
Abstract sdiA in Salmonella enterica serovar Typhi-
murium encodes a protein belonging to the LuxR family
of transcriptional regulators. Initial computer analysis re-
vealed the presence of a fur box 19 bp upstream of the
start codon of the sdiA gene and a helix-turn-helix motif
in the carboxy-terminal part of the SdiA protein typical
for transcriptional regulators. Deletion of the fur box re-
sulted in twofold increase of sdiA transcription. Further-
more, addition of dipyridyl, an iron chelator, to culture
media increased sdiA transcription to the level observed in
the fur box mutant, confirming that sdiA is suppressed in
the presence of iron. When S. enterica sv. Typhimurium
was grown in conditioned medium, sdiA transcription was
repressed to 30% of that in cells grown in fresh LB broth;
this repression was independent of the fur box. Oral in-
fection of mice with the strain lacking the helix-turn-helix
domain of SdiA indicated increased virulence of this 
S. enterica sv. Typhimurium mutant. sdiA, dually con-
trolled by iron concentration and culture-density-derived
signals, may therefore play an important role in S. enter-
ica sv. Typhimurium virulence regulation.
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Introduction

In Escherichia coli and S. enterica sv. Typhimurium, the
sdiA gene was identified and initially shown to contribute
to the regulation of cellular division (Wang et al. 1991).
Sequence similarity searches showed that the gene en-
codes a protein belonging to the LuxR family of tran-
scriptional regulators. Most of the transcriptional regula-
tors of the LuxR family are involved in sensing popula-
tion density through production and perception of specific
secondary metabolites by a phenomenon called quorum
sensing (Fuqua et al. 1994). For example, Vibrio fisheri
and Vibrio harveyi produce acyl homoserine lactones
which accumulate in the environment of growing popula-
tion. When a threshold acyl homoserine lactone concen-
tration is reached, individual V. fisheri or V. harveyi cells
start to produce light (Eberhard 1972; Eberhard et al.
1981). Although it is likely that the SdiA in S. enterica sv.
Typhimurium or E. coli also interacts with yet unknown
metabolite(s) that accumulate in the environment, this hy-
pothesis has not been proved definitively. In fact, contra-
dictory data have been published for E. coli reporting that
sdiA can be up-regulated (Sitnikov et al. 1996) or down-
regulated (Garcia-Lara et al. 1996) by supernatants from
stationary E. coli cultures.

In addition to sdiA, a second gene homologous to the
quorum-sensing-associated gene of V. harveyi, luxS, has
been found in the genome of S. enterica sv. Typhimurium
and E. coli (Surette et al. 1999). In V. harveyi, luxS is es-
sential for the production of a so far unknown metabolite
derived from furanone and designated autoinducer 2 (AI2)
(Bassler et al. 1994; Schauder et al. 2001) Later, S. enter-
ica sv. Typhimurium was shown to be capable of synthe-
sis of AI2 activity in a luxS-dependent fashion (Surette
and Bassler 1998). luxS in pathogenic E. coli has been
proposed to be involved in regulation of genes related to
full virulence expression (Sperandio et al. 1999). Whether
sdiA and luxS interact inside the bacterial cell, or whether
SdiA senses LuxS-produced AI2 is not known. Surette
and Bassler suggested that sdiA and luxS systems operate
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independently (Surette and Bassler 1999), while DeLisa
et al. observed interplay between sdiA and luxS (DeLisa et
al. 2001a). It was even suggested that S. enterica sv. Ty-
phimurium does not produce any communication mole-
cules and that sdiA in S. enterica sv. Typhimurium senses
AHLs produced by other bacterial cultures in mixed pop-
ulations (Michael et al. 2001).

Although sdiA is expressed at low levels (Wei et al.
2001a), most of the data presented so far have been ob-
tained in experiments with artificially over-expressed sdiA.
Several genes encoded by the S. enterica sv. Typhimurium
virulence plasmid have been shown to be up-regulated by
over-expressed sdiA (Ahmer et al. 1998). Over-expression
of SdiA in a pathogenic strain of E. coli decreased expres-
sion of two genes of the type III secretion system (TTSS),
or caused defects in motility (Kanamaru et al. 2000). Mi-
croarray studies in E. coli showed that sdiA positively reg-
ulates genes essential for chromosome replication and up-
regulates uvrYC genes (Wei et al. 2001b). Interestingly, a
homologue of E. coli uvrY in S. enterica sv. Typhimurium,
the sirA gene, is the regulator of TTSS (Ahmer et al.
1999). These observations, together with data published
for quorum sensing and virulence control in other bacterial
species (Jones et al. 1993; Pirhonen et al. 1993; Rumbaugh
et al. 1999; Sperandio et al. 2001), suggested that popula-
tion density and control of full virulence expression under
particular conditions may be linked also in S. enterica sv.
Typhimurium. We were therefore interested in the function
of SdiA in S. enterica sv. Typhimurium. The aim of the
study was to determine mode of expression of sdiA in nu-
trient-rich media, its response to conditioned media and its
role in virulence for mice.

Material and methods

Bacterial strains, media and growth conditions

All experiments were carried out with S. enterica sv. Typhimurium
F98 Nal strain (Barrow et al. 1987, 1996) or its isogenic mutants
(Table 1). Nalidixic acid resistance (Nal) results from a mutation
in the gyrA gene (unpublished observations) and does not influ-
ence any of the known biological properties of the strain.

