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Salmonella enterica serovar Typhimurium proliferates within cultured epithelial and macrophage cells.
Intracellular bacterial proliferation is, however, restricted within normal fibroblast cells. To characterize this
phenomenon in detail, we investigated the possibility that the pathogen itself might contribute to attenuating
the intracellular growth rate. S. enterica serovar Typhimurium mutants were selected in normal rat kidney
fibroblasts displaying an increased intracellular proliferation rate. These mutants harbored loss-of-function
mutations in the virulence-related regulatory genes phoQ, rpoS, slyA, and spvR. Lack of a functional PhoP-PhoQ
system caused the most dramatic change in the intracellular growth rate. phoP- and phoQ-null mutants
exhibited an intracellular growth rate 20- to 30-fold higher than that of the wild-type strain. This result showed
that the PhoP-PhoQ system exerts a master regulatory function for preventing bacterial overgrowth within
fibroblasts. In addition, an overgrowing clone was isolated harboring a mutation in a previously unknown
serovar Typhimurium open reading frame, named igaA for intracellular growth attenuator. Mutations in other
serovar Typhimurium virulence genes, such as ompR, dam, crp, cya, mviA, spiR (ssrA), spiA, and rpoE, did not
result in pathogen intracellular overgrowth. Nonetheless, lack of either SpiA or the alternate sigma factor
RpoE led to a substantial decrease in intracellular bacterial viability. These results prove for the first time that
specific serovar Typhimurium virulence regulators are involved in a response designed to attenuate the
intracellular growth rate within a nonphagocytic host cell. This growth-attenuating response is accompanied
by functions that ensure the viability of intracellular bacteria.

Salmonella enterica serovar Typhimurium causes food-borne
diseases in humans and animals ranging from self-limited gas-
troenteritis to bacteremia and systemic infections (52). Major
hallmarks of serovar Typhimurium pathogenesis include the
exploitation of epithelial cell functions in inducing bacterial
uptake and resistance to antimicrobial attack of phagocytic
cells (reviewed in references 11, 20, and 73). These mecha-
nisms enable serovar Typhimurium to efficiently penetrate the
intestinal epithelial barrier and disseminate to deeper tissues
(52, 72). In vitro and in vivo models have demonstrated that
both responses are required for elicitation of disease (15, 19).
Serovar Typhimurium also proliferates extensively within
membrane-bound vacuoles of cultured epithelial and macro-
phage cells (16, 21, 25, 45). This process initiates 4 to 6 h after
bacterial internalization (25) and ends at a stage at which the
vacuole containing fast-growing bacilli entirely fills the preex-
isting host cell cytosol. In vitro models have shown that the
average increase in viable intracellular bacteria ranges from
10- to 100-fold during the first 24 h of infection depending on

the cell line used (45, 65). In contrast, the increase in the
intracellular growth rate estimated in vivo is in the range of 5-
to 10-fold every 24 h (2, 63, 70). The discrepancy in the growth
rates between the two models raises the question whether
serovar Typhimurium intracellular proliferation occurs in vivo
to the same extent as in cultured cell lines. Likewise, there is
not yet clear evidence that a process of massive intracellular
proliferation is absolutely required for a fatal outcome of the
infection. Indeed, several studies have reported that massive
pathogen growth is not required to cause host death. Thus, an
enhanced production of immune mediators, such as tumor
necrosis factor alpha and interleukin-1, may lead to fatal con-
sequences for the host even while the host harbors nonsaturat-
ing bacterial doses (39).

The extent to which Salmonella intracellular proliferation is
required for virulence is at present unknown. An early report
claimed that intraepithelial proliferation of serovars Typhi-
murium and Choleraesuis was essential for virulence, since in
vitro-selected mutants displaying a lower intracellular growth
rate behaved as attenuated in the murine typhoid model (17,
40). However, more recent studies have shown that intraepi-
thelial proliferation might not be relevant in vivo. Thus, con-
focal microscopy analysis performed on liver and spleen tissue
sections of infected mice has shown that the majority of pro-
liferating bacteria reside and multiply almost exclusively in
CD18-expressing phagocytes (8, 46, 58). Interestingly, these
studies did not provide evidence for infected cells carrying as
many intracellular bacteria as in vitro-infected cultured cells.
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fahrenstechnik, D-70569, Stuttgart, Germany.

‡ Present address: Departamento de Biotecnologı́a Microbiana,
Centro Nacional de Biotecnologı́a, Consejo Superior de Investigacio-
nes Cientı́ficas (CSIC), Campus de Cantoblanco, 28049 Madrid, Spain.

6463



Morbidity and mortality are severely compromised when the
macrophage cell population is selectively immunodepleted in
susceptible animals (31), suggesting that phagocytes are the
main host cell types permissive for serovar Typhimurium in-
tracellular growth. In addition, intracellular proliferation of S.
enterica serovar Typhimurium seems to be significantly stimu-
lated in tumor cells implanted in animals compared to other
tissues or organs of the infected animal (44, 55). Altogether,
these observations indicate that intraepithelial proliferation of
serovar Typhimurium, if it exists, might be limited during the
course of the infection.

The identity of the serovar Typhimurium functions required
for intraepithelial proliferation is still a matter of debate. The
functionality of the Salmonella pathogenicity island (SPI-2)-
encoded type III secretion system (TTSS) was initially pro-
posed as essential for intraepithelial growth (4). However,
SPI-2 has been recently shown to be strictly required for in-
tramacrophage survival and dispensable for intraepithelial
growth (32). Other studies have reinforced the concept that
SPI-2 is required to elicit enteritis and systemic disease as well
as to promote intracellular bacterial growth within phagocytes
located in target organs (3, 62).

A series of cell biology studies, based almost exclusively on
in vitro models, have attempted to provide clues to how sero-
var Typhimurium initiates intracellular growth. It is known that
bacterial proliferation within cultured epithelial cells corre-
lates with alterations in the distribution of host lysosomal
membrane glycoproteins (LGPs) and the formation of filamen-
tous structures named Sifs (25, 32). Pathogen interference with
the host vacuolar trafficking machinery has also been proposed
as a major strategy promoting intracellular growth (22, 48, 64).
Bacterial proteins required for alteration of the lysosomal gly-
coprotein distribution include SifA (65), the SPI-2-encoded
proteins SseF and SseG (32), and the two-component system
OmpR-EnvZ (49). SpiC, a SPI-2-encoded protein, has recently
been shown to prevent endosome-lysosome fusion events in
macrophages (69). Whether SpiC performs a similar function
in epithelial cells is at present unknown. Interestingly, serovar
Typhimurium mutants lacking proteins required for Sif forma-
tion retain the ability to grow intracellularly within epithelial
cells (3, 32, 65), suggesting that Sif formation is dispensable for
intraepithelial bacterial proliferation.

