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The Stringent Response Regulator DksA Is Required for Salmonella
enterica Serovar Typhimurium Growth in Minimal Medium, Motility,
Biofilm Formation, and Intestinal Colonization
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Salmonella enterica serovar Typhimurium is a facultative intracellular human and animal bacterial pathogen posing a major
threat to public health worldwide. Salmonella pathogenicity requires complex coordination of multiple physiological and viru-
lence pathways. DksA is a conserved Gram-negative regulator that belongs to a distinct group of transcription factors that bind

directly to the RNA polymerase secondary channel, potentiating the effect of the signaling molecule ppGpp during a stringent
response. Here, we established that in S. Typhimurium, dksA is induced during the logarithmic phase and DksA is essential for
growth in minimal defined medium and plays an important role in motility and biofilm formation. Furthermore, we determined
that DksA positively regulates the Salmonella pathogenicity island 1 and motility-chemotaxis genes and is necessary for S. Ty-
phimurium invasion of human epithelial cells and uptake by macrophages. In contrast, DksA was found to be dispensable for S.
Typhimurium host cell adhesion. Finally, using the colitis mouse model, we found that dksA is spatially induced at the midce-
cum during the early stage of the infection and required for gastrointestinal colonization and systemic infection in vivo. Taken
together, these data indicate that the ancestral stringent response regulator DksA coordinates various physiological and viru-
lence S. Typhimurium programs and therefore is a key virulence regulator of Salmonella.

Salmonella enterica is a facultative intracellular human and an-
imal bacterial pathogen responsible for global pandemics of
food-borne infections that pose a major threat to public health.
This highly versatile pathogen can infect a broad range of hosts
and causes different clinical outcomes, ranging from asymptom-
atic carriage to systemic life-threatening disease (1). The single
species S. enterica includes more than 2,600 serovars that share
high sequence similarity and are taxonomically classified into six
subspecies (2). Estimations suggest that Salmonella causes 93.8
million human infections and 155,000 deaths annually worldwide
(3). The majority of nontyphoidal Salmonella (NTS) infections in
humans present as gastroenteritis; however, about 5% may be
invasive and manifest as bacteremia or other extraintestinal infec-
tions (4). Many of the NTS serovars are capable of colonizing the
intestines of livestock with potential risk of contaminating the
food chain, and therefore, salmonellosis is often associated with
animal products and produce (5). One of the most common se-
rovars worldwide is S. enterica serovar Typhimurium, ranking
first in prevalence in North America and Oceania (6).

Salmonella intestinal colonization is a complex phenotype es-
sential for establishing disease. Salmonella colonization requires
synchronized function of both conserved and host-specific colo-
nization factors such as fimbrial adhesins, invasion factors (e.g.,
SiiE, MisL, and ShdA) and genes encoded within Salmonella
pathogenicity island 1 (SPI-1) and SPI-2 (reviewed in references 7
and 8). Both SPIs encode distinct type III secretion systems
(T3SSs) and designated translocated effectors required to manip-
ulate various host pathways during specific stages of the infection.
The SPI-1-encoded type III secretion apparatus (T3SS-1) plays a
pivotal role in intestinal invasion, while a second type III secretion
system (T3SS-2) is central for intracellular survival and replica-
tion of Salmonella following invasion (9).

Environmental, commensal, and pathogenic bacteria have

January 2016 Volume 84 Number 1

Infection and Immunity

evolved to tightly regulate their metabolic, physiological, and vir-
ulence pathways using sophisticated sensing and regulatory cir-
cuits. One of the most important adaptive responses is the strin-
gent response during nutritional deprivation, which provides a
rapid adaptation to variety of growth-inhibiting stresses (10). This
regulatory response is mediated by the intracellular accumulation
of two small molecules called guanosine tetraphosphate (ppGpp)
and guanosine pentaphosphate (pppGpp), together referred to as
ppGpp. These secondary messengers interact with the RNA poly-
merase (RNAP) in concert with a 17-kDa RNAP-regulatory pro-
tein named DksA to execute a global transcriptional reprogram-
ming in response to various nutrient limitations. This stringent
response typically results in repressing transcription of tRNA,
rRNA, and ribosomal proteins and the activation of amino acid
biosynthesis genes (11, 12).

DksA belongs to a unique group of transcription factors that
bind to the RNAP secondary channel (reviewed in reference 13),
and in Escherichia coli, about 7% of all genes have been shown to
be directly or indirectly regulated by DksA (14). Several studies
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have described a role for DksA in regulation of pathogenicity in
different Gram-negative pathogens, including Vibrio cholerae
(15), Pseudomonas aeruginosa (16), Shigella flexneri (17, 18), en-
terohemorrhagic E. coli (19), Campylobacter jejuni (20), Erwinia
amylovora (21), and Haemophilus ducreyi (22). In S. Typhimu-
rium, DksA was found to be involved in bacterial defense against
oxidative (23) and nitrosative (24) stress in vitro, and this pheno-
type has been suggested as a possible explanation for the attenua-
tion of a S. Typhimurium dksA mutant in the mouse typhoid
model (23-25).

