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Salmonella enterica serovar Typhi causes typhoid fever in humans. Central to the pathogenicity of serovar
Typhi is its capacity to invade intestinal epithelial cells. The role of lipopolysaccharide (LPS) in the invasion
process of serovar Typhi is unclear. In this work, we constructed a series of mutants with defined deletions in
genes for the synthesis and polymerization of the O antigen (wbaP, wzy, and wzz) and the assembly of the outer
core (waaK, waaJ, waaI, waaB, and waaG). The abilities of each mutant to associate with and enter HEp-2 cells
and the importance of the O antigen in serum resistance of serovar Typhi were investigated. We demonstrate
here that the presence and proper chain length distribution of the O-antigen polysaccharide are essential for
serum resistance but not for invasion of epithelial cells. In contrast, the outer core oligosaccharide structure
is required for serovar Typhi internalization in HEp-2 cells. We also show that the outer core terminal glucose
residue (Glc II) is necessary for efficient entry of serovar Typhi into epithelial cells. The Glc I residue, when
it becomes terminal due to a polar insertion in the waaB gene affecting the assembly of the remaining outer core
residues, can partially substitute for Glc II to mediate bacterial entry into epithelial cells. Therefore, we
conclude that a terminal glucose in the LPS core is a critical residue for bacterial recognition and internal-
ization by epithelial cells.

Salmonella enterica serovar Typhi causes typhoid fever, a
disease that annually affects more than 21 million people
worldwide and is associated with about 200,000 deaths (7).
Unlike the other serovars of S. enterica, serovar Typhi is re-
stricted exclusively to humans (28, 56). The molecular mech-
anisms specifically involved in the pathogenesis of serovar
Typhi are poorly understood in part due to the lack of an
animal model. Most of the available information arises from
studies using cell lines of human origin and from extrapola-
tions of results obtained with Salmonella enterica serovar Ty-
phimurium, which causes a typhoid-like disease in mice (13,
19). Since serovar Typhimurium causes only gastroenteritis of
limited duration in immunocompetent patients, great care
should be taken in extrapolating data from the mouse model to
human typhoid (61). Moreover, genome sequence compari-
sons between representative serovar Typhi (42) and serovar
Typhimurium (33) strains reveal that despite 97% identity be-
tween housekeeping genes, about 10% of their genes are dif-
ferent and unique to each serovar. These genes are likely to be
involved in determining the differences in host specificity and
pathogenesis between the two serovars (9).

An essential step in the pathogenesis of Salmonella is the
ability of bacteria to penetrate the intestinal epithelium. The
type III secretion system (TTSS) encoded within the Salmo-
nella pathogenicity island 1 is critical for invasion of both
serovars Typhi and Typhimurium into epithelial cells. The ef-

fector proteins injected by the TTSS into the host cells mediate
actin cytoskeleton rearrangements and nuclear responses that
ultimately facilitate entry of Salmonella into epithelial cells (1,
12, 16, 43). The full activation of TTSS requires an environ-
mental signal, usually derived from contact with the host cell
(12). Thus, early interactions of bacteria with epithelial cells
are necessary before invasion can occur. The nature of these
interactions for serovar Typhi is not clear, but it may involve
the expression of adhesins or fimbria.

Multiple fimbrial operons in Salmonella species have been
reported (52, 55). Genomic sequence comparisons and hybrid-
ization analyses revealed that serovar Typhi possesses a unique
repertoire of fimbrial genes (52). Serovar Typhi also carries a
type IV pilus operon, and studies show that wild-type (pil�)
bacteria adhere to and enter intestinal epithelial cells better
than the isogenic pil mutant (63). However, the nonpiliated
mutant strain retains up to 25% of the invasion ability of the
wild type, suggesting that other adhesin or adhesins are re-
quired to mediate serovar Typhi attachment to and/or entry
into intestinal epithelial cells (63). Adherence and/or invasion
of serovar Typhi but not of serovar Typhimurium was inhibited
by soluble pre-PilS protein, suggesting that these two serovars
enter intestinal epithelial cells by different mechanisms (63).
Indeed, serovar Typhi but not serovar Typhimurium employs
the cystic fibrosis transmembrane conductance regulator (CFTR)
as a receptor to facilitate the invasion of intestinal epithelial
cells (44).

Various studies have identified other surface determinants
required for invasion of epithelial cells by Salmonella. For
example, flagella and intact motility are necessary for entry of
serovar Typhimurium (21, 22, 26) and serovar Typhi (29) into
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cultured epithelial cells. However, the role of motility appears
to be different in the two species. In serovar Typhimurium,
motility would merely facilitate contact of the bacteria with the
cell (20), whereas in serovar Typhi, motility and entry appear
to be functionally linked (29).

Lipopolysaccharide (LPS) has also been implicated in the
adherence and/or invasion of epithelial cells (17, 50). LPS, a
major component of the outer membrane of gram-negative
bacteria, consists of lipid A, core oligosaccharide, and in many
bacteria O-antigen polysaccharide (46). Early reports demon-
strated that colonization of the mouse intestine is impaired in
LPS-defective mutants of serovar Typhimurium (40) and that
mutants lacking O antigen are attenuated in mice (34). Not
only the presence but also the proper distribution of the O-
antigen chain length is required for the full virulence of serovar
Typhimurium (38). However, O antigen is not required for
invasion of epithelial cells in vitro (23).

