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The SlyA transcriptional regulator has important roles in the virulence and pathogenesis of several members of the Enterobacte-
riaceae family, including Salmonella enterica serovar Typhimurium and Escherichia coli. Despite the identification of the slyA
gene in Shigella flexneri nearly 2 decades ago, as well as the significant conservation of SlyA among enteric bacteria, the role of
SlyA in Shigella remains unknown. The genes regulated by SlyA in closely related organisms often are absent from or mutated in
S. flexneri, and consequently many described SlyA-dependent phenotypes are not present. By characterizing the expression of
slyA and determining its ultimate effect in this highly virulent organism, we postulated that novel SlyA-regulated virulence phe-
notypes would be identified. In this study, we report the first analysis of SlyA in Shigella and show that (i) the slyA gene is tran-
scribed and ultimately translated into protein, (ii) slyA promoter activity is maximal during stationary phase and is negatively
autoregulated and positively regulated by the PhoP response regulator, (iii) the exogenous expression of slyA rescues transcrip-
tion and virulence-associated deficiencies during virulence-repressed conditions, and (iv) the absence of slyA significantly de-
creases acid resistance, demonstrating a novel and important role in Shigella virulence. Cumulatively, our study illustrates unex-
pected parallels between the less conserved S. flexneri and S. Typhimurium slyA promoters as well as a unique role for SlyA in
Shigella virulence that has not been described previously in any closely related organism.

The MarR/SlyA family of transcription factors controls an array
of biological functions critical to bacterial physiology and sur-

vival (1–5). In the Enterobacteriaceae family, the DNA binding
protein SlyA regulates diverse aspects of virulence (reviewed in
reference 6). SlyA originally was identified in Salmonella enterica
serovar Typhimurium for its ability to induce hemolytic and cy-
totoxic phenotypes when overexpressed in Escherichia coli (7, 8).
Since then, in S. Typhimurium, SlyA has been implicated in facil-
itating intracellular survival within professional macrophages (7,
9), contributing to cell envelope modification (10), and confer-
ring resistance to antimicrobial peptides and oxidative stress (11,
12). Meanwhile, in E. coli, SlyA contributes to virulence differently
by inducing a hemolytic phenotype (13), facilitating the synthesis
of a virulence antigen (14, 15), and contributing to type 1 fimbri-
ation (16). The role of SlyA in the human pathogen Shigella, how-
ever, has not been described despite the identification of a slyA
gene (8) and the high amino acid identity that SlyA shares with
SlyA proteins found in closely related organisms (Table 1).

Shigella flexneri is closely related to both Salmonella spp. and E.
coli. It carries a large (�220-kb) virulence plasmid responsible for
the invasive and virulent nature of this organism. Encoded on the
large virulence plasmid is VirB, a transcriptional regulator essen-
tial to Shigella virulence. VirB functions to counteract the repres-
sion of virulence gene promoters mediated by H-NS (17–19), a
histone-like nucleoid structuring protein that prevents the inap-
propriate expression of horizontally acquired genes (reviewed in
reference 20). As a derepressor, VirB binds to promoters to facil-
itate the rearrangement of the H-NS–DNA nucleoprotein com-
plex to ultimately upregulate transcription. This regulatory activ-
ity is a common feature of an emerging group of proteins that do
not behave as traditional transcriptional activators; instead, they
function solely to alleviate H-NS-mediated repression by remod-
eling the nucleoprotein complex (20). SlyA is included in this
group of proteins, because for most SlyA-regulated promoters
characterized so far, SlyA binds to target promoters to counteract

repression mediated by H-NS to facilitate the transcription of vir-
ulence genes (11, 16, 21–25).

Included in the SlyA regulon is slyA itself, the promoter of
which is positively autoregulated in E. coli (14) and negatively
autoregulated in S. Typhimurium (26). This promoter also has
been shown to be positively regulated by the PhoP response reg-
ulator of the PhoP/PhoQ two-component system in S. Typhimu-
rium (10, 11). Meanwhile, H-NS negatively regulates the ortholo-
gous rovA promoter in Yersinia pseudotuberculosis (27) but has no
effect on the slyA promoter in E. coli (14). The intricate regulation
of slyA and its downstream targets is critical to many virulence
features identified thus far in E. coli and S. Typhimurium; how-
ever, the regulation of slyA in Shigella and its role in virulence
remain undetermined.

Here, we provide the first characterization of SlyA in Shigella.
We describe three major aspects of slyA: the regulation and activ-
ity of the slyA promoter, the effect of exogenous slyA expression on
Shigella virulence phenotypes and gene regulation, and a novel
SlyA-dependent role in acid resistance. Overall, our study charac-
terizes an important transcriptional regulator in S. flexneri and
uncovers a novel role for SlyA in acid resistance, a virulence fea-
ture that is essential for the successful pathogenesis of the bacte-
rium.
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MATERIALS AND METHODS
Bacterial growth. Bacterial strains and plasmids used in this study are
listed in Table 2. E. coli and S. flexneri strains were grown routinely in
Trypticase soy broth (TSB) or Luria broth (LB) overnight at 30°C and
then subcultured and grown at 37°C (unless otherwise noted) with aera-
tion at 325 rpm. When necessary, antibiotics were added at the following
final concentrations: ampicillin, 100 �g/ml; chloramphenicol, 25 �g/ml;
kanamycin, 25 or 50 �g/ml; tetracycline, 12.5 �g/ml; and spectinomycin,
100 �g/ml. To ensure that S. flexneri strains maintained the virulence
plasmid, Congo red binding was tested routinely on TSB agar (TSA) plates

(1.5% agar [wt/vol]) containing 0.01% (wt/vol) Congo red (referred to as
Congo red plates).

