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The ompB operon, comprising the ompR and envZ genes, was cloned from a Salmonella typhi Ty2 cosmid bank
and characterized by DNA sequence analysis. The S. typhi ompR and envZ genes contained open reading frames
encoding proteins of 240 and 451 amino acids, respectively. Comparison with the Salmonella typhimurium
OmpB protein sequences revealed 99.5% homology. The DNA sequence data were used to identify appropriate
restriction sites for generating a defined deletion of 517 bp within the open reading frame of the ompR gene.
This deletion was introduced by homologous recombination into the chromosomes of two S. typhi strains which
already harbored defined deletions in both the aroC and aroD genes. The presence of the deletions within ompR
was confirmed by Southern hybridization and sequencing of the DNA fragments surrounding the deleted
regions by PCR. The S. typhi ompR mutants displayed a marked decrease in OmpC and OmpF porin expression
as demonstrated by examination of outer membrane preparations. It was also found that S. typhi strains
harboring the defined ompR deletions no longer agglutinated with Vi antiserum. However, when a functional
ompB operon was introduced back into the S. typhi ompR mutants, either on a multicopy plasmid or as a
single-copy chromosomal replacement, the Vi+ phenotype was restored. The levels of Vi synthesis were also
found to be sensitive to different concentrations of sodium chloride present in the growth medium, although the
levels of sensitivity varied between different isolates ofS. typhi. It is therefore concluded that the ompR-envZ two
component regulatory system plays an important role in the regulation of Vi polysaccharide synthesis in S.
typhi and that one of the environmental signals for this regulation may be osmolarity.

Advances in molecular genetics have facilitated an increas-
ing understanding of how microbial pathogens survive in the
host and cause disease. Progress has stemmed from the
identification of numerous genes from microbial pathogens
whose products are essential for host colonization and survival,
coupled with the ability to manipulate these genes to introduce
defined deletions back into pathogenic strains. The phenotypic
effects of a mutation on virulence can be determined in
relevant animal or cell culture models. The knowledge gained
is being utilized in the search for new and more effective
prophylactic and therapeutic strategies for the control of
infectious disease. One area under intensive investigation is
the development of a potentially new generation of live
attenuated, genetically defined vaccines. Effort has centered on
the development of effective oral vaccines for enteric patho-
gens such as Salmonella spp. (9, 11, 35), Vibrio cholerae (36,
38), and Shigella spp. (40, 57). Several classes of genes that can
be mutated to construct attenuated derivatives of these bacte-
rial pathogens have been identified. These include genes for
classical virulence determinants such as toxins (36, 45) or
invasins (22), housekeeping genes encoding enzymes whose
products cannot be assimilated from host tissues (19), and,
more recently, regulatory genes that coordinately control the
expression of groups of genes that are required in the host in
response to environmental stimuli (2, 3, 10, 18, 44).

* Corresponding author. Mailing address: Medeva Vaccine Re-
search Unit, Department of Biochemistry, Imperial College of Science,
Technology and Medicine, Exhibition Rd., London SW7 2AY, United
Kingdom.

Attenuation of virulent Salmonella strains can be demon-
strated by evaluating Salmonella typhimurium mutants in the
murine typhoid model (12, 19, 50). Several classes and combi-
nations of mutants of S. typhimurium are attenuated in this
model, including those with mutations in genes encoding key
enzymes in the aromatic biosynthetic pathway (aro mutants
[19]), those with mutations involved in a stress response (htrA
mutants [12, 34]), and those with mutations controlling the
expression of genes in response to environmental stimuli
(ompR mutants [10]). Results from such studies have been
useful in guiding the construction of suitable genetically de-
fined attenuated Salmonella typhi strains that are now under
evaluation as oral typhoid vaccine strains in humans (62). They
have also been useful in gaining an understanding of the
sophisticated gene regulatory systems employed by such patho-
gens during the infection process.

S. typhi causes a severe systemic illness which is communi-
cable via ingestion of contaminated water or food containing
the bacterium. It is an invasive bacterium capable of entering
several types of host cells, including epithelial cells of the ileal
mucosa, macrophages, and other cells and tissues of the
reticuloendothelial system. S. typhi, like other enteric patho-
gens, has to respond quickly to these changing host microen-
vironments encountered in vivo, which will exert different
demands and stresses (i.e., osmolarity, pH, oxygen tension, and
nutrient starvation) on the bacterial cell. Bacteria possess
systems for sensing these external environments, responding by
coordinately controlling the expression of genes whose prod-
ucts are employed to assist survival under different conditions
(17, 25, 49). The two-component regulatory systems are of
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TABLE 1. Strains and plasmids

Strain or plasmid Description Reference and/or source

E. coli
HB101 F- pro leu thi hsdSB20 endA recA rpsL20 (Strr) supE44 mcrBB 55
HU835 r- m+ cI857 S7 b2 redB3 R Hull via W. J. Dallas
JM109 AQ(ac-proAB) supE44 (F'proAB+ lacIqZAMI5) J. Messing
SY327 pir lysogen 47

S. typhi
CVD906 aroC aroD mutant of ISP1820 D. Hone (29)
CVD908 aroC aroD mutant of Ty2 D. Hone (29)
BRD985 ompR mutant of CVD908 This study
BRD989 ompR mutant of CVD908 This study
BRD990 ompR mutant of CVD908 This study
BRD1066 BRD985 harboring pTYOR2 This study
BRD1067 BRD985 harboring pTMOR1 This study
BRD1068 BRD985 with intact ompR gene from pTYOR5 recombined into the This study

chromosome
BRD1069 As for BRD1068 This study
BRD1071 BRD985 with deleted ompR gene after electroporation with pTYOR5 This study

