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Whether Vibrio mimicus is a variant of Vibrio cholerae or a separate
species has been the subject of taxonomic controversy. A genomic
analysis was undertaken to resolve the issue. The genomes of
V. mimicus MB451, a clinical isolate, and VM223, an environmental
isolate, comprise ca. 4,347,971 and 4,313,453 bp and encode 3,802
and 3,290 ORFs, respectively. As in other vibrios, chromosome I (C-I)
predominantly contains genes necessary for growth and viability,
whereas chromosome II (C-II) bears genes for adaptation to environ-
mental change. C-I harbors many virulence genes, including some
not previously reported in V. mimicus, such as mannose-sensitive
hemagglutinin (MSHA), and enterotoxigenic hemolysin (HlyA); C-II
encodes a variant of Vibrio pathogenicity island 2 (VPI-2), and Vibrio
seventh pandemic island II (VSP-II) cluster of genes. Extensive geno-
mic rearrangement in C-II indicates it is a hot spot for evolution and
genesis of speciation for the genus Vibrio. The number of virulence
regions discovered in this study (VSP-II, MSHA, HlyA, type IV pilin,
PilE, and integron integrase, IntI4) with no notable difference in
potential virulence genes between clinical and environmental
strains suggests these genes alsomay play a role in the environment
and that pathogenic strains may arise in the environment. Signifi-
cant genome synteny with prototypic pre-seventh pandemic strains
of V. cholerae was observed, and the results of phylogenetic anal-
ysis support the hypothesis that, in the course of evolution, V. mim-
icus and V. cholerae diverged from a common ancestor with
a prototypic sixth pandemic genomic backbone.

A Gram-negative gamma Proteobacterium, Vibrio mimicus is
closely related to Vibrio cholerae. It was first described as a

biochemically atypical Vibrio cholerae (1). However, it is pheno-
typically and genotypically distinct from V. cholerae and can be
differentiated from V. cholerae by 12 specific biochemical reac-
tions, including sucrose fermentation, Voges–Proskauer reaction
(acetoin production from glucose), lipase production, sodium
tartrate fermentation, and polymyxin sensitivity. showed mean
pairwise divergence from V. cholerae to be ≈10%, equivalent to
the divergence of Salmonella enterica LT2 from Escherichia coli
K-12 (2, 3).
The natural habitat of V. mimicus is similar to that of V.

cholerae, i.e., the aquatic ecosystem, including seawater, fresh-
water, and brackish water, where it has been found both as a
free-living bacterium and in association with zooplankton, crus-
taceans, filter-feeding mollusks, turtle eggs, and fish. Infections
in humans occur from consumption or exposure to these sources
(4–9). V. mimicus human gastroenteritis is characterized by di-
arrhea, nausea, vomiting, abdominal cramps, and fever. How-
ever, unlike V. cholerae, V. mimicus has not been associated with
epidemics of cholera-like diarrhea, probably because most iso-
lates of V. mimicus do not produce cholera toxin (CT). In fact,
Chowdhury et al. (5) reported that fewer than 10% of clinical
isolates and fewer than 1% of environmental strains produce CT
enterotoxin. Although a number of hypothesized virulence fac-
tors have been identified in V. mimicus, including cholera-like
enterotoxin (10), heat-stable enterotoxin (11), heat-labile entero-

toxin (12), hemolysin (13), protease (14), phospholipase (15), ary-
lesterase (16), siderophore (aerobactin) (17), and hemagglutinin
(18), the mechanism of its pathogenesis remains unclear.
The objective of this study was to determine the genetic basis of

V.mimicus physiology, pathogenicity, and evolution and to clarify
its relationship with V. cholerae. To this end, we sequenced two
strains of V.mimicus, VM223, an environmental isolate collected
from a bivalve in Saõ Paulo, Brazil, and MB451, a clinical isolate
from a patient with diarrhea in Matlab, Bangladesh. Genome
sequence comparison of these strains with each other and with V.
cholerae demonstrates clear species delineation for V. mimicus
but also provides evidence of probable evolution of V. mimicus
and V. cholerae from a common ancestor.

