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Regulation of bacterial gene expression by small RNA (sRNA) molecules is an increasingly recognized
phenomenon but one that is not yet fully understood. We show that the sRNA RyhB suppresses several
virulence-associated phenotypes of Shigella dysenteriae, a causative agent of bacillary dysentery in humans. The
virulence genes repressed by S. dysenteriae RyhB include those encoding the type III secretion apparatus, its
secreted effectors, and specific chaperones. Suppression of Shigella virulence occurs via RyhB-dependent
repression of the transcriptional activator VirB, leading to reduced expression of genes within the VirB
regulon. Efficient repression of virB is mediated by a single-stranded region of RyhB that is distinct from the
region required for repression of Shigella sodB. Regulation of virB by RyhB implicates iron as an environmental
factor contributing to the complex regulation of Shigella virulence determinants.

Shigella species, which are closely related to Escherichia coli,
cause bacillary dysentery, a disease associated with invasion of
the colonic epithelium and provocation of an intense inflam-
matory response (12). Using cultured epithelial cells to mea-
sure bacterial invasion (invasion assay) (8) and intercellular
spread (plaque assay) (22), investigators have identified a num-
ber of the genes required for Shigella pathogenesis. Many Shi-
gella virulence-associated genes, including those encoding the
type III secretion apparatus (mxi and spa genes), its secreted
effectors (ipaA-D, ipgD, icsB, and virA), and specific chaper-
ones (ipgC, ipgA, ipgE, and spa15), map to a 220-kbp virulence
plasmid. Expression of these Shigella virulence determinants is
highly regulated in response to environmental signals, such as
temperature, osmolarity, and pH (12). This complex regulation
is accomplished primarily by the transcriptional activators VirF
and VirB (1). Transcription of many Shigella virulence-associ-
ated genes, including those encoding the type III secretion
system (TTSS), is positively regulated by direct binding of VirB
to the regulated promoters. Transcription of virB, in turn, is
controlled primarily by the opposing activities of VirF, a tran-
scriptional activator, and HNS, a transcriptional repressor.
(For a review of the regulation of Shigella virulence gene ex-
pression, see reference 6.) VirF and VirB are both required to
induce expression of virulence determinants that allow efficient
invasion of epithelial cells by Shigella, an essential step in
disease initiation. While the regulation of Shigella virulence
has been the focus of intense investigation, the identification
and characterization of all contributing environmental factors
and regulatory elements have not yet been achieved.

Noncoding RNA molecules (ncRNAs) control diverse cel-
lular functions in organisms ranging from bacteria to humans.
Although it is known that ncRNAs employ a variety of mech-
anisms, including methylation of rRNA, inhibition of transla-

tion or transcription, and sequestration of regulatory proteins
(11, 13, 21), the full spectrum of ncRNAs, their mechanism of
action, and their impact on cellular activities remain to be
determined.

One type of ncRNA is the regulatory small RNA (sRNA).
sRNA molecules play an important role in the regulation of
bacterial gene expression (33). One well-characterized sRNA
is RyhB, which was first identified in E. coli and is involved in
the iron-responsive regulation of genes required for metabo-
lism and iron storage in this organism (17). Expression of E.
coli ryhB is repressed by Fur, a global iron-responsive tran-
scriptional repressor (17). Thus, ryhB is repressed in high-iron
conditions and is derepressed in low-iron conditions. RyhB has
been shown to decrease the stability of specific transcripts
when, together with Hfq, it binds to a complementary nucleic
acid sequence within the target mRNA molecule (17, 32).
Subsequent degradation of both the target mRNA and RyhB is
mediated by RNase E and RNase III (2, 16). In this report, we
describe the RyhB-dependent regulation of Shigella virulence
mediated by repression of virB, a gene encoding a virulence-
associated transcriptional activator.

MATERIALS AND METHODS

Growth conditions. Bacterial strains and plasmids used in this study are shown
in Table 1. E. coli was cultured in Luria-Bertani (LB) broth (1% tryptone, 0.5%
yeast extract, 1% NaCl) or on LB agar plates at 37°C. Shigella dysenteriae was
cultured in LB broth, in modified M9 medium (26), or on tryptic soy broth
(Becton, Dickinson and Company, Sparks, MD) agar plates containing 0.01%
(wt/vol) Congo red at 37°C. Unless otherwise noted, antibiotics were used at the
following final concentrations: carbenicillin, 250 �g/ml; chloramphenicol, 30
�g/ml; and kanamycin, 50 �g/ml.

Paraquat sensitivity assay. A single colony was used to inoculate 3 ml of LB
broth containing antibiotics, and the culture was grown to the stationary phase at
30°C. Ten microliters of the stationary-phase culture was used to inoculate 1 ml
of modified M9 medium supplemented with FeSO4 (40 �M), isopropyl-�-D-
thiogalactoside (IPTG) (200 �M), antibiotics, and paraquat (1 �M) where indi-
cated. The optical density at 650 nm of each culture was measured following
growth for 24 h at 37°C.

