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Salmonella enterica serovar Typhimurium causes self-limiting gastroenteritis in humans and a typhoid-like
disease in mice that serves as a model for typhoid infections in humans. A critical step in Salmonella
pathogenesis is the invasion of enterocytes and M cells of the small intestine via expression of a type III
secretion system, encoded on Salmonella pathogenicity island 1 (SPI-1), that secretes effector proteins into host
cells, leading to engulfment of the bacteria within large membrane ruffles. The in vitro regulation of invasion
genes has been the subject of much scientific investigation. Transcription of the hil4 gene, which encodes an
OmpR/ToxR-type transcriptional activator of downstream invasion genes, is increased during growth under
high-osmolarity and low-oxygen conditions, which presumably mimic the environment found within the small
intestine. Several negative regulators of invasion gene expression have been identified, including HilE, Hha,
and Lon protease. Mutations within the respective genes increase the expression of hil4 when the bacteria are
grown under environmental conditions that are not favorable for hil4 expression and invasion. In this study,
the intracellular expression of invasion genes was examined, after bacterial invasion of HEp-2 epithelial cells,
using Salmonella strains containing plasmid-encoded short-half-life green fluorescent protein reporters of hilA,
hilD, hilC, or sicA expression. Interestingly, the expression of SPI-1 genes was down-regulated after invasion,
and this was important for the intracellular survival of the bacteria. In addition, the effects of mutations in
genes encoding negative regulators of invasion on intracellular hil4 expression were examined. OQur results
indicate that Lon protease is important for down-regulation of hil4 expression and intracellular survival after

the invasion of epithelial cells.

Diseases caused by infection with Salmonella species pose a
health threat to humans worldwide. Different strains of Salmo-
nella enterica serovar Typhimurium cause gastroenteritis in
humans and other warm-blooded animal species, while serovar
Typhi is restricted to human hosts and causes typhoid fever.
Virulence determinants can vary among Salmonella strains;
however, all possess Salmonella pathogenicity island 1 (SPI-1),
a 40-kb locus encoded at centisome 63, which allows the bac-
teria to invade host intestinal epithelial cells (7, 12-14, 28, 30,
33, 3942, 51). This suggests that the invasion phenotype is
crucial for the establishment of infection by Salmonella species
in various host environments. The importance of SPI-1 in vir-
ulence is supported by experimental evidence, as mutations in
invasion genes cause ~60-fold defects in the virulence of Sal-
monella within orally infected mice and abrogate symptoms of
gastroenteritis, such as fluid secretion and polymorphonuclear
leukocyte recruitment, in the calf model of infection (32, 53).
SPI-1 encodes proteins that make up a type III secretion sys-
tem (TTSS) responsible for the translocation of effectors that
alter signaling mechanisms and mediate cytoskeletal rear-
rangements into the host cell, leading to the formation of large
membrane ruffles that engulf the bacteria in vacuoles (70).
Once inside host cells, genes from SPI-2 are expressed (11, 44,
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48). SPI-2 is a 40-kb segment of the chromosome, located at
centisome 30, that encodes a separate TTSS and secreted ef-
fectors that alter endocytic trafficking events within epithelial
or macrophage cells so that lysosomal contents and NADPH
oxidase are prevented from targeting the Salmonella-contain-
ing vacuole (9, 31, 61, 66, 67). This allows intracellular prolif-
eration, which is crucial for Salmonella virulence within the
mouse model (11, 60, 61). After initial invasion and destruction
of intestinal M cells and enterocytes, host-adapted strains of
Salmonella survive within macrophages, which carry the bac-
teria to the liver and spleen (40, 57). Unrestricted bacterial
growth at these systemic sites leads to death of the host.
Salmonella expresses two distinct TTSSs involved in unique
aspects of Salmonella pathogenesis (38). Therefore, there is
much interest in understanding the differential regulation of
these secretion systems. The SPI-1 TTSS and the invasive phe-
notype are expressed during growth under conditions that
mimic those found in the lumen of the intestine, such as low
oxygen tension and high osmolarity (24, 29, 45, 47). Expression
of invasion genes is controlled by HilA, a member of the
OmpR/ToxR-type transcriptional regulator family due to sim-
ilarities in its DNA binding domain. HilA activates the tran-
scription of SPI-1 invasion genes and effector proteins (5, 6,
46). The expression of hilA responds to the same environmen-
tal conditions that regulate the invasive phenotype, and over-
expression of 4il4 from an exogenous promoter can overcome
environmental regulation (6). Many mutations in bacterial
genes that alter the positive or negative regulation of /il4 have
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been identified. These include the positive regulators hilD,
hilC, fis, sirA-barA, and csrAB (3, 23, 55, 58, 68). HilD is an
AraC/XylS-type transcriptional regulator that binds to the AilA
promoter and is essential for its activation. HilC has high
homology to HilD and also binds to the hil4 promoter; how-
ever, it is not required for hil4 expression (58, 59). CsrA
appears to regulate the levels of hilC and hilD mRNA within
the bacteria (2). It is not clear how the SirA/BarA two-com-
ponent regulatory system functions to regulate /il4 expression.
Several negative regulators have also been identified, including
hha, hilE, ams, pag, and lon. Hha is a nucleoid-associated
protein that is able to bind to the hil4 promoter (26). HilE is
a Salmonella-specific protein that may prevent the activation of
hilA by protein-protein interactions with HilD (8, 25). It is not
clear how RNase E (encoded by ams) and Pag function to
regulate hilA expression. A mutation in the gene encoding Lon
protease has been reported to increase hilA expression and
invasion of tissue culture cells, and it causes severe defects in
systemic virulence in the mouse model (64, 65).