Here we show that DksA is required for S. Typhimurium
growth in minimal medium, motility, and biofilm formation. Ad-
ditionally, we establish that DksA regulates the SPI-1 and motility
regulons and is essential for Salmonella host cell invasion and
macrophage uptake but not for host cell adhesion. Using strepto-
mycin-pretreated mice, we demonstrated that dksA is induced in
vivo at an early stage of the infection in the midcecum and is
required for intestinal colonization and systemic infection in the
colitis mouse model.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains utilized in this
study are listed in Table S1 in the supplemental material. Bacterial cultures
were routinely maintained in Lennox Luria-Bertani (LB; BD Difco) or
defined M9 or M63 minimal medium supplemented with 1% (wt/vol)
glucose or glycerol and 0.135 mM histidine at 37°C. Xylose lysine deoxy-
cholate (XLD) agar plates were used to determine bacterial loads follow-
ing mouse infections. When appropriate, 100 pg/ml ampicillin, 50 pg/ml
kanamycin, or 25 pg/ml chloramphenicol was added to the growth me-
dium.

Cloning and mutant construction. All primers used in this study are
listed in Table S2 in the supplemental material. In-frame deletion of dksA
in S. Typhimurium SL1344 was constructed with the N\-Red-mediated
recombination system (26). For complementation, dksA was amplified by
PCR using the primers clone dksA Fw and clone dksA Rv, digested with
Sacl and Xbal, and cloned into the low-copy-number vector pWSK29. For
in vivo imaging of dksA expression, the dksA promoter region (290 bp
upstream of the first methionine) was PCR amplified using the primers
dksA promoter Fw and dksA promoter Rev, digested with BamHI and
Xhol, and cloned into pCS26. C-terminal two-hemagglutinin (2HA)-
tagged versions of SopB, SopE2, and FliC from S. Typhimurium were
constructed within pWSK29 or pACYC184 as described elsewhere (27).

Motility assay. A 10-pl portion of overnight Salmonella cultures
grown in LB broth at 37°C were placed onto LB, M9, or M63 0.3% agar
plates. Motility plates were incubated for 5 h (for LB plates) or 21 h (for
M9 or M63 plates) at 37°C without being inverted.

Biofilm formation. Overnight cultures grown in LB-Lennox broth (to
an optical density at 600 nm [ODy,] of 4.5) were diluted 1:100 into fresh
LB medium without NaCl (10 g/liter peptone, 5 g/liter yeast extract) sup-
plemented with 50 pg/ml streptomycin (and ampicillin for the pWSK29-
harboring strains), and 150 wl was added to cell culture-treated 96-well
microplates (Greiner Bio-one). Negative controls included an S. Typhi-
murium fliC fljB mutant strain and LB broth only as a blank. The plates
were incubated at 28°C for 96 h. Planktonic cells were discarded, and
attached cells were fixed for 2 h at 60°C. Fixed bacteria were stained with
150 pl of 0.1% crystal violet for 10 min at room temperature. The plates
were washed with phosphate-buffered saline (PBS), and the dye bound to
the adherent bacteria was resolubilized with 150 pl of 33% acetic acid. The
optical density of each tube was measured at 560 nm.

Tissue cultures. All cell lines were purchased from the American
Type Culture Collection. Caco-2 cells were grown in Dulbecco’s mod-
ified Eagle medium (DMEM)-F-12 medium supplemented with 20%
heat-inactivated fetal bovine serum (FBS) and 2 mM L-glutamine.
HeLa and Raw 264.7 cells were cultured in a high-glucose (4.5 g/liter)
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DMEM supplemented with 10% FBS, 1 mM pyruvate, and 2 mM
L-glutamine. All cell lines were cultured at 37°C in a humidified atmo-
sphere with 5% CO,. Epithelial cells and macrophages were seeded at
5 X 10* and 2.5 X 10° cells/ml, respectively, in a 24-well tissue culture
dish 18 h prior to bacterial infection. Host cells were infected with
Salmonella cultures at multiplicity of infection (MOI) of ~1:50 for epi-
thelial cells and ~1:10 for macrophages. Infection experiments were car-
ried out using the gentamicin protection assay as previously described
(27). Salmonella invasion was determined by the number of intracellular
Salmonella cells at 2 h p.i. divided by the number of infecting bacteria.
Adhesion was determined using cytochalasin D to inhibit actin cytoskel-
eton rearrangement and bacterial cell invasion in an actin-dependent
manner. Cells were incubated with fresh medium containing 1 pg/ml
cytochalasin D 1 h before infection. Bacteria were added and allowed to
adhere for 30 min in the presence of 1 pg/ml cytochalasin D. Cells were
washed four times with PBS and harvested by addition of lysis buffer (1%
Triton X-100, 0.1% SDS in PBS). Salmonella adhesion was determined by
the number of adherent Salmonella cells at 30 min postinfection (p.i.)
divided by the number of infecting bacteria.

