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Bacteriophage K139 was recently characterized as a temperate phage of O1 Vibrio cholerae. In this study we
have determined the phage adsorption site on the bacterial cell surface. Phage-binding studies with purified
lipopolysaccharide (LPS) of different O1 serotypes and biotypes revealed that the O1 antigen serves as the
phage receptor. In addition, phage-resistant O1 El Tor strains were screened by using a virulent isolate of
phage K139. Analysis of the LPS of such spontaneous phage-resistant mutants revealed that most of them
synthesize incomplete LPS molecules, composed of either defective O1 antigen or core oligosaccharide. By
applying phage-binding studies, it was possible to distinguish between receptor mutants and mutations which
probably caused abortion of later steps of phage infection. Furthermore, we investigated the genetic nature of
O1-negative strains by Southern hybridization with probes specific for the O antigen biosynthesis cluster (rfb
region). Two of the investigated O1 antigen-negative mutants revealed insertions of element IS1004 into the rfb
gene cluster. Treating one wbeW::IS1004 serum-sensitive mutant with normal human serum, we found that
several survivors showed precise excision of IS1004, restoring O antigen biosynthesis and serum resistance.
Investigation of clinical isolates by screening for phage resistance and performing LPS analysis of nonlysogenic
strains led to the identification of a strain with decreased O1 antigen presentation. This strain had a significant
reduction in its ability to colonize the mouse small intestine.

Vibrio cholerae strains from serogroups O1 and O139 are the
etiologic agents of cholera, a life-threatening acute diarrhea.
The O1 serogroup is divided into the main serotypes Inaba and
Ogawa, and O1 is subdivided into two distinct biotypes, desig-
nated classical and El Tor (22). Lipopolysaccharide (LPS) is
the major integral component of the outer membrane and
chemically consists of an O antigen, a core oligosaccharide,
and lipid A. The O antigen of O1 V. cholerae consists of a
homopolymer of approximately 18 (132) linked linear 4-(3-
deoxy-L-glycero-tetronamido)-4,6-dideoxy-D-mannose) (23, 36).
The LPS also contains the carbohydrate quinovosamine, which
at the present time cannot be precisely defined as a component
of either the O antigen or the core oligosaccharide (45). The
Ogawa and Inaba serotypes differ by the presence of a 2-O-
methyl group in the nonreducing terminal carbohydrate in the
Ogawa O antigen (19, 21). It was shown that Ogawa and Inaba
O1 LPS can interconvert and that this serotype variation is due
to spontaneous mutations in the wbeT gene (47). Strains of the
serogroup O139 contain only a short O antigen but, in contrast
to O1 strains, are encapsulated (51). Molecular and epidemi-
ological analyses as well as phage typing revealed that O139
strains are very similar to O1 El Tor strains (2, 17, 18). One
characteristic difference is the replacement of the 22-kb O1 rfb
region with a 35-kb DNA fragment encoding the O139 O
antigen and capsule (4, 5, 10, 48). Both regions are associated
with insertion sequence (IS) elements. IS1358 was found in

both O antigen biosynthesis clusters, and an incomplete IS1004
was found in the O1 rfb region (4, 11, 44).

Temperate bacteriophage K139 was originally isolated from
an O139 isolate and was identified as belonging to the kappa
phage family (37). Further analysis revealed that this phage is
widely distributed among clinical O1 El Tor strains and can
also be found as a defective prophage in O1 classical strains
(34, 37). Since only nonlysogenic O1 El Tor strains could be
infected with K139, it was predicted that the O1 antigen serves
as the specific phage adsorption site. The O1 antigen is known
as the receptor for two other Vibrio phages, CP-T1, which
infects O1 classical and El Tor strains (16), and VcII, a phage
specific to O1 classical strains (32, 53).