Results and Discussion
Genome Features. The combination of traditional Sanger se-
quencing and pyrosequencing yielded high-quality assemblies of
the genomes of V. mimicus MB451 (GenBank accession number
ADAF00000000) and VM223 (GenBank accession number
ADAJ01000000). The genome ofV.mimicusMB451 consists of two
circular chromosomes of 2,971,217 and 1,304,309 bp with an av-
erage guanine-plus-cytosine (G+C) content of 46% and 45%,
respectively (Fig. S1 and Table 1) and a plasmid of 37,927 bp.
Chromosome II (C-II) of V. mimicusMB451 was closed, whereas
chromosome I (C-I) was obtained in a single contig but was not
closed because of a gap of ca. 3.5–4.0 kb, most likely a part of an
rDNA repeat. RAST subsystem-based annotation (15) identified
3,802 predicted coding sequences (CDSs) and 119 RNAs in the
genome ofV. mimicusMB451. The genome ofV. mimicusVM223
comprises eight contigs encoded on the two chromosomes, contigs
53–51-47–50-46–49, in that order, on C-1 and contigs52 and 48 on
C-II. The predicted size of the genome, ca. 4,347,971 bp, is similar
to that of V. mimicus MB451, with 3,290 CDSs and 111 RNAs
(Table 1). Approximately 19%and 17%of theCDSs inV.mimicus
MB451 and VM223, respectively, were annotated as hypothetical
proteins, including proteins that are conserved in other bacteria.
Like V. cholerae, most of the genes required for growth and via-
bility are located onC-I. C-II contains relativelymore hypothetical
proteins. However, several genes believed to be important for
normal cell function (e.g., genes encoding ribosomal proteins L20
and L35, the alkylphosphonate-utilization operon protein PhnA,
and the operon transcriptional regulator encoded by uxuR, Uux)
also are encoded on C-II. The overall subsystem category dis-
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tributions ofV.mimicusMB451 andVM223 genomes were similar
to each other and to V. cholerae (Fig. S2).

V. mimicus Plasmid. V. mimicus MB451 contains a plasmid with
high G+C content (50%), and encodes 56 CDSs with an average
length of 534 bp (Fig. S1 and Table 1). Approximately 79% of the
CDSs were annotated as hypothetical proteins. Most of the
coding sequences with functional assignment are phage-related
proteins, including phage integrase, phage portal protein, bac-
teriophage tail assembly protein, and others. No noticeable
similarity with sequences in the database was observed, except
for a few ORFs at the beginning of the sequence with significant
similarity with genes of Prophage 1 of Salmonella typhimurium
strain LT2. Moreover, similarity of the plasmid G+C content
along with the prophage G+C (51%), the presence of multiple
phage proteins, and the similarity of the few ORFs to those of
a prophage in Salmonella indicate that this plasmid may, in fact,
be an extrachromosomal temperate phage.

V. mimicus Super Integron. Super integrons (SI) are prevalent
among Vibrio species and can be highly variable even within the
same species (19). BothV. mimicus strains possess SIs on C-II that
are 20–50 kb larger than V. cholerae SI (20). Significant variation
was observedwhen SIs were compared with each other and withV.
cholerae SI (Fig. 1). However, the integron integrase IntI4 of V.
cholerae N16961 shows 82.5 and 83.7% nucleotide similarity with
those of V. mimicus MB451 and VM223, respectively. In V.
mimicus MB451 the SI encompasses VII_000636–774 (145 kb),
encoding 139 ORFs, whereas in VM223 the SI encompasses
VMA_000683–779 (175 kb) on contig 52 and encodes 96 ORFs.
Most of the genes (55% in MB451 and 57% in VM223) are hy-
pothetical in nature, and the coding sequences of the functional
ORFs are related to homologous sequences of a wide range of
microorganisms. This finding is in accordance with the postulate
that the SI of the genus Vibrio serves as a capture system for ac-
quiring DNA from the surrounding environment (21, 22).

