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Abstract
This report describes Vibrio Seventh Pandemic Island II (VSP-II) and three novel variants
revealed by comparative genomics of 23Vibrio cholerae strains and their presence among a large
and diverse collection of V. cholerae isolates. Three VSP-II variants were previously reported and
our results demonstrate the presence of three novel VSP-II in clinical and environmental V.
cholerae marked by major deletions and genetic rearrangements. A new VSP-II cluster was found
in the seven pandemic V. cholerae O1 El Tor strain CIRS101, which is dominant (95%) among
recent (2004-2007) seven pandemic V. cholerae O1 El Tor isolates from two endemic sites, but
was not found in older strains from the same region. Two other variants were found in V. cholerae
TMA21 and RC385, two environmental strains from coastal Brazil and the Chesapeake Bay,
respectively, the latter being prevalent among environmental V. cholerae non-O1/non-O139 and V.
mimicus. Results of this study indicate that the VSP-II island has undergone significant
rearrangement through a complex evolutionary pathway in V. cholerae. Interestingly, one of the
new VSP-II revealed the presence of “old” and “new” V. cholerae O1 El Tor pandemic clones
circulating in some of the areas where cholera is endemic.

Introduction
Vibrio cholerae, an autochthonous aquatic bacterium, is the causative agent of cholera, a
severe, watery, life-threatening diarrheal disease. Cholera bacteria are serogrouped based on
the variable somatic O antigen, with more than 200 serogroups identified (Chatterjee et al.,
2003). Although strains of most serogroups of V. cholerae are capable of causing a mild
gastroenteritis or sporadic local outbreaks of cholera, only toxigenic strains of V. cholerae
O1 and O139 have been linked to epidemics and pandemics. Genes encoding for cholera
toxin, ctxAB, and other pathogenic factors have been shown to reside in various mobile
genetic elements.

The epidemic potential of cholera has been realized throughout human history with seven
recorded pandemics and the disease is persistent in many developing countries. Isolates from
the sixth pandemic are almost exclusively Classical biotype. However, the seventh, current
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pandemic has been dominated by V. cholerae O1 El Tor (Kaper et al., 1995). Isolates of all
previous pandemics originated in the Indian subcontinent, whereas those associated with the
seventh pandemic have their origin in the Indonesian island of Sulawesi, with subsequent
isolation from Asia, Africa and Latin America. In 1992, a new serogroup, V. cholerae O139,
was identified as the cause of cholera outbreaks in India and Bangladesh (Ramamurthy et
al., 1993).

Two gene clusters associated with seventh pandemic strains were identified by comparative
genomics using microarray analysis and named Vibrio Seventh Pandemic (VSP) I and II [4].
These clusters were absent in Classical and pre-pandemic V. cholerae El Tor strains and
showed an unusual G+C content (40%), compared with the entire V. cholerae genome
(47%) (Dziejman et al., 2002). VSP-II was originally identified as a 7.5-kb island, spanning
genes VC0490 to VC0497 in V. cholerae O1 El Tor N16961 (Dziejman et al., 2002), and,
subsequently, found to include a larger 26.9-kb region, spanning from VC0490 to VC0516
(O’Shea et al., 2004). Its site of integration is a tRNA-methionine locus, VC0516.1. As
described in V. cholerae O1 El Tor N16961, VSP-II encodes type IV pilin, two methyl-
accepting chemotaxis proteins, an AraC-like transcriptional regulator, a DNA repair protein
and a P4-like integrase (VC0516) at the 3′ end of the island. Murphy and Boyd (Murphy and
Boyd 2008) found that VSP-II excises from the chromosome, forming an extra-
chromosomal circular intermediate through a site-specific recombination mediated by the
integrase encoded in the island.

To date, two variants of VSP-II have been described in the literature, one in a V. cholerae
non-O1 strain from Bangladesh and one in a V. cholerae O1 El Tor strain isolated in Peru
during 1991-2003; moreover the cluster was detected in several V. cholerae non-O1 non-
O139 strains (Dziejman et al., 2002; Dziejman et al., 2005; Nusrin et al., 2009).

