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We identified five different putative wav gene cluster types, which are responsible for the synthesis of the core
oligosaccharide (OS) region of Vibrio cholerae lipopolysaccharide. Preliminary evidence that the genes encoded
by this cluster are involved in core OS biosynthesis came from analysis of the recently released O1 El Tor V.
cholerae genome sequence and sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of O1 El Tor
mutant strains defective in three genes (waaF, waalL, and wavB). Investigations of 38 different V. cholerae
strains by Southern blotting, PCR, and sequencing analyses showed that the O1 El Tor wav gene cluster type
is prevalent among clinical isolates of different serogroups associated with cholera and environmental O1
strains. In contrast, we found differences in the wav gene contents of 19 unrelated non-O1, non-0139 envi-
ronmental and human isolates not associated with cholera. These strains contained four new wav gene cluster
types that differ from each other in distinct gene loci, providing evidence for horizontal transfer of wav genes
and for limited structural diversity of the core OS among V. cholerae isolates. Our results show genetic diversity
in the core OS biosynthesis gene cluster and predominance of the type 1 wav gene locus in strains associated
with clinical cholera, suggesting that a specific core OS structure could contribute to V. cholerae virulence.

Vibrio cholerae is a genetically diverse species that persists in
aquatic ecosystems and is often associated with plankton and
other aquatic organisms (13). V. cholerae is classified on the
basis of biochemical tests and DNA homology studies and is
further subdivided into serogroups based on the antigenicity of
surface polysaccharides (20). Today more than 193 serogroups
are known (72). The ability to cause pandemic cholera is mainly
restricted to the nonencapsulated serogroup O1, which is fur-
ther subdivided mainly into two serotypes (Inaba and Ogawa)
and biotypes (classical and El Tor). However, during 1992 and
1993, cholera-like outbreaks in Asia were caused by strains of
serogroup O139. Molecular and epidemiological analyses, as
well as phage typing, revealed that O139 strains are highly
related to the O1 El Tor strains. Hence, it is assumed that the
epidemic O139 strains were derived from O1 El Tor strains
(for a review see reference 20), differing specifically in the
genes encoding for the synthesis of a novel type of cell surface
polysaccharide (71). In particular, it was found that the genes
encoding the O1 antigen had been replaced by a capsule gene
locus carrying the genes involved in the synthesis and transport
of the O139 antigen and the O139 capsule (reviewed in refer-
ence 64). It was also determined that the structures of the
0139 antigen and the O139 capsule were identical (36, 38).

There is good evidence that pandemic V. cholerae O1 strains
have become adapted to the human intestine by acquisition of
virulence factors. Two known factors are cholera toxin (CT),
encoded by the filamentous phage CTX®, and the toxin-co-
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regulated pilus (TCP), encoded by a pathogenicity island
(VPI) (reviewed in reference 20). Most of the environmental
V. cholerae strains lack both of these virulence factors; how-
ever, there are reports of environmental non-O1, non-O139
strains that are positive for CTX® and VPI or variants of VPI
(18, 19, 45, 46, 49). Such CT- and TCP-positive non-O1, non-
0139 strains can cause severe cholera-like symptoms, but they
have been associated only with local outbreaks or isolated
cases (18, 45, 60). Two known examples of larger outbreaks of
cholera-like diarrheal disease were cases in Sudan in 1968
caused by serogroup O37 (1, 6) and in Czechoslovakia in 1965
caused by a nontyped strain (74). Interestingly, there is also
evidence that the pathogenic O37 Sudan strain was derived
from an O1 classical strain by genetic exchange of the O-
antigen biosynthesis gene cluster (6). It is presently not com-
pletely understood what other genetic determinants of the
pathogenic O1 strains are responsible for the ability to cause
cholera pandemics or if the structure of the surface polysac-
charide per se contributes to virulence. CT- and TCP-negative
V. cholerae strains can also occasionally cause diarrhea and
extraintestinal infections such as bacteremia (17, 47). Not
much is known about the virulence mechanism(s) of such
strains, although some virulence factors like the RTX toxin
(11, 39) or heat-stable enterotoxin (5) are believed to play a
role.

Lipopolysaccharide (LPS) consists of three main regions:
the lipid A region, the core oligosaccharide (OS), and the O
antigen. The O antigen is the immunogenic portion and is
known to contribute to the pathogenesis of O1 and O139 V.
cholerae strains by facilitating colonization (4, 42, 70). The lipid
A region is the highly conserved portion anchored in the outer
membrane and is essential for outer membrane integrity (42).
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FIG. 1. Comparison of the V. cholerae LPS core OS structures and the wav gene cluster. (A) LPS core OS backbone proposed for V. cholerae
01, 0139, and O22. The representation is based on the structural analysis of two O1, two 0139, and two O22 isolates (15, 31, 37). 1, 2-Aminoethyl
phosphate (PEtn) on core OS of one 0139 strain (38) and one 022 (37) strain (not reported for the other strains). 2, The O antigen is 1—3 linked
in O22 strains (15, 37) and one O139 isolate, whereas a 1—2 linkage was reported for another O139 strain (14, 16). 3, An O-acetyl group in this
position was found in O22 strains (15, 37). 4, A second glucose 1—6 linked to this Glc residue was reported for one O22 strain (15) and one 0139
strain (16). Hep, L-glycero-b-manno-heptose; Kdo, 3-deoxy-D-manno-octulosonic acid; Sed f, sedoheptulose (D-altro-heptulose); GlcN, N-acetyl-
glucosamine. (B) LPS core OS structure of the non-O1, non-O139 V. cholerae strain H11 (7). (C) Genetic organization of the putative wav gene
cluster as deduced from the sequence of the V. cholerae O1 El Tor strain N16961 (26). Southern hybridization probes wavl to wav4 are indicated
by horizontal lines. (D) SDS-PAGE analysis of LPSs from V. cholerae P27459-S (wild type) (lane 1), P27459res118 (lane 2), P27459res118 pACYC
waal (lane 3), P27459res118 pBAD waaLF (lane 4), P27459 waaF::pGP (lane 5), P27459 waaF::pGP pACYC waaF (lane 6), P27459 waaL::pGP
(lane 7), P27459 waaL::pGP pBAD waalL (lane 8), P27459 wavB::pGP (lane 9), and P27459 wavB::pGP pAK wavB (lane 10).

The core OS region is also known to have an essential role in
maintaining outer membrane stability (27); however, its con-
tribution to V. cholerae virulence has only begun to be inves-
tigated (51). The structure of the V. cholerae core OS region
has been resolved for two O1 (classical; smooth and rough)
strains, two O139 (encapsulated and nonencapsulated) strains,
two 022 strains, and one non-O1, non-O139 isolate, H11 (7,
14-16, 37, 38, 68). The O1, 0139, and O22 core OS structures

are very similar, while the structure of the non-O1, non-O139
isolate H11 differs significantly in side branches (compare Fig.
1A and B). For the core OS of serogroups O1, 0139, and 022
it was found that one D-fructose is linked to the p-glucose
residue on Hepl (15, 16, 37, 38, 68), while in the H11 isolate
p-sedoheptulose is found instead at the same position (7, 68).
Other basic differences between the O1, 0139, and O22 core
OS and the H11 core OS are the presence of a terminal hepto-
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syl-IV residue and the linkage position of the O antigen. The
attachment site of the O1 antigen to the core OS is unknown,
although it is possible that it is linked to the heptosyl-III residue,
as has been shown for 022 and O139 isolates (37, 38). In the core
OS of strain H11 two additional residues, D-galactose and D-
sedoheptulose, are linked to the heptosyl-III residue, providing
the acceptor for the O antigen (7). In contrast to the structural
analysis, virtually nothing is known about the core OS biosyn-
thetic pathway in V. cholerae; the gene products involved have not
been characterized so far, and nothing is known about the genetic
organization of the corresponding wav genes.

In this work, we describe the identification of the putative
way gene cluster of V. cholerae O1, 0139, and several non-O1,
non-0139 isolates. Mutational and complementation analysis
allowed the identification of two core OS biosynthetic en-
zymes, a putative B-1,4-glucosyl transferase and the putative
heptosyl transferase II (encoded by wavB and waaF, respec-
tively), along with the identification of the putative O-antigen
ligase (encoded by waaL). Using a genetic approach, the pu-
tative wav gene cluster of the recently sequenced strain N16961
(O1 El Tor) (26) was compared with those of several patho-
genic and nonpathogenic strains of O1, O139, and non-Ol,
non-0139 isolates. From this analysis we can deduce that the
O1 El Tor wav gene cluster is highly conserved among O1,
0139, and non-O1, non-O139 isolates associated with clinical
cholera, as well as among O1 environmental strains, whereas
distinct wav cluster types can be defined for the environmental
and human non-O1, non-O139 isolates. These data show evi-
dence for shuffling of putative wav genes, hence predicting struc-
tural diversity of the core OS among V. cholerae strains.