Strain construction. NWG1 (�slyA::Kn) was constructed via P1-me-
diated transduction of the E. coli �slyA::Kn locus (which contains a dele-
tion of the slyA gene between the start and stop codons generated using
lambda red recombination; JW5267 from the Keio collection [28]) into
2457T. Transductants were selected on 100 �g/ml kanamycin. The slyA
deletion in 2457T was confirmed via PCR with primers W424/W425 (Ta-
ble 3). NWG11 (�slyA::lacZ) was constructed using FLP-mediated site-
specific recombination and with the subsequent integration of pKG136
into the FLP recombination target site generated in strain NWG1, as pre-
viously described (29). The inserted lacZ and its endogenous start and
stop codons create a transcriptional fusion directly controlled by the slyA
promoter. NWG13 (�phoP::Kns) was constructed by using the FLP re-
combinase (30) to remove the kanamycin cassette from the S. flexneri
2457T �phoP::Kn mutant, which was constructed via P1-mediated trans-
duction of the E. coli �phoP::Kn locus (which contains a deletion of the
phoP gene between the start and stop codons generated using lambda red

TABLE 1 S. flexneri SlyA conservation relative to members of the Enterobacteriaceae family

Organism Rep straina Locus name

DNA
accession
no.b

DNA
identity
(%)

DNA
length
(bp)

Protein
accession no.b

Amino acid
identity (%)

Amino
acid length
(aa)

Escherichia coli K-12 substr. MG1665 b1642 U00096.3 99 435 NP_416159.2 100 144
Escherichia coli (EIEC)c 53638 NDd ND ND ND EDU63848 100 144
Escherichia coli (EHEC)e O157:H7 Sakai chromosome ECs2351 BA000007.2 99 435 NP_310378.2 100 144
Shigella boydii Sb227 SBO _1492 CP000036.1 100 435 YP_407937.2 100 144
Shigella dysenteriae Sd197 SDY _1865 CP000034.1 99 435 YP_403465.2 100 144
Shigella flexneri 2457T S1801 AE014073.1 100 435 NP_837330.2 100 144
Shigella sonnei Ss046 SSON _1514 CP000038.1 100 435 YP_310449.2 100 144
Salmonella Typhimurium 14028s STM14 _1742 CP001363.1 82 435 YP_005237314.1 95 144
Salmonella Typhi Ty2 t1312 AE014613.1 81 435 NP_805113.1 90 144
Klebsiella pneumoniae NTUH- K2044 KP1 _3054 AP006725.1 75 441 YP_002919758.1 87 146
Yersinia pestis KIM10 y1961 AE009952.1 77 432 NP_669276.1 77 143
Yersinia pseudotuberculosis YPIII BZ22 _2437 CP009792 77 432 ACA68167 77 143
Dickeya dadantii 3937 Dda3937 _00475 CP002038.1 72 438 ADM98879 75 145
a Representative strain.
b Accession numbers are from the National Center for Biotechnology Information (NCBI).
c Enteroinvasive Escherichia coli.
d Not determined. Sequence unavailable.
e Enterohemorrhagic Escherichia coli.

TABLE 2 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant description
Source or
reference

Strains
E. coli

K-12 (MC4100) 62
JW5267 (BW25113) �slyA::Kn 28

S. flexneri
2457T S. flexneri serotype 2a 63
AWY3 (2457T) virB::Tn5 36
BS103 2457T cured of the virulence plasmid 49
BS184 (2457T) mxiC-lacZ 31
NWG1 (2457T) �slyA::Kn This study
NWG11 (2457T) �slyA::lacZ This study
NWG13 (2457T) �phoP::Kns This study
NWG14 (2457T) �slyA::lacZ hns::Tn10 This study
NWG15 (2457T) �slyA::lacZ �phoP::Kns This study

Plasmids
pBAD18 Arabinose inducible, pBRori; Ampr 64
pATM324 pBAD18-virB; Ampr 65
pNWG03 pBAD18-his-slyA; Ampr This study
pAFW04 pACYC184-PicsP-lacZ; Cmr 19
pSRG58 pACYC184-PphoP-phoPQ; Spcr 33
pNWG07 pACYC184; Spcr This study
pBR322 pMB1ori; Ampr 66
pNWG13 pBR322-PslyA-slyA; Ampr This study

TABLE 3 Primers used in this study

Primer
name Sequence 5=¡3=
W69 TGAGACGTCGACGGGCACCTCACTTTAGCACTGAAGCC
W70 GTGTCAGTCGACGCGTTTTCAAGGATTAGTCCTTAATCGG
W401 AACGTCAATGAGCAAAGGTATTAA
W402 TACGGGAGGCAGCAGTGG
W403 GGACTAATAGCAGGTTAC
W404 GCAGTTAATCCAATATAAGG
W408 CACTAGGTTCTGATCTGGCACGG
W409 CTCGATGCCAATCGCTTTTGCC
W410 CTTCTGGGAATAGTCCTGACAACC
W411 GAGTTGACTGACTTTTCGGCCTCC
W424 AAAGTAGATTCCTTTACGACCG
W425 AATGAACAAAACGCAGGGTGTC
W537 TCATTCAAGCTTCAAGAACCGCAACTATCGCTACAAT
W556 TCATTCGGATCCCCCCCTTCATTTCACCCTTTGGCCTG
W565 CAAATAGGGGTTCCGCGCACATTTC
W566 GGGGCCTGCCACCATACCCACGCCG
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recombination; JW1116 from the Keio collection [28]) into 2457T.
NWG14 (�slyA::lacZ hns::Tn10) was constructed via P1-mediated trans-
duction of the hns::Tn10 locus of BS185 (31) into NWG11. Transductants
were selected on 12.5 �g/ml tetracycline. NWG15 (�slyA::lacZ phoP::Kns)
was constructed via P1-mediated transduction of �slyA::lacZ (NWG11)
into NWG13. Transductants were selected on 100 �g/ml kanamycin.

