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Since the first occurrence of 0139 Vibrio cholerae as a cause of cholera epidemics, this serogroup has been
investigated intensively, and it has been found that its pathogenicity is comparable to that of O1 El Tor strains.
0139 isolates express a thin capsule, composed of a polymer of repeating units structurally identical to the
lipopolysaccharide (LPS) O side chain. In this study, we investigated the role of LPS O side chain and capsular
polysaccharide (CPS) in intestinal colonization by with genetically engineered mutants. We constructed
CPS-negative, CPS/LPS O side chain-negative, and CPS-positive/LPS O side chain-negative mutants. Fur-
thermore, we constructed two mutants with defects in LPS core oligosaccharide (OS) assembly. Loss of LPS
O side chain or CPS resulted in a ~30-fold reduction in colonization of the infant mouse small intestine,
indicating that the presence of both LPS O side chain and CPS is important during the colonization process.
The strain lacking both CPS and LPS O side chain and a CPS-positive, LPS O side chain-negative core OS
mutant were both essentially unable to colonize. To characterize the role of surface polysaccharides in survival
in the host intestine, resistance to several antimicrobial substances was investigated in vitro. These investi-
gations revealed that the presence of CPS protects the cell against attack of the complement system and that

an intact core OS is necessary for survival in the presence of bile.

The causative agent of the intestinal disease cholera is Vibrio
cholerae, a gram-negative motile bacterium (17). In general,
the important steps of infection include ingestion of V. cholerae
along with contaminated food or water, passage through the
gastric acid barrier of the stomach, adherence to and penetra-
tion through the intestinal mucus lining, adherence to intesti-
nal epithelial cells, multiplication, and cholera toxin produc-
tion (12). While there are currently more than 200 recognized
V. cholerae O serogroups, essentially only O1 and more re-
cently O139 have been identified as the cause of large cholera
epidemics.

The encapsulated O139 pathogen emerged in late 1992,
causing cholera epidemics in Bangladesh and India (23). Mo-
lecular and epidemiological analysis as well as whole-genome
comparison revealed that O139 strains are very similar to O1
El Tor strains, supporting the hypothesis that pathogenic 0139
isolates evolved from the recent seventh pandemic El Tor
strains (3, 7, 9, 10).

One genetic difference between O1 El Tor and O139 strains
corresponds to the surface polysaccharide biosynthesis (wb)
gene cluster. In O139 strains, the genes encoding the O1 an-
tigen are deleted and replaced by the O139 antigen (wbf) locus,
encoding the lipopolysaccharide (LPS) O side chain and the
capsular polysaccharide (CPS) (34). The structures of the LPS
O side chain and the CPS are identical, and it was found that
one 0139 side chain unit is linked to lipid A-core oligosaccha-
ride (OS), whereas the LPS-unlinked CPS is formed by poly-
merized 0139 side chain repeat units (15, 16, 41).
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Consistent with the structural data, mutations in putative
0139 side chain biosynthetic genes led to LPS O side chain-
and CPS-negative mutants (5, 41). On the other hand strains
with mutations in putative capsule translocation genes are still
able to express the LPS O side chain but they are CPS-negative
(4). No defined LPS O side chain-negative but CPS-positive
mutants linked to the wbf cluster have been described; only
spontaneous mutants with unknown mutation(s) have been
isolated so far (2).

Other gram-negative bacteria are known that, like O139
strains, express side chain repeat units as a high-molecular-
weight capsular and a low-molecular-weight lipid A-core-
linked form. These strains are classified based on their biosyn-
thetic gene clusters as expressing either group 1 or group 4
capsule (44). The current biosynthetic model for these groups
proposes that individual repeat units are assembled on a lipid
carrier in the cytoplasm and then transferred across the inner
membrane by a polysaccharide exporter protein. The repeat
units can serve as a substrate for the polymerization and cap-
sule translocation machinery or for the Waal enzyme, which
ligates one repeating unit onto the lipid A-core OS (44).

Given the similarity, it is likely that V. cholerae O139 strains
use a similar pathway. The structures of the LPS core OS of O1
and O139 strains were reported to be fairly similar (13), and we
showed recently that they have identical core OS biosynthetic
(wav) gene clusters (25). The putative lipid A core-surface
polymer ligase WaaL is also encoded by the wav gene cluster,
and mutations within this gene led to an O side chain-negative
O1 El Tor mutant (25). Since the O1 and O139 waaL genes are
identical (25), it is likely that ligation of the O139 side chain to
the lipid A core is also catalyzed by this enzyme.