In this study, comparative genomic analysis was employed to determine the presence and
the genetic composition of VSP-II islands among 23 strains of V. cholerae. In our analysis,
we re-annotated the VSP-II present in V. cholerae O1 El Tor N16961 and analyzed the VSP-
II previously described in V. cholerae O37 MZO-3 (Dziejman et al., 2005). Further, three
new variants with significant genetic polymorphisms were discovered and their distribution
among a large V. cholerae collection was assessed. From this study it is concluded that VSP-
II is not as conserved as has been reported and can be considered a molecular tag in
epidemic V. cholerae.

Materials and Methods
Strains and media. Twenty-three V. cholerae strains were included in a comparative
genomics analysis were screened for VSP-II, along with 188 well characterized laboratory
collection strains and 190 V. cholerae isolates from two cholera-endemic regions of
Bangladesh. All strains were grown in Luria-Bertani medium (Difco/BD, Sparks, MD) and
stored at −80°C in LB broth amended with 25% glycerol. Comparative genomics. Genome
comparisons of the 23 sequenced genomes was done as described by Chun et al. (2009).
New VSP-II variants were discovered and annotated by RAST and their genetic
organization analyzed and compared using MUMmer (Delcher et al., 1999) and Artemis
Comparative Tool (ACT) (Carver et al., 2005). Individual gene polymorphisms were
analyzed by ClustalX alignments and homology was attributed after BLASTN search in the
non-redundant database (Larkin et al., 2007). Primer design and PCR conditions. Conserved
and group-specific regions of VSP-II were identified by examining aligned and unaligned
sequences, using ClustalX software (Larkin et al., 2007). PCR primers for group-specific
targets were designed using FastPCR Molecular Biology Software (Kalendar et al., 2009).
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PCR primers are listed in Table 3 and PCR was done using those primers to screen 398
isolates of V. cholerae for the five VSP-II variants.

Results
Genomic analysis

From RAST annotation, the 26.9 Kb VSP-II found in the V. cholerae N16961 encompasses
30 ORFs, compared with 24 ORFs previously annotated (O’Shea et al., 2004). Specifically,
six putative transposases were newly annotated by RAST (Fig. 1).

Results of comparative genomics, using 23 complete and draft genomes of V. cholerae and
the V. cholerae O1 El Tor N16961 VSP-II sequence as reference, revealed the presence of a
VSP-II island with 99% nucleotide sequence similarity in four of the V. cholerae 7th
pandemic strains: V. cholerae O1 El Tor B33; V. cholerae O1 El Tor MJ-1236; V. cholerae
O139 MO10; and V. cholerae O1 El Tor RC9 (Fig.1). Results of a phylogenetic analysis of
the 23 V. cholerae studied showed that these five strains formed a monophyletic clade,
termed the seventh phylopandemic clade (Chun et al., 2009). Interestingly, a sixth strain
included in this clade, V. cholerae O1 El Tor CIRS101 (Nair et al., 2006), isolated in 2002
in Bangladesh, carries yet another variant of VSP-II (Fig. 2). The VSP-II cluster found in V.
cholerae CIRS101 is 18.5Kb long and 99% similar over the 13Kb homologous region (Figs.
1 and 2) to the V. cholerae N16961 VSP-II, with a 14.4Kb deletion at nt 118 of VC0495,
spanning ORFs VC0495 to VC0512 (Fig. 2). Inserted downstream of VC0494 in VSP-II of
V. cholerae CIRS101 is a 1260 nt transposase (Fig.2). The 3′ region of the V. cholerae
CIRS101 VSP-II island is identical to the prototypical seven pandemic VSP-II (Fig. 2).