S. typhimurium SL1344 his B. Stocker (28)
Plasmids
pTMOR1 ompR-envZ HgiAI clone of SL1344 in SKII+ This study
pTYOR1 ompR-envZ cosmid clone from S. typhi Ty2 This study
pTYOR2 ompR-envZ HgiAI clone of S. typhi in SKII+ This study
pTYOR3 Deleted ompR of S. typhi in SKII+ vector This study
pTYOR4 SmaI fragment from pTYOR3 in pCVD442 vector This study
pTYOR5 SmaI fragment from pTYOR2 in pCVD442 This study
pTYOR6 PCR fragment consisting of ompR only, cloned into pGEM-T vector This study
pCVD442 Xpir sacB bla Donneberg et al. (16)
SKII+ bla lacZ Stratagene
pHC79 ColEl cos+ Apr Tcr BRL GIBCO
pGEM-T bla lacZ Promega

importance in this sensory response (1, 51). Members of this
family of regulatory genes comprise a histidine kinase sensor
protein gene and a transcriptional activator gene (61). One
such regulatory system, the ompR-envZ regulon, has recently
been identified as being of importance for Salmonella virulence
(10, 18).

Part of the adaptive response of bacterial pathogens such as
S. typhimurium to conditions of high osmolarity is to preferen-
tially express one type of porin, OmpC, over another type,
OmpF. It has been demonstrated that mutations in ompR and
in the porin genes that it regulates (ompC and ompF) can
attenuate virulent S. typhimurium (18). Strains harboring such
mutations were also capable of vaccinating mice against sal-
monellosis (10). However, it was not possible to fully mimic the
in vivo properties of an ompR mutant by introducing mutations
into ompC and ompF within the same strain, indicating that
other genes under the control of the ompR regulatory system
may contribute to Salmonella virulence (10).
The ompR regulon is also involved in the expression of

virulence of other organisms. Shigella flexneri ompR mutants
are severely impaired in their ability to invade epithelial cells,
an effect thought to be mediated by the regulation of OmpC
synthesis (4). Interestingly, OmpC is regulated differently in S.
flexneri, in which OmpC is expressed constitutively under
conditions of high and low osmolarity, than in Escherichia coli,
in which it is preferentially expressed under conditions of high
osmolarity (5). This has also been found to be the case for S.
typhi (52).

In view of previous findings with S. typhimunium and the
knowledge that the ompR-envZ two-component system may
operate in a different manner in S. typhi, we investigated the
effect of introducing a defined ompR mutation into an S. typhi
Ty2 derivative. We report here that the ompR-envZ two-

component system is involved in the regulation of the biosyn-
thesis of Vi polysaccharide, a capsular antigen thought to be
involved in the virulence of S. typhi, and that one of the
environmental signals for this control may be osmolarity.

MATERLILS AND METHODS

Bacterial strains, plasmids, bacteriophage, and growth con-
ditions. The bacterial strains, plasmids, and bacteriophage
used in the course of this study are described in Table 1. E. coli
and S. typhimurium strains were routinely cultured on L agar or
in L broth (55). S. typhi strains were cultured in brain heart
infusion broth (Oxoid, Basingstoke, United Kingdom) supple-
mented with aromatic compounds as previously described (29).
Broth was solidified with 1.6% Noble agar (Difco, Detroit,
Mich.) for culture on agar plates. Ampicillin was used at a final
concentration of 50 ,ug/ml when appropriate. All chemicals and
antibiotics were obtained from Sigma (Poole, Dorset, United
Kingdom) unless otherwise stated. Strains CVD908 and
CVD906 have been described previously (29). For testing the
influence of salt concentration on Vi expression, L agar and
broth were prepared as usual except that the NaCl concentra-
tion was altered to the levels described in Results. All solutions
used in these preparations were adjusted to pH 7.0 and were
autoclaved prior to use.

Purification of DNA and manipulation techniques. Unless
otherwise stated, DNA manipulations, including cosmid clon-
ing and Southern hybridizations, were carried out as described
by Sambrook et al. (55). DNA probes were labelled with
[a-32P]dATP (Amersham) by using the random prime labelling
kit (Boehringer Mannheim, Lewes, United Kingdom). Restric-
tion enzymes, plasmid vectors, and buffers were purchased
from Boehringer Mannheim or New England Biolabs (Herts,
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United Kingdom). T4 DNA ligase was purchased from BRL
GIBCO (Paisley, Scotland). Chromosomal DNA of S. typhi
was isolated by the method of Hull et al. (32), except that the
crude DNA extract was incubated overnight at 50°C in the
presence of proteinase K and sodium N-lauroyl sarcosinate.
Plasmid DNA was purified by the alkaline lysis method (8).
DNA fragments were purified from agarose gels by the method
of Tautz and Renz (65).