We have recently demonstrated that virulent serovar Typhi-
murium strains are unable to proliferate within certain non-
phagocytic cell types such as normal fibroblasts (45). Intracel-
lular bacteria are enclosed within membrane-bound vacuoles
in which they are unable to initiate growth (45). Considering
that the in vivo model has not provided any evidence for
massive pathogen proliferation within nonphagocytic cells, we
have employed the fibroblast infection model to characterize
the mechanisms underlying the control of serovar Typhi-
murium intracellular growth within nonphagocytic cells.

In an attempt to define the factors involved in preventing
intracellular growth of serovar Typhimurium within fibroblast
cells, we raised the hypothesis that the absence of bacterial
growth could also be the result, at least in part, of a response
mounted by the pathogen itself. If this prediction is correct,
bacterial mutants lacking functions related to this response
should overgrow. A basic positive selection procedure allowed
us to isolate serovar Typhimurium mutants with an enhanced

intracellular growth rate. The study has led us to uncover a
novel role for specific pathogen-encoded regulators, most of
them previously characterized by their contribution to intram-
acrophage survival. To our knowledge, this is the first report
that proves the existence of a growth self-attenuating response
triggered by an intracellular bacterial pathogen within a eu-
caryotic cell.

MATERIALS AND METHODS

Bacterial strains. S. enterica serovar Typhimurium strains used in this study
are listed in Table 1. Unless otherwise indicated, the reference parental strain for
the infection assays was the mouse virulent strain SL1344 (36). Mutant alleles
obtained from other investigators in different genetic backgrounds were trans-
duced into SL1344 before the phenotypic analysis of intracellular proliferation
within eucaryotic cells. The only exception was the series of nonpolar in-frame
deletion mutants in the spv genes, which, due to the lack of an appropriate
selection marker, were tested in comparison with the parental wild-type (wt)
strain SR11 (Table 1). The bank of MudJ transposon-generated mutants was
constructed in SL1344 according to previously described methods (37). MudJ
and flanking regions present in overgrowing clones were passaged by P22 HT-
mediated transduction to a clean SL1344 genetic background. Upon confirma-
tion of the linkage between the phenotype and the transposon insertion, the
exact location of the insertion was mapped by direct chromosomal sequencing
(see below). Plasmid pEG5433 containing the wt phoPQ locus (29) was used to
complement phoP- and phoQ-null mutants.

Infection of eucaryotic cells. HeLa cells (ATCC CCL2) and NRK-49F rat
fibroblasts (ATCC no. CRL-1570) were grown and infected with the different
serovar Typhimurium strains as described previously (45). Briefly, bacteria were
grown overnight in Luria-Bertani (LB) medium at 37°C in static conditions, and
5 �l of the culture (approximately 106 CFU) was added to eucaryotic cells
cultured to up to 60 to 70% confluency in 24-well plastic plates (approximately
105 eucaryotic cells/well). These conditions accounted for a multiplicity of infec-
tion of 10:1 (bacterium/eucaryotic cell ratio). Cells were infected for 20 to 30 min
depending on the extent of bacterial invasion and monitored by microscopic
observation and estimation of cultured cells displaying membrane ruffles. Infec-
tion was maintained until 50 to 60% of cultured cells showed signs of bacterial
uptake. Noninternalized bacteria were further removed by three successive
washes with phosphate-buffered saline (PBS), pH 7.4. Fresh growth medium
containing 100 �g of gentamicin ml�1 was then added and maintained up to 2 h
postinfection, the time at which the antibiotic concentration was lowered to 10
�g ml�1. At different postinfection times, infected cells were lysed with 1%
Triton X-100–PBS (pH 7.4) (5 min, room temperature), and the number of
viable intracellular bacteria was determined by plating of appropriate lysate
dilutions in LB agar and colony counting. All samples were run at least in
duplicate. The average invasion rate obtained in standard 30-min infection assays
was 1 to 2% in HeLa cells and 0.2 to 0.5% in NRK-49F fibroblasts. The intra-
cellular proliferation rate (Ipro) was calculated as the ratio of the number of
viable intracellular bacteria present at 24 h to those present at 2 h postinfection.

Selection of serovar Typhimurium mutants with increased intracellular
growth rate in fibroblasts. Selection of overgrowing bacterial mutants was ad-
dressed with NRK-49F fibroblasts, since these cells, in contrast to HeLa epithe-
lial cells, are nonpermissive for bacterial intracellular proliferation (45). These
fibroblasts do not show signs of cytotoxicity at any time postinfection as tested by
dye exclusion assays (data not shown). To select for serovar Typhimurium iso-
lates with high Ipro values within NRK-49F fibroblasts, 10 pools, each represent-
ing 5,000 kanamycin-resistant clones of serovar Typhimurium, were first ob-
tained by MudJ mutagenesis (37). These pools were used separately to infect
NRK-49F fibroblast cultures in three to four successive infection cycles. Each of
these cycles consisted of 30 min of incubation of NRK-49F fibroblasts with
bacteria, 1.5 h in growth medium containing 100 �g of gentamicin ml�1, and up
to 72 h of maintenance of the infection in growth medium containing 10 �g of
gentamicin ml�1. The rationale for infecting up to 72 h was the fact that the
viability of intracellular wt serovar Typhimurium within NRK-49F fibroblasts
decreases more than 90% at this postinfection time (45), thus rendering the
enrichment procedure more effective. In all cases, the inoculum for the inter-
mediate infection cycles was prepared by direct inoculation of the 1% Triton
X-100–PBS (pH 7.4) detergent lysate obtained at 72 h into fresh LB medium and
further overnight incubation at 37°C. In parallel, the Ipro value of the pool was
calculated in every infection cycle to validate the enrichment for overgrowing
mutants within each pool. Upon the last infection cycle, the 1% Triton X-100–
PBS (pH 7.4) lysate was plated, and mutants belonging to the pools that showed
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higher Ipro values were tested individually in NRK-49F fibroblasts. Analysis of
individual clones was made only with pools 1, 2, 3, 4, and 6, in which the Ipro value
after the last infection cycle was at least 2 orders of magnitude higher than that
obtained in wt strain infections. Mapping of the MudJ insertions showed that
mutations in genes such as spvA and rpoS were selected in different pools.
Mutations in phoQ, slyA, spvR, and igaA genes were selected once, but in dif-
ferent pools.