In serovar Typhi, the role of the O antigen in the invasion
process is unclear. An early report indicated that O-antigen-
defective mutants of serovar Typhi are unable to adhere to and
invade HeLa cells (37), but more recently it has been suggested
that the bacterial ligand for the receptor in intestinal epithelial
cells is located on or near the outer core oligosaccharide (31).
The experiments carried out in these studies were performed
using chemical or transposon mutants isolated by screening for
the loss of O antigen after random mutagenesis. Therefore,
many of these mutants lack genetic definition, and a relation
between invasion and the presence of O antigen has not been
directly confirmed.

In this work, we have investigated the role of LPS compo-
nents in the invasion of serovar Typhi into epithelial cells using
a series of mutants with defined deletions of genes for the
synthesis and polymerization of the O antigen and the assem-
bly of the outer core. Our results indicate that the presence and
proper chain length distribution of the O antigen are not es-
sential for invasion of epithelial cells but are absolutely re-
quired for serum resistance. We also demonstrate that the
outer core terminal glucose residue is necessary for efficient
entry of serovar Typhi into epithelial cells.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. Table 1 summa-
rizes the properties of the bacterial strains and plasmids used in this study.
Bacteria were grown in Luria-Bertani medium (LB) (10 g/liter Bacto tryptone,
5 g/liter Bacto yeast extract, 5 g/liter NaCl). Solid medium contained 1.5%
(wt/vol) agar. Ampicillin (100 �g/ml), kanamycin (50 �g/ml), chloramphenicol
(20 �g/ml), and novobiocin (25 �g/ml) were added when appropriate.

Mutagenesis of the LPS biosynthesis genes from serovar Typhi. Mutagenesis
was performed by the method of Datsenko and Wanner (8) to create chromo-
somal mutations by homologous recombination using PCR products. To disrupt
the LPS biosynthesis genes, serovar Typhi Ty2 cells were first transformed with
the thermosensitive plasmid pKD46, which expresses the � Red recombinase
system. These cells were transformed with PCR products that were generated
using plasmids pKD3 and pKD4 as templates, which contain FRT-flanked kana-
mycin resistance (aph) or chloramphenicol resistance (cat) genes, respectively.
Each primer pair also carried 25 bases that were homologous to the edge of the
gene targeted for disruption. The sequences of the oligonucleotide primers used
in this study are available on request. In the presence of the Red recombinase
system, the integration of the amplicons resulted in the targeted replacement of
the wild-type gene by the antibiotic resistance cassette. The Kanr and Cmr

transformants were replica plated in the absence of antibiotic selection at 42°C
and finally assayed for ampicillin sensitivity to confirm the loss of pKD46. To ob-
tain nonpolar deletion mutants, the antibiotic resistance gene was removed by

transforming the gene replacement mutants with pCP20, which encodes the FLP
recombinase (5). Transformants were plated on LB agar plates containing am-
picillin and kanamycin or ampicillin and chloramphenicol at 37°C. Individual
colonies were replica plated on LB agar plates, LB agar plates containing am-
picillin, and LB agar plates containing kanamycin or chloramphenicol. The plates
were incubated at 42°C. Transformants that had lost the resistance gene (aph or
cat) and plasmid pCP20 were selected as those colonies that were able to grow
only on LB agar plates. Correct insertional gene replacements and the deletion
of the antibiotic gene cassettes were confirmed by PCR analysis.

To complement the mutations, the intact gene was amplified from the chro-
mosome by PCR, cloned into pGEM-T, and electroporated into the correspond-
ing mutant. The sequences of the oligonucleotide primers used are available on
request.

Adhesion and invasion assays. HEp-2 cells were grown in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 5% fetal calf serum (FCS).
Monolayers for infection were prepared by seeding 8 � 104 cells into each
well of a 48-multiwell plate and incubating at 37°C for 20 h in 5% CO2 and
95% air. Bacteria were grown aerobically to an optical density at 600 nm of
0.7, washed twice with phosphate-buffered saline (PBS), suspended in
DMEM-FCS (100 �l), and added to confluent HEp-2 cells at a multiplicity of
infection of approximately 50. Adhesion assays were performed by allowing
bacteria to adhere at 4°C for 1 h, and then each well was rinsed three times
with 100 �l of ice-cold PBS. Adherent bacteria were released by incubation with
100 �l of sodium deoxycholate (0.5% in PBS) for 10 min. LB (900 �l) was then
added, and each sample was vigorously mixed. Adherent bacteria were quantified
by plating for CFU on LB agar plates. Adhesion was calculated as follows:
percent adhesion � 100 � (number of cell-associated bacteria/initial number of
bacteria added). For invasion assays, HEp-2 cells were infected as described
above, but bacteria were incubated with the monolayers at 37°C for 1 h. Then,
cells were washed three times with prewarmed PBS and incubated for an addi-
tional 2 h in DMEM-FCS containing gentamicin (250 �g/ml) to kill extracellular
bacteria. Cells were then washed three times with PBS and lysed with sodium
deoxycholate (0.5% in PBS). Intracellular bacteria were diluted and plated on
LB agar plates. In agreement with a previous report (35), no multiplication of
bacteria occurred during the course of the assay. Invasion was calculated as
follows: percent invasion � 100 � (number of bacteria resistant to gentamicin/
initial number of bacteria added). Data were calculated from at least three
independent experiments performed in triplicate and are expressed as means �
standard errors. The statistical significance of differences in the data was