Preparation of an S. typhi cosmid bank An S. typhi cosmid
bank was prepared by established methods in the cosmid
vector pHC79 (55). Ligated preparations were used to trans-
form E. coli HU835 by using a lambda bacteriophage packag-
ing kit (Amersham) under the conditions recommended by the
manufacturer. Seven hundred ampicillin resistant transduc-
tants were selected and grown in 75-pul aliquots of L broth,
containing ampicillin, in microtiter plates at 30°C overnight.
Dimethyl sulfoxide was added to a final concentration of 10%
(vol/vol) to each well, and the plates were then stored at -700C
until required.
DNA sequencing. For double-stranded sequencing, DNA

was isolated by the method of Stephen et al. (59). The
sequencing method used was that of Sanger et al. (56), with the
Sequenase 2 kit supplied by United States Biochemical Corp.
(Cleveland, Ohio). DNA was labelled with a-35S-dATP at
1,000 iiCi/mmol, and fragments were separated by using wedge
gels as previously described (7).

Electroporation of S. typhi. Electroporation of S. typhi was
carried out as described previously (11). For electroporation
involving suicide plasmids, colonies were initially isolated on L
agar containing added aromatic compounds and ampicillin. In
order to select for the second recombination event involving
loss of the integrated plasmid DNA, the method of Donenberg
and Kaper (16) was used. Briefly, single colonies were inocu-
lated into L broth containing aromatic compounds and grown
in a shaking incubator overnight at 37°C. The following day
they were subcultured and grown to late log phase in the
absence of antibiotic selection. Serial dilutions of the resulting
cultures were inoculated onto L agar plates containing 5%
(wt/vol) sucrose and incubated overnight at 37°C. Sucrose-
resistant colonies were tested for ampicillin sensitivity, and
those colonies that were sucrose resistant and ampicillin
sensitive were checked for the presence of the ompR deletion
by Southern hybridization and PCR.
DNA amplification by PCR PCRs on S. typhi colonies were

carried out by using Taq DNA polymerase and the GeneAmp
kit (Perkin-Elmer Cetus, Norwalk, Conn.) as described previ-
ously (11). The oligonucleotides used in the PCRs were
derived from the 5' end of the ompR sequence and a sequence
complementary to the 3' end of the ompR gene. These
oligonucleotides, MGRO6 (5' AGTACAGACAATGCAAGA
GAA 3') and MGRO7 (5' CGAACAGCAAGGTGACGAT
GA 3'), mapped at bp 272 to 292 and bp 1070 to 1050 of the
S. typhi sequence, respectively.
A PCR clone coding for the entire OmpR protein and only

28 amino acids of EnvZ was constructed by using oligonucle-
otides MGR109 (5' AGG GGC GTT TTC ATC TCG 3') and
MGR120 (5' ACC AGG CTG ACG AAC AG 3'). These map
at bp 42 to 59 and bp 1080 to 1064 of the S. typhi sequence,
respectively. The PCR fragment was cloned into vector
pGEM-T (Promega, Southampton, United Kingdom). The
resulting plasmid was designated pTYOR6. This isolate also
contained the promoter regions of ompR.

Immunological procedures. The presence of either Vi or 09
antigen on the S. typhi derivatives was assayed by slide agglu-
tination with specific antisera obtained from Murex (Dartford,
United Kingdom). For detection of 09 antigen, S. typhi cells

were boiled for 20 min and cooled prior to addition of 09
antiserum. To confirm the absence or presence of an intracel-
lular accumulation of Vi polysaccharide, double immunodiffu-
sion assays were employed. These were carried out with anti-Vi
antiserum in 1.0% (wt/vol) agarose in phosphate-buffered
saline (PBS) containing polyethylene glycol 6000 at a final
concentration of 2% (wt/vol). Bacteria were grown on L agar
plates containing aromatic compounds overnight at 37°C. Cells
were harvested, suspended in PBS, adjusted to an optical
density at 600 nm of 20 or 60, and disrupted by sonication
(Heat Systems Inc., Farmingdale, Conn.) in 30-s bursts for a
total of 2.5 min. This procedure was carried out at 4°C, with 30
s between each burst to allow samples to cool.
Outer membrane protein isolation. Total cell envelopes

were first obtained by sonication of aerobically grown L agar
cultures of S. typhi, with the L agar either supplemented with
NaCl at 0.3 M or not supplemented. The sonication was
carried out with 5-ml aliquots of cells (optical density at 650
nm of 15) suspended in 10 mM sodium phosphate buffer (pH
7.2). The resulting sonicated material was subjected to low-
speed centrifugation to remove cell debris and then spun at
100,000 x g for 45 min in order to pellet the cell envelopes.
Finally, the inner membrane was solubilized by 1% sodium
lauroyl sarcosinate treatment, and the outer membrane-en-
riched fraction was collected by a final centrifugation of
100,000 x g for 1.5 h (20). The pellets were resuspended in
phosphate buffer and then analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in 10% (wt/
vol) polyacrylamide gels.

Nucleotide sequence accession number. The DNA sequence
of S. typhi ompR-envZ has been submitted to the EMBL Data
Library under accession number X78270.