In this study, data are presented which identify the O1 an-
tigen as the receptor for phage K139. Furthermore, we de-
scribe the isolation of spontaneous phage K139-resistant O1 El
Tor strains with altered LPS patterns. For two of the isolates,
it is shown that transposition of element IS1004 is responsible
for the selective loss of the O1 side chain. In addition, we
describe a clinical isolate of O1 El Tor Ogawa with an altered
O1 antigen synthesis, leading to phage resistance, and an im-
paired colonization phenotype.

MATERIALS AND METHODS

Bacterial strains and media. V. cholerae strains used in this study are listed in
Table 1. Escherichia coli strain LE392 (F2 supF supE hsdR galK trpR metB lacY
tonA) (41) was used as the recipient strain for the construction of plasmids
pJNwbeW and pJNmanB. All strains were grown in Luria-Bertani (LB) broth at
37°C. Antibiotics were used to select for V. cholerae and E. coli at the following
concentrations: kanamycin, 50 mg/ml; chloramphenicol, 2 and 30 mg/ml; ampi-
cillin, 100 mg/ml; and streptomycin, 100 mg/ml.

Oligonucleotides, PCR, and DNA sequencing. All oligonucleotides used for
PCR and DNA sequencing are listed in Table 2. PCR was performed as de-
scribed by Mullis and Faloona (33). DNA sequencing was performed by the
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dideoxy nucleotide chain termination method of Sanger et al. (40), and the
cycling reaction was performed as specified by Amersham Life Sciences. DNA
separation and data collection were performed with the LiCor automatic se-
quencing system (MWG Biotech GmbH, Ebersberg, Germany).

Construction of complementing plasmids. Oligonucleotides manB1 and
manB2 were designed to introduce BamHI and SalI sites at the 59 and 39 ends of
manB. Following PCR amplification, the product was digested with BamHI and
SalI and subsequently ligated into the BamHI- and SalI-digested plasmid
pACYC184 (39). The resulting plasmid (pJNmanB) expresses manB from the tet
promoter. The PCR-amplified fragment obtained from the wbeW1 and O6
primers was digested with PstI and XmnI and ligated into the PstI- and FspI-
digested plasmid pACYC177 (38), resulting in plasmid pJNwbeW, which ex-
presses wbeW under the control of the bla promoter.

Construction of bacterial strains. To construct a V. cholerae strain containing
a mutation in lacZ, plasmid pMD13 (12) was mated by conjugation from E. coli
SM10lpir (31) into V. cholerae P27459-S, with selection for streptomycin and
ampicillin resistance. The resulting strain had a chromosomal insertion caused by
integration of the plasmid through homologous recombination via the internal
lacZ fragment.

Isolation of phage-resistant cells. MAK757 phage-resistant mutants were iso-
lated after cross-streaking against the lytic phage derivative K139.cm9 (34).
Starting with a single colony, phage-resistant cells of strain P27459 (K139 non-
lysogenic; isolated in Bangladesh in 1976) were isolated, diluted in LB broth
(about 10 to 20 cells), and incubated at 37°C. At early, mid-log, and late growth
phases (with optical densities of 0.05, 0.6, and 2), samples were taken and phage
K139.cm9 was added (with a multiplicity of infection from 2 to 10) in Top agar.
The bacterium-phage mixture was then plated on L agar and incubated over-
night. To test for phage sensitivity, colonies were picked, purified, and cross-
streaked against K139.cm9.

Isolation of chromosomal DNA and LPS. To obtain chromosomal DNA and
LPS, we modified the method of Grimberg et al. (15). Five-milliliter overnight
cultures were collected by centrifugation, washed in 1 ml of TNE (10 mM Tris
[pH 8], 10 mM NaCl, 10 mM EDTA), and resuspended in 540 ml of TNEX
(TNE–1% Triton X-100). Sixty microliters of lysozyme (5 mg/ml; Sigma) was
added, and the mixture was incubated for 20 min at 37°C. Prior to phenol
extraction, 30 ml of proteinase K (20 mg/ml; Sigma) was added, and the mixture
was incubated for 2 h at 65°C. The aqueous phase was divided into two halves;
one half was used for the preparation of chromosomal DNA, and 20 ml of the
other half served for analyzing the pattern of the LPS on a 15% polyacrylamide
gel. LPS for the phage neutralization studies (plaque inhibition assays) was
prepared by using the hot phenol-water method of Slauch et al. (42). LPS from
V. cholerae 569B and Salmonella enterica serovar Typhimurium was purchased
from Sigma.

