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The chromosome of Yersinia enterocolitica encodes a heat-stable enterotoxin called Yst and a surface antigen
called Myf, which closely resembles enterotoxin-associated fimbriae. Both factors could act in conjunction to
produce diarrhea. Production of the enterotoxin is regulated by temperature, osmolarity, and pH and occurs
only when bacteria reach the stationary phase. Myf production is regulated by temperature and pH and, as we
show in this work, also occurs after the exponential growth phase. In an attempt to understand the late-phase
expression of yst andmyf, we cloned, sequenced, and mutagenized the gene encoding RpoS, an alternative sigma
factor of the RNA polymerase involved in expression of stationary-phase genes in other enterobacteria. An
intact rpoS gene was necessary for full expression of yst in the stationary phase but not for the expression of
myf and of pYV-encoded virulence determinants.

Yersinia enterocolitica is an enterobacterium responsible for
gastroenteric syndromes (5, 11). Full virulence expression re-
quires a 70-kb plasmid responsible for resistance to nonspecific
host defenses (8). At 378C and in the absence of Ca21, the
pYV plasmid directs secretion of at least 11 proteins called
Yops and an outer membrane protein called YadA. The chro-
mosome of Y. enterocolitica encodes a heat-stable enterotoxin
called Yst (12, 13, 47) and a surface antigen called Myf, which
closely resembles enterotoxin-associated fimbriae described in
other bacteria (24). Myf could be the colonization factor acting
in conjunction with Yst to cause diarrhea, but this has not yet
been demonstrated. Secretion of the enterotoxin is regulated
by several environmental parameters, including temperature,
osmolarity, and pH (4, 42). It is also strongly growth phase
dependent: it occurs only when bacteria reach the stationary
growth phase. Myf production is also known to be regulated by
temperature and pH (23), but the influence of growth phase
has not been studied to date. In the present paper, we show
thatmyf genes, like yst, are late-phase genes. In Escherichia coli
and Salmonella typhimurium, at least 40 genes are expressed
specifically during the stationary phase (for reviews, see refer-
ences 18, 29, and 54). The intracellular signals that lead to this
expression have not yet been completely identified, but the
product of the rpoS gene (33, 40), an alternative sigma subunit
of RNA polymerase (58), is involved in the expression of some
of these late genes (1, 2, 6, 7, 14, 19, 20, 25, 27, 32, 34, 37, 45,
50, 59, 61, 62). The rpoS gene of S. typhimurium controls
expression of the spv genes (30), is required for virulence in
mice (15, 30), and regulates starvation survival genes (46),
while the rpoS gene from Shigella flexneri is required for de-
velopment of the acid resistance which allows bacteria to sur-
vive passage through the stomach (55). The growth phase de-
pendence of yst and myf expression in Y. enterocolitica suggests
that these genes may also require a homolog of RpoS. In an
attempt to understand the mechanism of late-phase expression
of yst and myf, we have cloned, sequenced, and mutagenized
the rpoS homolog of Y. enterocolitica. We show that an intact

rpoS gene is necessary for normal expression of yst in the
stationary phase.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Y. enterocoliticaW1024 is

a serotype O:9 strain. SI1024 is a rpoS::aphA-3mutant described in this paper. E.
coli LK111, E. coli XL1-Blue (Stratagene, La Jolla, Calif.), and E. coli S-17-1
were used for standard genetic manipulations. S. typhimurium C53 (wild type)
and C53K (katF::kan) (30) were kindly provided by F. Norel (Institut Pasteur,
Paris, France). The plasmids used are listed in Table 1.
Bacteria were grown routinely on Trypticase soy broth (TSB; Oxoid, Hamp-