Plasmid construction. pNWG03 (pBAD-slyA) was constructed by li-
gating fragments from EcoRI- and SalI-digested pBAD18 and pCA24N-
his-slyA (JW5267 from the ASKA collection [32]), which generated
4,580-bp and 527-bp fragments, respectively. pNWG03 contains the slyA
gene from the second codon onwards. pNWG07 (pACYC184-Spcr), an
empty vector control to pSRG58, was constructed by self-ligating the
SphI-digested pSRG58 (pACYC184-PphoP-phoPQ [33]), which removed
the entire phoP locus and the majority of the phoQ locus. The remaining
3.2-kb fragment contains the ori and aadA gene. pNWG13 (pBR322-PslyA-
slyA) was constructed by ligating fragments from the HindIII- and
BamHI-digested pBR322, which released a 3,739-bp fragment, and
pNWG12 (a high-copy-number vector containing the entire slyA coding
region and putative promoter [500 bp upstream of the start codon] that
was PCR generated using W537/W556 [Table 3]), which released a 946-bp
fragment. The sequence of the inserted DNA was verified by Sanger se-
quencing using primers W565/W566 (Table 3).

Reverse transcription-PCR (RT-PCR). Wild-type S. flexneri 2457T
and E. coli MC4100 cells were grown in TSB at 37°C to late exponential
phase. Total RNA was isolated using the TRIzol reagent (Life Technolo-
gies) using the manufacturer’s specifications. Two micrograms of DNase
I-treated RNA was reverse transcribed using a high-capacity cDNA re-
verse transcription kit (Applied Biosystems). PCR was carried out using
100 ng of cDNA as the template. Specific primer sets (described in Table 3)
were used to amplify the following regions of interest: slyA (primers
W408/409), rrsA (primers W401/402), icsP (primers W403/404), ompT
(primers W410/411), and icsP promoter region (PicsP; primers W69/70).
In addition, genomic DNA from S. flexneri 2457T and E. coli MC4100 was
used as a positive PCR control for each primer set.

Western blot analysis. E. coli MC4100 and S. flexneri 2457T wild-type
and �slyA::Kn cells were cultured in 20 ml LB at 37°C to late exponential
phase. Cells were harvested, washed twice with phosphate-buffered saline
(PBS), resuspended in 0.5 ml PBS, and lysed via sonication. Total cell
protein concentration was determined using a Bradford assay. Equal
amounts of total protein preparations were separated on 17.5% SDS-
acrylamide gels, and SlyA was detected using a polyclonal anti-SlyA anti-
body obtained from the Blomfield laboratory as previously described (16)
and enhanced using chemiluminescence (ECL; Pierce).

�-Galactosidase assays. The activity of the slyA promoter was deter-
mined by measuring �-galactosidase activity in the S. flexneri 2457T and
E. coli MC4100 �slyA::lacZ strains using the Miller protocol (34). Pro-
moter activity was routinely analyzed in three independent assays with at
least two independent transformations. To measure slyA promoter activ-
ity throughout a time course, �-galactosidase activity was determined in
the �slyA::lacZ strain harboring pBR322 or pBR322-PslyA-slyA. Overnight
cultures were subcultured 1:100 in LB and grown at 37°C with aeration to
various time points.

To measure the PhoP- and Mg2�-dependent regulation of the slyA
promoter, �-galactosidase activity was determined in the �slyA::lacZ
strain harboring pACYC184 or pACYC184-PphoP-phoPQ (33) using con-
ditions similar to those used previously (24). Cultures were grown in N
minimal buffer (35) supplemented with 0.4% glucose, 0.4% Casamino
Acids, 0.01 mg/ml nicotinic acid, 0.01 mg/ml tryptophan, 0.01 mg/ml
thiamine, and 0.1 mM CaCl2 (collectively termed N minimal medium).
Cells were grown overnight in N minimal medium supplemented with
10 mM MgCl2, washed twice with N minimal medium, and subcul-
tured 1:10 into fresh N minimal medium supplemented with 0.01 mM
(low) or 10 mM (high) MgCl2. Cells were grown at 37°C to late expo-
nential phase and then harvested to measure �-galactosidase activity.

To measure the SlyA- and VirB-dependent regulation of the promot-

ers controlling mxiC and icsP, �-galactosidase activity was measured in
cells bearing either the mxiC-lacZ reporter (BS184 [31]) or PicsP-lacZ
(pAFW04a [19]) and carrying either pBAD, pBAD-virB, or pBAD-slyA.
Overnight cultures were subcultured 1:100 in LB and grown under dere-
pressed (37°C or wild-type background, respectively) or repressed (30°C
or virB::Tn5 mutant background, respectively) conditions. As previously
described (36), mid-exponential-phase cultures were supplemented with
0.2% L-arabinose to induce the pBAD promoter. Cells were grown to late
exponential phase and then harvested to measure �-galactosidase activity.