Mapping of mutations linked to intracellular overgrowth phenotype. Direct
chromosomal sequencing was used to determine the exact location of MudJ
insertions in serovar Typhimurium isolates displaying an increased Ipro. Chro-
mosomal DNA was prepared as follows: bacteria grown overnight in 1.5 ml of LB
medium were spun down and suspended in the same volume of 10 mM Tris-HCl
(pH 8.0)–25 nM EDTA (pH 8.0). An 0.55-ml volume of lysozyme solution (10 mg
ml�1 in 10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8.0]) was added, and the

TABLE 1. S. enterica serovar Typhimurium strains used in this study

Strain Genotype Source or reference

14028s Wild type 15
MS5996s 14028s phoQ5996::Tn10 14
EG5799 14028s spiR(ssrA)5799::MudJ 51
SL2823 14028s soxRS::Ampr 13
SL2918 14028s fnr::Tn10 Stephen J. Libby
SL2236 14028s slyA::pRR10�trfA Penr 42
12023spvA 14028s spvA::Kmr 35
ST173 LT2 lrp-1::Tn5 Michael P. Spector
SFS78 UK1 aldB2::MudJ mviA(rssB)::Camr Michael P. Spector
SL1344 hisG46 rpsL; virulent strain 36
SV4056 SL1344 phoP7953::Tn10 23
SV4365 SL1344 phoQ5996::Tn10 This work
EG5170 SL1344 phoP5170::MudJ E. A. Groisman
GVB311 SL1344 rpoE::Kmr 38
SV4232 SL1344 rpoE::Kmr phoP7953::Tn10 This work
SV4237 SL1344 spiR(ssrA)5799::MudJ This work
SV4241 SL1344 spiR5799::MudJ phoP7953::Tn10 This work
SV4386 SL1344 spiA::KIXX This work
SV4387 SL1344 spiA::KIXX phoP7953::Tn10 This work
CJD359 SL1344 ompR1009::Tn10 6
SV4235 SL1344 ompR1009::Tn10 This work
SV4236 SL1344 ompR1009::Tn10 phoP5170::MudJ This work
SV1610 SL1344 dam228::MudJ 23
SV4089 SL1344 dam228::MudJ phoP7953::Tn10 23
SMS521 SL1344 crp773::Tn10 Michael Spector
SV4197 SL1344 phoQ201 zzz::MudJ This work
SV4198 SL1344 slyA21::MudJ This work
SV4210 SL1344 rpoS1151::MudJ This work
SV4215 SL1344 igaA188 zzz::MudJ This work
SV4431 SL1344 zzz::MudJ P22 (SV4215) � SL1344
SV4221 SL1344 spvA101::MudJ This work
SV4222 SL1344 rpoS1152::MudJ This work
SV4224 SL1344 phoQ201 This work
SV4234 SL1344 spvA101::MudJ This work
SV4254 SL1344 igaA188 zhf-6311::Tn10dTet This work
SV4255 SL1344 zhf-6311::Tn10dTet, nonmucoid P22 (SV4254) � SL1344
SV4312 SL1344 spvA103::MudJ This work
SV4313 SL1344 spvA104::MudJ This work
SV4314 SL1344 spvR105::MudJ This work
ST97 SL1344 relA21::Tn10 60
SV4285 SL1344 relA21::Tn10 phoP5170::MudJ This work
SV4253 SL1344 lrp-1::Tn5 This work
SV4286 SL1344 lrp-1::Tn5 phoP7953::Tn10 This work
SMS593 SL1344 oxyR::Tn10 61
SV4287 SL1344 oxyR::Tn10 phoP5170::MudJ This work
SV4233 SL1344 mviA(rssB)::Camr This work
SV4288 SL1344 mviA(rssB)::Camr phoP7953::Tn10 This work
SV4261 SL1344 soxRS::Ampr This work
SV4262 SL1344 fnr::Tn10 This work
SMS438 SL1344 rpoS::�-Ampr 53
SV4240 SL1344 rpoS::�-Ampr phoP7953::Tn10 This work
SV4250 SL1344 slyA::pRR10�trfA Penr This work
SV4251 SL1344 spvA::pRR10�trfA Penr phoP7953::Tn10 This work
SV4257 SL1344 spvA::Kmr This work
SV4258 SL1344 spvA::Kmr phoP7953::Tn10 This work
�3306 SR11, wild type 76
UF082 �3306 �spvR 76
UF104 �3306 �spvA 76
UF051 �3306 �spvB 76
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mix was incubated for 20 min at 37°C. Proteinase K (100 �g ml�1) was added,
and the mix was incubated for 1 h at 55°C. After three to four phenol and
chloroform-isoamyl alcohol (24:1) extractions, DNA was precipitated with am-
monium acetate and absolute ethanol and finally suspended in 10 mM Tris-HCl
(pH 8.0)–1 mM EDTA (pH 8.0). DNA was further sheared with a 23-gauge
needle and cleaned in a Sephadex G-50 column. The oligonucleotide used as a
primer specific for the left arm of the MudJ transposon was 5� CGAATAATC
CAATGTCCTCC 3�. Conditions for chromosomal sequencing were (i) incuba-
tion of 2 �g of chromosomal DNA at 58°C for 30 min; (ii) addition of 13 pmol
of primer oligonucleotide, 16 �l of BigDye Terminator mix, 1 �l of Thermo-
Fidelase I (Fidelity Systems, Gaithersburg, Md.), and H2O up to 40 �l; (iii) PCR
(95°C) for 5 min (95°C for 30 s, 53°C for 20 s, and 60°C for 4 min) (55 cycles),
60°C for 5 min, and holding at 4°C; and (iv) DNA precipitation with Centrisep
spin columns (catalog no. 401763; Applied Biosystems–Perkin-Elmer, Madrid,
Spain). To define the spontaneous mutation present in strains SV4197-SV4224
(phoQ) and SV4215-SV4254 (igaA), the phoPQ and igaA genes were PCR am-
plified from chromosomal DNA extracted from wt (SL1344) and mutant serovar
Typhimurium strains. The pairs of primers used to amplify the phoPQ genes were
pho-1D (5� GAGTTGACCCGTGGCAAGCG 3�) and pho-1R (5� GCGTTCA
AGAAAGTCGGGCC 3�). To amplify the igaA gene, the oligonucleotides yF-
1Dbis (5� CATTGTGCGACATACCG 3�) and yF-1Rbis (5� TATGCATGGGG
AACTCC 3�) were used. The PCR products were sequenced over the full length
of the genes using oligonucleotides corresponding to internal sequences as prim-
ers. All the partial sequences were confirmed from products obtained in two
independent PCR amplifications. The point mutation in the overgrowing
SV4197-SV4224 (phoQ201) strains consisted of a C3T nucleotide change that
caused an R (arginine)3W (tryptophan) amino acid change at position 313 of
the PhoQ protein. In the SV4215-SV4254 (igaA188) strains, the point mutation
consisted of a G3A nucleotide change that caused an R (arginine)3H (histi-
dine) amino acid change at position 188 of the IgaA protein.

Immunofluorescence. Serovar Typhimurium-infected cells were fixed with 3%
paraformaldehyde for 10 min at room temperature. Labeling for immunofluo-
rescence was performed with the following primary antibodies: monoclonal
mouse immunoglobulin G (IgG) antibody MLK33 (gift of J. M. Slauch, Univer-
sity of Illinois), which recognizes serovar Typhimurium lipopolysaccharide
(LPS), and polyclonal rabbit antibody C38 (gift of I. Sandoval, Centro de Bio-
logı́a Molecular “Severo Ochoa,” Madrid, Spain), which recognizes rat LGPs.
The secondary antibodies included goat anti-mouse IgG conjugated to Texas
Red, goat anti-mouse IgG conjugated to fluorescein isothiocyanate, and goat
anti-rabbit IgG conjugated to Texas Red. DAPI (4,6-diamidino-2-phenylindole;
1 �g ml�1) was added for 1 min to stain nuclei. The staining was performed as
described previously (45).