Bacterial strains were grown in LB broth (Difco, USA). Filter-
sterilized dipyridyl dissolved in water was added into nutrient
broth to concentrations ranging from 50 to 400 µM.

All the cultures were inoculated to produce an initial bacterial
concentration of 10 CFU/ml and were grown in 20 ml of broth in
a 200-ml plastic container on an orbital shaker (200 rpm) at 37°C.
This allowed for more than 25 generations of exponential growth
followed by a natural transition to stationary phase.

Conditioned LB broth

Bacteria from 24-h-old cultures were removed by centrifugation
(5,000×g, 10 min) and supernatants were filter-sterilized through
Millex GP 0.22-µm filters (Millipore, USA). As specified in the
text, the supernatant was alternatively heated to 95°C for 20 min,
passed through a high-protein-binding filter (Millipore GS), acidi-
fied to pH 3 for 20 min with HCl or alkalized to pH 11 for 20 min
with NaOH. To obtain conditioned LB broth, filtered supernatant
was mixed with the same volume of fresh LB. LB mixed with an
equal amount of sterile water (0.5×LB) served as a control for de-
creased nutrients in conditioned LB.

Computer analysis

Sequences were analyzed with Gene Compar (Applied Maths, Bel-
gium). The translated sequence of the sdiA gene from S. enterica
sv. Typhimurium was searched against the EMBL/Genbank/DDBJ
databases using the PSI-BLAST algorithm (Altschul et al. 1997)
and BLOSUM62 matrix. An E-value threshold of 0.001 was used
for the iterative search. Protein sequences were multiply aligned
using ClustalX v1.8 (Jeanmougin et al. 1998). Secondary structure
elements of SdiA were predicted using JPRED (Cuff et al. 1998).

Construction of in-frame deletions

Two deletions in sdiA which removed either the 19-bp fur box in
the promoter region of sdiA or the helix-turn-helix DNA binding
motif were produced. The same strategy was used for both of the
deletions, which consisted of overlap extension PCR (Ho et al.
1989) followed by cloning of the modified PCR product into the
pDM4 suicide plasmid vector (Milton et al. 1996; Sevcik et al.
2001). Briefly, for the helix-turn-helix deletion, the extension-
PCR-amplified product was purified with a QIAquick Gel Extrac-
tion kit (Qiagen, Germany), double-digested with Xba I and Xho I
restriction endonucleases (primers sdi1 and sdi4 contained Xba I or
Xho I sequences, respectively; Table 2), purified with the Gel Ex-
traction kit again and ligated into XbaI/XhoI-linearized pDM4. Af-
ter ligation (T4 DNA ligase, US Biochemicals, USA) the recombi-
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Table 1 List of strains used in the study. All strains are isogenic mutants of Salmonella enterica sv. Typhimuirum F98. Nal Strain 
resistant to nalidixic acid, Cm strain resistant to chloramphenicol, HTH helix-turn-helix DNA-binding motif of the SdiA protein

Strain ID Genotype Resistance Deletion Reference

F98 Nal wild-type Nal No Barrow et al (1996)
IR123 F98 Nal ∆sdiA1 Nal –38 to –19 bp fur boxa This study
IR141 F98 Nal ∆sdiA2 Nal HTH between Gln-155 and Asn-226 This study
IR128 F98 Nal flhC-luxAB Nal, Cm No This study
IR130 F98 Nal gyrA-luxAB Nal, Cm No This study
IR129 F98 Nal luxS-luxAB Nal, Cm No This study
IR98 F98 Nal sdiA-luxAB Nal, Cm No This study
IR131 F98 Nal arcA-luxAB Nal, Cm No Sevcik et al, (2001)
IR132 F98 Nal rpoS-luxAB Nal, Cm No Sevcik et al, (2001)
IR125 F98 Nal ∆sdiA1 sdiA-luxAB Nal, Cm –38 to –19 bp fur boxa This study

aPosition +1 refers to A of the ATG start codon



nant plasmid was electrotransformed (E. coli Pulser, BioRad,
USA) into E. coli 17.1 λpir, and chloramphenicol-resistant colonies
were tested by PCR for the presence of deletion sequence using
sdi1 and sdi4 primers. Recombinant plasmid was conjugated into
host S. enterica sv. Typhimurium F98 Nal. As S. enterica sv. Ty-
phimurium does not encode the Pir protein, the only chloram-
phenicol- and nalidixic-acid-resistant colonies were those in which
homologous recombination occurred. After the selection of su-
crose-resistant clones (pDM4 encodes sacB), those in which allelic
replacement occurred were checked for sensitivity to chloram-
phenicol and by PCR using sdi1 and sdi4 primers for those having
the deletion. The deletion was finally verified by DNA sequencing
(ABI Prism 310 Genetic Analyser).