Western blotting. Salmonella cultures grown in LB to the mid-loga-
rithmic phase (ODyg,, ~ 1) were OD, normalized and centrifuged, and
the pellets were resuspended in 1X sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer. Boiled samples
were separated on 12% SDS-PAGE and transferred to a polyvinylidene
fluoride (PVDF) membrane (Bio-Rad Laboratories). Blots were probed
with anti-2HA antibody (ab18181; Abcam) or anti-RpoD antibody
(SC56768; Santa Cruz Biotechnology). Goat anti-mouse antibody conju-
gated to horseradish peroxidase (ab6721; Abcam) was used as a secondary
antibody, followed by detection with enhanced chemiluminescence re-
agents (Amersham Pharmacia).

RT-PCR. RNA was extracted from Salmonella cultures grown aerobi-
cally to the mid-logarithmic phase using the Qiagen RNAprotect bacterial
reagent and the RNeasy minikit (Qiagen) according to the manufacturer’s
instructions, including an on-column DNase digest. Purified RNA was
secondarily treated with an RNase-free DNase I followed by ethanol pre-
cipitation, and 200 ng of DNase I-treated RNA was subjected to first-
strand cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad
Laboratories). Real-time PCRs and data analysis were performed as re-
cently described (27).

In vivo mouse infections. Mouse experiments were conducted ac-
cording to the ethical requirements of the Animal Care Committee of
the Sheba Medical Center (approval 933/14) and in line with national
guidelines. Female C57/BL6 mice (Harlan Laboratories, Israel) were
infected at an age of 7 to 8 weeks. Food and water were provided ad
libitum. Streptomycin (20 mg per mouse) was given by oral gavage 24
h prior to the infection. S. Typhimurium SL1344 dksA-null mutant
strains harboring pWSK129 (Km") or pWSK29::dksA (Amp") were
grown in LB with the appropriate antibiotic for 16 h and diluted in 0.2
ml saline. Equal numbers (~5 X 10° CFU) of each strain were admin-
istered to the mice by oral gavage. At day 4 postinfection, mice were
euthanized and tissues were collected on ice and homogenized in 0.7
ml saline using a BeadBlaster 24 homogenizer (Benchmark Scientific)
for bacterial enumeration. Serial dilutions of the homogenates were
plated on XLD agar plates under ampicillin and kanamycin selection,
incubated overnight, and counted to calculate bacterial tissue burdens.
The competitive index (CI) was calculated as [dksA pWSK129 (Km")/
dksA pWSK29::dksA (Amp")],,pu [dksA pWSK129/dksA pWSK29::
dksAlippue A Cl experiment, in which mice were coinfected with Sal-
monella strains carrying pWSK29 and pWSK129 demonstrated a CI value
of 1 (data not shown), indicating equal virulence for strains carrying
pWSK29 and those carrying pWSK129.

Bioluminescence imaging of Salmonella during murine infection.
Wild-type S. Typhimurium harboring the dksA regulatory region fused to
the luxABCDE operon (pCS26::pdksA) or the empty vector (pCS26) (43)
as a negative control were grown in LB supplemented with kanamycin at
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FIG 1 DksA is required for S. Typhimurium growth in minimal medium but
not in rich LB broth. (A) The growth of the clinical isolates 85982 (containing
the amino acid substitution N88D in DksA) and 87541 (harboring wild-type
DksA) and that of isolate 85982 harboring pWSK29 or pWSK29::dksAg;s4,
were compared in M63 minimal medium at 37°C under aerobic growth con-
ditions. (B and C) S. Typhimurium SL1344 (WT), its derivative dksA-null
mutant strain, and the dksA mutant harboring the plasmid pWSK29 or the
dksA gene (from SL1344) cloned into pWSK29 were grown in LB for 16 h,
diluted 1:100 into fresh LB (B) or M63 (C) and grown at 37°C with aeration.
ODy, was recorded at the indicated time points. Data are mean ODy, for
three to four independent cultures and standard errors of the means (SEM).

37°C. Female C57BL/6 mice were pretreated with streptomycin as de-
scribed above and 24 h later were orally infected with 5 X 10° CFU of S.
Typhimurium/pCS26::pdksA and 8 X 10° CFU of S. Typhimurium/
pCS26 in 0.2 ml of saline. At 24 h p.i., mice were anesthetized, and the
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gastrointestinal tracts, spleens, and livers were optically imaged using a
photon-counting system (Photon-Imager, Biospace Lab, France). To de-
termine the total numbers of colonizing Salmonella (CFU), organs were
homogenized in saline, diluted, and spread plated on XLD agar supple-
mented with kanamycin.