Nucleotide sequence accession number. The phoPQ nucleotide sequence of
serovar Typhimurium strain SL1344 was deposited in the EMBL database under
the accession no. AJ272210/STY272210. The igaA gene is under the accession
no. AJ301649/SEN301649.

RESULTS

Isolation of S. enterica serovar Typhimurium mutants with
increased ability to proliferate within fibroblasts. S. enterica
serovar Typhimurium persists in a resting or slow-growing
state within NRK-49F fibroblasts (45). To investigate whether
this reduced proliferation was a consequence of a bacterial
self-attenuation growth response, we undertook a genetic
strategy to identify the hypothetical functions involved. The
rationale was that mutations causing loss of function in hypo-
thetical growth-attenuating genes should result in bacterial
strains with increased proliferation. A bank of at least 50,000
independent transposon MudJ-generated mutants derived
from the virulent serovar Typhimurium strain SL1344 was used
(36, 37). Upon three to four cycles of infection of NRK-49F
cells, several clones showing enhanced Ipro rates were chosen
for further characterization. When tested individually, all these
isolates displayed invasion rates similar to that of the wt strain
(0.2 to 0.5% [data not shown]). However, the ratio of viable
intracellular bacteria at 24 h to that at 2 h (Ipro value) obtained
for these clones was substantially higher than the ratio ob-

tained for the wt strain (Table 2). The phenotypic analysis
allowed us to differentiate two major groups of overgrowing
bacterial mutants. One class was represented by isolate
SV4197, which showed an Ipro value up to 24-fold higher than
that exhibited by the wt strain (Table 2). The second class
included nine isolates (SV4198, SV4210, SV4215, SV4221,
SV4222, SV4234, SV4312, SV4313, and SV4314) with Ipro val-
ues 6- to 13-fold higher than that of the wt (Table 2). Linkage
of the MudJ transposon insertion to the overgrowth phenotype
was demonstrated in all isolates, except SV4197 and SV4215
(see below). Because insertion mutations usually cause loss of
function, the success of these hunts for mutants indicated that
specific serovar Typhimurium factors exerting negative control
on bacterial intracellular growth do exist.

The PhoP-PhoQ two-component system is a negative regu-
lator of bacterial growth within fibroblasts. Standard genetic
analysis showed that the mutation harbored by the isolate
SV4197, which displayed the highest Ipro value, was not linked
to the MudJ insertion. However, this strain had distinct phe-
notypic traits: inability to grow on N-minimal plates containing
low levels of Mg2� (8 �M) and formation of dark colonies on
green plates. These phenotypes are characteristic of phoP or
phoQ mutants (26; our unpublished observations). Moreover,
the high-Ipro phenotype of SV4197 was 90% cotransducible
with purB, which is closely linked to the phoPQ locus (29). To
avoid any undesirable effect of the MudJ insertion present in
SV4197 and not linked to control of intracellular growth rate,
the spontaneous mutation was passaged using the purB marker
to a wt genetic background to construct strain SV4224. This
strain retained all phenotypes related to lack of a functional
PhoP-PhoQ system, including the inability to grow on N-min-
imal plates with low magnesium and to induce an mgtC::MudJ
transcriptional fusion in micromolar concentrations of Mg2�

(data not shown). To ascertain the type of mutation harbored

TABLE 2. S. enterica serovar Typhimurium mutants selected for
high Ipro in NRK-49F cells

Strain Selected mutationa Ipro
b

SL1344 None, wild type 1.7 	 0.4
SV4197c Point mutation in phoQ (R313W);

zzz::MudJ
41.0 	 6.0

SV4198 slyA21::MudJ 12.0 	 0.7
SV4210 rpoS1151::MudJ 11.5 	 4.3
SV4215c Point mutation in igaA (R188H);

zzz::MudJ
15.2 	 3.2

SV4431d igaA� zzz::MudJ (insertion from SV4215) 3.7 	 1.1
SV4221 spvA101::MudJ 14.5 	 2.8
SV4222 rpoS1152::MudJ 10.2 	 2.7
SV4224c phoQ201 (R313W) 32.5 	 7.5
SV4234 spvA102::MudJ 22.0 	 2.3
SV4254c igaA (R188H) zhf-6311::Tn10dTet 17.7 	 4.2
SV4255d igaA� zhf-6311::Tn10dTet (nonmucoid

derivative of SV4254)
3.1 	 0.4

SV4312 spvA103::MudJ 18.4 	 5.1
SV4313 spvA104::MudJ 11.4 	 1.2
SV4314 spvR105::MudJ 20.6 	 4.7

a MudJ insertions were mapped by direct chromosomal sequencing.
b Means 	 standard deviations of triplicate samples from representative ex-

periments. The assay was repeated a minimum of three times for each strain.
c Mutation identified in PCR-amplified phoPQ or igaA loci.
d Control strains that link igaA to negative control of intracellular growth (see

text).
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by strains SV4197 and SV4224, the promoter and entire coding
region of the phoPQ genes from SL1344 (wt), SV4197, and
SV4224 were PCR amplified and sequenced (see Materials
and Methods). As expected, the sequence analysis showed that
SV4197 and its derivative SV4224 harbored the same mutation
consisting of a spontaneous nucleotide change in the phoQ
gene that resulted in a substitution of an R (arginine) for a W
(tryptophan) at position 313 of the PhoQ protein. The two-
component regulatory system PhoP-PhoQ has been shown
elsewhere to play a central regulatory function in Salmonella
virulence, mediating, among other processes, the survival of
intracellular bacteria within phagocytic cells (28, 52). Our re-
sults unveil a novel, unexpected function for the PhoP-PhoQ
system: the attenuation of serovar Typhimurium proliferation
within normal cultured fibroblasts.