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant propertiesa Source or
reference

S. enterica serovar
Typhi strains

Ty2 Wild type ISP b

M985 Ty2 �wzz This study
M1224 Ty2 �wzy This study
MSS1 Ty2 �wbaP::cat Cmr 49
M8 Ty2 �rfaH::cat Cmr 47
M115 Ty2 �waaK This study
M102 Ty2 �waaJ This study
M1015 Ty2 �waaI This study
M109 Ty2 �waaB This study
M108 Ty2 �waaB::aph Kanr This study
M113 Ty2 �waaG This study

Plasmids
pKD46 bla PBAD gam bet exo pSC101 oriTS 8
pKD3 bla FRT cat FRT PS1 PS2 oriR6K 8
pKD4 bla FRT aph FRT PS1 PS2 oriR6K 8
pCP20 bla cat cI857 �PR flp pSC101 oriTS 5
pGEM-T Easy TA cloning vector Promega
pJC102 waaJ cloned into pGEM-T Easy This study
pJC1015 waaI cloned into pGEM-T Easy This study
pJC109 waaB cloned into pGEM-T Easy This study
pJC113 waaG cloned into pGEM-T Easy This study

a Cmr, chloramphenicol resistant; Kanr, kanamycin resistant.
b ISP, Institute of Public Health, Santiago, Chile.
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determined using the one-way analysis of variance (ANOVA) test and the
Tukey post test.

LPS analysis. Culture samples were adjusted to an optical density at 600 nm
of 2.0 in a final volume of 100 �l. Then, proteinase K-digested whole-cell lysates
were prepared as described previously (15), and LPS was separated on 14%
acrylamide gels using a Tricine-sodium dodecyl sulfate (SDS) buffer system (27).
Gel loadings were normalized so that each sample represented the same number
of cells. Gels were silver stained by a modification of the procedure of Tsai and
Frasch (53). LPS electrophoretic profiles in all samples were quantified by
densitometric analysis with the UN-SCAN-IT gel software (Silk Scientific).

Motility assays. Phenotypic assays for swimming motility were performed as
described by Bengoechea et al. (2). Briefly, 2 �l of an overnight culture was
stabbed into the center of a plate containing 20 ml of soft agar (0.3% agar and
1% tryptone). Plates were analyzed after 24 h of incubation at 37°C, and the halo
that migrated from the inoculation point for each strain was measured in cen-
timeters. Experiments were run in duplicate in three independent occasions.
Data are expressed as means � standard errors. The statistical significance of
differences in the data was determined using the one-way ANOVA test and the
Tukey post test.

Serum resistance. Serum bactericidal activity was determined as described by
Bengoechea et al. (2). Human serum samples containing no antibodies against
Salmonella group D1 (provided by the blood bank of the University of Chile
Clinical Hospital) were divided into small aliquots and stored at �70°C until use.
An overnight bacterial culture was diluted in PBS to 104 CFU/ml, and 20 �l of
the dilution was mixed with 20 �l of 20% serum and incubated at 37°C for 0, 5,
10, 20, 30, and 60 min. Complement function was stopped by the addition of 60
�l of brain heart infusion broth. Tubes were kept on ice until the full contents of
each tube were plated onto LB agar plates to determine the number of viable
bacteria. The same experiments were carried out using serum inactivated at 56°C
for 30 min. Resistance to serum was calculated as percent survival, taking the
bacterial counts obtained with heat-inactivated serum as 100%. Each experiment
was carried out in duplicate in three independent assays. Data are expressed as
means � standard errors. The statistical significance of differences in the data
was determined using the one-way ANOVA test and the Tukey post test.

RESULTS

Construction of serovar Typhi strains with chromosomal
LPS synthesis gene mutations. Defined mutations in various
O-antigen and core oligosaccharide synthesis genes of serovar
Typhi strain Ty2 were constructed to dissect the LPS compo-
nents contributing to invasion of epithelial cells. Mutagenesis
was carried out by the one-step PCR method of Datsenko and
Wanner (8) as described above in Materials and Methods,
which allowed us to obtain defined, nonpolar deletions of each
targeted gene. Furthermore, nonpolar deletions of the O-
antigen modal chain regulator wzz gene (strain M985) and the
O-antigen polymerase wzy gene (strain M1224) were obtained.
We also constructed a mutant strain with a deletion in the wbaP
gene (strain MSS1), which encodes WbaP, the enzyme that ini-
tiates O-antigen synthesis in serovar Typhi by catalyzing the trans-
fer of galactosyl-1-phosphate from UDP-galactose to undeca-
prenyl-phosphate (49, 57). In addition, we included in this study
strain M8, which carries a deletion in the rfaH gene. RfaH is a
transcriptional antiterminator that regulates the expression of the
O-antigen and core operons in enterobacteria (10, 32, 45, 58). In
previous work, we demonstrated that wild-type expression of LPS
in serovar Typhi requires RfaH (47). Figure 1 shows the LPS
patterns of the wild-type Ty2 strain and the O-antigen mutants.
Strain M985 (�wzz) produced O-antigen chains of random
length, whereas strain M1224 (�wzy) showed a semirough phe-
notype with a very prominent band of the core substituted with
one O-antigen unit. The mutant in which the wbaP gene was
disrupted (strain MSS1) did not express O antigen but produced
a complete core, while mutant M8 produced LPS with an incom-
plete core region.