RESULTS

DksA is required for S. Typhimurium growth in minimal me-
dium. Our interest in S. Typhimurium DksA arose when we stud-
ied a clinical case of a 9-month-old male who was infected with S.
Typhimurium. Whole-genome sequencing of an earlier and a
later stool isolate (numbers 85982 and 87541, respectively), sepa-
rated by 36 days, from this patient indicated the presence of a
single nucleotide polymorphism (SNP), which has led to an
amino acid substitution from asparagine (AAT) to aspartate
(GAT) at position 88/151 of DksA in isolate 85982 (an additional
SNP was found in isolate 87541 [harboring a WT dksA sequence],
in a noncoding region, equivalent to position 3490472 in the S.
Typhimurium LT2 genome). During our work to understand how
such a change affects Salmonella physiology and pathogenicity, we
found that while these isolates grow similarly in LB broth (see Fig.
S1A in the supplemental material), in M63 minimal medium, iso-
late 85982 (harboring the point mutation in dksA) exhibits com-
promised growth compared to isolate 87541 (harboring wild-
type dksA). When we cloned the dksA gene from isolate 87541
(dksAgs4,) and expressed it in isolate 85982, the lag in growth of
the latter was largely complemented (Fig. 1A). These observations
suggested that functional DksA is required for S. Typhimurium
growth in minimal medium.

Based on these results and considering the reported role of
DksA in the growth of V. cholerae (15) and P. aeruginosa (16) in
minimal medium, we were interested in characterizing in more
detail the role of the DksA in S. Typhimurium physiology. To this
end, a dksA-null mutant strain was constructed in the S. Typhi-
murium SL1344 reference strain background, and its growth was
studied in nutrient-rich LB and in minimal M63 medium. We
found that while S. Typhimurium SL1344 and its isogenic dksA-
null mutant strain grew similarly in rich LB medium (Fig. 1B), the
dksA-null mutant strain was unable to grow in M63 minimal me-
dium, presenting an even more extreme phenotype than strain
85982 bearing the point mutation in dksA. Complementation of
dksA in trans from a low-copy-number plasmid (pWSK29::dksA)
but not the presence of the empty vector (pWSK29) restored the
dksA mutant growth to levels similar to those of the wild-type
strain (Fig. 1C). Similar observations were also found using M9
minimal medium (see Fig. S1B in the supplemental material).
These results indicated that DksA is essential for S. Typhimurium
growth in minimal medium but not in rich LB broth and showed
that the amino acid asparagine at position 88 is important for this
function.

DksA plays a role in S. Typhimurium motility and biofilm
formation. Motility and biofilm are two virulence-associated
phenotypes relevant to bacterial pathogenicity in vivo (28). Since
DksA was shown to be involved in these phenotypes in other
pathogen (15), we were interested in characterizing the possible
role of DksA in Salmonella motility and biofilm formation. In the
absence of DksA, a mild but significant reduction of 11% to 13%
in S. Typhimurium motility was observed on LB soft agar (0.3%)
plates. Introducing dksA ectopically (pWSK29::dksA) but not the
empty vector (pWSK29) complemented the impaired motility of
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FIG 2 DksA is required for S. Typhimurium motility. S. Typhimurium
SL1344, its corresponding dksA mutant strain, and the dksA strain harboring
the plasmid pWSK29 or pWSK29::dksA were grown in LB for 16 h. A 10-ul
portion of each culture was placed in the middle of 0.3% agar LB or M9 plates.
LB plates were incubated at 37°C for 5 h (A), and M9 plates were incubated for
21 h (B). Bars show the mean motility (from three independent plates) relative
to that of the wild-type strain. One-way analysis of variance (ANOVA) with
Dunnett’s multiple-comparison test was implemented to compare the motility
of the different strains with the wild-type motility. ***, P < 0.0001; ns, not
significant. (C) Representative swimming plates. The motility halo of each
strain on M9 plates was imaged by a Pentax K-3 II digital SLR camera.

the dksA strain to the level of the wild-type background (Fig. 2A).
Similar experiments using equal inocula (of overnight LB-grown
cultures), which were placed on soft agar M9 and M63 minimal
medium (supplemented with 1% glucose as a carbon source)
plates, demonstrated much more pronounced motility deficiency
in the dksA mutant strain. Under these conditions, the S. Typhi-
murium dksA strain exhibited only 28% and 35% of the wild-type
motility in M63 (data not shown) and M9 (Fig. 2B and C), respec-
tively. Again, the impaired motility of the dksA strain was fully
complemented by the expression of dksA in trans (pWSK29::
dksA).