The role of the O139 surface polysaccharides in V. cholerae
pathogenesis is still not completely understood. The CPS layer
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is hydrophobic and very thin, and it provides only partial pro-
tection against phagocytosis (1, 21). However, synthesis of the
capsular material is required for efficient colonization of the
small intestine in suckling mice (41). CPS is also required for
serum resistance (41), and this phenotype might be relevant for
intestinal colonization of humans by O139 strains, since com-
plement proteins are detectable within the small intestine (29).

Expression of the LPS O side chain also seems to be impor-
tant for colonization and complement resistance, as investi-
gated with undefined spontaneous LPS O side chain-negative,
CPS-positive mutants (2). The influence of the LPS core OS
has not been investigated for O139 strains. Evidence for con-
tribution of the core OS to V. cholerae virulence comes from
our recent observation that strains of different serogroups as-
sociated with clinical cholera (O1, 0139, and O37) have the
same way gene cluster, which differs markedly from those of
environmental isolates (25). Indeed, preliminary data with V.
cholerae O1 LPS core OS mutants suggested that an intact core
OS contributes to resistance against bile salts, short-chain or-
ganic acids, and antimicrobial peptides, which should improve
survival in the human small intestine (26). O139 strains can
also produce another exopolysaccharide (EPS) which is impor-
tant for biofilm formation but interferes with intestinal colo-
nization (43).

In this study, we constructed a set of defined CPS, LPS O
side chain, and LPS core OS V. cholerae O139 mutants and in-
vestigated their behavior in intestinal colonization in vivo and
their resistance to several antimicrobial compounds in vitro.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Escherichia coli strains SM10\pir (22)
and XL-1 Blue (New England Biolabs, Schwalbach, Germany) were used for all
genetic constructions. V. cholerae strains and plasmids used in this study are
listed in Table 1. All strains were grown in Luria broth (LB; Difco) at 37°C,
except as noted otherwise. For optimal cholera toxin and toxin-coregulated pilin
(TCP) expression, the strains were incubated under inducing conditions. Cul-
tures grown overnight in AKI medium (14) were diluted 1:100 in AKI without
NaHCO;, grown for 4 h at 37°C under static growth conditions, and then
transferred to vigorous shaking for 4 h at 37°C (20). Expression of waaL from the
aragap promoter was induced by supplementing the medium with 0.01% arab-
inose for in vitro assays; for the in vivo colonization assay, no induction was
necessary. Antibiotics (Sigma, Deisenhofen, Germany) were used at the follow-
ing concentrations: kanamycin, 50 wg/ml; ampicillin, 50 and 100 wg/ml for V.
cholerae and E. coli, respectively; and chloramphenicol, 2 and 20 wg/ml for V.
cholerae and E. coli, respectively.

Plasmid constructions. All DNA manipulations were carried out according to
standard protocols (19). The synthetic oligonucleotides used for PCR amplifi-
cation of an internal gene fragment of whfF were otnAl (5'-TTGAAGTTTTA
ATTGATGACCTGT-3") and otnASall (5'-TTCCATTCAATAAAACCTGGG-
3"); subsequently this wbfF fragment was subcloned into pGP704 (4, 22). The
construction of suicide plasmids to introduce chromosomal in-frame deletions of
the genes galK and waaL were performed in the same manner. DNA fragments
of about 500 bp encompassing the regions upstream of the corresponding genes
were PCR amplified with primer pairs waaLupSmal (5'-TAAACCCGGGGGC
GTCTCTATCGAGCTCAA-3") and waaLupSall (5'-TAATAGTCGACGCAC
TCAGGGTTATAAGAG-3'), and galKupSmal (5'-TCCCCCGGGTAAAAGA
TGGCGCGAGAACC-3') and galKupSall (5'-TACGCGTCGACAAGGTGCG
TAGCATCATAGC-3).