To our knowledge, the structure of the LPS core from ser-
ovar Typhi has not been elucidated. The genes for the biosyn-
thesis of the core oligosaccharide are in the waa gene cluster.
A comparison of the sequences of the waa genes in serovar
Typhi Ty2 with those of serovar Typhimurium LT2 revealed
99% identity and the same gene organization. The high level of
sequence conservation and the identical gene organization
(Fig. 2A) strongly support the notion that the LPS core struc-
tures in both serovars are identical, as depicted in Fig. 2B. We
constructed precise, nonpolar deletions in the genes waaK
(strain M115), waaJ (strain M102), waaI (strain M1015), waaB
(strain M109), and waaG (strain M113). Analysis of the LPS
profiles of these mutants revealed that strain M115 (�waaK)
produced a core region that migrated slightly faster than that
of the wbaP mutant that synthesizes a complete core (Fig. 2C).
This is consistent with the lack of the GlcNAc residue in the
outer core (Fig. 2B). Because this GlcNAc residue is essential
for the recognition of core oligosaccharide acceptor by the
O-antigen ligase WaaL (14), the �waaK mutant does not ex-
press O antigen. Deletion of waaJ and waaI genes resulted in
additional truncations of the core LPS region (Fig. 2C). The
waaJ gene product adds the outer core terminal glucose resi-
due (Glc II), while the waaI product adds the Gal I residue to
the outer core (Fig. 2B). Mutant M109, which is due to a
deletion of the waaB gene lacks the Gal II residue in the
outer core, showed a heterogeneous core region. The major

FIG. 1. Analysis of LPS from serovar Typhi strain Ty2 and O-
antigen mutants. LPS samples from equal numbers of bacterial cells
(1 � 107 CFU) were loaded in each lane and were analyzed by Tricine/
SDS-polyacrylamide gel electrophoresis on a 14% acrylamide gel fol-
lowed by silver staining. The strains are Ty2 (wild type [wt]), M985
(Ty2 �wzz), M1224 (Ty2 �wzy), MSS1 (Ty2 �wbaP::cat), and M8 (Ty2
�rfaH::cat).
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LPS band migrated slightly faster than the core band ob-
served in the �waaI mutant. In addition, minor LPS bands,
which migrated as though they have larger cores as well as
complete LPS molecules containing O antigen were ob-
served (Fig. 2C). This phenotype is consistent with previous
work conducted in serovar Typhimurium, which demon-
strated that the waaI gene product cannot efficiently add Gal
I in the absence of the branch galactose, and as a conse-
quence, the majority of the LPS molecules contain only Glc
I. However, the requirement of WaaI for the branch galac-
tose is not absolute, and thus, the waaB mutant has a small

proportion of complete core molecules, which can be sub-
stituted with O antigen (60). In contrast, strain M108, which
carries an insertion of an aph cassette in waaB, produced a
fast-migrating truncated core (Fig. 2C). We constructed this
mutant because the insertion of the antibiotic resistance gene
causes a polar effect on the expression of the genes located down-
stream in the operon, and thus, this mutant has a LPS structure
that contains only the Glc I residue of the outer core (Fig. 2B).
Finally, deletion of waaG (strain M113) resulted in major trun-
cation of the LPS core. Accordingly, this strain synthesized only
the inner core region (Fig. 2C).

FIG. 2. (A) Genetic organization of genes for core biosynthesis in serovar Typhi. The targets of the mutations obtained in this study are shown
in gray. (B) Proposed structures of the inner core, outer core, and O antigen of serovar Typhi. Kdo, 3-deoxy-D-manno-octulosonic acid.
(C) Analysis of LPS from serovar Typhi strain Ty2 and core mutants. LPS samples from equal numbers of bacterial cells (2.5 � 107 CFU) were
loaded in each lane and were analyzed by Tricine/SDS-polyacrylamide gel electrophoresis on a 14% acrylamide gel followed by silver staining. The
strains are Ty2 (wild type [wt]), MSS1 (Ty2 �wbaP::cat), M115 (Ty2 �waaK), M102 (Ty2 �waaJ), M1015 (Ty2 �waaI), M109 (Ty2 �waaB), M108
(Ty2 �waaB::aph), and M113 (Ty2 �waaG).
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The O antigen does not play a direct role in the invasion of
epithelial cells by serovar Typhi. To address the role of the O
antigen in the entry of serovar Typhi into epithelial cells, we
compared the abilities of mutants and the wild-type Ty2 to
invade HEp-2 cells in vitro. The invasion levels of strains M985
(�wzz) and M1224 (�wzy) were similar to that of the wild type
(Fig. 3), suggesting that neither the length of O antigen nor the
proper modal distribution of O-antigen chains plays a direct
role in invasion of epithelial cells. Consistent with this conclu-
sion, the invasion level of strain MSS1 (�wbaP::cat), which
produces a complete lipid A-core and lacks O antigen, was not
significantly different from that of the wild type (Fig. 3). In
contrast, the rfaH mutant M8, which produces an incomplete
core, displayed a 10-fold reduction (P 	 0.05) in invasion level
compared to those of the wild type and the O-antigen mutant
strains (Fig. 3). Together, these results suggest that the outer
core region, but not the O antigen, is required for entry of
serovar Typhi into epithelial cells.