Southern hybridization. Southern blotting was performed according to the
method of Southern (43). Chromosomal DNA was digested with appropriate
restriction enzymes. DNA was fractionated on a 0.7% agarose gel and trans-
ferred to a Hybond N1 membrane (Amersham, Little Chalfont, United King-
dom). Hybridization with horseradish peroxidase-labeled probe and detection of
hybridizing bands was carried out according to the procedure provided by the
manufacturer of the ECL system (Amersham).

SDS-PAGE and Western blotting. LPS was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (27) and either silver
stained as described by Tsai and Frasch (50) or transferred to a nitrocellulose
membrane (49). The membrane was incubated with polyclonal anti-O1 serum
(O1 polyvalent; Difco) and a secondary antibody (anti-rabbit conjugated with
horseradish peroxidase). After incubation with the ECL reagent (Amersham),
the signals were detected.

Serum resistance assay. Normal human serum (NHS) was obtained and
pooled from four healthy lab volunteers who had never been infected with V.
cholerae. Cells were grown to mid-exponential phase in LB broth, washed, and
mixed to a final concentration of either 50% NHS or 50% heat-inactivated NHS
in phosphate-buffered saline (PBS) with 0.1% peptone. After incubation at 37°C
for 1 h, the cells were harvested, washed, and resuspended in PBS–0.1% peptone.
The number of viable cells was determined by serial dilution of samples and
subsequent plating on L agar.

Phage inactivation by LPS (plaque inhibition assay). The phage-neutralizing
capacity of purified LPS was determined by incubating 104 PFU of K139.cm9
with various concentrations of LPS. Experiments were done in 1 ml of LB
broth–10 mM CaCl2 at 37°C for 60 min. Five, 10, and 50 ml of this mixture were
added to 100-ml aliquots of a MAK757 overnight culture in Top agar and plated
on L agar. Plaques were counted after incubation for 6 h at 37°C.

Mouse colonization assays. The infant mouse colonization assay has been
described previously (26). Briefly, strain CO966 (Lac1) was mixed with strain
P27lac (Lac2) and given in a peroral inoculum ratio of approximately 106 CFU
of CO966 to 106 CFU of P27lac to 5- to 6-day-old CD-1 suckling mice. After a
24-h period of colonization, intestinal homogenates were collected and the ratio
of mutant to wild-type colonies was determined by plating dilutions on LB agar
containing streptomycin and X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopy-
ranoside).

Immunogold electron microscopy. Immunogold labeling was performed using
a method adapted from that of Levine et al. (28). Plastic-coated nickel grids were
placed facedown on 40 ml of a PBS-washed bacterial suspension. Excess liquid
was removed and the grids were placed coated-side down on a drop of pread-
sorbed polyclonal anti-Ogawa antiserum (Difco) in PBS–1% bovine serum al-

TABLE 1. V. cholerae strains

Strain Genotype and/or phenotype Serogroup, serotype, biotype Reference Sensitivity to K139.cm9a

AI1838 O139 52 R
MO10 K139 lysogenic O139 52 R
O395 O1, Ogawa, classical 30 R
O395R-1 gmd::Tn5lac, O1 negative 51 R
MAK757 O1, Ogawa, El Tor 30 S
MAKres3 manB::IS1004, O1 negative This study R
P27459 O1, Inaba, El Tor 35 S
P27459-S Spontaneous Smr This study S
P27lacZ lacZ::pMD13 This study S
P27res30 wbeW::IS1004, O1 negative This study R
P27res30rev O1, Inaba, El Tor This study S
P27res144 Short O1 antigen This study R
P27res118 Core defect, O1 negative This study R
P27res29 Core defect, O1 positive This study R
P27res108 This study R
CO966 O1, Ogawa, El Tor J. J. Mekalanos R

a R, resistant; S, sensitive.