Congo red binding assay. S. flexneri 2457T wild-type and virB::Tn5
cells harboring pBAD, pBAD-virB, or pBAD-slyA were grown overnight
in LB supplemented with 0.2% (wt/vol) D-glucose. The next day, cultures
were serially diluted (40-fold dilutions) and �6 �l of each dilution was
dropped onto TSA Congo red plates supplemented with 0.2% (wt/vol)
L-arabinose or D-glucose. Plates were incubated overnight at 37°C to de-
termine the Congo red phenotype. To quantify the relative amount of
Congo red dye bound by cells, a fixed number of cells (1.3 � 109 cells/ml)
was evaluated. Two culture spots for each sample were scraped off the agar
plate and resuspended in 0.75 ml 25% ethanol to remove the Congo red
bound to cells. The optical density at 600 nm (OD600) of the cell suspen-
sion was measured to normalize samples to cell number. Cell suspensions
then were centrifuged to pellet cells. The OD498 of the supernatant was
measured to quantify the amount of Congo red dye released from the cells.
Relative Congo red binding was determined with the following equation:
[(OD498/OD600)/(average (OD498/OD600)2457T pBAD)] � 100.

Acid resistance assay. Acid resistance assays were adapted from pre-
viously described assays (37, 38). S. flexneri 2457T wild-type cells harbor-
ing pBAD and �slyA cells harboring pBAD or pBAD-slyA were grown
overnight in LB at 30°C. The next day, cultures were subcultured 1:100
into 5 ml of LB, pH 7.0 (buffered in 50 mM morpholinepropanesulfonic
acid), or LB, pH 5.5 (buffered in 50 mM morpholineethanesulfonic acid),
and grown overnight at 37°C. Before acid challenge, 0.2% (wt/vol) L-ara-
binose was added to cultures to induce the pBAD promoter for 2 h at
37°C. After induction, cultures were diluted 1:1,000 into 5 ml LB, pH 2.5
(acidified with HCl), for the acid challenge. Cultures were challenged in
the acidic medium at 37°C for 0, 30, 60, and 120 min. The challenge was
stopped by diluting cells (1:40) into fresh LB. Cell viability was deter-
mined by (i) dropping �6 �l of serially diluted (�10�3 and 10�5) cul-
tures onto Congo red plates and observing growth after overnight incu-
bation at 37°C and (ii) spreading 100 �l of an appropriate dilution and
determining CFU after overnight incubation at 37°C. Percent normalized
survival was determined by the following equation: [CFU after challenge/
CFU of 2457T pBAD (pH 5.5) before challenge (i.e., 0 min)] � 100.

Statistical analyses. Two-tailed, two-sample Student’s t tests, assum-
ing equal variance, were used throughout this work to determine confi-
dence levels.

RESULTS
slyA is transcribed and translated in S. flexneri. To begin the
characterization of SlyA, we chose to determine if its chromo-
somally encoded gene is expressed in S. flexneri, since this had not
been established when this genetic locus was identified (8). The
transcription of slyA was determined by reverse transcription-
PCR (RT-PCR) using total RNA isolated from S. flexneri 2457T. E.
coli MC4100 was used as a positive control for this study, because
slyA, which is 99% similar to the slyA gene in S. flexneri (Table 1),
is known to be expressed in E. coli (14). Specific primer sets (de-
scribed in Materials and Methods) were used to amplify the fol-
lowing regions of interest: (i) slyA, gene of interest; (ii) rrsA, pos-
itive control; (iii) icsP, S. flexneri positive control and E. coli
negative control; (iv) ompT, S. flexneri negative control and E. coli
positive control; and (v) icsP promoter region (PicsP), negative
nontranscribed control. In addition, each primer set also was used
with genomic DNA from S. flexneri 2457T and E. coli MC4100 as a
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positive control for PCR. As shown in Fig. 1A, slyA was amplified
in both the S. flexneri and E. coli cDNA samples. The positive
controls were present and the negative controls were absent, as
expected. Taken together, these data demonstrate that slyA is tran-
scribed in S. flexneri 2457T.

Since transcription is not always indicative of translation, we
determined if SlyA protein is produced in S. flexneri using Western
blot analysis. Protein samples obtained from cultures of S. flexneri
2457T wild-type and �slyA mutant cultures, as well as E. coli
MC4100 wild-type culture, were electrophoresed and probed for
the presence of SlyA (which is 100% identical in S. flexneri and E.
coli; Table 1) using an affinity-purified polyclonal anti-SlyA anti-
body (gift from the Blomfield laboratory). The SlyA protein (17.4
kDa) was detected in both wild-type backgrounds but not in the
�slyA mutant (Fig. 1B), demonstrating SlyA is produced in S.
flexneri 2457T.

Transcriptional profile and autoregulation of slyA in S. flex-
neri. Since we had determined that slyA is expressed in S. flexneri
(Fig. 1), we next monitored slyA promoter activity throughout a
24-h growth period using a chromosomal slyA transcriptional
lacZ fusion (�slyA::lacZ) constructed in the S. flexneri 2457T back-
ground, as well as in the E. coli MC4100 background as a control.
To approximate physiological levels of SlyA in this reporter strain,
a low-copy-number plasmid harboring the slyA gene under the
control of its own promoter (pBR322-PslyA-slyA) was introduced.
In the presence of SlyA (pBR322-PslyA-slyA), S. flexneri slyA pro-
moter activity peaked during early stationary phase (Fig. 2A). This
regulatory pattern is similar to that exhibited by the slyA promoter
in S. Typhimurium, whose activity peaks during stationary phase
(12), but contrasts with that of the slyA promoter in E. coli, whose
activity peaks during late exponential phase and declines upon
entry into stationary phase (Fig. 2A) (14). Although it is possible
that the LacZ protein is more stably maintained in the S. flexneri

background than in E. coli, leading to higher �-galactosidase ac-
tivity, this seems unlikely because LacZ activity has been shown to
decline during stationary phase, when lacZ is expressed from an-
other promoter in S. flexneri (39).

