 2016), the new threat to the public health posed by these “environmental” pandemic strains should not be overlooked. T. The findings of this study provide new insight into the phylogenic relationship between V. parahaemolyticus strains of pandemic serotypes from clinical and environmental sources; the information on the genetic diversity among isolates enriches the MLST database; and our proposed possible O- and K- antigen evolving paths of V. parahaemolyticus may help understand how the serotypes of this dispersed bacterial population evolve. Our findings also underscores the necessity for more epidemiological studies and more comprehensive surveillances on V. parahaemolyticus in order to efficiently prevent the diseases caused by this organism.
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Strain Sero- or sequence-type Virulence factor

o K sT tdh trh GS-PCR PGS-PCR orfg HU-«
PANDEMIC SEROTYPE

Y20626 1 ur? 276 - - + - - -
Y20673 1 ur 212 - - + - - =
YZ0676 1 ur 1002° - - - - - -
Y20697 1 ur 1007 - - + - - -
$H08109 1 ur 276 - - - - = -
208110 1 ur 1105 - - + + = =
Yz06114 3 29 1106 - - + - . =
Y20603 5 ur 799 - - + - - -
Y0608 5 ur 988 - - + + + +
WX1461 1 25 3 + - + + + +
WX1465 3 6 3 + - + + + +
w1472 3 6 3 + - + + + +
wX1477 3 6 3 + - + + + +
w1478 3 6 3 + - + + + +
WX1486 3 6 3 + - + + - +
WX1494 3 6 3 + - + + + +
WX1475 3 6 1109 - - + - . -
WX1483 4 ur 332 + - - + + -
WX14102 5 17 111 - - - - - -
WX14108 5 17 1112 - - + + - -
WX14105 5 17 79 - + + - - -
WX14106 5 17 7 - + + - - -
WX14109 B 17 79 - + + - - =
WX14113 13 ut 1114 & + = B . =
WX14115 ut ur 1115 - - + + + +
NOVEL SEROTYPE

Y20659 2 25 998 - - + + - =
KS08105 4 9 1104 - - + = = =
Y206116 4 42 1107 - - + - -
YZ0602 8 30 969 - - + + - =
Y20637 1" 31 187 - - + + = =
wX14113 13 ut 114 - + - - . -
WX14115 ur ur 115 - - + + + +

SUT refers to untypable.
bBold faced letters and number refer to a novel serotype or ST,

Source

Environmental
Environmental
Environmental
Environmental
Environmental
Environmental
Environmental
Environmental
Environmental
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical

Environmental
Environmental
Environmental
Environmental
Environmental
Clinical

Clinical
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Gene

tdh-F*

tdh-RP

th-F

h-R

GS-PCR-R
PGS-PCR-F

PGS-PCR-R
HU-a-F

HU-a-R

*Fonward primer
bReverse primer.

Sequence (5'~3) Amplicon
(bp)

ATATCCATGTTGGC 531
TGCATTC

TTATTGTTGATGTTTA
CATTCAAMA

ATGAAACTAARACT 553
CTACTTTGC

TTAATTTTGTGACATAC
ATTCAT

GTTCGCATACAGTTGAGG 700
AAGTACACAGGAGTGAG
TAATGAGGTAGAAACA 651

ACGTAACGGGCCTACA

TTCGTTTCGCGCC 235
ACAACT

TGCGGTGATTATTCGCGTCT
CCGATAACCTATGAGA 474
AGGGAAACC
CTAGAAGGAAGAATTGATT
GTCAAATAATG
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Locus Primer sequence (5'— ) Annealing Extension Length
o) ) (bp)

dneE  (PittaaaacgacqgaccagtCGRATMAG 58 60 596
CGCTTTCRCCG
(RjcaggaaacagetatgaccGAKATGT
GTGAGCTGTTTGC

@B (PigtaasacgacggecagiGAAGGBGG 58 60 629
TATTCAAGC
(RicaggaaacagetatgaccGAGTCACC
CTCCACWATGTA

dtaS  (FtgtaaaacgacgaecagtTGGCCATA 58 60 497
ACGACATTCTGA

(RicaggaaacagctalgaccGAGCACCA
ACGTGTTTAGC

ptA  (PlgtasaacgacggccagtACGGCTAC 58 60 470
GCAAAAGAAATG
(RicaggaaacagctatgaccTTGAGGCT
GAGCCGATACTT

prC  (PlgtasaacgacggecagtAGCAACCG 58 60 533
GTAMATTGTCG

(RicaggaaacagotatgaccCAGTGTAA
GAACCGGCACAA

tnaA  (PlgtasaacgacggccagiTGTACGAA 8 60 463
ATTGCCACCAAA

(RicaggaaacagctatgaccAATATTT
TCGCCGCATCAAC

recA  (F) GCTTCTGGTTGAGCTGGAGA 55 60 908
(R) GACGAGAACAMCAGAAAGCG

The underiined lower-cased letters represent common sequences that were adapted from
M13 for more efficient sequencing.
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Isolate Allele profile Typing Virulence factor

dnaE gyrB recA dtdS pntA pyrC tnaA ST o K tdh  trh GS-PCR PGS-PCR orf8 HU-«
YZ0658 175 43 274 253 194 190 9 - + + - -
YZ0668 175 43 274 253 194 190 9 - - - - -
YZ0650 30 276 75 171 61 73 57 - - + - -
YZ0667 82 168 25 206 151 27 48 - - + - - -
YZ0601 376 31 35 47 69 26 - - + + + +
YZ0646 376 31 35 47 69 26 - - - - - -
YZ0684 60 217 31 18 106 150 26 - - + - - -
YZ0685 60 217 31 18 106 150 26 - - + + - =
YZ0688 60 217 31 18 106 150 26 - - - - - -
WXO08111 26 58 53 19 28 9 26 - - - - -
YZ0686 60 104 210 126 28 226 159 - - - - =
YZ0647 60 104 210 126 28 226 159 [ + - R
WX14102 173 406 73 47 4 116 227 - - - - - -
WX14103 284 343 293 191 23 326 132 - - + + - -
WX14105 35 43 38 21 31 35 37 - + + - - -
WX14106 35 43 38 21 31 35 37 - + + - - -
WX14109 35 43 38 21 31 35 37 -+ + - - -
SHO8109 131 147 60 136 90 27 23 - - N N
YZ0626 131 147 60 136 90 27 23 - - -
SHO8108 131 147 60 136 9 27 23 +

YZ0695 132 384 209 27 49 226 26 - - - -
WX1461 3 4 19 4 29 4 22 F i i W
WX1465 3 4 19 4 29 4 22 a ar aF a
WX1472 3 4 19 4 29 4 22 + + + +
WX1477 3 4 19 4 29 4 22 + + + +
WX1478 3 4 19 4 29 4 2} W + + +
WX1494 3 4 19 4 29 4 22 s o & 4
WX1486 3 4 19 4 29 4 22 + + - +
WX14116 3 4 19 4 29 4 22 - - - -
WX1475 80 252 160 179 26 10 23 + - - -
HA08104 35 50 63 27 49 46 26 + - - =
YZ0656 35 50 63 27 49 46 26 + - - -
YZ0619 35 50 63 27 154 + - - N

49 46 26
'y ER3 BN
28T, sequence type; O, O-antigen; K, K-antigen.

>An arrow refers to an O- and K-antigen or K antigen exchenge between strains of different serotypes or STs.
¢ A blue-highliohted rnumber indicates a new &l
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