Microarray analysis. Synthetic oligonucleotides specific for each gene in
the E. coli K-12 and enterohemorrhagic E. coli genomes were purchased from
QIAGEN (Valencia, CA). Additionally, oligonucleotides specific for genes lo-
cated on the Shigella flexneri virulence plasmid, several S. dysenteriae-specific
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genes, and putative sRNA sequences (10) were designed and synthesized by
QIAGEN. Glass microscope slides were coated with polylysine (www.microarray
.org) prior to spotting of each oligonucleotide using a robotic arrayer and Array
Maker 2.4 (MGuide at smgm.stanford.edu/pbrown/mguide). Hydration and post-
processing were performed as described by MGuide. RNA was isolated from S.
dysenteriae containing the IPTG-inducible ryhB gene grown to the mid-logarith-
mic phase in the presence or absence of IPTG using an RNeasy midi kit
(QIAGEN) prior to cDNA generation and labeling as follows. Fifteen micro-
grams of RNA was combined with 5 �g of oligonucleotide PdN6 and incubated
for 10 min at 65°C, followed by incubation on ice for 10 min. The RNA was then
incubated for 1 h at 42°C in the presence of 0.5 mM dATP, 0.5 mM dCTP, 0.5
mM dGTP, 0.2 mM dTTP, 0.3 mM amino allyl-modified dUTP (Sigma-Aldrich,
St. Louis, MO), 0.01 M dithiothreitol, 120 U RNasin (Promega, Madison, WI),
800 U SuperScript II reverse transcriptase, and 1X SuperScriptII RT buffer
(Invitrogen, Carlsbad, CA). Following this incubation, 400 U of SuperScriptII
reverse transcriptase was added, and the reaction mixture was incubated at 42°C
for an additional hour. Next, the cDNA solution was incubated for 5 min at 65°C,
snap cooled on ice, and hydrolyzed by addition of 50 mM NaOH. Following
incubation at 65°C for 15 min, the reaction mixture was neutralized by addition
of 0.6 M HEPES (pH 7.5), bringing the final volume to 85 �l. The modified
cDNA was washed and concentrated to 9 �l using a MinElute PCR purification
kit (QIAGEN) and was coupled to Cy3 or Cy5 dye (Amersham Biosciences,
Little Chalfont, United Kingdom) as follows. Concentrated cDNA samples were
combined with desiccated dye following addition of 1 �l of 1 M sodium bicar-
bonate to a dye pellet (pH 10.0) and incubated in the dark at room temperature
for 60 min. The Cy3- and Cy5-labeled cDNAs were washed and concentrated to
32 �l each using the MinElute PCR purification kit (QIAGEN). The labeled
cDNA samples were combined with 3� SSC and 0.25% sodium dodecyl sulfate
(SDS) prior to hybridization on a microarray slide for 6 h at 65°C (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate). Following hybridization, each slide was
washed once in 0.6� SSC with 0.03% SDS and twice in 0.06� SSC. Microarrays
were dried by centrifugation and were scanned using a Genepix Array Scanner
4000A (Axon Instruments, Union City, CA). Data were analyzed using Genepix
5.0 and were normalized using the Longhorn Array Database (powered by the
Stanford Microarray Database).

Secreted protein analysis. Bacterial proteins secreted into the culture super-
natant were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (26)
following trichloroacetic acid precipitation as follows. Each strain was grown at
37°C to an optical density at 650 nm of 0.9 in LB broth supplemented with 250
�g/ml carbenicillin, 200 �M IPTG, and 0.1% (wt/vol) deoxycholate. Cultures
were centrifuged (2 min at 16,000 � g), and 900 �l of each supernatant was
added to 100 �l of 100% trichloroacetic acid and incubated overnight at �80°C.
Precipitated proteins were harvested by centrifugation (15 min at 16,000 � g at
4°C) and washed in 300 �l cold acetone. The samples were centrifuged again as
described above, each supernatant was removed, and the pellets were dried. The

proteins were solubilized in 200 �l protein solubilization buffer (26) and boiled
for 10 min. The proteins present in 10 �l of each sample were separated on a
7.5% SDS–polyacrylamide gel and stained with Coomassie blue (26).

Tissue culture. Henle cell monolayers were cultured in six-well polystyrene
tissue culture plates (Corning Inc. Costar, Corning, NY) in Gibco minimum
essential medium (MEM) (Invitrogen Corp.) supplemented with 10% fetal bo-
vine serum and 2 mM glutamine. The plates were incubated at 37°C in an
atmosphere containing 5% CO2.

The plaque assay procedure was a modification of the procedure of Oaks et al.
(22). Briefly, a single Congo red-positive colony was used to inoculate a 3-ml LB
broth culture containing antibiotics and grown overnight at 30°C. The culture
was diluted 1:100 into LB broth containing antibiotics, 0.1% deoxycholate, and
IPTG (200 �M or the indicated concentration) and grown to the mid-logarithmic
phase at 37°C. The bacteria were diluted in phosphate-buffered saline (PBS), and
104 bacteria were added to Henle cell monolayers in six-well tissue culture plates
containing 2 ml MEM supplemented with 250 �g/ml carbenicillin and 200 �M
IPTG per well. The plates were centrifuged for 10 min at 669 � g, incubated at
37°C for 1.5 h, washed with 2 ml PBS, and then overlaid with 2 ml MEM
supplemented with 0.3% glucose, 250 �g/ml carbenicillin, 200 �M IPTG, and 20
�g/ml gentamicin. Following incubation for 72 h at 37°C, the plates were washed
with PBS and stained with Wright-Giemsa stain (Camco, Ft. Lauderdale, FL).