RESULTS

Cloning and mapping of the S. typhi ompR and envZ genes.
Published data indicated that the ompR and envZ genes of S.
typhimurum were located on a 3.23-kb HgiAI fragment (39).
Chromosomal DNA of S. typhimurium SL1344 was therefore
digested with HgiAI and separated by agarose gel electro-
phoresis. The fragments in the 3.2-kb region were purified
from the gel, and the ends were blunted by treatment with
Klenow fragment and ligated into the EcoRV site of plasmid
Bluescript IISK+ (pSKII+). Four hundred transformants of
HB101 were then probed with a 501-bp PCR product derived
from the S. typhimurium ompR gene and mapping at positions
392 to 893 of the published sequence (39). Bacterial colonies
that hybridized with this probe were used to prepare plasmid
DNA. Restriction digest patterns and further hybridization
studies were performed, and one plasmid which was shown to
contain the ompR and envZ genes, pTMOR1, was used for
further studies. pTMOR1 was digested with PstI and Sall, and
the 3.23-kb DNA fragment used for hybridization with S. typhi
and S. typhimurium chromosomal DNA was digested with
HgiAI, SacI-NarI, and HgiAI-BglII. The resulting hybridization
patterns demonstrated that the ompR and envZ genes of S.
typhimurium and S. typhi were located on similar-sized frag-
ments for all the restriction enzymes used (data not shown).
This indicated that there was enough similarity between the S.
typhi and S. typhimurium genes to be able to employ the
PstI-SalI 3.23-kb fragment from pTMOR1 as a probe for
identifying the S. typhi ompB operon in the S. typhi cosmid
bank. One colony which hybridized with this fragment har-
bored a cosmid with a 27-kb insert of S. typhi DNA. Digestion
of this cosmid, pTYOR1 (Fig. 1), with HgiAI yielded several
fragments, including one with the expected size of 3.23 kb. This
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FIG. 1. Schematic diagram showing the construction of the plasmids used to make the defined deletion in the ompR gene. Full details are given
in the text. The black shaded areas indicate S. typhi ompB DNA. The unshaded areas indicate S. typhi DNA outside the ompB region.

fragment was isolated and ligated into the EcoRV site of
pSKII+ as described above. The ligation mix was used to
transform HB101, and plasmid DNA was isolated. One plas-
mid with the expected structure was characterized by restric-
tion mapping and Southern hybridization and confirmned to
harbor the S. typhi ompR and envZ genes. This plasmid,
pTYOR2, was used for further studies (Fig. 1).

Nucleotide sequence of S. typhi ompR-envZ. The full se-
quences for the ompR and envZ genes of S. typhi were
determined and compared with those of the equivalent S.
typhimunium genes. Analysis of the sequence revealed the
presence of two open reading frames encoding 240 and 451
amino acids for ompR and envZ, respectively. The amino acid
sequence encoded by the S. typhi ompR gene was identical to
that for the S. typhimunum gene, and there were only two
amino acid changes for the envZ gene.

In total, there were only 25 base pair changes of 3,237 bp in
the ompR and envZ genes between S. typhi and S. typhimurium.
Two base pair changes were in ompR, 11 were in envZ, and 12
were in DNA outside the envZ gene itself (between bp 2350
and 3237).

Construction of a defined deletion into the S. typhi ompR
gene. DNA sequencing of the S. typhi ompR gene revealed the
presence of unique AsuIl and BglII sites (mapping at 375 and
893 bp, respectively) within the coding sequence which could
be used to generate a deletion. pTYOR2 was therefore
digested withAsull and BglII, religated, and used to transform
E. coli HB101. Plasmid DNA was purified from transformants
and analyzed by restriction digestion with SalI-PstI, SmaI, and
Narl (Fig. 1). One plasmid, PTYOR3, was found to have the
expected 517-bp deletion within the ompR gene and was used
for further study.

Introduction of the ompR deletion into the chromosome of S.
typhi. The suicide replicon pCVD442 (16) was used to intro-
duce the ompR deletion into the chromosome of S. typhi.
pCVD442 is a derivative of pGP704 which cannot replicate in
S. typhi strains because they lack the pir gene (47). pCVD442
additionally harbors the sacB gene of Bacillus subtilis, which
encodes the enzyme levan sucrase, the presence of which is
toxic for gram-negative organisms when they are growing in
the presence of sucrose. This greatly facilitates the introduc-
tion of defined deletion mutations back into the chromosome

Vector
Iy

pTYOR1
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FIG. 2. Southern hybridization demonstrating the presence of the
deletion in the ompR gene of S. typhi. Chromosomal DNA was cleaved
with HgiAI and reacted with the 32P-labelled ompR probe. Lanes A, B,
and C, ompR mutants BRD985, BRD989, and BRD990, respectively.
Lane D, CVD908, which harbors the wild-type ompR gene. Molecular
sizes are shown on the left.

of a gram-negative organism. Once a single homologous
recombination event has been achieved, it is possible to
directly select for the second recombination event by growing
the strains in the presence of sucrose. Only those colonies that
have lost the vector sequences will be able to grow on this
medium, obviating the need to screen large numbers of
colonies for antibiotic sensitivity. The plasmid pTYOR3, which
carries the deleted ompR gene, was digested with SmaI, and
the resulting 1.13-kb fragment was gel purified and ligated into
pCVD442 which had also been digested with SmaI. The
ligation mix was used to transform E. coli SY327 pir, and a