MATERIALS AND METHODS

V. cholerae strains. A total of 38 wild-type V. cholerae strains isolated from
clinical, human, and environmental sources were used in this study (Table 1).
The V. cholerae non-O1, non-O139 strains first described in this study (Table 1)
were tested for growth as yellow colonies on thiosulfate citrate bile salt agar
(Difco, Heidelberg, Germany) at 37°C and for being oxidase positive (66). The
non-O1, non-O139 status was confirmed by absence of slide agglutination with
antisera against O1 (Difco) and O139 (see below) and also in Western blot
analysis with purified LPS using the same antisera. In addition, we performed
PCR analysis for all non-O1, non-O139 strains to confirm the presence of the V.
cholerae-specific gene ompW (48) and Southern blot analysis to test the presence
of the Vibrio-specific virulence-associated genes ctxAB, tcpA, and foxR. The
relationship of all strains was investigated by DNA fingerprinting analysis with IS
1004 as described by Bik et al. (6).

Escherichia coli strains and growth conditions. E. coli K-12 strains LE392 (61)
and XL-1 (New England Biolabs, Schwalbach, Germany) were utilized for all
genetic manipulations, unless the vector being used was a derivative of pGP704,
in which case E. coli SM10\pir (44) was used. All strains were grown in Luria
broth at 37°C, except as noted otherwise. Antibiotics were used at the following
concentrations: kanamycin, 50 wg/ml; ampicillin, 50 or 100 wg/ml; streptomycin,
100 pg/ml; and chloramphenicol, 30 wg/ml (E. coli) and 2 pg/ml (V. cholerae).
Strains containing pBAD18-Km (25) derivatives were cultivated under either
inducing (with L-arabinose [0.002%, wt/vol]) or repressing (with glucose [0.2%,
wt/vol]) conditions. The expression of wavB from plasmid pAK wavB was in-
duced in the presence of 0.3 g of anhydrotetracycline (Acros Chimica) per ml.

Construction of plasmids. Internal fragments of waaL, waaF, or wavB were
generated by PCR amplification with primers containing EcoRI and Sall restric-
tion sites (underlined below). These fragments were then digested with EcoRI
and Sall and ligated into the suicide vector pGP704 (44), which was digested with
the same restriction enzymes. Plasmid pGP waaL was constructed using primers
waaLintEcoRI (GGAATTCCAACCCGTTCTTGTATACGC) and waaLintSall
(TTACGCGTCGACCAGGCATTCGTGCTCTGTTA), plasmid pGP waaF
was generated with primers waaFintEcoRI (GGAATTCCGATGACGAGTTT
AGGTCTT) and waaFintSall (GCAAGTCGACTTTGGAACGCATGCCTGA
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GG), and plasmid pGP wavB was constructed using primers wavBintEcoRI
(GGAATTCGGACGATGCCTTGAGAAAG) and wavBFintSall (TTACGCG
TCGACTCGATTCTGGCAGTCACGA).

To construct complementing plasmid pACYC waaF, the gene-specific oligo-
nucleotides waaF PstI (AAAACTGCAGTACATCGCAGCCAAAAGAGC)
and waaF Fspl (GAAAATGCGCAGCACCTTTTTCAAACCAGAGG) were
designed to introduce PstI and Fspl sites (underlined) at the 5" and 3’ ends of
waaF. Following PCR amplification, the product was digested and ligated into
the PstI- and Fspl-opened plasmid pACYC177 (57). The resulting plasmid,
PACYC waaF, expresses waaF from the bla promoter.

For the construction of complementing plasmids pBAD waal and pBAD
waaLF, the waal gene or the waal and waaF genes were PCR amplified, using
primers waal. Nhel (CTAGCAGCTAGCATTAGTTGGAACACGACCCT)
and waaL Sall (ACGCTGTCGAC ATATCGCCAACCCAAGAAGG) or prim-
ers waal. Nhel and waaF Sall (ACGCAAGTCGACAGCACCTTTTTCAAAC
CAGA). The obtained PCR products containing waaL or waal and waaF were
cloned downstream of the Py, promoter into plasmid pBAD18-Km (25).

For complementation of wavB in trans a tet promoter-based vector system of
pZA31-luc (41) was developed. First, pZA31-luc was modified in order to con-
tain the fetR gene, which was amplified from E. coli strain XL-1 with primers
tetR Sacl Hincll (TTACGTGAGCTCGAGTGTCAACAAAAATTAGG) and
tetR Sacl Hincll (TTACGTGAGCTCAGGGTGGTTAACTCGACATC). The
tetR-containing DNA fragment was digested with Hincll and inserted into a
blunted Sacl site of pZA31-luc. Second, the luc gene was replaced with the
polylinker multiple cloning site of pBluescript II KS (Stratagene Europe, Am-
sterdam, The Netherlands) via partial deletion of the luc gene (Kpnl-Hincll
fragment) and subsequent insertion of the polylinker with Kpnl and Pyull sites,
resulting in plasmid pAKtetR. Third, wavB was PCR amplified with oligonucle-
otides wavB Fspl (GAAAATGCGCATACACCTTTTATACCCAGAT) and
wavB HindIll (GAAAGCTTGGGTCGGATTGATATGA), digested with re-
striction enzymes Fspl and HindIII, and subsequently ligated into the HindIII
and Hincll sites of the expression plasmid pAKtetR. This construction resulted
in plasmid pAKwavB.

Construction of mutant strains. To construct strains containing a mutation in
waaL, waaF, or wavB, plasmid pGP waaL, pGP waaF, or pGP wavB was mated
by conjugation from E. coli SM10\pir into V. cholerae P27459-S (50) and sub-
sequently selected for streptomycin and ampicillin resistance. The resulting mu-
tant strains had a chromosomal insertion in the gene of interest due to the
integration of the plasmid through homologous recombination via the internal
gene fragment (44). The correct chromosomal insertion for all mutants was
confirmed by Southern blot analysis (data not shown).

LPS analysis. For screening purposes LPS was isolated, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and silver
stained or blotted as described previously (50). In other cases, LPS was prepared
by the proteinase K digestion method of Hitchcock and Brown (29), separated on
SDS-16.5% polyacrylamide gels, and visualized by silver staining as described by
Tsai and Frasch (67).

0139 serum. O139 antiserum was prepared using strain MO45, obtained from
Y. Takeda (Tokyo, Japan). A specific-pathogen-free New Zealand White rabbit
was immunized by three injections of heated (1 h at 100°C) cell suspensions in
normal saline, followed by two injections of cells inactivated in 0.5% formalin—
NaCl. The titer against both heated and formalin-inactivated cells of V. cholerae
0139 was 1:1,280. The serum then was absorbed with heated (1, h 100°C) antigen
of V. cholerae Inaba, strain NIH 35 A3, and tested for reactivity by slide agglu-
tination against three strains of V. cholerae O139. Negative controls included
classical and El Tor strains of V. cholerae O1 as well as V. cholerae rough (CA385)
and O22; the latter two strains were also received from Y. Takeda.

Southern hybridization. Southern blotting was performed as described by
Southern (63). Briefly, chromosomal DNA was prepared as described by Grim-
berg et al. (24), digested with appropriate restriction enzymes, fractionated on an
agarose gel (0.7%), and transferred to a Hybond N* membrane (Amersham
Pharmacia Biotech, Freiburg, Germany). DNA probe labeling and hybridization
were performed by using the ECL direct nucleic acid-labeling and detection
system (Amersham Pharmacia Biotech). The hybridization buffer contained
NaCl (0.5 M), and high-stringency washing steps were performed for all probes
at 42°C in a buffer containing standard saline citrate (0.5%), SDS (0.4%), and
urea (6 M).

