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Salmonella enterica serotype Typhi, the etiological agent of typhoid fever, produces the Vi capsular antigen,
a virulence factor absent in Salmonella enterica serotype Typhimurium. Previous studies suggest that the
capsule-encoding viaB locus reduces inflammatory responses in intestinal tissue; however, there are currently
no data regarding the in vivo expression of this locus. Here we implemented direct and indirect methods to
localize and detect Vi antigen expression within polarized intestinal epithelial cells and in the bovine ileal
mucosa. We report that tviB, a gene necessary for Vi production in S. Typhi, was significantly upregulated
during invasion of intestinal epithelial cells in vitro. During infection of bovine ligated loops, tviB was
expressed at levels significantly higher in calf tissue than those in the inoculum. The presence of the Vi
capsular antigen was detected in calf ileal tissue via fluorescence microscopy. Together, these results support
the concept that expression of the Vi capsular antigen is induced when S. Typhi transits from the intestinal
lumen into the ileal mucosa.

Typhoid fever is an acute, systemic infection of the reticu-
loendothelial system caused by Salmonella enterica serotype
Typhi that is annually responsible for an estimated 16 million
illnesses and 600,000 deaths worldwide (6). Our knowledge of
the pathogenesis of S. Typhi is limited because it infects only
humans, resulting in the absence of in vivo models to study
host-pathogen interactions. Many studies have relied on a mu-
rine model of human typhoid that uses S. enterica serotype
Typhimurium, which causes a typhoid-like illness in mice. As a
consequence, most of what is known about the pathogenicity of
S. Typhi has been extrapolated from S. Typhimurium infec-
tions in mice. A significant limitation to using this murine
model is that S. Typhimurium does not cause typhoid fever in
humans but instead causes a localized gastroenteritis resulting
in diarrhea.

Whole-genome sequencing has revealed that the S. Typhi
genome contains 601 genes on 82 genetic islands that are
absent from the S. Typhimurium genome (34). The largest of
these islands, termed the Salmonella pathogenicity island 7
(SPI-7), contains 134 kb of S. Typhi-specific DNA and carries
biosynthesis genes (viaB locus) for the production of the Vi
capsular antigen, a linear polymer of �-1,4 2-deoxy-2-N-acetyl-
galacturonic acid that is variably O acetylated at the C-3 posi-
tion (16, 18). The Vi capsular antigen is a significant virulence
factor for typhoid fever, as strains positive for Vi production
have higher rates of infection (20, 21), and it continues to be

the focus for improvement in current treatment and prophy-
laxis for this disease.

The two-component-positive regulatory systems RcsBC and
OmpR EnvZ, in addition to the promoter of the viaB region,
located upstream of tviA, have been identified as contributors
to Vi expression and are modulated by osmolarity. Under low-
osmolarity conditions, the production of Sip proteins, flagellin,
and Vi antigen is differentially modulated by the RcsB-RcsC
regulatory system. The transcription of the iagA, invF, and sipB
genes is negatively controlled by the RcsB regulator (2). The
TviA protein functions as a positive regulator in cotranscribing
the tviA and tviB genes (15, 50). In addition, the TviA protein
may act in concert with the RcsB protein at the tviA promoter
to activate transcription of the genes involved in Vi synthesis
(49). S. Typhi strains harboring ompR deletions no longer
agglutinate with Vi antiserum (35). The rpoS gene, which is a
master regulator in stress response and required for survival
under extreme conditions in S. Typhimurium, has been impli-
cated as another regulator of Vi synthesis of S. Typhi (43). In
conclusion, the regulation of Vi expression in vitro has been
extensively characterized. However, gene regulation in an in-
fected host may differ markedly from the predictions generated
through in vitro and cell culture work (3, 25, 26). These con-
siderations illustrate the need for in vivo studies to fully un-
derstand regulation of capsule expression in S. Typhi.

Understanding the role of the Vi antigen during pathogen-
esis is further complicated because the location of capsule
expression in the host remains a matter of debate. One hy-
pothesis predicts that osmolarity may represent an important
signal for the transition of S. Typhi from the lumen into intes-
tinal tissue (36). In the intestinal lumen, the osmolarity is high,
with values considered to be equivalent to 300 mM NaCl and
greater (13, 30, 45). Once S. Typhi invades the intestinal bar-
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rier, it encounters a lower-osmolarity condition equivalent to
�150 mM (29), which has been reported to be the osmolarity
of blood and plasma. It is thought that the hyperosmotic con-
ditions within the intestinal lumen may promote a hyperinva-
sive phenotype while suppressing Vi expression. After invasion
of epithelial cells, the expression of the Vi capsular antigen is
predicted to be activated, while expression of the type III
secretion system 1 (T3SS-1) is downregulated (38).

