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A strain of Vibrio parahaemolyticus that emerged in 1995 caused the first known pandemic involving this species. This strain comprises clonal autochthonous ocean-dwelling bacteria whose evolution has occurred in the ocean environment. The low sequence diversity in this population enabled the discovery of information on its origin and evolution that has been hidden in bacterial clones that have evolved over a long period. Multilocus sequencing and microarray analysis, together with phylogenetic analysis, of pandemic and pre-pandemic isolates has suggested that the founder clone was an O3:K6 non-pathogenic strain that initially acquired a toxRS/new region and subsequently acquired at least seven novel genomic islands. Sequencing and comparison of whole genomes later confirmed these early observations, and it confirmed that most of the genetic changes occurred via gene conversion involving horizontally transmitted DNA. The highly clonal population rapidly diversified, especially in terms of antigenicity, and 27 serotypes have already been reported. Comparisons of the core genomes derived from the founder clone indicate that there are only a few hundred single-nucleotide variations between isolates. However, when the whole genome is considered (the core plus non-core genome and from any clonal frame), the amount of DNA with a different clonal frame can reach up to 4.2% and the number of single-nucleotide variations can reach several hundred thousand. Altogether, these and previous observations based on multilocus sequence typing, microarray analysis, and whole-genome sequencing indicate the large contribution made by DNA with different clonal genealogy to genome diversification. The evidence also indicates that horizontal gene transfer (HGT) caused the emergence of new pathogens. Furthermore, the extent of HGT seems to depend on the vicissitudes of the life of each bacterium, as exemplified by differences in thousands of base pairs acquired by HGT among almost identical genetic isolates.
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INTRODUCTION

Bacterial pathogens continuously cause problems because of the emergence of new pathogens and the evolution of existing pathogens. A pathogenic strain of Vibrio parahaemolyticus emerged in 1995 that caused the first pandemic in the history of this species. Ten years after its appearance in Southeast Asia, this pandemic strain caused one of the world’s worst diarrhea outbreaks in Chile, with more than 10,000 clinical cases. Clinical cases and the presence of the bacteria in seafood practically disappeared a few years later (García et al., 2013). Similar situations were observed in other world regions (DePaola et al., 2000, 2009; Tuyet et al., 2002; Chowdhury et al., 2004). The species V. parahaemolyticus includes autochthonous ocean-dwelling bacterial strains. Only a few strains, like the pandemic strain, can cause severe diarrhea when present in seafood (Letchumanan et al., 2014). Since the diarrhea is not transmitted person-to-person but by mollusks or other seafood contaminated with environmental bacteria, the emergence of new pathogens and also the disappearance of isolates is caused by evolution of this species in the ocean. Being pathogenic to humans in this case evolved by “coincidental” selection of traits beneficial for bacteria in the ocean that also conferred virulence in humans. The rise and fall of a strain in the ocean probably follows patterns that are common in evolution, defined by the ocean ecology.

The history of the pandemic strain began when a novel strain of V. parahaemolyticus with serovar O3:K6 was abundantly observed in Calcutta, India, in 1966 (Okuda et al., 1997). Analysis of 134 isolates obtained from January 1994 to August 1996 found that most isolates obtained after February 1996 had a particular pattern consisting of tdh+ (thermostable direct hemolysin gene), trh- (thermostable related hemolysin gene), urease+, and serovar O3:K6 (Okuda et al., 1997). The sharing of these properties and the similarity of the DNA of the isolates observed by an arbitrarily primed PCR method indicated that these isolates belonged to a unique clone, initially called serovar O3:K6. Further molecular analysis demonstrated other unique properties; among them, an associated bacteriophage with a unique open reading frame called orf8 (Nasu et al., 2000), and a unique sequence of the toxR and toxS genes in the toxRS operon that encode transmembrane proteins involved in the regulation of virulence-associated genes. This specific sequence permitted the development of a PCR method that is exclusive for the pandemic strain, known as group-specific PCR (GS-PCR) (Kim et al., 1999). These genetic patterns and those obtained after restriction fragment length polymorphism–pulsed-field gel electrophoresis (RFLP-PFGE) of the DNA (Chowdhury et al., 2000) were employed to classify isolates from clinical sources in Taiwan, Laos, Japan, Thailand, Korea and the United States within this clonal group, showing its rapid dissemination worldwide (Matsumoto et al., 2000), and leading to the strain being designated as a pandemic strain of V. parahaemolyticus.