PCR. PCRs were performed using an Mastercycler gradient PCR thermocy-
cler (Eppendorf, Hamburg, Germany). Amplifications for the detection of wav
genes in the different V. cholerae strains were carried out using Tag polymerase
(Supermix; Gibco BRL Life Technologies GmbH, Karlsruhe, Germany). ELON-
GASE enzyme mix (Gibco BRL Life Technologies GmbH) was used for frag-
ments of >1.5 kb and for cloning. Herculase enzyme mix (Stratagene) was used
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TABLE 1. Prevalence of virulence-associated genes and wav gene cluster types among V. cholerae isolates
Isolate Strain Serogroup, biotype, Source of isolation® Reference tcpA® e oxR" ompW~ way cluster
no. or serotype or source type
V62 0395 O1 classical Ogawa ¢, 1964, India 43 Pos Pos + + 1
V14 C6709 O1 El Tor Inaba ¢, 1991, Peru 69 Pos Pos  Pos ND“ 1
V19 CO970 O1 El Tor Ogawa ¢, 1994, India 51 Pos Pos Pos ND 1
V22 F1873 O1 El Tor Inaba ¢, 1993, Zaire J. J. Mekalanos  Pos Pos  Pos ND 1
V29 M799 O1 El Tor ¢, 1989, Hong Kong 34 Pos Pos  Pos ND 1
V30 M804 O1 El Tor ¢, 1962, India 33 Pos Pos  Pos ND 1
V31 M807 O1 El Tor ¢, 1966, Vietnam 34 Pos Pos Pos ND 1
V32 MS817 O1 El Tor ¢, 1974, Chad 34 Pos Pos  Pos ND 1
V33 MAK?757 O1 El Tor Ogawa ¢, 1937, Celebes 43 Pos Pos Pos ND 1
Vo5 P27459 O1 El Tor Inaba ¢, 1976, Bangladesh 52 Pos Pos  + + 1
V241 2559-78 o1 e, crab, Louisiana 58 Pos Pos + + 1
V243 3223-74 o1 e, 1974, Guam 58 Neg Neg ND + 1
V2 AI1837 0139 ¢, 1993, Bangladesh 28 Pos Pos Pos ND 1
V3 A11838 0139 ¢, 1993, Bangladesh 28 Pos Pos  Pos ND 1
V9 Al4450 0139 ¢, 1993, Bangladesh 28 Pos Pos Pos ND 1
V58 MO10 0139 ¢, 1993, India 71 Pos Pos + + 1
Vol MO3 0139 ¢, 1993, India 71 Pos Pos  Pos ND 1
V244 V52 037 ¢, 1968, Sudan 6 Pos Pos + + 1
V207 ATCC 25872  Non-O1, non-O139 ¢, 1965, Czechoslovakia 35 Pos Pos + + 1
V215 Ch18133 Non-O1, non-O139 e, 1981, Elbe river, Germany 8 - - + + 2
V194 A2-2 Non-O1, non-O139 e, 2000, Rio, Grande, Texas K. Klose - - + + 3
V196 B2-2 041 e, 2000, Rio, Grande, Texas K. Klose - - + + 3
V203 Ch430 Non-O1, non-O139 e, 1972, water, Togo 9 - - + + 3
V204 Ch433 Non-O1, non-O139 e, 1972, fish, Togo 9 - - + + 3
V246 OA2-3 05 e, 2000, Rio, Grande, Texas K. Klose - - + + 3
V247 CLP-1 036 e, 2000, fish, Spain K. Klose® - - + + 3
V202 Ch359 Non-O1, non-O139  h, 1972, stool, Togo This study - - + + 3
V210 Ch780 Non-O1, non-O139  h, 1985, blood, Germany This study - - + + 3
V211 Ch821 Non-O1, non-O139  h, 1998, stool, Kenya M. Kist - - + + 3
V209 E8498 0141 e, 1978, water, Louisiana 73 Pos Pos + + 4
V213 Ch18922 Non-O1, non-O139 e, 1981, Elbe river, Germany  This study - - + + 4
V253 10259 053 h, 1984 49 Pos Pos ND + 4
V208  Ch762 Non-O1, non-O139  h, 1983, blood, Malta This study - - + + 4
V198 Ch84 Non-O1, non-O139  ?, 1970, Japan R. Sakazaki - - + + 4
V192 083 06 e, 1993, water, Argentina K. Klose” - - + + 5
V195 B2-3 Non-O1, non-O139 e, 2000, Rio, Grande, Texas K. Klose - - + + 5
V205 Ch457 Non-O1, non-O139 e, 1972, water, Togo 9 - - + + 5
V242 1528-89 Non-O1, non-O139 e, 1979, oyster, Louisiana 58 Neg Neg + + N

“ ¢, clinical isolate (the strains were reported to be isolated from patients with cholera symptoms); e, environment; h, human (these strains were isolated from patients;
however, there is no information available about clinical manifestations); ?, no information about the source of isolation was available.

b Pos and Neg, presence and absence of the indicated virulence-associated genes according to the literature; + and — presence and absence of the indicated gene
as determined by Southern blot analysis. The template for amplification of tcpA, ctxAB, and toxR was chromosomal DNA prepared from O1 El Tor strain P27459-S.
tcpA was amplified using primers KAR24 and KAR25 (35); ctxAB was amplified using primers ctxA (CTGTTAAACAAAGGGAGCAT) and ctxB (GCAGTAATA
CATGTTTGGGC), and foxR was amplified using primers PstIToxR (AACTGCAGAGTGTTGGGACAGGGAGATA) and SmalToxR (TCCCCCGGGCCATGGC

GATGTGTCTATTT).

¢ The presence of the V. cholerae-specific gene ompW was shown by PCR analysis as described by Nandi et al. (48).

4 ND, not determined.
¢1In collaboration with C. Osorio.
/1n collaboration with M. Waldor.

as the polymerase enzyme in PCRs where products were used for sequencing.
Primers specific for each open reading frame (ORF) of the different putative V.
cholerae wav gene clusters were designed with Primer3 www primer tool (http:
//biotools.umassmed.edu/bioapps/primer3_www.cgi) and are listed in Table 2.
Primers were purchased from MWG-Biotech (Ebersberg, Germany).

DNA sequencing and sequence analysis. PCR amplification products were
prepared for sequencing by using an Amicon Microcon PCR centrifugal filter (Mil-
lipore, Eschborn, Germany). DNA sequencing was performed by the dideoxynucle-
otide chain termination method of Sanger et al. (59) using the Thermo Sequenase
fluorescence-labeled primer cycle sequencing kit (Amersham Pharmacia Biotech).
Fluorescently labeled DNA primers were purchased from MWG-Biotech. DNA
separation and data collection were performed with the LiCor automated sequenc-
ing system (MWG-Biotech). DNA sequencing of the PCR fragments derived from
strain V192 was done by GATC GmbH (Konstanz, Germany) by use of a primer
walking strategy. DNA sequence and protein feature analyses were carried out with
tools from the Online Analysis Tools site at http://www.queensu.ca/micr/faculty/
kropinski/online.html. Assembly of the DNA sequences was performed with the

online program CAP (www.infobiogen.fr/services/analyseq/cgi-bin/cap_in.pl) (32).
An OREF search was performed with the National Center for Biotechnology Infor-
mation (NCBI) Orf Finder, and the ORFs were subsequently subjected to a data-
base search using the BlastX program (version 2.1.2. [2] via the NCBI server).
Transmembrane domains were detected using the Tmpred (http://www.ch.embnet
.org/software/TMPRED_form.html) (30) and HMMTOP (http://www.cbs.dtu.dk
/servicessy TMHMM-2.0/) (62) online programs. Multiple-sequence alignment was
performed at the BCM Search Launcher site (http://searchlauncher.bcm.tmce.edu/)
using ClustalW 1.8 and Boxshade (http./Awww.ch.embnet.org/software/BOX_form
.html). Pairwise sequence alignment was performed using the ALIGN program at
the GENESTREAM network server IGH, Montpellier, France (http:/www2
.igh.cnrs.fr/bin/align-guess.cgi) (53).

Nucleotide seq i s. The nucleotide sequences of the
waaL genes and the specific DNA fragments for the type 2 to 5 wav gene cluster
have been deposited in GenBank. The accession numbers are AF443420 (waaL,
strain P27459), AF443421 (waaL, strain O395), AF443422 (waaL, strain V243),
AF443423 (waaL, strain MO10), AF443424 (waaL, strain V244), AF443425

h

€ acc
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TABLE 2. Primers used for wav gene amplification
Primer (5'—3’
ORF Tsfgein‘ff ( ) ‘ bp
Sense Antisense