An alternative interpretation of the available data proposes
that the capsule may inhibit bacterial adhesion and invasion of
the intestinal epithelium (2, 31), suggesting that the Vi antigen
may be produced in the intestinal lumen. Naturally occurring
typhoid fever infections as well as live S. Typhi vaccines pro-
voke a poor host protective immune response, even though
Vi is a good antigen (44), which may be due to the inactivation
of Vi antigen expression once the pathogen invades the intes-
tinal epithelium and resides in macrophages. This concept has
been proposed to be a possible explanation for the reduced Vi
antibody responses, as decreased amounts of antigen may be
presented to the host’s immune system for processing (35). In
conclusion, it remains unclear in which host compartment(s)
the Vi capsular antigen is expressed in vivo. The purpose of
this study was to investigate the expression of the Vi antigen
during transition of bacteria from the intestinal lumen into
mucosal tissue. We employed state-of-the-art models to study
this transition in vitro, using polarized human intestinal model
epithelia (an in vitro model), and in vivo, using bovine ligated
ileal loops.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. Typhi strain Ty2 was obtained
from the American Type Tissue Culture Collection (ATCC 19430; Manassas,
VA). Strains and plasmids used in this study are listed in Table 1.

Strains were cultured aerobically in Luria-Bertani broth containing 300 mM
NaCl (LBH) for optimal Vi suppression. Strains were cultured in SOB medium
(Luria Bertani [LB] broth containing 10 mM NaCl) for optimal induction of Vi
antigen expression. Media was supplemented with appropriate antibiotics at the
following concentrations: carbenicillin, 100 mg/liter, and kanamycin, 100 mg/
liter.

For T84 cell infection experiments, each strain was grown overnight at 37°C
with shaking in LBH with the appropriate antibiotics. The next day, a 1:1,000
dilution of overnight culture was made, and bacteria were grown to an optical
density at 600 nm (OD600) of 1.0 to 1.5 (late log phase) for optimal Vi suppres-
sion without antibiotics. Bacteria were added at a concentration of 107 CFU/well
to tissue culture plates.

For inoculation of bovine ligated ileal loops, each strain was grown overnight
at 37°C with shaking in 4 ml of LBH with the appropriate antibiotics. A volume
of 0.04 ml of overnight culture was used for inoculation of 4 ml of LBH without
antibiotics, and bacteria were grown to an OD600 of 1.0 to 1.5 (late log phase).

Construction of a nonpolar deletion of ompR in S. Typhi and the complemen-
tation strain. A region 1.2 kb upstream of ompR was PCR amplified using FW
(5�-GACGGTTCGTGTTCCAGAGCAG-3�) and RV (5�-CTCTTGCATTGTC
TGTACTCC-3�), and a 1.0-kb region downstream of ompR was PCR amplified
using primers FW (5�-CGCCGTATGGTGGAAGAAG-3�) and RV (5�-ACCT
GGATGCTGCCTGCCTG-3�). Both the downstream and upstream flanking
regions were cloned into pCR 2.1 (Invitrogen, Carlsbad, CA). Subsequently, the
upstream fragment was subcloned into the BglII/SalI site of pGP704, giving rise
to pQT13. The downstream fragment was cloned into pQT13 using the XbaI/
SmaI site, giving rise to pQT17. The kanamycin cassette (1.5 kb) was excised
from pKIXX and inserted in the SalI site in pQT17 to give rise to pQT19. The
entire construct was confirmed via nucleotide sequencing. Using the suicide
plasmid pQT19, alleles were introduced into S. Typhi Ty2 with standard allelic
exchange methodologies. Colonies were screened for kanamycin resistance and
carbenicillin sensitivity. A single kanamycin-resistant and carbenicillin-sensitive
colony was further analyzed for deletion of the ompR gene using Southern
blotting with an ompR-specific DNA probe and PCR analysis. The ompR dele-
tion was confirmed phenotypically by agglutination with rabbit anti-Vi serum
(Difco, Detroit, MI). The strain was designated QT74.

For complementation, the ompR gene was amplified using FW (5�-TGCCAG
CCATCAGCGGGGGCTT-3�) and RV (5�-GCCCTGATGAATCTCGGTCA
G-3�) primers. The PCR fragment was cloned into pBluescript KS using EcoRV/
EcoRI, creating pQT50. The plasmid was then electroporated into QT74, giving
rise to QT174(pQT50). Expression of the Vi antigen by QT174(pQT50) was
investigated by agglutination with rabbit anti-Vi serum (Difco, Detroit, MI).