VSP-II genes were present in V. cholerae strains other than the seven pandemic. As
previously reported, V. cholerae MZO-3 O37 has a 26.5Kb VSP-II inserted at the same
locus as in V. cholerae N16961 (Figs.1 and 2) (Dziejman et al., 2005). Our analysis and
annotation showed this island contained 28 ORFs (Fig.2) and regions VC0490-VC0497 and
VC0502-VC0516 of the island were 98% similar to the VSP-II in V. cholerae N16961
(Table 1, Fig.2). However, along the island are found two major regions of sequence
discontinuity and/or rearrangement (Fig.1): two transposases are inserted within the VC0498
gene and a putative transposase is located between the VC0515 gene and the integrase at the
3′ end of the island (Fig.2), which has 99% similarity with a putative transposase in V.
cholerae Vibrio Pathogenicity Island I (VPI-I) (Fig.2) (Karaolis et al., 2006). Despite
significant sequence similarity, from a phylogenetic point of view, the VSP-II variant found
in V. cholerae O37 MZO-3 appears to have diverged with respect to the VSP-II evolutionary
path (Fig.3). All three phylogenetic trees generated using the entire island, three conserved
concatenated genes and two flanking genes of the island concluded that V. cholerae MZO-3
VSP-II lies outside the VSP-II of the seventh pandemic clade (Fig.3).

A VSP-II variant was identified in V. cholerae non-O1/non-O139 TMA21, isolated from a
sewage sample collected in Brazil in 1982 (Table 1, Fig.1). The cluster found in this strain is
20.4 Kb long, integrated at the same locus and shares 99% sequence similarity over
homologous regions with the prototypical 7th pandemic VSP-II island (Fig.2). As in the case
of the V. cholerae MZO-3 variant, significant genetic rearrangement was detected in the
region downstream of VC0498 where ORFs VC0499a-VC0500b and VC0502-VC0503 are
deleted. In contrast, at this locus, we annotated two ORFs encoding hypothetical proteins not
found in the prototypical 7th pandemic island. These ORFs have 92% and 85% nucleotide
sequence similarity with two hypothetical proteins in Vibrio vulnificus YJ016, VV0516-
VV0517, in the same arrangement (dbj|BA000037.2|). As reported by O’Shea and
colleagues, the 5′ region of the prototypical V. cholerae VSP-II shows homology to the 5′
end of the 43.4 Kb V. vulnificus island-I (VVI-I), but ORFs VC0499-VC0503 of VSP-II are
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absent in VVI-I (O’Shea et al., 2004). Therefore, in this region, V. cholerae TMA21 VSP-II
appears to have an organization identical to VVI-I, i.e., ORFs VC0499-VC0503 are
substituted by two hypothetical proteins (Fig. 5). Another major genetic rearrangement in V.
cholerae TMA21 VSP-II occurs downstream of ORF VC0511, which is a deletion
encompassing ORFs VC0512 to VC0516 substituted with three ORFs encoding two
hypothetical proteins and a nucleotidyltransferase (Table 1,Fig.2). Interestingly, the same
deletion was observed in the VSP-II variant found in V. cholerae O1 El Tor strains from
Peru (Nusrin et al., 2009). Two of the ORFs present in V. cholerae TMA21 VSP-II have
69% sequence similarity with two ORFs encoding hypothetical proteins in
Nitrosomonaseuropaea ATCC 19718 (emb|AL954747.1|), arranged in the same order. The
third ORF did not share significant similarity with any sequence in GenBank.

A fourth variant of the VSP-II island was found in the genome of V. cholerae RC385 O135,
an isolate from Chesapeake Bay, MD, USA (Fig.1). Because of low sequence coverage
resulting in a large number of contigs in this draft genome, we were only able to reconstruct
the 5′ region of the island. VSP-II sequences were present in three contigs: ctg 59; ctg 47;
and ctg 518. The 5′ region of the island resides on contig 59 and, according to the sequence
in this contig, the island is inserted in the same location as all other VSP-II islands described
in this study. The rest of the contig comprises 19,615 bp (Fig.1). There is a significant
deletion in this region, conserved in the prototypical 7th pandemic VSP-II, V. cholerae
MZO3 and TMA21 variants. ORFs VC0490 to VC0494 are absent in VSP-II of V. cholerae
RC385 (Fig.1). Furthermore, three new ORFs are inserted after the VC0498 gene, indicating
that this locus represents a hot spot for recombinational events within the island. Genes
VC0504 to VC0510 and the integrase are conserved, as had been found in the other VSP-II
variants (Fig.1).

PCR screening—To assess the distribution of the VSP-II variants identified by
comparative genomics, a well-characterized collection of 188 clinical and environmental
isolates of V. cholerae representing different serogroups and biotypes and featuring diverse
virulence pattern and 190 recent isolates from two cholera endemic sites in Bangladesh,
were screened by PCR.