plasmid with the expected structure was identified by restric-
tion mapping (Fig. 1) and designated pTYOR4. This plasmid
was used to transform S. typhi CVD908 by electroporation,
with transformants being selected on brain heart infusion agar
containing ampicillin. Several transformants that grew stably
on medium containing ampicillin were selected. These colonies
were isolated and grown in L broth supplemented with aro-
matic compounds but lacking ampicillin. Serial dilutions of the
cultures were then spread onto L agar plates supplemented
with 5% (wt/vol) sucrose. Several thousand colonies that were
capable of growing on this medium were isolated. Since it was
not a simple task to screen directly for the ompR deletion by
using phenotypic characteristics, we employed a method using
PCR as described previously (11). We used PCR primers
(MGRO6 and MGR07) corresponding to regions of ompR
outside the deleted region to directly amplify chromosomal
DNA from 100 colonies. The PCR products were analyzed by
gel electrophoresis. The majority of the colonies gave rise to a
799-bp product, indicating the presence of the wild-type gene.
However, three colonies gave rise to a smaller 282-bp PCR
product, indicating the presence of the deletion in the chro-
mosome (data not shown). These strains were named
BRD985, BRD989, and BRD990. The presence of the ompR
deletion in these strains was confirmed by Southern hybridiza-
tion (Fig. 2). An ompR-specific probe was prepared by label-
ling the PstI-SalI fragment of pTMOR1 and hybridizing with
HgiAI chromosomal DNAs of BRD985, -989, and -990 and
CVD908. It can be seen that the 3.23-kb fragment for CVD908

FIG. 3. SDS-PAGE analysis of outer membranes prepared from S.
typhi strains CVD908 (lanes 1 and 2) and BRD985 (lanes 3 and 4)
grown on agar without NaCl (lanes 1 and 3) or in the presence of 0.3
M NaCl (lanes 2 and 4). Lane C, molecular weight standards of
ovalbumin (46,000 [46K]) and carbonic anhydrase (30K) from Amer-
sham. The positions of the proteins corresponding to OmpA, OmpC,
and OmpF are indicated on the left.

is replaced by a smaller 2.71-kb fragment for BRD985, -989,
and -990, indicating the presence of the 518-bp ompR deletion
in these strains. This was further confirmed by using PCR to
amplify and sequence a DNA fragment surrounding the dele-
tion (data not shown).

Expression of the porins OmpC and OmpF is down regu-

lated in the ompR mutant BRD985. Since OmpR is known to
regulate porin expression, we investigated the effect of the
ompR mutation on the expression of OmpC and OmpF by
comparing outer membrane preparations obtained from
BRD985 and CVD908. Figure 3 clearly demonstrates the down
regulation of OmpC and OmpF proteins in the ompR mutant.
This confirms that the OmpC and OmpF porins are regulated
by OmpR, as suggested by the absence of complete sequences
encoding the phosphorylation and DNA-binding domains in
the mutation in BRD985 (48), and that this regulation is
similar to that found for the porins in S. flexneri.

Phenotypic characterization of the S. typhi ompR mutants
indicates that they no longer agglutinate with Vi antiserum.
Routine phenotyping tests carried out on the S. typhi ompR
mutants demonstrated that these strains no longer aggluti-
nated with Vi antiserum. However, CVD908 did agglutinate
with Vi antiserum, as did colonies that were screened for the
presence of the ompR deletions but gave rise to the PCR
product associated with the intact ompR gene. All the strains
agglutinated with 09 antiserum, but unlike CVD908, the ompR
mutants agglutinated without the cells having to be boiled,
indicating that Vi polysaccharide was no longer masking the
lipopolysaccharide antigen. Salmonella 08 antiserum was used
as a negative control. None of the S. typhi strains agglutinated
with this antiserum. These results suggested that the OmpR-
EnvZ two-component system is involved in the regulation of Vi
synthesis in S. typhi.
Complementation of the ompR mutation with pTYOR1

restores the ability to agglutinate with Vi antiserum. In order
to determine if normal Vi biosynthesis could be restored by
reintroducing functional ompR and envZ genes, BRD985 was
transformed with pTYOR1, which contains the HgiAI frag-
ment of S. typhi encoding the ompR and envZ genes. Ten
transformants were assessed in agglutination assays. All agglu-
tinated with Vi antiserum to the same degree as CVD908 and
required boiling before they would agglutinate with 09 anti-
serum. This indicated that the ompR and envZ genes present
on a multicopy plasmid were able to complement the Vi-
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FIG. 4. Detection of isolates from the S. typhi ompR mutant
BRD985, into which the intact ompR gene had been recombined back
into the chromosome by homologous recombination. This was
achieved by amplifying the ompR gene directly from whole cells by
PCR. Lane 1, BRD985; lanes 2 and 3, BRD1068 and BRD1069,
respectively, in which the ompR mutation had been replaced with the
intact gene as indicated by the larger PCR product; lane 4, BRD1071,
an isolate showing the Vi- phenotype and a smaller PCR fragment;
lane 5, CVD908. Molecular sizes are indicated on the left. Lanes C,
1-kbp ladder standard from BRL GIBCO.

phenotype associated with the ompR mutation in BRD985.
Introduction of pSKII+ alone into BRD985 was not able to
restore Vi biosynthesis. pTMOR1 was also able to restore Vi
biosynthesis when introduced into BRD985.