Construction of a PtviA::egfp reporter construct. We constructed a Ty2 strain
carrying a high-copy-number plasmid encoding the viaB promoter region (PtviA)
fused to a mutant variant of the gfp gene (egfp). The promoter of the viaB locus
was PCR amplified using the primers FW (5�-TATACCATGGGAAGTCTCCT
TATGCTGAAA-3�) and RV (5�-TATAGTCGACGCAGTCACGCACCATC-
3�) flanked with restriction sites SalI and NcoI, respectively (italics indicate
restriction enzyme sequences used). The resulting 600-bp PCR fragment was
cloned into pCR2.1 (Invitrogen, Carlsbad, CA), and the fragment was confirmed
by nucleotide sequencing. The fragment was subcloned into pEGFP, using the
NcoI and SalI multiple cloning site, giving rise to plasmid pQT27. The PtviA::egfp
fusion was excised using SalI and EcoRI and subsequently subcloned into pBlue-
script SK� (Stratagene, La Jolla, CA), giving rise to plasmid pQT28. The
plasmid was electroporated into Ty2 to produce strain Ty2(pQT28). To confirm
that Vi expression is modulated by osmolarity in vitro, Ty2(pQT28) was grown in
culture containing different salt concentrations, and expression of the PtviA::egfp
reporter fusion was investigated by flow cytometry.

To confirm the phenotype of ompR as a regulator of Vi expression, pQT28 was
electroporated into QT74, giving rise to QT74(pQT28). This strain was grown
under different osmolarity conditions in broth and subjected to flow cytometric
analysis.

Cell culture. T84 cells are a human epithelial cell line of colon carcinoma cells
that can be polarized in Transwell plates. T84 cells were seeded at 5 � 105

cells/well, and transepithelial resistance was monitored daily. At a transepithelial
resistance of 500 to 1,500 � (28), bacteria were added at approximately 107

CFU/well (multiplicity of infection was approximately 10:1) to the apical com-
partment of polarized T84 cells for 1 h at 37°C in 5% CO2 to allow for invasion.
After 1 h, the supernatant from each well was removed. To compare bacterial
gene expression inside and outside mammalian cells by monitoring expression of
the PtviA::egfp reporter using flow cytometry, gentamicin was not added (4).
Instead, prewarmed Dulbecco’s modified Eagle’s medium (DMEM)-F12 me-
dium was added to the apical side, and cells were incubated for 2 h at 37°C in 5%
CO2. After this incubation period, the supernatant was collected, and extracel-
lular bacteria were harvested via centrifugation. The monolayer was then washed
three times with ice-cold phosphate-buffered saline (PBS), and T84 cells were
lysed with 1% Triton X-100 on ice for 10 min to collect intracellular bacteria.

Flow cytometry. Samples for flow cytometry were prepared as described pre-
viously (4). To characterize Ty2(pQT28) and QT74(pQT28), 1 ml of bacteria
culture was harvested by centrifugation at 6,000 � g for 5 min. Bacterial cells

TABLE 1. Strains and plasmids

Strain or plasmid Description Reference or
source

Strains
S. Typhi

Ty2 S. Typhi wild type ATCC 19430
QT74 Ty2�ompR::Kanr This study

Plasmids
pCR2.1 Cloning vector Invitrogen
pBluescript SK� Cloning vector Stratagene
pEGFP GFPmut1 variant-expressing

vector
Clontech

pQT13 pGP704::ompRFR1 This study
pQT17 pGP704::ompRFR1::

ompRFR2
This study

pQT19 pGP704::ompRFR1::
ompRFR2::Kmr

This study

pQT27 pEGFP::viaB promoter This study
pQT28 pBluescript SK�::egfp::viaB

promoter
This study

pQT50 pBluescript KS::ompR This study
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were washed twice with PBS to remove LB media. Bacterial pellets were resus-
pended in 1 ml of 4% paraformaldehyde and incubated for 30 min at room
temperature. Fluorescence was measured by using a FACSCalibur system (Bec-
ton Dickinson, Franklin Lakes, NJ) and the Cell quest software provided by the
supplier. The bacterial population was gated by using side and forward scatter
parameters and then analyzed for green fluorescence (fluorescein isothiocyanate
[FITC] channel).