Comparative Genomics.The genomes of V. mimicusMB451 and V.
mimicus VM223 were compared with each other and with six
other completed Vibrio genomes by pairwise reciprocal BLASTP
analysis (Fig. 1), and by MUMmer (Fig. S3). Overall, these
genomes are most similar to the genomes of V. cholerae but are
ca. 7–8% larger than V. cholerae N16961 (4.03Mb), mainly be-
cause of the significant size difference in C-II (∼23 kb), and are
ca.15% smaller than both V. parahaemolyticus RIMD 2210633
and V. vulnificus CMCP6 (Table 1). A total of 1,727 nondup-
licated ORFs (45.4% of MB451 and 52% of VM223 protein-
coding genome) are shared by all strains, representing a “core”
genome for the genus Vibrio and providing clear evidence of
significant conservation among the genomes of Vibrio species. In
at least six large regions on C-II and nine large regions and C-I,
significant mismatch was detected (Fig. 1), explained by insertion
of different genomic islands (GIs) and/or by acquisition of other
mobile genetic elements, resulting in generation of strain-specific
CDSs. V. mimicus MB451 encoded 215 strain-specific ORFs
(5.6% a of the genome), and VM223 encoded 108 strain-specific
ORFs (3.4% of the genome), most (83–85%) of which were an-
notated as hypothetical or proteins of unknown function. Appro-
ximately 1.1–1.3% of the genomes are conserved, having no re-
ciprocal match with any of the reference genomes, and therefore
are considered to be V. mimicus-specific ORFs. Among these,
57% are annotated as hypothetical proteins, the remaining ORFs
having functional assignments in diverse categories, including
metabolism, signal transduction, antibiotic resistance, virulence,
pathogenicity, and other functions. Interestingly, 36% of the
species-specific ORFs are encoded on C-II of V. mimicus.
Comparative ortholog cluster analysis (Table S1) revealed that

V. mimicus MB451shares 2,428 nonduplicated ORFs (64% of
the MB451 genome) and VM223 shares 2,428 (nonduplicated
ORFs (69% of the VM223 genome) with V. cholerae (Table S1);
2,254 of these ORFs are conserved among all four strains exam-
ined. Chun et al. (23) determined that the V. cholerae core ge-
nome contains 2,613 ORFs. Taken together, these data support
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a close genomic relationship between V. mimicus and V. cholerae.
V. mimicus MB451 and VM223 share 66 ORFs with V. cholerae
O1 El Tor N16961 (Table S1) and331 ORFs with V. cholerae O1
classical O395, indicating that V. mimicus is more closely related
to the classical biotype of V. cholerae than to El Tor; however,
the average nucleotide identity (ANI) of conserved genes (>70%
similarity) revealed no significant difference between V. cholerae
classical (85.22%) and El Tor (85.25%) biotypes (Table S2) but
demonstrated clear species delineation for V. mimicus.
The genomes of clinical (MB451) and environmental (VM223)

