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Virulence of Vibrio vulnificus correlates with changes in colony morphology that are indicative of a reversible
phase variation for expression of capsular polysaccharide (CPS). Encapsulated variants are virulent with
opaque colonies, whereas phase variants with reduced CPS expression are attenuated and are translucent.
Using Tnpho4 mutagenesis, we identified a V. vulnificus CPS locus, which included an upstream ops element,
a wza gene (wzay,), and several open reading frames with homology to CPS biosynthetic genes. This genetic
organization is characteristic of group 1 CPS operons. The wza gene product is required for transport of CPS
to the cell surface in Escherichia coli. Polar transposon mutations in wza,, eliminated expression of down-
stream biosynthetic genes, confirming operon structure. On the other hand, nonpolar inactivation of wzay, was
specific for CPS transport, did not alter CPS biosynthesis, and could be complemented in frans. Southern
analysis of CPS phase variants revealed deletions or rearrangements at this locus. A survey of environmental
isolates indicated a correlation between deletions in wzay, and loss of virulent phenotype, suggesting a genetic
mechanism for CPS phase variation. Full virulence in mice required surface expression of CPS and supported
the essential role of capsule in the pathogenesis of V. vulnificus.

Vibrio vulnificus is indigenous to the estuarine environment
and can produce rapidly fatal human infections associated with
consumption of raw oysters. Pathogenesis of this gram-nega-
tive species involves a combination of host-pathogen inter-
actions that are not completely understood. Predisposing host
factors include iron overload, hepatic disease, and immune
system dysfunction (3, 22, 45). This organism asymptomatically
colonizes both fish (8) and shellfish (51) at relatively high levels
(10? to 10° CFU/g of body weight) during warmer months, but
mouse models, using exogenous iron, suggest that the infec-
tious dose may be <10 CFU (48). Mortalities exceed 50% for
septicemic patients, and V. vulnificus disease remains the lead-
ing cause of fatal infections associated with seafood consump-
tion (37). Although symptoms of V. vulnificus septicemia re-
semble endotoxic shock, the lipopolysaccharide (LPS) of this
organism is relatively inert, and the contribution of LPS to
virulence remains unclear (24, 31). Conversely, expression of
capsular polysaccharide (CPS) is clearly a prerequisite for vir-
ulence and correlates with lethality in mice (41, 54), resistance
to phagocytosis (46) and complement-mediated lysis (40), cy-
tokine induction (31), and opaque colonies. Phase variation
to a phenotype with reduced CPS expression occurs at a fre-
quency of about 10~ * and correlates with translucent colonies,
increased serum sensitivity, and reduced virulence. CPS is
a protective antigen in mice (9, 18), and its relationship to
V. vulnificus disease was confirmed by the loss of virulence in
acapsular transposon mutants (49, 52). CPS-independent vir-
ulence factors indicate that pathogenesis is multifactorial (23,
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28, 42), but opaque and translucent phenotypes remain the
most reliable predictors of virulence.

Polysaccharide capsules contribute to the virulence of many
bacterial pathogens, and specific capsular types are often as-
sociated with systemic disease. CPS types in Escherichia coli
have been grouped on the basis of their biochemistry, physi-
ology, and genetics (30, 38), and these groups have been re-
viewed recently and restructured (47). Group 1 and colanic
acid polysaccharides are primarily comprised of uronic acid
sugars, are regulated by the recs locus, and are generally in-
duced at low temperatures (<20°C). Related structures are
described for Klebsiella and Erwinia species. Group 1 operons
are expressed as large transcripts and include unique, highly
conserved transport genes such as wza. Group 2 polysaccha-
rides are homopolymers of sialic acid, mapping to a different
genetic locus from that of group 1, and homologues are de-
scribed for Haemophilus and Neisseria species. Groups 2 and 3
share genomic loci and transport systems but differ in operon
organization and relationship to CPS or 2-keto-3-deoxyoctu-
losonic acid (KDO) synthesis. Group 4 strains exhibit the “O-
antigen capsule” or K| associated with a lipid A core and map
to the rfb locus.

The genetics of CPS biosynthesis and transport for V. vulni-
ficus have not been defined, and the relationship among cap-
sular types for this species and other CPS groups is unclear.
V. vulnificus strains exhibit great diversity in CPS carbohydrate
composition, but many contain uronic acid sugars similar to
group 1 CPS (7, 33). An epimerase gene was recently reported
to be required for CPS expression, but the relationship of this
gene to a particular CPS locus was not demonstrated (55). We
previously reported phenotypic analysis of CPS expression for
several mutants that were either unable to synthesize CPS or
that produced CPS but did not translocate capsule to the cell
surface (50, 53). In the present study, we detail the genetics of
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TABLE 1. Strains and plasmids

Strain or plasmid

Description

V. vulnificus strains

MO06-24/0," M06-24/T, LC4/O, LC4/T, E4125/0, and E4125/T.............