Moreover, starting at the 3-h time point, slyA promoter activity
was found to decrease 2-fold (P 	 0.01) in the absence (pBR322)
versus the presence of SlyA (Fig. 2A). This suggests that SlyA neg-
atively autoregulates its promoter in S. flexneri, which is similar to
the regulation in S. Typhimurium (26) but differs from the regu-
lation in E. coli, where SlyA positively autoregulates the slyA pro-
moter (14). Cumulatively, these observations demonstrate that
the regulation of the slyA promoter in S. flexneri is more similar to
that found in the more distantly related S. Typhimurium than in
its closest relative, E. coli.

Since SlyA has been shown to specifically bind to the slyA pro-
moter in E. coli (14) and S. Typhimurium (11, 26), we searched the
S. flexneri slyA promoter sequence for putative SlyA binding sites.
Five putative SlyA binding sites (bearing at least a 7/12 match to
the consensus sequence [26]) (Fig. 2B) were found within the
predicted S. flexneri slyA promoter region (500 bp upstream of the
slyA start codon), three of which overlap SlyA binding sites iden-
tified in E. coli or S. Typhimurium (Fig. 2B). Taken together, these
findings strongly suggest that SlyA directly negatively autoregu-
lates its promoter in S. flexneri.

PhoP-dependent regulation of the slyA promoter in S. flex-
neri. PhoP, the response regulator of the PhoP/PhoQ two-com-
ponent system, has been shown to positively regulate the slyA
promoter in S. Typhimurium (10, 11) and to play a role in Shigella
virulence (40). To further characterize the regulation of the S.
flexneri slyA promoter, we evaluated the effects of PhoP on slyA
promoter activity. �-Galactosidase activity was determined using
the �slyA::lacZ construct in the wild-type background and an iso-
genic �phoP mutant background under PhoP-activating (i.e., low
Mg2�) and PhoP-repressing (i.e., high Mg2�) conditions. In wild-
type S. flexneri, a 3-fold (P 
 0.006) Mg2�-dependent response
was observed between low Mg2� and high Mg2� (Fig. 3A). Fur-
thermore, when phoP was absent, slyA promoter activity was abol-
ished (17-fold decrease [P 
 0.003] under low-Mg2� condition)
but could be restored to wild-type levels when a wild-type copy of
the phoP locus was introduced in trans (pACYC-phoPQ) (Fig. 3A).
These data demonstrate that, similar to the slyA promoter in S.
Typhimurium, the S. flexneri slyA promoter responds to Mg2�

and is positively regulated by PhoP.
Three putative PhoP binding sites (minimal 6/10 match to

consensus sequence [41–43]) (Fig. 3B) were identified in the S.
flexneri slyA promoter region (500 bp upstream of the slyA start
codon). One of these sites overlaps a sequence previously shown
to be bound by PhoP in S. Typhimurium (11). The presence of
these putative sites provides strong evidence that PhoP directly
regulates the slyA promoter in S. flexneri.

H-NS does not regulate the slyA promoter in S. flexneri. The
global transcriptional repressor H-NS has been shown to nega-
tively regulate the promoter of the slyA ortholog rovA in Yersinia
pseudotuberculosis (27) but has no effect on the slyA promoter in E.
coli K-12 (14) (currently, the effect of H-NS on the slyA promoter
in S. Typhimurium has not been reported). H-NS is well charac-
terized in S. flexneri as a transcriptional repressor of virulence
genes (31, 44). So, to conclude our characterization of the slyA
promoter in S. flexneri, the role of H-NS was examined. In Shi-
gella, H-NS-mediated repression is observed at a nonphysiological

FIG 1 slyA is transcribed and translated in S. flexneri 2457T. (A) slyA is ex-
pressed. PCR used cDNA (upper) and genomic DNA (lower) from S. flexneri
2457T and E. coli MC4100 grown to late exponential phase in TSB at 37°C.
Transcribed sequences were amplified using primers that bind to the coding
regions of rrsA (R), slyA (S), icsP (I), and ompT (O), while primers within the
icsP promoter (PicsP; P) region were used to amplify nontranscribed se-
quences. (B) SlyA is produced. Western blot analysis of whole-cell extracts
from S. flexneri 2457T, S. flexneri �slyA::Kn, and E. coli MC4100 cells grown to
late exponential phase using a polyclonal anti-SlyA antibody obtained from
the Blomfield laboratory (16).
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temperature of 30°C and alleviated at 37°C either directly or indi-
rectly through the production of other thermally responsive tran-
scriptional regulators (31, 44–47). Thus, we used the �slyA::lacZ
reporter strain to measure slyA promoter activity in isogenic wild-
type and hns mutant backgrounds at both 30°C and 37°C. Neither
H-NS nor temperature had a significant effect on �-galactosidase
activity (data not shown), suggesting that the S. flexneri slyA pro-
moter, similar to the E. coli slyA promoter, is not regulated by
H-NS.

Exogenous expression of slyA rescues a virulence-associated
phenotype in S. flexneri. Having characterized the expression of
slyA in Shigella, we next focused our attention on the role that SlyA
plays in the modulation of Shigella virulence traits. To do this, we
initially monitored virulence phenotypes in wild-type S. flexneri
and an avirulent virB mutant when slyA was expressed from a
high-copy-number plasmid (i.e., pBAD-slyA). We reasoned that
this strategy would uncover SlyA-associated virulence phenotypes
that may not be so easily detected with physiological levels of SlyA
or in the presence of the essential virulence regulator VirB.