Interestingly, in vitro expression of SPI-2 genes has been
reported to occur only under growth conditions one would
expect to find in the vacuolar environment, such as limiting
nutrient concentration and acidic pH (18, 37, 48). Indeed,
green fluorescent protein (GFP) and luciferase transcriptional
reporters indicate that SPI-2 genes are expressed within mac-
rophages and epithelial cells (11, 54). The expression of SPI-2
invasion genes and effector proteins is dependent upon the
presence of the SsrA/SsrB two-component regulatory system
encoded by SPI-2 (11, 18, 44). The environmental signals this
system responds to are unknown. However, the transcription
of ssrA-ssrB is dependent upon activation by OmpR, a response
regulator protein that modulates gene expression in response
to osmolarity conditions (44). In vitro experiments indicate
that SPI-2 genes are not expressed under conditions that in-
duce the expression of SPI-1 genes, and SPI-1 genes are not
induced under conditions that activate the expression of SPI-2
(19, 20, 37, 43). These data suggest that the expression of SPI-1
invasion genes may be down-regulated after the invasion of
epithelial cells. However, this has never been directly exam-
ined. In this study, we created short-half-life GFP reporters of
SPI-1 invasion genes to examine the time course of expression
after invasion of HEp-2 epithelial cells. Interestingly, we found
that invasion gene expression is down-regulated and that this is
important for the intracellular survival and proliferation of
Salmonella.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this study are shown in Table 1. Bacteria were routinely grown in Luria
broth (LB) (Gibco-BRL) containing the appropriate antibiotics at the following
concentrations: ampicillin, 100 pg/ml; kanamycin, 25 pg/ml; and chloramphen-
icol, 20 pg/ml. S. enterica serovar Typhimurium strains used in fluorometer
growth curves and invasion assays were grown in LB containing 1% NaCl to
activate the expression of invasion genes.

Tissue culture conditions and cell invasion assays. HEp-2 tissue culture cells
(52) were maintained in RPMI 1640 medium containing 10% fetal bovine serum.
The cells were passaged every 2 to 4 days as required. Invasion assays were
conducted using previously described protocols (40, 53). Briefly, bacteria grown
statically at 37°C to an optical density at 600 nm (ODy) of ~0.4 to 0.5 (~4.5 X
108 CFU/ml) were inoculated at a multiplicity of infection of 100 onto HEp-2 cell
monolayers in 24-well plates and allowed to invade the cells for a 1-h incubation
period. The cell monolayers were washed, and RPMI medium containing 100 g
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of gentamicin/ml was added for an additional 90-min incubation period to kill
extracellular bacteria. The cell monolayers were washed and lysed with 1%
Triton X-100. Serial dilutions were made, and the bacteria released from the
epithelial cells were plated onto L agar (Gibco/BRL) or L agar containing
ampicillin. The number of CFU from the initial inoculum that survived the
gentamicin treatment was expressed as percent invasion. To determine bacterial
survival within HEp-2 cells, the infected cell monolayers, which were grown in
RPMI medium containing gentamicin after the first hour of infection, were lysed
5 or 24 h after the initial inoculation.

Fluorescence-activated cell sorter (FACS) analysis of intracellular gene ex-
pression. The protocol for invasion of HEp-2 epithelial cells by bacteria con-
taining reporter fusions was identical to the assay described above, except that
the monolayers were lysed 2.5, 5, or 24 h after the inoculation of bacteria. An
hour after the initial inoculation with bacteria, the infected monolayers were
grown in RPMI medium containing gentamicin for the duration of the infection.
At the appropriate time, the medium was removed and the monolayers were
washed with 1X phosphate-buffered saline (PBS) and lysed with Triton X-100.
The HEp-2 cell lysate and released bacteria were collected and washed with 1%
PBS to remove the Triton X-100 and stained for 20 min with a 1:100 dilution of
Salmonella O group B antiserum (Becton Dickinson) in 1% PBS containing 1%
bovine serum albumin. The cell debris and bacteria were washed and stained for
an additional 20 min with a 1:100 dilution of a secondary antibody, Cy 5-conju-
gated AffiniPure goat anti-rabbit immunoglobulin G (Jackson Immunoresearch).
The Cy 5 and GFP fluorescences of each sample were analyzed using FACScali-
bur (Becton Dickinson). Bacteria were identified by gating on the proportion of
the population that was positive for Cy 5 staining. Lysed and stained uninfected
HEp-2 cells were not Cy 5 positive, indicating that there was no cross-reactivity
of the primary or secondary antibodies with HEp-2 cells. The GFP fluorescence
of the Cy 5-positive population from infected HEp-2 cells was analyzed. The
percentage of GFP-positive bacteria in each sample was determined by compar-
ison to a negative control in each experiment. The negative-control sample was
an aliquot of Salmonella containing the promoterless pPROBE vector that was
stained with Salmonella-specific antibodies as described above. A histogram of
GFP fluorescence for the negative-control sample was created, and the area of
the histogram containing the bacterial population was gated and considered to be
negative for GFP fluorescence. This gate was subsequently used to determine the
percentage of GFP-positive bacteria from infected HEp-2 cells. By plating serial
dilutions of the lysed HEp-2 cells after infection on L agar and L agar containing
kanamycin, it was determined that 100% of the bacteria contained the reporter
plasmid after 5 h and 85 to 100% of the bacteria contained the reporter plasmid
after 24 h of infection.