345/0O and 345/T

.......... Opaque- and translucent-phase variants of clinical isolates

Phase variants of environmental isolate

CVD752

Acapsular TnphoA mutant of M06-24/O (insertion in wzay,,)

CVD737

MO06-24/31T and M06-24/32T

Acapsular TnphoA mutant of M06-24/O (insertion in ORF4)
Nonpolar mutant of M06-24/O (insertion in wzax,,)

Plasmids
pACW15

Partial wzay,, gene cloned into pBluescript II

PACW29 and pACW30
pACW31 and pACW32

pACWI15 with in-frame or +1 nonpolar insertion in wzay,,
wzay,, gene from pACW29 and/or pACW30 cloned into pRK404

pACW36
pWZA1

Intact wzay,, gene cloned into pGEM-TEasy
Intact wzay,, gene cloned into pRK404

pWZA2

pR751

Intact wzay,, gene with upstream sequences cloned into pRK404
IncP plasmid

“ 0, opaque; T, translucent.

these mutations to identify a CPS locus for V. vulnificus. Genes
interrupted by transposon insertions were cloned and exam-
ined for sequence homology to other CPS transport and bio-
synthetic genes. A CPS transport gene, wza.,, was identified
and characterized by nonpolar mutagenesis in V. vulnificus.
This gene previously has been shown to encode an outer mem-
brane protein that forms a multimeric secretin-like complex for
group 1 polysaccharide transport in E. coli (12). We examined
wza.,, gene function in V. vulnificus, as well as the relationship
of this gene to virulence and CPS phase variation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. V. vulnificus strains described in
Table 1 were cultured in Luria broth (LB; Difco) or on LB agar at 37 or 30°C and
were stored at —70°C in LB with 50% glycerol. When appropriate, antibiotics
were added at the following concentrations: kanamycin (200 pg/ml), ampicillin
(200 pg/ml), tetracycline (10 pg/ml), trimethoprim (50 pg/ml), and polymyxin
(50 u/ml). E. coli was cultured as described above except that kanamycin
(50 pg/ml) and tetracycline (50 wg/ml) were added at different concentrations.

Cloning, PCR, and DNA sequence analysis. V. vulnificus strains and recombi-
nant plasmids are detailed in Table 1. DNA that flanked transposon insertions in
V. vulnificus CVD737 and CVD752 (49) was cloned, using the kanamycin resis-
tance marker in TnphoA. Plasmid clones were constructed in pBR325 and trans-
formed into E. coli DH5a (Gibco-BRL) by standard methods (39). These re-
combinant plasmids were isolated by polyethylene glycol precipitation and were
sequenced by cycle sequencing using dideoxy chain termination on an automated
sequencer (Applied Biosystems, Inc.). These sequences were used to derive
oligonucleotide primers (UMB Biopolymer Laboratory) for PCR amplification
of DNA in order to recover intact parental DNA. DNA (100 ng) from V. vulni-
ficus M06-24/0 was amplified by PCR using Taq polymerase (Promega) or High
Fidelity polymerase (Boehringer Mannheim) on a thermocycler (MJ Research)
under the following conditions: incubation at 92°C for 5 min followed by 35
cycles of 92°C for 1 min, 57° to 60°C for 2 min, and 72°C for 2 min with a final
10-min extension at 72°C. The region encompassing the wzay,, gene was ampli-
fied by forward primer 712A (5" ATT CCG TGA CCG ATT GAG CGT 3'),
712C (5’ TGC AGC AAG CCA TTA GAG CT 3'), or 712K (5' CCA GCA ACT
TAC GTT CAC TT3') and by reverse primer 752J (5" GCA GTA GAA GAT
ACA CCT AGG 3'). PCR products were gel purified by Micropure separators
(Amicon) and cloned into either T/A vector pPGEM-TEasy (Promega), pBlue-
script IT (Stratagene), or into pRK404 (10) for complementation studies. Plasmid
DNA or gel-purified PCR products were sequenced as described above. DNA
from multiple isolates of plasmid clones was sequenced in both directions. Se-
quence identity searches and alignments were done with the TFASTA, FASTA,
or PILEUP program (GCG Wisconsin Package) or BLAST (National Center for
Biotechnology Information).