The ability of S. flexneri to bind the organic dye Congo red
from agar medium correlates well with the virulence properties of

this bacterium, in part due to the presence of a type three secretion
system (48, 49). The expression of genes encoding the type three
secretion system is regulated by VirB, so the absence of virB S.
flexneri produces a Congo red-negative (CR�) phenotype (50,
51). Surprisingly, our initial phenotypic evaluation revealed
that the exogenous expression of slyA in a virB mutant back-
ground restored Congo red binding. To determine the signifi-
cance of this restoration, we developed an assay to quantify
Congo red binding to cells grown on agar medium (described
in Materials and Methods). As expected, under inducing and
noninducing conditions, wild-type cells maintained their CR�

phenotype (�100% Congo red binding) and virB mutant cells
harboring pBAD maintained their CR� phenotype (�28% rel-
ative Congo red binding) (Fig. 4). Not surprisingly, under in-
ducing conditions, pBAD-virB restored the CR� phenotype of
the virB mutant (70% relative Congo red binding; P 
 0.0004),
but strikingly, pBAD-slyA also could restore the CR� pheno-
type (68% relative Congo red binding; P 
 0.002) in the virB
mutant (Fig. 4). These data indicate that the exogenous expres-
sion of slyA can restore a CR� phenotype in the absence
of virB.

FIG 2 Transcriptional profile and autoregulation of the slyA promoter in S. flexneri. (A) Growth-dependent activity of the slyA promoter. �-Galactosidase
activity of the �slyA::lacZ reporter strain in S. flexneri 2457T harboring pBR322 (vector-only control) or pBR322-PslyA-slyA and in E. coli MC4100 harboring
pBR322-PslyA-slyA over a 24-h time course. Bars represent slyA promoter activity, and lines represent optical density (650 nm) readings of cultures over time.
Standard deviations are shown. Data are representative of three independent trials. A two-tailed Student’s t test (assuming equal variance) was used for statistical
analysis. *, P 	 0.01; **, P 	 0.001. (B) Putative SlyA binding sites within the slyA promoter. The slyA promoter sequence (500 bp upstream of the start codon,
TTG) with the following sites identified: (i) solid underline, SlyA binding to the E. coli slyA promoter (14); (ii) dashed underline, SlyA binding to the S.
Typhimurium slyA promoter (26); (iii) solid box, putative SlyA binding to the S. flexneri slyA promoter.
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Exogenous expression of slyA upregulates virulence gene
promoters in S. flexneri. Since the exogenous expression of slyA
can compensate for a lack of virB in Congo red binding assays (Fig.
4), we next chose to determine if this SlyA-dependent effect was
caused by the upregulation of genes encoding the type three secre-
tion system, which reside in the mxi-spa locus. To test this, �-ga-
lactosidase activity was measured in cells carrying the virulence
plasmid-encoded mxiC promoter reporter, mxiC-lacZ (BS184
[31]), and harboring pBAD, pBAD-virB, or pBAD-slyA under
both repressing conditions (i.e., 30°C) and derepressing condi-
tions (i.e., 37°C). The mxiC promoter activity increased 5-fold
(P 
 0.0006) when slyA was exogenously expressed (Fig. 5A) and,
consistent with previous reports (52), increased 10-fold (P 

0.002) when virB was exogenously expressed at 30°C (considered
repressing conditions, because VirB levels are low and cannot
counter H-NS). The SlyA-dependent upregulation of this pro-
moter likely explains the restoration of Congo red binding that
was observed when slyA was exogenously expressed in a virB
mutant (Fig. 4).

To determine if SlyA-dependent upregulation can extend be-
yond the mxi-spa locus, we measured the �-galactosidase activity
of the icsP promoter, which resides outside the mxi-spa locus and
also is regulated by VirB, using the plasmid-borne icsP promoter

reporter, PicsP-lacZ (pAFW04a [19]). The icsP promoter activity
increased 3-fold (P 
 0.003) when slyA was exogenously ex-
pressed (Fig. 5B) and, consistent with previous reports (36), in-
creased 7-fold (P 
 0.0008) when virB was exogenously expressed
in the virB mutant background (considered repressed conditions,
because VirB is absent and cannot counter H-NS). This demon-
strates that the exogenous expression of slyA also can lead to the
upregulation of a gene outside the mxi-spa locus in the absence of
virB.

Cumulatively, these data show that superphysiological levels of
SlyA can regulate VirB-dependent promoters when VirB is absent.
Interestingly, under derepressing conditions where VirB is present
and able to counter H-NS-mediated repression, the exogenous
expression of slyA led to a modest 2-fold decrease in the activity of
both the mxiC (at 37°C; P 
 0.004) and icsP (in the wild-type
background; P 
 0.03) promoters (Fig. 5). This raises the possi-
bility that SlyA does not solely compensate for the lack of VirB but
has some additional regulatory role when present at superphysi-
ological levels. Regardless, the effect of SlyA observed in our assays
is specific to VirB-dependent promoters, because the exogenous
expression of slyA does not increase the activity of the VirB-inde-
pendent icsA promoter irrespective of whether or not its native
regulator, VirF, is present (data not shown).