wavA 1-5 GGCAAAATCAACTAACAATCCGG? GGCGCAAGCTCAGTCAATAC 1,396
wavB 1-5 wavBintSall wavBintEcoRI 538
waaC 1-5 TCCCTCTGTATCCTGCGTTT ACCTGTGTGGCCATGATGT 1,031
wavC 1 CTGCAAAACTACCGGATAACG® AGCAAACGCTTCAAGACTCC 713
wavC 1-5 CTGCAAAACTACCGGATAACG TCCATACCTTCTCTTGGTCA 582
wavD 1 ACACCGTCCATTACCTCCAC TTCTTAATTTTAGCCTAACTCCTTTCC 880
wavE 1-4 TTGATGATGAAGCGATCACC GCAGCCAATCCTTAAGGTCA 816
wavF 1-4 GGGAATGAGTTCTCGCTTCTT GGCTGCCTCAAAAAGTCAGT 714
wavG 1-4 ATGTCTGGTGCCTATGTTGG AAAGGCAACATGGAGAGGAA 1,487
wavH 1-4 GGCACTCTCACCCAAGCTAA AAATTCGGAAGGGCGCACGG 294
waaA 1-4 GTATGGCCTCTATCGCCGTA TTTTCGAGAGCTCCACGATT 1,182
waaA 5 TCCGTGGCCTCTATACCTTG TTTTGGATAGAACCAGACGATTC 1,237
wavl 1-4 GTATTGATCGCCAACCGACT CGAGATCTTCGGGATTGATG 757
wavl 5 TGATTCGTCTGACTGGCAAC TTTGAACGAGGGCGATCTAT 712
wavJ? 1 CATGAAACACCTCTGGTTTG CGAAAGGGAACCGTAGCATA 912
waaF 1 waaFPstl waaFFspl 1,114
waaF 2-5 TGATTGTAGGCCCTTCTTGG TAGCGCTTCAATGACACGAG 1,004
waal 1 and 2 waal.Nhel waal.Sall 1,295
waalL V194 TTTCTCCACTAATTGTTCTGCTG TACAGGACTACTTGAATCAC 743
waalL 5 TGGAATAAACATCGGCATTACA CATAGCGCCAACAAAGAGAA 1,104
wavK 1 and 2 ATGGCTGGCTTTGGTTTAAT AATGCAATACTGGCCAATCG 495
wavL 1-4 ATGAATATTTTGATGGCCCT ATTAAACCAAAGCCAGCCAT 1,806
wavL 5 TTCTAATGGCCCTATCCCAAC TCTTGGAAAAATCGCAATCC 1,773
gmhD*? 1-5 ATGATTATCGTAACTGGCGG TTACTTACGATTAATCAGCG 944
wavM V194 TGCATCAATTGAACAGCAAA TAGATTTCTCGCGTCGGTTT 630
wavN 4 GATTGGATCCCTGGAGGATT TGCTAATACTCCCGCACCTT 1,881
wavNO 4 CCAAAAACGCTTTTTAACTG GATTGGATCCCTGGAGGATT 2,800
wavP 5 GATGTCGAGGCATTAAACTCG ATTGGTCGATCCCCTTCTTG 769
wavQ 5 GCAAAAATGGTGGGGTAGTT ACACACTCTTCTGAACGACGA 841
wavR 5 TCCCATTTAACAAACCACCA TTTCTTCCCGCTACTGTGCT 991
wavs 5 ACAGATCGGCGATGTCAGTT GTTGCGTTGCAACAGATAGG 545
wavT 5 ACACAAATGCGTTGAGATGC TGCTTCTTTGTAGCCATTGA 776

¢ Primers give positive signals for the indicated strain or type of wav gene cluster (Fig. 1).

b Primer binds in kdtB (VC0222), downstream of wavA.
¢ Underlined primers are identical.
¢ Annealing at 54°C; all others anneal at 56°C.

(waaL, strain V207), AF443426 (wavC to wavE region of strain V215; type 2),
AF443845 (wavl to wavK region of strain V215; type 2), AF444793 (wavC to
wavE region of strain V194; type 3), AF444794 (wavI to wavK region of strain V194;
type 3), AF443847 (wavC to wavE region of strain V209; type 4), AF444792 (wavI to
wavK region of strain V209; type 4), AF443846 (wavI to wavK region of strain V208;
type 4), AF449195 (wavC to waaF region of strain V192; type 5), and AF449194
(waaF to gmhD region of strain V192; type 5).

RESULTS

Putative O1 El Tor core OS biosynthesis gene cluster. Since
nothing was known about the organization of the genes re-
sponsible for the synthesis of the V. cholerae LPS core OS, we
used the recently released genome sequence of the O1 El Tor
strain N16961 (26) and analyzed it for the presence of putative
core OS biosynthesis genes. Computer analysis suggested that,
as in Enterobacteriaceae, the corresponding genes in V. cholerae
are clustered together in a region located on chromosome 1,
comprising ORFs VC0223 to VC0240 (Fig. 1C). Not shown is
ORF V(0222 (left border), whose product shows high simi-
larity to KdtB of E. coli. This protein was recently character-
ized as being involved in coenzyme A biosynthesis and was
renamed CoaD (22). Upstream of VC0240 the O1 antigen
biosynthesis gene cluster (7fb) is localized, indicating that in V.
cholerae most of the LPS biosynthetic genes are clustered.

According to the new nomenclature system for genes in-
volved in bacterial polysaccharide biosynthesis (54), we desig-
nate this putative V. cholerae core OS biosynthesis locus the
way gene cluster. One gene of the wav gene cluster, gmhD, was
previously proposed by others to encode the ADP-L-glycero-
D-manno-heptose epimerase, involved in the synthesis of the
activated heptose precursor (65), and was not renamed by us.
All other putative core OS biosynthetic genes were designated
way for genes specific for V. cholerae or waa if homology or
experimental data significantly matched already existing Waa
protein information or function. Data summarizing the char-
acteristics and proposed functions of the core OS biosynthetic
genes are shown in Table 3. The deduced protein sequence of
V0237 did not show high levels of similarity to other proteins
in the database. However, it shares typical secondary structure
properties, i.e., nine potential membrane-spanning domains, a
large periplasmic loop, and a similar hydropathy profile, with
several known WaaLl enzymes (27) (data not shown). These
shared properties and our own experimental characterization
(see below) make VC0237 a good candidate to encode the lipid
A core:surface polymer ligase, and therefore the correspond-
ing gene was designated waaL. In summary, the putative func-
tions of 10 deduced proteins involved in LPS core assembly



2424 NESPER ET AL. INFECT. IMMUN.
TABLE 3. Putative core OS biosynthesis gene products of V. cholerae
ORF New ORF IZIOtifS present ‘in PredicFed _putative Related sequences Accession no. % b
i Lo educed protein function in core . . wayv types
strain designation (BlastP) or reference Identity
sequence OS assembly
vVC0223 wavA°© Glycosyl transferase 9 HepllI transferase PM1294 AAKO03378 58 1,2,3,4,5
(CDY)
WaaQ, Haemophilus AAF72875 55
ducreyi
VC0224 wavB Glycosyl-transferase 2 B1,4- PM1306 AAKO03390 68 1,2,3,4,5
(CD) Glucosyltransferase LgtF, H. ducreyi AAF72876 67
VC0225 waaC Glycosyltransferase 2 Hepl transferase OpsX, Haemophilus B64058 46 1,2,3,4,5
+ 9 (CD) influenzae
RfaC, Helicobacter pylori AABG65778 25
VC0227 wavC Protein kinase (CD) Kdo kinase KdkA, Photobacterium BAB72027 55 1,2,3,4,5
damselae
KdkA, H. influenzae CAC07181 48
V0228 wavD Unknown V0229 31 1
VC0229 wavE Unknown OREF, P. damselae BAB72032 37 1,2,3,4
V(0228 31
V0230 wavF UPF007 (CD) Unknown OREF, P. damselae BAB72033 63 1,2,3,4
BcebE, Pasteurella AAF67267 46
multocida
V(0231 wavG Unknown OREF, P. damselae BAB72034 53 1,2,3,4
BcebG, P. multocida AAF67269 34
VC0232 wavH Unknown OREF, P. damselae BAB72026 78 1,2,3,4
BcebF, P. multocida AAF67268 64
V0233 waaA Glycosyltransferase 1 Kdo transferase KdtA, P. damselae BAB72028 51 1,2,3,4,5
(CD)
WaaA, Salmonella AAC16417 40
enterica serovar
Typhimurium
VC0234 wavl Glycosyltransferase Glycosyltransferase PM1 1,16 AAKO03200 51 1,2,3,4,5
family 32°
V0235 wav] Glycosyltransferase 9 HeplV transferase WaaC, Bordetella CAA07672 21 1
(CD) bronchiseptica
VC0225
VC0236 waaF Glycosyltransferase 9 Hepll transferase RfaF, Pseudomonas AAG08397 53 1,2,3,4,5
(CD) aeruginosa
RfaF, Salmonella enterica P37421 59
serovar typhimurium
VC0237 waal 9 TMH O-antigen ligase 1,2,3,4,5
VC0238 wavK O-acetyltransferase O-acetyltransferase LacA, Methanococcus AAB99067 30 1,2,3,4
family 3% Jjannaschii
V0239 wavL Glycosyltransferase 1 Glycosyltransferase BME11603 AALS52784 32 1,2,3,4,5
+ polysaccharide
deacetylase (CD)
RP344 B71691 25
V0240 gmhD Epimerase (CD) ADP-L-glycero-p- RfaD, H. influenzae AAC22768 73 1,2,3,4,5
manno-heptose-
epimerase
RfaD, E. coli AAA24525 74
V194 wavM Glycosyltransferase Glycosyltransferase Lex2B, H. influenzae AAA60375 34 3,4
25 (CD) (galactosyl?) HPOB826 40 37

Continued on following page
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TABLE 3—Continued

