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ABSTRACT H-NS-mediated repression of acquired genes and the subsequent adap-
tation of regulatory mechanisms that counteract this repression have played a cen-
tral role in the Salmonella pathogenicity evolution. The Salmonella pathogenicity is-
land 2 (SPI-2) is an acquired chromosomal region containing genes necessary for
Salmonella enterica to colonize and replicate in different niches of hosts. The ssrAB
operon, located in SPI-2, encodes the two-component system SsrA-SsrB, which posi-
tively controls the expression of the SPI-2 genes but also other many genes located
outside SPI-2. Several regulators have been involved in the expression of ssrAB, such
as the ancestral regulators SlyA and OmpR, and the acquired regulator HilD. In this
study, we show how SlyA, HilD, and OmpR coordinate to induce the expression of
ssrAB under different growth conditions. We found that when Salmonella enterica se-
rovar Typhimurium is grown in nutrient-rich lysogeny broth (LB), SlyA and HilD addi-
tively counteract H-NS-mediated repression on ssrAB, whereas in N-minimal medium
(N-MM), SlyA antagonizes H-NS-mediated repression on ssrAB independently of HilD.
Interestingly, our results indicate that OmpR is required for the expression of ssrAB
independently of the growth conditions, even in the absence of repression by H-NS.
Therefore, our data support two mechanisms adapted for the expression of ssrAB
under different growth conditions. One involves the additive action of SlyA and
HilD, whereas the other involves SlyA, but not HilD, to counteract H-NS-mediated re-
pression on ssrAB, thus favoring in both cases the activation of ssrAB by OmpR.

IMPORTANCE The global regulator H-NS represses the expression of acquired genes
and thus avoids possible detrimental effects on bacterial fitness. Regulatory mecha-
nisms are adapted to induce expression of the acquired genes in particular niches to
obtain a benefit from the information encoded in the foreign DNA, as for pathogen-
esis. Here, we show two mechanisms that were integrated for the expression of viru-
lence genes in Salmonella Typhimurium. One involves the additive action of the reg-
ulators SlyA and HilD, whereas the other involves SlyA, but not HilD, to counteract
H-NS-mediated repression on the ssrAB operon, thus favoring its activation by the
OmpR regulator. To our knowledge, this is the first report involving the coordinated
action of two regulators to counteract H-NS-mediated repression.
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Salmonella enterica serovar Typhimurium, a facultative intracellular pathogen, gen-
erally causes mild self-limiting gastroenteritis in humans and several animals, but it

can also produce severe systemic infections in different hosts, including humans (1, 2).
Thus, S. Typhimurium has been extensively used as a model for studying the molecular
mechanisms governing S. enterica virulence (1, 3, 4).

Around one-quarter of the S. Typhimurium genome was shaped by the gain of DNA
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through several horizontal gene transfer (HGT) events that occurred at different evo-
lutionary times (5). The Salmonella pathogenicity island 2 (SPI-2) is an acquired chro-
mosomal region containing 44 genes which encode a type III secretion system (T3SS-2),
their chaperones and effector proteins, and the two-component system SsrA-SsrB (4).
The SPI-2 genes are required for survival and replication of S. Typhimurium inside host
cells, such as macrophages, which leads to the systemic disease (1, 4). Additionally, the
SPI-2 genes contribute to the induction of the intestinal inflammatory response (6–8).
Consistently, the SPI-2 genes are expressed when S. Typhimurium is within host cells
and in the intestinal lumen (9–15). In vitro, the expression of SPI-2 is induced when S.
Typhimurium is grown in minimal medium containing low concentrations of phos-
phate, calcium, and magnesium (11, 16, 17), as well as during the late-stationary phase
of growth in nutrient-rich medium (18, 19), conditions that somehow resemble the
intracellular and the intestinal lumen environments, respectively.

The ssrA and ssrB genes, located in SPI-2, code for the two-component system
SsrA-SsrB, with SsrA being the sensor kinase and SsrB the response regulator, which
directly induces the expression of the SPI-2 genes and many other virulence genes
located outside SPI-2 (4, 20–22). The ssrA and ssrB genes are transcribed as an operon
(18); also, transcription of ssrB independent of ssrA has been reported (17, 23), which
seems to be dependent on the growth conditions tested. To simplify, these genes are
referred to here as the ssrAB operon. Multiple regulators have been involved in the
expression of ssrAB, including SlyA, HilD, OmpR, PhoP, and SsrB, which act positively
and directly on this operon (4, 23–29). SlyA, OmpR, and PhoP are transcriptional
regulators that control the expression of a large number of genes, encoding distinct
cellular functions in different bacteria; SlyA is a member of the MarR family of tran-
scriptional factors, whereas OmpR and PhoP are the response regulators of the two-
component systems EnvZ-OmpR and PhoQ-PhoP, respectively (24, 27, 30–40). HilD is an
AraC-like transcriptional regulator, present only in Salmonella spp. and encoded in the
Salmonella pathogenicity island 1 (SPI-1), which controls the expression of the SPI-1
genes and many other virulence genes (4, 18, 19, 41–51). On the other hand, the
expression of ssrAB is also controlled by negative regulators, such as the nucleoid-
associated protein H-NS (18, 19, 52–54), which acts as a global transcriptional factor in
many bacteria (55, 56). H-NS is considered a genome sentinel that has played an
important role during the evolution of Salmonella pathogenicity by preventing uncon-
trolled expression of acquired DNA that could be deleterious to bacterial fitness (52, 53,
56). Different regulatory proteins have been adapted to antagonize H-NS-mediated
repression in specific promoters, which allows the expression of acquired genes only
under those conditions where the encoded information is beneficial for bacteria, as in
particular niches during infection of a host (57, 58). For instance, HilD induces the
expression of ssrAB by directly displacing H-NS-mediated repression on the promoter
upstream of ssrA under in vitro growth conditions that resemble the intestinal envi-
ronment (18, 19).