Construction of sdiA, luxS, flhC and gyrA-luxAB
transcriptional fusions

The terminal part of the sdiA gene (456 bp) was PCR-amplified us-
ing primers sdiAF and sdiAR (Table 2) and cloned into pNQ705L,
a plasmid vector that contains the promoterless luxAB genes down-
stream from the plasmid multiple-cloning site. After electrotrans-
formation of E. coli 17.1 λpir, the recombinant clone was selected
by PCR using the sdiAF and sdiR primers and finally verified by
DNA sequencing. After conjugational transfer into recipient S. en-
terica sv. Typhimurium F98 Nal, chloramphenicol/nalidixic-acid-
resistant transconjugants were selected in which the plasmid had
integrated into the host genome by homologous recombination.
The proper site of insertion in the S. enterica sv. Typhimurium
chromosome was confirmed by PCR in which the forward primer
(sdiAFC, Table 1) was derived from the sdiA sequence located up-

stream of the cloned 456-bp PCR product, and the reverse primer
was derived from the luxA gene sequence. PCR could result in pos-
itive amplification only in the correctly integrated fusion. luxS,
flhC and gyrA fusion were constructed in exactly the same way ex-
cept for using gene-specific primers for initial PCRs (Table 1).
Construction of rpoS and arcA fusions was described previously
(Sevcik et al. 2001). Luminescence was measured using a Lumi-
noskan luminescence reader (Labsystem, Finland) as described
previously (Sevcik et al. 2001).

Mice infection

Six- to eight-week-old BALB/c SPF mice (ANLAB, Czech Re-
public) were infected orally with 108 CFU per mouse. The experi-
ments were repeated on four separate occasions with ten mice in-
fected in each set of experiments using the particular strain. There-
fore, a total of 40 mice were infected with each of the strains
tested. After infection, mice were given ad libitum access to con-
ventional feed and water. Three weeks post-infection, surviving
mice were sacrificed and Salmonella counts in the liver and the
caeca were determined by plating decimal dilutions of tissue ho-
mogenates on XLD agar containing nalidixic acid (50 µg/ml). The
detection limit of this method was 100 CFU/g organ. In case of no
growth at the lowest dilution, the peptone-water homogenates
were incubated overnight at 37°C (enrichment) and replated.

Reproducibility, statistics, control experiments

All in vitro measurements were repeated at least on three indepen-
dent occasions. Data from a single experiment are shown in the
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Primer Sequence 5′-3′ 5′ modi- Position 
fication (bp)

sdi1a GTC AGT CTA GAT GCA GGA AAA TGA TTT CTT C XbaI 474–492
sdi2 CAA CCT CAG CAC CAC TTC GTC GTA GGT AAA C 903–933
sdi3 GCT GAG GTT GAA TAA AAC ACA GAT TGC CTG C 1147–1167
sdi4 CAC GTC TCG AGC GTT TAT TTT GTG GGT AAC C XhoI 1602–1621
sdiF1 AAA ATC TAG AGA GGT GCT TAA TAC GAT TCG XbaI 31–50
sdiF2 ATG AAT GAC TTA AAT TAA CAC ATA AAT AGT G 403–433
sdiF3 AAG TCA TTC ATA AAG GCG TGA CCA TAA AAT ATG C 453–475
sdiF4 AAA ACT CGA GTA AAC TGC TAC GGG AGA AAG XhoI 872–892
sdiF GTC AG TCT AGA ACC CAG TGT GTG ATG TTG XbaI 829–846
sdiR GAC GT GAG CTC GCA CGT CAT ATC AGA CCT G SacI 1181–1199
sdiFC ATT TAC ATT GGG ATG ACG TG 746–765
flhFb TCA GTC TAG ATT ACA GCA GAT TCA CAC AGG XbaI 1496–1515
flhR CAG TGA GCT CGT TAA ACA GCC TGT TCG ATC SacI 2142–2161
flhFC AGT TAG TTT GTC ATT TCC GG 1422–1441
luxFc GTC AGT CTA GAG TTG CAA AAA CGA TGA ACA C XbaI 490–509
luxR GAC GTG AGC TCT AAG ACT AAA TAT GCA GTT C SacI 931–949
luxFC GAG GAG TAT CAA AAG GTG TG 2–21
gyrFd GTC ATC TAG ACG ATA AAG TCG TCT CTC TGA TC XbaI 2187–2208
gyrR GTC AGA GCT CAC ATT ACT CGT CAG CGT CAT CCG CAA CGT CGT C SacI 2608–2640
gyrFC CGG AAA AAA TTC CGG ACG TC 455–474
luxARe GTG GCT GAT AAG TGA GAA GG 154–173

Table 2 List of primers used for the construction of defined in-
frame deletions or transcriptional fusions. The respective restric-
tion sites are indicated in bold. Underlined sequences in reverse

primers used for the construction of transcriptional fusions repre-
sent termination codons of individual genes

aThe positions of all the sdi primers are given according to Gen-
Bank sequence U88651
bThe positions of all the flh primers are given according to Gen-
Bank sequence D43640
cThe positions of all the lux primers are given according to Gen-
Bank sequence AF268390

dThe gyrA sequence of S. enterica sv. Typhimurium is not avail-
able in the GenBank. The position of the gyr primers is related to
the ATG start codon, A representing position 1; sequence deduced
from http://genome.wustl.edu/gsc/Projects/S.typhimurium/
eThe position of luxAR primer is given according to GenBank se-
quence X58791



figures; individual data from repeated experiments did not differ
from those presented by more than 30%. Results from mice exper-
iment were analyzed using the χ2 test of SPSS v.10.0 software.