Growth curve analysis of GFP reporter expression. Dilutions (1:100) of over-
night bacterial cultures were inoculated into L broth and grown with shaking at
37°C. At various times, 1-ml aliquots were taken and the ODg, was recorded.
The aliquots were diluted to an ODy of 0.3, and the GFP fluorescence level of
the samples was measured using an Aminco-Bowman Series 2 luminescence
spectrometer (SLM-Aminco Spectronic Instruments) with the excitation wave-
length set at 475 nm and emission detection set at 515 nm (4). Control experi-
ments determined that dilution of cultures to an ODyg, of 0.3 results in approx-
imately the same number of CFU on LB-kanamycin plates for aliquots taken at
early time points in the growth curve and those taken at later time points. For
example, after dilution to an ODgq, of 0.3, aliquots of SL.1344 carrying pP,,;.4-8fp
taken at an ODy, of 0.4, 0.6, or 1.5 yielded 3.4 X 10%, 4.1 X 108, or 3.5 X 10%
CFU/ml, respectively.

Construction of reporter plasmids. To construct the GFP reporter plasmids,
the promoter regions of hilA, sicA, hilD, hilC, ssrA, and rpsU (837, 1,011, 1,002,
790, 1,000, and 358 bp upstream of the translation start sites, respectively) were
PCR amplified and cloned into the pGEM-T vector (Promega). The primers
used to amplify each promoter (listed in Table 2) were designed to incorporate
5" Sall and 3" EcoRI restriction sites. The pGEM-T clones containing each
promoter fusion were digested with Sall and EcoRI to release the promoter
fragments. The promoter fragments were gel purified and cloned into the mul-
ticloning site of Sall/EcoRI-digested pPROBE-gfp[ASV] and pPROBE-gfp vec-
tors upstream of the tagged or untagged promoterless gfp gene (50). All cloning
procedures were performed with standard reagents according to standard pro-
tocols.

P22 transduction. Antibiotic-resistant gene insertions were moved between
strains by transduction with P22 HT int as previously described (17). Transduc-
tants were selected on LB agar containing the appropriate antibiotic and 10 mM
EGTA to prevent reinfection with P22.

Confocal imaging. HEp-2 cells were seeded onto coverslips in 24-well plates
and inoculated with Salmonella containing pP,;4-gfp[ASV] according to the
invasion assay protocol described above. At 2.5, 5, or 24 h after infection, the
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or phenotype fgfi 1;?;3;
Strains

S. enterica serovar Typhimurium

SL1344 and derivatives

SL1344 69

JK20 SL1344 with ssal::cam 31

EE658 SL1344 with hilA::Tn5lacZY-080 Tet" 6

BJ2473 SL1344 with AhilE This work

BJ2551 SL1344 with pag::kan This work

BJ2563 SL1344 with AhilE Ahha This work

BJ2565 SL1344 with AURS This work

BJ2584 SL1344 with pag::Tn5 This work

BJ3410 SL1344 with lon-78::Tnl10d-cam This work
S. enterica serovar Typhimurium

LT2 and derivatives

TT22291 LT2 with lon-78::Tnl0d-cam $DUP1731 [(leuA1179)MudJ(nadC220)] John

Roth
CJD359 LT2 with ompR1009::Tn10 22
Plasmids

pZC320 Single-copy vector (mini-F origin); Amp" 62
pJB3 pZC320 derivative carrying hilD driven by the lac promoter; Amp" This work
pPROBE-gfp[ASV] Promoterless tagged gfp vector plasmid; pBBR1 origin; Kan" 50
pPROBE-gfp Promoterless gfp vector plasmid; pBBR1 origin; Kan" 50
PPLia-gP[ASV] hilA promoter cloned into pPROBE-gfp[ASV]; Kan" This work
PPLiagp hilA promoter cloned into pPROBE-gfp; Kan" This work
PPLup-gfP[ASV] hilD promoter cloned into pPROBE-gfp[ASV]; Kan" This work
PPun-gfp hilD promoter cloned into pPROBE-gfp; Kan" This work
PPLuc-gP[ASV] hilC promoter cloned into pPROBE-gfp[ASV]; Kan" This work
PPLucgfp hilC promoter cloned into pPROBE-gfp; Kan" This work
PPysa-8fP[ASV] ssrA promoter cloned into pPROBE-gfp[ASV]; Kan" This work
[ ssrA promoter cloned into pPROBE-gfp; Kan® This work
PPiica-8fP[ASV] sicA promoter cloned into pPROBE-gfp[ASV]; Kan" This work
[ sicA promoter cloned into pPROBE-gfp; Kan* This work
PP, gfP[ASV] rpsU promoter cloned into pPROBE-gfp[ASV]; Kan" This work
PPsugfp rpsU promoter cloned into pPROBE-gfp[ASV]; Kan® This work

cells were fixed on the coverslips with 4% formaldehyde, permeablized with 0.2%
Triton X-100, and stained with 1 pg of ethidium bromide/ml, as well as anti-
Salmonella antiserum and Cy 5-conjugated secondary antibody as described
above. Confocal imaging of the infected cells was performed using a Bio-Rad
MRC600 confocal scanning laser microscope.