V. mimicus were compared, and a set of 2,990 core ORFs was
identified in the V. mimicus genome. This number may be an
underestimation, because the genome of V. mimicus VM223 is
incomplete. Nonetheless, this level of core gene content for V.
mimicus is higher than reported for either V. cholerae or E. coli,
where 2,613 and 2,200 core genes were found, respectively (23,
24). The core gene ratios of the large (C-I) and the small chro-
mosome (C-II) are 84.7% and 68.4%, respectively. The greater
core gene content of C-I reiterates the functional importance of
those genes compared with those of C-II. A total of 238 non-
duplicated ORFs were identified exclusively in the genome of
environmental V. mimicus VM223, and 68% of these ORFs are
either hypothetical or of unknown function. Most of the ORFs
with functional assignments are encoded on mobile genetic ele-
ments or are proteins of nonessential function and there-
fore most likely were acquired by lateral gene transfer and have
a role in environmental fitness, such as the Rhs elements
(VMA_000863–861). The clinical V. mimicus strain MB451 has
607 nonduplicated ORFs, of which 53 are plasmid-borne. The
majority (56%) of these ORFs are hypothetical or proteins of
unknown function, and the ORFs with functional assignment
were notably pre-cholera toxin phage (CTX-Φ) encoded genes,
VPI-2 encoded genes, and multiple transcriptional regulators
(TetR, Cro/Cl, ArsR, MarR family, and others).

Genome Plasticity in V. mimicus. GIs. GIs are non–self-mobilizing
integrative and excisive elements that encode diverse functional
characteristics, and their acquisition is central to bacterial evo-
lution, serving as a mechanism of diversification and adaptation.
The Island Viewer application (25) identified seven GIs in C-I of
V. mimicus MB451, predicted by at least one method (Fig. S4);
C-II and the plasmid have no predicted GI. Although the major-
ity of GI-encoded ORFs are hypothetical proteins or proteins of
unknown function, the ORFs with functional assignment were
revealed: GIs of V. mimicus carry important functions for meta-
bolism and adaptive traits that might be beneficial for the bacteria
under certain growth or environmental conditions (SI Text).
Repeat sequences.DNA repeats are both causes and consequences
of genome plasticity, inducing deletions, amplifications, rear-
rangements, and gene conversion. V. mimicus MB451 genomes
contain many perfect and approximate tandem repeats, 29 in C-I
and 15 in C-II, with period lengths ranging from 6–387 and from
6–429, respectively (Table S3). Because tandem repeats are ge-

nerated by duplication, which changes genome structures, tan-
dem repeats may be a key process in the evolution of V. mimicus.
Interestingly, many (59%) of the tandem repeats are in protein-
encoding genes, which may exhibit higher mutation rates,
allowing targeted sequence variation and thereby enabling a
rapid response to challenging and hostile conditions in both the
external environment and the human intestine.
Genomic rearrangement. Our analysis of the V. mimicus MB451 ge-
nome,usingMUMmer (26)and theArtemisComparisonTool (27),
suggested that evolutionof theV.mimicusMB451genome structure
is marked by several intra- (Fig. S5) and interchromosomal (Fig. 2
and Fig. S3) rearrangements. It is apparent from the overall geno-
mic comparison (Fig. S3) that V. mimicus MB451 is related more
closely to V. cholerae and Vibrio sp. RC586 than to any of the other
Vibrio spp. although a number of repeated inversions occur across
the genome. These rearrangements appear to be involved in the
generation of strain-specific CDSs and suggest that extensive ge-
nome plasticity is common among species of the genus Vibrio.
Chromosome-wise comparison of V. mimicus with El Tor and
classical biotypes of V. cholerae demonstrate that both chromo-
somes have greater synteny with the classical biotype of V. cholerae
than with El Tor, and the overall gene content and position is
much better conserved in C-I than in C-II (Fig. 2). Extensive ge-
nomic rearrangements (inversions, insertions, and deletions) obvi-
ously have occurred in C-II. These findings lead us to an important
conclusion, namely, that C-II has a critical function in the evolution
and genesis of speciation in the genus Vibrio. Moreover, the high
degreeof genome synteny, aswell as the larger number of conserved
ORFs shared with pre-seventh pandemic strains ofV. cholerae, lead
to the conclusion that, in the course of evolution, V. mimicus and
V. cholerae probably diverged from a common ancestor having
prototypic sixth pandemic clones of V. cholerae as their core. Once
separated, the V. mimicus genome underwent extensive rearrange-
ment, especially in C-II.