In this work, we determine how the ancestral regulators SlyA and OmpR and the
acquired regulator HilD induce the expression of the S. Typhimurium ssrAB operon
under different growth conditions. During growth in nutrient-rich lysogeny broth (LB),
SlyA and HilD additively counteract H-NS-mediated repression on ssrAB, whereas during
growth in N-minimal medium (N-MM), SlyA antagonizes the H-NS-mediated repression
on ssrAB independently of HilD. In both cases, the expression of ssrAB also requires the
action of OmpR, even in the absence of the repression by H-NS.

RESULTS
SlyA is required for the expression of ssrAB under both rich and minimal

growth conditions. The ssrAB operon, and thus the SPI-2 genes, are expressed when
S. Typhimurium is grown in nutrient-rich media, such as LB, as well as in minimal media
like N-MM (18, 19), which mimic different niches that S. Typhimurium finds in its hosts.
Several studies have shown that SlyA is required for the expression of ssrAB in minimal
medium (42, 59). Additionally, some reports indicate that overexpression of SlyA

Banda et al. Journal of Bacteriology

April 2019 Volume 201 Issue 8 e00530-18 jb.asm.org 2

https://jb.asm.org


induces the expression of ssrAB in LB (25, 28). To confirm whether physiological levels
of SlyA regulate the expression of ssrAB in LB, we examined the chromosomal expres-
sion of the C-terminal 3�FLAG-tagged SsrA protein (SsrA-FLAG) in the wild-type (WT)
S. Typhimurium strain SL1344 and its isogenic ΔslyA mutant, grown in LB at 37°C. As a
control, the expression of SsrA-FLAG was also analyzed in these same strains grown in
N-MM. In both LB and N-MM, SsrA-FLAG was detected in the WT strain but not in the
ΔslyA mutant; as expected, the pK3-SlyA plasmid expressing SlyA, but not the control
vector pMPM-K3, restored the expression of SsrA-FLAG in the ΔslyA mutant at levels
even higher than those reached in the WT strain (Fig. 1A and B). To confirm these
results, similar assays were performed by analyzing the expression of the ssrAB-
cat�302/�478 transcriptional fusion (ssrAB sequence from �302 to �478 and the cat
reporter gene) that we have successfully used before (19), which carries the promoter
upstream of ssrA. In agreement with our results obtained by assessing SsrA-FLAG, the
activity of the ssrAB-cat�302/�478 fusion was drastically reduced in the ΔslyA mutant
with respect to the WT strain, and it was induced in the presence of the pK3-SlyA
plasmid (Fig. 1C and D). Taken together, these results show that SlyA is required for the
expression of ssrAB under different growth conditions.

SlyA counteracts repression exerted by H-NS on ssrAB during growth in LB.
Previous studies indicate that SlyA induces gene expression mainly by counteracting
the repression exerted by H-NS on target promoters (33, 39). Furthermore, we have
shown that H-NS directly represses the expression of ssrAB when S. Typhimurium is
grown in LB (18, 19). Therefore, in order to determine if SlyA counteracts H-NS-
mediated repression on ssrAB, during growth in LB, we tested whether SlyA is required
for the expression of ssrAB in the absence of H-NS activity. The S. Typhimurium Δhns
mutant shows severe growth defects (53); however, activity of WT H-NS can be
inactivated by overexpressing the H-NSG113D mutant, which does not have DNA
binding activity but still forms heterodimers with WT H-NS monomers (60) and thus

FIG 1 SlyA is required for expression of the ssrAB operon in LB and N-MM. (A and B) Expression of
SsrA-FLAG in WT S. Typhimurium and its ΔslyA derivative mutant containing the pMPM-K3 vector or the
pK3-SlyA plasmid that expresses SlyA from a constitutive promoter was analyzed by Western blotting
using monoclonal anti-FLAG antibodies. Whole-cell lysates were prepared from samples of bacterial
cultures grown for 9 h in LB (A) or for 16 h in N-MM at pH 7.4 (B) at 37°C. As a control, the expression
of GroEL was also determined using polyclonal anti-GroEL antibodies. (C and D) Expression of the
ssrAB-cat�302/�478 transcriptional fusion carried by the pssrAB-cat-302/�478 plasmid was tested in WT
S. Typhimurium and its isogenic ΔslyA mutant containing the pMPM-K3 vector or the pK3-SlyA plasmid.
CAT-specific activity was determined from samples of bacterial cultures grown for 9 h in LB (C) or for 16
h in N-MM at pH 7.4 (D) at 37°C. Data represent the mean with standard deviation from the results from
three independent experiments performed in duplicate. Statistically different values are indicated (***,
P � 0.001; ****, P � 0.0001).
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acts as a dominant negative mutant (61). In this way, the expression of the ssrAB-
cat�302/�478 fusion was assessed in the WT S. Typhimurium strain and its derivative
ΔslyA mutant containing the empty vector pMPM-T6�, or the pT6-HNS-WT or pT6-
HNS-G113D plasmids, which express WT H-NS and the H-NSG113D mutant, respectively,
from an arabinose-inducible promoter (44, 61). The strains were grown in LB at 37°C in
the presence or absence of 0.1% arabinose to induce or not induce the expression of
the H-NS proteins. As shown in Fig. 2A, overexpression of H-NSG113D, but not WT H-NS,
induced the activity of the ssrAB-cat�302/�478 fusion in the ΔslyA mutant strain,
indicating that the overproduction of the dominant negative H-NS mutant partially
suppresses the need of SlyA for the expression of ssrAB. In similar experiments, we
previously showed that overproduction of the H-NSQ92am dominant negative mutant
also suppresses the need of HilD for the expression of ssrAB (19).