To confirm the involvement of the PhoP-PhoQ system in this
novel pathogen intracellular response, previously reported
phoP- and phoQ-null mutant alleles were transduced into the
SL1344 background (strains SV4056 [phoP7956::Tn10] and
SV4365 [phoQ5996::Tn10], respectively), and the resulting
strains were tested for proliferation within fibroblasts. The
absence of either PhoP or PhoQ protein caused a dramatic
increase in the ability of intracellular bacteria to initiate growth
(Fig. 1A). Increased proliferation was also observed in other
nonpermissive cell lines, such as 3T3 mouse fibroblasts (data
not shown), but not in HeLa cells (Fig. 1A). These results
suggest that the self-attenuating growth response triggered by
intracellular bacteria might occur only in specific nonphago-
cytic cell lines. Two additional observations confirmed that the
PhoP-PhoQ system exerts negative control on bacterial growth
within NRK-49F fibroblasts. First, the high intracellular
growth rate shown by the phoP mutant in NRK-49F fibroblasts
was abolished by complementation with plasmid pEG5433
containing the wt phoPQ genes (29) (Fig. 1A). Second, high
intracellular bacterial growth rates were obtained with distinct
phoP mutant alleles irrespective of the genetic background
(data not shown). Microscopic analysis of infected NRK-49F
fibroblasts confirmed the kinetics data and showed that the
absence of either PhoP or PhoQ regulatory protein caused
exacerbated intracellular bacterial proliferation (Fig. 1B). De-
spite the marked difference in the intracellular growth rate
between HeLa epithelial cells and NRK-49F fibroblasts (45),
the phenomenon of massive release of vesicles containing LPS
occurs to the same extent in the two cell types (Fig. 1B) (24).
Nonetheless, the vast amount of LPS observed in the cytosol of
wt-infected NRK-49F fibroblasts might also derive in part from
bacteria that are degraded by the fibroblast. Indeed, our pre-
vious electron microscopy analysis demonstrated the occur-
rence of bacterial degradation within NRK-49F fibroblasts
(45). We then reasoned whether the capacity of phoP or phoQ
mutants to proliferate extensively within NRK-49F fibroblasts
was associated with avoidance of bacterial degradation by al-
tering the intracellular trafficking route. Confocal immunoflu-
orescence microscopy demonstrated that intracellular wt and
phoP bacteria are enclosed in compartments containing LGPs
irrespective of the extent of bacterial growth (Fig. 2). More-
over, the accessibility of fluid endocytic tracers as dextran sul-
fate to the phagosome remains blocked in wt- or phoP or phoQ
mutant-infected fibroblasts (data not shown). These observa-
tions agree essentially with the data previously obtained in the

epithelial cell infection model (22). Altogether, these results
prove that the PhoP-PhoQ two-component regulatory system
is required to attenuate intracellular bacterial growth within
fibroblast cells. However, this role is apparently not exerted by
modulating processes such as the secretion of LPS vesicles
(24), the targeting of bacteria to LGP-containing compart-
ments (22, 25), or the disconnection of the phagosome with the
endocytic route (22).

FIG. 1. The PhoP-PhoQ two-component regulatory system is re-
quired to attenuate intracellular growth within fibroblasts. (A) Intra-
cellular growth rates (Ipro values) of wt (SL1344), phoP7953::Tn10
(SV4056), and phoQ5996::Tn10 (SV4365) serovar Typhimurium
strains in NRK-49F fibroblasts and HeLa epithelial cells. Strains har-
boring the pEG5433 plasmid containing the phoPQ locus are marked
as phoP/phoPQ�. Data are representative of a minimum of five exper-
iments. (B) Absence of attenuating growth response in intracellular
phoP and phoQ mutants. NRK-49F fibroblast cells were fixed at 24 h
postinfection and processed for immunofluorescence microscopy as
described elsewhere (45). Primary antibody was monoclonal mouse
IgG antibody MLK33 anti-serovar Typhimurium LPS. Secondary an-
tibody was goat anti-mouse IgG conjugated to Texas Red. DAPI (1 �g
ml�1) was added to stain nuclei. Arrows indicate two intracellular wt
bacteria that do not exhibit massive proliferation. Bar, 10 �m.
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The virulence transcriptional regulators RpoS, SlyA, and
SpvR mediate attenuation of intracellular bacterial growth in
fibroblasts. Transductional analysis showed that mutants be-
longing to the phenotypic class II (Ipro values 6- to 13-fold
above those of the wt [Table 2]), except strain SV4215, har-
bored independent MudJ insertions 100% linked to over-
growth phenotype. The only exception was represented by
strain SV4215 (Table 2; also see below). Sequencing the chro-
mosomal regions flanking the MudJ in these mutants showed
that the MudJ was inserted in the slyA, rpoS, spvA, and spvR
genes (Table 2). Four distinct insertions were mapped in the
spvA gene (strains SV4221, SV4234, SV4312, and SV4313),
two were mapped in the rpoS gene (strains SV4210 and
SV4220), and one was mapped in the slyA and spvR genes
(strains SV4198 and SV4314, respectively) (Table 2). All these
genes, except spvA, have been shown previously to be essential
for Salmonella responses linked to resistance to macrophage
attack (slyA and rpoS) and intracellular proliferation in vivo
(spvR) (5, 12, 50, 74). SlyA, the alternative sigma factor RpoS,
and SpvR are all transcriptional regulators (9). To confirm the
involvement of these factors in attenuation of bacterial growth
rate in fibroblasts, the Ipro value in fibroblasts was calculated
for SL1344 derivatives carrying previously characterized slyA

or rpoS mutant alleles (35, 42, 53). All mutant strains behaved
like the isolates selected for overgrowth in NRK-49F fibro-
blasts (Table 3). Moreover, a series of in-frame nonpolar de-
letion mutations in the spvR, spvA, and spvB genes was used to
define in more detail the involvement of the proteins encoded

FIG. 2. wt and phoP bacteria are equally targeted to LGP-containing vacuoles of NRK-49F fibroblasts. Infected NRK-49F cells were fixed at
24 h postinfection and processed for confocal immunofluorescence microscopy as described elsewhere (45). Primary antibodies were mouse
monoclonal antibody MLK33 anti-serovar Typhimurium LPS and rabbit polyclonal C38 antibody anti-rat LGP. Secondary antibodies were
anti-mouse IgG conjugated to fluorescein isothiocyanate and anti-rabbit IgG conjugated to Texas Red. Arrows show examples of colocalization
of bacteria with the late endosome-lysosomal marker. Bar, 5 �m.

TABLE 3. Intracellular growth rates of S. enterica serovar
Typhimurium mutants harboring defined slyA,

rpoS, and spvA mutations

Strain Genotypea
Ipro

b

Expt 1 Expt 2

SL1344 Wild type 1.0 	 0.05 3.4 	 0.6
SV4056 phoP7953::Tn10 26.0 	 2.4 32.0 	 4.9
SMS438 rpoS::�-Ampr 11.2 	 1.9
SV4240 rpoS::�-Ampr phoP7953::Tn10 23.0 	 1.1
SV4250 slyA::pRR10�trfA Penr 12.0 	 2.3
SV4251 slyA::pRR10�trfA Penr

phoP7953::Tn10
26.0 	 5.5

SV4257 spvA::Kmr 25.5 	 1.7
SV4258 spvA::Kmr phoP7953::Tn10 33.0 	 3.6

a All mutant strains are isogenic with strain SL1344.
b Shown are means 	 standard deviations of two representative experiments.

The assay was repeated a minimum of three times for each strain.
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by these genes in the growth-attenuating response. The �spvR
and �spvB mutants, but not the �spvA mutant, displayed a
higher Ipro than did the wt (Fig. 3). These results are consistent
with the role in virulence previously assigned to SpvB. Fur-
thermore, they indicate that SpvB is essential to repress bac-
terial growth within fibroblasts and suggest that the phenotype
of the spvA::MudJ mutations selected in the overgrowing mu-
tants SV4221, SV4234, SV4312, and SV4313 is likely due to
polar effects on the expression of downstream genes. Alto-
gether, these experiments validate our selection method and
demonstrate that the virulence-related regulators SlyA, RpoS,
and SpvR, as well as the SpvB protein, play a role in the
attenuation of bacterial growth within fibroblasts. It is relevant
that, unlike the epithelial or macrophage infection models, the
fibroblast infection system provides a discernible phenotype
for serovar Typhimurium spv mutants.