For infection of polarized T84 cells with Ty2(pQT28), the flow cytometry
results were pooled from experimental infections of two separate Transwell
plates. The bacterial population was gated with side and forward scatter para-
meters using samples from a Ty2(pQT28) grown under Vi-inducing conditions
(SOB medium), and uninfected T84 polarized cells were treated under the same
conditions as infected cells in order to set the region of fluorescence. The results
were expressed as the percentage of the population which was fluorescing.

Bovine ligated ileal loop model. Four milk-fed 3- to 4-week-old calves were
obtained from a Texas A&M University cattle herd. Calves were tested for
Salmonella infection by fecal swabs, enriched in tetraiodothionate broth, and
plated on XLT4. To perform the ligated ileal loop experiments, calves were
anesthetized using propofol induction and isoflurane maintenance for the dura-
tion of the experiment (1). A right-flank laparotomy was performed, the ileum
was exposed, and loops with lengths ranging from 6 to 9 cm were ligated, leaving
1-cm loops between them. The loops were inoculated by intraluminal injection of
a 4-ml suspension containing approximately 1 � 109 CFU/ml of S. Typhi strains
Ty2 or QT74 grown in LBH. Loops injected with LBH served as a negative
control. Loops were excised at 2 and 8 h postinfection to (i) collect the fluid that
has accumulated in the lumen, (ii) harvest extracellular bacteria from 6.0-mm
biopsy-punched tissue samples of the mucosa/submucosa for RNA extraction,
and (iii) collect tissues for histopathology/frozen optimal cutting temperature
(OCT) sections. The frozen sections were later sectioned at 10 �m thickness for
fluorescence immunohistochemistry and stored at 	80°C.

Histopathology. Tissue samples were fixed in formalin, processed according to
standard procedures for paraffin embedding, sectioned at 5 �m, and stained with
hematoxylin and eosin. Histopathology slides were examined blindly by two
board-certified veterinary pathologists.

Fluorescence immunohistochemistry. Frozen sections of ileal tissue inoculated
with S. Typhi Ty2 grown in LBH and loops inoculated with LBH (negative
control) were fixed in methanol. Samples were incubated with a primary anti-Vi
rabbit antibody (1:250 dilution) (Difco, Detroit, MI) overnight in 4°C. The next
day, samples were incubated for 2 h at room temperature in a humidified
chamber with secondary anti-rabbit conjugated to Alexa Fluor 549 (1:250 dilu-
tion) (Molecular Probes, Eugene, OR) in the dark. All antibodies were diluted
in antibody dilution buffer (1% bovine serum albumin [BSA] in 0.02 M PBS-
Tween). Slides were washed three times for 10 min each in 0.3% Tween-PBS. A
drop of Prolong antifade DAPI (4�,6-diamidino-2-phenylindole) solution (In-
vitrogen, Carlsbad, CA) was added to each slide. A coverslip was placed over the
top, and slides were allowed to dry overnight at room temperature. The next day,
slides were stored at 4°C until ready to view. Samples were viewed and photo-
graphed with an Olympus IX-70 camera.

RT-PCR. For analysis of intracellular and extracellular S. Typhi gene expres-
sion in vitro, bacteria were collected and stored in ethanol/phenol mRNA stop
solution until RNA was extracted with a hot acid phenol-chloroform assay. For
analysis of intracellular and extracellular S. Typhi gene expression during infec-
tion of bovine ileal loops, extracellular bacteria were harvested from the lumen
and frozen on dry ice. Tissue samples were frozen on dry ice in TRI Reagent
(Molecular Research Center, Cincinnati, OH) at the site of surgery until further
processing for RNA extraction. After RNA extraction from ileal tissue, samples
were processed using the microbe enrichment kit (Ambion, Austin, TX) in order
to isolate bacterial RNA. All samples were DNase treated (Ambion DNA-free
kit). Subsequently, 1,000 ng of each sample was reversely transcribed in a 50-�l
volume (TaqMan reverse transcription reagents; Applied Biosystems, Foster
City, CA), and 4 �l of cDNA was used for each real-time (RT)-PCR. RT-PCR
with primers was used to detect the tviB gene in bacterial mRNA in order to
measure Vi expression and rpoD, the internal control gene, in S. Typhi-infected
T84 polarized cells, using SYBR green (Applied Biosystems, Foster City, CA)
and the ABI 7500 real-time PCR system. The rpoD gene has been shown to have
no significant variation of expression in either S. Typhi or S. Typhimurium inside
macrophages (8, 9) and T84 polarized cells (this study). RNA samples were
analyzed for the prgH and fliC genes to monitor the expression levels of the
Salmonella pathogenicity island 1 (SPI-1) type III secretion system (T3SS) and
flagellin, respectively. For each run, the calculated threshold cycle (CT) was
normalized to the CT of the rpoD gene amplified from the corresponding sample,
and the data were analyzed using the comparative CT method (Applied Biosys-
tems, Foster City, CA). Levels of S. Typhi gene expression in T84 polarized cells