RESULTS

The expression of SPI-1 promoter fusions is down-regulated
within HEp-2 epithelial cells. To examine the expression of

TABLE 2. Sequences of primers used in this work

Primer Sequence”
—496 hilA 5" GTCGACCAGATGACACTATCTCCTTCC 3’
+350 hilA... 5" GAATTCATAATAGTGTATTCTCTT 3’

5" hilD ... .5" GTCGACGGATAATAGGTATCCAGCCAG 3’
3" hilD ... .5" GAATTCGTTATTTTAATGTTCCTT 3’

5" sicA .5" GTCGACATGGCTGACTACAGTTTG 3’

3" sicA .5" GAATTCCATTACTTACTCCTGTTATCT 3’
5" hilC .5" GTCGACAAGGTGATACCGGGTACGATT 3’
3" hilC .5" GAATTCATCCTGTGTGCTATAAGGAAC 3’
5" ssrA ... .5" GTCGACCCACTAAATGTAGCTGTT 3’

3" ssTA ... .5" GAATTCAATGCTTCCCTCCAGTTG 3’

5" rpsU ..
3" rpsU

.5" GTCGACGGCACTACGCCGCCGTAGTCA 3’
5" GAATTCGCATGTGCCTCTCACCTTTGA 3’

“ EcoRI and Sall sites are underlined.

virulence genes over time within Salmonella after the invasion
of epithelial cells, plasmid transcriptional reporters of serovar
Typhimurium hilA, sicA, hilD, hilC, ssrA, and rpsU promoters
were created. The expression of hilA and hilD was examined
because they encode important positive regulators of the inva-
sive phenotype (6, 58). We also examined the expression of
hilC, carried on SPI-1, which increases the expression of hil4
and activates the expression of the SPI-1 invF operon indepen-
dently of hilA when overexpressed (1, 23, 55, 58). The sicA
gene, which encodes a chaperone, is the first gene in the sic-sip
secreted-effector operon located on SPI-1, and its expression
pattern should mimic that of #il4 (15, 16, 42). The ssrA gene
encodes the sensor kinase component of a two-component
regulatory system necessary for the transcription of the TTSS
and secreted effectors of SPI-2 (11). The promoter of the rpsU
gene, which encodes the 30S ribosomal S21 protein, was cho-
sen as a positive control, since this protein is synthesized con-
stitutively during exponential-phase growth (21). These pro-
moters were cloned upstream of a promoterless wild-type (wt)
gfp gene, as well as a promoterless gfp gene that encodes a
protein tagged at the C terminus with the avian sarcoma virus
(ASV) peptide, on pPROBE plasmid vectors to create tran-
scriptional reporter fusions (50). The GFP[ASV] protein is
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FIG. 1. Fluorescence levels from Salmonella containing GFP reporters at various times during a growth curve. The fluorescence levels shown

represent one experiment that was repeated at least two times with similar results.

targeted for Tsp protease degradation within the bacteria and
has been reported to have an ~110-min half-life in E. coli,
while untagged GFP is very stable (estimated in vivo half-life,
>24 h) (4).

The plasmid reporter fusions were transformed into Salmo-
nella, and the GFP fluorescence from each strain was recorded
at different time points throughout a growth curve (Fig. 1). The
pPROBE plasmid containing the untagged promoterless gfp
was used as a negative control. The hilA, sicA, hilD, and hilC
promoters all exhibited similar patterns of expression. During
early exponential phase, the fluorescence level was quite low

and, for hilA and sicA, undistinguishable from that of the
negative control. The fluorescence level increased three- to
fivefold during mid- to late exponential phase for the wt GFP
reporters and two- to threefold for the short-half-life GFP
reporters. Fluorescence levels decreased for each of these re-
porters during stationary phase. This is consistent with previ-
ous reports of the expression pattern of /il4 (56). In contrast
to the SPI-1 reporter fusions, a <2-fold increase in the level of
ssrA expression from the short-half-life GFP reporter was
noted, supporting previous reports that ssrA4 is not expressed
well during growth in rich media. Also, the fluorescence level
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FIG. 2. Expression of SPI-1 invasion genes decreases after infection of HEp-2 epithelial cells. (A) FACS analysis was performed after lysing
of infected epithelial cells and stainingof intracellular Salmonella (see Materials and Methods) 2.5, 5, and 24 h after inoculation of bacteria onto
HEp-2 cell monolayers. The percentage of GFP-positive bacteria and the length of infection are indicated on each histogram. The horizontal lines
represent the gate used to determine the percentage of GFP-positive bacteria in each sample. (B) Confocal microscopy was performed on cell
monolayers infected with Salmonella containing pP,,;,,-gfp[ASV] 2.5, 5, and 24 h after infection. After infection, samples were fixed, permeabilized,
and stained with ethidium bromide, anti-Salmonella antiserum, and a secondary antibody conjugated to Cy 5. The top two micrographs show the
same microscopic field 2.5 h after infection. Likewise, the middle and bottom micrographs show the same fields 5 and 24 h after infection,
respectively. The micrographs on the left show the GFP fluorescence of bacteria within epithelial cells stained with ethidium bromide. The
micrographs on the right show bacteria within the same fields as on the left stained with Salmonella-specific antibody and Cy 5 as a positive control
for the presence of bacteria. The arrowheads point to bacteria that are expressing GFP and that are stained with Cy 5 in adjacent micrographs of
the same field. The arrow in the lower left micrograph points to bacteria that are not expressing GFP (as no green fluorescence was detected);
however, the diffuse (red) fluorescence that is visible is likely due to staining of the bacterial nucleic acids by ethidium bromide; the arrowhead

in the lower right micrograph points to bacteria in the same area of the microscopic field that are stained with Cy 5.