TABLE 2. Oligonucleotides used in this study

Primer Sequence (59 to 39)
GenBank

accession no.
or reference

O1 CGCCGACATAAACGAAATCA X59554
O2 ACTTGCTGATTCTTTCCAAC X59554
O3 GGAGACTCCTTACGAAAAAT X59554
O4 ATTGTCTAGGAGCTATTACA X59554
O5 GAGGTAGTAATGAAACATCT X59554
O6 GTGATGAACCACTTCCATGT Y07788
manB1 CGGGATCCTGATGTAGTACGTTTCGAGGa X59554
manB2 TACAGGTCGACCCGCTAGATAAGAACCATCT X59554
manBseq GCCCCGGATATTAGCTTATC X59554
wbeW1 AAAACTGCAGAAAAACACTACACTGGTCGCC X59554
wbeWseq AAAAACACTACACTGGTCGCC X59554
IS1004 CTGCTCTTGCTCAAGCTCTT Z67733
10 ATTGTCATCCCTAAACCACC 6
IS1004seq AAGAGCTTGAGCAAGAGCAG Z67733

a Underlined nucleotides are not exact matches to the sequence and were
introduced to add restriction enzyme sites.
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bumin for 20 min. After thorough washing, the grids were placed on drops of a
solution containing a 12-nm gold-conjugated secondary antibody (diluted 1:10 in
PBS–1% bovine serum albumin; Dianova, Hamburg, Germany). After further
washing, the grids were examined with a Zeiss EM 900 electron microscope using
an accelerating voltage of 50 kV.

RESULTS AND DISCUSSION

Identification of V. cholerae O1 antigen as K139 bacterio-
phage receptor. Earlier results (37) suggested that serogroup
specificity contributes to phage K139 susceptibility. To test this
hypothesis, a plaque inhibition assay was performed as de-
scribed in Materials and Methods. In this assay the lytic phage
K139.cm9, a clear plaque mutant (34), was incubated with LPS
preparations prior to infection with reference strain MAK757.
The plaque number decreased when phages were titrated out
or were inactivated by LPS fractions. As shown in Fig. 1A,
purified O1 LPS of strain 569B, in the range between 1 and 100
mg/ml, produced a significant reduction in plaque formation,
indicating that interaction between O1 LPS and phage K139
takes place.

To verify that the O1 antigen alone, not the core oligosac-
charides or both, served as the receptor, phage adsorption to
other types of LPS was investigated. For these experiments,
LPS was extracted from several strains (Fig. 1B), including
different serogroups (O1 and O139), serotypes (Inaba and
Ogawa), and biotypes (classical and El Tor) and a mutant
strain lacking the O1 antigen (O395R-1) (51). For the plaque
inhibition assays, 10 and 100 mg of LPS per ml was used, and
both concentrations were sufficient to inactivate the phage
(Fig. 1A). For a negative control we used purified LPS from
Salmonella serovar Typhimurium. As shown in Fig. 1B, only
LPS with the O1 antigen, regardless of the serotype or biotype,
was able to inhibit the plaque formation of K139.cm9. This
reveals that the phage specificity is determined by the O1
antigen and that the terminal methylation of the perosamine of
the Ogawa serotype is not recognized. The LPS of the K139
donor strain O139 (MO10) was also not capable of inhibiting
plaque formation (Fig. 1B, lane 7). This suggests that this O139
isolate was probably derived from a former O1 El Tor K139
lysogenic isolate. This is in agreement with the finding of sev-
eral investigators, who presented evidence that O139 strains
developed out of O1 El Tor strains by exchange in the O
antigen biosynthetic gene cluster (4, 5, 10, 48). It is also pos-

sible but less likely that the K139 phage genome could have
been transferred into O139 strains by another horizontal trans-
fer event, e.g., by another generalized transducing phage or by
in trans conjugation.