The whole genome of RIMD 2210633, isolated at the Kansai International Airport quarantine station in 1996, is now the reference genome of the pandemic strain (Makino et al., 2003). The sequence showed that the genome consists of two circular chromosomes of approximately 3.3 and 1.9 Mbp, chromosomes 1 and 2, respectively, with 4832 annotated proteins. Among the more interesting properties is the presence of an 81-kbp pathogenicity island present on chromosome 2, encoding a type three secretion system (T3SS) and two copies of the tdh gene, known to be associated only with pathogenic strains, a cytotoxic necrotizing factor, an exoenzyme T gene and five transposase genes. Also present is a large gene-capture system on chromosome 1, the super-integron (SI), found in various Vibrios.

ORIGIN OF THE PANDEMIC STRAIN

Bioinformatic and molecular analysis of the genome of RIMD 2210633 showed the presence of six additional genomic islands (Hurley et al., 2006), VPaI-1 to VPaI-7, with VPaI-7 being the island in chromosome 2 previously described by Makino et al. (2003). Analysis of 41 worldwide isolates of V. parahaemolyticus demonstrated that four of the islands (VPaI-1 and VPaI-4 to VPaI-6) were exclusive to the pandemic strain. This observation led to the conclusion that the pre-ancestral pandemic clone acquired these four islands, increasing both fitness in the ocean environment and ability to infect humans. Later, comparison with the genome of AQ3810 (Boyd et al., 2008), a V. parahaemolyticus O3:K6 isolate recovered in 1983 with extensive sequence homology to RIMD 2210633, showed that VPaI-1 to VPaI-6 are absent or partially missing in the pre-pandemic isolate. Also, missing in AQ3810 is a type VI secretion system (T6SS), identified in a range of Gram-negative pathogens including pathogenic V. cholera. A phylogenetic frame constructed from concatenated sequences of three housekeeping genes (mdh, gyrB, and groEL-1) from 42 isolates of V. parahaemolyticus from Asia, Europe and South America, encompassing 10 different serotypes, showed that VPaI-2 and VPaI-3 are predominantly present among pandemic strain isolates, similar to the previous observation for VPaI-1 and VPaI-4 to VPaI-6 (Hurley et al., 2006). From this work, the authors concluded that the most parsimonious scenario for the evolution of the pandemic strain clone was that a pre-1995 O3:K6 strain obtained regions VPaI-1 to VPaI-7, and a T6SS encoded within open reading frame (ORFs) VP1386–VP1420 by horizontal gene transmission. Blast analysis indicated that the possible origins of these regions would be quite diverse. A highly homologous VPaI-1-encoded protein was found in a 22-kbp island present in V. cholera. Other regions showed high similarities with those from other species: VPaI-3 to a region in V. harveyi, several ORFs of VPaI-2 to ORFs identified in Vibrio species, most of VPaI-5 to ORFs from Shewanella woodyi, several ORFs of VPaI-6 to a region in other species of the genus Shewanella, T3SS-2 to a T3SS in V. cholera, and VP1386 to VP1420, which encodes a T6SS, to a region in V. harveyi (Boyd et al., 2008).