Invasion assays were performed like the plaque assay, with the following
modifications. The monolayers were infected with 2 � 108 bacteria per well and
incubated for 30 min prior to washing and addition of gentamicin. The mono-
layers were stained with Wright-Giemsa stain (Camco) after 2 h (total time) of
incubation, and cells were scored positive for invasion if they contained three or
more bacteria, as determined by microscopy.

Cloning of wild-type ryhB and the altered ryhB molecules. Wild-type ryhB was
amplified by PCR using oligonucleotides ryhB-14EcoRI and ryhB-5HindIII. The
PCR conditions were denaturation for 30 s at 95°C, annealing for 45 s at 50°C,
and extension for 30 s at 72°C for 30 cycles in a Peltier thermal cycler (MJ
Research, Watertown, MA). The resulting 183-bp product was purified using the
MinElute PCR purification kit (QIAGEN), digested with the EcoRI and HindIII
restriction endonucleases, and ligated into the MfeI and HindIII restriction
endonuclease recognition sites of pQE-2 (QIAGEN), which carries lacI. In the
resulting plasmid, pryhB, expression of ryhB is under the control of the IPTG-
inducible T5 promoter.

Oligonucleotides encoding the entire functional molecule were used to clone
ryhB� (ryhBsodB1 and ryhBsodB2), Alt-rightryhB (altrightryhB1 and altright
ryhB2), and Alt-leftryhB (tfelryhB1 and tfelryhB2) behind the inducible T5
promoter of pQE-2. Each oligonucleotide was diluted to obtain a concentration
of 100 mM in STE (10 mM Tris-Cl [pH 8.0], 0.1 M NaCl, 1 mM EDTA; pH 8.0).
Five microliters of each complementary oligonucleotide solution was combined
and boiled for 1 min. The solution was slowly cooled to room temperature prior
to 1:10 dilution in STE. The annealed primer products were cloned directly into
pQE-2 digested with both the MfeI and HindIII restriction endonucleases,
thereby placing the altered ryhB gene under the control of the IPTG-inducible T5
promoter. The resulting plasmids were designated pryhB�, pAlt-rightryhB, and
pAlt-leftryhB, respectively. The nucleic acid sequences of all oligonucleotides
used for cloning and real-time PCR, described below, are available upon request.

Real-time PCR. RNA was isolated using an RNeasy midi kit (QIAGEN)
according to the product directions from bacteria cultured for approximately
20 h at 37°C on tryptic soy broth agar plates supplemented with 0.01% Congo
red, 200 �g/ml carbenicillin, and IPTG (200 �M or the indicated concentration).
Each RNA sample was then treated with 16 U of amplification grade DNase I
(Invitrogen), ethanol precipitated, and dried. The RNA pellet was resuspended
in diethyl pyrocarbonate-treated water, and the nucleic acid was quantitated
using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE). No more than 10 �g of total RNA was used to generate cDNA with a High
Capacity cDNA archival kit (Applied Biosystems, Foster City, CA) according to
the product directions. Each cDNA sample was diluted 1:10 in water, and 2.5 �l
was used as the template for each 25-�l reaction mixture. All probes were minor
groove binding, 6-carboxyfluorescein-labeled probes. Probes and oligonucleo-
tides were designed using Primer Express (Applied Biosystems, Foster City, CA)
and were synthesized by Applied Biosystems. TaqMan universal master mixture
(Applied Biosystems) was used for all reactions. rrsA was used as the normalizer
for each sample. Reactions were performed in a 7300 real-time PCR system
(Applied Biosystems) under standard reaction conditions.

Construction of ryhB, fur, and fur ryhB deletion strains. S. dysenteriae ryhB was
replaced with a chloramphenicol resistance cassette as described previously for S.
flexneri (23). S. dysenteriae fur was replaced with a kanamycin resistance cassette
by splice overlap (26), using oligonucleotides Sdfur-1, Sdfur-2, Sdfur-3, and
Sdfur-4.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description Source or reference

Escherichia coli
strains

DH5� Life Technologies
DH5�(�pir) J. Kaper

Shigella dysenteriae
strains

O-4576S1 20
ND100 Spontaneous Strr mutant

of O-4576S1
N. Davies

ND100ryhB ryhB deletion This study
ND100fur fur deletion This study
ND100fur,ryhB fur and ryhB deletions This study

Plasmids
pCVD442N2 Suicide vector E. Wyckoff
pQE-2 Expression vector QIAGEN
pryhB ryhB in pQE-2 This study
pryhB� ryhB� in pQE-2 This study
pAlt-leftryhB Alt-leftryhB in pQE-2 This study
pAlt-rightryhB Alt-rightryhB in pQE-2 This study
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RESULTS

RyhB represses the expression of several genes within the S.
dysenteriae VirB regulon. To identify RyhB-regulated genes in
S. dysenteriae, the expression profile of wild-type S. dysenteriae
was compared to that of S. dysenteriae expressing ryhB from an
IPTG-inducible plasmid promoter (pryhB) by microarray anal-
ysis. Based on the known mechanism of RyhB regulation, in-
creasing the level of RyhB was predicted to result in decreased
levels of target mRNA molecules. Although Shigella ryhB ex-
pression is regulated by Fur and iron levels (23), these factors
also influence the expression of many other genes. Thus, in-
troducing a plasmid encoding ryhB under the control of an
inducible promoter (pryhB) into wild-type S. dysenteriae pro-
vided consistent, reproducible levels of RyhB.