of the ssrA reporter fusions did not appear to decrease dra-
matically during stationary phase. The expression of the ssr4
reporter was dependent upon the presence of OmpR, as flu-
orescence levels from an ompR mutant strain were indistin-
guishable from those of the negative control. Fluorescence
levels from the short-half-life 7psU reporter strain did not vary
during exponential growth. However, a sharp decrease in ex-
pression was recorded during stationary phase. This was ex-
pected, since levels of S21 protein synthesis decrease at lower
growth rates and during the stringent response (21, 35). Inter-
estingly, the fluorescence levels from strains containing the
unstable (ASV-tagged) GFP reporters did not reach the same
magnitude as the fluorescence levels from strains containing
the stable (untagged) reporters. Additionally, while a decrease
in the fluorescence level of the stable reporters was noted
during stationary phase, this level was higher than the peak of
fluorescence recorded for the unstable GFP reporters and did
not diminish as sharply as those of the unstable reporters.
Thus, GFP fluorescence recorded from the short-half-life GFP
reporter strains did not accumulate to the same extent as that
of the stable GFP reporters and is likely to reflect the actual
transcription pattern of promoters in Salmonella.

Strains containing the unstable GFP plasmid reporters were

used to infect HEp-2 epithelial cells. After 2.5, 5, and 24 h of
infection, the epithelial cells were lysed, processed as described
in Materials and Methods, and analyzed for GFP fluorescence
by FACS (Fig. 2A). The percentage of GFP-positive bacteria
containing fusions to SPI-1 promoters decreased substantially
from 2.5 to 24 h after infection. However, it is important to
note that the decrease in fluorescence levels from the bacteria
does not correspond to a decrease in the number of bacteria
within the HEp-2 cells, as Salmonella cells containing the re-
porter plasmids replicate intracellularly from 2.5 to 24 h after
infection (Fig. 2B and data not shown). An ~7-fold drop in the
percentage of GFP-positive bacteria occurred for the strain
containing the hil4-gfp reporter, while an ~26-fold decrease
occurred for the strain containing the sicA-gfp reporter. The
percentage of GFP-positive bacteria from infected HEp-2 cells
decreased ~3-fold from 2.5 to 24 h after infection for both the
hilD and hilC reporter strains. Interestingly, HEp-2 cells con-
taining the ssz4 reporter strain exhibited the highest number of
GFP-positive organisms, 46% at 2.5 h, compared to the other
reporter strains. However, the percentage of GFP-positive or-
ganisms dropped ~3-fold by 24 h after infection. Intracellular
expression of ssrA was dependent upon the presence of func-
tional OmpR (data not shown); 40.8% of bacteria containing
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FIG. 2—Continued.

the 7psU reporter were GFP positive after 2.5 h, and this
number did not drop significantly (~1.2-fold) during the
course of infection, though the mean fluorescence intensity for
GFP-positive bacteria did decrease slightly (~1.8-fold) from
2.5 to 24 h after infection.

The data presented in Fig. 1 are from one representative
experiment in which GFP fluorescence rates from each re-
porter at each time point were analyzed simultaneously. These

data represent the general trend of reporter expression at each
time point after the infection of epithelial cells. However, some
variation from experiment to experiment was observed (see
Fig. 4 and compare with Fig. 2A); therefore, the average ex-
pression of each reporter at each time point from several
individual experiments is reported in Table 3. The average
GFP fluorescence from each reporter was also determined
before the infection of epithelial cells for several experiments,
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TABLE 3. Reporter expression after infection of epithelial cells

Decrease

% GFP-positive bacteria at indicated times (h)* (n-fold)

Reporter

0° 2.5 5 24 0-24h 25-24h

hilA-gfp 566 +229 308+ 115 204+98 132+112 43 23
sicA-gfp 438 312+52 122+66 25+13 175 125
hilD-gfp 672+ 188 29.1+11.6 223 =888 172+102 39 17
hilCgfp 769 + 141 149+49 129+78 88+49 87 1.7
ssrA-gfp 707 +19.9 372+ 124 305+ 139 112+72 63 33
mpsUgfp 761 +30.6 497+91 336=50 292+75 26 17

¢ Average and standard deviation for GFP-positive bacteria before (0) or after
infection for at least three separate experiments (0 time point for sic4A was tested
only one time).

> Average for GFP-positive bacteria within the inoculum before infection of
HEp-2 cells.

and these are included as the zero time points. Similar to the
data in Fig. 2A, a decrease in the expression of SPI-1 genes was
observed after the percentages of GFP-positive bacteria in
several experiments were averaged, although from 2.5 to 24 h
after infection there was little average decrease in the numbers
of GFP-positive bacteria containing the 4ilC and hilD report-
ers. We noted a higher percentage of GFP-positive bacteria
containing each reporter at the zero time point before infec-
tion. This is not unexpected for bacteria containing SPI-1 gene
reporters. The rpsU-gfp reporter had a higher percentage of
GFP-positive cells prior to infection, which may reflect a de-
crease in transcription of the rpsU promoter after infection,
possibly due to differences in growth rates or nutritional con-
ditions within the intracellular environment compared to ex-
ponential-phase growth in rich medium prior to infection.
However, the percentage of GFP-positive cells containing the
reporter decreased little from 2.5 to 24 h after infection, sug-
gesting that transcription of the 7psU promoter remains steady
over time within HEp-2 cells. Interestingly, the ssrA-gfp re-
porter also had a higher percentage of GFP-positive organisms
prior to infection, which differs from previous reports of the
extracellular expression of this gene.

To confirm that GFP fluorescence from the hil4 reporter
strain diminished during infection, confocal microscopy of in-
fected cells was performed (Fig. 2B). After 2.5 h of infection,
intracellular bacteria were bright green. However, after 5 h of
infection the GFP fluorescence appeared dimmer, and after
24 h virtually no GFP-positive bacteria could be detected.
Intracellular bacteria were stained with Salmonella-specific an-
tibodies and visualized within the HEp-2 cells at each time
point to confirm that bacteria were present within the cells.

