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Vibrio vulnificus causes rare but frequently fatal septicemia associated with raw oyster consumption by
persons with underlying hepatic or immune system dysfunction. The virulence potential of environmental
reservoirs appears widely distributed, because most strains are virulent in animal models; however, several
investigations recently demonstrated genetic divergence among strains from clinical versus environmental
origin at independent genetic loci. The present study used PCR to screen DNA polymorphisms in strains from
environmental (n = 35) or clinical (n = 33) sources, and genomic relationships were determined by repetitive
extragenic palindromic DNA PCR (rep-PCR) typing. Significant (P < 0.01) association was observed for
typical “clinical” or “environmental” polymorphism profiles based on strain origin. Most oyster isolates (88%),
including all of those with the “environmental” profile, also formed a single rep-PCR genogroup. Clinical
isolates within this group did not have the typical “clinical” profile. On the other hand, clinical isolates with
the typical polymorphism profile were distributed among multiple rep-PCR genogroups, demonstrating greater
genetic diversity than was evident by profiling genetic polymorphisms. Wound isolates were genetically distinct
from typical blood isolates by all assays. Strains from an outbreak of wound infections in Israel (biotype 3)
were closely related to several U.S. strains by rep-PCR, indicating potential reservoirs of emerging disease.
Strains genetically related to blood isolates appeared to be relatively rare in oysters, as only one had the
“clinical” polymorphism profile or clustered by rep-PCR. However, this study was not an extensive survey, and
more sampling using rep-PCR for sensitive genetic discrimination is needed to determine the virulence

potential of environmental reservoirs.

Vibrio vulnificus is associated with serious wound infections
or frequently fatal (mortality rates are generally >50%) sep-
ticemia related to consumption of raw shellfish, particularly
oysters (5, 37). The bacterium is indigenous to temperate es-
tuaries, and prevalence in oysters and seawater approaches
100% during warmer months (25, 45). Most strains isolated
from environmental reservoirs appear to be as virulent as clin-
ical strains in animal models (13, 35, 36, 39). Also, multiple
virulence factors have been proposed for V. vulnificus but are
generally present in most strains and do not provide predic-
tive value (16, 36, 39, 50). Virulent strains are distinguished
by opaque colony morphology (34, 49), which reflects ex-
pression of a protective capsular polysaccharide (CPS);
however, both clinical and environmental strains are gener-
ally encapsulated (45). Thus, appropriate markers to screen
the virulence potential of V. vulnificus in environmental
reservoirs are not available.

Recently, DNA sequence polymorphisms at individual loci
discriminated isolates from clinical versus oyster origin in sev-
eral independent studies. Polymorphic variants generally in-
cluded two genotypes, such as types A and B of the 16S rRNA
gene, whose distribution significantly correlated with either
environmental or clinical origin, respectively (2, 20, 26, 42).
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Similar genetic distinctions were reported for types E and C
derived from sequences of random amplification of polymor-
phic DNA (RAPD) typing (32, 43) and for CPS alleles 1 and 2
from the group 1 CPS operon (8). In addition, clinical strains
were more likely than environmental strains to be positive for
the viuB gene encoding siderophore biosynthesis (28). These
studies disagreed with multiple analyses of V. vulnificus that
reported no correlation of genotype (6, 11, 17, 18, 19, 38, 51),
biotype (1, 40), or serotype (1, 18, 52) with clinical origin or
virulence potential. Furthermore, 16S RNA genotypes showed
equivalent virulence potential in animal and cell culture mod-
els of infection (13); therefore, inferences that allelic markers
equate to virulence potential are still unsubstantiated.