Characterizing phage K139-resistant El Tor V. cholerae iso-
lates. The identity of the phage receptor and the ability to use
highly lytic phage derivative K139.cm9 prompted us to inves-
tigate spontaneous phage-resistant mutants. The clinical O1 El
Tor isolate P27459 was chosen for these experiments. We
started with a single culture inoculated with about 10 to 20 cells
and collected phage-resistant mutants at different time points
during culture (see Materials and Methods). For further anal-
ysis, 100 colonies were picked and purified. These isolates were
then grouped into five types according to their LPS patterns on
silver-stained polyacrylamide gels. Cross-streak and Southern
blot analysis confirmed all isolates to be phage resistant and
nonlysogenic (data not shown). In Fig. 2, representative iso-
lates are shown by their LPS patterns in SDS-PAGE and West-
ern blot analysis. Mutants were classified into five groups ac-
cording to their LPS features as follows: group a, loss of the O1
antigen; group b, altered O1 antigen (the O antigen of this
isolate migrates faster in a polyacrylamide gel than the wild-
type O1 antigen and is only weakly exposed by silver staining,
which correlates with attenuated O1 antibody recognition);
group c, lack of O1 antigen as well as a defect in the core
oligosaccharide; group d, altered core oligosaccharide struc-
ture with intact O1 antigen; and group e, no visible differences
in the LPS pattern compared to the wild type. In summary,
among the mutants isolated we found that the most abundant
mutants were from group a, whereas mutants from groups b to
e were quite rare. This observation indicates that several dif-
ferent mutations were generated; however, some of them
could have had clonal origins, especially if mutations occurred
early in the growth culture.

Next, we examined whether phage resistance was caused by
a lack of receptor binding or because of a defect in one of the
later steps of infection. We purified LPS (types a, b, d, and e)
and used it in plaque inhibition analysis. As expected, the
phage could not be inactivated with LPS lacking O1 antigen
(Fig. 2A, lane a). There was only limited interaction between
type b LPS and the phage, indicating that the specific receptor
recognition site is absent. LPS of types d and e was able to
produce significant plaque inhibition (Fig. 2). We assume that

FIG. 1. (A) Inactivation of bacteriophage K139.cm9 with purified LPS derived from V. cholerae O1 classical Inaba strain 569B (Sigma). The inhibition data represent
the means 6 the standard errors of three independent experiments. (B) SDS-PAGE pattern of purified LPS after silver staining. Strains used for LPS preparation for
lanes were as follows: 1, 569B; 2, O395; 3, O395R-1; 4, MAK757; 5, P27459; 6, AI1838; 7, MO10; 8, Salmonella serovar Typhimurium. The inactivation of phage
K139.cm9 was determined in plaque inhibition assays and is indicated as a percentage (mean values of at least two independent experiments); the first and second values
in each set were obtained using 10 and 100 mg of purified LPS per ml, respectively.
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type d mutants had gained a mutation(s) in the core region,
altering the integrity of the outer membrane, which might be
deleterious to secondary phage infection processes. Type e
LPS is apparently not affected by the LPS structure and pos-
sibly represents a class of phage-resistant mutations which are
not associated with LPS synthesis. Alternatively, an outer
membrane or associated protein which is crucial for outer
membrane integrity or secondary phage infection steps might
be mutated.

Identification of IS1004 insertions in the rfb gene cluster
and selection of O1-positive revertant strains. To learn more
about the nature of the spontaneous mutations, we analyzed
the LPS mutants, focusing on those mutants that had lost the
ability to synthesize the O1 antigen. To search for DNA alter-
ations in the characterized rfb region (45), AvaI- and SacI-
digested chromosomal DNA from 45 isolates of group a were
analyzed by Southern hybridization using PCR-generated frag-
ments which covered most of the rfb region (Fig. 3A). The
isolate P27res30 showed a different restriction fragment pat-
tern from that of the wild-type strain by hybridization with
probe C (data not shown). PCR analysis of this strain with
oligonucleotides O5 and O6 (Fig. 3A) and subsequent diges-
tion with a combination of SacI and BssHI confirmed a frag-
ment shift of about 600 bp linked with wbeW (data not shown).
DNA sequence determination by utilizing a specific sequenc-
ing oligonucleotide (wbewseq) (Table 2) and the O5- and O6-
amplified PCR fragment revealed an IS1004 insertion into
wbeW at bp 25 of the encoding gene (Fig. 3A and E).