ORF New ORF Motifs present in

Predicted putative

Related sequences Accession no. %

. e »
strain® designation ded:ggsegz(;teln fu(n)cstl;);el]r:ﬂc);;re (BlastP) or reference Identity wav types
V209 wavN DUEF33 (CD) O-acetyltransferase SMb20810, CAC48950 28 4
Sinorhizobium
meliloti
O-acetyltransferase
family 2"
9 TMH PA5238 E82991 28
WbpC, Neisseria AAF42171 31
meningitidis
V209 wavO O-acetyltransferase O-acetyltransferase ORF11, Campylobacter ~ AAF34147 42 4
family 3% Jejuni
V192 wavP Glycosyltransferase 2~ Glycosyltransferase OREF3, C. jejuni AAK95997 26 5
(CD)
YP00187 CAC89049 29
V192 wavQ Unknown 5
V192 wavR pfam 01041 + pfam Fuc4Nac pathway WecE, S. enterica AAL22774 65 5
00155 + pfam (TDP-4-0x0-6-deoxy-D- serovar typhimurium
01053 (CD) glucose transaminase)
RffA, E. coli P27833 64
YP03859 CAC93327 62
V192 wavs Acetyltransferase Fuc4Nac pathway WecD, S. enterica AAF33463 35 5
serovar typhimurium
YP03860 CAC93328 36
V192 wavT Glycosyltransferase 2~ Glycosyltransferase OREF3, C. jejuni AAK91721 30 5
(CD) (galactosyl?)
CPE0481 BABS80187 28

¢ Either the ORF designation of the V. cholerae genome sequence (VC number) or the name of the sequenced strain (V number) used for sequence analysis is

indicated.
b V. cholerae wav gene cluster types carrying a similar gene.

¢ This ORF was not named waa(Q, since characterized enterobacterial WaaQ enzymes link HepIII -1,7 to HeplI (27), whereas the characterized WaaQ enzyme of
H. ducreyi links HeplII a-1,2 to HepllI (21) as also proposed for V. cholerae (Fig. 1A).

4 CD, conserved domain database at NCBI via BlastP.

€VC0234 is listed in CAZY (http://afmb.cnrs-mrs.fr/|P5cazy/CAZY/index.html). Among the members of the glycosyltransferase family, 32 are characterized
N-acetylglucosamine transferases, so it seems possible that Wavl is involved in the linkage of a-GIcN to HeplII (Fig. 1A).

/Number of predicted transmembrane helices (TMH).

& WavK and WavO share conserved regions with the soluble family 3 of O-acetyltransferases (12).
" WavN could be assigned to family 2 of large integral membrane O-acetyltransferases (12).

could be predicted by the known core OS structure and are
summarized in Fig. 1A. At least three additional transferases
would be required for completion of the core OS. One is
probably encoded by wavL, and it is possible that two others
are encoded by the ORFs with no assigned function (wavD, -E,
-F, -G, or -H) or that they are encoded outside this locus.
Characterization of the V. cholerae O1 El Tor waalL, waaF,
and wavB genes and identification of a spontaneous phage-
resistant waaLF mutant. The recently described spontaneous
phage K139.cm9-resistant O1 El Tor mutant strain P27459res118
showed an altered LPS core OS with no attached O antigen (Fig.
1D, lane 2) (50). We previously characterized this mutant as
having a deep rough phenotype and as being unable to colonize
the small intestine (51). We hypothesized that it may be mutated
in the heptosyl transferase gene waaF. To test this hypothesis, we
complemented this strain with a plasmid carrying the V. cholerae
waaF homologue. In the presence of the waaF-expressing plasmid
PACYC waaF, the core OS was restored to full-length core;
however, the strain was still unable to ligate O antigen (Fig. 1D,
lane 3). To determine the true phenotype of a waaF mutation, we

constructed strain P27459 waaF::pGP by plasmid insertion (see
Materials and Methods). LPS prepared from P27459 waaF::pGP
migrates as far as that from the spontaneous mutant
P27459res118 (Fig. 1D, lane 5), but this mutant could be com-
plemented to make wild-type LPS in frans by plasmid pACYC
waaF (Fig. 1D, lane 6).

To investigate the nature of the mutation in strain
P27459res118 in more detail, we performed Southern blot
analysis. The chromosomal DNA was cut with HindIIl and
Xmnl and probed with a PCR-generated waaF fragment. Com-
pared with the wild type, the restriction fragment generated by
both enzymes showed a decrease in fragment length for the
mutant res118, indicating a deletion in the waaFL-containing
DNA fragment (data not shown). PCR analysis of the waaF-
surrounding region with subsequent DNA sequencing con-
firmed a deletion of 546 bp, affecting both waaF and waaL
(data not shown). In the presence of the plasmid pBAD
waaLF, encoding both waaF and waaL in trans (see Materials
and Methods), the LPS biosynthesis of mutant strain
P27459res118 could be restored (Fig. 1D, lane 4). In addition,
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the waal gene was inactivated by plasmid integration (see
Materials and Methods), and SDS-PAGE analysis with puri-
fied LPS from this strain showed no O-antigen ligation, with-
out altering the core OS mobility (Fig. 1D, lane 7). Comple-
mentation of the waal strain with a waaL-carrying plasmid led
to restored O-antigen attachment (Fig. 1D, lane 8). The ab-
sence of O antigen in the waalL mutants P27459 waaL::pGP
and P27459res118 pACYC waaF was also confirmed in West-
ern blot analysis with O1-specific antiserum (data not shown).
Taken together, these data along with the computer analysis
(see above) suggest that ORF VC0237 encodes the O-antigen
ligase WaalL.

To determine the function of VC0224, wavB was inactivated
by plasmid integration (see Materials and Methods). SDS-
PAGE analysis with purified LPS indicates that the core OS of
mutant P27459 wavB::pGP migrates faster (Fig. 1D, lane 9)
than the core OS of the wild type. This mutant still ligates O
antigen, as is also evident in Western blot analysis (data not
shown), indicating that mutant LPS must be deficient in a side
branch. The presence of the wavB-expressing plasmid pAK
wavB in P27459 wavB::pGP restored the core OS defect (Fig.
1D, lane 10). Along with sequence homology, this mutant LPS
phenotype in polyacrylamide gels suggests that wavB most
likely encodes the B-1,4-glucosyl transferase. We predict that
the LPS from the wavB mutant lacks the B-Fru-BGlc branch on
the Hepl residue (Fig. 1A), but proof of this awaits structural
analysis.

Characterization of V. cholerae strains. Each of the V. chol-
erae core OS structures that has been previously investigated
shows unique structural features (Fig. 1A and B). Such struc-
tural differences should also correlate with genetic variations
within the wav gene cluster. However, nothing is known about
the extent of the genetic variations or about the distribution of
core OS types within the species. To address this issue we
investigated 38 different environmental, human, and clinical V.
cholerae strains that were isolated at different times (1937 to
2000) and were widespread geographically (Table 1). The ge-
netic relationship of the different isolates was investigated by
DNA fingerprinting. It is known that epidemic strains of sero-
groups O1 and O139 show closely related IS71004 fingerprint
patterns (6), which we have also observed for the investigated
strains (data not shown). It was also reported that O37 strains
isolated from the outbreak in Sudan show fingerprints closely
related to those of O1 classical strains, and it was concluded
that the toxigenic O37 strains may have been derived from O1
classical strains by genetic exchange of the O-antigen biosyn-
thesis gene cluster (6). We found that strain V207, isolated
from an outbreak in Czechoslovakia in 1965 (1), showed an
IS7004 fingerprint pattern identical to that of the O37 strain,
indicating a close genetic relationship between the two isolates
(data not shown). In contrast, the 2 investigated environmental
O1 strains and the 19 non-O1, non-O139 strains showed very
polymorphic IS7004 fingerprint patterns, indicating that they
were unrelated (data not shown). The environmental and hu-
man non-O1, non-0O139 isolates were further examined for the
presence of the virulence genes ctx4B, tcpA, and toxR in South-
ern blot analysis (summarized in Table 1). According to our
hybridization results and previously published data, our collec-
tion of V. cholerae strains of different serogroups comprises 17
CT™ TCP™ strains associated with clinical cholera, 4 human

INFECT. IMMUN.

CT~ TCP~ strains, 1 human CT* TCP™ strain, 2 environmen-
tal CT* TCP* strains, 13 CT~ TCP~ environmental strains,
and 1 CT~ TCP™ strain of unknown origin.