Plasmid expression of kilD increases bacterial invasion but
decreases intracellular growth and survival. Since the expres-
sion of SPI-1 invasion genes appears to be down-regulated
after infection of epithelial cells, the trait may be important for
intracellular growth and survival. This possibility was examined
by expressing plasmid pJB3, which carries hilD expressed from
the lac promoter, in wt Salmonella to ectopically increase the
expression of hil4 and SPI-1 invasion genes in a dysregulated
fashion. Using B-galactosidase reporters, hilD carried on plas-
mids has previously been shown to increase hil4 expression
(58). Consistent with these results, pJB3 increased the level of
GFP fluorescence from the hilA-gfp plasmid reporter strain,
compared to wt hilA-gfp expression during exponential growth
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(Fig. 3A). Interestingly, we found that expression of pJB3
caused an ~12-fold increase in the invasion of HEp-2 cells
compared to that by the wt strain containing the vector plas-
mid, pZC320 (Fig. 3B). However, while the numbers of intra-
cellular Salmonella cells containing pZC320 increased ~15-
fold from 2.5 to 24 h after infection, due to bacterial
replication, the strain containing pJB3 did not appear to rep-
licate, and the number of intracellular bacteria decreased ~18-
fold. This suggests that the ability to down-regulate 4il4 and
invasion gene expression is important for the intracellular sur-
vival and proliferation of Salmonella. However, the overex-
pression of AilD could have a toxic effect on intracellular bac-
teria that is independent of hil4 expression. Therefore, we
examined the survival of a Salmonella pJB3 strain containing a
AURS mutation in the hil4A promoter that deletes the HilD
binding site and abrogates hil4 expression and invasion (Fig.
3C) (10). Since this strain is unable to invade, we coinfected
with wt Salmonella, which allows the invasion-deficient bacte-
ria to be engulfed in epithelial cells within membrane ruffles
that are elicited by invasive wt Salmonella (endocytic trafficking
of Salmonella-containing vacuoles which harbor SPI-1 mutant
or wt bacteria has been shown to be similar at early time points
after infection) (27, 63). Interestingly, the numbers of intracel-
lular Salmonella AURS containing pJB3 did not decrease dur-
ing the course of the infection. This indicates that the intra-
cellular-survival defect caused by pJB3 expression is due to a
HilD-mediated increase in expression of SPI-1 invasion genes,
or possibly some other unknown HilA-regulated gene. We
noted that the number of intracellular bacteria containing the
AURS mutation did not increase after 24 h of infection. This is
consistent with a recent report by Steele and colleagues that an
SPI-1 invA mutant is not able to grow within epithelial cells
(63).

Since the expression of SPI-1 genes is down-regulated in
epithelial cells and many reports have established that SPI-2
genes are expressed within host cells, it is possible that both the
SPI-1 and SPI-2 TTSSs are being expressed intracellularly in
bacteria expressing pJB3. We hypothesized that the expression
of two functional TTSSs may be harmful to the bacteria (per-
haps by perturbing the integrity of the membrane) and may
cause the intracellular-survival defect in strains carrying pJB3.
To test this hypothesis, invasion and survival of the Salmonella
SPI-2 mutant strain, JK20, containing an ssal::cam mutation
and plasmid pJB3, were examined (Fig. 3D). SsaV is a com-
ponent of the SPI-2 type III secretion apparatus and is re-
quired for the secretion of SPI-2 effectors, SseC and SseD (36,
43). Strain JK20 containing pJB3 was able to invade more
efficiently than JK20 containing pZC320. JK20(pZC320) did
not replicate well within the epithelial cells, which is a pheno-
type that has been reported previously for strains containing
mutations in SPI-2 (11, 37, 66). However, JK20(pJB3) exhib-
ited a survival defect similar to wt Salmonella carrying pJB3.
This suggests that the simultaneous expression of functional
SPI-1 and SPI-2 secretion systems is not responsible for the
intracellular-survival defect in strains expressing pJB3.

A mutation in lon increases hil4 expression within epithelial
cells, but mutations in hilE and hha do not. To determine if
negative regulators play a role in decreasing the expression of
SPI-1 invasion genes during infection of epithelial cells, plas-
mid gfp reporters were transformed into Salmonella strains
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FIG. 3. Plasmid expression of %ilD increases bacterial invasion but decreases intracellular growth and survival. (A) Expression of hil4 was
estimated by determining the fluorescence level from Salmonella strain SL1344 pP,;, -gfp[ASV] carrying pJB3, which expresses 4ilD from the lac
promoter, or the parent vector pZC320 at various times during a growth curve. The data shown are from one experiment that is representative
of two separate experiments performed with similar results. (B) An invasion assay was performed with SL1344 containing pZC320 or pJB3 to
determine invasion and intracellular survival of the bacteria from 2.5 to 24 h after infection. (C) Invasion and intracellular survival of SL1344(pJB3)
and SL1344 AURS(pJB3) were determined. Since SL1344 AURS is noninvasive, the SL1344 AURS(pJB3) strain was coinfected with wt Salmonella
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2.5 h of infection was set to 100% for each strain, and the number of intracellular bacteria containing pJB3 at 24 h is reported as a percentage
of that shown at 2.5 h. (D) Invasion and intracellular survival of the SPI-2 ssal::cam mutant strain, JK20, carrying pZC320 or pJB3 after 2.5 or
24 h of infection. The invasion assay data are the mean plus the standard deviation of one experiment performed in triplicate that is representative

of two or more independent experiments.