In the present study, clinical and environmental strains of V.
vulnificus were screened for DNA polymorphisms at multiple
loci in order to establish their distribution among the same
group of strains and validate their application as markers for
strain discrimination. Repetitive extragenic palindromic PCR
(rep-PCR) was used to determine the similarity of these strains
at the genomic level. rep-PCR targets conserved repetitive
elements that are distributed throughout the genome for dis-
crimination of interstrain variation based on amplicon size and
intensity. rep-PCR greatly enhances assay reproducibility and
strain discrimination compared to other PCR-based platforms
(14, 24, 41) and has proven to be highly effective for molecular
typing of V. cholerae (10, 15, 31, 33), V. parahaemolyticus (44),
and V. vulnificus (30). The present study confirmed genetic
distinctions of V. vulnificus strains from clinical versus environ-
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TABLE 1. Primer sequences developed for real-time PCR of type
A and B V. vulnificus
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TABLE 2. Allelic distribution among clinical versus environmental
V. vulnificus isolates

Amplicon  Type

Position size (bp) amplified

Primer Sequence

VVAF1* CATGATAGCTTCGGCTCAA 171-190 285 A
VVARI® CAGCACTCCTTCCACCATCAC  435-455
VVBF1® GCCTACGGGCCAAAGAGG 177-194 841 B
VvBR1¢ GTCGCCTCTGCGTCCAC 1001-1017

¢ Position refers to the nucleotide numbers for the 16S rRNA sequences of
X76333 (type A) and X76334 (type B) in GenBank.

® Primer derived from M. Vickery et al (42).

¢ Primer derived from this study.

mental sources and showed that better discrimination was ob-
tained by rep-PCR molecular typing than by other genetic
markers at multiple loci.

MATERIALS AND METHODS

Bacterial strains and culture conditions. V. vulnificus strains included 68
isolates that were divided between clinical (n = 33) and environmental (n = 35)
origins. Most of the clinical (n = 23) and environmental (n = 24) isolates were
provided by P. Gulig and were selected to provide a comparison to previous
genetic typing (26) and virulence analyses (13). The two strains for which
genomic sequences are available, CMCP6 (21) and YJ018 (9), were also in-
cluded, along with others that have been commonly used in multiple investiga-
tions: V. vulnificus strains 345 (34, 48, 50), MO6-24 (8, 45, 46, 47, 48, 49, 50),
C7184 (29, 34, 48, 50), and E4125 (8, 22, 34, 48, 50), dating back 20 years or more.
Additional strains included isolates (n = 10) from more recent environmental
sampling in Florida (2004; unpublished data) and strains provided by A. DePaola
from wound infections in Denmark (n = 2; biotype 1) and Israel (n = 2; biotype
3), as well as a biotype 3 strain from an unspecified environmental source. All
strains from clinical cases of septicemia or from oysters were biotype 1. All
strains were confirmed as V. vulnificus by the species-specific vwhA PCR and
DNA probe, as previously described (7, 45). Pure cultures were stored in Luria-
Bertani (LB) broth with 50% glycerol at —70°C and observed for opaque or
translucent colony morphology on LB agar incubated at 30°C. Unless otherwise
noted, reagents and media were purchased from Difco.

Multilocus PCR analysis of V. vulnificus. Distribution of polymorphic DNA
sequences was determined by PCR profiling using previously described or new
primer sets that discriminated between two genotypes or alleles at each locus.
Primer sets derived from the group 1 CPS operon (8) distinguished between
divergent open reading frames (ORFs) for CPS alleles (1 versus 2) encoding
proteins of unknown function. Primers from another ORF identified by RAPD
typing (also of unknown function) determined C type versus E type (32). For
these assays, DNA was extracted using an UltraClean Microbial DNA Isolation
kit (MO BIO Laboratories, Inc., Solana Beach, CA), and templates (100 ng in a
25-pl reaction) were amplified with Pfu DNA Polymerase (Stratagene) on a
GeneAmp PCR System 2400 (Perkin Elmer) or Mastercycler gradient (Eppen-
dorf) thermocyclers under the previously described conditions.