Furthermore, we observed that under biofilm-inducing condi-
tions (LB without NaCl), the ability of S. Typhimurium to form
biofilms was significantly decreased in the absence of DksA, to
levels similar to that of the fliC fljB mutant (known to be attenu-
ated in biofilm formation [29]), and that this impaired phenotype
was complemented when the pWSK29::dksA construct was ex-
pressed in the S. Typhimurium dksA mutant strain (Fig. 3). We
concluded from these experiments that DksA is required for S.
Typhimurium motility and biofilm formation in vitro.
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FIG 3 DksA is required for S. Typhimurium biofilm formation. S. Typhimu-
rium SL1344, its derivative dksA mutant strain, the dksA strain harboring the
plasmid pWSK29 or pWSK29::dksA and a fliC fljB mutant (which was used as
a negative control) were grown on LB medium lacking NaCl (biofilm-induc-
ing conditions) at 28°C for 96 h. Biofilm formation was assayed by crystal
violet staining. Data are means and SEM for eight biological repeats. ANOVA
with Dunnett’s multiple-comparison test was used to determine differences
between data sets.

DksA is required for S. Typhimurium host cell entry. Next,
we examined the potential involvement of DksA in S. Typhi-
murium adherence to and invasion into nonphagocytic cells.
As a control for S. Typhimurium invasion, we included the
invA mutant strain, known to be deficient in epithelial cell
invasion (30). These experiments showed adhesion of the dksA
mutant strain that was similar to that of the wild-type back-
ground in HeLa (Fig. 4A), Caco-2 (see Fig. S2A in the supple-
mental material) and Raw 264.7 (see Fig. S2B in the supple-
mental material) cell lines, suggesting that DksA is not involved
in the host cell adhesion phenotype of S. Typhimurium. Nev-
ertheless, the invasion by a dksA strain of both HeLa (Fig. 4B)
and Caco-2 (Fig. 4C) epithelial cells was dramatically impaired
and was comparable to the poor invasion of the invA mutant.
Ectopic expression of dksA from pWSK29 complemented the
reduced invasion of the dksA strain to levels similar to that of
the parental strain. It is noteworthy that similar results were
also obtained when a mild centrifugation (500 rpm for 5 min)
was implemented immediately after cell infection (see Fig. S1C
in the supplemental material), indicating that the impaired
invasion phenotypes of the dksA mutant strain are not due to
its reduced motility per se.

Furthermore, the S. Typhimurium dksA mutant presented a
decrease in uptake by RAW264.7 macrophages compared to the
wild-type strain, which was also complemented with the introduc-
tion of pWSK29::dksA into the dksA background (Fig. 4D). These
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FIG 4 DksA is required for S. Typhimurium host cell entry. S. Typhimurium SL1344 (WT), its derived invA and dksA-null mutant strains, and the dksA
mutant harboring the plasmid pWSK29 or pWSK29::dksA were grown in LB at 37°C and used to infect epithelial cell lines. (A) Adhesion to HeLa cells was
determined in the presence of cytochalasin D. Data are the percentage of cell-associated bacteria from the total number of CFU used to infect the cells.
Invasion of HeLa cells (B) and Caco-2 cells (C) and uptake by Raw 264.7 macrophages (D) were determined using the gentamicin protection assay and
calculated as the percentage of intracellular bacteria (CFU) recovered at 2 h p.i from the total number of CFU used to infect the cells. Data are means and
SEM for 4 or 5 biological replicates. ANOVA with Dunnett’s multiple-comparison test was used to determine differences between data sets. **, P < 0.001;

X+, P < 0.0001; ns, not significant.

results are in close agreement with the recently published report
that showed a similar phenotype fora S. Typhimurium dksA strain
in HeLa cells (31) and together establish that DksA plays a key role
in S. Typhimurium invasion into nonphagocytic cells and uptake
by macrophages.

DksA positively regulates motility and SPI-1 genes in S. Ty-
phimurium. To better understand how DksA affects biofilm
formation, motility, and host cell invasion, we determined by
means of RT-PCR the expression of representative SPI-1,
SPI-2, flagellar (motility), and biofilm-associated genes during
the mid-logarithmic growth phase. While we found no signif-
icant change in the transcription of the biofilm-associated
genes csgA, csgD, besA, and bapA and only a mild decrease in the
expression of SPI-2 genes (ssaR, ssrB, and sifA), we found a 3- to
8-fold reduction in the transcription of various SPI-1 genes
encoding a structural T3SS-1 component (invA), T3SS-1 effec-
tors (sopB, sipB, and sopE2), and T3SS-1 regulatory genes (hilA,
hilD, hilE, and invF) and a 2.5- to 5-fold decrease in expression
of motility-flagellum genes (fliA, fliC, and flhD) (Fig. 5A).

January 2016 Volume 84 Number 1

Infection and Immunity

Western blotting against a 2HA-tagged version of SopB, SopE2
(T3SS-1 effectors), and FliC (flagellin subunit) confirmed the
RT-PCR results and showed, on the protein level, lower expres-
sion of these proteins in the dksA mutant strain than in the
wild-type background while revealing similar levels of RpoD
(Fig. 5B).