containing hilE, hilE hha, pag, or lon mutations. These strains
were used to infect HEp-2 epithelial cells for 2.5, 5, and 24 h.
Subsequently, the cell monolayers were processed and ana-
lyzed by FACS. The bacterial GFP fluorescence was analyzed
before infection and is shown as the zero time point. Figure 4a
shows the percentage of GFP-positive bacteria containing mu-
tations in AilE or hilE hha at each time point for the hilA, hilC,
and ssr4 reporters. Mutations in AilE and hha caused ~1.7-
fold-increased numbers of GFP-positive organisms compared
to the wt containing the hil4 reporter before infection of
HEp-2 cells. However, the percentage of GFP-positive bacte-
ria decreased to the same levels as the wt strain after infection,
so that by 24 h only 1 to 2% of the bacteria were GFP positive.

Interestingly, the percentage of GFP-positive bacteria contain-
ing the hilC reporter increased after infection due to mutations
in AilE and hha. However, the increase in hilC expression did
not correspond to increased levels of hil4 expression, as evi-
denced by the numbers of GFP-positive organisms within pop-
ulations containing the hil4 reporter. Previous experiments
indicated that mutations in AilE and hha do not affect the
expression of hilD, and similar results were observed for the
hilD-gfp reporter (data not shown) (10).

The effects of the lon mutation on expression of hilA, hilC,
hilD, and ssrA reporters after infection of epithelial cells were
also examined (Fig. 4b). Interestingly, while the percentage of
GFP-positive wt bacteria containing the hil4 reporter de-
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FIG. 4. Effects of mutations in negative regulators on the expres-
sion of GFP reporters after infection of HEp-2 epithelial cells. FACS
analysis was performed 2.5, 5, or 24 h after infection of epithelial cells
with Salmonella hilE or hilE hha (a) and lon (b) mutant strains con-
taining unstable (tagged) hilA, hilD, hilC, or ssrA-gfp reporters. The
data presented are the mean plus the standard deviation of one ex-
periment performed in duplicate that is representative of several in-
dependent experiments that had similar results. +, present; —, absent.

creased ~20-fold from 2.5 to 24 h after infection, a minimal
decrease of ~2-fold was observed for the lon mutant strain.
Thus, the lon mutation increased hilA expression 10-fold com-
pared to the wt strain after 24 h of infection. The lon mutation
resulted in an ~2-fold decrease in the percentage of GFP-
positive organisms containing the 4ilC and hilD reporters 2.5
and 5 h after infection. A similar decrease was observed for
bacteria containing the ssrA4 reporter S h after infection. How-
ever, 24 h after infection, the percentages of GFP-positive
bacteria containing the hilC, hilD, and ssrA reporters were
approximately equal for the lon and wt strains.

The lon mutation decreases intracellular survival. Since the
lon mutation resulted in increased levels of hil4 expression
after infection of HEp-2 cells, this could result in a defect in
intracellular growth and survival. Invasion and survival of the
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FIG. 5. Effects of a lon mutation on invasion and intracellular sur-
vival of Salmonella. Invasion and intracellular survival of Salmonella
strain SL1344 containing a lon::cam mutation 2.5 and 24 h after infec-
tion were determined and compared to those of wt Salmonella. The
data shown are the mean plus the standard deviation of one experi-
ment performed in triplicate that is representative of two separate
experiments with similar results.

lon mutant strain were compared to those of the wt strain 2.5
and 24 h after infection (Fig. 5a). We found that the lon mutant
strain invaded HEp-2 cells with approximately the same effi-
ciency as the wt strain. This differs from the increased invasion
observed for the lon mutant strain reported by Takaya and
colleagues, which may reflect the fact that a different serovar
Typhimurium strain was used in this study (65). Previous work
in our laboratory indicated that mutations in negative regula-
tors of hilA do not increase invasion beyond that observed for
the wt strain in SL1344, unless the bacteria are grown under
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conditions that are nonactivating for invasion (8, 26). However,
a significant decrease in the number of intracellular bacteria
was observed at the 24-h time point for the Jon mutant strain.
A possible explanation for this outcome is that the lon mutant
strain is toxic to HEp-2 cells so that the HEp-2 cells were lysed
and released bacteria into the extracellular medium, where
they would be killed by gentamicin and washed away prior to
enumeration. To examine this possibility, trypan blue staining
of HEp-2 cell monolayers infected with either the wt or lon
strain was performed, and no significant difference in the num-
ber of live HEp-2 cells was observed after 24 h of infection (2.8
X 10° = 0.79 X 10° compared to 2.2 X 10° = 0.44 X 10° live
HEp-2 cells per well after infection with the wt and lon strains,
respectively, counted in six wells each). This experiment indi-
cates that the lon strain is no more toxic to HEp-2 cells than wt
Salmonella. Thus, the lon strain appears to have an intracellu-
lar-survival defect, which may be due to unregulated expres-
sion of hilA. To test this idea, we determined the intracellular
survival of SL1344 AURS containing the lon mutation after
coinfection with wt SL1344 (Fig. 5b). Similar to SL1344
lon::cam, the SL1344 AURS lon::cam strain also exhibited an
intracellular-survival defect. However, we consistently ob-
served ~3-fold more intracellular SL1344 AURS lon::cam bac-
teria than SL1344 bacteria containing a mutation in /on alone
after 24 h of infection. This suggests that the intracellular-
survival defect observed for the lon mutant strain is partially
due to an inability to down-regulate hil4 expression.