A real-time PCR method was developed for discriminating between 16S rRNA
variants that were previously described as 16S type A and 16S type B (26) based
on DNA sequence polymorphisms (2). Primer sets are shown in Table 1. Real-
time PCRs of 20 pl contained 2 mM MgCl,, 5 uM of each primer, 2 pl of
LightCycler FastStart DNA Master SYBR Green I reaction mix (Roche Diag-
nostics, Germany), and PCR template (whole cells or extracted DNA). Positive
and negative controls were included for each set of reactions. For type A primers,
an environmental V. vulnificus isolate (VPvMH1003-12) was used, and for type B
primers, V. vulnificus ATCC 33814 was used. The assay was optimized as a
two-step PCR amplification, which allowed the maximum sensitivity and speci-
ficity of the primer sets. The amplification protocol involved an initial 10-min
denaturation program at 95°C, followed by an amplification program of between
30 and 50 cycles of 95°C for 15 s and 74°C for 35 s; a melting curve program
involving 1 cycle of temperature increase to 95°C, 65°C for 15 s, a gradual
temperature increase back to 95°C with a 0.1°C/s slope (the slope for all other
steps was kept at 20°C/s); and finally a cooling program of holding at 40°C for
30 s. Multiple reactions were performed to confirm reproducibility and specificity
of results. Real-time PCR analysis of the 16S rRNA gene indicated the presence
of the two 16S alleles (16S type A or B) or a combination of both alleles (type
A+B) resulting from multiple copies of the gene on the chromosome.

Genotype distribution (%)°

Identifier®
Clinical Environmental

168 type

A 27.3 80.0

B 66.7 8.6

A+B 6.0 11.4
CPS allele

1 63.6 20.0

2 36.4 71.4

Allele absent 0 8.6
RAPD type

C 66.7 8.6

E 333 91.4
Profile

Clinical 57.6 3.0

Environmental 27.3 60.0

Atypical 15.1 34.0

“ DNA polymorphisms were screened by PCR as described in Materials and
Methods and are based on previously described assays for detection of alternate
polymorphic sequences for DNA targets derived from 16S rRNA genes (27), the
CPS operon (9), and RAPD (30) or for profiles of composite genotypes as
described in the text.

 The percentage of each genotype is shown for clinical versus environmental
strains.

rep-PCR molecular typing. rep-PCR genomic typing was performed using a
DiversiLab Microbial Typing System (Bacterial Barcodes, Inc., Houston, TX).
Extracted DNA was amplified by PCR using the DiversiLab Salmonella kit
(DL-SEO01). In short, 2 wl of genomic DNA (100 ng) was added to a master mix
that contained 18 wl of rep-PCR MM1 solution, 2.5 wl of GeneAmp 10X PCR
Buffer, 2 pl of Primer Mix P, and 0.5 nl of AmpliTaq DNA Polymerase in a total
volume of 25 pl. PCR was performed on an Eppendorf Mastercycler gradient
thermocycler with the following conditions: 94°C for 2 min, 35 cycles of 94°C for
30, 50°C for 30 s, and 70°C for 90 s, with a final extension at 70°C for 3 min. PCR
amplicons were applied to a Caliper LabChip for capillary separation by the
Agilent 2100 instrument. Electrophoretograms were transmitted electronically
and integrated for similarity analysis by DiversiLab software.

Statistics. Significant differences in the distribution of genetic profiles were
determined by the Student’s ¢ test or the chi-squared analysis.

RESULTS AND DISCUSSION

Distribution of V. vulnificus genotype profiles. Previous re-
ports correlated specific genotypes with clinical origin in V.
vulnificus, but each of these studies examined single loci among
different groups of strains. In the present study, clinical and
environmental isolates were examined for distribution of ge-
netic polymorphisms at multiple loci within the same strain
collection. Although these studies are not meant to be exten-
sive in terms of geographic and temporal distribution, this
collection includes strains from 1979 through 2004 and pro-
vides the first examination of clinically associated genetic pro-
files in the same set of V. vulnificus strains and in the context
of genomic rep-PCR typing.

Differential distribution of polymorphic sequences for
strains from clinical versus environmental origin was confirmed
by PCR screening. Significant differences (P < 0.01) were
noted in these populations for all loci. In agreement with
previous reports, strains of clinical origin were predominantly
16S type B, RAPD C type, and CPS allele 1 (Table 2), and this
“clinical” profile was significantly (P < 0.001) associated with