Southern analysis and colony blots. Chromosomal DNA was extracted with
Qiamp Tissue Extraction kits (Qiagen) and digested with restriction enzymes
according to the manufacturer’s recommendations (Promega). DNA was visual-

ized on 0.5 to 1.0% agarose gels with ethidium bromide and transferred to
Zetaprobe GT nylon membranes (Bio-Rad) using alkaline transfer in 0.4 M
NaOH. A Notl digest of pACW36, which included all of the wzay,, gene, was gel
purified as described above and labeled with 3*P by random priming (Amer-
sham). Membranes were hybridized with this probe in phosphate buffer with 7%
sodium dodecyl sulfate, washed under stringent conditions at 65°C in SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with decreasing amounts of
sodium dodecyl sulfate, and visualized by autoradiography.

Environmental isolates (n = 107) from our culture collection and that of M.
Tamplin were confirmed as V. vulnificus using the species-specific VVAP oligo-
nucleotide probe and colony blot hybridization (50). VVAP probe-positive
strains were assayed with wzay,-specific oligonucleotide probe (712A, described
above) using the same methodology. Chi-square analysis with one degree of
freedom was performed to test the null hypothesis that the frequency of wzav,,-
negative strains was significantly different in translucent-phase versus opaque-
phase environmental V. vulnificus isolates.

Nonpolar mutagenesis of V. vulnificus wza. Clones for marker exchange were
derived from pACWI15 and constructed by insertion of kanamycin resistance
cassettes into a unique Sphl site in wzay,,. These cassettes, previously shown to
introduce nonpolar mutations in the ipa genes of Shigella flexneri (25), are on
Smal fragments of 850 or 851 bp and include start and stop codons and a
ribosomal binding site but lack transcriptional terminators. Cassettes were in-
serted into the cloned wzay, gene either in frame or with a +1 orientation
(pPACW29 and pACW30, respectively). EcoRI fragments containing the inter-
rupted wzay,, genes from these plasmids were subsequently cloned (pACW31
and pACW32) into a broad-host-range vector (pRK404) and were transformed
into conjugation-competent E. coli 17S for conjugation into V. vulnificus. Cross-
over events were facilitated by the introduction of another plasmid (pR751) from
the same incompatibility group (IncP) with dual selection for the inserted kana-
mycin resistance marker and trimethoprim resistance from pR751. About 50% of
the resulting transconjugates were positive for the crossover events, as deter-
mined by acquisition of translucence. Insertions were confirmed by PCR and
Southern analysis. Phenotypes of V. vulnificus strains were confirmed by exam-
ining their ability to bind CPS-specific monoclonal antibody, as determined by
enzyme-linked immunosorbent assay, immunoelectron microscopy, and flow cy-
tometry, as previously described (52). The nonpolar mutant was able to synthe-
size CPS but did not exhibit surface expression, whereas the transposon mutants
showed no evidence of CPS synthesis.

Complementation of wzay, mutants. The intact wzay,, gene, with or without
upstream sequences, was recovered by PCR amplification using conditions de-
scribed above and primer pair 712K and 752J or 712C and 752J, respectively.
PCR products were first cloned into pPGEMT-Easy (Promega) in E. coli IM109,
and then Nsil fragments, containing the wzay,,, were further subcloned into the
Pstl site of pRK404 in conjugation-competent E. coli 17S to yield pWZA1
(without upstream sequences) or pWZA2 (with upstream sequences). Filter
matings of V. vulnificus M06-24/31T and either E. coli 17S (pWZA1), E. coli 17S
(PWZA2), or E. coli 17S (pRK404) were performed overnight at 37°C, and
transconjugates were plated to LB agar with tetracycline and polymyxin B. Filter
matings were also performed with V. vulnificus CVD752 and E. coli 17S
(pWZA2). Complementation was detected by recovery of opaqueness, and CPS
expression of transconjugates was confirmed by the ability to resist the lytic
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TABLE 2. Comparison of V. vulnificus DNA and deduced amino acid sequences to potential homologues for CPS biosynthesis and transport

V. vulnificus Homologue Source Function % DNA identity % Amino acid % Amino acid
ORF (accession no.) (no. of bases aligned) identity similarity
WZa, wzag, (AF104912) E. coli Transport 64 (1,237) 61 76
ORF3 rfbO (X60665) Salmonella enterica Biosynthesis 59 (438) 15 62
ORF4 capM (U10927) Staphylococcus aureus Biosynthesis 54 (312) 28 66
ORF5 capD (U10927) S. aureus Biosynthesis 57 (480) 36 76

effects of complement as previously described (49). Briefly, bacteria were grown
to log phase and inoculated into either fresh or heat-inactivated (56°C for 1 h)
human sera at a concentration of about 107 CFU/ml. Sera and cells were incu-
bated for 2 h at 37°C, and survival was determined by standard plate counts using
serial dilutions in phosphate-buffered saline (PBS), and colony morphology was
recorded.