Induction of ryhB resulted in reduced mRNA levels for
several genes, including the known E. coli RyhB target gene
sodB, the expression of which was reduced 7.7-fold in the
presence of increase levels of RyhB (Table 2). To confirm that
the reduced expression of sodB resulted in phenotypic differ-
ences, paraquat sensitivity was measured. Repression of E. coli
sodB has been shown to result in increased sensitivity to para-
quat (4). Therefore, if, as predicted by microarray analysis,
RyhB represses the expression of S. dysenteriae sodB, an in-
crease in sensitivity to paraquat would be expected upon in-
duced expression of ryhB. Induced expression of ryhB resulted
in significant growth inhibition of wild-type S. dysenteriae in the
presence of 1 �M paraquat compared to the growth of the
strain carrying the vector control or to the growth of either
strain grown in the absence of paraquat (Table 3). These data
confirm the RyhB-dependent repression of sodB measured in
the microarray analysis.

In addition to sodB, induction of ryhB expression resulted in
reduced mRNA levels of several genes within the VirB regulon
as measured by microarray analysis. Specifically, the levels of
mRNA corresponding to ipaACD, ipgABCE, mxiACDEJL, and
virA were reduced between 2.1- and 6.6-fold in the presence of

increased levels of RyhB (Table 2). The microarray results
indicating reduced expression of genes within the VirB regulon
were validated by real-time PCR analysis of one of these vir-
ulence genes, mxiE, measured in the presence and in the ab-
sence of induced ryhB expression (Fig. 1A). To confirm that
the reduced expression of genes within the VirB regulon re-

TABLE 2. Effect of RyhB on the expression of virulence-associated
genes in S. dysenteriae

Gene Function Fold repression upon
ryhB expressiona

sodB Superoxide dismutase 7.7
ipaC Secretion apparatus 6.6
ipgC Chaperone 5.8
ipgB Secreted effector 4.6
ipaA Secreted effector 4.2
icsB Secreted effector 4.2
ipgA Chaperone 4.1
mxiM Secretion apparatus 3.6
mxiD Secretion apparatus 3.2
mxiL Secretion apparatus 3.1
mxiE Secretion apparatus 3.1
ipgE Chaperone 3.0
spa15 Chaperone 2.8
ipaD Secreted effector 2.8
mxiA Secretion apparatus 2.7
mxiC Secretion apparatus 2.4
mxiJ Secretion apparatus 2.1

a Representative data from a microarray analysis comparing the mRNA pro-
duced by wild-type S. dysenteriae carrying pryhB grown in the presence of IPTG
to that produced when the organism was grown in the absence of IPTG.

TABLE 3. Effect of ryhB expression on paraquat sensitivity
of S. dysenteriae

Strain Plasmid

Growth (optical density at
650 nm)a

Without
paraquat

With
paraquat

ND100 (wild type) Vector 1.16 	 0.03 0.88 	 0.07
ND100 (wild type) pryhB 0.87 	 0.03 0.24 	 0.03b

ND100fur Vector 0.62 	 0.03 0.37 	 0.02b

ND100fur/ryhB Vector 1.18 	 0.02 1.02 	 0.07
ND100ryhB Vector 1.12 	 0.03 1.06 	 0.07

a An endpoint growth analysis of S. dysenteriae wild-type strain ND100, S.
dysenteriae fur mutant ND100fur, S. dysenteriae fur ryhB double mutant
ND100fur/ryhB, and S. dysenteriae ryhB mutant ND100ryhB containing the vector
control or pryhB in the presence or in the absence of 1 �M paraquat was
performed. The data are the averages of three independent experiments. All
strains were cultured in the presence of 200 �M IPTG to induce expression of
ryhB from pryhB.

b Significantly different than the growth of the wild-type strain in the presence
of paraquat (P � 0.004).