were calculated relative to the inoculum of S. Typhi Ty2 culture grown in LBH.
The levels of S. Typhi gene expression in calves were calculated for each loop
inoculated with S. Typhi Ty2 relative to a loop inoculated with the Vi-negative S.
Typhi ompR mutant (QT74) collected at the same time point from the same
animal. A list of genes analyzed in this study with respective primers is provided
in Table 2.

Statistical analysis. For statistical analysis of ratios (i.e., increases in S. Typhi
gene expression or data, expressed as percentages), data were transformed log-
arithmically prior to performance of statistical analysis. A parametric test (paired
Student’s t test for T84 polarized cell samples and for calf ligated loop samples)
was used to calculate whether differences were statistically significant.

RESULTS

Use of a PtviA::egfp reporter construct to monitor osmoreg-
ulation of the viaB promoter in S. Typhi. GFP (green fluores-
cent protein) has been previously applied to study host patho-
gen interactions and Salmonella gene expression (4, 5, 46, 47).
We first wanted to determine whether a plasmid-based reporter
construct (pQT28) containing the viaB promoter (PtviA) fused
to egfp would be responsive to changes in osmolarity when
introduced into S. Typhi isolate Ty2. Ty2(pQT28) was grown
under Vi-inducing (SOB medium) and Vi-suppressing (LBH
medium) conditions. As a negative control, SOB medium was
inoculated with the Ty2 parent strain.

When Ty2(pQT28) was grown under conditions repressing
Vi antigen expression (LBH medium), the peak fluorescence
intensity was comparable to that of an S. Typhi strain lacking
the reporter construct (Ty2). However, growth of Ty2(pQT28)
under conditions inducing expression of the Vi antigen (SOB
medium) resulted in marked induction of the PtviA::egfp re-
porter construct, as indicated by a 10-fold increase in the peak
fluorescence intensity (Fig. 1). These results were consistent
with previous reports that expression of the Vi antigen of S.
Typhi is affected by osmolarity (51) and validated the use of the
plasmid-based PtviA::egfp reporter construct.

Expression of the Vi capsular antigen is induced after inva-
sion of model epithelia. To investigate whether expression of
the Vi antigen changes when S. Typhi transits from the intes-
tinal lumen into tissue, we used intestinal model epithelia as an
in vitro model. Polarized T84 intestinal epithelial cells were
infected with S. Typhi strain Ty2(pQT28) grown under high
osmolarity (LBH) to mimic the conditions in the intestinal
lumen. The PtviA activity was monitored prior and subsequent
to invasion of epithelial cells using flow cytometry. The peak
fluorescence intensity was greater for Ty2(pQT28) associated
with the T84 monolayer than for extracellular bacteria recov-
ered from the apical compartment (Fig. 2). Furthermore, a

TABLE 2. Primers for real-time PCR

Gene Primer pair sequences

fliC .........................5�-CAACCTGGGCAATACCGTAAATAA-3�
5�-CTGCGCGCGAGACATG-3�

iagA ........................5�-ACGGACAGGGTTATCGGTTTAAT-3�
5�-AAAAGGAAGTATCGCCAATGTATGAG-3�

tviB .........................5�-ATAATAGGGATCTACGCCAATA-3�
5�-CGCTGGCAGCAAATGGA-3�

prgH .......................5�-TCATAATCGCCCCTCGCTAA-3�
5�-TCTATGTCGCTGCGCAAAAT-3�

rpoD .......................5�-GTATGCGTTTCGGTATC-3�
5�-GCTAGGGTGGCGCAGTTTAC-3�
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larger percentage of cell-associated bacteria expressed fluores-
cence (53.8%) than did extracellular bacteria in the apical
supernatant (22.9%).

To further examine Vi expression during infection of T84
cells, we performed real-time PCR analysis. Polarized T84 cells

were infected with S. Typhi Ty2 grown in LBH medium, and
for each experiment, bacterial RNA was pooled from infec-
tions of 10 separate Transwells. We monitored expression of
the tviB gene, the fliC gene, and genes encoded by the SPI-1
T3SS (prgH and iagA). The tviB gene was expressed at a sig-
nificantly higher level (P 
 0.0059) by cell-associated bacteria
than by extracellular bacteria (Fig. 3). The fliC, prgH, and iagA
genes were expressed at significantly higher levels by extracel-
lular bacteria than by cell-associated bacteria. These data were
consistent with previous reports indicating that the invasion-
associated SPI-1 genes and the genes involved in flagellar bio-
synthesis are downregulated following invasion (10, 11, 12, 14,
17, 40, 41).