FIG 3 PhoP-dependent regulation of the slyA promoter in S. flexneri. (A) PhoP- and Mg2�-dependent activity of the slyA promoter. �-Galactosidase activity of
a �slyA::lacZ reporter strain in S. flexneri 2457T wild-type and isogenic �phoP backgrounds harboring pACYC (vector only control) or pACYC-PphoP-phoPQ
(pSRG58 [33]). Strains were grown in N minimal medium supplemented with 10 mM Mg2� (high; gray bars) or 0.01 mM Mg2� (low; black bars). Each data set
is representative of three independent trials. A two-tailed Student’s t test (assuming equal variance) was used for statistical analysis. *, P 	 0.01; **, P 	 0.001. (B)
Putative PhoP binding sites within the slyA promoter. The slyA promoter sequence (500 bp upstream of the start codon, TTG) is shown with the following sites
identified: (i) solid underline, PhoP binding to the S. Typhimurium slyA promoter (11); (ii) solid box, putative PhoP binding to the S. flexneri slyA promoter.
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Acid resistance: a novel role for SlyA in Shigella. To gain
greater insight into the role of SlyA at physiological levels, a liter-
ature search was conducted. This revealed that a proteomic anal-
ysis in enteroinvasive E. coli (EIEC) had identified over 30 putative
SlyA-dependent gene products, several of which had been impli-
cated previously in acid resistance (53). Although the authors did
not formally test the role of SlyA in acid resistance in EIEC, we
decided to examine the role that SlyA plays in acid resistance in
Shigella. To test this, S. flexneri 2457T wild-type and isogenic
�slyA mutant strains were evaluated using a traditional acid resis-
tance assay (adapted from references 37 and 38).

As described previously (54), adaptive conditions “prime” cells
to survive an extreme acid challenge at levels several orders of
magnitude higher than nonadapted cells. Strikingly, when grown
under adaptive conditions (pH 5.5), the survival of �slyA cells was
decreased approximately 200-fold (P 
 0.002) compared to that

of wild-type cells after just 30 min of extreme acid challenge
(Fig. 6). Importantly, the survival of �slyA cells could be restored
to wild-type levels when slyA was expressed exogenously (pBAD-
slyA) (Fig. 6). As expected, none of the cultures grown under non-
adaptive conditions (pH 7.0) were able to survive extreme acid
challenge. Consequently, these findings are the first to demon-
strate that SlyA has a role in acid resistance in S. flexneri. Since acid
resistance has been suggested to be a key factor in the low infec-
tious dose of Shigella spp. (37, 55, 56), these findings elevate the
importance of SlyA and SlyA-mediated regulation in Shigella vir-
ulence.

DISCUSSION

The SlyA transcriptional regulator has been demonstrated to be an
important virulence factor in several enteric bacteria (reviewed in
reference 6); however, prior to this study it had not been studied in
the human pathogen Shigella. Here, we describe three significant
features of slyA in S. flexneri: (i) the regulation of the slyA pro-
moter, (ii) Shigella virulence phenotypes and promoters regulated
by the exogenous expression of slyA, and (iii) the requirement of
SlyA in acid resistance. Overall, our characterization of slyA and
the regulator it encodes uncovers some interesting parallels be-
tween E. coli, Salmonella, and Shigella and also reveals a novel and
unique role for SlyA in Shigella virulence.

Our characterization of the S. flexneri slyA promoter revealed
that certain aspects of its regulation were more similar to the less
conserved S. Typhimurium slyA promoter (68% identical) than
the highly conserved E. coli slyA promoter (99% identical). Spe-
cifically, this was demonstrated by our observations that the S.
flexneri slyA promoter activity is (i) maximal during stationary
phase (Fig. 2A), (ii) negatively autoregulated (Fig. 2A), and (iii)
positively regulated by PhoP (Fig. 3A). Our finding that PhoP
regulates the slyA promoter in S. flexneri adds another member to
the PhoP/Q regulon, which previously had consisted of a single
virulence plasmid-carried operon (shf-wabB-virK-msbB2) that
encodes enzymes involved in bacterial cell wall biosynthesis (33,
57). Interestingly, although the slyA promoter in both S. Typhi-
murium and S. flexneri has been shown to be regulated by PhoP
(10 and 11 and Fig. 3A, respectively), the slyA transcript has not
been identified in genomic approaches attempting to characterize
the PhoP/Q regulons in S. Typhimurium (22, 58, 59). This appar-
ent discrepancy may be explained by the different experimental
conditions and approaches used in these studies (i.e., promoter
activity versus mRNA levels) or the possibility that posttranscrip-
tional regulation or modification of slyA mRNA in S. Typhimu-
rium and possibly S. flexneri exists. This will be the subject of
future investigations in our laboratory. The observation that the
regulation of the slyA promoter in S. flexneri is similar to that in S.
Typhimurium but different from that in E. coli is intriguing, since
Shigella species diverged from E. coli after E. coli and Salmonella
had diverged from their common ancestor. Pondering this evolu-
tionary paradox, one can posit that the similar regulation of slyA
in S. flexneri and S. Typhimurium proves advantageous because of
their common intracellular lifestyle. Future examination of the S.
flexneri SlyA regulon will reveal if there is any support for this idea.