FIG. 1. Induced expression of S. dysenteriae ryhB results in in-
creased sensitivity to paraquat and decreased secretion of Ipa protein.
(A) Real-time PCR analysis of mxiE mRNA levels in S. dysenteriae
wild-type strain ND100 carrying the vector control and pryhB. All
values were normalized to the level of rrsA mRNA in each sample, and
the results are expressed relative to the value obtained for the strain
carrying the vector control. The data are the averages of three inde-
pendent experiments, and the error bars represent one standard devi-
ation. (B) SDS-PAGE analysis of proteins secreted by an equivalent
number of S. dysenteriae wild-type strain ND100 cells containing the
vector control (lane 1) or pryhB (lane 2). The arrow indicates the
location of IpaC as determined by Western blotting. All assays were
carried out following growth of each strain in the presence of 200 �M
IPTG to induce expression of ryhB from pryhB.
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sulted in phenotypic changes, the amount of secreted Ipa was
determined in supernatants of wild-type S. dysenteriae cultured
in the presence of deoxycholate, with and without induced
expression of ryhB. When Shigella is grown in the presence of
deoxycholate, the majority of the proteins present in the cul-
ture supernatant are encoded by genes within the VirB regulon
(24). These proteins are secreted by the TTSS, the components
of which are also encoded by genes within the VirB regulon.
Therefore, if, as predicted by microarray analysis, RyhB re-
presses the expression of genes within the VirB regulon, a
marked reduction in the prevalence of secreted proteins in the
S. dysenteriae supernatant would be expected upon induced
expression of ryhB. This prediction was confirmed by SDS-
PAGE analysis of the proteins secreted by wild-type S. dysen-
teriae in the presence and in the absence of induced ryhB
expression (Fig. 1B). Western blot analysis with a monoclonal
antibody against IpaC confirmed that this VirB-regulated ef-
fector protein was among the proteins whose level in the cul-
ture supernatant was reduced upon induced expression of ryhB
(data not shown). These data are consistent with the RyhB-
dependent repression of genes within the VirB regulon as
measured by microarray analysis.

RyhB suppresses plaque formation by inhibiting S. dysente-
riae invasion of eukaryotic cells. Since expression of genes
within the VirB regulon is associated with Shigella virulence
(12), analysis of the invasion of eukaryotic cell monolayers
and plaque formation by wild-type S. dysenteriae was per-
formed as a means of assessing the effect of RyhB on these
virulence-associated phenotypes (8, 22). Induced expression
of ryhB from pryhB in wild-type S. dysenteriae severely in-
hibited plaque formation in epithelial cell monolayers com-
pared to the plaque formation by the strain containing the
vector control (Fig. 2A) and compared to the plaque for-
mation by both strains cultured under noninducing condi-
tions (data not shown). When cultured under inducing con-
ditions, the wild-type strain carrying the vector control
produced an average of 150 	 26 plaques, while the wild-
type strain carrying pryhB produced an average of 30 	 12
plaques.

A reduced ability to form plaques can result from any one of
multiple defects in the Shigella life cycle, including an inability
to invade the eukaryotic cell, a lack of bacterial growth within
the eukaryotic cell, or a defect in cell-to-cell spread. Invasion
assays were used to determine the percentages of infected
Henle cells following infection with wild-type S. dysenteriae in
the presence and in the absence of induced ryhB expression.
Expression of ryhB from pryhB significantly reduced the inva-
sion efficiency of wild-type S. dysenteriae compared to that of
the strain containing the vector control (Fig. 2B) or compared
to that of either strain cultured under noninducing conditions
(data not shown). Taken together, these data are consistent
with the microarray analysis and support the model that RyhB
represses the expression of one or more virulence-associated
genes in S. dysenteriae.

Inactivation of fur results in increased expression of ryhB
and inhibition of plaque formation by S. dysenteriae. Expres-
sion of ryhB is regulated by Fur in response to environmental
iron levels such that ryhB is expressed when iron levels are low
and Fur is inactive (18, 23). To confirm that the observed
regulation of virulence-associated genes by RyhB occurs under

conditions normally encountered when Fur repression is
relieved, a fur mutant of S. dysenteriae was constructed
(ND100fur) and characterized with respect to both ryhB ex-
pression and virulence-associated phenotypes. Quantification
of RyhB in the S. dysenteriae fur mutant strain by real-time
PCR confirmed that loss of Fur resulted in increased expres-
sion (19-fold) of ryhB compared to the expression in the wild-
type strain (Fig. 3A). Characterization of the S. dysenteriae fur
mutant allowed analysis of the effects of ryhB expression from
the chromosome at levels that would be expected to occur
under conditions where Fur is not active. Since Fur regulates a
large number of genes in Shigella (23), a ryhB mutation was
introduced into the S. dysenteriae fur mutant (ND100fur/ryhB)
and used to confirm that phenotypes observed in the fur mu-
tant are a result of ryhB overexpression and are not the result
of aberrant expression of other Fur-regulated genes.

Paraquat sensitivity of the fur mutant was measured and
compared with the results obtained following induced expres-
sion of ryhB in wild-type S. dysenteriae. Although to a lesser
extent, the increased sensitivity to paraquat of the fur mutant
compared to that of the wild-type strain (Table 3) is similar to
the sensitivity observed upon expression of ryhB from an in-
ducible plasmid promoter (Table 3). Inactivation of ryhB in the
fur mutant restored paraquat resistance to wild-type levels,
while inactivation of ryhB alone had no significant effect (Table
3), indicating that the increased paraquat sensitivity of the fur
mutant results from increased expression of ryhB.