To investigate if SlyA counteracts directly the repression of H-NS on ssrAB, we
performed competitive electrophoretic mobility shift assays (EMSAs) to examine the
effect of SlyA on H-NS bound to the region �302/�478 of ssrAB. A DNA fragment
spanning this region was first incubated with a constant concentration of purified
H-NS-FLAG-His (H-NS�FH) protein, and then increasing amounts of purified His-HA-
SlyA protein were added. The DNA-H-NS and DNA-SlyA complexes were detected by
staining the DNA fragments. Furthermore, the presence of H-NS�FH or His-HA-SlyA on

FIG 2 SlyA directly displaces H-NS-mediated repression on ssrAB during growth in LB. (A) Expression of
the ssrAB-cat�302/�478 transcriptional fusion carried by the pssrAB-cat-302/�478 plasmid was tested in
WT S. Typhimurium and its isogenic ΔslyA mutant containing or not containing the pMPM-T6� vector or
the pT6-HNS-WT or pT6-HNS-G113D plasmid, which expresses WT H-NS or the dominant negative
H-NSG113D mutant, respectively, from an arabinose-inducible promoter. CAT-specific activity was deter-
mined from samples of bacterial cultures grown for 9 h in LB at 37°C. L-Arabinose (0.1%) was added (�)
or not added (�) to the medium for inducing the expression of WT H-NS and H-NSG113D from
pT6-HNS-WT and pT6-HNS-G113D, respectively. Data represent the mean with standard deviation of the
results from three independent experiments performed in duplicate. Statistically different values are
indicated (***, P � 0.001). (B) Competitive nonradioactive EMSAs between H-NS and SlyA on the
�302/�478 region of ssrAB. Purified H-NS�FH protein was added at 0.5 �M (lanes 3 to 7), and purified
His-HA-SlyA protein was added at 1, 2, 2.5, and 3 �M (lanes 4 to 7, respectively). No proteins were added
in lane 1, and His-HA-SlyA was added at 3 �M in lane 2. The DNA-protein complexes were resolved in a
nondenaturing 6% polyacrylamide gel. Top, protein-DNA complexes stained with ethidium bromide;
bottom, immunoblot detection of H-NS�FH from the DNA-protein complexes. Similar results were
obtained from three different experiments.
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these complexes was monitored by immunoblotting with anti-FLAG and anti-HA
antibodies, respectively. As shown in Fig. 2B, increasing amounts of His-HA-SlyA shifted
the DNA-H-NS�FH complex to a slower-migrating complex, similar to that formed by
only His-HA-SlyA; additionally, the immunoblots indicated that increasing amounts of
His-HA-SlyA correlate with decreasing amounts of H-NS�FH bound to the DNA frag-
ments. We were unable to detect His-HA-SlyA bound to the DNA fragments, probably
due to a low sensitivity of the anti-HA antibodies used (data not shown).

In all, these results show that SlyA counteracts H-NS-mediated repression on ssrAB
by directly displacing H-NS from the region �302/�478.

SlyA and HilD additively antagonize repression of H-NS on ssrAB during growth in
LB. In previous studies, we demonstrated that HilD also induces the expression of ssrAB
during the growth of S. Typhimurium in LB by antagonizing H-NS-mediated repression
(18, 19). To confirm that both SlyA and HilD act as antirepressors of H-NS to induce the
expression of ssrAB, we analyzed if the inactivation of H-NS leads to the expression of
ssrAB independently of both SlyA and HilD. For this, we determined the expression of
the ssrAB-cat�302/�478 fusion in the WT S. Typhimurium strain and its derivative ΔhilD
ΔslyA double mutant containing the empty vector pMPM-T6� or the plasmids pT6-
HNS-WT or pT6-HNS-G113D in cultures grown in LB at 37°C. As could be expected, the
activity of the ssrAB-cat�302/�478 fusion was drastically reduced in the ΔhilD ΔslyA
mutant; in addition, overexpression of the H-NSG113D dominant negative mutant, but
not WT H-NS, restored the activity of the ssrAB-cat�302/�478 fusion in this strain (Fig.
3). These results demonstrate that when the activity of H-NS is inactivated, the
expression of ssrAB becomes independent of both SlyA and HilD.