The terminal glucose residue of the outer core is necessary
for efficient entry of serovar Typhi into epithelial cells. Results
from a previous study (31) suggested that the serovar Typhi
LPS core mediates the internalization of bacteria by epithelial
cells. Our findings described in the above section are in support
of this hypothesis. To define more precisely the ligand respon-
sible for interaction with the HEp-2 cells, we assessed the
ability of core LPS-defective mutants to enter HEp-2 cells. The
results indicated that deletions in waaG, waaI, and waaJ
(strains M113, M1015, and M102, respectively) abrogated the
ability of serovar Typhi to enter epithelial cells (Fig. 4). All
these strains synthesize truncated outer core regions (Fig. 2C).
On the contrary, strain M115 (�waaK), which lacks a terminal
GlcNAc residue, invaded epithelial cells as efficiently as the
wild-type strain, indicating that this branching residue is not

needed for entry. Strain M109 (�waaB) showed a reproducibly
lower invasive capacity than the wild type, but the difference
was not statistically significant. This mutant produces a hetero-
geneous core region (Fig. 2C), which contains some complete
molecules that lack the Gal II residue but can attach O antigen,
and a major fraction of truncated core molecules that contain
only the Glc I residue. This heterogeneity may account for the
slightly lower invasion level exhibited by this mutant compared
to that of the wild-type strain.

Strain M108 (�waaB::aph), which produces a core LPS
structure where the Glc I residue is terminal (Fig. 2B), invaded
HEp-2 cells with an efficiency of approximately 8% of that of
the wild-type Ty2 strain. Although this invasion level is signif-
icantly lower than Ty2, it is worth noting that this mutant
consistently invaded HEp-2 cells.

To confirm that the defect in invasion exhibited by mutants
M102, M1015, M109, and M113 is indeed due to the deletion
of the corresponding gene, each of the intact genes (waaJ,
waaI, waaB, and waaG, respectively) was cloned into pGEM-T
and transformed into the appropriate mutant. Analysis of LPS
revealed that introduction of the intact gene restored the mu-
tants’ ability to synthesize a complete core and to attach O
antigen (Fig. 5A). However, in all cases a significant amount of
truncated core region was still present. This was probably due
to the high copy number of the cloning vector and high ex-
pression levels. A similar phenomenon has been reported with
other cloned LPS genes, such as wzy, and it was attributed to
limiting pools of rare tRNAs, which impair transcription and
translation of cloned genes containing abundant rare codons in
highly efficient expression vectors (30). We also complemented
strain M108 (�waaB::aph) with the waaB gene. Because the
insertion of the antibiotic resistance gene causes a polar effect

FIG. 3. Invasion of HEp-2 epithelial cells by serovar Typhi Ty2 and
O-antigen mutants. The strains are Ty2 (wild type [wt]), M985 (Ty2
�wzz), M1224 (Ty2 �wzy), MSS1 (Ty2 �wbaP::cat), and M8 (Ty2
�rfaH::cat). Invasion assays were performed in triplicate on at least
three independent occasions. Averages � standard errors (error bars)
are shown. The value that was significantly different from that of the
wild type (P 	 0.05) by the one-way ANOVA test and Tukey posttest
is indicated by an asterisk.

FIG. 4. Invasion of HEp-2 epithelial cells by serovar Typhi Ty2 and
core mutants. The strains are Ty2 (wild type [wt]), M115 (Ty2 �waaK),
M102 (Ty2 �waaJ), M1015 (Ty2 �waaI), M109 (Ty2 �waaB), M108
(Ty2 �waaB::aph), and M113 (Ty2 �waaG). Invasion assays were
performed in triplicate on at least three independent occasions. Aver-
ages � standard errors (error bars) are shown. Values that were
significantly different from that of the wild-type Ty2 strain (P 	 0.05)
by the one-way ANOVA test and Tukey posttest are indicated by
asterisks.
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on the expression of the genes located downstream in the
operon, introduction of waaB did not restore the normal LPS
phenotype (Fig. 5A), as expected. We assessed the ability of
the complemented strains to enter HEp-2 cells and compared
it with the invasion of the respective mutant transformed with
the cloning vector alone. The complemented mutants �waaJ/
pJC102, �waaI/pJC1015, and �waaB/pJC109 showed invasion
levels similar to that of the wild-type Ty2 strain. In contrast,
invasion of �waaB::aph/pJC109 was similar to that of mutant
�waaB::aph complemented with pGEM-T (Fig. 5B). Strain
�waaG/pJC113 did not show better invasion levels than the
mutant alone, but the growth of this strain was seriously im-
paired (data not shown), probably accounting for the defect in
invasion.