The downstream DNA regions of the corresponding genes were PCR ampli-
fied with primer pairs waaL.downSall (5'-TACGCGTCGACAAACAGGCTCT
CCAATCAGC-3') and waaLdownApal (5'-GTAAGGGCCCGCCAAAGCAA
CATACCTTTCC-3"), and galKdownSall (5'-TACGCGTCGACCACCCGAAG
CAAGTAGAAGC-3') and galKdownApal (5'-GTAAGGGCCCATTTGCCAG
CGACGACGATC-3"). The upstream and downstream PCR products of waal
and galK were digested with Sall and ligated overnight. The ligation mix was di-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Relevant genotype® Reference
plasmid or source
Strains
MO10 Clinical isolate of V. cholerae O139 42
PW96 MOI10 lacZ::MCS 43
MO10 AwaalL MO10 AwaalL This study
MO10 AwaaLwbfF ~ MO10 AwaaL wbfF::pGP704 This study
MO10 AgalEK AgalE::cm AgalK This study
MO10 wbfF wbfF::pGP704 This study
MO10 waaF waaF::;pGP704 This study
MO10 wavB wavB::pGP704 This study
Plasmids
pTrcAkan Cloning vector Km" 24
pBAD28 Cloning vector Ap" Kan" 8
pGP704 OriR6K mobRP4 Ap* 22
pUC4K Ap" Km" 39
pGPwaaF ‘waaF’® Ap® 25
pGPwavB ‘wavB® Ap" 25
pKEK229 OriR6K mobRP4 sacB Ap® 6
pKEKAgalE::cm AgalE::cm Ap" 26
pBADwaaL waaL™ Km" 25
pACYCgulE galE™ Km" 26
pACYCwaaF waaF* Km" 25
pAKwavB wavB tetR™ Cm" 25
pGPwbfF ‘wbfF’ in pGP704 Ap" This study
pKEKAgalK AgalK in pKEK229 Ap* This study
pKEKAwaaL AwaalL in pKEK229 Ap* This study
pSSkanwavBI pAKwavB tetR*™ Cm" Km" This study
pSSkanwavB2 pSSkanwavB1 AtetR Cm" Km" This study

“ MCS, multiple cloning site.
b ‘gene,” internal gene fragment.

gested with Smal and Apal, purified, and ligated into pKEK229 (6) that had been
digested with Smal and Apal to give plasmids pKEKAga/K and pKEKAwaal.

For the construction of complementing plasmid pSSwavB, we used plasmid
pAKwavB, in which wavB was subcloned under the transcriptional control of the
tet promoter (25). To make the plasmid usable for this study, we ligated a BarmHI
fragment containing a kanamycin resistance gene (kanR) (39) (Pharmacia, Bio-
tech Europe, Freiburg, Germany) into the unique BamHI site of pAKwavB to
obtain pSSkanwavBI. We deleted the tetracycline resistance gene (fetR) by first
digesting pSSkanwavBI with restriction enzymes SnaBI and Ndel, then treating
with Klenow fragment (Sigma), and religating, yielding plasmid pSSwavB2, which
had lost most of the fetR gene (341-bp internal fragment) and constitutively
expressed wavB.

Mutant strain constructions. The chromosomal mutations in V. cholerae 0139
strain MO10 were constructed with different suicide plasmids (Table 1) as de-
scribed previously (25, 26). The correct chromosomal insertion for all mutants
was confirmed by Southern blot analysis (data not shown).

Analysis of cell surface polysaccharides. Cell surface polysaccharides from
proteinase K-digested whole-cell lysates were isolated as described by Hitchcock
and Brown (11) and analyzed by electrophoresis on sodium dodecyl sulfate-15%
polyacrylamide gels. LPS was visualized by silver staining (38). CPS and LPS O
side chain expression was assessed by Western blot analysis. Samples were
electrophoretically transferred to nitrocellulose membranes (37) and probed
with a polyclonal rabbit anti-O139 serum (25).