Pathogenicity. The genomes of MB451 and VM223 were found to
possess virulence determinants previously known to occur in V.
mimicus, such as CTX prophage and VPI, as well as a number of
elements, such as VSP-II, MSHA, HlyA, PilE, and IntI4, which
we identified in V. mimicus.
CTXΦ insertion site. Inserted at the CTXΦ insertion locus on C-I of
V. mimicus VM223 is a ca. 7.5-kb element encoding four ORFs
(VMA_002135–38); three are annotated as hypothetical proteins
and one as a phage protein. Inserted at this same locus in
V. mimicus MB451 is a ca. 14-kb element encoding 16 ORFs
(VII_002318–34), eight of which are annotated as hypothetical
proteins. Interestingly, this element constitutes a pre-CTX pro-
phage (Fig. 3A) evidenced by the presence of ORFs homologous
to the zona occludens toxin, accessory cholera enterotoxin (Ace),
phage-related replication protein (RstA), and phage-related
integrase (RstB), which are found in strains of V. cholerae har-
boring pre-CTX phages. This phage-like element also encodes an
ORF homologous to ORF9 of the filamentous bacteriophage

Table 1. General features of the Vibrio mimicus genome compared with other Vibrio spp.

Feature
V. mimicus
(MB-451)

V. mimicus
(VM223)

V. cholerae
(N16961)

V. parahaemolyticus
(RIMD 2210633)

V. harveyii
(BAA-1116)

V. vulnificus
(CMCP6)

Genome size (Mb)* 2.97/1.3 4.347 2.96/1.07 3.29/1.88 3.77/2.2 3.28/1.84
G+C content (mol%) 46/45 46 47/46 45/45 45/45 46/46
Protein coding sequences 2,321/1,125 3290 2,742/1,093 3,080/1,752 3,546/2,374 2,926/1,562
Average CDS length (bp) 984/955 1032 948/832 952/946 923/890 887/977
Percent of coding region 87/82 78 87/84 86/86 85/86 83/86
Ribosomal RNA operons 7/0 7 8/0 10/1 10/1 8/1
No. of tRNAs 97/0 90 94/4 112/14 105/16 98/13
No. of integrons 0/SI SI† 0/SI 1/0 NK SI/0

NK, not known; SI, super integron.
*Results are shown as values for chromosome I/chromosome II.
*Results are shown as values for chromosome I/chromosome II.
†Found at small C- (C-II).
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f237, suggesting that the insertion locus for CTXΦ is conserved in
V. mimicus and serves as an integration locus for various phages.
The sequence of the putative prophage was compared with and
found to be similar to that of environmental nontoxigenic V.
cholerae; that is, 65–70% of the V. mimicus MB451 pre-CTX
prophage had 80–83% sequence similarity with pre-CTX pro-
phages of environmental V. cholerae non-O1/O139 strains AM-
19226, 1587, MZO-3, VL426, 12129(1), and MZO-2. Moreover,
65% of the entire prophage has 82% identity with V. cholerae
KSF-1ϕ, but similarity with other V. cholerae phages (such as VGJ
Ace, fs1, VEJϕ, VSKK, VSK, and others) was not significant.
VPI-2. VPI-2 is a 57.3-kb gene cluster that encodes genes for
neuraminidase and sialic acid metabolism and has characteristic
features of a pathogenicity island (28). The genome of V. mim-
icusMB451 encodes a ca. 12.8-kb portion of VPI-2 (Fig. 3C) that
contains genes responsible for sialic acid metabolism (homolo-
gous to VC1773-84 of V. cholerae N16961), surprisingly located
on the C-II (VII_000793-VII_000803). Interestingly, in this seg-
ment of VPI-2, regions containing homologs of genes VC1758
(phage integrase)–VC1782, encoding the type I restriction mod-
ification system, and VC1785–VC1810, encoding the μ-phage,
are deleted.
VSP II. The genome of V. mimicus VM223 harbors a variant of
VSP-II located on C-I (Fig. 3B). The 21.5-kb island encompasses
11 ORFs (VMA_000495–505) with an atypical G+C content of
40% and includes a phage integrase, protein of unknown func-
tion DUF955, pathogenesis-related protein, putative hemolysin,
and several (63%) hypothetical proteins. Further scrutiny of this