Analysis of 174 global isolates by whole-genome cDNA microarray comparative genomic hybridization with amplicons from 4660 genes representing about 96% of the V. parahaemolyticus genes led to a similar proposal (Han et al., 2008). Phylogenetic analysis of the data assigned all the pandemic strain isolates (trh-, tdh+, and GS-PCR+) to the same highly conserved group called C3, while 12 pre-1996 O3:K6 strains (trh+, tdh- and GS-PCR-) were assigned to a different but also highly conserved group called C2. A minimum spanning tree based on the similarity matrix suggested that the pandemic strain emerged from O3:K6 clonal group C2. In fact, a possible phylogenetic intermediate group, trh-, tdh+, and GS-PCR+ (that acquired toxRS/new), differing from the clonal C2 by two loci, was identified. The authors confirmed the acquisition of genomic islands and proposed that the pandemic strain emerged from the old O3:K6 clone by the stepwise acquisition of genomic islands. A small group of O3:K6 strains (named as the intermediate-O3:K6 clade) served as the phylogenetic intermediate between new-O3:K6 and old-O3:K6.

Comparison of whole-genome sequences of AQ3810 and AQ4037 (another pre-pandemic O3:K6 V. parahaemolyticus obtained in 1985) with the reference genome of the pandemic strain RIMD 2210633, deepened our insight on the origin of the pandemic strain (Chen et al., 2011). Both, AQ3810 and AQ4037 are phylogenetically very close to RIMD 2210633, differing in approximately 28,000 single-nucleotide variations (SNV). However, they differ between themselves in 42,520 SNV (Chen et al., 2011, supplementary file 1), and VPaI-7, together with both copies of tdh, are absent in AQ4037. Interestingly, however, the structure of AQ3810 VPaI-7 is different to that found in the pandemic strain. These differences suggest that an ancestral strain possessing the O3:K6 serotype may have recruited a tdh-containing island.

Taken together, the above observations suggest the origin of the pandemic strain is as shown in Figure 1.
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FIGURE 1. Schematic representation of a plausible origin of the pandemic V. parahaemolyticus clone founder bacteria. Ancestral bacteria on the left, intermediates from left to right. According to the text and references cited.



EVOLUTION OF THE PANDEMIC STRAIN

Early analysis of a few genes (tdh, trh, orf8, and toxRS) and molecular techniques applied to isolates with serotype O3:K6 obtained after 1996 showed that they were undifferentiated, and the population was considered clonal (genes deriving from a same common ancestor) even though only a few genes were tested. Later analysis using a large number of isolates and techniques with higher resolution such as RFLP-PFGE (Chowdhury et al., 2000), direct genome restriction enzyme analysis (DGREA) by conventional gel electrophoresis (Fuenzalida et al., 2006), multilocus sequence typing (MLST) (Chowdhury et al., 2004; González-Escalona et al., 2008; Chao et al., 2011), multilocus variable-number tandem-repeat analysis (MLVA) (Kimura et al., 2008; García et al., 2012), microarray analysis (Izutsu et al., 2008) and finally whole-genome sequencing (Chen et al., 2011; Loyola et al., 2015, 2016), confirmed the clonal nature of the group. However, these techniques also showed the existence of variants that were considered evolutionary products of the initial clone, and showed numerous cases of genomic regions with numerous SNVs indicating origin from a different ancestor. Bacterial genomes evolve through two mechanisms: (1) mutations or occasional loss of ancestral genes, which preserve the founder clonal genealogy or frame; and (2) sporadic gains of new genes via horizontal gene transfer (HGT), which introduces DNA with a different genealogy or clonal frame (Milkman and Bridges, 1990).

Serotype changes were the earliest and most abundant polymorphisms observed in the pandemic clone. From 1996 to 2007, up to 22 pandemic serovariants were identified around the world (Nair et al., 2007). The latest report increased this number to 27 (Han et al., 2017), suggesting that the pandemic isolates could easily adopt new serotypes to survive in new environments. Whole-genome sequence analysis of three pandemic isolates, including one with a different serotype (O4:K68) (Chen et al., 2011), showed high similarity along the whole genome in this clonal complex except in the O- and K-antigen-encoding gene clusters, which contained 94% of the SNVs. Later, in ClonalframeML analysis of whole genomes, the O and K coding regions were identified as recombinant regions in three pandemic isolates with a serotype other than O3:K6 (Loyola et al., 2016). These and other less direct observations indicated that serotype conversion was due to a recombination or gene conversion event.