The putative O1 El Tor (type 1) wav gene cluster is highly
prevalent among epidemic V. cholerae strains. To determine
the distribution of the wav genes, we performed Southern blot
experiments. The chromosomal DNAs of all strains were di-
gested with EcoRI, EcoRV, or HindIII and hybridized with the
PCR-generated probes wavl to wav4, which hybridize with the
complete O1 El Tor wav region (Fig. 1C). The epidemic strains
included nine O1 El Tor strains, one O1 classical strain, and
five O139 strains, and the hybridization analyses showed iden-
tical restriction patterns with probes wav2 to wav4. Differences
in the restriction fragment length between O1 and O139 strains
were observed with probe wavl (data not shown). This obser-
vation is due to sequence variations in the different O-antigen
biosynthesis gene clusters, which are located immediately up-
stream of gmhD (64). These results indicate that the epidemic
strains of serogroups O1 (EI Tor and classical) and O139 are of
the same wav gene cluster type. It remains to be established
whether the reported minor structural differences between the
core OSs of O1 and 0139 epidemic strains (Fig. 1A) are due to
technical limitations of the structural analysis, differences in
the expression of wav genes, or sequence variations not linked
with the putative way gene cluster.

The other V. cholerae strains also hybridized with most of the
probes; however, they do show extensive restriction length
polymorphism. To further investigate the putative wav gene
cluster of these strains, we performed PCR analysis. Based on
the DNA sequence obtained from the V. cholerae genome
database (The Institute for Genomic Research [TIGR]), we
selected DNA primers specific for each ORF of the way gene
cluster (Table 2). The primer wavAsense binds to kdB, the
adjacent ORF upstream of the wav gene cluster, and therefore
a positive PCR signal with primer wavAsense verifies the left
junction site of the wav gene cluster. Positive signals for all
ORFs were obtained in the seven reinvestigated epidemic iso-
lates (four O1 El Tor, one O1 classical, and two O139) and also
in four strains which showed differences in the Southern blot
analysis (data not shown). The latter strains include the two O1
environmental isolates V241 (CT" TCP™") and V243 (CT™
TCP™) and the two clinical non-O1, non-O139 isolates V207
and V244 (CT" TCP"), both of which were associated with
massive outbreaks of diarrhea.

To confirm that the putative wav genes of distantly related
strains, i.e., P27459 (O1 El Tor, pandemic), MO10 (0139,
epidemic), V244 (037, clinical), and V243 (O1, environmental,
CT™ TCP"), are identical in number, order, and orientation,
we performed further PCR analysis. In such analyses, the DNA
fragment lengths of the ORFs in relation to a chosen starting
OREF were measured and compared to the calculated fragment
lengths as deduced from the V. cholerae genome database (Fig.
2A). By using one PCR primer specific for each ORF (sense or
antisense), it was possible to determine the orientations of all
OREFs. Subsequent comparison of the PCR products obtained
from the four investigated strains clearly showed that their way
gene clusters were identical (Fig. 2B).

Identification of four additional types of putative V. cholerae
way gene cluster. The remaining 19 environmental and human
non-O1, non-O139 V. cholerae strains gave positive signals
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FIG. 2. Verification of the presence of the type 1 wav gene cluster in four different strains by PCR analysis. (A) Order and orientation of the
wav genes and calculated theoretical length of PCR products 1 to 19. The primers used were ORF-specific sense or antisense oligonucleotides
(Table 2). (B) Ethidium bromide stained-agarose gel showing the electrophoretic mobilities of PCR products 1 to 19 obtained from strains V243
(lanes A) (O1 environmental isolate), V244 (lanes B) (O37 clinical isolate), P27459 (lanes C) (O1 El Tor pandemic isolate); and MO10 (lanes D)

(0139 epidemic isolate). Lanes S, molecular size standard.

(PCR products) for some of the wav genes (Fig. 3A). The
pattern of positive PCR products together with the Southern
blot analysis provided evidence that the strains could be sub-
divided into four additional subtypes of wav gene clusters (des-
ignated types 2, 3, 4, and 5). To further investigate the orga-
nization of these putative wav gene clusters, we choose one
strain from each predicted group and sequenced the unknown
regions: strain V215 for type 2, V194 for type 3, V209 for type
4, and V192 for type 5 (Fig. 3A). The sequence data we ob-
tained showed the presence of several type 1 genes that were
not detectable in the PCR analysis. They show high identities
to the respective Ol El Tor genes (indicated in Fig. 3A).
Besides these conserved genes, several new ORFs were iden-
tified (Fig. 3A), and the proposed functions of the encoded
proteins are described in Table 3. ORFs presumably encoding
Waal enzymes showed no significant homology to VC0237
(Table 4) or other proteins in the database. These genes were

identified based on common protein secondary structure fea-
tures shared with known or proposed O-antigen ligases (data
not shown, see above). To verify that the ORFs detected by
PCR and sequencing analysis are in the order and orientation
proposed (Fig. 3A), we also performed PCR distance analysis
with strains V215, V194, V20, and V192. In addition, the PCR
data gave no evidence for the presence of additional ORFs
(data not shown; summarized in Fig. 3B).

The type 2 wav gene cluster is represented by one isolate.
From our data we can conclude that the type 2 wav locus differ
from type 1 only by the absence of two ORFs, wavD, with
unknown function, and wavJ, encoding a putative HepIV trans-
ferase. None of the other non-O1, non-O139 strains showed a
similar PCR product profile, indicating that in our collection
only the environmental strain V215 contains a type 2 wav gene
cluster.

Comparison of the O-antigen ligases Waal. derived from
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FIG. 3. Organization of the different wav gene cluster types in environmental and human V. cholerae isolates. ORFs of type 1 wav genes are
indicated and named. (A) PCR products were generated with primers waaCas and wavEs from strains V215 (type 2) (yielded a 2.8-kb product),
V194 (type 3) (2.8 kb), and V209 (type 4) (5.8 kb) and subsequently sequenced. PCR products were also generated with primers wavlas and wavLs
(V215, 5.4-kb fragment; V194, 6.4 kb; V209, 6.4 kb) and subsequently sequenced. DNA fragments for sequencing of the type 5 wav gene cluster
were PCR amplified from strain V192 with primer pairs wavCs-waaFs (types 2 to 5) and waaFas (types 2 to 5)-gmhDs (Table 2). +, positive PCR
signal with same sizes at gene position for the type 1 wav gene cluster; X, positive PCR signal with primers specific for type 2, 3, and 4 wav genes;
S, position of sequencing primer used for initial sequence reactions. New genes found are indicated by large arrows; small arrows indicate a
homologue to genes found in the type 1 wav gene cluster. Numbers below the gene name indicate percentage of identity at the nucleotide level
for the respective O1 El Tor gene; this is indicated only if the gene was sequenced completely. Relatedness of waaLs is shown in Table 4.
(B) Comparison of the five V. cholerae wav gene cluster types and possible rearrangement events. Arrows indicate the gene insertion or deletion
regions of types 2 to 5 compared with type 1. The same shading and pattern were assigned to similar wav or waa gene types; new ORFs are indicated
with name.

TABLE 4. Similarity of Waal enzymes

% Identity with®:

WaaL
V243 (1) V62 (1) Vo5 (1) V58 (1) V244 (1) V207 (1) V215 (2) 022" V194 (3) V209 (4) V208 (4) V192 (5)
VCO0 237 99.7 99.7 100 100 89.5 89.5 88 89 23.7 24.9 25.7 21.8
V244 (1) 100 92.2 93.2
V215 (2) 95.7
V194 (3) 83.4 80.4 20.9
V209 (4) 86.1

“The type of the wav gene cluster is indicated in parentheses.

® The wav gene cluster of one 022 isolate was partially sequenced along with the O-antigen biosynthesis gene cluster, but those authors did not annotate the wav
genes (accession no. AB012957). One of the deduced ORFs shows clear similarity to waaL and therefore is referred to as waalL.
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strains harboring the type 1 and 2 wav gene clusters. Even
though the core OS structures of type 1 and 2 strains seem to
be slightly different, we could detect the same waal gene in
PCR analysis. To investigate the relationship of the WaaL
enzymes in more detail, we sequenced the waaL genes of seven
type 1 strains and V215 (type 2) (Table 4). The deduced pro-
tein sequences are of the same length (399 amino acids [aa])
and show a high degree of similarity at the amino acid level (88
to 100%) when compared to VC0237. Among the O1 strains
(V243 [environmental], V62 [classical], and V95 [El Tor]) and
the O139 strain, the waalL sequences are nearly identical, with
the exception of one amino acid substitution in V243 at posi-
tion 15 and one in V62 at position 348. In contrast, the clinical
isolates collected from outbreaks in Sudan and (formerly)
Czechoslovakia (V244 and V207) show more sequence diver-
sity (40 amino acid exchanges along the entire sequence) when
compared with VC0237. Interestingly, both sequences of V244
and V207 are identical (Table 4), which again, in addition to
the IS1004 fingerprint pattern, supports the close genetic re-
lationship of the strains. The putative Waal. enzyme of strain
V215 (type 2 gene cluster) also shows several sequence differ-
ences compared with VC0237 of O1 El Tor type. However, the
V215 subtype of Waal seems to be closely related to the
putative WaaL of an O22 serogroup isolate (95.7% identity
[Table 4]) (accession no. AB012957).