Results

Construction of defined mutants 
and transcriptional fusion strains

Initial computer analysis of the sdiA promoter indicated
the presence of a fur box at position –38 to –19 bp, where
+1 position refers to A of the ATG start codon. The fur
box is a 19-bp consensus sequence which is recognized by
the Fur repressor protein (Stojiljkovic et al. 1994). The se-
quence in S. enterica sv. Typhimurium sdiA promoter dif-
fered from the consensus fur box sequence by three bases
(Fig.1). Sequence analysis identified the helix-turn-helix
motif in the carboxy terminus of the SdiA protein. Two
separate deletions were therefore constructed. In the first
mutant, the 19-bp fur box was deleted (∆sdiA1 mutant). In
the second mutant, an in-frame deletion in sdiA gene was
constructed by deleting 71 amino acids between Gln-155
and Asn-226, thereby removing the helix-turn-helix DNA-
binding motif of the SdiA protein (∆sdiA2 mutant).

sdiA-luxAB, luxS-luxAB, flhC-luxAB and gyrA-luxAB
transcriptional fusions were constructed. As confirmed by
sequencing, in sdiA-luxAB and luxS-luxAB, the start codon
of the luxA gene was located 37 bp downstream from the
stop codon of sdiA or luxS, respectively; in gyrA-luxAB
the start codon of the luxA gene was located 35 bp down-
stream from the stop codon of gyrA; and in flhC-luxAB the
start codon of luxA gene was located 33 bp downstream
from its stop codon. The intergenic region between the
particular gene and luxA contained only five (in the case
of sdiA and luxS fusions), three (gyrA) or one (flhC) bp
from the original gene sequence. The rest of the sequences
were those of pNQ705L preceding the luxA gene and
therefore the fusions did not contain any natural transcrip-
tional terminators. These fusions and the previously de-
scribed arcA-luxAB and rpoS-luxAB fusions (Sevcik et al.
2001) were used as controls.

sdiA transcription in the wild-type strain in LB

sdiA transcription levels in the wild-type strain were quite
low, especially when compared with previously described
transcription levels of arcA or rpoS (Sevcik et al. 2001).
Similarly, low-level transcription of sdiA has been re-
ported also in E. coli (Wei et al. 2001a). The highest tran-
scription level was observed in cultures during the expo-
nential phase (OD600nm around 0.5) followed by a de-

crease in transcription until entry into stationary phase
(Fig.2). Addition of 100 µM dipyridyl, an iron-chelating
agent, to LB broth resulted in a twofold increase in sdiA
transcription (Fig.3).

fur box deletion and sdiA transcription

Because the Fur protein is a repressor of transcription
(Stojiljkovic et al. 1994), it was expected that deletion of
the fur box from the sdiA promoter would increase sdiA
transcription. Deletion of the fur box did result in in-
creased sdiA transcription (Fig.3). Transcription of sdiA
in ∆sdiA1 mutant was similar to sdiA transcription in LB
supplemented with 100 µM dipyridyl. Addition of up to
100 µM dipyridyl did not further increase sdiA transcrip-
tion in the ∆sdiA1 mutant (not shown).

sdiA transcription in conditioned LB

SdiA belongs to the LuxR family of transcriptional regu-
lators. Members of this family respond and interact with
metabolites accumulating in the environment of a grow-
ing microbial population (Fuqua and Greenberg 1998).
We were therefore interested to determine to what extent
this is valid also for SdiA in S. enterica sv. Typhimurium,
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Fig.1 Alignment of the consensus fur box sequence and the fur
box present –38 to –19 bp upstream of the start codon of sdiA

Fig.2 Growth curve (◆ ) and transcription (■ ) of sdiA in LB. Rel-
ative luminescence in all the figures stands for the absolute 10-s
luminescence divided by the OD600nm of the culture

Fig.3 Influence of the fur box in the sdiA promoter on its tran-
scription in LB. sdiA transcription in LB (■ ), in LB with 50 µM
(▼) or 100 µM dipyridyl (▲), and in ∆sdiA1 mutant (� and dotted
line)



especially as contradictory data have been published for
sdiA regulation in E. coli (Garcia-Lara et al. 1996; Sit-
nikov et al. 1996).

In conditioned LB broth, sdiA transcription was lower
than in fresh LB. This effect was not caused by lack of nu-
trients because sdiA expression was only slightly affected
in LB diluted with sterile water (Fig.4A). sdiA transcrip-
tion in the ∆sdiA1 mutant in conditioned LB broth was
also suppressed. As its transcription in conditioned LB
was slightly lower than transcription of the wild-type
sdiA, and as sdiA in the ∆sdiA1 mutant was up-regulated
in fresh LB, the relative suppression of sdiA in the ∆sdiA1
mutant by conditioned LB was even more profound 
(Fig.4B). This also means that conditioned medium sup-
pression of sdiA is independent of fur box regulation of
sdiA transcription.