In vitro resistance assays. Serum resistance was determined under laboratory
conditions. Briefly, cells were grown to mid-logarithmic phase in LB broth,
washed, and mixed to a final concentration of 20% with normal human serum,
obtained and pooled from four donors, or 20% heat-inactivated normal human
serum in phosphate-buffered saline (PBS) with 0.1% peptone. Approximately
108 CFU were used in each assay. After incubation at 37°C for 1 h, the cells were
harvested, washed, and resuspended in PBS-0.1% peptone. The viable cells were
determined by plating serial dilutions onto LB agar. The minimal bactericidal
concentration (MBC) of protamine (Sigma), ranging from 600 pg/ml to 9.3
pg/ml, was determined as described by Steinberg et al. (33). The MBC was
defined as the lowest concentration of drug that eliminated viable cells after 18 h
of incubation at 37°C without shaking. The sensitivity to bile salts was tested on
thiosulfate-citrate-bile-sucrose (TCBS) agar plates, prepared as instructed for
the commercially available TCBS (Difco), containing no or 0.8% bile.
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FIG. 1. Surface polysaccharides expressed by LPS and CPS mu-
tants. (A) Western blot analysis with O139-specific antiserum (see
Materials and Methods). Reactive bands are indicated as follows: the
upper band represents the capsular form of O139 side chain, and the
lower band corresponds to the O side chain/core OS/lipid A portion.
(B) Silver-stained polyacrylamide gel after SDS-PAGE. Stained bands
are indicated as follows: the upper bands represent the O side chain/
core OS/lipid A, and the lower bands are the core OS/lipid A portion.
Lanes: wt, MO10 wild type; 1, MO10 AwaalL; 2, MO10 AwaaL pBAD-
waaL; 3, MO10 AgalEK; 4, MO10 AgalEK pACYCgalE; 5, MO10
wbfF; 6, MO10 wavB; 7, MO10 wavB pSSkanwavB2; 8, MO10 waaF; 9,
MO10 waaF pACYCwaaF; 10, MO10 AwaaL AwbfF.

In vivo colonization assay. The infant mouse colonization assay for 0139
strains has been described previously (43). Briefly, mutant strains (lacZ™) were
mixed with strain PW96 (MO10 wild type lacZ) and given as an oral inoculum at
a ratio of approximately 10° CFU of mutant to 10° CFU of wild type to 5- to
6-day-old CD-1 suckling mice. After a 22-h period of colonization, intestinal
homogenates were collected, and the ratio of mutant to wild-type cells was
determined by plating appropriate dilutions on LB agar containing streptomycin
and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal).

We also determined the in vitro competition index. The same inoculum which
was used for the mice was added to 5 ml of LB and allowed to grow at 37°C
overnight, and then cells were plated on X-Gal-LB agar medium to determine
the cell counts.

CTX-Km¢ transduction and Gy-ELISA. CTX-Km¢ utilizes TCP as its re-
ceptor, and therefore TCP expression was investigated by determining CTX-
Kmd¢ phage transduction frequency (40). The level of cholera toxin in culture
supernatants was measured by the Gy,;-ganglioside enzyme-linked immunosor-
bent assay (Gy,;-ELISA) (35) with purified cholera toxin to generate a standard
curve.

TCP Western blot analysis. Whole-cell lysates were matched by optical density
at 600 nm, separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred to a nitrocellulose membrane (37), and probed
with TcpA polyclonal antiserum (kindly provided by J. Mekalanos).

RESULTS

Construction of V. cholerae 0139 LPS and capsule mutants.
Two core OS biosynthesis genes, the putative heptosyl II trans-
ferase (waaF, VC0236) and the putative 1-4-B-glycosyl trans-
ferase (wavB, VC0224), as well as the putative O antigen ligase
gene waal (VC0237) have recently been characterized in O1
El Tor strains (25). In this study, we generated mutations in the
corresponding genes in the V. cholerae 0139 isolate MO10.

LPS extracted from the waaF mutant displayed in SDS-
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PAGE analysis, as expected, a faster-migrating core OS and no
LPS O side chain (Fig. 1B, lane 8). The presence of the CPS
was confirmed in Western blot analysis (Fig. 1A, lane 8). In-
activation of wavB resulted in a truncated LPS core OS with
attached O side chain, but the amount of O side chain was
significantly less compared to the wild type (Fig. 1B, lane 6).
This was in contrast to the O1 wavB mutant (25), in which no
significant reduction of O side chain was observed. The syn-
thesis of the CPS was not affected in the O139 wavB strain (Fig.
1A, lane 6). Deletion of waaL led to an LPS O side chain-
negative strain (Fig. 1A and B, lane 1), which was consistent
with the proposed function of WaaL as the lipid A core-surface
polymer ligase. Furthermore, the waaL deletion did not affect
capsule biogenesis (Fig. 1A, lane 1).