The transcript levels of tviB in extracellular and cell-associ-
ated bacteria were expressed as fold increase over those mea-
sured in the inoculum culture, which was grown under Vi-
suppressing conditions (300 mM NaCl). The induction of tviB
expression seen in extracellular bacteria may be due to the use
of tissue culture medium containing 150 mM NaCl, an osmo-
larity that induces Vi expression. Nonetheless, experiments
with model epithelia indicated that the levels of Vi expression
were significantly higher in cell-associated bacteria than in
extracellular bacteria.

Deletion of ompR abrogates expression of a PtviA::egfp re-
porter construct. A deletion in ompR was previously found to
inhibit Vi synthesis and result in a negative Vi slide agglutina-
tion reaction (35). A deletion of the ompR gene was con-
structed in S. Typhi strain Ty2 (QT74), and the mutation was
verified by Southern blotting (Fig. 4A). The inability of the S.
Typhi ompR mutant to express the Vi antigen was verified by
slide agglutination using Vi antiserum (data not shown). A
plasmid carrying the intact ompR gene (plasmid pQT50) was
introduced into the S. Typhi ompR mutant (QT74) by electro-
poration. Expression of the Vi capsular antigen in QT74
(pQT50) was restored with slide agglutination using Vi anti-
serum (data not shown). Complementation with a low-copy-
number plasmid (pWSK29) carrying the ompR gene did not

FIG. 1. Osmoregulation of the tviA promoter (PtviA) in S. Typhi. In
vitro induction of a PtviA::egfp reporter fusion carried on plasmid
pQT28 in S. Typhi strain Ty2. Broken line represents Ty2(pQT28)
grown under inducing conditions of low osmolarity (SOB broth). Solid
line represents Ty2(pQT28) grown under noninducing conditions of
high osmolarity (LBH). The shaded area under the gray line represents
strain Ty2 without the reporter plasmid under inducing conditions.
The results are expressed as the percentage of the population fluo-
rescing and the mean fluorescence intensity. The number of cells used
to determine fluorescence intensity and percentage of GFP-positive
cells for each sample are as follows: Ty2(pQT28) in LBH, 87,759 and
28.8%; Ty2(pQT28) in SOB, 73,121 and 69.2%; and Ty2, 62,471 and
0.9%.

FIG. 2. Induction of the tviA promoter (PtviA) during S. Typhi invasion of intestinal model epithelium. Flow cytometry detection of Vi
expression in T84 polarized cells using S. Typhi strain Ty2 carrying a PtviA::egfp reporter fusion (pQT28). The gate for detecting the percentage
of GFP-positive counts (%GFP�) was set using control experiments shown in Fig. 1. The total numbers of particles counted were 9,704 for
extracellular bacteria (A) and 49,812 for intracellular bacteria with T84 cell lysates (B).
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restore Vi production when detected by slide agglutination
(data not shown). This finding was consistent with prior ompR
complementation studies (35).

Vi expression by the ompR mutant was further characterized
by introducing plasmid pQT28 (carrying an egfp reporter gene
fused to the promoter of the viaB region). The ompR mutant
[QT74(pQT28)] and S. Typhi wild type [Ty2(pQT28)] were
grown under conditions inducing Vi capsule expression, and
expression of the PtviA::egfp reporter construct was analyzed by
flow cytometry. The fluorescence intensities emitted by S.
Typhi strain Ty2 (negative control) (data not shown) and strain
QT74(pQT28) grown under Vi-inducing conditions (SOB broth)
were similar. In contrast, Ty2(pQT28) (positive control) grown
under Vi-inducing conditions (SOB broth) exhibited a 10-fold
increased peak fluorescence intensity compared to that of
QT74(pQT28) (Fig. 4B). These data were consistent with pre-
vious reports that OmpR is a positive regulator required for
viaB expression (35).