6138 CHATZIDAKI-LIVANIS ET AL. APPL. ENVIRON. MICROBIOL.
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FIG. 1. Comparison of rep-PCR analysis and genotype profiles for clinical and environmental strains of V. vulnificus. A scale for rep-PCR
similarity is shown at the bottom of the figure. Strain sources are described in detail in the text, and a description of strains in the table includes
the following: S, septicemia from oyster consumption; W, wound infection; O, oyster; E, environmental, not oyster; F, fatal outcome of infection;
R, recovered from infection. Strains from septicemia origins are shaded in black, wound infection isolates are shaded in gray, and environmental
isolates are not shaded. Where available, information on the site and date of isolation of strains is provided; alternatively, the date that the strains
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clinical origin (57.6%), while only one (3%) of the environ-
mental strains exhibited this profile. Similarly, an “environ-
mental” profile (16S type A, RAPD E type, and CPS allele 2)
was more common among strains of environmental origin
(60%), whereas only 27.6% of clinical strains showed this pat-
tern. Results did vary somewhat from previous studies, as as-
sociation of clinical or environmental populations with the
typical genotype profile was somewhat less than that reported
previously for individual loci (72 to 94%). These discrepancies
probably reflect differences in strain selection, as wound iso-
lates were not included in previous studies. It was also noted
that some strains (23 of the 68) showed a strong PCR signal for
one RAPD genotype but were also faintly positive for the
second, despite PCR optimization efforts. These strains were
scored for RAPD E or C type based on the most predominant
band. Interestingly, PCR analysis of 16S genes detected some
strains with strong signals for both 16S rRNA genotypes (A
and B) within a single strain. This result was not detected by
previous analysis (26), but it is consistent with the fact that
bacteria have multiple copies of 16S rRNA genes, and dual
signals have been noted by other researchers (42). Overall,
results confirmed significant associations of distinct 16S, CPS,
and RAPD genetic profiles with clinical origin but also sug-
gested greater diversity within this group than previously re-
ported.

rep-PCR analysis of clinical versus environmental strains.
rep-PCR molecular typing was used to determine the related-
ness of strains that shared similar genotype profiles. Repro-
ducibility of the rep-PCR assay was confirmed by replicate
reactions (n = 7) of individual strains (n = 3), which demon-
strated >95% similarity within the same strain (data not
shown). rep-PCR of all V. vulnificus strains showed at least
70% similarity, and an arbitrary value of =85% similarity seg-
regated strains into seven distinct rep-PCR genogroups, al-
though two strains (assigned to genogroups V and VI) did not
cluster with any other strains (Fig. 1).

Clinical strains were distributed among all genogroups, but
the majority (61%) segregated into genogroups I, IV, and VII,
which also accounted for 69% of strains from septicemia cases.
Conversely, only one oyster isolate and none of the isolates
from wound infections was found within these groups. Geno-
groups II and III, on the other hand, contained 94% of the
oyster isolates but only 27% of clinical strains. Most (88%)
environmental strains were in genogroup III. Thus, rep-PCR
confirmed the differential distribution of clinical versus envi-
ronmental strains but suggested that clinical strains may rep-
resent a more diverse population than environmental strains
derived from oysters.

Strains sharing multilocus genotype profiles described above
were also related by rep-PCR analysis (Fig. 1). For example,
clinically associated genogroups I, IV, and VII contained
strains with the typical “clinical” genotype profile with only one
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exception (YJ016), and it differed at only one locus (CPS allele
2). Furthermore, the single oyster isolate among these groups
was the only environmental strain with a “clinical” profile.
Similarly, most strains (70%) in the predominantly oyster-as-
sociated genogroup III exhibited an “environmental” profile
with 16S type A (87%), CPS allele 2 (82%), and RAPD E type
(92%). Clinical strains in this group showed either the “envi-
ronmental” profile (n = 5) or atypical profiles (n = 2). Geno-
group II was diverse in terms of genotype profile, and strains
were RAPD E type but with a mixture of 16S types A, B, or
A+B, as well as both CPS alleles 1 and 2.