We next analyzed the expression of ssrAB in the absence of each SlyA or HilD, or
both, when the repression of ssrAB by H-NS is blocked or not blocked. For this, the
activities of the ssrAB-cat�302/�478 fusion and its derivative ssrAB-cat�302/�10 fusion
were determined in the WT S. Typhimurium strain and its isogenic ΔhilD, ΔslyA, and
ΔhilD ΔslyA mutants grown in LB. The ssrAB-cat�302/�10 fusion lacks H-NS-binding
sites required for the repression by H-NS; repression of ssrAB by H-NS involves the
H-NS-binding sites located on the promoter as well as those located on the transla-
tional start codon of ssrA (Fig. 4) (19). Since OmpR is required for the expression of ssrAB
in LB, even in the absence of the H-NS activity (18), a ΔompR mutant was assessed as
control in these assays.

The activity of the ssrAB-cat�302/�478 fusion (repressed by H-NS) was reduced
around 4-fold in the ΔhilD and ΔslyA mutants, with respect to the WT strain; interest-

FIG 3 HilD and SlyA are not required for expression of ssrAB during growth in LB when H-NS is
inactivated. Expression of the ssrAB-cat�302/�478 transcriptional fusion carried by the pssrAB-cat-302/
�478 plasmid was determined in the WT S. Typhimurium strain and its derivative ΔhilD ΔslyA mutant
containing the pMPM-T6� vector, as well as in the ΔhilD ΔslyA mutant containing the pT6-HNS-WT or
pT6-HNS-G113D plasmid, which expresses WT H-NS or the H-NSG113D dominant negative mutant,
respectively, from an arabinose-inducible promoter. CAT-specific activity was determined from samples
of bacterial cultures grown for 9 h in LB at 37°C. Expression of WT H-NS or H-NSG113D from plasmids
pT6-HNS-WT and pT6-HNS-G113D, respectively, was induced by adding 0.1% L-arabinose to the medium
(� arabinose). Data represent the mean with standard deviation of the results from three independent
experiments done in duplicate. Statistically different values are indicated (***, P � 0.001).
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ingly, the ΔhilD ΔslyA double mutant showed a higher reduction (40-fold) in this activity
(Fig. 5A) compared with the ΔhilD or ΔslyA single mutants, supporting the idea that
SlyA and HilD have an additive effect on ssrAB. On the other hand, the activities of the
ssrAB-cat�302/�10 fusion (not repressed by H-NS) were similar in the WT strain and
its isogenic ΔhilD, ΔslyA, and ΔhilD ΔslyA mutants (Fig. 5B), whereas the activities of

FIG 4 Schematic representation of ssrAB and the ssrAB-cat transcriptional fusions analyzed. The transcriptional start sites (tss) (�1)
upstream ssrA and ssrB are indicated by a bent arrow. HilD-, OmpR-, SlyA-, SsrB-, PhoP- and H-NS-binding sites on ssrAB, which have
been previously reported (19, 23–26, 28), are indicated. The DNA fragments carried by the ssrAB-cat�302/�478 and ssrAB-cat�10
transcriptional fusions are shown. All positions indicated are relative to the tss upsteam of ssrA.

FIG 5 HilD and SlyA act additively as anti-H-NS factors, whereas OmpR acts independently of H-NS, to
induce expression of ssrAB during growth in LB. Expression of the ssrAB-cat�302/�478 (A) and ssrAB-
cat�10 (B) transcriptional fusions carried by the pssrAB-cat-302/�478 and pssrAB-cat�10 plasmids,
respectively, was tested in WT S. Typhimurium strain and its isogenic ΔompR, ΔhilD, ΔslyA, ΔhilD ΔslyA,
ΔssrB, and ΔphoP mutants. CAT-specific activity was determined from samples of bacterial cultures grown
for 9 h in LB at 37°C. Data represent the mean with standard deviation of the results from three
independent experiments performed in duplicate. Statistically different values are indicated (***, P � 0.001;
****, P � 0.0001).
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the two fusions analyzed were severely reduced in the ΔompR mutant (Fig. 5). These
results confirm that SlyA and HilD act on ssrAB by counteracting H-NS-mediated
repression and further support the idea that OmpR acts on ssrAB as a classical
activator.

Collectively, these results indicate that SlyA and HilD act additively to counteract
H-NS-mediated repression on ssrAB during the growth of S. Typhimurium in LB, which
would favor the activation of ssrAB by OmpR.

SlyA, but not HilD or OmpR, counteracts H-NS-mediated repression on ssrAB
during growth in N-MM. In order to investigate if SlyA also antagonizes repression of
ssrAB by H-NS in N-MM, a growth condition where HilD is not involved in the expression
of ssrAB (18, 19), the activities of the ssrAB-cat�302/�478 and ssrAB-cat�302/�10
fusions were tested in the WT S. Typhimurium strain and the ΔslyA mutant, grown in
N-MM at pH 5.8 and 37°C, growth conditions that somehow resemble the intracellular
environment where S. enterica survives (11). As controls, the ΔhilD and ΔhilD ΔslyA
mutants were also assessed in these assays. The activity of the ssrAB-cat�302/�478
fusion (repressed by H-NS), but not that of the ssrAB-cat�302/�10 fusion (not re-
pressed by H-NS), was similarly decreased in the ΔslyA and ΔhilD ΔslyA mutants
compared with the WT strain (Fig. 6). As expected, the activities of these fusions were
not affected in the ΔhilD mutant (Fig. 6). Nearly the same results were obtained using
N-MM at pH 7.4 (data not shown).