Virulence assay. Fifty percent lethal dose (LDs,) determinations in C57BL/6
female mice (Charles River) were conducted with or without exogenous iron
supplement as previously described (48). Strains were inoculated from single
colonies into LB and were cultured overnight at 30°C. Fresh LB culture was
seeded at a 1:100 dilution from the corresponding overnight culture and incu-
bated at 30°C for 2 to 3 h. Bacterial cells were collected by centrifugation and
washed once with PBS. Bacterial cell concentrations were estimated by deter-
mining the optical density at 600 nm of washed cells and were confirmed by plate
counts. Groups of mice (n = 5) were injected intraperitoneally with serial log
dilutions of each bacterial strain (0.5 ml/mouse) and PBS (0.2 ml) with or without
ferric ammonium citrate (80 mg); the control group was given PBS alone. Le-
thality was observed at 24 h, and calculations were determined according to the
method of Reed and Muench (34).

RESULTS

Identification of CPS locus for V. vulnificus M06-24. A CPS
locus for V. vulnificus was characterized using previously de-
scribed TnphoA mutants, CVD752 and CVD737, which are
acapsular and unable to synthesize CPS (49, 52). The pres-
ent study details the genetic analysis of these strains. DNA
sequences for regions flanking the insertion sites in both
CVD752 and CVD737 exhibited open reading frames (ORFs)
with DNA identity and amino acid similarity to genes previ-
ously described for CPS biosynthetic and transport function
(Table 2). Only ORF 1 (ORF1) from CVD 752 did not show
significant homology to GenBank sequences. ORF2 was ho-
mologous to the conserved gene family, wza, which encodes
outer membrane proteins involved in CPS transport. We ob-
tained the complete sequence for this gene (GenBank acces-
sion number AY055488), which we have designated wzay,,
according to recently described nomenclature (35). The re-
maining partial ORFs from CVD752 (ORF3) or CVD737
(ORF4 and ORFS5 from the 3’ end of the insertion site) also
showed homology to known CPS biosynthetic genes.

Both transposon insertions localized to the same 23-kb
BamHI fragment, and a partial map of the CPS locus is shown
in Fig. 1a. Southern analysis with a wza probe indicated that
both mutants exhibited novel BamHI restriction sites that
were not present in the parent strain, V. vulnificus M06-24/0
(Fig. 1b), or in the phase variant, V. vulnificus M06-24/T (not
shown). These sites were introduced presumably from the
BamHI site in TnphoA. Restriction fragment analysis of these
digests, as well as of other restriction enzyme digests (not
shown), indicated that the transposon insertion in V. vulnificus
CVD737 was approximately 10 kb downstream of the insertion
in CVD752. Thus, both acapsular transposon mutants exhib-

ited independent insertions at the same locus, disrupting genes
related to either CPS transport or biosynthesis.

Upstream regulatory sequences for V. vulnificus wza. The
wza.,, gene is characteristic of group 1 CPS operons. Other
features common to these operons were identified upstream of
this gene in V. vulnificus. As shown in Fig. 2, ORF1 contains a
genetic element, ops, which is located at the 5’ end of all group
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FIG. 1. Analysis of the V. vulnificus CPS genetic locus. (a) Restric-
tion map for Clal (C), HindIll (H), Sphl (S), and EcoRI (E) sites
within the 23-kb BamHI (B) fragment of the V. vulnificus CPS genetic
locus. Relative placement and direction of transcription (horizontal
arrows) of ORFs and wzay, are shown. Location of 7.7-kb TnphoA
(with a BamHI site at 5 kb) in V. vulnificus CVD737 and CVD752 is
indicated by triangles. (b) Southern analysis for BamHI restriction
digests of the following V. vulnificus strains: CVD737, lane 1; CVD752,
lane 2; and M06-24/0, lane 3. DNA was hybridized with the wzay,,
gene probe as described in text. Approximate size of bands (arrows)
was determined by extrapolation from known size markers of lambda
DNA HindIIl digests. CVD737 digests probed with wzay, show a
single band of ca. 16 kb as a product of the new BamHI site introduced
11 kb downstream from the 5" BamHI site with an additional 5 kb from
TnphoA. The insertion in CVD752 occurred within wza,,, 1.6 kb from
the 5" BamHI site to produce 2 bands of ca. 6.6 and 23.4 kb. (c) HindIII
restriction digests of chromosomal DNA from the following V. vulni-
ficus strains are shown: lane 1, M06-24/O; lane 2, M06-24/T; lane 3,
MO06-24/31T; and lane 4, M06-24/32T. DNA was hybridized with a
wzay,, probe as described in the text, and the approximate sizes of
bands, as determined by comparison to known markers of lambda
DNA HindlIIl digests, are indicated by arrows.
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FIG. 2. The 5 region of the CPS locus for V. vulnificus. Single-
letter deduced amino acid sequence is given below nucleotide coding
region. Putative promoter region is shown in boldface, and locations of
—10 and —35 sites are indicated above coding sequence with asterisks
over highly conserved nucleotides (16). Inverted repeats are indicated
by horizontal arrows. The JUMPstart region is underlined, and the ops
element is doubly underlined. Possible ribosomal binding site (RBS)
for wzay,, is boxed and followed by the second Met (vertical arrow),
which aligns translation start site with other wza homologues.