Besides the changes in serotype, analysis of specific genes showed that some genes once considered essential in the pandemic strain could be missing in some isolates. For example, the absence of phage f237 and hence orf8 (Chowdhury et al., 2000; Bhuiyan et al., 2002) and VPaI-4 has been described (Chao et al., 2010). However, the pandemic strain is not only a receptor, genes of the pandemic strain can also be transferred to related bacteria, contributing to the evolution of bacteria in the local community. Four clinical isolates containing a VPaI-7 identical to the pandemic strain that prevails in the region, but differing in the rest of the genome, emerged in Chile in 2007 (Harth et al., 2009). Variable gene regions exclusive of the pandemic strain were observed in Peruvian isolates obtained after the arrival of the pandemic strain to Peru in 1977 (Gavilan et al., 2013).

MLST has been extensively applied for analysis of the pandemic strain population. Early MLST analysis with only four housekeeping genes (Chowdhury et al., 2000) already showed a clonal complex and also single-locus variants indicating early differentiation of the clone. A second MLST scheme including seven genes was established together with a centralized database1 (González-Escalona et al., 2008). This database contains, as of June 2017, sequences for 2525 isolates of V. parahaemolyticus. Another MLST analysis with 10 loci has also been employed (Yan et al., 2011). In general, these analyses together with eBurst (Feil et al., 2004) showed that most pandemic strain isolates cluster within a single clonal complex (CC3), with most showing the founder single sequence ST3 and multiple single and double locus variants (SLV and DSV). Recent MLST analysis of isolates from China showed 15 sequence types, revealing increasing genetic diversity among pandemic isolates, 10 of which fell within CC3 (Han et al., 2017). The isolates also showed frequent recombination among the genes or loci included in the MLST.

A similar view of this population was attained using microarray-based comparative genomic hybridization (M-GCH). Analysis of 4021 genes allowed clustering of 39 pandemic strains (defined as pandemic because they are trh-, tdh+, and GS-PCR+) in a single group called C3, which could be subdivided into five subgroups: SG1 to SG5, each containing one to 26 isolates (Han et al., 2008).

More recently, taking advantage of the high number of isolates with sequenced genomes, a core genome MLST (cgMLST) was designed, including 2254 core genes (Gonzalez-Escalona et al., 2017). Inclusion of O- and K-antigen coding genes allowed grouping of the strains in independent clusters according to their serotype. The high number of loci analyzed allowed observation of a high level of diversity within each cluster and was highly effective in separating strains from different outbreaks, in some cases distinguishing outbreaks caused by slightly different pandemic strains.

The resolving capacity of cgMLST seems only exceeded by whole-genome analysis (WGA). However, it is worth reviewing analysis of the highly variable number tandem repeats (VNTRs) before WGA. VNTRs consist of short sequences, known as repeat units or motifs, that are repeated in tandem and have been shown to vary in repeat copy number by the insertion or deletion of one or more repeat units. In the pandemic strain, mutation rates in this region are in the order of 10-4 mutations per generation (García et al., 2012), and thus multilocus variable analysis (MLVA) of the VNTRs in pandemic strain isolates allows differentiation of almost every independent isolate. Comparison of the number of repeats in eight VNTRs in 28 pandemic strain isolates produced 28 distinct VNTR patterns (Kimura et al., 2008). Analysis of 36 pandemic isolates belonging to the clonal complex isolated in Chile produced 26 patterns (Harth-Chu et al., 2009). Measuring the absolute number of repeats in each VNTR locus allowed the study of phylogeny and clustering of isolates according to their geographical origin (Ansede-Bermejo et al., 2010; García et al., 2012).