These results show that SlyA, but not HilD, counteracts the repression of ssrAB by
H-NS during growth in N-MM.

On the other hand, OmpR is also required for the expression of ssrAB in N-MM (18);
however, it is unknown whether, under these growth conditions, OmpR is still needed
for the expression of ssrAB in the absence of repression by H-NS. Therefore, to
determine this, we tested the expression of the ssrAB-cat�302/�478 and ssrAB-

FIG 6 SlyA, but not HilD, acts as an anti-H-NS factor, whereas OmpR acts independently of H-NS, to induce
expression of ssrAB during growth in N-MM. Expression of the ssrAB-cat�302/�478 (A) and ssrAB-cat�10 (B)
transcriptional fusions carried by the pssrAB-cat-302/�478 and pssrAB-cat�10 plasmids, respectively, was
determined in the WT S. Typhimurium strain and its isogenic ΔompR, ΔhilD, ΔslyA, ΔhilD ΔslyA, ΔssrB,
and ΔphoP mutants. The CAT-specific activity was determined from samples of bacterial cultures grown
for 6 h in N-MM at pH 5.8 and 37°C. Data represent the mean with standard deviation of the results
from three independent experiments performed in duplicate. Statistically different values are indicated
(***, P � 0.001).
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cat�302/�10 fusions in the ΔompR mutant grown in N-MM at pH 5.8. As shown in
Fig. 6, the activities of both fusions were drastically reduced in the ΔompR mutant with
respect to the WT strain. Similar results were obtained using N-MM at pH 7.4 (data not
shown).

These results indicate that OmpR is required for the expression of ssrAB during
growth in N-MM, independently of the repression by H-NS.

PhoP and SsrB are not involved in the transcription of ssrAB coordinated by
SlyA, HilD, and OmpR. PhoP and SsrB seem to have no major effect on the promoter

located upstream of ssrA but are required for the transcription of an additional
promoter on ssrAB, located upstream of ssrB (23, 26), which is not contained in the ssrAB
transcriptional fusions used in our study (Fig. 4). To discard a possible role of these
regulators on the transcription of ssrAB mediated by SlyA, HilD, and OmpR, under the
conditions tested in this work, where the ssrA and ssrB genes are transcribed as an
operon (18), the activities of the ssrAB-cat�302/�478 and ssrAB-cat�302/�10
fusions were now analyzed in the ΔssrB and ΔphoP mutants grown in LB or N-MM
at pH 5.8. As shown in Fig. 5 and 6, the expression of these fusions was not affected
in the ΔssrB and ΔphoP mutants with respect to the WT strain. As controls for these
assays, the expression of the ssaG-cat and pagK-cat transcriptional fusions, which is
dependent on SsrB (62) and PhoP (44), respectively, was also analyzed in the
respective ΔssrB or ΔphoP mutant. As expected, the expression of ssaG-cat and
pagK-cat decreased specifically by the absence of SsrB or PhoP, respectively, in both
LB and N-MM (Fig. 7).

Together, these results indicate that PhoP and SsrB are not involved in the coordi-
nated regulation of ssrAB revealed in this study, mediated by SlyA, HilD, and OmpR.

FIG 7 Positive controls for cat reporter assays in the ΔssrB and ΔphoP mutants. (A and C) Expression of the
ssaG-cat transcriptional fusion carried by the pssaG-cat plasmid was determined in the WT S. Typhimurium
strain and its isogenic ΔssrB mutant containing the pMPM-K3 vector or the pK3-SsrB plasmid that expresses
SsrB from a constitutive promoter. (B and D) Expression of the pagK-cat transcriptional fusion carried by the
ppagK-cat plasmid was determined in the WT S. Typhimurium strain and its isogenic ΔphoP mutant
containing the pMPM-K3 vector or the pK3-PhoP plasmid that expresses PhoP from a constitutive promoter.
The CAT-specific activity was determined from samples of bacterial cultures grown for 9 h in LB (A and B)
or 6 h in N-MM (C and D) at pH 5.8 and 37°C. Data represent the mean with standard deviation of the results
from three independent experiments performed in duplicate. Statistically different values are indicated (***,
P � 0.001; ****, P � 0.0001).
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DISCUSSION

Evolution of Salmonella pathogenicity has involved the adaptation of regulatory
mechanisms for a tight control of the expression of virulence genes acquired through
horizontal transfer. Different studies have shown that the nucleoid-associated protein
H-NS plays a major role in these mechanisms by acting as a global transcriptional
repressor (4, 52, 53, 55, 57, 63). For instance, H-NS represses the expression of SPI-1 and
SPI-2, two chromosomal regions acquired in different evolutionary times which contain
genes with essential roles for the Salmonella pathogenicity (1, 52, 53, 64, 65). Therefore,
the expression of most acquired genes requires transcriptional regulators that antag-
onize the repression by H-NS.

SlyA, HilD, and OmpR have been involved in the expression of the ssrAB regulatory
operon located in SPI-2, HilD by antagonizing H-NS-mediated repression (18, 19) and
SlyA and OmpR by until-now unknown mechanisms, although it has been reported that
the control of ssrAB expression by OmpR requires relaxation of DNA supercoiling (66).
In this study, we show how these three regulators cooperate to induce the expression
of ssrAB in LB and N-MM, two in vitro growth conditions that somehow mimic different
niches that S. enterica colonizes in hosts, the intestinal and intracellular environments,
respectively.