Additionally, restoration of Vi synthesis was also achieved by
complementing with pTYOR6, which encodes all of OmpR
and only 28 amino acid residues of EnvZ. Data from DNA
sequencing across the junction of the ompR deletion in S. typhi
BRD985 indicated no frameshift which might have affected
EnvZ activity (data not shown). This result demonstrates that
it is possible to complement the mutation in BRD985 by
introducing a plasmid which encodes only OmpR in the
absence of a functional EnvZ.
Replacement of the ompR mutation in BRD985 with the

intact gene by homologous recombination also restores agglu-
tination. In order to confirm that ompR is involved in the
regulation of Vi synthesis, the ompR mutation in BRD985 was
replaced with the wild-type gene by homologous recombina-
tion. This was achieved by first constructing a suicide replicon
harboring the complete S. typhi ompR gene. pTYOR2 was
digested with SmaI and ligated into pCVD442 which had also
been digested with SmaI. The ligation mix was used to
transform E. coli SY327 pir, and plasmid DNA was purified
and characterized by restriction mapping. A plasmid with the
expected structure was named pTYOR5 and was used to
transform BRD985. Sucrose-resistant, ampicillin-sensitive col-
onies were isolated as previously described. These were
screened with Vi antiserum. The majority of the transformants
were able to agglutinate, indicating that the ompR gene had
replaced the deleted regions by homologous recombination.
This was confirmed by employing PCR as previously described
(11). Three colonies were screened in this assay, two that had
regained the ability to agglutinate with Vi antiserum and one
that had not. The results are shown in Fig. 4. It can be seen that
the strains (BRD1068 and -1069) in which Vi synthesis has
been restored gave rise to the larger PCR product (799 bp),
indicating that the intact ompR gene had recombined into the
chromosome of BRD985. An additional isolate (BRD1071)
which was unable to agglutinate with Vi antiserum showed no
increase in the size of its ompR PCR product. This also
confirmed that the ompR and envZ genes are involved in the
regulation of Vi synthesis.

Osmolarity regulates Vi antigen production in S. typhi
CVD906 and CVD908. In view of the finding that ompR is
involved in the regulation of Vi biosynthesis and that this
system is known to regulate other genes, such as ompC and

TABLE 2. 09 and Vi slide agglutination reactions of CVD906 and
CVD908 cultures grown on L agar supplemented with

different amounts of NaCI

Slide agglutinationa
NaCI concn (M) CVD906 CVD908

in L agar

09 vi 09 vi

O ++ ++ -+++
0.06 to 0.17 ++ ++ -+++
0.3 +++ + + +++
0.4 +++ ++ +
0.5 to 0.7 +++ - +++ -

a Phenotypes were assessed by slide agglutination using Vi and 09 antisera
(Murex). 09 agglutination reactions were carried out without prior boiling of
cells. The degree of agglutination ranged from not detectable (-) to weak (+)
to strong (++ +); ± and + + indicate intermediate degrees.

ompF, in response to changes in the external environment (27),
we decided to investigate the effect of changes in the osmolar-
ity of the growth medium on the synthesis of Vi polysaccharide
in S. typhi. L agar containing a range of sodium chloride
concentrations (0.0 to 0.7 M) was prepared, as previously
described (64). Normal L agar contains 0.085 M NaCl.
CVD908 and CVD906 were cultured on this agar, and agglu-
tination tests were performed on organisms suspended in PBS.
The findings of this study are summarized in Table 2. The main
conclusions drawn from this experiment were that CVD908 no
longer agglutinated with Vi antiserum when grown in medium
containing 0.5 M NaCl and only weakly agglutinated at con-
centrations of 0.4 M NaCl. However, at NaCl concentrations
below 0.4 M, all cultures agglutinated with Vi antiserum to the
same degree, and 09 agglutination was not detectable without
boiling of the sample first. It was therefore concluded that Vi
synthesis in S. typhi can be regulated by external osmolarity. S.
typhi CVD906 only weakly agglutinated with Vi antiserum,
even at NaCl concentrations below 0.4 M. At 0.3 M NaCl, the
CVD906 culture was only weakly Vi positive but had a strong
09 agglutination without boiling.
Double immunodiffusion analysis of sonicates of S. typhi

demonstrates that ompR is involved in controlling the synthe-
sis of Vi, not its surface expression. It is possible that the lack
of agglutination ofompR mutants with Vi antiserum was due to
a defect in the transport of Vi polysaccharide to the surface of
the organism and that Vi was accumulating intracellularly. To
investigate this possibility, we performed double immunodif-
fusion assays on bacterial sonicates with Vi antiserum. The
results are presented in Fig. 5. CVD908 produced strong lines
of identity (wells 1, 3, 5, and 7). A CVD908 culture grown on
medium containing 0.5 M NaCl showed a lower level of
expression of Vi antigen, as indicated by the shorter distance of
the precipitation line from the antigen in well 4. The faintness
of this line of precipitation is also indicative of a lower level of

1 2 3 4 5 67

A A A A A A A A
FIG. 5. Immunodiffusion patterns for sonicated S. typhi strains

reacted with Vi antiserum. Wells 1, 3, 5, and 7, CVD908; wells 2 and
6, BRD985; well 4, CVD908 cultured in medium containing 0.5 M
sodium chloride. All of the lower wells (A) contained Vi antiserum.
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Vi expression. Twenty optical density units (650 nm) per ml of
sonicated cells was used in both cases.

In contrast, a sonicate of BRD985 failed to produce any line
of identity (Fig. 5, wells 2 and 6) even though three times as
many cells were used to prepare the sonicate. This indicates
that Vi polysaccharide was not being accumulated intracellu-
larly in ompR mutants.