These results indicated that DksA is a positive regulator of
genes belong to the SPI-1 and the motility-chemotaxis regu-
lons and suggested that the impaired motility, biofilm forma-
tion, and invasion phenotypes of the dksA mutant were at least
in part due to the lower expression of these genes in the absence
of DksA.

DksA is induced during the exponential phase and in the
midcecum during early gastrointestinal infection. The involve-
ment of DksA in epithelial cells invasion, motility, biofilm forma-
tion, and SPI-1 genes expression prompt us to study its expression
pattern and possible role in intestinal colonization. To monitor
dksA expression, the regulatory region of the dksA gene from S.
Typhimurium SL1344 (PdksA) was cloned into the vector pCS26
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FIG 5 DksA positively regulates the transcription of SPI-1 and flagellar genes. (A) Total RNA was harvested from S. Typhimurium SL1344 and its isogenic dksA
mutant strain cultures grown to mid-logarithmic phase at 37°C and was subjected to qRT-PCR. The change in the abundance of the indicated transcripts
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SDS-PAGE Western blot analysis of bacterial cell lysate from S. Typhimurium and dksA mutant strains expressing SopB-2HA, SopE2-2HA, and FliC-2HA grown
to the mid-logarithmic phase. Protein fractions were probed using anti-HA antibody and anti-RpoD as a control.

upstream from the bioluminescence reporter operon (luxAB-
CDE). The expression of this reporter system (PdksA::lux) was
compared to that of the rpoD promoter cloned into the same vec-
tor (PrpoD::lux). Distinctly, while the expression of PrpoD::lux
peaked during the early logarithmic phase (ODg,, = 0.1, as
expected from the vegetative sigma factor gene), the activity of
PdksA::lux gradually increased during the exponential phase and
reached its maximum during the mid-logarithmic to late logarith-
mic phase (ODg,, = 3) (Fig. 6).

To study the expression pattern of dksA in vivo, we have next
implemented the colitis mouse model (32). C57BL/6 mice that
were pretreated with streptomycin were infected with S. Typhi-
murium harboring pCS26::PdksA (the luminescence of this in-
oculum was 20,000 relative luminescence units [RLU]). As a
control, a second group of mice were infected with S. Typhi-
murium harboring the promoterless pCS26 plasmid. At day 1
postinfection, the gastrointestinal tracts and systemic sites
(liver and spleen) were removed, and luminescence was de-
tected using a photon-counting system. While high bacterial
loads (107 to 10® CFU) were isolated from the colon and the
cecum of all mice, we did not isolate high numbers of salmo-
nellae from the spleen (in three of six mice, salmonellae in the
spleen were undetected), indicating an early stage of the infec-
tion. Interestingly, although the colon and the cecum were col-
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onized with similar loads, high expression of the dksA pro-
moter was evident exclusively in the midcecum (Fig. 7). These
results indicated a specific and spatial induction of dksA in the
intestine at an early stage of the infection and suggested that
DksA is involved in intestinal colonization of Salmonella in vivo.

DksA is required for intestinal colonization and systemic in-
fection in vivo. To study the possible role of DksA in Salmonella
intestinal colonization, we conducted a competitive index infec-
tion experiment using the streptomycin-pretreated mouse model.
After infection with S. Typhimurium, streptomycin-pretreated
C57BL/6 mice develop an acute colitis which resembles a gastro-
intestinal disease (33). We used this model and coinfected a group
of 7 mice with equal numbers of S. Typhimurium dksA mutant
organisms carrying an empty vector (pWSK129, Km") or
pWSK29::dksA (Amp"). While similar bacterial loads were recov-
ered from mice infected with Salmonella strains carrying pWSK29
and pWSK129 (CI = 1; data not shown), the dksA mutant strain
harboring the complementation construct pWSK29::dksA out-
competed the noncomplemented strain (harboring pWSK129)
42- to 222-fold in the intestinal organs (ileum, cecum, and colon)
as well as at systemic sites (liver and spleen) at day 4 postinfection
(Fig. 8). These results established that DksA is required not only
for the systemic stage of a typhoid-like disease but also for intes-
tinal colonization by S. Typhimurium.
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DISCUSSION

In E. coli, DksA acts as a transcriptional cofactor that directly
binds the secondary channel of RNAP, potentiating the effect
of ppGpp during a stringent response (13). In addition to its
particular role in the stringent response, DksA regulates tran-
scription of many other genes in a ppGpp-independent man-
ner, by modulating RNAP distribution. In E. coli and H. ducreyi,
for example, DksA was shown to control the expression of about
7% and 17% of their entire open reading frames, respectively,
indicating a pleiotropic regulatory role of genes involved in tran-
scription, macromolecules synthesis, protein fate, cell envelope
biogenesis, energy metabolism, transport/binding, and amino
acid biosynthesis (14, 22).