As the Ipro values of slyA, rpoS, and spvR regulatory mutants
were lower than those of phoP or phoQ mutants, we investi-
gated whether the function of these proteins as negative reg-
ulators of bacterial intracellular growth was dependent on the
PhoP-PhoQ system. If such an association existed, double mu-
tants carrying a nonfunctional PhoP-PhoQ system and a defi-
ciency in any of the other regulators would display the same
intracellular growth phenotype, e.g., similar Ipro values. The
intracellular growth rates of phoP slyA, phoP rpoS, and phoP
spvR double mutants were then determined (Table 3). No
additive effect on Ipro value was observed for any of the double
mutants. These results suggest that the role of SlyA, RpoS, and
SpvR regulators related to intracellular growth attenuation
might be under the control of the PhoP-PhoQ two-component
system.

A novel gene, igaA, participates in the growth attenuation
response within fibroblasts. Strain SV4215, which belongs to
class II of the overgrowth mutants with intermediate Ipro val-
ues in NRK-49F fibroblasts, failed to show genetic linkage
between the overgrowth phenotype and the MudJ insertion:
transduction of the MudJ insertion to the wt resulted in trans-
ductants with wt Ipro values (strain SV4431 [Table 2]). Inter-
estingly, the SV4215 mutant was mucoid on plates. To deter-
mine whether the mucoidy phenotype was linked to the ability
to overgrow in fibroblasts, strain SV4215 was mutagenized with
Tn10dTet. Six pools, each of 5,000 Tetr colonies, were then
prepared and lysed with P22. These lysates were used to trans-
duce the wt, selecting Tetr resistance. Mucoid colonies were
then sought among the Tetr transductants. One Tetr mucoid
transductant, propagated as strain SV4254, proved to retain
the high Ipro value of the parental strain SV4215 (Table 2),
indicating that mucoidy and loss of attenuation of intracellular
growth were linked. To rule out the possibility that the cotrans-
ducible Tn10dTet insertion (hereafter zhf-6311::Tn10dTet)
had an effect on intracellular growth, a nonmucoid strain car-
rying the zhf-6311::Tn10dTet insertion (SV4255) was also used
to infect NRK-49F fibroblasts. This strain showed an Ipro value
similar to that of the wt (Table 2), confirming that the
zhf-6311::Tn10dTet insertion had no effect on intracellular
proliferation. The cotransduction frequency between mucoidy
and the zhf-6311::Tn10dTet insertion was around 0.35, suggest-
ing that the locus controlling capsule production and the
zhf-6311::Tn10dTet insertion were 12 to 14 kb apart. Mapping
with locked-in P22 prophages (1) indicated that zhf-6311::
Tn10dTet was located at centisome 75 on the chromosome of
serovar Typhimurium, near cysG. Three-factor crosses indi-
cated that the locus under study, named igaA for intracellular
growth attenuator, mapped near mrcA. The gene order was
aroB-mcrA-igaA. An open reading frame homologous to yrfF of
Escherichia coli (80% identity, 89% homology) and to umoB of
Proteus mirabilis (39% identity, 57% homology) exists at this
position. While the biological function of YrfF has not been
investigated in E. coli, the UmoB protein has been shown
previously to modulate expression of flhDC, which controls the
swarming phenotype in P. mirabilis (7). Sequencing of PCR
products of the igaA region from SL1344 (wt), SV4215, and
SV4254 strains showed that the YrfF-UmoB-related open
reading frame of strains SV4215 and SV4254 harbored a point
mutation causing an amino acid substitution of R (arginine)
for H (histidine) at position 188 of the putative IgaA protein.
Attempts to construct igaA-null mutants were unsuccessful
(data not shown), suggesting that igaA may be an essential
gene. If such is the case, the igaA188 mutation must not be null.
As in the tests performed with SlyA, RpoS, and SpvR regula-
tors, the possibility of a functional relationship between IgaA
and PhoP-PhoQ was tested. A phoP igaA double mutant dis-
played an Ipro value similar to that of a phoP mutant (data not
shown), suggesting that the IgaA function might belong to the
same proliferation control pathway as the PhoP-PhoQ system.
This view is supported by the observation that, unlike SV4255
(zhf-6311::Tn10dTet), the strain SV4254 (igaA188 zhf-6311::
Tn10dTet) is attenuated for virulence in the murine typhoid
model (unpublished observations). Altogether, these observa-
tions provide evidence that the IgaA function is involved in

FIG. 3. SpvR and SpvB proteins are involved in attenuation of
intracellular growth within NRK-49F fibroblasts. Shown are the Ipro
values at 24 h postinfection for wt (SR11 and �3306) and the in-frame
nonpolar deletion mutant derivatives UF082 (�spvR), UF104 (�spvA),
and UF051 (�spvB). Bars represent means 	 standard deviations of a
representative experiment from a total of three repetitions.
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negative control of bacterial proliferation within NRK-49F
fibroblasts.

Specificity of the response involved in attenuating pathogen
growth rate. Although 40 to 50 genes have been shown else-
where to be required for Salmonella pathogenesis (30), our
selection procedure produced only a very small subset of vir-
ulence proteins. To determine whether additional regulators
were involved in the attenuation of the bacterial growth rate
within fibroblasts, we tested mutants affected in the following
regulatory proteins: (i) RpoE, an alternative sigma factor (38);
(ii) SpiR (SsrA) and SpiA, a regulator and a type III structural
protein, respectively, both encoded in SPI-2 (34, 51); (iii)
OmpR, a transcriptional regulator controlling outer mem-
brane protein content (43); (iv) Dam, a DNA-adenine meth-
ylase required for systemic disease (23, 33); (v) the global
regulators Crp, RelA, and Lrp (18); (vi) OxyR and SoxRS,
related to oxidative stress (13, 67); (vii) MviA, a regulator
required for eliciting systemic disease in mice (66); and (viii)
Fnr, which controls switching to anaerobic metabolism. Unlike
the mutations in the phoP, phoQ, slyA, rpoS, spvR, and igaA
genes, none of the other virulence-related mutations resulted
in an Ipro value higher than that of the wt (Table 4). Moreover,
when combined with phoP-null mutant alleles, no alteration in
the capacity of intracellular bacteria to attenuate growth was
detected (Table 4). These results suggest that the growth-
attenuating response is under the control of a specific subset of
virulence-related regulatory proteins. Even though none of
these mutants displayed an overgrowth phenotype, two of
them, the spiA and rpoE mutants, were defective for mainte-

nance of viability in the intracellular environment of fibro-
blasts, with Ipro values in the range of 30% of that of the wt
(Table 4). The combination of the mutations producing sur-
vival defects (spiA and rpoE) with phoP mutant alleles also
caused a marked decrease in the intracellular growth rate.
Nonetheless, the Ipro value of the spiA phoP or rpoE phoP
double mutants was still 10-fold higher than that showed by
single spiA or rpoE mutants (Table 4). These results may in-
dicate that not all the population of intracellular bacteria is
affected to the same extent by the fibroblast defense mecha-
nisms. Interestingly, the low Ipro value of the spiA mutant was
not reproduced by the spiR mutant, which suggests that the
spiR mutant might retain a residual activity of the SPI-2-en-
coded TTSS in the intracellular environment of fibroblast cells.