In order to be able to compare any effects of these mutants
with CPS-negative and LPS O side chain/CPS-negative mu-
tants, we inactivated wbfF and galEK. The putative outer mem-
brane protein WbfF (formerly OtnA) was described earlier to
be involved in CPS synthesis, probably in the translocation
process (4). Inactivation of wbfF in MO10 caused a CPS-
negative but LPS O side chain-positive phenotype (Fig. 1A and
B, lane 5), which is in accordance with the ofnA characteriza-
tion reported previously (4).

Recently, we showed that mutations in galE (VCA0774) did
not interfere with LPS biosynthesis and intestinal colonization
in O1 El Tor strains (26). In contrast, O139 strains do contain
Gal residues in the O139 side chain (15, 16), and hence we
concluded that the inability to produce UDP-Gal should pre-
vent the biosynthesis of both LPS O side chain and CPS. A
strain mutated in galE could still synthesize LPS O side chain
and CPS (data not shown), presumably because it can utilize
exogenous galactose present in the LB medium. To prevent the
utilization of exogenous galactose, we additionally inactivated
galK. The galEK double mutant was unable to synthesize CPS
and LPS O side chain (Fig. 1A and B, lane 3) and was also
unable to form a biofilm (data not shown).

Finally, we constructed a wbfF waaL double mutant, which,
like the ga/EK mutant, was deficient in CPS and LPS O side
chain synthesis (Fig. 1A and B, lane 10). Both mutant combi-
nations allowed us to determine whether there was any other
UDP-Gal-dependent complex carbohydrate structure not as-
sociated with O139 side chain synthesis that might affect intes-
tinal colonization of the ga/EK mutant. In the presence of
plasmids encoding galE, waaL, wavB, or waaF, the phenotypes
of the corresponding mutants could be restored (Fig. 1A and
B).

In vivo colonization phenotypes of LPS and CPS mutants.
The ability to colonize the small intestine was investigated in
the infant mouse model. In a direct comparison of wild-type
versus mutant strains, the colonization phenotype for all mu-
tants was determined. In these competition assays, all mutants
investigated were attenuated in their ability to successfully
colonize the suckling mouse small intestine (Fig. 2). When CPS
(wbfF, Fig. 2, data set no. 1) or LPS O side chain synthesis
(waaL, Fig. 2, data set no. 4) was prevented, similar decreases
in colonization were observed for each of these mutants (=30-
fold). Mutants unable to express O side chain and capsule
(galEK, no. 2; waaL wbfF, no. 10) were severely defective for
colonization, as indicated by a competitive index of less than
0.0001. No mutant bacteria were recovered for the waaL wbfF
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FIG. 2. Colonization deficiency of LPS and CPS mutants. Each
point represents the value from a single mouse competition assay. The
competitive index is defined as the output ratio of mutant to wild-type
bacteria divided by the input ratio of mutant to wild-type bacteria.
Strains with the wild-type ability to colonize have a competitive in-
dex of approximately 1.0. Data sets: 1, MO10 wbfF; 2, MO10 AgalEK;
3, MO10 AgalEK pACYCgalE; 4, MO10 AwaaL; 5, MO10 AwaalL
pBADwaalL; 6, MO10 wavB; 7, MO10 wavB, pSSkanwavB2; 8, MO10
waaF; 9, MO10 waaF, pACYCwaaF; 10, MO10 Awaal. AwbfF. The
defect in colonization of all mutant strains was statistically significant
(P < 0.01) compared with the wild-type strain MO10 by Student’s
two-tailed ¢ test.

strain (competitive index <0.0001), and very few were recov-
ered for the ga/EK strain (competitive index ~0.0001), which
was inoculated at a higher mutant/wild-type ratio. We believe
that these two mutant strains are equally defective in coloni-
zation, because when they were coinoculated, they were recov-
ered at extremely low but equal frequencies (data not shown).

A similar strong effect on colonization was observed for the
CPS-positive, LPS O side chain-negative, core OS-defective
waaF mutant (Fig. 2, no. 8). The CPS-expressing wavB mutant,
which synthesizes an incomplete core and less LPS O side
chain, was slightly more attenuated compared to the waalL and
wbfF mutants. The colonization defects of the waal, galE,
wavB, and waaF mutants were essentially restored in the pres-
ence of the respective complementation plasmids (Fig. 2, no. 3,
5, 7, and 9). The small divergences in the complementation
strains compared to the wild-type strain were most probably
due to differences in the level of gene expression.