site revealed eight additional ORFs, including a DNA-repair
protein, RadC, a transcriptional regulator, ribonuclease HI, and
five hypothetical proteins, comprising a total of 19 ORFs enco-
ded by V. mimicus VSP-II. In seventh pandemic isolates of V.
cholerae O1 El Tor and O139, VSP-II is a 26.9-kb region
(VC0490–VC0516), and 41% of V. mimicus VSP-II is identical
to V. cholerae VSP-II. However, there are noticeable variations
in the organization and content of ORFs in V. mimicus VSP-II
compared with V. cholerae VSP-II.
Hemolysins. V. mimicus genomes contained one copy of heat-
labile (VII_000023 and VMA_001263), heat-stable (VII_000310
and VMA_001040), and enterotoxigenic (HlyA, VII_000877 and
VMA_000630) hemolysin, a major virulence factor of V. mimicus
(5). The heat-labile hemolysins share 97% nucleotide similarity
with each other and 77% with V. cholerae El Tor hemolysin
(HlyA), whereas the heat-stable hemolysins are 98% identical to
each other and 76% identical to the thermostable hemolysin of
V. cholerae, 70% identical to the Listonella anguillarum hemo-
lysin (vah4), and 67% identical to the thermostable hemolysin of
Vibrio vulnificus YJ016. Interestingly, no significant similarity was
observed with Vibrio parahaemolyticus hemolysin (tdh). The hlyA
gene of V. mimicus is 82% similar to V. cholerae hlyA (VCA0219).
Both V. mimicus genomes contained 12 other hemolysins, five of
which are located on C-II. This finding is in agreement with the
presence of multiple hemolysins in the genomes of pathogenic
and nonpathogenic Vibrio spp., including V. cholerae (23). Smith
and Oliver (29) suggested these hemolysins play a role in the cold-
shock response of V. vulnificus, and this suggestion certainly can
be extended to V. mimicus.
Proteases. V. mimicus protease (VMP or Vm-HA/protease) has
been shown recently to modulate the activity of V. mimicus he-
molysin by limited proteolysis (30). Because enhanced hemag-
glutinability surrogates strong bacterial cellular affinity for
binding to host mucosa, VMP can be considered a significant
component of V. mimicus virulence. VMP (VII_000553 and
VMA_000854) of theV. mimicus genome showed 97%nucleotide
similarity with each other and with the VMP of V. mimicus ES-39.
VMP of VM223 and MB451 also showed significant similarity at
both the nucleotide (80%) and amino acid level (88%) to HA/
protease of V. cholerae. Both genomes also contained homologs
(VII_000021; VMA_001265) of the prtV protease of V. cholerae
on C-II, which recently has been shown to be a virulence factor in
a Caenorhabditis elegans model (31). In addition, they possessed
a number of other homologs of proteases, including a membrane-
bound zinc metalloprotease (VII_001591; VMA_002784), pro-
tease IV (VII_001833; VMA_002551), and htpX protease
(VII_002671; VMA_001839). Interestingly, the genome of V.
mimicus MB451 encodes a second putative zinc metalloprotease
(VII_001021), which is 97% identical (on the amino acid level) to
the zinc metalloproteases of V. mimicus VM573 and VM603 and
77% identical to that of V. ulnificus CMCP6 and YJ016.
Pili and adherence. Attachment is a critical step in pathogenesis,
and both pili and flagella are important virulence factors in many
pathogenic bacteria (32, 33). MSHA pilus (34), a type IV pilus
(TFP), has been shown to play a role in adherence to plankton
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and in biofilm formation (35–37), but its role in intestinal coloni-
zation is not clear. V. mimicus genomes possess putative MSHA
gene clusters (VII_003323-39; VMA_000581-91) which are of
nearly equal length and are highly similar. Both are slightly
smaller than that of V. cholerae, with the majority of the deleted
sequence contained in the coding region of MshN. BLASTN
analysis of V. mimicus MSHA demonstrated that these clusters
are 77% identical with that of V. cholerae (VCO398-411), and
their G+C content differs slightly from V. cholerae. Additionally,
there are no apparent integrase or transposases defining this re-
gion as a pathogenicity island or suggesting another origin. Taken
together, these results suggest that the MSHA gene cluster was
acquired before V. cholerae and V. mimicus diverged from their
most recent common ancestor. Because hemagglutination plays
an important role in intestinal adherence of V. mimicus (38), the
MSHA of V. mimicus may serve as a dual-function appendage, i.
e., for intestinal adherence and attachment to plankton or other
surfaces to form a biofilm. In addition, MSHA has been shown to
serve as receptor for KSF-1Φ, VGJΦ, fs-1, fs-2, and 493 fila-
mentous phages in V. cholerae (39–43). Therefore, the same
family of phages may be expected to infect V. mimicus.
The V. mimicus genomes also harbored additional TFP genes.