DISCUSSION

In this study, we present evidence that a specific subset of S.
enterica serovar Typhimurium virulence determinants prevent
pathogen overgrowth with cultured normal fibroblasts. This
was unexpected, considering that virulence functions are gen-
erally associated with promotion of survival and proliferation
in the intracellular environment of the host cell. Interestingly,
recent data obtained with animal models support the idea that
massive intracellular proliferation of serovar Typhimurium oc-
curs predominantly within CD18-expressing phagocytes and
not in epithelial cells (31, 46, 58). These reports raise the
interesting question of whether, during the infection, the inva-
sion of nonphagocytic cells by S. enterica might be followed by
adaptation of the pathogen to a slow-growth or resting state. In
this respect, a very recent report by Hernández-Pando et al.
has provided evidence by in situ PCR that nonphagocytic cells
carry Mycobacterium tuberculosis that remains latent in the
lungs of asymptomatic individuals (35a). In this study, it was
shown that fibroblasts are the host cell type that exhibits a
stronger signal for mycobacterial DNA (35a).

To evaluate the significance of the lack of S. enterica growth
within nonphagocytic cells, we reasoned whether the lifestyle
of this pathogen within cultured fibroblasts could somehow
reflect the growth kinetics of S. enterica in animal tissues. In
addition, fibroblasts must be considered a potential host cell
type for S. enterica since they are efficiently invaded in vitro by
this pathogen and located in anatomical sites close to the
infection loci. Though no study has yet proved that S. enterica
infects fibroblasts upon penetration of the intestinal epithe-
lium, it is known that fibroblasts exist in the lamina propria (56,
57). These so-called intestinal subepithelial myofibroblasts
modulate the mobility, differentiation, and proliferation of ep-
ithelial and parenchymal cells by secreting a large number of
cytokines, chemokines, growth factors, and other immuno-
modulatory molecules (56, 57). A nonproliferative intracellular
infection of these subepithelial fibroblasts by S. enterica would
provide the bacteria with the opportunity to orchestrate the
physiology of the intestinal epithelium while remaining masked
from recognition by immune cells. As in the case of M. tuber-
culosis (35a), a latent S. enterica infection of cells with minimal
antigen presentation capacity, such as fibroblasts, would per-
haps enable the pathogen to persist for a long time. In accord
with these postulates, we have obtained preliminary data with
the calf ligated loop assay that suggest that the PhoP-PhoQ

TABLE 4. Role of S. enterica serovar Typhimurium virulence
regulators in attenuation of intracellular growth

within NRK-49F cells

Strain Mutated gene(s)a
Ipro

b

Expt 1 Expt 2

SL1344 None (wild type) 1.0 	 0.05 4.4 	 0.35
SV4056 phoP 26.0 	 2.4 45.0 	 3.5
GVB311 rpoE 0.3 	 0.1
SV4232 rpoE phoP 2.8 	 1.1
SV4237 spiR 1.6 	 0.25
SV4241 spiR phoP 25.9 	 0.9
SV4386 spiA 0.38 	 0.13
SV4387 spiA phoP 3.5 	 0.8
SV4235 ompR 4.8 	 0.9
SV4236 ompR phoP 35.0 	 3.5
SV1610 dam 4.5 	 0.9
SV4089 dam phoP 36.2 	 5.0
SMS521 crp 1.05 	 0.2
SV4284 crp phoP 15.9 	 2.3
ST97 relA 1.1 	 0.3
SV4285 relA phoP 34.6 	 2.5
SV4253 lrp 1.2 	 0.2
SV4286 lrp phoP 26.6 	 0.4
SMS593 oxyR 2.3 	 0.4
SV4287 oxyR phoP 32.8 	 8.3
SV4233 mviA 2.6 	 0.4
SV4288 mviA phoP 26.5 	 10
SV4261 soxS 4.5 	 1.3
SV4262 fnr 4.4 	 0.3

a All mutant strains are isogenic with strain SL1344.
b Shown are means 	 standard deviations of two representative experiments.

The assay was repeated a minimum of three times for each strain.
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system might mediate intracellular growth attenuation at the
level of the lamina propria (P. Watson and F. Garcia-del Por-
tillo, unpublished observations).

In principle, two non-mutually exclusive processes could ex-
plain the attenuation of serovar Typhimurium growth within
fibroblasts. On one side, normal fibroblasts, though not con-
sidered professional phagocytes, could mount an effective an-
tibacterial response. In this context, Eriksson et al. have pro-
posed that S. enterica triggers nitric oxide (NO) release by
macrophages and that mutants which do not stimulate host NO
release display an intracellular growth advantage (10). We
have observed that NO levels of NRK-49F fibroblast cells
increase two- to threefold in response to serovar Typhimurium
infection. However, blockage of NO production does not result
in an increase of the intracellular growth rate (data not shown).
Therefore, unlike the macrophage model, attenuation of intra-
cellular bacterial growth in fibroblasts does not seem to rely, at
least entirely, on host NO production.

An alternative hypothesis to explain the absence of massive
intracellular proliferation of serovar Typhimurium within fi-
broblasts is that intracellular bacteria mount a specific re-
sponse to restrain themselves from massive growth. Regardless
of the relative contribution of the fibroblast to attenuation of
bacterial growth, a bacterial product(s) can arrest intracellular
proliferation. A simple positive selection procedure provided
us with overgrowing serovar Typhimurium mutants. The ge-
netic characterization of these isolates revealed that functions
previously known to be involved in intramacrophage survival
and in vivo intracellular proliferation, such as PhoP-PhoQ,
SlyA, SpvR, and RpoS, are essential to down-regulating the
Ipro in cultured fibroblasts. To our knowledge, these data rep-
resent the first example of attenuation of bacterial overgrowth
in the intracellular environment of a nonphagocytic eucaryotic
cell that is directed by pathogen factors.