DISCUSSION

In this study, we sought to determine how SPI-1 invasion
genes are regulated after the invasion of host cells. To accom-
plish this goal, we created short-half-life GFP transcriptional
reporters and examined their expression at different times af-
ter invasion. Interestingly, SPI-1 genes were down-regulated
after invasion. The hilA and sicA reporters were down-regu-
lated most severely, as very few intracellular bacteria contain-
ing these reporters were GFP positive 24 h after infection. The
hilD and hilC reporters were also down-regulated, but to a
lesser extent. A larger percentage of GFP-positive organisms
carried the ssr4 reporter 2.5 h after infection, which is consis-
tent with reports that SPI-2 genes are expressed in the intra-
cellular Salmonella-containing vacuole (11, 54). Previously,
FACS analysis of the expression of an ssr4-gfp reporter fusion
within macrophages indicated that ssr4 expression was off be-
fore infection and increased from 1 to 6 h after infection in an
OmpR-dependent manner (11). Similarly, our experiments in-
dicate that intracellular expression of the ssrA reporter is de-
pendent on the presence of OmpR. In contrast, however, we
observed a higher percentage of GFP-positive bacteria prior to
infection and an ~3-fold decrease in GFP-positive bacteria
after 24 h of infection. The differences in these results may be
due to different plasmid reporter constructions (the GFP
[ASV] reporter used in this study is constantly degraded, so
that GFP protein does not build up), different host cell types
(epithelial cells versus macrophages), different methods of re-
porting FACS data (our study reports the percentage of GFP-
positive bacteria within a sample in comparison to a negative
control, while other studies have reported peak fluorescence
intensity), or a combination of these possibilities. However,
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there does not appear to be a general repression or proteolysis
of reporter fusions in the intracellular environment, as the
percentage of GFP-positive organisms containing the rpsU-gfp
reporter did not drop significantly after 24 h.

Since the expression of SPI-1 genes is down-regulated after
infection of HEp-2 cells, we hypothesized that this trait is
important for intracellular growth and survival. Consistent with
this hypothesis, we found that plasmid overexpression of AilD,
which increased hilA expression in a dysregulated fashion,
caused a survival defect that was dependent on a functional
hilA promoter. This suggests that an inability to down-regulate
the expression of SPI-1 genes after the invasion of host cells is
harmful for Salmonella. However, recent evidence indicates
that a functional SPI-1 type III secretion apparatus is necessary
for intracellular growth of Salmonella (63). It is possible that
crucial effector proteins are secreted though the SPI-1 TTSS,
before the SPI-2 system is expressed, which are needed for
Salmonella growth. One class of constitutively expressed pro-
teins, including SIrP and SspHI, are secreted through both the
SPI-1 and SPI-2 systems (48, 49). It is interesting to speculate
that unidentified members of this class that may be necessary
for intracellular growth are secreted through the SPI-1 system
at early times and through the SPI-2 system later during infec-
tion. Alternatively, an effector that is exclusively secreted
through the SPI-1 TTSS during early infection may be required
for intracellular replication. Regardless, unregulated expres-
sion of SPI-1 invasion genes eventually becomes lethal for the
bacteria. Our experiments here indicate that this is not due to
the simultaneous expression of both SPI-1 and SPI-2 secretion
systems.

To determine how SPI-1 genes are down-regulated in the
intracellular environment, we determined the effects of muta-
tions in negative regulators of invasion genes on the expression
of reporter fusions after infection of epithelial cells. We found
that hilA expression is down-regulated after invasion in strains
containing mutations in AilE and hha. This is interesting, since
mutations in these genes result in an ~5-fold increase in hilA4
expression from B-galactosidase reporters under in vitro
growth conditions (10). This may indicate that 4ilE and hha are
primarily responsible for the repression of hil4 in the extra-
cellular environment before Salmonella finds the appropriate
conditions to initiate invasion. However, mutations in AilE and
hha resulted in increased levels of hilC after infection of Hep-2
cells, which apparently did not result in increased levels of Ail4
expression. It would be interesting to determine how HilE and
Hha regulate hilC intracellularly (is the mechanism similar to
hilA regulation?) and what role hilC regulation plays during
intracellular growth of Salmonella. Interestingly, we found that
a mutation in Jon caused an ~10-fold increase in the expres-
sion of hilA compared to the wt after 24 h of infection, as well
as a significant survival defect that was partially dependent
upon hilA expression. This suggests that Lon protease activity
indirectly represses hil4 expression and allows the bacteria to
survive and proliferate within host cells. However, it is likely
that Lon is involved in other processes within the bacteria that
are crucial for intracellular survival as well. Lon degrades the
majority of abnormal proteins within bacteria and also specif-
ically recognizes and degrades certain regulatory proteins, such
as RcsA, a positive regulator of capsular biosynthesis (34).

The work presented in this paper builds upon an evolving
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model of hilA and SPI-1 invasion gene regulation (Fig. 6).
Previous work in our laboratory suggested that HilD activates
the expression of 4il4 by direct contact with the o C-terminal
domain of RNA polymerase (10). HilE and Hha may block this
activation by binding to HilD and the hil4 promoter, respec-
tively, under extracellular repressive conditions for invasion (8,
26). The results of this study allow us to speculate that Lon may
degrade the hilA activator protein, HilD, to posttranscription-
ally regulate its activity and decrease the level of hil4 expres-
sion during intracellular growth of Salmonella. Future work
will be aimed at precisely defining which £il4 regulatory pro-
tein is degraded by Lon protease to shut off intracellular Ail4
expression.
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