FIG. 2. RyhB suppresses virulence-associated phenotypes of S. dys-
enteriae. (A) Plaques formed in a Henle cell monolayer infected with
an equal number of S. dysenteriae wild-type strain ND100 cells carrying
either the vector control or pryhB. (B) Invasion efficiencies of S. dys-
enteriae wild-type strain ND100 carrying pryhB and the strain carrying
the vector control. The invasion efficiency is expressed relative to that
of the strain carrying the vector control, which was defined as 100%.
The data are the averages of five independent experiments, and the
error bars represent one standard deviation. All assays were carried
out following growth of each strain in the presence of 200 �M IPTG to
induce expression of ryhB from pryhB.
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Plaque formation by S. dysenteriae was decreased signifi-
cantly in the fur mutant compared to plaque formation by the
wild-type strain (Fig. 3B), although to a lesser extent than was
observed upon expression of ryhB from the inducible promoter
of pryhB (Fig. 2A). Inactivation of ryhB in the S. dysenteriae fur
mutant restored plaque formation to wild-type levels (Fig. 3B),
while inactivation of ryhB alone had no significant effect (Fig.
3B). These data are consistent with the conclusion that RyhB
inhibits the expression of one or more genes required for
plaque formation by S. dysenteriae and that this regulation
occurs under conditions normally encountered when Fur re-
pression is relieved.

Inhibition of plaque formation is directly related to the level
of ryhB expression. The amount of RyhB produced in the S.
dysenteriae ryhB mutant strain carrying pryhB can be controlled
by altering the amount of inducer added, allowing analysis of
the biological effects of ryhB expression at physiological levels
without the pleiotropic effects of fur inactivation. The amount
of RyhB produced by the ryhB mutant strain carrying pryhB
was proportional to the concentration of inducer added, as
determined by real-time PCR (Fig. 4). The level of RyhB

synthesized in response to IPTG also correlated with the de-
gree of inhibition of plaque formation (Fig. 4). Addition of 25
�M IPTG induced levels of RyhB very similar to the RyhB
levels produced upon fur inactivation (compare Fig. 3A and 4)
and inhibited plaque formation to the same extent (compare
Fig. 3B and 4). High concentrations of inducer had no intrinsic
detrimental effects on plaque formation, as demonstrated by
the wild-type level of plaque formation seen in the S. dysente-
riae ryhB mutant strain carrying the vector control (data not
shown). These data further confirm that inhibition of plaque
formation by S. dysenteriae is a direct result of the activity of
RyhB and that the phenotypes of the S. dysenteriae fur mutant
can be reproduced by expression of ryhB from the inducible
plasmid promoter of pryhB.

RyhB inhibits the expression of virB. While virF has not
been annotated in the S. dysenteriae strains sequenced to date
(34, 35), the presence of virF in the clinical isolate used in this
study was confirmed by PCR and DNA sequencing analysis
(data not shown). Therefore, reduced Ipa secretion and de-
creased plaque formation and invasion efficiency upon in-
creased ryhB expression are consistent with RyhB repression of
either virF or virB. Increasing levels of ryhB expression from an
inducible promoter resulted in a corresponding reduction in
the level of virB mRNA, as determined by real-time PCR (Fig.
5). A similar reduction in the level of sodB mRNA was also
observed, but virF expression was not affected (Fig. 5). These
data indicate that RyhB represses the expression of virB either
directly or via a pathway independent of VirF, the primary
transcriptional activator of virB.

RyhB-dependent suppression of S. dysenteriae virulence-as-
sociated phenotypes is mediated by a specific nucleic acid
sequence within RyhB. RyhB-dependent repression of E. coli
sodB is mediated by a sequence-specific interaction between

FIG. 3. Inactivation of S. dysenteriae fur results in increased expression
of ryhB and inhibition of plaque formation. (A) Real-time PCR analysis of
RyhB levels in S. dysenteriae wild-type strain ND100 (WT) and S. dysen-
teriae fur mutant strain ND100fur, each carrying the vector control. All
values were normalized to the level of rrsA mRNA in each sample, and
the results are expressed relative to the value obtained for the wild-type
strain. The data are the averages of four independent experiments, and
the error bars represent one standard deviation. (B) Numbers of plaques
formed in Henle cell monolayers infected with equal numbers of cells of
S. dysenteriae wild-type strain ND100, S. dysenteriae fur mutant ND100fur,
S. dysenteriae fur ryhB double mutant ND100fur/ryhB, and S. dysenteriae
ryhB mutant strain ND100ryhB, each carrying the vector control. The data
are the averages of four independent experiments, and the error bars
represent one standard deviation.