Overall, clinical strains were more diverse by rep-PCR anal-
ysis than was previously indicated by multilocus genotyping.
For example, some strains with identical genotype profiles
were only about 70% similar by rep-PCR. In fact, “clinical”
genogroup I was more closely related to “environmental”
genogroups II and III than to the other clinical genogroups, IV
and VII, in the study. On the other hand, strains within clinical
genogroup VII showed the greatest degree of similarity to each
other compared to other groups and several appeared clonal
by rep-PCR, with >95% similarity. Wound isolates were ge-
netically distinct from most blood-derived strains and from
each other, with the exception of biotype III strains from Is-
rael, which appeared to be clonal as predicted from previous
studies (3, 4). In summary, rep-PCR showed general agree-
ment with multilocus genotype profile distributions but pro-
vided more sensitive discrimination for tracking genetic dis-
tinctions among strains from clinical and environmental
sources.

rep-PCR analysis and virulence potential. The colony mor-
phology of V. vulnificus shows phase variation and alternates
between opaque colonies, which are virulent in animal models
of infection, and avirulent translucent colonies. We investi-
gated whether or not opaque/translucent phase variation cor-
responded to differences in genotype profile or rep-PCR anal-
ysis. Translucent variants of originally opaque strains from
both clinical (n = 6) or oyster (n = 4) origin were derived
from standard subculture. Phase variants were examined by
rep-PCR, 16S, and CPS alleles. All phase variants were
>95% similar to each other by rep-PCR pattern (data not
shown), indicating variants were clonal by this assay. CPS
and 16S genotypes were also identical to parent strains.
Thus, rep-PCR patterns and/or profile did not discriminate
among phase variants.

Speculations (26, 32) that specific genetic markers may be
indicative of virulence potential in V. vulnificus were not vali-
dated by experimental infections (13) or by genetic profiles of
avirulent phase variants in the present study. However, as
previously noted (13), most strains (82%) derived from fatal
cases of infection share typical genetic profiles, while those for
which patients recovered were more likely (58%) to have atyp-
ical profiles. Assuming a range of virulence potentials, strain

first appeared in publication is shown (asterisk). Specific genotype profiles were determined by PCR as described in the text and included the
following: 16S rRNA gene (type A, B, or A+B), group 1 CPS genes (alleles 1 and 2; a dash is used to indicate where CPS primers did not amplify),
and RAPD-associated locus (C type and E type). Typical “clinical” profiles (16S B, CPS allele 1, and RAPD C type) are shaded in black,
“environmental” profiles (16S A or A+B, CPS allele 2 or CPS negative, and RAPD E type) are not shaded, and atypical combinations are shaded

in gray.
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differences may not be accurately reflected in available animal
models. Only one oyster isolate exhibited the clinical profile
and was also related to clinical strains by rep-PCR, suggesting
that relatively few environmental isolates are clinically signifi-
cant. However, Kim and Jeong (20) showed a preponderance
(65%) of “clinical” 16S type B in environmental samples, and
Lin and Schwarz (23) found that the prevalence of 16S type B
was seasonal and more common in summer months when the
disease incidence also increases. Discrepancies among data are
likely the consequence of limited databases, but the extreme
rarity of V. vulnificus food-borne disease compared to the rel-
ative abundance of the bacterium in oyster tissues supports the
hypothesis that few environmental strains have the potential
for disease.

Human infection appears to be a dead end for evolution of
V. vulnificus, as person-to-person transmission is not known to
occur. Divergence in genetic populations is more likely to be
related to survival in estuarine habitats or alternate host spe-
cies, i.e., fish or oysters, than to survival in humans. The con-
tribution of fish to V. vulnificus populations is indicated by the
large numbers (10'° CFU/g) that are associated with shellfish-
feeding fish species compared to the typical V. vulnificus con-
tent (ca. 10° CFU/g) in oysters (12). Biotypes 2 and 3 are
primarily fish pathogens but also produce human wound infec-
tions (4). Biotype 3 infections were derived from exposure to
aquacultured fish, and the large numbers of cases (n = 63)
derived from clonal strains led to speculation of an emergent
and more virulent phenotype (3, 4). Interestingly, two clinical
and two oyster isolates from the United States were 85 to 90%
similar to biotype 3 by rep-PCR, suggesting potential for a
public health risk in the United States. Concerns are under-
scored by the first outbreak of V. vulnificus wound infections in
the United States at a fishing contest in Texas (27). rep-PCR
molecular typing provides rapid and sensitive monitoring of
divergent genetic populations of V. vulnificus, and future ap-
plications should include a broader survey of strains in the
context of more detailed clinical history and more sensitive
virulence models in order to determine the virulence potential
for environmental reservoirs.
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