1 CPS operons (47). This element is generally found within a
larger JUMPstart (just upstream of many polysaccharides) se-
quence (16). The upstream region also included a putative
promoter containing all eight of the most conserved bases
described for strong E. coli promoters (15), i.e., the “—10” and
“—35” regions and a potential RNA start site. No ribosomal
binding site was identified for ORF1; however, a possible ri-
bosomal binding site was found for the wza,, gene, which
preceded the second Met (amino acid 33) of the deduced
amino acid sequence, corresponding to the translational start
for other wza homologues.

Functional analysis of V. vulnificus wza,, as CPS transport
gene. To determine the function of the wza,, gene product,
nonpolar mutations were introduced at the Sphl site (Fig. 1a)
of wza,,, and recombined into the chromosome of V. vulnificus
MO06-24/0O. Insertions of the nonpolar kanamycin cassette into
mutant strains M06-24/31T and M06-24/32T were confirmed
by increased sizes of a HindIII fragments in mutants (5.8 kb)
compared to the parental strain (5.0 kb), as indicated by South-
ern analysis (Fig. 1c) and by sequencing of PCR products
spanning the insertion sites. Mutants were translucent and did
not revert to opaque colonies when grown with or without
antibiotic selection. In a previous study, CPS expression was
examined in detail for V. vulnificus M06-24/O and its deriva-
tives, using a combination of enzyme-linked immunosorbent
assay, flow cytometry, and immunoelectron microscopy (52).
Those results demonstrated that the nonpolar mutant was able
to synthesize CPS but did not translocate the polysaccharide to
the cell surface. This strain differed from the TnphoA mutants,
which do not synthesize the polysaccharide. Closer examina-
tion of electron micrographs confirmed that CPS was detected
consistently in the cytoplasm and occasionally in the periplasm
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of M06-31T but was not seen beyond the outer membrane (Fig.
3a). These results differed from those for the wild-type encap-
sulated strain, where label was clearly detected beyond the
outer membrane (Fig. 3b).

Introduction of the intact wza,, gene with the upstream
sequences (pWZA2) into M06-24/31T complemented the mu-
tation, and all transconjugates had the opaque colonies of the
parental phenotype. However, conjugation of the cloned wzay,,
gene without these upstream sequences (pWZA1) into M06-
24/31T did not complement the mutation, and transconjugates
had translucent colonies. To confirm complementation and
CPS expression in M06-31T (pWZA?2), resistance to the lytic
effects of complement was examined in this strain. The non-
polar mutant M06-24/31T was extremely sensitive to comple-
ment and exhibited a >5.0-log-CFU/ml reduction in normal
serum in comparison to heat-inactivated serum. However,
complement sensitivity of M06-24/31T containing the pWZA2
was similar to that of the encapsulated parental strain, with
only 0.1- and 0.2-log reductions in number of CFU per milli-
liter, respectively. Conjugation of pWZA?2 into transposon mu-
tant CVD752 or of the vector only into M06-24/31T did not
complement in trans, yielding translucent transconjugates.

Transport of CPS to cell surface increases virulence of V.
vulnificus in mice. The role of CPS expression in virulence was
examined using a mouse model with or without exogenous
iron. As shown in Table 3, LD, determinations in mice (n =
5) agreed with previously published data (50). As expected,
translucent-phase variant V. vulnificus M06-24/T was less vir-
ulent than the encapsulated M06-24/0O and acapsular TnphoA
mutant V. vulnificus CVD752 was less virulent than all other
strains, with no deaths observed at the highest concentration of
bacteria inoculated (10%). The LD, was lower for all strains
following iron injections but was dramatically reduced to one
bacterium for the opaque, encapsulated isolate. The LDs, for
the wza,,, mutant without iron was equivalent to the translu-
cent variant but was intermediate between the translucent-
phase variant and the acapsular transposon mutant for iron-
treated mice.