FIG. 4. Increased expression of ryhB results in increased inhibition of
plaque formation by S. dysenteriae. Real-time PCR analysis of RyhB levels
in S. dysenteriae ryhB mutant strain ND100ryhB carrying pryhB cultured in
the presence of different concentrations of IPTG was performed (line).
All values were normalized to the level of rrsA mRNA in each sample, and
the results are expressed relative to the value obtained for wild-type S.
dysenteriae carrying the vector control. The numbers of plaques formed in
Henle cell monolayers infected with equal numbers of cells of S. dysente-
riae ryhB mutant ND100ryhB carrying pryhB were also determined (bars).
Plaque assays were carried out in the presence of, and following the
growth of, cultures with the indicated concentrations of IPTG. All data
are the averages of three independent experiments, and the error bars
represent one standard deviation.
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the central loop of RyhB and sodB mRNA (17, 32). E. coli
sodB is the only target to date for which the specific RyhB
sequence required to mediate repression has been experimen-
tally determined (32). Deletion of the central loop of RyhB
(RyhB�) abolishes the ability of RyhB to repress the expres-
sion of sodB (32). To investigate and compare the ability of
RyhB� to repress S. dysenteriae sodB and Shigella virulence-
associated phenotypes, paraquat sensitivity and plaque assays
were carried out following expression of ryhB� from an induc-
ible plasmid promoter (pryhB�) (Fig. 6A). To avoid interfer-
ence from wild-type RyhB, expression of ryhB� and other ryhB
genes with an altered nucleic acid sequence was carried out in
a ryhB deletion strain of S. dysenteriae. Consistent with the
previously reported inability of RyhB� to repress sodB in E.
coli (32), expression of S. dysenteriae ryhB� did not result in
increased sensitivity to paraquat (Fig. 6B). In contrast, over-
expression of ryhB� inhibited plaque formation by S. dysente-
riae (Fig. 6C), indicating that the altered RyhB molecule
retains the ability to suppress this virulence-associated pheno-
type. These data indicate that suppression of Shigella plaque
formation is mediated by a region of RyhB that is distinct from
the region required for repression of sodB.

To determine the sequence within RyhB responsible for

FIG. 5. RyhB represses the expression of S. dysenteriae virB.
Real-time PCR analysis of virB mRNA, virF mRNA, and sodB
mRNA levels in S. dysenteriae ryhB mutant strain ND100ryhB car-
rying pryhB was performed. ND100ryhB (pryhB) was cultured in the
presence of the indicated concentrations of IPTG. All values were
normalized to the level of rrsA mRNA in each sample, and the
results are expressed relative to the value obtained following growth
in the absence of IPTG.

FIG. 6. Repression of virB is mediated by a portion of RyhB distinct from the portion required for repression of sodB. (A) Partial sequences
of wild-type, RyhB�, and altered RyhB molecules. Regions of wild-type RyhB predicted both experimentally (7) and by computer analysis (17)
to be single stranded are in bold type. The RyhB sequence known to mediate repression of sodB is boxed (17, 32). The dashed line indicates the
nucleic acid sequence deleted from wild-type ryhB to form ryhB�, while a line above the sequence indicates the Hfq binding site (7). Asterisks
indicate nucleic acids that are altered in Alt-leftRyhB and Alt-rightRyhB. (B) Endpoint growth analysis of S. dysenteriae ryhB mutant strain
ND100ryhB carrying the vector control, pryhB, pryhB�, pAlt-leftryhB, or pAlt-rightryhB in the absence (solid bars) or in the presence (open bars)
of paraquat. The data are the averages of three independent experiments, and each the bars represent one standard deviation. OD650, optical
density at 650 nm. (C) Numbers of plaques formed in Henle cell monolayers infected with an equal number of cells of S. dysenteriae ryhB mutant
strain ND100ryhB carrying the vector control, pryhB, pryhB�, pAlt-leftryhB, or pAlt-rightryhB. The data are the averages of four independent
experiments, and the error bars represent one standard deviation. All assays were carried out following growth of each strain in the presence of
200 �M IPTG to induce expression of the indicated ryhB gene.
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efficient repression of Shigella virulence-associated pheno-
types, regions of RyhB predicted both experimentally (7) and
by computer analysis (17) to be single stranded or partially
single stranded were systematically altered (Fig. 6A). Each
altered ryhB was cloned under the control of an inducible
promoter, and the ability of the altered RyhB molecule to
affect sodB function and virulence properties of Shigella was
investigated using paraquat sensitivity and plaque assays, re-
spectively.

An altered RyhB molecule containing changes in the nucleic
acid sequence in the predicted partially single-stranded region
between bases 21 and 26 was constructed. The altered RyhB
molecule (Alt-leftRyhB) retained the ability to suppress para-
quat resistance (Fig. 6B) and to decrease plaque formation
(Fig. 6C) compared to the properties of the strain carrying the
vector control. A second altered RyhB containing changes in
the nucleic acid sequence between bases 61 and 67 (Alt-right-
RyhB) also retained the ability to suppress paraquat resistance
(Fig. 6b) but lost the ability to inhibit plaque formation (Fig.
6C). These data indicate that the predicted single-stranded
region between bases 61 and 67 of RyhB mediates the sup-
pression of plaque formation by Shigella but is not required for
the repression of sodB. While the nucleic acid changes between
bases 61 and 67 are within the Hfq binding site of RyhB (7),
the changes retain the predicted structure and the AU-rich
nature of the region. The increase in paraquat sensitivity, in-
dicating repression of sodB by Alt-rightRyhB (Fig. 6B), sug-
gests that the interaction with Hfq essential for RyhB-depen-
dent repression of sodB (7, 17, 32) is not disrupted. These data
demonstrate that the specific nucleic acid sequence between
bases 61 and 67 of RyhB, but not the nucleic acid sequence
between bases 21 and 26, is critical for repression of plaque
formation by S. dysenteriae.