Next, we examined whether the alteration of the surface
polysaccharides caused other deleterious effects which could
explain the attenuation in intestinal colonization. None of the
mutants demonstrated any general growth defects in in vitro
competition assays, with the exception of the waaF mutant,
which had an approximately 100-fold attenuation (competitive
index of 0.014 for this strain). We also tested the abilities of
these strains to induce virulence factors known to be important
for intestinal colonization. The formation of TCP is critical for
colonization (36), and all strains were able to induce TCP
expression under in vitro inducing conditions.

TcpA-directed Western blot analysis revealed that only the
waaF mutant expressed slightly less TcpA (Fig. 3A, lane 7),
which could be restored in the presence of a waaF expressing
plasmid (Fig. 3A, lane 8). However, the waaF mutant assem-
bled functional TCP on the surface, since it could be infected
with phage CTX-Kmd, which is known to use TCP as its
receptor (40) (data not shown). All mutants also expressed and
secreted relatively normal amounts of cholera toxin, indicating
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FIG. 3. Expression of TcpA and cholera toxin in LPS and CPS
mutants. Strains were grown under inducing conditions (Materials and
Methods). (A) Whole-cell lysates were subjected to Western blot with
TcpA antiserum. (B) Cell-free supernatants were measured for chol-
era toxin (CT) by ELISA and given in per optical density unit at 600
nm. Lanes: 1, MO10 (noninduced); 2, MO10 (induced); 3, MO10 wbfF
(induced); 4 MO10 AwaaL (induced); 5, MO10 AgalEK (induced); 6,
MOI10 wavB (induced); 7, MO10 waaF (induced); 8, MO10 waaF
pACYCwaaF (induced).

that the mutations affected neither cholera toxin induction nor
the type II protein secretion pathway (Fig. 3B). In summary,
these investigations indicated that the alterations of the surface
polysaccharides caused no detectable cell damage or alteration
in virulence factor induction that might explain the coloniza-
tion defects, with the possible exception of the waaF mutation.

Resistance against antimicrobial compounds in vitro. To
investigate the survival of the mutants in the host intestine in
more detail, we performed in vitro assays in the presence of
compounds known to be present in the human small intestine
(26). Resistance against the complement system was investi-
gated in survival assays in the presence of 20% human blood
serum (Table 2). All strains synthesizing CPS, including the
LPS O side chain-negative mutant (waaL) and both LPS core
OS mutants (wavB and waaF), were fully protected against
attack by the complement system. In mutants in which the CPS
was not expressed, LPS O side chain-positive strains (wbfF)
were clearly more resistant to complement than LPS O side
chain-negative mutants (galEK and waaL wbfF). These results
indicated that the CPS prevents lysis by serum components,
whereas protection by the LPS O side chain alone is signifi-
cantly less effective.

Next, we investigated survival in the presence of the antimi-
crobial peptide protamine. The only mutant that exhibited any
reduction in MBC was the waaF mutant, with a deep core OS

TABLE 2. Resistance to antimicrobial peptides
and the complement system

MBC of protamine Serum resistance”

Strain (ng/ml) (% survival)
MO10 150 96.75 = 6.50
MO10 AwaaL 150 99.15 = 1.69
MO10 wbfF 150 3.68 = 5.58
MO10 Awaal. AwbfF 150 0.03 = 0.03
MO10 AgalEK 150 0.05 = 0.06
MOI10 AgalEK pACY CgalE ND 90.25 = 11.84
MO10 waaF® 75 100 =0
MO10 waaF pACYCwaaF 150 ND
MO10 wavB 150 92.48 * 8.68

“ Serum resistance was calculated as the ratio of the number of CFU found
after cells were incubated for 45 min in 20% normal human serum divided by the
number of CFU found after cells were incubated for 45 min in 20% heat-
inactivated normal human serum. Indicated is the mean * standard deviation.
All assays were performed at least four times. ND, not determined.