Together, our results indicate that the outer core structure
composed of Glc I-Gal I-Glc II is required for optimal entry of
serovar Typhi into epithelial cells. The terminal Glc II residue is
essential for invasion, but Glc I in mutant M108 can partially
substitute for Glc II as the ligand responsible for interaction with
the epithelial cell receptor to mediate entry of serovar Typhi.

Adherence of LPS-defective mutants to epithelial cells. Be-
cause in a previous work it was suggested that the serovar Typhi
O antigen is required for invasion and adherence to epithelial
cells (37), we also investigated the adherence to HEp-2 cells of
the O-antigen-defective mutants M985 (�wzz), M1224 (�wzy),
and MSS1 (�wbaP::cat). As expected, we did not find any signif-

icant differences in the adherence of these mutants compared to
that of the wild-type Ty2 strain (Fig. 6). Therefore, we conclude
that the O antigen is not required either for invasion or adherence
of serovar Typhi to epithelial cells.

We also tested the adhesion properties of the mutants with
core truncations to investigate whether the defects in invasion
capacity of some of these mutants could be due to reduced
bacterial adherence to the epithelial cells. As shown in Fig. 6,
strains M102 (�waaJ), M1015 (�waaI), and M108 (�waaB::aph),
which were invasion defective, displayed no significant differ-
ences in adhesion compared with the invasion-proficient
strains MSS1 (�wbaP::cat), M115 (�waaK), M109 (�waaB),
and the wild-type Ty2. We can conclude from these results that
the differences observed in the invasion capacity of the core
mutants cannot be attributed to defects in adhesion to epithe-
lial cells. The mutants with more truncated LPS core, such as
M8 (�rfaH::cat) and M113 (�waaG), were the only strains with
a significant reduction in adherence.

Motility of LPS-defective mutants and sensitivity to novo-
biocin. Previously, it has been reported that intact motility is
required for the invasion of HeLa cells by serovar Typhi (29).
To test the possibility that the impaired invasiveness exhibited
by mutants M102 (�waaJ), M1015 (�waaI), M113 (�waaG),
M108 (�waaB::aph), and M8 (�rfaH::cat) was due to an altered
motility that could result in an inability to reach the monolayer,
we quantified the migration of the wild type and LPS mutants in

FIG. 5. (A) Analysis of LPS from serovar Typhi Ty2 and complemented core mutants. LPS samples from equal numbers of bacterial cells
(2.5 � 107 CFU) were loaded in each lane and were analyzed by Tricine/SDS-polyacrylamide gel electrophoresis on a 14% acrylamide gel followed
by silver staining. (B) Invasion of HEp-2 epithelial cells by serovar Typhi Ty2 and complemented core mutants. Invasion assays were performed
in triplicate on at least three independent occasions. Values represent invasion of each strain relative to invasion of Ty2/pGEM-T. The strains are
Ty2 (wild type [wt])/pGEM-T, M102 (Ty2 �waaJ)/pGEM-T, M1015 (Ty2 �waaI)/pGEM-T, M109 (Ty2 �waaB)/pGEM-T, M108 (Ty2 �waa
B::aph)/pGEM-T, M102 (Ty2 �waaJ)/pJC102, M1015 (Ty2 �waaI)/pJC1015, M109 (Ty2 �waaB)/pJC109, and M108 (Ty2 �waaB::aph)/pJC109.
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semisolid medium. All the strains were as motile as the wild type,
with the exception of the �waaG mutant M113 (Fig. 7), which
produces an LPS lacking the outer core region. The loss of cell
motility associated with the waaG deletion may be due to the
absence of flagella. A similar phenotype has been well docu-
mented in Escherichia coli K-12, where it has been suggested that
the lack of flagella is due specifically to the absence of Glc I in the
LPS core and not with the LPS truncation (41). This is also in
agreement with the results of Komeda et al. (24), who found that
E. coli galU mutants could not synthesize flagella and exhibited a
decrease in flagellin mRNA. Thus, it may be possible that rather
than a problem in the export or assembly of flagellar structures, a
down-regulation of flagellar genes may be triggered by the change
in LPS.

We assayed the susceptibility of the core-defective mutants to
the hydrophobic antibiotic novobiocin as a means to determine
whether the overall permeability of the outer membrane was
compromised. Strain M113 (�waaG) was unable to grow in LB
containing 25 �g/ml novobiocin. Mutant M8 (�rfaH::cat), which
synthesizes an incomplete core migrating slightly slower than that
of M113, was also sensitive to novobiocin (data not shown).

Together, our results suggest that the low invasive capacity
of the core mutants, except for mutants with more severe core
truncation (M8 and M113), is not attributable to a defect in
motility or to a decreased stability of the outer membrane, but
it is indeed a result of their altered LPS structures.

Serum resistance of LPS-defective mutants. The previous
results suggested that the O antigen has no direct role in
invasion of epithelial cells. However, the presence of O antigen
has been associated with pathogenicity in serovar Typhi-
murium by mediating resistance to complement-mediated se-

rum killing (38, 39). We examined the role of serovar Typhi O
antigen in serum resistance by incubating wild-type Ty2 and
the LPS mutants in 10% human serum at different times dur-
ing a 1-hour period as described in Materials and Methods.
Table 2 shows the percent survival after 10 min of incubation
with serum relative to the survival in heat-inactivated serum.
All the mutants lacking O antigen were highly susceptible to
the serum bactericidal action, with percentages of survival
ranging from 0% to 3.5%. Mutant M985 (�wzz) was more
sensitive than the wild type (approximately 50% survival), in-
dicating that O antigen with a proper distribution of chain
lengths is required for serum resistance. The semirough mu-
tant M1224 (�wzy) was as sensitive as the rough mutants,
suggesting that the presence of high-molecular-weight mole-
cules, rather than the extent to which the core is capped by O
antigen, is crucial for survival in serum. This notion is sup-
ported by the resistance of mutant M109; although it produces
a smaller amount of complete O antigen, it exhibited a survival
level similar to that of the wild-type strain.