Three primers pairs were designed and incorporated into a multiplex PCR to distinguish the
five VSP-II variants. Amplification patterns associated with specific VSP-II variants are
shown in Table 3. Furthermore, the insertion site of the island was confirmed by
amplification of a primer pair designed using flanking genes (Table 3). Positive
amplification with the primer pair was considered evidence of an intact insertion site or
absence of the island.

As expected, all the V. cholerae O1 Classical and El Tor pre-seven pandemic isolates from
the laboratory collection did not contain the VSP-II island (Table 2). Twenty-nine of 31
seven pandemic V. cholerae O1 El Tor strains (93.5%) harbored the prototypical VSP-II
island. In addition to V. cholerae CIRS101, only one other strain, a clinical isolate from
Bangladesh, yielded an amplification pattern corresponding to the V. cholerae CIRS101
VSP-II variant, (Table 2); both harbored the typical 7th pandemic VSP-I (Grim et al., 2010).
In contrast, 91% of V. cholerae O1 of environmental origin did not contain VSP-II and only
two strains showed the V. cholerae RC385 VSP-II island amplification pattern: one isolated
from a sewage sample collected in Brazil in 1978 and a second strain from Mexico. All were
negative for VSP-I (Grim et al., 2010).

The V. cholerae O139 strains in our collection all had typical 7th pandemic VSP-II except
for one strain carrying the RC385 variant (Table 2), an environmental isolate, and the only
V. cholerae O139 not carrying the VSP-I island (Grim et al., 2010). Furthermore, 89% of
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the V. cholerae non-O1/non-O139 were negative for VSP-II. Since this collection contained
strains used for comparative genomics, V. cholerae RC385, TMA21, and MZO-3 gave
expected amplification patterns. In addition, seven carried the V. cholerae RC385 VSP-II
(Table 2). Among these, two were isolated from Chesapeake Bay, MD, USA, same location
as V. cholerae RC385, and one also carried a new variant of VSP-I (Grim et al., 2010). Of
the remainder, one was isolated from a sewage sample collected in Brazil, one was from
Czechoslovakia, two were from Japan, and one was from Bangladesh. It should be noted
that four of 15 V. mimicus strains also were positive for the V. cholerae RC385 VSP-II
variant.

Interesting results emerged from screening the collection of V. cholerae isolates from two
cholera endemic sites in Bangladesh, collected from 2004 to 2007. Among the clinical V.
cholerae O1 El Tor, a total of 96 carried the V. cholerae CIRS101 VSP-II variant and only
one harbored the typical 7th pandemic VSP-II (Table 2). Moreover three isolates did not
contain VSP-II and one was positive for V. cholerae RC385 VSP-II (Table 2), which was
negative for VSP-I and ctxA (Grim et al., 2010). A similar result was obtained for
environmental V. cholerae O1 isolates, since these were all ctx and tcpA positive strains and,
therefore likely related to the clinical strains. That is, all carried V. cholerae CIRS101 VSP-
II, except one strain that did not have V. cholerae VSP-II or VSP-I (Table 2) (Grim et al.,
2010). In contrast, all V. cholerae O139, both clinical and environmental, contained the
canonical 7th pandemic VSP-II (Table 2), suggesting this serogroup is genetically isolated
from the dominant V. cholerae O1 pandemic clones. Among V. cholerae non-O1/non-O139
isolates, 70% did not harbor VSP-II, 26% contained V. cholerae RC385 VSP-II and two the
V. cholerae TMA21 VSP-II (Table 2), showing these are the most common variants in the
non-epidemic V. cholerae population.

Discussion
Comparative genomic analysis of 23 V. cholerae strains belonging to different serotypes,
widely distributed geographically and isolated over an extended period of time, has led to
the discovery of three new variants of the VSP-II genomic island. This is remarkable, since
VSP-I and VSP-II were originally considered to be conserved genetic markers of 7th

pandemic V. cholerae (Dziejman et al., 2002; O’Shea et al., 2004). To date, two other
examples of sequence variation whitin V. cholerae VSP-II were described (Dziejman et al.,
2005; Nusrin et al., 2009). Our analysis adds further insight to the knowledge of this
genomic cluster and its evolution in V. cholerae.