Both genomes contained a homolog of the type IV pilin gene,
pilA (VII_001442; VMA_002922), which encodes subunits of
fimbriae and often is expressed during human infection, and two
copies of the tight adherence (tad) locus, with one copy on each
chromosome (VMA_002363-70 and VII_002046-56 on C-1 and
VMA_001394-402 and VII_000975-85 on C-II). A homolog of
the TFP biogenesis protein PilE, a marker often used to assess
presence of a TFP associated with virulence in V. cholerae, also
was identified in the intergenic sequence between the type IV
fimbrial biogenesis protein FimT (VII_002948) and the chaper-
one protein DnaJ (VII_002949) in V. mimicus VM223 and had
85% sequence similarity to V. cholerae pilE (VC0857).

Phylogenomics of V. mimicus. The phylogeny of V. mimicus is
inferred from a neighbor-joining tree using homologous align-
ment of 75 conserved ORFs of different Vibrio species (Fig. 4).
V. cholerae strains clustered together tightly, and the two V.
mimicus strains branched separately from V. cholerae, clustering
with the two novel Vibrio species (44), Vibrio spp. RC586 and
RC341. Therefore, V. cholerae and V. mimicus may have evolved
recently from a common ancestor and more likely are distin-
guished from each other by the presence or absence of mobile
genetic elements, based on the high rate of insertion and de-
letion in the V. cholerae genome (23). A second genome-based
neighbor-joining tree (Fig. S6), constructed using 925 highly

conserved ORFs among V. cholerae and V. mimicus, demon-
strates that V. mimicus is deeply rooted as independent branches
at ancestral nodes, indicating evolutionary divergence from a
progenitor of an ancestral V. cholerae. The evolutionary rela-
tionships inferred by this tree suggest that V. mimicus is more
closely related to the Vibrio spp. RC586 and RC341, than to V.
cholerae, consistent with results of the previous analysis (Fig. 5).
An evolutionary distance tree (Fig. S7), based on divergence of
nucleotide sequences in different Vibrio genomes yielded results
consistent with those shown in Fig. 4 and Fig. S6 and allows two
important conclusions. First, the V. cholerae–V. mimicus clade
forms a monophyletic group constituting a sister group of V.
mimicus and Vibrio spp. RC586 and RC341, with V. cholerae as
an outgroup. Second, the V. cholerae–V. mimicus clade diverged
from a common ancestor before the two lineages diverged from
each other. The first conclusion is strongly supported by ANI of
the conserved ORFs, 84.5–85.5% with V. cholerae and 86–88%
with RC341 and RC586 (Table S2); the second conclusion is
supported by the evolutionary distance tree.