Sequence comparisons of wza homologues. The wza gene
family has been reported (47) to include the E. coli wza for
group 1 and colanic acid CPS (44), amsH of Erwinia amylovora
(6), ORF4 of Klebsiella pneumoniae (1), epsA of Pseudomonas
solanacearum (17), and exoF of Rhizobium meliloti (36). De-
duced amino acid sequence alignments indicated that homo-
logues from V. vulnificus, E. coli, K. pneumoniae, and E. amy-
lovora are more closely related to each other than those from
P. solanacearum (Fig. 4) or R. meliloti (not shown). The former
group shared exact conservation of sequence for 163 of 381
(43%) residues. On the other hand, EpsA shared only 58 of
these residues (15%), and alignment of ExoF of R. meliloti was
much closer to that of E. coli KpsD by BLAST analysis than to
that of Wza homologues (not shown). At amino acid 112, EpsA
also exhibited a 12-amino-acid insertion region that was not
present in the other sequences. Other putative outer mem-
brane transport systems include those from group 2 CPS, such
as BexD from Haemophilus influenzae (19) and CtrA from
Neisseria meningitidis (13, 14), which are more closely related
to each other than to Wza homologues. Interestingly, BexD
also contained an 8-amino-acid insertion found at the same
location as the one in EpsA. Differences between group 1 and
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FIG. 3. Immunoelectron micrograph of V. vulnificus wza mutant. Bacterial thin sections of wild-type wza, mutant M06-24/31T (A) and
M06-24/0O (B) were immunolabeled using V. vulnificus CPS-specific monoclonal antibody (7/G4-D2) and were visualized by gold-labeled secondary
goat anti-mouse immunoglobulin A conjugate as previously described (53). Inner membrane (IM) and outer membrane (OM) are shown for inset,

and arrows indicate gold-labeled CPS for wzay,, mutant M06-24/31T. Bar = 1 pum.
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TABLE 3. Virulence of V. vulnificus strains

LDS()
V. vulnificus strain
With Fe Without Fe
MO06-24/0 <10 4.0 X 10°
M06-24/T 1.2 x 10* 1.9 x 107
CVD752 4.0 x 10° >10%
MO06-24/31T 1.2 X 10° 1.6 X 107

group 2 homologues were reflected in hydropathy analyses of
the deduced amino acid sequences (Fig. 5). BexD, which has
been characterized as a porin with multiple membrane-span-
ning regions, was considerably more hydrophobic than the
Wza homologues.

Conservation and phase variation of wza,, sequences among
V.vulnificus strains. The wza gene of E. coli is highly conserved
among different group 1 K serotypes (47). Therefore, isolates
of V. vulnificus from clinical and environmental sources were
examined for the presence and diversity of wzay,. Chromo-
somal DNA from the opaque- or translucent-phase variants of
V. vulnificus strains M06-24, LC4, 345, and E4125 was ampli-
fied by PCR, using primers derived from sequences flanking
the wza,,, gene. PCR products of identical size were observed
for all strains except the translucent-phase variant V. vulnificus
345/T (the only environmental isolate), which did not amplify
with these or nested primers. Southern analysis confirmed de-
letion of wzay,, in V. vulnificus 345/T (Fig. 6), and restriction
fragment length polymorphism was observed among all strains.
No differences in restriction fragment lengths were detect-
ed between phase variants of either V. vulnificus M06-24 or
E4125, but a deletion or restriction site polymorphism was
seen for the translucent-phase variant of strain LC4.

Additional environmental isolates were examined for the pre-
sence of wzay,,, based on hybridization with an oligonucleotide
probe. The majority (88%) of 97 opaque-phase and presum-
ably encapsulated isolates were positive for the wza,, probe,
indicating a high degree of conservation for this gene among
V. vulnificus environmental isolates. However, a significantly
greater percentage (50%) of translucent-phase strains (n = 10)
than of opaque-phase strains were negative for wza (P = 0.007,
Fisher’s two-tailed exact test), suggesting a higher deletion rate
for translucent-phase than for opaque-phase isolates.