Previous studies have demonstrated that SlyA induces the expression of ssrAB and
several other genes during growth in minimal medium (27, 42, 59). We found that SlyA
induces the expression of ssrAB during growth in LB, which is consistent with previous
reports indicating that the overexpression of SlyA induces the expression of ssrAB in LB
(25, 28), as well as with results from a previous transcriptomic analysis supporting the
idea that SlyA positively regulates ssrAB and several other genes during growth in LB
(36). These data strongly suggest that SlyA is present and active under different growth
conditions. Accordingly, the slyA gene is expressed during growth in rich and minimal
media (17, 36, 67, 68). Furthermore, SlyA is required for the expression of the grhD1
virulence gene in both LB and N-MM (44). Our results show that SlyA induces the
expression of ssrAB during growth in LB by counteracting H-NS-mediated repression.
Previously, we reported that HilD also induces the expression of ssrAB in LB by
counteracting H-NS-mediated repression (19). In vitro, both SlyA and HilD can inde-
pendently displace H-NS from the promoter of ssrAB. However, our results indicate that
the additive action of SlyA and HilD is required to antagonize the repression of ssrAB by
H-NS during growth in LB. To our knowledge, this is the first report indicating a
concerted action of SlyA and HilD to induce gene expression, and it is the first showing
an additive action of two different regulators to antagonize H-NS-mediated repression.

Our results indicate that SlyA also induces the expression of ssrAB during growth in
N-MM by counteracting H-NS-mediated repression. Interestingly, HilD is not required
for the expression of ssrAB in N-MM (18, 19). It is tempting to speculate that another
transcriptional factor replaces the action of HilD during growth in N-MM. Alternatively,
a different H-NS repressor complex on ssrAB could be formed during growth in N-MM,
probably caused by local changes in DNA structure, which could be displaced by only
SlyA.

Our data show that even when the repression by H-NS is displaced, the expression
of ssrAB requires OmpR. Several studies support the idea that OmpR mainly acts as a
classical transcriptional activator on ssrAB and many other genes (18, 23–25, 66);
classical activators favor RNA polymerase binding on promoters (69). Therefore, the
expression of ssrAB mediated by SyA, HilD, and OmpR would involve two steps, as
follows: the relief of H-NS-mediated repression by SlyA and HilD or only SlyA and the
recruitment of the RNA polymerase by OmpR (Fig. 8). Similarly, expression of the ugtL
and pagC genes of S. enterica first requires the action of SlyA to counteract H-NS-
mediated repression and then the action of the PhoP classical activator that recruits the
RNA polymerase on the promoters of these genes (38). The results from our study
illustrate the integration of ancestral (H-NS, SlyA, and OmpR) and previously acquired
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(HilD) regulators into mechanisms that control the expression of newly acquired
virulence genes, such as those from SPI-2.

Important to note, under growth conditions other than those assessed in this study,
there is transcription of ssrB independent of ssrA, which is directly mediated by OmpR,
PhoP, and SsrB (23, 25, 26) (Fig. 4 and 8). Even more, in the absence of SsrA,
unphosphorylated SsrB induces the expression of genes required for biofilm formation
(70). We found that PhoP and SsrB do not play an evident role in transcription from the
promoter upstream of ssrA, which is consistent with findings from previous reports (23,
26); however, PhoP controls the expression of ssrAB at the posttranscriptional level (26).
Thus, our results, together with those from previous studies, show the high complexity
of the mechanisms governing the expression of ssrAB, which favor the expression of the
SPI-2 virulence genes in different in vivo niches.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this work are listed in Table

1. Bacterial cultures for chloramphenicol acetyltransferase (CAT) and Western blot assays were grown in
LB or N-MM containing low Mg2� (10 �M) at pH 5.8 or pH 7.4, as described previously (18, 19). Culture
samples were taken after 9 h of growth in LB and 6 or 16 h of growth in N-MM at pH 5.8 or pH 7.4,
respectively. When appropriate, antibiotics were used at the following final concentrations: ampicillin,
200 �g/ml; streptomycin, 100 �g/ml; tetracycline, 12 �g/ml; and kanamycin, 20 �g/ml.

Construction of plasmids. The plasmids and primers used in this study are listed in Tables 1 and 2,
respectively. The pK3-SlyA plasmid was constructed by amplification of slyA from chromosomal DNA of
S. Typhimurium SL1344, using the primers SlyA-RV11 and SlyA-FW22. This PCR product was digested with
BamHI and HindIII restriction enzymes, purified, and then cloned into the same restriction sites of the
pMPM-K3 vector (71). In Salmonella spp., the pK3-SlyA plasmid constitutively expresses SlyA under the
control of a lac promoter (Plac), since both Salmonella spp. and the pMPM-K3 vector lack the gene
encoding LacI, the repressor of Plac. The pQE30-His-HA-SlyA plasmid was generated by amplifying slyA
from chromosomal DNA of S. Typhimurium, with primers SlyA/HA/His-F and SlyA/HA/His-R. This PCR
product was digested with the BamHI and HindIII restriction enzymes, purified, and cloned into the same
restriction sites of the vector pQE30. The pQE30-His-HA-SlyA plasmid expresses SlyA fused to the
hemagglutinin (HA) epitope and 6�His (His-HA-SlyA) from an isopropyl-�-D-thiogalactopyranoside
(IPTG)-inducible promoter.