Expression of the Vi capsule is induced after invasion of the
bovine intestinal epithelium. Vi-suppressing conditions (300
mM NaCl) encountered in the intestinal lumen (13, 30, 45) are
difficult to mimic using tissue culture models, which rely on the
use of tissue culture media containing 150 mM NaCl (Fig. 3).
To further study whether Vi expression is affected by the tran-
sition from the intestinal lumen (300 mM NaCl) into tissue
(150 mM NaCl), we wanted to use an in vivo model suited for
investigating the interaction of bacteria with intestinal tissue
within hours after infection. Although cattle are resistant to
oral infection, the bovine ligated ileal loop model has been
implemented successfully to study early events during the in-
teraction of S. Typhi with the intestinal mucosa (39, 40). In
order to study the expression of the Vi antigen in vivo, we
inoculated calf ligated ileal loops with S. Typhi strain Ty2

FIG. 4. OmpR-mediated activation of the tviA promoter (PtviA).
(A) Confirmation of the ompR deletion in QT74 by Southern blotting
with an ompR specific DNA probe. Lane 1, S. Typhi strain Ty2; lane 2,
S. Typhi ompR mutant (QT74). (B) Flow cytometric analysis of a
PtviA::egfp reporter fusion in the wild type [Ty2(pQT28)] (broken line)
and ompR [QT74(pQT28)] (solid line) grown under Vi-inducing con-
ditions (SOB medium). The total numbers of counts used to determine
fluorescence intensity for each sample are 17,583 and 19,413, respec-
tively.

FIG. 3. Transcript levels in RNA samples collected from extracellular and intracellular bacteria harvested 1 h after S. Typhi infection of
polarized T84 model epithelium. Expression levels of tviB, fliC, prgH, and iagA were determined by real-time PCR. Data are shown as increases
in S. Typhi gene expression relative to the inoculum culture grown under Vi-suppressing conditions. Bars represent arithmetic means (of the
log-transformed means) � margin of error. These data are the average results from three independent experiments.
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grown under high-osmolarity conditions (300 mM NaCl con-
taining LB medium). Loops inoculated with the ompR mutant
(QT74) served as a control, lacking expression of the Vi cap-
sule while carrying an intact tviABCDE vexABCDE operon. To
illustrate Vi expression, bacterial gene expression for each loop
inoculated with the S. Typhi wild type (Ty2) was expressed as
log fold increase over expression in the S. Typhi ompR mutant
(QT74), collected at the same time point.

We performed real-time PCR analysis to investigate the
expression of the Vi antigen by monitoring expression of the
tviB gene. In addition, expression of fliC and invasion genes
(prgH and iagA) was assessed in calf ileal tissue following
invasion at 2 and 8 hours after infection. At 2 and 8 h, expres-
sion of tviB among intracellular bacteria within calf tissue was
significantly higher than that in the inoculum, with P values of
0.001 and 0.013, respectively (Fig. 5). The level of tviB expres-
sion was also higher at 8 h than at 2 h, although this difference
was not statistically significant (P 
 0.06). Although no statis-
tical significance was obtained, there was a trend that fliC,
prgH, and iagA were downregulated in tissue at 2 h and 8 h
compared to expression levels detected in the ompR mutant.

To directly detect Vi production within tissue, frozen sec-
tions of calf intestinal tissue collected at 2 h and 8 h after
infection were labeled with primary anti-Vi antibody and sec-
ondary anti-rabbit goat antibody conjugated to Alexa Fluor
594 (orange-red fluorescence), and tissue was counterstained
with DAPI nuclear stain (blue fluorescence). As a negative
control, tissue collected at corresponding time points from
loops inoculated with sterile medium (mock infection) was
labeled by the same procedure. No Vi antigen production was
detected in the mock-infected ileal tissue (Fig. 6D and H). Ileal
loops infected with S. Typhi strain Ty2 revealed Vi-expressing
bacteria along the intestinal villus tips 2 h after infection, with
bacterial penetration of the intestinal epithelial barrier and

entry into the lamina propria (Fig. 6B and C). Fluorescent
staining of bovine Peyer’s patch sections revealed large num-
bers of Vi-expressing bacteria in the mantle and in the area
between germinal centers (Fig. 6F and G). At 8 h, our findings
were similar, but the numbers of invasive bacteria expressing
the capsule within the tissue were elevated. These findings
were consistent with the concept that production of the Vi
antigen occurs during bacterial passage through the intestinal
epithelium.

The histopathology of the same sections of ileum and Pey-
er’s patches (Fig. 6A and E, respectively) revealed moderate-
to-severe changes in the epithelium infrastructure character-
ized by epithelial detachment, blunting, and erosion, which
agrees with previous studies that demonstrate the induction of
invasion genes and the destruction of the intestinal epithelium
with S. Typhi under high-osmolarity growth conditions (12,
51). Only mild increases in neutrophilic counts were detected
in the lamina propria and submucosa of the ileum, whereas the
numbers of macrophages were markedly increased (data not
shown). Sections of bovine Peyer’s patches illustrated mild-to-
moderate increases in neutrophil counts and markedly in-
creased numbers of mononuclear cells (data not shown). The
lack of infiltrating neutrophils and the presence of a predom-
inate mononuclear cell infiltrate within the intestine are char-
acteristic of typhoid fever infections (24, 32, 33).