DISCUSSION

This study has examined the importance of the LPS O-
antigen and core structures in the ability of serovar Typhi to
enter epithelial cells and to resist the bacteriolytic action of
serum complement. The role of LPS in invasion of epithelial
cells varies in different species of enterobacteria. In Salmo-
nella, the role of the O antigen in invasion of epithelial cells is
dependent on the serotype. Rough mutants of Salmonella
enterica serovar Choleraesuis are defective for entry (11), while
rough mutants of serovar Typhimurium are not (23) and rough

FIG. 7. Motility phenotype of serovar Typhi Ty2 and mutants. Swim-
ming motility on soft agar was performed as described in Materials and
Methods. Bars represent the migration of each mutant relative to the
migration of the wild-type strain. The strains are Ty2 (wild type [wt]),
M985 (Ty2 �wzz), M1224 (Ty2 �wzy), MSS1 (Ty2 �waaP::cat), M8 (Ty2
�rfaH::cat), M115 (Ty2 �waaK), M102 (Ty2 �waaJ), M1015 (Ty2 �waaI),
M109 (Ty2 �waaB), M108 (Ty2 �waaB::aph), and M113 (Ty2 �waaG).
Averages � standard errors (error bars) are shown. Experiments were
performed in duplicate on three independent occasions. The value that is
significantly different from that of the wild-type Ty2 (P 	 0.05) by the
one-way ANOVA test and Tukey posttest is indicated by an asterisk.

FIG. 6. Adherence of serovar Typhi Ty2 and mutants on HEp-2
epithelial cells. The strains are Ty2 (wild type [wt]), M985 (Ty2 �wzz),
M1224 (Ty2 �wzy), MSS1 (Ty2 �waaP::cat), M8 (Ty2 �rfaH::cat),
M115 (Ty2 �waaK), M102 (Ty2 �waaJ), M1015 (Ty2 �waaI), M109
(Ty2 �waaB), M108 (Ty2 �waaB::aph), and M113 (Ty2 �waaG).
Adhesion assays were performed in triplicate on at least three inde-
pendent occasions. Averages � standard errors (error bars) are shown.
Values that are significantly different from that of the wild-type Ty2
(P 	 0.05) by the one-way ANOVA test and Tukey posttest are
indicated by asterisks.
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mutants of serovar Enteritidis are only slightly defective for
entry (51). To our knowledge, only two reports from the liter-
ature have examined the role of LPS on invasion of epithelial
cells by serovar Typhi, and their results were contradictory.
Mroczenski-Wildey et al. (37) observed that rough mutants of
serovar Typhi are unable to adhere to and invade HeLa cells,
but more recently, Lyczak et al. (31) reported that loss of
expression of the LPS O antigen does not affect the effi-
ciency with which serovar Typhi strain Ty2 is internalized by
epithelial cells.

We found that the presence and the length of the O-antigen
chains do not affect invasion of HEp-2 cells, since mutants that
do not synthesize O antigen (�wbaP::cat), that produce only
one O-antigen unit (�wzy), or that have an altered modal chain
distribution (�wzz) can enter epithelial cells as efficiently as the
wild-type strain. Thus, our results agree with previous work
that suggested that the bacterial ligand responsible for inter-
action with the epithelial cells is located on or near the LPS core
(31). However, that study could not clearly define the bacterial
ligand responsible for the interaction with epithelial cells, since
transposon mutants were used in which polar defects could not be
ruled out. Also, none of the mutants previously employed had
defects in the core biosynthesis gene cluster.

The experiments carried out in this work, using defined
mutations in genes for the biosynthesis of the O-antigen and
core regions, allowed us to determine that the terminal glucose
residue of the outer core is necessary for the interaction and
subsequent entry of serovar Typhi into epithelial cells. An
intact core is not required, since mutant �waaK, which cannot
add the GlcNAc substituent, and mutant �waaB, which lacks
the Gal II residue, are able to invade HEp-2 cells. Our results
also indicate that Glc I, when it becomes a terminal residue,
can partially substitute for Glc II as the ligand for interaction
with epithelial cells although with reduced efficiency.

Our findings are consistent with results obtained by Zaidi
et al. (62) indicating that a complete outer core with an ex-
posed terminal glucose residue is necessary for maximal ad-
herence and entry of Pseudomonas aeruginosa into corneal
epithelial cells. Their work was carried out with mutants of
known chemical structure, differing from one another in the
number of sugar residues in the LPS core (6, 18, 25, 48). These
mutants were selected after spontaneous or chemical mutagen-
esis and were genetically undefined, so the impaired invasive-

ness observed by Zaidi et al. (62) in mutants with truncated
cores could be due not only to the LPS defect but also to
unknown secondary mutations. However, their results and
those from this study stress the importance of terminal glucose
residues in the bacterium-epithelial cell interaction.