Here we showed that S. Typhimurium requires DksA for
growth in minimal medium but not in rich LB broth. A mutation
that was identified in a clinical isolate of S. Typhimurium demon-
strated that a conserved asparagine in position 88 located in the
middle of DksA is important for this phenotype, as an amino acid
substitution to aspartate (N88D) considerably reduced the ability
of this clinical isolate to grow in minimal defined medium and a
null deletion of dksA abolished S. Typhimurium growth in mini-
mal medium completely. A similar role for DksA in V. cholerae,
which also needs dksA for growth in M9 medium, was reported
(15). This phenotype can be explained by the positive regulation
of amino acid biosynthesis operons by DksA; de novo synthesis of
the amino acids is essential for prototrophic growth in minimal
defined medium (34).

Another phenotype that was reported to be regulated by DksA
is bacterial motility. Nonetheless, the role of DksA in bacterial
motility and flagellar gene expression is somewhat disputed. E. coli
strains lacking dksA were shown to express higher levels of che-
motaxis and flagellum genes, resulting in overproduction of
flagellin, hyperflagellated cells, and increased motility, possibly
due to the inhibition of fIhDC and fliA promoters by DksA (14,
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35). On the other hand, Magnusson et al. reported that E. coli dksA
mutants were less motile than the wild type, suggesting a positive
regulation on the flagellar expression by DksA (36). Similarly, in
Pseudomonas putida (37) and V. cholerae (15), deletion of dksA
leads to a decrease in bacterial motility, and Legionella pneumo-
philarequires DksA for flagellar gene activation and motility in the
stationary growth phase (38). In this study, we found that S. Ty-
phimurium DksA positively regulates the chemotaxis-motility
regulon and that its absence leads to a severe motility deficiency
under nutrient limitation conditions. Consistent with this pheno-
type, we demonstrated that in the absence of DksA, the transcrip-
tion of various flagellar genes, including the regulatory genes fliA
and fIhD, is significantly decreased. Western blotting results were
also in line with the transcription data and showed a lower level of
2HA-tagged FliC in the dksA mutant than the parental strain. Low
expression of flagellar and motility genes in the dksA background
(and unchanged levels of other biofilm-associated genes) can also
explain the impaired biofilm formation of this strain, which was
similar to the attenuated phenotype of the fIiC fljB mutant.

Besides motility, an additional Salmonella regulon that was
found to be downregulated in the absence of DksA is SPI-1, which
is pivotal for Salmonella invasion of nonphagocytic host cells. A
dksA strain showed 4- to 8-fold-lower transcription of multiple
SPI-1 genes. These results were also observed on the protein level,
as Western blotting showed significantly lower levels of 2HA-
tagged SopB and SopE2 but similar levels of RpoD in the absence
of DksA. In accordance with the decreased expression of SPI-1, we
were able to demonstrate a dramatic reduction in the invasive
phenotype of a dksA mutant strain into both HeLa and Caco-2
human epithelial cells. Interestingly, in contrast to H. ducreyi,
where DksA was shown to be required for host cell adhesion (18),
we could not assign arole to S. Typhimurium DksA in attachment
to HeLa, Caco-2, and RAW264.7 cells, indicating that at least in
vitro, Salmonella invasion but not adhesion is controlled by DksA.

While our manuscript was in preparation, Rice and colleagues
(31) reported the results of a microarray-based transcriptomic
analysis presenting increased levels of SPI-1 genes in a S. Typhi-
murium dksA mutant strain grown to the stationary phase, com-
pared to the parental strain. On the other hand, the authors re-
ported a decrease transcription of the sicA operon (sicA and
sipBCDA) during the late logarithmic phase, lower expression of a
sipC::lacZ fusion, undetectable levels of intracellular SipC in the
dksA background, and attenuation of this strain (grown to the
early stationary phase) in HeLa cell invasion. Thus, in compari-
son, our invasion results are in close agreement with those re-
ported by Rice et al., but the expression results in the two studies
are somewhat inconsistent. This discrepancy may possibly be ex-
plained by the different methods used or the different growth
phase of the analyzed cultures (mid-log phase in our study versus
stationary phase in the other study) and could suggest that the
SPI-1 regulation by DksA is growth phase dependent. The induc-
tion of dksA::lux expression during the exponential phase and its
decline during the stationary phase (Fig. 6) indicates a timely and
coordinated expression during Salmonella growth in vitro and
therefore supports this possibility.