The sequence differences among the type 1 and 2 waaL
genes indicate a diverse genetic relationship between these
strains, but there is evidence that the encoded proteins are
functionally related. The Waal proteins of O22 and O139
strains are 89% identical, but their linkage site to the core OS
are identical based on structural data (Fig. 1A); therefore, it
seems possible that the other O antigens of type 1 and 2 strains
(01, 037, and those of strains V207 and V215) are also linked
to the HepllI residue in a 1,3 linkage.

Most environmental and human isolates contain variants of
type 3 and 4 wav gene clusters. The sequence data we obtained
for strains V194 (type 3) and V209 (type 4) revealed that the
strains have similar wavl-wavL regions that differ remarkably
from type 1 wavi-wavL regions (Fig. 3A, compare rows 3 and
4 with row 1). Instead of the putative HepIV transferase gene
wavJ of the type 1 strains, a putative glycosyl transferase gene,
wavM, is present. The deduced WavM proteins of strains V194
and V209 share 64.9% sequence identity. The putative Waal
proteins of strain V194 and V209 are 83.4% identical to each
other but are unrelated to the type 1 and 2 Waal enzymes
(Table 4).

Initial attempts to detect wavM and waal among the strains
of our collection were only partially successful, although prim-
ers specific for each type were used for PCR analysis. To gain
more insight into possible sequence divergence, we sequenced
the wavI-wavL region for strain V208 (type 4). The results led
to the identification of new waal and wavM alleles with high
identity at the DNA and protein levels to those of V194 and
V209 (Table 4; Fig. 4). Direct comparison of the three types of
WavM proteins revealed that they have a mosaic structure:
they share 99% identity in the first 84 aa of the N terminus and
lower levels of identity at the C terminus (Fig. 4A). Compar-
ison of the three types of Waal proteins revealed sequence
divergences distributed over the entire length (data not
shown). Finally, we performed Southern blot analysis with
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C
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FIG. 4. Comparison of protein sequences, showing multiple align-
ment of WavM from strains V209 (type 4), V208 (type 4), and V194
(type 3) (A); of the WavC C terminus from strains V215 (type 2), V194
(type 3), V209 (type 4), and V192 (type 5) compared to VC0227 from
the V. cholerae genome database (B); and of the C-terminal half of
WavE from strains V215 (type 2), V194 (type 3), and V209 (type 4)
compared to VC0229 (C). Identical amino acids are shaded black, and
conservative changes are shaded gray.

gene probes (waal or wavM) derived from strain V194 and
found specific detection only of waal. and wavM in strains
harboring the type 3 and 4 wav gene clusters. Because of the
observed DNA sequence diversity, it remains to be resolved
how many subtypes of wavM and waal do really exist and
whether such differences correlate with functional alterations
in the encoded enzymes. In addition, the presence of wavK in
all type 3 and 4 strains (Table 1) was confirmed in Southern
blot analysis, and the presence of waaF was shown in PCR
analysis.

In contrast to the shared wavI-wavL region, strains V194 and
V209 showed sequence diversity in the wavC-wavE region. The
hypothetical ORF wavD of type 1 strains is absent in both
strains, but only V209 contains two additional ORFs, desig-
nated wavN and wavO. The sequence analyses provided good
evidence that both wavN and wavO could encode O-acetyl-
transferases (Table 3). To distinguish between type 3 and type
4 wav gene clusters, the waaC-wavE regions of strains from our
collection that were positive for wavM and waaL were further
analyzed by PCR with primers wavEs and waaCas. We ob-
tained characteristic 2.8-kb PCR products for type 3 strains
and 5.8-kb PCR products for type 4 strains, and both PCR
products were easily distinguishable from the 3.8-kb PCR
products of wavD-containing type 1 strains. In addition, we
designed primers to wavC, wavN, and wavNO in order to con-
firm the presence of these genes. Based on our results, most of
the non-O1, non-O139 isolates investigated carry the type 3 or
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4 gene cluster or at least variants of them. These include the
human CT- and TCP-negative isolates, as well as the human
and environmental CT- and TCP-positive strains (Table 1).

V. cholerae isolates harboring the type 5 wav gene cluster.
The additional PCR analyses with primers specific for type 2, 3,
and 4 wav genes led also to the detection of wavC and waaF by
PCR in the type 5 strain V192 (Fig. 3A). Since only six genes
could be detected by PCR, it appeared that the type 5 wav gene
cluster is evolutionarily the most unrelated of the wav loci
known so far, and indeed the sequence analysis of strain V192
revealed the presence of six new ORFs. Two of the new ORFs,
designated wavP and wavT, encode putative glycosyl trans-
ferases (Table 3). The gene products of wavR and wav§ show
significant similarity to different proposed or defined WecE
and WecD enzymes (Table 3). In E. coli both proteins are
involved in the synthesis of TDP-fucosamine (TDP-4-acet-
amido-4,6-dideoxy-D-galactose) from TDP-4-keto-6-deoxy-D-
glucose (55). It was not possible to determine a role for the
hypothetical ORF wavQ because it has no homology to known
proteins in the database, whereas another ORF, designated
waalL, which also has no homology to other known proteins
probably encodes a new variant of V. cholerae O-antigen ligase
(see above). Finally PCR and Southern blot analysis with new
designed primers for the type 5 genes showed clearly that the
environmental strains V195, V242, and V205 also contain the
type 5 wav gene locus (data not shown).

Relationship among different wav gene clusters and evi-
dence for horizontal gene transfer. As summarized in Fig. 3B,
our data show evidence of genetic exchange within the V.
cholerae wav gene cluster. By comparing the gene clusters (type
1 or 2 versus type 3 or 4) it appears that wavM and waaL (type
3 or 4) replaced waaL (type 1 or 2). In the adjacent wavK, the
deduced C-terminal 29 aa of VC0238 show only 44.8% identity
to WavK of strains V194, V209, and V208, whereas the re-
maining portion of the protein sequence is almost identical
(data not shown). This could indicate the position of one cross-
over during genetic exchange; the other seems to be located
close to the start codon of waaF. This is suggested by the fact
that in O1 El Tor N16961 (type 1) there is an intergenic region
of 2 bp between waaF and waalL, while in strains V209, V208,
and V194 (type 3 or 4) there is 181 bp between waaF and
wavM.

The waal region of the type 5 wav gene cluster seems to be
even more heterogeneous, as we observed that waal and wavT
were inserted between wavL and gmhD. The insertion of waalL
(type 5) and wavT seems to have occurred simultaneously with
the deletion of waal. and wavK of type 1 strains, leading to
small sequence differences in the adjacent ORFs, waaF and
wavL. The last C-terminal 7 aa of WavL and the first 5 aa of
the N terminus of WaaF from strain V192 (type 5) are different
than those of the sequenced O1 El Tor strain (type 1) (data not
shown).

Another remarkable divergence can be observed in the 3’
end of the wavC genes, leading to differences in the length and
composition of the deduced protein sequence (Fig. 4B) and
indicating one end of a likely genetic crossover event (Fig. 3B).
The site of the second putative crossover location differs from
strain to strain. For strain V192 (type 5), we identified a re-
placement of the region containing wavDEFGH with four new
ORFs (wavPQORS), along with a remarkable divergence in the
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otherwise highly conserved allele of waaA (57.1% identity to
type 1 at the amino acid level). This observed DNA divergence
ends at bp 444 of wavl. In strains harboring type 2, 3, and 4 wav
gene clusters, wavEFGH are present. In these cluster types the
location of a second crossover was found in the 3’ region of
wavE, leading also to differences in the deduced C-terminal
protein sequence and length of the protein (Fig. 4C). In type 1
strains wavD and in type 4 strains, the putative O-acetyltrans-
ferase genes wavNO are inserted between wavC and wavE (Fig.
3B). Finally, another rearrangement was observed between
wavl and waaF, which are arranged as wavl waaF in type 2, 3,
4, and 5 strains. However, in type 1 strains wavJ, encoding a
putative heptosyl transferase 1V, is inserted here. As a conse-
quence, aa 2 to 7 of Wavl and the last 38 aa of WaaF in type
1 strains are dissimilar to those of the type 2, 3, and 4 strains,
which have otherwise nearly identical sequences.

DISCUSSION

Seven conserved genes (waaA, waaC, waaF, wavA, wavB,
wavC, and gmhD) with proposed function in the core OS bio-
synthesis were found within the whole genome sequence avail-
able for V. cholerae O1 El Tor strain N16961 (26); only five of
these ORFs (waaA, wavF, wavA, wavB, and gmhD) had been
annotated as such (TIGR microbial database, V. cholerae
[www.tigr.org]). Knockout mutations and complementation
analysis with wavB and waaF confirmed that these genes are
indeed involved in core OS biosynthesis. The proposed seven
core OS biosynthetic genes are located with other genes of
unknown or predicted function on V. cholerae chromosome 1,
forming the putative core OS biosynthesis gene cluster com-
prising ORFs VC0223 to VC0240.