Similar investigations were performed with four strains from
another pool of K139.cm9-resistant isolates of O1 El Tor
Ogawa strain MAK757. The isolate MAKres3 showed an
IS1004 insertion in the gene manB at bp 1194. The function of
the proteins encoded by manB and wbeW were predicted by
homology analysis. ManB appears to be involved in the bio-
synthesis of perosamine (46), and WbeW is likely to encode a
glycosyltransferase (13). For both genes, mutations which re-
sulted in a defective O1 antigen biosynthesis were character-
ized (13, 20).

To confirm that the phenotypes (phage resistance, loss of the
O1 antigen) of P27res30 and MAKres3 are due to the IS1004
insertions in these particular genes, we constructed plasmids
containing either wbeW or manB. Both plasmids could com-
plement the mutations in trans, resulting in strains
MAKres3(pJNmanB) and P27res30(pJNwbeW), which are
phage sensitive and able to express the O1 antigen (Fig. 3C).

In a further characterization, we tested strain P27res30
(wbeW::IS1004) for its ability to switch back to intact LPS
production. Since O1-negative V. cholerae cells show a signif-
icantly increased serum sensitivity (8, 51), we treated strain
P27res30 with 50% NHS (see Materials and Methods). Ap-
proximately 108 cells were used in each assay, and the surviving
cells (about 2.3 3 1024% 6 2.5 3 1024%) from four indepen-
dent assays were tested for phage K139.cm9 sensitivity. It was
found that 23 of 76 analyzed surviving cells showed a phage-
sensitive phenotype. The wbeW loci of eight isolates were char-
acterized by Southern blot analysis, which confirmed that the
isolates had lost IS1004 in wbeW (data not shown). Analysis of
the LPS patterns by SDS-PAGE and silver staining revealed
that all revertants had restored O1 antigen biosynthesis (data
not shown). The Southern blot analysis failed to detect the
mutations of the other spontaneous O1-negative mutants.
Such mutations could be caused by various events, such as base
pair substitutions or frameshift mutations.

IS1004 transposition. IS1004 (V. cholerae) is grouped to-
gether in a family with IS605 (Helicobacter pylori) and IS200
(Salmonella serovar Typhimurium, Shigella spp., Clostridium
spp., and Streptococcus pneumoniae) (29). For V. cholerae, the
IS1004 element has been exclusively described as an epidemi-
ological marker in molecular typing (6, 7). It was reported that
El Tor strains contain 5 to 6 copies (6) and classical strain 569B
contains 10 copies (7). To obtain additional information about
the role of IS1004 transposition, the distribution of IS1004
copies was determined in the chromosome of the wild-type
strain, the wbeW::IS1004 and manB::IS1004 mutants, and one
revertant. We performed Southern hybridization according to
the method of Bik et al. (6) and used chromosomal DNA,

FIG. 2. (A) Analysis of LPS from parent and mutant strains. Lanes a to e represent LPS patterns of phage-resistant P27459 mutants and lane f represents the LPS
pattern of the clinical isolate CO966. LPS was prepared from strains P27459 (wt), P27res30 (a), P27res118 (b), P27res29 (c), P27res144 (d), P27res108 (e), and CO966
(f). The inactivation of phage K139.cm9 was determined in plaque inhibition assays and is indicated as a percentage; the first and second values in each set were obtained
using 10 and 100 mg of purified LPS per ml, respectively. n.d., not done. (B) Western blot analysis using a polyclonal antiserum against O1 LPS (O1 common; Difco)
corresponding to the samples from panel A. The molecular size standard is indicated in kilodaltons according to the Kaleidoscope polypeptide standard (Bio-Rad).
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which was digested with HpaII, and an IS1004-specific DNA
hybridization probe. The results showed that the wild-type
strain P27459 harbors five copies of IS1004 (Fig. 3B, lane 1)
and MAK757 harbors four copies (Fig. 3D, lane 6). The IS1004