The detailed characterization of the phenotype displayed by
individual overgrowing clones permitted us to differentiate two
major classes. In the first class, exemplified by phoP and phoQ
mutants, a substantial derepression of the intracellular growth
rate occurred at 24 h, reaching values up to 20- to 30-fold
higher than those for the wt virulent strain. This observation
was unexpected, considering that the lack of the PhoP-PhoQ
two-component system had been always linked to major intra-
macrophage survival defects and marked attenuation in the
murine typhoid model (30, 52). Our data demonstrate that the
absence of either of these two regulatory proteins results in
enhanced serovar Typhimurium intracellular proliferation
within normal fibroblast cells. The point mutant allele phoQ201
(R313W) isolated in our screening was associated with loss of
function for the PhoQ protein, since the overgrowing clone
carrying this mutant allele was defective for growth in low-
Mg2� minimal medium and activation of different pag genes
(unpublished observations). The phoQ201 mutation maps in
the cytosolic transmitter domain of the PhoQ sensor protein.
Interestingly, this point mutation does not affect synthesis or
stability of the protein, as indicated by Western blotting anal-
ysis performed with phoQ-null mutants carrying the phoQ201
allele in a plasmid (data not shown). This result suggests that
the PhoQ (R313W) protein, though probably able to receive
the extracellular signal, is unable to transmit it to the PhoP
transcriptional regulator. How the intracellular growth-atten-

uating function of the PhoP-PhoQ system is related to Salmo-
nella pathogenesis is at present unknown. One could speculate
that, besides its central role in promoting intramacrophage
survival, the PhoP-PhoQ system might also prolong residence
of intracellular bacteria that have invaded nonprofessional
phagocytic cells. Indeed, it has been known for decades that a
small percentage of Salmonella infections occurring in live-
stock and humans end with persistence of bacteria in host
tissues, a phenomenon poorly characterized at a cellular or
molecular level. Monitoring the phoP or phoQ mutants in
intestinal and systemic sites upon oral administration could
provide insights into this putative relationship.

Our study also identified other virulence-related regulatory
proteins of serovar Typhimurium involved in the negative reg-
ulation of intracellular growth rate. Thus, knockout mutants
defective in the transcriptional regulator SlyA, RpoS, or SpvR
displayed 6- to 13-fold-higher intracellular growth rates than
those of the wt strain. These transcriptional regulators have
been shown to regulate Salmonella virulence. SlyA, like the
PhoP-PhoQ system, is essential for Salmonella to withstand the
macrophage antimicrobial attack. RpoS has been shown pre-
viously to be required for systemic disease (5). SpvR, which
positively regulates the plasmid-encoded spvABCD operon
(27), is also needed for systemic disease (41). Interestingly,
neither rpoS nor spvR mutants display any intracellular survival
defect in cultured macrophages. This lack of an in vitro phe-
notype agrees with the fact that RpoS positively regulates spvR
expression (59). The interconnection between the PhoP-PhoQ
system and the SlyA, RpoS, and SpvR regulators is at present
undefined, although it has been proposed previously that the
PhoP-PhoQ system may control in a positive manner the ex-
pression of the spvABCD operon (47). Whether this control is
exerted via the SpvR regulator is unknown. Regulation of
expression of the spvR gene is very complex, and besides RpoS,
other proteins that exert control over spvR include H-NS, Crp,
and Lrp as negative regulators and integration host factor
(IHF) as a positive regulator. No overgrowing mutant was
selected with a defect in the positive regulator IHF, which
could indicate that loss of RpoS, but not of IHF, ensures a
significant repression of the spvR gene in the intracellular en-
vironment of fibroblasts. Deletion of the spvR or spvB genes
enhances the Ipro, which suggests that SpvB plays an important
role in attenuating growth rate. Though the biological function
of Spv proteins remains undefined, the SpvB protein exhibits
mono(ADP-ribosyl)transferase activity toward host actin (54,
68). Although further work is required to determine the exact
biological function of Spv proteins, our fibroblast model offers
an opportunity to address this question. The fact that double
mutants lacking phoP and rpoS or slyA or spvR did not display
higher proliferation rates than did the single mutants suggests
that SlyA, RpoS, and SpvR might be under the control of the
PhoP-PhoQ system to attenuate growth within fibroblasts.

An additional mutant having a defect in a previously un-
known protein of S. enterica was also selected as an overgrow-
ing clone. This protein, which we named IgaA for intracellular
growth attenuator, is homologous to the E. coli YrfF and P.
mirabilis UmoB proteins. Whereas the biological function of
YrfF is currently unknown, UmoB has been shown elsewhere
to act as a positive regulator of FlhDC, the master regulator of
flagella and swarming (7). More recently, FlhDC has been
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shown to repress cell division during P. mirabilis swarming,
suggesting that UmoB could repress cell division via FlhDC.
This biological function, if maintained in S. enterica, could
sustain a putative negative control of cell division and growth
exerted by IgaA in intracellular bacteria. Unlike the phoQ201
(R313W) point mutant allele, the igaA188 (R188H) mutant
allele must confer a partial loss of function, since IgaA is an
essential protein in a wt genetic background in laboratory
conditions. The analysis of IgaA secondary structure predicts
that it might be a membrane protein with at least four trans-
membrane domains. As the igaA188 point mutant overex-
presses capsule material, there is likely an interconnection
between IgaA function and structural (cps) or regulatory (rcsA
and rcsCB) genes involved in capsule synthesis. It would be
also interesting to link IgaA function with the PhoP-PhoQ
two-component regulatory system.

Unlike the strains defective in the other regulators, the rpoE
and spiA mutants exhibited a survival defect within fibroblasts,
retaining only 30% viability as shown in comparison with the
wt strain. Our data are consistent with the survival defect
previously reported for rpoE mutants in epithelial cells and
macrophages (38) and the loss of viability of spiA in macro-
phages. Likewise, our observations imply that fibroblasts might
harbor antimicrobial activities analogous to some extent to the
variety of macrophage defenses. Interestingly, in contrast to
the spiA mutant, which does not have a functional SPI-2 TTSS,
the spiR SPI-2 regulatory mutant showed the same survival rate
as did the wt strain. This difference suggests that this spiR
mutant may have residual activity of the SPI-2 TTSS, which
might be sufficient to maintain viability. Similar differences in
intracellular viability rates have been found in cultured mac-
rophages (E. A. Groisman, unpublished observations).

An interesting characteristic of the response described in
this study is that it relies on the function of a specific subset of
virulence regulators. Thus, S. enterica virulence regulators,
such as the OmpR-EnvZ two-component system, the Dam
methylase, Crp, Cya, and MviA, among others, are dispensable
for attenuation of the intracellular growth rate within fibro-
blasts. These differences illustrate the tremendous variety of
intracellular responses that pathogens can trigger depending
on distinct environmental cues present in specific host cell
types.

A final question that arises from our observations is how to
explain the lack of virulence shown in animal models by the
class I and class II overgrowing mutants (phoQ, slyA, spvR,
rpoS, and igaA). Whereas decreased bacterial survival and/or
proliferation in cultured macrophages is primarily associated
with attenuation (e.g., phoPQ and slyA mutants [71, 75]), mas-
sive proliferation within nonphagocytic cells could also result
in a suicide strategy for these bacteria. Thus, lysis of an in-
fected nonphagocytic cell due to intracellular bacterial over-
growth may lead to bacterial release into extracellular locations.
These extracellular bacteria can be subsequently ingested by
nearby activated phagocytic cells, in which these bacterial mu-
tants rapidly lose viability. Thus, a combination of growth at-
tenuation (via PhoP-PhoQ, SlyA, RpoS, and SpvR) and via-
bility maintenance (via RpoE and SPI-2 TTSS) might provide
the pathogen with the wherewithal to adapt to a long-persis-
tence state within the infected nonphagocytic cell.
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