SlyA is a well-characterized transcriptional regulator of viru-
lence-associated promoters in closely related organisms (reviewed
in reference 6); therefore, the role of SlyA in Shigella virulence-
associated phenotypes was investigated. Surprisingly, our data
demonstrated that in the absence of virB, the exogenous expres-

FIG 4 Exogenous expression of slyA rescues the Congo red binding deficiency
in a virB mutant. (A) Qualitative analysis of Congo red binding. S. flexneri
2457T wild-type and virB::Tn5 strains harboring pBAD, pBAD-virB, or pBAD-
slyA were serially diluted (40-fold dilutions) and spotted (approximately 6 �l)
onto TSA Congo red plates supplemented with 0.2% (wt/vol) D-glucose (non-
induced) or 0.2% (wt/vol) L-arabinose (induced). (B) Quantitative analysis of
Congo red binding. Two culture spots (shown in panel A) were scraped off the
agar plate and resuspended in 0.75 ml 25% ethanol to remove the Congo red
bound to cells. The OD600 was determined to normalize samples against cell
number. Cell suspensions were centrifuged to pellet cells, and the OD498 of the
supernatant was determined. Relative Congo red binding was calculated as
[(OD498/OD600)/(average (OD498/OD600)2457T pBAD)] � 100. Data shown are
representative of three independent trials. A two-tailed Student’s t test (assum-
ing equal variance) was used for statistical analysis. *, P 	 0.01; **, P 	 0.001.
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sion of slyA could restore Congo red binding to S. flexneri (Fig. 4).
We determined that this phenotype was due, at least in part, to
SlyA upregulating genes encoding the type three secretion appa-
ratus (i.e., mxiC-lacZ) (Fig. 5A), a process known to lead to Congo
red binding. In addition, the exogenous expression of slyA could
upregulate the icsP promoter in the absence of virB (Fig. 5B) but
not the VirB-independent icsA promoter (data not shown), sug-
gesting SlyA functions to compensate for the lack of VirB when
expressed at high levels. The mechanistically intriguing effect of

SlyA on VirB-dependent promoters could be caused by (i) SlyA
binding to VirB binding sites, (ii) SlyA binding to degenerate SlyA
binding sites, (iii) SlyA decreasing intracellular H-NS protein lev-
els, or (iv) some combination thereof. While we acknowledge that
high levels of SlyA in these particular assays are responsible for the
regulatory effects observed, these findings highlight the relative
plasticity of the regulatory networks controlling virulence; if virB
is lost or inactivated, simply increasing SlyA levels through the
mutation of its promoter could restore some virulence gene ex-
pression and phenotypes. This is especially interesting because
virB has been shown to be deleted or otherwise inactivated at high
frequency when serially passaged at 37°C (60). To our knowledge,
our finding that SlyA can compensate for the loss of VirB is the
first of its kind to suggest that one derepressor of H-NS-mediated
repression compensates for the loss of another. In light of these
findings, it is interesting that other derepressors of H-NS-medi-
ated repression have the potential to serve this kind of back-up
role when a gene encoding the usual cognate transcriptional reg-
ulator is lost or mutated.

Our finding that SlyA is essential for acid resistance in S. flex-
neri is the first to demonstrate that SlyA is required for this crucial
virulence phenotype in enterics. The acid resistance controlled by
SlyA may have remained uncharacterized to this point, because
attributes of Shigella virulence most commonly are studied in
nongastrointestinal (GI) tract models: the Sereny test, which is a
conjunctivitis model in mouse; the rabbit ileal loop model, where
shigellae are artificially introduced into a closed-off segment of the
ileum, thereby bypassing migration through the upper GI tract;
and/or in vitro tissue culture assays. None of these assays examine
events that lead to the successful passage of shigellae through the
stomach, and this may explain why critical factors like SlyA, which
promote acid resistance, have not been identified. This is unfor-
tunate, since acid resistance is arguably one of the most critical
virulence determinants in Shigella spp., because it has been corre-
lated (32, 50, 51) to the extremely low infectious dose of this
pathogen (10 to 100 cells) (61). Therefore, our finding that SlyA is
essential for acid resistance in S. flexneri constitutes a novel and

FIG 5 Exogenous expression of slyA upregulates VirB-dependent promoters under repressed conditions. (A) Upregulation of mxiC-lacZ. �-Galactosidase
activity of mxiC-lacZ cells harboring pBAD, pBAD-virB, or pBAD-slyA in derepressed (37°C) or repressed (30°C) conditions. (B) Upregulation of PicsP-lacZ.
�-Galactosidase activity of cells containing PicsP-lacZ and harboring pBAD, pBAD-virB, or pBAD-slyA in derepressed (wild-type) or repressed (virB::Tn5)
conditions is shown. Data are representative of three independent trials conducted in triplicate. A two-tailed Student’s t test (assuming equal variance) was used
for statistical analysis. *, P 	 0.01; **, P 	 0.001.

FIG 6 Deletion of slyA decreases S. flexneri acid resistance. S. flexneri 2457T
wild-type cells harboring pBAD and �slyA cells harboring pBAD or pBAD-
slyA grown under adaptive (pH 5.5) or nonadaptive (pH 7.0) conditions were
challenged at pH 2.5. The CFU of challenged cells were determined. The per-
centage of normalized survival was calculated as CFU after challenge divided
by CFU of 2457T pBAD (pH 5.5) before challenge (i.e., 0 min) times 100. Data
are the averages from three independent trials. A two-tailed Student’s t test
(assuming equal variance) was used for statistical analysis. *, P 	 0.01.
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significant finding in S. flexneri pathogenesis and raises the possi-
bility that SlyA plays an important role in determining the infec-
tious dose of this highly infectious enteric organism.

In summary, we have characterized three major aspects of slyA
in S. flexneri. Our study highlights unexpected similarities be-
tween the S. flexneri and S. Typhimurium slyA promoters. We
describe an unprecedented relationship between two derepressors
of H-NS-mediated repression, SlyA and VirB, and discuss possible
implications of our findings. Moreover, we emphasize the impor-
tance of SlyA in acid resistance. This is a virulence role not previ-
ously demonstrated for SlyA but is one that is likely to be essential
for the pathogenesis of this pathogen. Clearly, one important fu-
ture direction of this work will be to identify genes of the S. flexneri
SlyA regulon and specifically those that are responsible for the acid
resistance phenotype, which has been described for the first time
in this work.
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