insertion mutants contained one additional copy (Fig. 3B, lane
2, and D, lane 7), whereas the wbeW::IS1004 revertant showed
the same pattern as the wild-type strain (Fig. 3B, lane 5) (also
observed for seven other revertants [data not shown]). Rehy-

FIG. 3. (A) The rfb region of V. cholerae O1. The representation is based on the sequences submitted to GenBank (see text) and of Stroeher et al. (45) and Bik
et al. (4). The transcriptional directions are indicated by arrows. Probes A to C, used for Southern hybridization, are indicated by horizontal lines. The scales are
indicated in kilobases. A, AvaI; S, SacI; O1 to O6, primers used to amplify the probes. (B) Southern blot analysis of HpaII-digested chromosomal DNA with IS1004-
and wbeW-specific DNA probes. Lanes 1, P27459; lanes 2, P27res30; lanes 3, P27res30(pACYC177); lanes 4, P27res30(pJNwbeW); lanes 5, P27res30rev. The additional
band that hybridizes with the wbeW probe in P27res30(pJNwbeW) (lane 4) is due to the digestion of the complementing plasmid containing wbeW. (C) LPS pattern
after SDS-PAGE and silver staining (lanes contain samples from the strains listed for panel B. (D) Southern blot analysis of HpaII-digested chromosomal DNA with
IS1004- and manB-specific DNA probes. Lanes 6, MAK757; lanes 7, MAKres3. (E) DNA sequences at sites of IS1004 insertions. PCR fragments amplified by primers
O5 and O6 out of strains P27459 (P27), P27res30, and P27res30rev were sequenced with sequencing primer wbeWseq, and P27res30 was sequenced additionally with
primer IS1004seq (panel A). Sequence analysis of PCR fragments generated with primers manB1 and manB2 out of strains MAK757 and MAKres3 was performed
with manBseq and IS1004seq (MAKres3 only) primers (panel A). Sequences for the other IS1004 insertions have been retrieved from the literature or GenBank.
Possible duplicated AT base pairs at the insertion site are underlined.
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bridization of the same blot with wbeW- or manB-specific
probes confirmed that insertions of IS1004 had taken place in
wbeW and manB (Fig. 3B and D). Additionally, the chromo-
somal DNA of P27459, P27res30, and P27res30rev was di-
gested with the enzymes EcoRI, HindIII, and PstI (restriction
enzymes that do not cut in IS1004) and hybridized with the
IS1004 probe; this study revealed no additional IS1004 copies
(data not shown). The presence of an additional IS1004 frag-
ment in the wbeW::IS1004 and manB::IS1004 mutants implies
that a replication of IS1004 probably occurred during the
course of the transposition process. In the case of the rever-
tant, it seems that precise excision of the IS element took
place. We suggest that this reflects the loss of the element;
however, sometimes Southern blot analysis is not sufficiently
sensitive to determine the exact numbers of insertion se-
quences. Further investigations are necessary to clarify the
transposition mechanism of this IS element.