To assess the specificity of sdiA suppression by condi-
tioned medium, luxS, gyrA, flhC, arcA, and rpoS tran-
scriptional fusion strains were also tested under the same
conditions. All the genes were at least partially repressed
when S. enterica sv. Typhimurium was grown in condi-
tioned LB; however, transcription of gyrA, arcA and rpoS
was affected relatively weakly by the addition of culture
supernatant (their maximal transcription reached around
80% of that of the same gene observed in fresh LB, not
shown). luxS was suppressed to relatively the same extent
as the wild-type sdiA (maximal transcription was 2.5 times
less than in fresh LB, Fig.5). flhC was the most sensitive

gene that responded to the addition of culture supernatant.
In conditioned LB its transcription was 4.5 times less than
in fresh LB. This relative suppression was similar to that
observed for sdiA in the ∆sdiA1 mutant (Fig.5).

Initial characterization of sdiA suppressing metabolite(s)

To initially characterize the metabolite(s) suppressing
sdiA transcription, conditioned medium was prepared us-
ing culture supernatants heated to 95 °C for 20 min, passed
through a high-protein-binding filter, or temporarily acid-
ified or alkalized to pH 3 or pH 11, respectively. The sdiA
transcription-suppressing metabolite(s) was sensitive to
acidification to pH 3 for 20 min, while it was relatively re-
sistant to any other treatment (Fig.6). This suggests that
the metabolite(s) which down-regulates sdiA is not of a
protein nature, and that it is relatively resistant to heat and
increased pH.

Virulence of ∆sdiA2 mutant for mice

Since it has been suggested that sdiA may play a role in
the regulation of virulence in pathogenic E. coli and S. en-
terica sv. Typhimurium (Ahmer et al. 1998; Sperandio et
al. 1999; Kanamaru et al. 2000), we tested the virulence
of ∆sdiA2 mutant for mice after oral infection, despite the
fact that S. enterica sv. Typhimurium F98 Nal strain is
quite attenuated for mice. Of the 40 mice infected with the
wild-type strain, 12 died during the experiment while 
20 mice died after infection with ∆sdiA2 strain (signifi-
cantly higher death rate after the infection with ∆sdiA2
mutant, p<0.001, χ2 test). Post-mortem analysis of the
surviving mice (28 in the case of wild-type strain infec-
tion and 20 after infection with  the ∆sdiA2 mutant)
showed significantly higher counts of ∆sdiA2 mutant in
both the caecum and liver when compared with control
group infected with the wild-type strain (Fig.7). The same
conclusions as obtained for all 40 infected mice could be
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Fig.4A,B sdiA transcription in conditioned medium. sdiA was
suppressed in conditioned medium; however, transcription was un-
affected in 0.5×LB (A). Transcription of sdiA was also suppressed
in the ∆sdiA1 mutant in conditioned medium (B). sdiA transcrip-
tion in LB (■ ), conditioned LB (�), and 0.5×LB (▲)

Fig.5 flhC (A) and luxS (B) were suppressed in conditioned me-
dium. Transcription of flhC or luxS in fresh LB (■ ), or in condi-
tioned LB (�)

Fig.6 Initial characterization of the factor suppressing sdiA tran-
scription. Maximal peak sdiA transcription in LB, and conditioned
media prepared with acidified (pH3), alkalized (pH11), heat-
treated (95C), deproteinated (prot) or standard (sntn) supernatant
from stationary-phase culture is shown. The suppressing metabo-
lite is most sensitive to acidification



drawn when data from four individual sets of experiments
were analyzed individually (not shown).

Discussion

In cells grown aerobically in LB broth, maximal sdiA
transcription was observed in cultures with an OD600nm
around 0.5, followed by a decrease in transcription until
entry into stationary phase 7–9 h later. This mode of tran-
scription was similar to that in our earlier observations for
arcA and rpoS. These two genes associated with control
of stationary-phase metabolism also had their maximal
transcription in cultures with an OD600nm around 0.5 (Sev-
cik et al. 2001).

Deletion of the fur box resulted in a twofold increase
of sdiA transcription (Fig.2), consistent with a repressive
function of the Fur protein (Stojiljkovic et al. 1994). Such
up-regulation is similar to the up-regulation of tonB in the
fur mutant in E. coli (Postle 1990). Furthermore, addition
of dipyridyl to LB broth resulted in sdiA up-regulation
equal to its transcription in the ∆sdiA1 mutant. We there-
fore conclude that the fur box in the promoter of sdiA has
a repressive role on sdiA transcription. Iron is involved in
regulation of density-dependent signaling also in other
bacterial species, although its role is not clear. Iron regu-
lation of bioluminescence has been observed in V. fisheri
and also in E. coli with the cloned lux operon from V. fisheri
(Dunlap and Kuo 1992; Dunlap 1992). In Pseudomonas,
rhlR controls siderophore production in a quorum-sensing-
dependent fashion (Stintzi et al. 1998), and siderophores
have even been suggested to be candidate molecules 
for cell-to-cell communication in E. coli (Cook et al.
1998).