Construction of deletion mutant strains and strains expressing FLAG-tagged proteins. The
bacterial strains used in this work are listed in Table 1. Nonpolar deletion of the slyA gene in the S.

FIG 8 Model for the regulation of ssrAB by SlyA, HilD, OmpR, and H-NS. H-NS binds a region spanning
the promoter upstream of ssrA and thus constitutively represses the expression of ssrAB, probably by
blocking the access of both OmpR and the RNA polymerase. Under inducing conditions, SlyA and HilD
(as during growth in LB) or only SlyA (as during growth in N-MM) displace the H-NS complex bound to
the promoter upstream of ssrA. This allows binding of OmpR that recruits the RNA polymerase on this
promoter, which finally induces the transcription of the ssrAB operon. The previously reported transcrip-
tion of ssrB, from an additional promoter upstream of this gene, which involves the OmpR, PhoP, and SsrB
regulators (23, 25, 26), is also indicated.
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Typhimurium SL1344 strain was performed with the � Red recombinase system, as reported previously
(72), using the respective primers described in Table 2, thus generating the strain DTM115. P22
transduction was used to transfer the ΔslyA::km allele from strain DTM115 into strain JPTM25, generating
strain DTM117, as well as to transfer the ssrA::3�FLAG-kan allele from strain JPTM8 into strain DTM116,

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or descriptiona

Reference or
source

Strains
S. Typhimurium

SL1344 Wild type; xyl hisG rpsL Smr 74
JPTM3 ΔompR::kan 18
JPTM5 ΔhilD::kan 18
JPTM8 ssrA::3�FLAG-kan 18
JPTM25 ΔhilD 75
JPTM28 ΔompR 75
DTM99 ΔssrB 62
DTM104 ΔphoP 44
DTM115 ΔslyA::kan This study
DTM116 ΔslyA This study
DTM117 ΔhilD ΔslyA::kan This study
DTM118 ΔhilD ΔslyA This study
DTM119 ΔslyA ssrA::3�FLAG-kan This study
DTM120 ΔslyA ssrA::3�FLAG This study

E. coli
M15 Strain for expression of recombinant proteins Qiagen
DH10� Laboratory strain Invitrogen

Plasmids
pKK232-8 pBR322 derivative containing a promoterless chloramphenicol acetyltransferase (cat) gene, Apr 76
pssrAB-cat-302 � 478 pKK232-8 derivative containing a ssrAB-cat transcriptional fusion from nucleotides �302 to �478 19
pssrAB-cat-302 � 10 pKK232-8 derivative containing a ssrAB-cat transcriptional fusion from nucleotides �302 to �10 19
pssaG-cat pKK232-8 derivative containing a ssaG-cat transcriptional fusion from nucleotides �303 to �361 18
ppagK-cat pKK232-8 derivative containing a pagK-cat transcriptional fusion from nucleotides �880 to �251 44
pMPM-K3 p15A derivative low-copy-number cloning vector, lac promoter, Kanr 71
pK3-SlyA pMPM-K3 derivative expressing SlyA from the lac promoter This study
pK3-SsrB pMPM-K3 derivative expressing SsrB from the lac promoter 62
pK3-PhoP pMPM-K3 derivative expressing PhoP from the lac promoter 44
pMPM- T6� p15A derivative low-copy-number cloning vector, arabinose-inducible promoter, Tcr 71
pT6-HNS-WT pMPM-T6� derivative expressing promoter WT H-NS from the arabinose-inducible 18
pT6-HNS-G113D pMPM-T6� derivative expressing H-NSG113D from the arabinose-inducible promoter 44
pQE30 Vector for expression of recombinant proteins, lac promoter, Apr Qiagen
pQE30-His-HA-SlyA pQE30 derivative expressing His-HA-SlyA from the lac promoter, Apr This study
pBAD-H-NS-FH pBADMycHisC derivative expressing H-NS�FH from an ara promoter, Apr 44
pKD46 pINT-ts derivative expressing red recombinase under the control of an arabinose-inducible promoter, Apr 72
pKD4 pANTs� derivative template plasmid containing the kanamycin cassette for �Red recombination, Apr 72
pCP20 Plasmid expressing FLP recombinase from a temperature-inducible promoter, Apr 72

aThe coordinates for the cat fusions are indicated with respect to the transcriptional start site of ssrA, ssaG, or pagK. Smr, streptomycin resistance; Apr, ampicillin
resistance; Kanr, kanamycin resistance; Tcr, tetracycline resistance.