The dramatic role of DksA in host cell invasion in vitro
prompted us to study its potential contribution to Salmonella in-
testinal colonization. In vivo imaging of the dksA promoter activ-
ity showed a specific spatial induction at the midcecum during an
early stage of infection. These results show for the first time induc-
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FIG 7 dksA is expressed at the midcecum during intestinal colonization in vivo. (A and B) Streptomycin-pretreated C57BL/6 mice were infected with 5 to 8 X
10° CFU of S. Typhimurium harboring pCS26 (A) or pCS26::PdksA (B). At 24 h p.i., the intestinal tracts and systemic sites (liver and spleen) were removed, and
bioluminescence was imaged using a photon-counting system. Organs from two mice are shown from each infection. (Cand D) To determine the total numbers
of colonizing Salmonella (CFU), organs were homogenized in saline, diluted, and spread plated on XLD agar supplemented with kanamycin. Data are mean
bacterial loads and SEM for three mice infected with S. Typhimurium carrying pCS26 (C) or pCS26::PdksA (D).

tion of dksA expression in vivo during intestinal colonization and
suggest that DksA regulates the expression of virulence factors
required to establish an intestinal colonization, including motil-
ity, biofilm, and SPI-1 genes. A competitive infection study using
the relevant colitis mouse model demonstrated clear attenuation
of the dksA mutant in intestinal colonization as well as in systemic-
site infection. These results are consistent with a previous study
showing that DksA is required for S. Typhimurium colonization
of the chicken alimentary tract (39) and together demonstrate an
important role for DksA in gastrointestinal infection by S. Typhi-
murium in different animal hosts.

Previously, an attenuated virulence of a S. Typhimurium dksA
mutant strain was exhibited in a murine model of acute salmonel-
losis (25). Additionally, Henard and colleagues have elegantly
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shown that DksA is critical for the resistance of S. Typhimurium to
oxidative stress and reactive nitrogen species during the systemic
phase in a murine model of typhoid-like disease (23, 24). Collec-
tively, these previously published reports and the results presented
here illuminate DksA as a key virulence regulator in Salmonella,
which is required both at the early colonization stage and later,
during systemic infection, suggesting a role in both gastrointesti-
nal and systemic disease manifestations.

To establish a successful infection, a pathogen must tightly
coordinate the expression of multiple virulence traits to ensure
their accurate temporal and spatial expression. S. enterica, like
many other pathogens, has acquired during evolution different
virulence elements by means of horizontal gene transfer that were
incorporated into its core genome. One of many examples is the
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FIG 8 DksA is required for intestinal and systemic colonization by S. Typhi-
murium. Streptomycin-pretreated C57BL/6 mice were coinfected with equal
numbers of CFU of the S. Typhimurium dksA-null mutant carrying pWSK129
(Km") or pWSK29::dksA (Amp*) by oral gavage. At 4 days p.i., the competitive
index (CI) was determine by plating tissue homogenates on XLD plates con-
taining kanamycin or ampicillin. Each point shows the obtained CI in one
mouse, and the geometric mean is indicated by a horizontal line. A one-sample
t test against a theoretical mean of 1.0 (assumes equal fitness of both strains)
was used to determined statistical significance.

acquisition of SPI-1, which also led to Salmonella speciation (40).
Advantageous use of horizontally acquired factors dictates effec-
tive coordination with the existing virulence and physiological
setup. One way to achieve a regulatory harmonization is to inte-
grate virulence genes under the control of an ancestral regulator.
Accumulating evidence indicates that multiple virulence factors in
different Gram-negative pathogens are actually regulated by the
conserved transcriptional factor DksA, found in ancestral non-
pathogenic species. Thus, it is tempting to speculate that different
pathogens have evolved in parallel to incorporate different viru-
lence-associated traits under the control of the pleiotropic DksA
regulator. A similar idea has been also demonstrated for PhoP,
which in addition to its ancestral role in adaptation to low Mg>*
environments has evolved as a key coordinator of multiple viru-
lence genes in Salmonella (41, 42). Consistent with this notion,
DksA was shown to regulate many unique virulence factors in
multiple pathogens. The V. cholerae DksA positively regulates the
production of the major protease HAP, which is involved in
pathogenicity and the expression of the horizontally acquired
cholera toxin genes (15). In P. aeruginosa, DksA is involved in the
posttranscriptional control of the extracellular virulence factor
LasB elastase (16). In S. flexneri, DksA is required for Hfq regula-
tion, an important pleotropic regulator by itself (18) and in en-
terohemorrhagic E. coli, expression of the locus of enterocyte ef-
facement (LEE) pathogenicity island is also controlled by DksA
(19). Hence, the conserved sequence of DksA and its regulatory
role in the virulence of many Gram-negative pathogens make
DksA an ideal target candidate for a broad-spectrum therapeutic.

Here, we established that DksA is required for growth in min-
imal medium, motility, and biofilm formation in Salmonella. Ad-
ditionally, we demonstrated that DksA positively regulates the
SPI-1 and motility regulons and is required for host cell invasion
in vitro but not for cell adhesion. Finally, using the colitis mouse
model, we exhibited that dksA is induced in the midcecum during
intestinal infection and required for gastrointestinal and systemic
colonization in the mouse. Taken together, these data indicate
that the conserved stringent response regulator DksA plays a key
role in coordination of various physiological and virulence path-
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ways in S. Typhimurium and is required for Salmonella pathoge-
nicity in vivo.
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