Whole-genome comparisons of pandemic isolates have been published for three strains from three geographically distinct regions (Chen et al., 2011), eight from Chile (Loyola et al., 2015), and 31 worldwide isolates (Loyola et al., 2016). These studies have expanded our knowledge on the diversity and evolution of the pandemic strain. Initial comparison of three isolates (Chen et al., 2011) showed that major differences in the presence of pathogenicity islands and mobile elements are likely driving the evolution of pandemic V. parahaemolyticus. Accordingly, comparison of the core genomes in the eight Chilean isolates (i.e., genes shared in the eight isolates) showed small differences of only 13 to 164 SNVs. However, comparison of the genome length, including DNA not shared by all isolates, showed differences of 1366 to 217,729 bp, confirming that most differences corresponded to the presence of regions unique to only one or two isolates, probably acquired by HGT (Loyola et al., 2015). In some isolates, most of the non-shared DNA corresponded to extrachromosomal DNA. Genome innovation by the incorporation of unique DNA, attributable to HGT from related bacteria, varied greatly among these isolates. The large differences in the amount of non-shared DNA between highly similar isolates suggested that HGT appears to happen randomly within this group. This observation indicates the need for comparing the whole genome when studying evolution, incorporating exclusive DNA of each isolate and not only that shared by all isolates (core genome) which is used for building phylogenetic trees. Accordingly, a procedure called “reads accounting” was proposed when comparing genome sequences obtained by high-throughput sequencing (Loyola et al., 2016). This procedure aims to include in the comparison all the reads obtained after high-throughput sequencing of the bacterial DNA. It was used for genome comparison of 31 pandemic isolates obtained worldwide (Loyola et al., 2016). Further analysis of the clonal frames in the core genome of each isolate using ClonalFrameML (Didelot and Wilson, 2015) allowed inference of recombinant regions. When the whole genome is considered (core plus non-core genome), the relative amount of core genome passed clonally can be as low as 94.2%. However, when only the core genome is considered, the fraction retaining the founder clonal frame varied from 96.7 to 100%. The DNA with other clonal frames located in the chromosome, i.e., that which was horizontally transferred and recombined, was highly variable, ranging from 0.0 to 3.3%. The DNA not assigned to chromosomes, i.e., that obtained by HGT that did not recombine and remained as extrachromosmal DNA, varied from 0.0 to 4.2%. Taken together, these findings, and previous observations of MLST, microarray, and whole-genome sequencing, show the large contribution of DNA with different clonal genealogy to the diversification of the genomes and indicate that the emergence of new pathogens is primarily caused by HGT. The presence of isolates with exclusively pandemic clonal frame DNA and isolates with more than 100,000 bp of non-pandemic clonal frames suggest that extent of HGT depends on the vicissitudes of the life of each bacterium. In some isolates, these new DNA segments were in chromosomes, implying actual recombination, or gene conversion, while in other isolates, it was in extra-chromosomal elements. A schema of the evolution of the V. parahaemolyticus pandemic strain is shown in Figure 2.
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FIGURE 2. Schematic representation of the changes observed during evolution of the pandemic V. parahaemolyticus clone. According to the text and data in cited references. Changes in the ancestral clone are shown to the left separating mutations from HGT. Transmission of pandemic strain genes to other indigenous V. parahaemolyticus (in blue) is shown to the right of the ancestral clone.



Finally, it should be mentioned that a procedure for the comparison of the whole-genome sequence of V. parahaemolyticus is available from the National Center for Biotechnology Information2 (NCBI). This procedure provides cladograms and trees based on a pairwise Basic Local Alignment Search Tool (BLAST) comparison of chromosome sequences. However, there is no formal reference for this procedure and the intention is to provide a quick overview of the relationships, not a rigorous tree.
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