Similar to the results presented for E. coli (Garcia-Lara
et al. 1996), sdiA in S. enterica sv. Typhimurium was sup-
pressed to approximately 30% of its standard level tran-
scription in fresh LB. The suppression was not caused by
slower growth or lack of nutrients as sdiA transcription in
control 0.5×LB (diluted with water) was nearly identical
to that in complete LB and the growth rate of S. enterica
sv. Typhimurium in 0.5×LB was similar to that in condi-
tioned LB. Because sdiA transcription in ∆sdiA1 mutant
was suppressed by conditioned LB to the same level as in
the wild-type strain, the conditioned medium suppression
is independent of the fur box. Furthermore, because the
fur box deletion resulted in increased sdiA transcription in
fresh LB when compared to the wild-type sdiA, the rela-
tive suppression of sdiA in the ∆sdiA1 mutant by condi-
tioned LB medium was more profound than in the wild-
type strain. This mutant should therefore be suitable for
identification of metabolite(s) influencing sdiA transcrip-
tion. The same suppression was observed also in condi-
tioned LB prepared from a ∆sdiA2 culture (not shown) in-
dicating that sdiA is not directly involved in the produc-
tion of suppressing metabolite(s).

The threefold suppression in conditioned LB or two-
fold increase in transcription in iron-depleted LB may ap-
pear insignificant when compared to sdiA expression in
LB. However, this also means that the level of sdiA tran-
scription may vary up to sixfold between the two extreme
conditions. Furthermore, since SdiA is a transcriptional
regulator, even minor changes in its expression may have
a considerable effect on genes of its regulon.

Control experiments showed that rpoS, arcA, and gyrA
transcription was little affected by conditioned medium,
while the suppression of luxS was similar to and flhC was
even greater than that of the wild-type sdiA. This could
mean that either SdiA regulates flhC or luxS, or that there
are multiple, quorum-sensing-independent systems capa-
ble of monitoring the changing environment of a growing
population. Although it has been described that SdiA af-
fects motility and the transcription of multiple genes in-
volved in flagella biosynthesis (Kanamaru et al. 2000;
Wei et al. 2001b), flhC was one of the few genes unaf-
fected by over-expressed SdiA (Wei et al. 2001b), which
suggest that FlhC operates independently of SdiA. Unlike
flhC, LuxS-produced AI2 signal has been shown to up-
regulate SdiA threefold in continuous cultures of E. coli
(DeLisa et al. 2001a). Recently presented data on the in-
teraction of luxS and sdiA in E.coli using microarray tech-
nology showed a twofold increase in sdiA transcription in
a luxS mutant (DeLisa et al. 2001b); thus, it seems that
while there is an interaction between sdiA and luxS, it is
very weak and probably indirect.

Deletion of the carboxy terminal DNA-binding motif
of SdiA resulted in increased virulence of S. enterica sv.
Typhimurium for mice. Although we do not have any
proof for the mechanism, we speculate that it might be
due to the regulation of TTSS encoded by SPI1 for the
following reasons: (1) over-expression of sdiA leads to
strong suppression of transcription of espD and eae genes
coding for proteins of TTSS in pathogenic E. coli (Kana-
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Fig.7 Forty mice were infected by either wild-type S. typhi-
murium F98 Nal or its isogenic ∆sdiA2 mutant. Surviving mice
were killed 21 days post-infection, Salmonella was recovered from
caecum, and mice were classified as highly positive (>102 CFU
Salmonella per gram), positive after enrichment (<102 CFU Sal-
monella per gram), or Salmonella-free. Open columns numbers of
mice infected with ∆sdiA2 mutant, filled columns numbers of mice
infected with the wild-type strain. In the group of highly positive
mice, higher counts of Salmonella were observed in mice infected
with ∆sdiA2 mutant (mean log10 CFU/g=3.83±0.95) than in mice
infected with the wild-type strain (mean log10 CFU/g=3.20±0.37).
No Salmonella-free mouse was found in the group of mice infected
with the ∆sdiA2 mutant



maru et al. 2000), (2) expression of TTSS in vitro in 
E. coli is stimulated by conditioned medium (Sperandio et
al. 1999) and, (3) TTSS is induced in vitro upon entry into
stationary phase (Lundberg et al. 1999), at the time when
sdiA is suppressed. As SdiA is a repressor of transcription
of at least some of the genes of TTSS, its suppression by
conditioned medium or deletion could lead to the induc-
tion of these virulence factors and increased virulence, as
observed in the ∆sdiA2 mutant. 

Alternatively, SdiA may influence virulence due to its
suggested role in regulation of flagella expression (Kana-
maru et al. 2000; Wei et al. 2001b). Flagella are thought to
be virulence factors (Schmitt et al. 1994; Allen-Vercoe et
al. 1999; Van Asten et al. 2000; Schmitt et al. 2001), and
inactivation of the flhCD operon in S. enterica sv. Ty-
phimurium led to increased virulence of this mutant for
mice (Schmitt et al. 2001). Interestingly, the flagella
biosynthesis machinery overlaps with some functions of
TTSS (Ahmer et al. 1999; Goodier and Ahmer, 2001).

The fur box in the sdiA promoter may play an addi-
tional role in the regulation of sdiA in relationship to full
virulence expression. In the intestine, iron is relatively re-
dundant, and multiple signals produced by other bacterial
species are present (Michael et al. 2001). As a result, sdiA
is suppressed and expression of TTSS may be induced.
After colonization of the liver and spleen by Salmonella,
iron firmly bound to host-organism structures becomes
unavailable to the bacteria, its population density de-
creases and sdiA is up-regulated. This results in suppres-
sion of TTSS as well as to increased resistance to comple-
ment killing by induction of rck (Ahmer et al. 1998) and
to stress in general by acquisition of a more resistant
spherical shape due to the induction of ftsQAZ (Wang et
al. 1991; Sitnikov et al. 1996). sdiA, dually controlled by
culture-density-derived signals and iron concentration,
may play an important role in these processes.