DISCUSSION

In this paper we report the finding that the ompR gene of S.
typhi is involved in the regulation of the synthesis of the Vi
capsular polysaccharide and that one of the environmental
signals for this regulation may be osmolarity, since Vi expres-
sion is sensitive to changes in osmolarity of the growth
medium.
A key theme in the coordinate regulation of different classes

of bacterial genes in response to environmental stimuli is the
involvement of the family of two-component systems (1, 51,
61). Included in this family are the cheA-cheY system in E. coli
and Salmonella spp.(60), which controls chemotaxis; the ntrB-
ntrC (42) andphoR-phoB (66) systems in E. coli, which respond
to nitrogen limitation and phosphate; and the virA-virG system
in Agrobacterium spp., which responds to plant exudates (58).
There are now several examples for which it has been

demonstrated that interfering with the ability of bacterial
pathogens to operate these sensory systems results in attenu-
ation in vivo. Salmonella strains harboring mutations in the
phoP-phoQ regulatory system have been found to be attenu-
ated and immunogenic in the murine model (46). The pho
regulon is responsive to phosphate levels and other conditions
such as those encountered intracellularly within macrophages,
an example being low pH (21). We have previously reported
that mutations in ompR and the porin genes that it controls
(ompC and ompF) also attenuate virulent S. typhimurium
strains (10, 18). It has recently been demonstrated that the
ompR-envZ two-component system is also involved in the
virulence of S. flexneri. It has been found that mutants with
mutations in the ompB operon are impaired in virulence both
in vivo and in vitro, being unable to colonize epithelial cells in
tissue culture (4). Further work indicated that defined ompC
mutants behaved in a similar manner, and it was concluded
that OmpC is involved in the invasion of epithelial cells by S.
flexneri (5). This is in contrast to the findings for S. typhi-
murium, in which it was not possible to mimic the effects of the
ompR mutation by introducing defined mutations into ompC
and ompF (10). This may be related to the finding that ompC
in S. flexneri is regulated differently from ompC in E. coli and
S. typhimurium. OmpC is constitutively expressed under both
high- and low-osmolarity conditions in S. flexneri, whereas it is
expressed at increased levels under conditions of high osmo-
larity in E. coli and S. typhimurium. It has now been shown that
S. typhi regulates OmpC expression in a manner similar to that
of S. fle-xneri (52). The present study has also demonstrated
that the OmpC and OmpF porins are both down regulated
when an ompR mutation is introduced into S. typhi, and this is
also similar to the results obtained with S. flexneri (52). In view
of these findings and the recent report that osmolarity of the
growth medium can affect the ability of S. typhi to adhere to
and invade epithelial cells (64), we assessed the ability of S.
typhi ompR mutants to invade epithelial cells and found that
they were not impaired in this virulence trait (data not shown).
For these studies the S. typhi ompR mutant and CVD908
control were grown in medium containing 0.3 M NaCl, since
this level has been shown to be the optimal osmolarity for

invasion of this bacterium into Henle 407 and Caco-2 cells
(64).

It was interesting that there were differences between the
two S. typhi strains used in this study (CVD908 and CVD906)
with regard to their regulation of Vi synthesis in response to
osmolarity. This is probably related to the fact that CVD908 is
derived from the classic S. typhi Ty2 strain, isolated in 1916
(29), while CVD906 is derived from ISP1820, a recent S. typhi
isolate (29). In studies in which these strains have been tested
for safety in humans, it was concluded that ISP1820 may be
more virulent than Ty2 (62). This may be a result of changes in
Ty2 brought about by multiple passage in the laboratory and
the way in which the strain has been stored since its original
isolation. It is therefore not surprising that other phenotypic
traits of Ty2, such as subtle changes in the regulation of Vi
polysaccharide, differ from those of a modern isolate such as
ISP1820.
The range of salt concentrations chosen for the osmolarity

tests is thought to be relevant to both the in vitro and in vivo
environments encountered by S. typhi during different stages of
pathogenesis. Outside the host the organism is found mainly in
an aqueous environment which is thought to contain no greater
than 0.06 M NaCl (64). In the intestinal lumen the osmolarity
is high, with values believed to be equivalent to 0.3 M NaCl and
greater (64). At this osmolarity, the adherence and invasive-
ness of S. typhi into tissue culture cells have been found to be
maximal (64). Once S. typhi has passed through the epithelial
barrier into the bloodstream, it encounters an osmolarity
equivalent to 150 mM NaCl (47).

In this study it was demonstrated that both S. typhi CVD906
and CVD908 showed a marked decline in Vi antigen synthesis
at and above NaCl concentrations of 0.3 and 0.4 M, respec-
tively, although it could still be detected at low levels at these
osmolarities. This suggests that Vi may be down regulated in
the gut, facilitating interactions of S. typhi with epithelial cells,
while it is up regulated in the blood, where it is known that Vi
is important for survival of the organism at this stage of the
infection process.
There are now several reports describing genes encoding

bacterial exopolysaccharide antigens that are regulated by
two-component sensory systems. For example, in Pseudomonas
aeruginosa, it has been found that algR, an environmental
response regulator gene with a high degree of homology to
ompR, regulates the transcription of algD, which is necessary
for alginate production (13-15). P. aeruginosa causes severe
problems in cystic fibrosis patients, who are predisposed to
pulmonary infection by this organism. Organisms isolated from
the lungs soon after infection do not have the mucoid pheno-
type associated with alginate production. However, after pro-
longed infection, P. aeruginosa shifts to the mucoid phenotype,
compounding the problems for the cystic fibrosis patient (24).
Moreover, it has been found that one of the signals for this
phenotypic switch may be the high-osmolarity environment of
the cystic fibrosis lung (6). In this study we have demonstrated
that another capsular antigen from a bacterial pathogen, Vi in
S. typhi, is also regulated by osmolarity. It is interesting that
OmpR is capable of activating the algD promoter nearly as well
as AlgR (6), which demonstrates the cross talk that can occur
between different two-component systems in their responses to
external stimuli (67). These interactions, in a wider context,
give the bacterium greater diversity and flexibility in control-
ling gene expression in different host microenvironments.