TABLE 2 Primers used in this work

Primer by use Sequence (5=–3=)a Target gene REb

Gene cloning
SlyA-RV11 ACGGGATCCTCGGCAGGTCAGCGTGTCG slyA BamHI
SlyA-FW22 TAAAAGCTTAGCAAGCTAATTATAAGGAG slyA HindIII
SlyA-HA-His-F GATGGATCCTCTATCCGTATGATGTTCCTG ATTATGCTAGCCAAATTCGAATCGCCACTA GGTTC slyA BamHI
SlyA-HA-His-R CTAAAGCTTTGTCGTGCTCGCCAGCAACG slyA HindIII

EMSAs
SsaBF (fw) GGCTAAGATCTTCGGCCCTGATATCCTG ssrAB
SsrBRS6E (rv) TTGGTCGACCGACAGATAGATGCCGG ssrAB

Gene deletions
slyA-H1P1 GCTAATTATAAGGAGATGAAATTGGAATC GCCACTAGGTTGTAGGCTGGAGCTGCTT CG slyA
slyA-H2P2 GTATGCCCCTGCACCTCAATCGTGAGAG TGCAATTCCATCATATGAATATCCTCCTT AG slyA

aUnderlined letters indicate the respective restriction enzyme site in the primer. The sequences corresponding to the template plasmid pKD4 (Table 1) are in italics.
bRE, restriction enzyme for which a site was generated in the primer.
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generating strain DTM119. The kanamycin resistance cassette was excised from strains DTM115, DTM117,
and DTM119 by using the pCP20 plasmid expressing the FLP recombinase, as described previously (72),
generating strains DTM116, DTM118, and DTM120, respectively. All mutant strains were verified by PCR
amplification and sequencing.

Chloramphenicol acetyltransferase assays. The chloramphenicol acetyltransferase (CAT) assay and
protein determinations to calculate CAT specific activities were performed as described previously (73).

Statistical analysis. Data from CAT assays were analyzed with Prism 5.0 software version 5.04
(GraphPad, Inc., San Diego, CA) using one-way analysis of variance (ANOVA) with Dunnett’s multiple-
comparison test. A P value of �0.05 was considered significant.

Expression and purification of His-HA-SlyA. Escherichia coli M15(pREP4) containing pQE30-His-HA-
SlyA was grown in 200 ml of LB at 37°C in a shaken water bath. At an optical density at 600 nm of 0.6,
the expression of His-HA-SlyA was induced by adding 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG),
and the cells were allowed to grow for an additional 4 h at 30°C. Bacterial cells were then collected by
centrifugation at 4°C. The pellet was washed once with ice-cold lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole [pH 8]) and then resuspended in 10 ml of the same buffer. The bacterial
suspension was sonicated for 8 min, combining 9.9-s pulses with 9.9-s resting cycles, in a Soniprep 150
sonicator (Sonics and Materials, Inc.). Bacterial debris was separated by centrifugation at 4°C, and the
soluble extract was loaded into a Ni2�-nitrilotriacetic acid (Ni2�-NTA)–agarose affinity column equili-
brated with lysis buffer; the column was then washed with 20 volumes of washing buffer (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole [pH 8]). His-HA-SlyA was eluted with washing buffer containing
250 mM imidazole. Fractions were analyzed by SDS-PAGE, and those containing the purified protein were
loaded into a Slide-A-Lyzer G2 dialysis cassette (Thermo) and dialyzed at 4°C in a buffer containing 20 mM
Tris (pH 8), 150 mM NaCl, 0.1 mM EDTA, 5 mM dithiothreitol (DTT), and 20% (vol/vol) glycerol. Protein
concentration was determined by the Bradford procedure. Aliquots of the purified protein were stored
at �70°C.

Expression and purification of H-NS�FH. The His-tagged fusion protein H-NS�FH was expressed
in E. coli BL21(DE3) containing the pBAD-H-NS-FH plasmid and purified by using a Ni2�-NTA–agarose
affinity column, as described previously (18).

Competitive electrophoretic mobility shift assays. The DNA fragment containing the regulatory
region of ssrAB was amplified by PCR using the SsaBF/SsrBRS6E primer pair and chromosomal DNA of S.
Typhimurium SL1344 as the template. PCR products were purified using the DNA Clean & Concentrator
kit (Zymo Research). Binding reactions were performed by mixing �100 ng of the PCR product first with
0.5 �M H-NS–FH for 15 min and then incubated with increasing concentrations of His-HA-SlyA for an
additional 40 min in binding buffer containing 10 mM Tris (pH 9), 50 mM KCl, and 0.1% of Triton X-100
in a total volume of 20 �l. Protein-DNA binding reactions were electrophoretically separated in 6%
nondenaturing polyacrylamide gels in 0.5� Tris-borate-EDTA buffer at 4°C. The DNA fragments were
stained with ethidium bromide and visualized with an Alpha-Imager UV transilluminator (Alpha Innotech
Corp.).

Western blotting. H-NS–FH–DNA complexes from EMSAs were transferred to 0.45-�m-pore-size
nitrocellulose membranes (Bio-Rad) using a semidry transfer apparatus (Bio-Rad). Membranes were
blocked with 5% nonfat milk and incubated with anti-FLAG M2 (Sigma) monoclonal antibodies at a
dilution of 1:3,000. Horseradish peroxidase-conjugated anti-mouse antibody (Pierce), at a dilution of
1:10,000, was used as the secondary antibody. Bands on the blotted membranes were developed by
incubation with the Western Lightning chemiluminescence reagent plus (PerkinElmer) and exposed to
Kodak X-Omat films.

SsrA-FLAG and GroEL were detected from whole-cell extracts as described above, using anti-FLAG M2
monoclonal antibody (Sigma) or anti-GroEL polyclonal antibody (StressGen) at 1:2,000 and 1:100,000
dilutions, respectively. Horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibody (Pierce), at
a dilution of 1:10,000, was used as a secondary antibody.
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