It is puzzling that the presence of O antigen cannot prevent
interactions with epithelial cells. Moreover, the mutants defec-
tive in O-antigen production did not show an increased inva-
sion, indicating that the absence of O antigen does not repre-
sent an advantage, probably due to sufficient amounts of ligand
already present to interact with epithelial cell receptors. In
support of this notion, densitometry analysis (not shown) of
the gel in Fig. 1 revealed that approximately 40% of the LPS
core in serovar Typhi Ty2 is not capped with O antigen, and
therefore, it is exposed and can interact with epithelial cell
receptors. Alternatively, it is possible that the O antigen in
serovar Typhi has nonstoichiometric substitutions with termi-
nal glucose that could serve as a ligand for invasion. Analysis of
the genome of serovar Typhi Ty2 revealed the presence of
genes for a putative gtr system for the glucosylation of O
antigen, highly similar to gtr genes from Shigella flexneri. It has
recently been reported that glucosylation of Shigella O antigen
promotes invasion of cultured epithelial cells, as well as eva-
sion of innate immunity (59). We constructed a mutant strain
with a deletion in both the gtrA and gtrB genes of serovar Typhi
Ty2 and assayed its ability to enter HEp-2 cells. The mutant
strain did not show any significant reduction in invasion (un-
published results), suggesting that either this putative gtr sys-
tem is not functional in serovar Typhi or the glucosylation of
the O antigen is not relevant to invasion of epithelial cells by
this pathogen.

Our results also demonstrate that, although the LPS core is
required for an efficient entry of serovar Typhi into epithelial
cells, it does not mediate bacterial adhesion. We found that mu-
tants that produce truncated cores (M102, M1015, and M108),
which are invasion defective, displayed no significant differ-
ences in adhesion compared with invasion-proficient strains.
The mutants that were unable to synthesize the outer core (M8
and M113) were defective in both adherence and invasion.
Thus, we suggest that adhesion of serovar Typhi to epithelial
cells, at least in tissue culture, is mediated by one or more
adhesins different than the LPS core. Zhang et al. (63) have
shown that the type IVB pilus expressed by serovar Typhi acts

TABLE 2. Serum resistance of serovar Typhi Ty2 and mutants

Strain Mutation LPS phenotype % Serum resistancea

(10 min)

Ty2 Wild type Normal 55.05 � 3.14
M985 �wzz No modal distribution 27.1 � 6.2
M1224 �wzy Only one O-antigen unit 0.2 � 0.1
MSS1 �wbaP::cat No O antigen; complete outer core 3.5 � 0.56
M8 �rfaH::cat No O antigen; truncated outer core 0 � 0
M115 �waaK No O antigen; truncated outer core 0 � 0
M102 �waaJ No O antigen; truncated outer core 2.74 � 0.37
M1015 �waaI No O antigen; truncated outer core 3.1 � 3.1
M109 �waaB Fewer O-antigen molecules; truncated outer core 77.95 � 4.34
M108 �waaB::aph No O antigen; truncated outer core 0 � 0
M113 �waaG No O antigen; no outer core 0 � 0

a Serum resistance is expressed as percent survival, taking as 100% the bacterial counts obtained with heat-inactivated serum. Each sample was tested at least three
times; the averages and standard errors were calculated from these values.

HOARE ET AL. 

http://iai.asm.org


as an adhesin to mediate bacterium-intestinal cell attachment.
Furthermore, these authors demonstrated that the PilS protein
of the type IVB pili binds to CFTR (54), a human epithelial
cell receptor for serovar Typhi (44), and have proposed that,
after mediating bacterial self-association (36), the pili then act
to attach the bacterial aggregates to the epithelial cell mem-
brane (54). We propose that, after this initial adhesion, the
LPS core would interact with the intestinal cell receptor, prob-
ably CFTR, to facilitate bacterial invasion. It is worth noting
that by using the electron microscope, we visualized fimbrial
appendages in all our mutants, except for the adhesion-defec-
tive strains M8 and M113 (not shown).

Previous work suggested that, upon interaction with epithe-
lial cells, the LPS of serovar Typhi undergoes a phenotypic
alteration that unmasks a ligand present in the LPS outer core
(31). One structural alteration of the LPS observed in that
study was a diminished amount of O-antigen chains. Work
from our laboratory has demonstrated that the production of
serovar Typhi O antigen increases at the onset of stationary
phase and correlates with a growth-regulated expression of the
rfaH gene under the control of the alternative sigma factors
RpoN and RpoS (3, 4). It is tempting to speculate that in the
gut, where the environment is rich in nutrients, the expression
of the O antigen may be down-regulated (as in exponential
phase of growth), facilitating the exposure of the terminal
glucose of the outer core for interaction with epithelial cell
receptor. Thus, a fine regulation of O-antigen expression may
be of advantage at different stages of serovar Typhi infection:
in the intestinal mucosa, a smaller amount of this polysaccha-
ride would be produced to promote invasion, whereas in the
bloodstream and tissues, a larger amount of O antigen would
be required to confer resistance to the bactericidal action of
serum complement.
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