The seven conserved core OS genes were always found to be
genetically linked in our investigation of 38 different V. chol-
erae strains. In addition two genes, wavl and wavL, which
probably encode glycosyl transferases, were also found to be
conserved among all investigated strains. This indicates a com-
mon core OS backbone structure for the V. cholerae strains
investigated. We could also provide evidence for the presence
of putative waalL (O-antigen ligase) genes in all strains. O-
antigen ligase function in the O1 El Tor strain was indirectly
proven by confirming the absence of O antigen in SDS-PAGE
analysis of waaL knockout mutants. Altogether we identified
three different types of putative WaaL proteins of low similar-
ity and by secondary structure prediction; we found similarity
in the lengths of the proteins (398 to 403 aa), the numbers of
proposed transmembrane helices (at least nine), the locations
of the predicted periplasmic loops, and hydrophobicity plots
(data not shown). Strains with type 1 or 2 and type 3 or 4 wav
gene clusters encode similar Waal. proteins, although such
strains are predicted to differ slightly within their core OS
structure. This suggests that the WaaL proteins do not seem to
recognize the whole structure of the core OS as an acceptor
molecule. Interestingly, adjacent to the new identified putative
waaL gene alleles of type 3 or 4 and type 5 strains, novel
glycosyl transferase genes, wavM and wavT, respectively, were
also found. This finding may indicate that WavM and WavT
are responsible for adding sugar residues onto the core OS,
which in turn could form acceptor molecules for the respective
WaalL enzymes.
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However, the relationship between the core OS structure
and structure of WaaL enzymes has to be addressed in future
studies. Recent studies with Salmonella and E. coli WaaL en-
zymes also indicated that the structure of a core OS is certainly
important for O-antigen ligase recognition, but a consistent
pattern of WaaL sequences and acceptor structures could not
be established (reviewed in reference 27). In contrast, WaalL
enzymes seem to be independent from the structure of the
ligated polysaccharide, since it was found that one WaalL en-
zyme can efficiently ligate different O antigens, and therefore it
is proposed that they recognize the C55 carrier (27). The V.
cholerae ligase enzymes do also not seem to differentiate upon
the structure of the ligated polysaccharide; as an example, we
show that O1 and O139 strains expressing structurally different
O antigens share the same Waal. enzyme.

In general, we assume that the predicted structural differ-
ences of the five wav gene cluster types are expected to be
located in side branches of the core OS. Such structural dif-
ferences compared to the type 1 core OS were reported for the
environmental isolate H11 (compare Fig. 1A and B). We can-
not deduce from our sequence data whether we have strains
synthesizing the H11 type of core OS, since strain H11 was not
available for this study. Based on our genetic data, we expect
that only in strains with the type 1 gene cluster is HeplIl
replaced with an fourth heptosyl residue, since the predicted
corresponding transferase gene wav/ is missing in strains with
type 2, 3, 4, and 5 wav loci. The presence of other putative
transferase genes, i.e., wavM in type 3 and 4 isolates and wavP
and wavT in type 5 isolates, suggests novel modifications of the
core OS, which remain to be identified by structural analysis.
The presence of WecD and WecE homologues suggests that in
type 5 strains fucosamine may be represented in the core OS.
Interestingly, we can also predict differences in the presence of
O acetylation on the core OS among V. cholerae isolates. O-
acetyl groups are rarely found in core OS (12) and seem also
not to be present in strains with the type 5 wav gene cluster. In
type 1, 2, 3, and 4 strains, probably one O-acetyl group is added
by the putative O-acetyltransferase WavK, and the published
structural data for two O22 strains (type 1) indicate that it is
probably added to the HepllI residue. The presence of two
further putative O-acetyltransferases (WavO and WavN) in
type 4 strains may lead to additional O acetylation on the core
OS.

A common core OS backbone structure with differences in
side branches is also known for other gram-negative bacteria.
Structural diversity in core OS is thought to be limited by its
essential contribution to the maintenance of outer membrane
stability (27). We provide evidence that in V. cholerae core OS,
variation is due to genetic exchange within the wav gene clus-
ter. Genetic rearrangements occurred in distinct locations be-
tween wavC and gmhD and are probably due to insertions,
deletions, and/or replacement of DNA fragments rather than
to sequence drift. Several DNA exchanges occurred within
genes, leading to differences in the deduced amino acid se-
quences. This could alter the enzymatic activity of the proteins,
leading to further core OS structure diversity, e.g., differences
in the type of glycosidic linkages. A previous detailed study
with LOS of Campylobacter jejuni showed clearly that minor
sequence differences within a given LPS biosynthesis gene clus-
ter could, e.g., inactivate or alter the acceptor site recognition
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of a glycosyl transferase, leading to core OS structure varia-
tions (23).

Genetic exchange of wav genes by horizontal gene transfer,
leading to structural alteration of the core OS, may be bene-
ficial for V. cholerae by allowing the bacterium to change or
improve outer membrane stability and hence to become
adapted to different niches. To address this issue, we also
looked at the distribution of the wav gene cluster in V. cholerae
strains collected over a long period of time from very wide-
spread geographical locations and different environments.
Thirteen environmental non-O1, non-O139 V. cholerae isolates
were taken from different sources (water, fish, and oyster) and
shown to be unrelated in IS7004 fingerprint analysis. Twelve of
them were found to be CT negative by ctx hybridization anal-
ysis, indicating that they are not lysogenized by the CTX®
bacteriophage. These strains apparently also lack the VPI, as
determined by Southern blot analysis, although it is possible
that some of them contain one of the five known variants of the
VPI not detectable with our probe (46, 49). These 12 strains
were the source for the identification of the new wav gene
cluster types 2, 3, 4, and 5, suggesting that among CT- and
TCP-negative environmental non-O1, non-O139 V. cholerae
strains, the core OS types 2 to 5 are predominant.

Seventeen clinical isolates (ctx4 and tcpA positive) derived
from different cholera outbreaks were utilized. Among these
strains at least three different serogroups were represented: O1
(both biotypes and serotypes), O139, and O37 (the serogroup
of strain V207 was not determined). All of these strains had
identical type 1 wav gene clusters based on the results of
Southern blot and PCR analyses. Based on this observation, it
seems interesting to speculate that the corresponding core OS
structure could link cell wall physiology as one additional at-
tribute with other virulence factors, making O1 and O139
strains the successor for cholera pathogenesis. It remains to be
established whether this could be either direct, e.g., in enhanc-
ing colonization or survival in the small intestine, or indirect in
facilitating the acquisition of yet-unknown virulence genes. We
also obtained evidence that O1 environmental strains, inde-
pendent of the absence or presence of CT and TCP, carry the
type 1 wav gene cluster, which may simply indicate a predom-
inance of type 1 core OS among V. cholerae O1 isolates. There
is also evidence that other non-O1, non-O139 environmental
strains can harbor the type 1 wav gene cluster, since 022
strains have a similar core OS structure (15, 37), which is not
unexpected since we predict horizontal transfer of wav genes.

Another interesting group of strains is represented by the
environmental CT- and TCP-positive non-O1, non-O139 iso-
lates. Such strains, and even a V. mimicus isolate, were iden-
tified in several recent studies (10, 19, 46, 56), and some of
them have been found to colonize infant mice (49), while
others do not (10), indicating a heterogeneous group. More-
over, a recent study with O141 strains revealed that such CT-
and TCP-positive strains are associated with sporadic severe
gastroenteritis (18). Curiously, none of these strains have
caused cholera epidemics. Clearly, the mobile elements VPI
and CTX® are widely distributed among Vibrio spp., but they
appear not to be entirely sufficient for causing cholera pan-
demics, although they are certainly important during human V.
cholerae infection. Notably, the O53 human and the O141
environmental CT- and TCP-positive isolates investigated here
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carry the type 4 gene cluster and not the type 1 gene cluster as
found in epidemic strains. It is again tempting to speculate that
there may be a link between the core OS structure of type 1
strains and the ability of CT- and TCP-positive strains to cause
cholera epidemics. The four CT- and TCP-negative strains
used in this study that were isolated from humans possess type
3 or 4 wav gene clusters. These core OS types may also confer
some selective advantage in the colonization of humans.

This study provides a genetic basis for wav gene cluster
typing, and additional data collection with V. cholerae strains
should give more information on the core OS distribution in
virulent V. cholerae strains not associated with cholera. There
is a precedent for specific core OS structures being associated
with virulence; for example, recent core OS typing studies with
E. coli isolates showed that specific core OS structures are
predominant among pathogenic strains (reference 3 and ref-
erences therein).
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