Conclusion
The results of the genome-sequence analysis reported here for V.
mimicus provide insight into the biology of this organism, notably
in refining and expanding our knowledge of the metabolism,
virulence, evolution, and phylogeny of this organism. These V.
mimicus genomes now can serve as reference for studies of
communities in which Vibrio spp. are present. The presence of
previously reported V. cholerae virulence regions (VPI and
CTXΦ) in V. mimicus, as well as those identified in this study
(VSP-II, MSHA, hlyA, pilE, and Intl4), and the greater similarity
of these newly identified virulence regions with that of V. chol-
erae indicate recent interspecies lateral transfer between V.
cholerae and V. mimicus and suggest that transfer of virulence
factors among isolates is an ongoing process. The higher geno-
mic relatedness of V. mimicus to the sixth pandemic biotype of V.
cholerae and the acquisition of features (VSP-II, MSHA, HlyA,
and Intl4) that are characteristic of the seventh pandemic biotype
of V. cholerae provide insight into how genomic rearrangement
can enhance virulence and environmental fitness. Finally, the
genome of V. mimicus provides a starting point for under-
standing how a free-living, environmental bacterium can emerge
as a human pathogen. It is anticipated that many of the genes
identified as virulence genes will prove to be important for the
fitness of the bacterium in its native aquatic environments, as
evidenced by the presence of these genes in both the clinical and
environmental strains and by the conservation of homologs in
environmental V. cholerae genomes.

Materials and Methods
Genome Sequencing. The genome of V. mimicus was sequenced, in part, by
the Joint Genome Institute (JGI), and all general aspects of the sequencing
performed at the JGI are available at http://www.jgi.doe.gov/. Draft
sequences were obtained from a blend of Sanger and 454 sequences and
involved paired-end Sanger sequencing on 5–8 kb plasmid libraries to 5×
coverage and 20× coverage of 454 data. The Phred/Phrap/Consed software
package (www.phrap.com) was used for both sequence assembly and quality
assessment (45–47). After the shotgun stage, reads were assembled with
parallel phrap (High Performance Software, LLC). Repeat resolution was
performed using Dupfinisher (48). Gaps between contigs were closed by
editing in Consed and by several targeted finishing reactions that included
transposon bombs, primer walks on clones, primer walks on PCR products,
and adapter PCR reactions. Gene-finding and annotation were achieved
using the RAST server (49).

Comparative Genomics. Genome-to-genome comparison was performed us-
ing three approaches as described by Chun et al. (23). To determine ANI and
genetic distance between strains and to assign strains to species groups,
a reciprocal best-match BLASTN analysis was performed for each genome.
The average similarity between genomes was measured as the ANI of all
conserved genes, as described by Konstantinidis and Tiedje (50).

Fig. 4. Neighbor-joining tree based on alignment of homologous sequen-
ces of 75 conserved ORFs. Bar represents 0.01 substitutions per site.
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Identification of GIs and Repeat Sequences. The Island Viewer application (25),
which uses three methods for GI prediction, IslandPick, IslandPath-DIMOB,
and SIGI-HMM, was used for GI predictions. Because this application requires
the genome to be completed, only the V. mimicusMB451 sequence was used
for GI prediction, and the tandem repeat finder program (51) was used to
identify the repeat sequences.

Phylogenetic Analyses Based on Genome Sequences. A set of orthologs for
each ORF of V. cholerae N16961 was obtained through comparison with
different sets of strains and was individually aligned using the CLUSTALW2
program (30). The resultant multiple alignments were concatenated to
generate genome-scale alignments that subsequently were used to re-
construct the neighbor-joining phylogenetic tree (52). The evolutionary

model of Kimura (53) was used to generate the distance matrix, and the
MEGA program (54) was used for phylogenetic analysis.
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