DISCUSSION

Although RyhB has been shown to regulate important cel-
lular functions, such as metabolism and iron storage in E. coli
(17) and biofilm formation in Vibrio cholerae (19), this small
regulatory RNA had not been implicated in the direct regula-
tion of bacterial virulence determinants previously. In this re-
port, we demonstrate that several virulence-associated pheno-
types of S. dysenteriae, including effector protein secretion,
plaque formation, and invasion of eukaryotic epithelial cells,
are suppressed by RyhB and that this suppression is due to
RyhB-dependent repression of virB.

The molecular mechanism of RyhB-dependent repression
has been detailed only for E. coli sodB and has been shown to
require complementarity between the sodB mRNA and RyhB
(16, 17, 32). While no significant complementarity between
RyhB and the virB mRNA was found, it is possible that limited
complementarity, not identified in our screen, between these
RNA molecules is sufficient to mediate repression or that the
RyhB-dependent repression of virB is indirect via a pathway
excluding VirF.

As shown for E. coli sodB (7, 17, 32), RyhB-mediated re-
pression of S. dysenteriae sodB requires the RNA binding pro-
tein Hfq (data not shown); however, the role of Hfq in the
RyhB-mediated repression of virB remains unknown. Inactiva-
tion of S. dysenteriae hfq (data not shown) and S. flexneri hfq

(29) resulted in decreased expression of genes within the VirB
regulon independent of RyhB. Thus, it was not possible to
determine the effect of Hfq on RyhB-dependent regulation of
virulence gene expression.

Expression of Shigella virulence determinants is regulated in
response to environmental conditions such as temperature,
osmolarity, and pH, primarily by the activity of the transcrip-
tional activators VirB and VirF and the transcriptional repres-
sor HNS (1, 31). Expression of several Shigella virulence-asso-
ciated genes is activated following binding of VirB to the
regulated promoters. Expression of virB in turn is controlled
primarily by the opposing activities of the transcriptional acti-
vator VirF and the transcriptional repressor HNS (for a re-
view, see reference 6). Since ryhB is regulated by iron and Fur
(17, 23), iron has now been identified as an environmental
factor contributing to the regulation of Shigella virulence de-
terminants. Thus, the role of RyhB in this complex regulatory
pathway may be to coordinate the expression of Shigella viru-
lence factors with the local concentration of environmental
iron. In the relatively iron-rich environment of the gut, S.
dysenteriae Fur would repress the expression of ryhB, ensuring
maximal expression of virB and, consequently, genes within the
VirB regulon. It is during this initial stage of infection that
proteins encoded by genes within the VirB regulon are re-
quired for invasion of the eukaryotic cell. Once the bacterium
is intracellular, repression of the S. dysenteriae VirB regulon
would be advantageous to the bacterium since aberrant expres-
sion of the systems could result in premature lysis of the eu-
karyotic cell. Analysis of proteins produced by Shigella growing
in the intracellular environment has shown that there is a
decrease in the amount of IpaB and IpaC during the initial
phase of intracellular growth (9). Additionally, Lucchini et al.
(15) showed that there was significant down-regulation of the
ipa, spa, and mxi genes during intracellular replication of Shi-
gella. It is during this stage of infection that expression of ryhB
is expected to increase due to the lack of Fur repression in the
less iron-replete intracellular environment. While the intracel-
lular iron concentration is not low enough to result in dere-
pression of all Fur-regulated genes, the iron limitation is suf-
ficient to induce expression of a subset of Fur-responsive genes
in Shigella (25). Thus, RyhB may provide a mechanism to
quickly repress the expression of virB and allow progression of
the disease. As the bacteria multiply within the epithelial cell
and begin the process of intracellular spread, environmental
signals other than iron may diminish or relieve RyhB repres-
sion and allow the transient expression of TTSS genes needed
for transit to the adjacent eukaryotic cells (28). The RyhB
mutant, in which iron-mediated repression of virulence-asso-
ciated genes should not occur, did not have a phenotype in the
invasion and plaque assays. This suggests that the role of RyhB
in virulence involves fine-tuning the expression of virulence
genes. Because RyhB is one of a number of factors that regu-
late expression of the virulence genes, there may be sufficient
redundancy of control to prevent significant overexpression of
virulence genes during intracellular replication.

Regulation of virB by RyhB is reminiscent of other, horizon-
tally acquired virulence factors whose regulation has been in-
corporated into existing regulatory networks (5). S. dysenteriae
and E. coli Shiga toxin (slt) (3, 30), Corynebacterium diphtheriae
diphtheria toxin (tox) (27), and Salmonella enterica serovar
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Typhimurium SPI1 genes (14) are regulated by Fur, DtxR, and
PhoPQ, respectively. Fur, DtxR, and PhoPQ are global regu-
lators that control the bacterial cell response to environmental
signals such as iron or magnesium levels. Integrating the reg-
ulation of virulence genes into networks that respond to spe-
cific environmental signals, such as the local iron concentra-
tion, is an elegant mechanism to coordinate the expression of
specific bacterial virulence factors during the course of infec-
tion.
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