In E. coli, the two-component system rcsB-rcsC regulates the
synthesis of colanic acid (23); RcsC is the histidine kinase
sensor phosphorylating RcsB, which acts as the transcriptional
activator. As yet it is not clear which environmental signal rcsC
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responds to. This system has also been shown to regulate the
expression of K30 and K54 polysaccharide antigens in patho-
genic E. coli (33, 54). Like Vi in S. typhi, these antigens are also
thought to be involved in conferring resistance against com-
plement-mediated serum killing. Interestingly, it has also been
demonstrated that rcsB corresponds to viaA (31), one of the
two genes known to be necessary for Vi expression in S. typhi
and which is also present in E. coli and Salmonella strains
which do not produce Vi. The other gene, viaB, encodes the
structural genes specific for Vi expression (26) and is not
expressed in viaA mutants of S. typhi or when cloned into rcsB
mutants of E. coli (31). Furthermore, it has now been shown
that rcsB cloned from E. coli can complement viaA mutations
in S. typhi and restore Vi synthesis to these strains (31). It was
concluded from these studies that S. typhi employs the same
regulatory proteins to regulate Vi synthesis as E. coli uses to
regulate colanic acid synthesis. The results reported here
indicate that another two-component system, ompR-envZ,
possibly responding to a different environmental signal, is also
involved in the regulation of Vi synthesis in S. typhi. This is not
surprising given the complexity of capsule regulation and the
cross talk that occurs between different regulatory systems. For
example, it is known that there is another regulatory compo-
nent, RcsA, in addition to RcsB and RcsC, which is also
involved in the regulation of colanic acid production and type
1 and type 2 capsule production in E. coli and Klebsiella
pneumoniae (23). It acts in concert with RcsB as a positive
regulator for colanic acid but as a negative regulator for the
type 2 capsule, K54, in E. coli. Similarly, regulatory elements
other than AlgR which also play a role in the regulation of the
algD promoter of P. aeruginosa have been found (37, 68, 69).
Such coregulation could be important to an invasive organism
like S. typhi, which has to encounter and react to many
microenvironments within the host. Thus, it is possible that S.
typhi may need to regulate the synthesis of Vi antigen in the
host in response to these different environments.
Vi polysaccharide is considered to be an important virulence

determinant of S. typhi, since the majority of S. typhi strains
isolated from the blood of patients with typhoid possess this
antigen (53) and since Vi-positive strains are more virulent
than Vi-negative strains both in mice and in human volunteers
(30). It has also been demonstrated in vitro that Vi antigen is
essential for the survival of S. typhi in human serum (41),
possibly because of Vi reducing the rate of complement
activation by the alternative pathway, thereby reducing com-
plement-mediated killing and opsonization (41). This may be
linked to the fact that Vi antigen has been found to decrease
the level of fixation of the C3b component of complement (41).
The in vivo relevance of these findings to the mechanisms of
host defense and pathogenesis of S. typhi still remain specula-
tive, and nothing is known about the regulation of Vi synthesis
in vivo. However, the finding that Vi expression in S. typhi is
regulated by members of the family of two-component systems,
which are known to be important in controlling gene expres-
sion in vivo, coupled with what is known about its role in
virulence suggests that there is a need to regulate this antigen
in different host microenvironments in order for S. typhi to
express full virulence.

It is interesting that natural infections with S. typhi and
vaccination with live oral typhoid vaccines elicit poor Vi
antibody responses even though it is known that Vi is a good
immunogen and can be an effective vaccine when given as a
subunit preparation (63). However, higher levels of Vi anti-
body are detected in individuals who become chronic carriers
(63). It may be that the level of expression of this Vi polysac-
charide is down regulated after the organism reaches its

favored host environmental niche, i.e., an intracellular envi-
ronment such as macrophages, because the organism no longer
requires it for protection against the actions of the comple-
ment-mediated system. This may be an explanation for the
poor Vi antibody responses elicited as only low doses of this
antigen are presented to the immune system. We are at present
investigating whether Vi antigen expression of S. typhi is
reduced after invasion of epithelial cells and macrophages. We
are also applying these findings to the possibility of developing
more effective typhoid vaccines. It is well-known that live
attenuated Salmonella vaccines elicit potent cell-mediated
responses and can be very effective vaccines. Indeed, we have
previously demonstrated that ompR mutants of S. typhimurium
are excellent vaccines in mice. There is now some evidence that
in order for live Salmonella vaccines to be effective, they must
have the ability to elicit opsonizing antibody against the
bacterial cell surface as well as eliciting cell-mediated immu-
nity (43). Vi would therefore be a logical target against which
to elicit opsonizing antibody for a typhoid vaccine. We are
therefore constructing attenuated S. typhi strains that express
Vi antigen constitutively or whose expression of Vi antigen is
under the control of promoters that are activated in host
intracellular compartments in order to determine whether the
response against this antigen can be improved as a step to
improving the efficacy of live oral typhoid vaccines.
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