Acknowledgements We would like to thank Michaela Dekanova
and Blanka Helanova for the technical assistance. This work was
supported by EU grant FAIR6-CT98–4006 and a grant of the
Czech Ministry of Education LN00A016.

References

Ahmer BMM, van Reeuwijk J, Timmers CD, Valentine PJ, Hef-
fron F (1998) Salmonella typhimurium encodes an SdiA ho-
molog, a putative quorum sensor of the LuxR family, that reg-
ulates genes on the virulence plasmid. J Bacteriol 180:1185–
1193

Ahmer BM, van Reeuwijk J, Watson PR, Wallis TS, Heffron F
(1999) Salmonella SirA is a global regulator of genes mediat-
ing enteropathogenesis. Mol Microbiol 31:971–982

Allen-Vercoe E, Sayers AR, Woodward MJ (1999) Virulence of
Salmonella enterica serotype Enteritidis aflagellate and afim-
briate mutants in a day-old chick model. Epidemiol Infect
122:395–402

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller
W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389–3402

Barrow PA, Tucker JF, Simpson JM (1987) Inhibition of coloniza-
tion of the chicken alimentary tract with Salmonella typhi-
murium gram-negative facultatively anaerobic bacteria. Epi-
demiol Infect 98:311–322

Barrow PA, Lovell MA, Barber Z (1996) Growth suppression in
early-stationary-phase nutrient broth cultures of Salmonella ty-
phimurium and Escherichia coli is genus specific and not regu-
lated by sS. J Bacteriol 178:3072–3076

Bassler BL, Wright M, Silverman MR (1994) Multiple signalling
systems controlling expression of luminescence in Vibrio har-
veyi: sequence and function of genes encoding a second sen-
sory pathway. Mol Microbiol 13:273–286

Cook GM, Loder C, Soballe B, Stafford GP, Membrillo-Hernan-
dez J, Poole RK (1998) A factor produced by Escherichia coli
K-12 inhibits the growth of E. coli mutants defective in the cy-
tochrome bd quinol oxidase complex: enterochelin rediscov-
ered. Microbiology 144:3297–3308

Cuff JA, Clamp ME, Siddiqui AS, Finlay M, Barton GJ (1998)
JPred: a consensus secondary structure prediction server.
Bioinformatics 14:892–893

DeLisa MP, Valdes JJ, Bentley WE (2001a) Mapping stress-in-
duced changes in autoinducer AI-2 production in chemostat-
cultivated Escherichia coli K-12. J Bacteriol 183:2918–2928

DeLisa MP, Wu CF, Wang L, Valdes JJ, Bentley WE (2001b)
DNA microarray-based identification of genes controlled by
autoinducer 2-stimulated quorum sensing in Escherichia coli. 
J Bacteriol 183:5239–5247

Dunlap PV (1992) Iron control of the Vibrio fischeri luminescence
system in Escherichia coli. Arch Microbiol 157:235–241

Dunlap PV, Kuo A (1992) Cell density-dependent modulation of
the Vibrio fischeri luminescence system in the absence of au-
toinducer and LuxR protein. J Bacteriol 174:2440–2448

Eberhard A (1972) Inhibition and activation of bacterial luciferase
synthesis. J Bacteriol 109:1101–1105

Eberhard A, Burlingame AL, Eberhard C, Kenyon GL, Nealson
KH, Oppenheimer NJ (1981) Structural identification of au-
toinducer of Photobacterium fischeri luciferase. Biochemistry
20:2444–2449

Fuqua C, Greenberg EP (1998) Self perception in bacteria: quorum
sensing with acylated homoserine lactones. Curr Opin Micro-
biol 1:183–189

Fuqua WC, Winans SC, Greenberg EP (1994) Quorum sensing in
bacteria: the LuxR-LuxI family of cell density- responsive tran-
scriptional regulators. J Bacteriol 176:269–275

Garcia-Lara J, Shang LH, Rothfield LI (1996) An extracellular
factor regulates expression of sdiA, a transcriptional activator
of cell division genes in Escherichia coli. J Bacteriol 178:
2742–2748

Goodier RI, Ahmer BM (2001) SirA orthologs affect both motility
and virulence. J Bacteriol 183:2249–2258

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR (1989) Site-
directed mutagenesis by overlap extension using the poly-
merase chain reaction. Gene 77:51–59

Jeanmougin F, Thompson JD, Gouy M, Higgins DG, Gibson TJ
(1998) Multiple sequence alignment with Clustal X. Trends
Biochem Sci 23:403–405

Jones S, Yu B, Bainton NJ, Birdsall M, Bycroft BW, Chhabra SR,
Cox AJ, Golby P, Reeves PJ, Stephens S (1993) The lux au-
toinducer regulates the production of exoenzyme virulence de-
terminants in Erwinia carotovora and Pseudomonas aerugi-
nosa. EMBO J 12:2477–2482

Kanamaru K, Kanamaru K, Tatsuno I, Tobe T, Sasakawa C (2000)
SdiA, an Escherichia coli homologue of quorum-sensing regu-
lators, controls the expression of virulence factors in entero-
haemorrhagic Escherichia coli O157:H7. Mol Microbiol 38:
805–816