DISCUSSION

These data represent the first description of a CPS operon in
V. vulnificus. CPS-associated homologues were identified by
transposon mutagenesis and shown to localize to the same
23-kb chromosomal fragment. Genetic organization at this lo-
cus indicated homology to the group 1 and colanic acid CPS
operons. In E. coli, an 8-bp ops element always follows the
promoter of group 1 and colanic acid CPS operons and is
contained within a larger 39-bp consensus region termed
JUMPstart. This element exhibits nonrandom distribution
throughout the chromosome and functions to suppress tran-
scriptional polarity, greatly enhancing the activity of both ho-
mologous and heterologous promoters (26). It is orientation
dependent and requires cotranscription by the promoter.
Within ORF1 of the V. vulnificus sequence, we identified an
ops element contained in a region with 67% homology to the
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consensus for JUMPstart. This element in V. vulnificus was
downstream of a putative promoter, which showed genetic
structure similar to the E. coli colanic acid CPS promoter (44).
Distances between promoters and ops elements were almost
identical for V. vulnificus and E. coli (123 and 124 bp, respec-
tively), and both regions contained multiple inverted repeats
that may serve as recognition sites for DNA-binding proteins.
Further, this promoter preceded the CPS transport gene,
Wzd.,, Which is usually the first gene in group 1 operons.
The presence of wza is a criterion for group 1 CPS operon
classification (47), and mutational analysis of wza,,, was con-
sistent with identification of a V. vulnificus CPS operon. Mu-
tations in this gene in E. coli specifically disrupt transport and
surface expression of CPS (11). However, a single-transposon
insertion in this gene in V. vulnificus CVD752 completely
eliminated biosynthetic function as well. The polar effects of
TnphoA insertions have been established for a number of spe-
cies, including vibrios (5); therefore, loss of CPS biosynthesis in
CVD752 is due presumably to an inability to transcribe down-
stream biosynthetic genes within the CPS operon. On the other
hand, nonpolar mutagenesis of this gene in V. vulnificus M06-
31T specifically eliminated transport function without disturb-
ing CPS biosynthesis, and the nonpolar mutation of wza,,, was
complemented in trans, whereas the introduction of the cloned
gene did not complement the TnphoA mutation in CVD752.
Furthermore, a complementation was achieved with a plasmid
construct that included both the cloned wza.,, and its upstream
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164
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224
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283
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379
Wzag. MATEFRLQPY DVVYVTTAPV SRWNRLINQLL PTISGVRYM TDTASDIHNW
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FIG. 4. Comparison of possible Wza homologues. Deduced amino
acid sequences from E. coli Wzag,, E. amylovora AmsH, K. pneu-
moniae ORF4, V. vulnificus Wzay,,, P. solanacearum EpsA, and H.
influenzae BexD are shown. Identity is indicated by dashes, and gaps
are indicated by periods. Hydrophobic regions are in boldface, and
conserved cysteines at the end of the leader sequences are boxed.
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FIG. 5. Hydropathy comparison of deduced amino acid sequences
for CPS outer membrane transport. Hydrophilicity plots of the de-
duced amino acid sequences of E. coli Wzag,, V. vulnificus Wzay,,, and
H. influenzae BexD are shown and were determined using the algo-
rithm of Kyte and Doolittle (21).

promoter region; however, a similar construct, lacking the up-
stream DNA, did not complement. Although confirmation will
require more extensive analysis, we predict that transcription
of the V. vulnificus CPS operon begins upstream of wzay,.

Deduced amino acid sequences support a specific outer
membrane function for transport of CPS by Wza protein ho-
mologues (11), and studies with E. coli recently confirmed that
Wza proteins form multimeric secretins exposed on the cell
surface (12). TnphoA mutagenesis of the V. vulnificus wzay,,
gene was consistent with an outer membrane location for the
gene product. TnphoA lacks a signal sequence and will not
produce functional enzyme without a fusion to an exported or
secreted gene product. TnphoA insertion into the wza,,, gene
in V. vulnificus CVD752 resulted in a strain that acquired al-
kaline phosphatase activity (49). However, the transposon in-
sertion into cytoplasmic, biosynthetic homologues in CVD737
did not produce enzymatic activity. These results indicate that
wza., provides the signal sequence for the export of the
TnphoA fusion product through the inner membrane, support-
ing a periplasmic or outer membrane location for wza.
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Group 2 inner membrane transport genes are well defined,
but homologues have not been found in group 1 CPS operons.
Thus, the mechanism for coordination of inner and outer trans-
port in group 1 is unknown. The genetic analysis of V. vulnifi-
cus CPS mutants reported here, in the context of previously
detailed phenotypic examination (52), demonstrated specific
outer membrane transport function for wzay,; the nonpolar
mutant was able to synthesize CPS but lacked cell surface
expression. Micrographs of this mutant differed greatly from E.
coli mutants deficient in either inner membrane or periplasmic
transport. Deletion of group 2 CPS inner membrane transport
genes, kpsM and kpsT, produced strains that accumulated in-
tact CPS in the cytoplasm, sequestering the polymers in dis-
crete electron-lucent spaces just below the inner membrane
(4, 29). Strains deficient in the periplasmic protein KpsD ac-
cumulated CPS in the periplasm and exhibited electron-lucent
spaces that expanded the periplasm (53). Micrographs of the
nonpolar wza,,, mutant indicated accumulation of CPS in the
cytoplasm, with relatively little material in the periplasm and
no surface CPS. Zones of adhesion or “Bayer junctions” have
been proposed to span both membranes and form junctions for
CPS transport that bypasses the periplasm altogether (2). The
presence of CPS in the periplasm of the wza,,, mutant would
argue against this hypothesis, but lack of periplasmic CPS ac-
cumulation does suggest coordination of inner and outer mem-
brane transport.