DISCUSSION

The expression of the Vi capsular antigen in S. Typhi infec-
tion presents a possible explanation for the different clinical
manifestation of typhoid fever compared to that of patients
infected with nontyphoidal Salmonella serotypes. There are
two major hypotheses on the regulation of Vi expression in the
intestinal environment. One theory suggests that the Vi anti-

FIG. 5. Expression of tviB is induced during invasion of the bovine ileal mucosa. Profile of bacterial gene expression in the inoculum and in
bovine ileal tissue infected with S. Typhi Ty2 determined by real-time PCR at 2 and 8 hours postinfection. Data are expressed as increases in
bacterial mRNA levels relative to loops infected with the S. Typhi ompR mutant at the same time point. Bars represent geometric means �
standard errors. These data are the average results from four different bovids.
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FIG. 6. Fluorescence immunohistochemistry detection of Vi antigen expression in bovine ileal tissue. Frozen calf ileal tissue in OCT medium
was sectioned at 10 �m. Sections of villous intestine (A to D) and Peyer’s patches (E to H) were stained with hematoxylin and eosin (H&E) (A
and B) or with rabbit anti-Vi antiserum, goat anti-rabbit Alex Fluor 549 conjugate (orange-red fluorescence), and DAPI (blue fluorescence) (B,
C, D, F, G, and H). Slides were viewed, and images were taken with an Olympus IX-70 at a magnification of �100 (A, B, D, E, F, and H) or �400
(C and G). Tissue was collected 2 h after S. Typhi infection (A, B, C, E, F, and G) or after mock infection (D and H).
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gen is produced in the intestinal lumen and may inhibit bac-
terial adhesion and invasion of intestinal epithelia (2, 31). The
second theory suggests that Vi is suppressed in the lumen and
activated following invasion to allow the organism to evade
host innate immunity (37, 39). To further test these hypothe-
ses, we investigated the regulation of Vi antigen expression
using relevant in vivo and in vitro models.

The infection of T84 polarized cells with S. Typhi grown
under Vi-suppressing conditions and analyzed by flow cytom-
etry and real-time PCR demonstrated that the Vi antigen was
expressed at higher levels by cell-associated bacteria. These
results, along with previous findings that a capsulated S. Typhi
has a significant reduction in the amount of inflammatory
cytokine secretion compared to that of a noncapsulated mu-
tant (19, 37), support the view that the Vi antigen is activated
following invasion of intestinal epithelial cells. Consistent with
this concept, our analysis of T3SS-1 gene expression with real-
time PCR indicated increased transcription in extracellular
bacteria and a downregulation of these genes by cell-associated
bacteria, suggesting that invasion gene and Vi capsule expres-
sion are regulated oppositely.

Studies of the regulatory mechanisms responsible for Vi
capsule expression in culture media have revealed that expres-
sion of the biosynthesis genes is regulated by osmolarity (2).
When S. Typhi is grown in LBH (Vi-suppressing medium), Vi
expression is repressed, whereas the invasion-associated genes
are highly expressed (2). Since the intestinal lumen is thought
to be hyperosmotic, we wanted to study this aspect in vivo. We
utilized the calf ligated ileal loop model, which has been used
successfully to conduct S. Typhi pathogenesis studies (39, 40),
to examine Vi expression among extracellular bacteria in the
lumen and intracellularly within ileal tissue following invasion.
We directly detected Vi production in the bovine intestinal
mucosa by using anti-Vi antigen antibodies and labeling the
antibodies with an orange-red fluorophore. We observed Vi-
expressing bacteria during the initial stages of penetration of
the intestinal epithelium, as well as following invasion in the
areas of the intestinal villi and Peyer’s patches. The Vi capsule
is expressed inside macrophages in vitro (7) and during human
infection, as indicated by the detection of anti-Vi antibodies in
patient serum samples and the fact that vaccinations with the
Vi antigen confer protection against typhoid fever (22, 23, 27,
42). Interestingly the Vi antigen was detected in the dendritic
cell-rich areas between germinal centers.

In conclusion, we demonstrate that Vi expression is detected
in S. Typhi during invasion of model epithelia in vitro and upon
entry into the bovine intestinal mucosa in vivo.
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