Lundberg U, Vinatzer U, Berdnik D, von Gabain A, Baccarini M
(1999) Growth phase-regulated induction of Salmonella-in-
duced macrophage apoptosis correlates with transient expres-
sion of SPI-1 genes. J Bacteriol 181:3433–3437

100



101

Michael B, Smith JN, Swift S, Heffron F, Ahmer BM (2001) SdiA
of Salmonella enterica is a LuxR homolog that detects mixed
microbial communities. J Bacteriol 183:5733–5742

Milton DL, O’Toole R, Horstedt P, Wolf-Watz H (1996) Flagellin
A is essential for the virulence of Vibrio anguillarum. J Bacte-
riol 178:1310–1319

Pirhonen M, Flego D, Heikinheimo R, Palva ET (1993) A small
diffusible signal molecule is responsible for the global control
of virulence and exoenzyme production in the plant pathogen
Erwinia carotovora. EMBO J 12:2467–2476

Postle K (1990) Aerobic regulation of the Escherichia coli tonB
gene by changes in iron availability and the fur locus. J Bacte-
riol 172:2287–2293

Rumbaugh KP, Griswold JA, Iglewski BH, Hamood AN (1999)
Contribution of quorum sensing to the virulence of Pseudo-
monas aeruginosa in burn wound infections. Infect Immun
67:5854–5862

Schauder S, Shokat K, Surette MG, Bassler BL (2001) The LuxS
family of bacterial autoinducers: biosynthesis of a novel quo-
rum-sensing signal molecule. Mol Microbiol 41:463–476

Schmitt CK, Darnell SC, Tesh VL, Stocker BA, O’Brien AD
(1994) Mutation of flgM attenuates virulence of Salmonella ty-
phimurium, and mutation of fliA represses the attenuated phe-
notype. J Bacteriol 176:368–377

Schmitt CK, Ikeda JS, Darnell SC, Watson PR, Bispham J, Wallis
TS, Weinstein DL, Metcalf ES, O’Brien AD (2001) Absence of
all components of the flagellar export and synthesis machinery
differentially alters virulence of Salmonella enterica serovar
Typhimurium in models of typhoid fever, survival in macro-
phages, tissue culture invasiveness, and calf enterocolitis. In-
fect Immun 69:5619–5625

Sevcik M, Sebkova A, Volf J, Rychlik I (2001) Transcription of
arcA and rpoS during growth of Salmonella typhimurium under
aerobic and microaerobic conditions. Microbiology 147:701–
708

Sitnikov DM, Schineller JB, Baldwin TO (1996) Control of cell
division in Escherichia coli: regulation of transcription of 
ftsQA involves both rpoS and SdiA-mediated autoinduction.
Proc Natl Acad Sci USA 93:336–341

Sperandio V, Mellies JL, Nguyen W, Shin S, Kaper JB (1999)
Quorum sensing controls expression of the type III secretion
gene transcription and protein secretion in enterohemorrhagic
and enteropathogenic Escherichia coli. Proc Natl Acad Sci
USA 96:15196–15201

Sperandio V, Torres AG, Giron JA, Kaper JB (2001) Quorum
sensing is a global regulatory mechanism in enterohemorrhagic
Escherichia coli O157:H7. J Bacteriol 183:5187–5197

Stintzi A, Evans K, Meyer JM, Poole K (1998) Quorum-sensing
and siderophore biosynthesis in Pseudomonas aeruginosa:
lasR/lasI mutants exhibit reduced pyoverdine biosynthesis.
FEMS Microbiol Lett 166:341–345

Stojiljkovic I, Baumler AJ, Hantke K (1994) Fur regulon in gram-
negative bacteria. J Mol Biol 236:531–545

Surette MG, Bassler BL (1998) Quorum sensing in Escherichia
coli and Salmonella typhimurium. Proc Natl Acad Sci USA
95:7046–7050

Surette MG, Bassler B (1999) Regulation of autoinducer produc-
tion in Salmonella typhimurium. Mol Microbiol 31:585–595

Surette MG, Miller MB, Bassler BL (1999) Quorum sensing in
Escherichia coli, Salmonella typhimurium, and Vibrio harveyi:
a new family of genes responsible for autoinducer production.
Proc Natl Acad Sci USA 96:1639–1644

Van Asten FJ, Hendriks HG, Koninkx JF, Van der Zeijst BA,
Gaastra W (2000) Inactivation of the flagellin gene of Salmo-
nella enterica serotype enteritidis strongly reduces invasion
into differentiated Caco-2 cells. FEMS Microbiol Lett 185:
175–179

Wang XD, de Boer PA, Rothfield LI (1991) A factor that posi-
tively regulates cell division by activating transcription of the
major cluster of essential cell division genes of Escherichia
coli. EMBO J 10:3363–3372

Wei Y, Lee JM, Richmond C, Blattner FR, Rafalski JA, LaRossa
RA (2001a) High-density microarray-mediated gene expres-
sion profiling of Escherichia coli. J Bacteriol 183:545–556

Wei Y, Lee JM, Smulski DR, LaRossa RA (2001b) Global impact
of sdiA amplification revealed by comprehensive gene expres-
sion profiling of Escherichia coli. J Bacteriol 183:2265–2272