Analyses of deduced amino acid sequences of group 1 wza
homologues indicated that they encode proteins distinct from
those described for group 2 CPS transport and are likely to
differ in origin and structure (35). We present evidence that
Wza homologues lack the multiple hydrophobic regions char-
acteristic of the porin structure of group 2 homologues (i.e.,
BexD) and agree that the transport mechanisms of groups 1
and 2 are not closely related. However, we also found striking
diversity among strains that are generally classified within
group 1. Sequence alignments showed that Wza homologues
from V. vulnificus, E. coli, K. pneumoniae, and E. amylovora
share much greater overall conservation of sequence than
those of P. solanacearum and R. meliloti. All Wza homologues
include a lipoprotein signal peptidase II recognition site with
a conserved cysteine (amino acid 22 of the E. coli Wza),
characteristic of outer membrane proteins (6, 32, 43), but the
former group has a common threonine at the membrane-sort-
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FIG. 6. Southern analysis of wzay,, from opaque- and translucent-
phase variants. HindIII digests of chromosomal DNA extracted from
the following strains are shown: lane 1, M06-24/O; lane 2, M06-24/T;
lane 3, E4125/0; lane 4, E4125/T; lane 5, 345/0O; lane 6, 345/T; lane 7,
LC4/0; and lane 8, LC4/T. Size markers for a lambda DNA HindIII
digest are indicated.
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ing signal site that was not found in the latter species. In ad-
dition, both of the latter strains contain insertions not found in
the other sequences. Therefore, we suggest that the grouping
of homologues from P. solanacearum and R. meliloti within the
wza gene family requires further examination.

Loss of virulence in acapsular transposon mutants presum-
ably results from decreased anticomplement and antipha-
gocytic protection. The virulence of genetically undefined
translucent-phase variants, expressing patchy and incomplete
capsules, was intermediate between opaque-phase variants and
acapsular mutants (49, 52). Thus, residual CPS expression by
translucent-phase variants may confer some degree of protec-
tion and implies a correlation of virulence with the amount of
CPS expressed. Alternatively, a small number of cells within
the translucent-phase population may revert to the opaque-
phase phenotype and function to lower the LD5,, especially in
the presence of exogenous iron. Interestingly, the wza,,, non-
polar transport mutant, which lacks surface CPS and does not
revert to the opaque phase, was also more virulent than the
acapsular transposon mutants. Thus, in vivo release of intra-
cellular polymer from the wza,, mutant may contribute di-
rectly to the disease process in a manner that is independent of
its surface properties. Recent observations have indicated that,
during infections in mice, V. vulnificus CPS elicits inflamma-
tory host cytokines, which may contribute to pathogenesis by
inducing toxic shock (31). Therefore, virulence analysis of
V. vulnificus strains was consistent with an inflammatory role
for CPS; however, full virulence required complete encapsula-
tion of the bacteria.

Phase variation of CPS expression is common and has been
attributed to insertional inactivation of CPS genes by insertion
elements (27) or deletion mutations (20). Deletions or rear-
rangements of wza,, were more frequent among V. vulnificus
that were translucent than among those that were opaque, sug-
gesting that wza.,, is a possible target for phase variation. How-
ever, translucent-phase V. vulnificus strains with intact wza.,,
genes, as well as wzay,-negative opaque-phase isolates, were
observed and indicated that other mechanisms for phase vari-
ation exist. These data also raise the question of whether mul-
tiple CPS operons may exist for V. vulnificus strains, as they do
for E. coli. The previously reported V. vulnificus epimerase
gene was required for CPS expression, but operon structure
was not demonstrated (55). This gene showed extensive iden-
tity to a sequence found in the V. cholerae O139 CPS operon,
which is not related to group 1 operons and appears to be
derived from an insertion of CPS genes into a LPS locus. We
are presently evaluating the linkage of the epimerase gene to
the group 1 operon described here, as well as the possibility of
multiple CPS operons.

In summary, this study identified a group 1-like CPS operon
for V. vulnificus. Experimental analysis provided evidence to
support the role of the wza gene family in outer membrane
transport of bacterial polysaccharides. Despite great variation
in CPS composition within this species, this transport gene was
highly conserved among different strains of V. vulnificus, and
naturally occurring deletions observed in wza,,, may represent
at least one of the mechanisms responsible for phase variation.
Finally, animal studies confirmed the essential contribution of
capsule expression as a virulence determinant for V. vulnificus.
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