The data presented in this work strongly suggest that IS1004
is an active mobile genetic element which is able to transpose
in V. cholerae O1 El Tor strains. From the sequence data of five
cloned IS1004 copies and their flanking regions, it was con-
cluded that the IS1004 element comprises 628 bp, with no
terminal inverted repeats and no evidence of target sequence
duplication (6). The sequence data presented here and sum-
marized in Fig. 3E revealed that the first 6 bp on the left end
of the published sequence (6) (GenBank accession no.
Z67733) are not IS1004 specific. We hypothesized that the left
end of the IS element starts with TGTCAT. Comparing all
published IS1004 flanking sequences with our sequence data
(Fig. 3E), we concluded that this insertion element inserts
preferentially into AT-rich sequences. Furthermore, it seems
that insertion is favored if 59-TTTAT or 59-TTCAT sequences
are present. This specificity may result from initial recognition
of the potentially bent feature of the AT-rich DNA; this mech-
anism is also predicted for other IS elements, including IS200
and IS605 (3, 14, 24). In addition, most of the flanking se-
quences at the site of IS1004 insertion show two AT pairs, one
at each side of the element (Fig. 3E), revealing that insertion
caused a 2-bp duplication. The absence of AT in the left
flanking site of IS1004D does not invalidate the hypothesis of
duplication upon insertion, because events subsequent to in-
sertion could lead to a different flanking end.

Clinical O1 El Tor V. cholerae isolates with LPS alterations.
To test whether the approach of screening for phage resistance
coupled with LPS analysis could allow the identification of
natural V. cholerae cells with altered LPS, we investigated some
clinical isolates. First, cross-streaking led to the identification
of phage-resistant strains. Second, these strains were analyzed
for phage K139 lysogeny, and the LPS patterns of nonlysogenic
strains were further investigated by SDS-PAGE. As a result,
one O1 Ogawa strain (CO966; isolated in India in 1994) was
identified which showed a decreased amount of O1 antigen. To
detect the O antigen of strain CO966 on a silver-stained poly-
acrylamide gel, it was necessary to load more LPS (Fig. 2, lane
f; note the altered proportion of O antigen to lipid A plus core
between this LPS and the wild-type LPS [lane wt]). This ob-
servation was confirmed by the specific detection of O1 antigen
on whole cells with immunogold-conjugated antibodies, as an-
alyzed by electron microscopy (Fig. 4). To our knowledge, this
phenotype has not been described previously for V. cholerae.
Since LPS is a known virulence factor which participates in the
colonization process of V. cholerae (1, 9, 20, 51), this isolate
was further investigated in perorally infected CD-1 suckling
mice. It was found that the colonization behavior of CO966
was significantly attenuated, with a competition index of 0.0312
(n 5 7, P , 0.01 by Student’s two-tailed t test), compared to
reference strain P27459. These results suggest that the low
levels of O1 expression on CO966 may lead to lower levels of
intestinal colonization. However, strains P27459 and CO966
are not isogenic; therefore, it is also likely that other strain
characteristics could contribute to the attenuated colonization
phenotype of CO966.

In conclusion, we have provided data for the specificity of
the host receptor for Vibrio phage K139, identified as the O1
antigen. Applying hypervirulent phage K139.cm9 to O1 El Tor
strains allowed us to identify different phage-resistant mutant
groups which express different LPS mutations. Interestingly,
mutants were isolated which were linked not with the O1
antigen but with the core structure. Such mutants indirectly
implicate the core region of the LPS in secondary phage in-
fection steps. Among the O1 antigen-defective mutants, we
identified IS1004 insertion and subsequent excision events in
O1 biosynthetic genes. These findings demonstrate that IS1004
is a mobile element in V. cholerae and is able to insert into the

FIG. 4. Immunogold detection of O1 antigen. V. cholerae O1 Ogawa strains were stained with anti-Ogawa O1 antiserum and anti-rabbit immunoglobulin-gold
conjugate and visualized as electron-dense particles in electron micrographs. (A) The O antigen is present over the whole cell surface of strain MAK757, including the
LPS-sheathed flagellum. (B) Strain CO966 possesses only a small number of O antigen-containing LPS molecules. (C) No O1 antigen could be detected in the mutant
MAKres3 (manB::IS1004). These results confirmed the LPS analysis by SDS-PAGE and silver staining (Fig. 2A). Bars indicate 0.5 mm.
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rfb region. It should be noted that this element could poten-
tially contribute to rearrangements in and instability of the rfb
gene region, facilitating further O antigen variation.
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