 This mutant was also tested in the presence of control plasmid pTrcAkan.
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FIG. 4. Growth phenotypes of LPS and core OS mutants on TCBS plates. (A) TCBS plus ampicillin (100 pg/ml) containing 0.8% bile. (B) TCS
plus ampicillin (100 wg/ml) without bile. (C) TCBS containing 0.8% bile. Sets: 1, MO10 pBAD2S; 2, MO10 waaF pACYCwaaF; 3, MO10 waaF;
4, MO10 wavB pSSkanwavB2; 5, MO10 wavB; 6, MO10 AgalEK; 7, MO10 AwaaL; 8, MO10 wbfF.

defect, and this sensitivity could be complemented in trans by
the waaF-expressing plasmid pACYCwaaF (Table 2).

Survival in the presence of bile was tested on TCBS plates
containing 0.8% bile. Growth defects were only observed for
mutants with defects in core OS assembly (Fig. 4A) and not for
the AwaaL, wbfF, AgalEK (Fig. 4C, sets 6 to 8), and AwaaL
AwbfF (data not shown) mutants. The waaF mutant could not
grow (Fig. 4A, set 3), while the wavB mutant grew poorly on
these plates (Fig. 4A, 5). The growth defects could be comple-
mented in the presence of waaF- and wavB-expressing plas-
mids (Fig. 4A, sets 2 and 4).

In the absence of bile, no growth defect for the waaF and
wavB strains was observed (Fig. 4B, sets 3 and 5), indicating
that bile was inhibitory to growth. We found no evidence that
the bile sensitivity was due to lower levels of OmpU, an outer
membrane porin that has been shown to increase resistance
against bile (27), since both mutants showed normal levels of
OmpU expression (data not shown). These results revealed
that an intact LPS core OS was essential for resistance against
bile.

DISCUSSION

Initial reports during the outbreak in 1993 suggested that the
pathogenic V. cholerae O139 strains originated in the Bay of
Bengal (28, 30, 32). Since then, O139 outbreaks have occurred
in 11 countries in southeast Asia. However, beginning in 1994,
O1 EI Tor strains have reemerged as the predominant cholera-
causing organisms on the Indian subcontinent, although 0139
strains continue to cause cholera there also.

Pathogenic V. cholerae O139 strains have a complex life
cycle, including survival and growth in the estuarine environ-
ment and the human intestine. We were interested in the
contribution of surface polysaccharides to these processes. The
exopolysaccharide VPS seems to be mainly important for sur-
vival in aquatic environments by stabilization of biofilms (43),
while the role of the other surface polysaccharides, LPS core
OS, LPS O side chain, and CPS, during the life cycle is less

clear. The behavior of LPS O side chain and CPS mutants in
intestinal colonization of O139 isolates was addressed previ-
ously, but these investigations were performed with spontane-
ous mutants (2, 41). With the intention of establishing a com-
prehensive analysis, we investigated the role of surface
polysaccharides in intestinal colonization with a set of geneti-
cally defined LPS O side chain—-CPS mutants and two LPS core
OS mutants.

What is the role of LPS O side chain and CPS during 0139
intestinal colonization? To investigate this further, we con-
structed mutants defective in ligation of the O139 side chain to
lipid A core (waaL; LPS O side chain-negative, CPS-positive),
capsule translocation (wbfF; LPS O side chain-positive, CPS-
negative), biosynthesis of UDP-galactose (ga/EK; LPS O side
chain-negative, CPS-negative), and lipid A core ligation and
capsule translocation (waaLwbfF; LPS O side chain-negative,
CPS-negative) mutants; the last two mutants behaved similarly
under all conditions tested, indicating that in both mutants the
loss of CPS and O side chain is responsible for the observed
effects.