From the standpoint of genetic comparison, it is clear that the island has undergone
significant genetic rearrangement. Two loci, at the 3′ end of the VC0498 and VC0511, may
represent hot spots for recombination events within the conserved genomic backbone of the
island. It appears that the VSP-II cluster has evolved into different variants by acquisition
and loss of indels at specific loci within a conserved core.

The VSP-II variant found in V. cholerae O1 El Tor CIRS101 has a significant deletion
compared to the other two variants presumably circulating among V. cholerae O1 El Tor
strains: the 7th pandemic and the Peruvian VSP-II. Although its function remains to be
elucidated, the CIRS101 VSP-II presence is clearly dominant in recent V. cholerae O1
isolates from two cholera endemic sites of Bangladesh, but not in V. cholerae O139 isolated
from those sites, the latter possessing the prototypical 7th pandemic VSP-II. These data are
surprising, given that in the endemic areas under study, V. cholerae O1 and O139 share the
same environment and host population, but appear not to have exchanged this genomic
island.
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In Bangladesh, by tracking VSP-II variants, we were able to detect a shift between “old” and
“new” pandemic clones of V. cholerae O1 El Tor, based on the fact that a 1994 strain (V.
cholerae O1 MJ1236) carries the prototypical 7th pandemic VSP-II, while those isolated
during 2004-2007, carry the new CIRS101 variant. It is of paramount importance to know
whether the same shift occurred in clinical V. cholerae isolates from Africa or South
America to be able to determine if this event is region-specific.

By not being present in non-epidemic isolates of V. cholerae non-O1/O139 suggests that the
CIRS101 VSP-II confers a selective advantage when in the human host but not when in the
aquatic environment. In this regard, it is noteworthy that V. cholerae O1 El Tor CIRS101
carries a variant of the CTX cluster found in a group of newly emerged 7th pandemic clones,
referred to as El Tor/classical ‘hybrid’ or ‘altered’ strains (Nair et al., 2006) Therefore, the
new V. cholerae CIRS101 VSP-II may have arisen in a genomic background positively
selected in the human host (hybrid strains appear to produce more cholera toxin), likely
becoming dominant among epidemic clones. A link between their evolutionary success of
the two clusters (CTX and VSP-II) is not indicated, based on the presence of a canonical 7th

pandemic VSP-II in two other hybrid strains, V. cholerae O1 MJ1236 (Bangladesh, 1994)
and B33 (Mozambique, 2004).

The VSP-II circulating among V. cholerae non-O1/non-O139 and V. mimicus is the RC385
VSP-II. Despite different serotype and significant genetic diversity among the strains, this
variant appears to be stable in isolates obtained at different times and geographical locations
while TMA21 and MZO-3 VSP-II show only limited distribution. The presence of the new
VSP-II variants was not correlated with the presence of a new VSP-I, indicating that the two
gene clusters derive from a different history of genetic exchange among V. cholerae non-
O1/non-O139 and V. mimicus.
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Fig. 1. Genetic organization of the five variants of VSP-II in V. cholerae
The direction of transcription of the ORFs is indicated by direction of the arrows. The
numbers refer to the genetic organization of genes along the genome of V. cholerae N16961
(O’Shea et al., 2004). Genes are pattern-coded, according to function. Homologous regions
are indicated by grey shadow. For V. cholerae RC385, the contigs number where the VSP-II
island sequence resides are indicated.
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Fig. 2. Comparative analysis of prototypical VSP-II and other VSP-II
Alignment generated by Artemis Comparative Tool (ACT) of (A) prototypical VSP-II and
V. cholerae CIRS101 VSP-II; (B) prototypical VSP-II and V. cholerae MZO-3 VSP-II; and
(C) of prototypical VSP-II and V. cholerae TMA21 VSP-II.
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Fig. 3. Phylogenetic analysis of VSP-II variants
(A) Neighbor-Joining tree based on three VSP-II concatenated genes: plasmid related
protein, hypotetical protein, and phage integrase; (B) Neighbor-Joining tree based on the
whole VSP-II and (C) Neighbor-Joining tree based on concatenated VSP-II flanking genes:
putative hemolysine and Rpo sigma factor.
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