The galEK and waal wbfF mutants were essentially unable
to colonize the small intestine of infant mice (i.e., no mutant
bacteria were recovered in competition experiments with a
wild-type strain), which is in accordance with earlier reports (2,
41). The observed ~30-fold decrease in colonization of strains
lacking either the LPS O side chain or the CPS alone (waaL
and wbfF mutants, respectively) is significant and, in the case of
the CPS-negative mutant, similar to results reported previously
(2, 41). Our defined waal. mutant colonized better than a
spontaneous LPS O side chain-negative but CPS-positive mu-
tant described previously (2), for which a three- to fourfold
decrease in intestinal colonization was reported. We believe
the discrepancy may be due to the nature of the mutation in
the two studies. In the present study, a strain with a nonpolar
deletion in waal. was used, which should have no effect on the
expression of other genes and, as shown here, have no effect on
capsule translocation, representing a true LPS O side chain-
negative but CPS-positive mutant.
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What is the mechanism of the attenuation? We excluded the
possibility that the observed colonization deficiency was caused
simply by a loss of functional pili, since Western blot and CTX
phage transduction experiments (data not shown) demon-
strated the presence of TCP. It has been proposed that the
colonization defect of CPS- and/or LPS O side chain-negative
V. cholerae mutants is mainly due to increased complement
sensitivity (2, 41). However, we found that the presence of CPS
alone protects against the complement system, independent of
the LPS defect. When the CPS was absent, the LPS O side
chain could partially compensate for this loss. Increased com-
plement sensitivity would therefore explain only the attenuated
colonization of the CPS (wbfF) and the CPS-LPS O side chain
double mutants (Aga/EK and Awaal AwbfF) but not of the
CPS-positive LPS O side chain-negative mutant (Awaal).

It is not clear how much the complement system contributes
to defense within the intestine, e.g., by bacteriolysis of gram-
negative bacteria, since there is only evidence for activation of
initial factors, such as C3, but not the terminal components of
the complement cascade (29). Intestinal colonization likely
constitutes a multifactorial process, and the mucus lining of the
small intestine probably serves as the initial matrix to which V.
cholerae cells adhere. During this stage of colonization, the
ToxR regulatory cascade (including TCP expression) is prob-
ably not fully operative, as suggested by several lines of re-
search (18, 31). In this scenario, O139 CPS or 0139 side chain
molecules might be involved in initial adhesion (45). However,
there is still a lack of experiments addressing the function of
surface polysaccharides as adhesins, e.g., measurement of mu-
cus binding by defined surface polysaccharide mutants or con-
jugated LPS or CPS material.

The contribution of the V. cholerae LPS core OS to V.
cholerae virulence was neglected for a long time. In a genetic
study, we recently found evidence that clinical V. cholerae
strains of different serogroups have a common core OS struc-
ture that was distinguishable from those of environmental iso-
lates (25). This finding prompted us to investigate O139 LPS
core OS mutants in intestinal colonization. Two defined knock-
out mutants were addressed in this study. The waaF mutant,
which lacked core material and LPS O side chain but was still
encapsulated, could not be recovered from the mouse intes-
tine, indicating a severe defect in colonization. Notably, alter-
ation of the core OS of the waaF mutant resulted in a 1.000-
fold reduction in colonization compared to the O side chain-
negative, CPS-positive Awaal mutant.

The waaF mutant was sensitive to both bile and polycationic
peptides, a phenotype which was observed exclusively in this
core OS mutant. In addition, the waaF mutation caused pleio-
tropic effects, such as a noticeable growth defect and decreased
TcpA expression, which could explain the deleterious coloni-
zation defect. These findings indicate that the LPS core OS
structure synthesized by the waaF mutant was not able to
maintain the integrity of the outer membrane. The other core
OS mutant (wavB) was constructed with the intention of in-
vestigating the role of the LPS core OS in a strain that ex-
presses the LPS O side chain and CPS. This mutation had no
pleiotropic effects on growth rate or expression of TCP and
OmpU but, unfortunately, affected O side chain attachment,
leading to a decreased amount of LPS O side chain in this
mutant compared to the wild-type strain. For this reason, we
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cannot exclude the decrease in LPS O side chain as the cause
of the attenuated colonization behavior of this mutant. How-
ever, we also observed that the wavB strain grew poorly in the
presence of bile, a phenotype which was not associated with
the LPS O side chain-negative (AwaaL ) mutant, and thus iden-
tifying at least one exclusive phenotype associated with the
LPS core OS that may contribute to colonization.

In summary, our results presented here and our previous
results with O1 El Tor LPS core OS mutants (26) provide
evidence that the LPS core OS structure might be critical for
survival of pathogenic V. cholerae strains in the mammalian
intestine, but the nature of its role and whether a specific core
OS structure is important for colonization will be addressed in
more detail in future investigations. A detailed understanding
of core OS distribution among pathogenic strains and its con-
tribution to virulence could be beneficial for the development
of a vaccine providing protection against pathogenic V. chol-
erae of different serogroups.
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