shire, England) containing 0.3% (wt/vol) yeast extract and on Trypticase soy agar
(TSA; Diagnostic Pasteur, Marnes la Coquette, France). For the analysis of myf
expression, Y. enterocolitica was grown on brain heart infusion broth (Difco,
Detroit, Mich.) supplemented with 0.5% yeast extract (Gibco BRL, Paisley,
United Kingdom), 2.5 mM CaCl2, and 0.2% xylose (SBHI) and adjusted to
different pH values as described by Iriarte and Cornelis (23). For the induction
of the yop regulon, Y. enterocolitica was grown in brain heart infusion broth
(Difco) supplemented with 4 mg of glucose ml21, 20 mMMgCl2, and 20 mM Na
oxalate. The antibiotics used for selection procedures were nalidixic acid (35
mg z ml21), ampicillin (200 mg z ml21), streptomycin (100 mg z ml21), kanamycin
(50 mg z ml21), and tetracycline (10 mg z ml21).
DNA and RNA manipulations. RNA extraction and analysis were done as

described by Lambert de Rouvroit et al. (31). The probe used to detect the myfA
transcript was prepared as described previously (24).
The DNA sequence of rpoS and flanking regions was determined by the

method of Sanger et al. (51) with plasmids pSI6, pSI9, and pSI12. DNA and
protein sequences were analyzed with the Fasta program (48). The isoelectric
point was calculated with the GCG (Genetics Computer Group sequence anal-
ysis software package [University of Wisconsin, Madison]) computer program.
Cloning of the rpoS gene from Y. enterocolitica.We pooled the 760 clones of our

W1024 genomic library in pLAFR3 (13) in groups of 10 clones and extracted
cosmid DNA. DNA was digested by EcoRI and HindIII, separated by gel elec-
trophoresis, transferred to membranes, and hybridized with a 1.3-kb BamHI-
HindIII fragment of plasmid pPS1.3 containing rpoS from S. flexneri (55). Cos-
mids pIDD84, pIDE9, pIDD37, pIDG88, and pIDI59 hybridized with the probe,
but further Southern blot analysis did not detect any restriction fragment com-
mon to all of these cosmids, suggesting that some of them could be chimeric.
When comparing the restriction patterns of the cosmids with that of chromo-
somal DNA from Y. enterocolitica, we identified a 3.5-kb EcoRV fragment that
seemed to be common to cosmid pIDE9 and chromosomal DNA. Cosmid pIDE9
was thus chosen for further characterization.
We first subcloned the EcoRV fragment of pIDE9 into the corresponding site

of pBlueScript KS2, giving pSI5. The position of the rpoS homolog in the EcoRV
fragment was determined by Southern blot analysis using the Shigella rpoS gene.
A 1-kb EcoRI fragment of pSI5 hybridizing with this probe was subcloned in
pBlueScript KS2, giving pSI6. Unfortunately, sequence analysis showed that
neither pSI6 nor pIDE9 contained the entire rpoS gene. They contained 348 bp
of the upstream region of rpoS and the 59 first 574 bp of rpoS. The rpoS gene was
interrupted by a Sau3A-SmaI-EcoRI recognition sequence which corresponds to
the polysite of cosmid pLAFR3, which was used to construct the genomic library.
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Since rpoS was localized on a 3.5-kb EcoRV fragment of the chromosome, we
digested total DNA from Y. enterocoliticaW1024 with EcoRV and subcloned the
fragments in the size range of 2.5 to 4 kb into the corresponding site of pBlue-
Script KS2. The recombinant fragments were screened with the 1-kb EcoRI Y.
enterocolitica rpoS-specific probe isolated from pSI6. Clone pSI9 contained the
3.5-kb EcoRV fragment enclosing the complete rpoS gene. A 1.5-kb EcoRV-
BamHI fragment of pSI9 was sequenced in both directions and found to contain
the entire rpoS gene.
Nucleotide sequence accession number. The sequence of rpoS and flanking

regions has been submitted to the GenBank nucleotide sequence data libraries
under accession number U16152.
Construction of a Y. enterocolitica W1024 rpoS mutant. In a first step, plasmid

pSI6 containing the fragment with 574 bp of the truncated rpoS gene was
digested with MunI, and the ends were filled-in with Klenow fragment. The
cleavage site is located within the insert 461 bp from the ATG start codon of
rpoS. In parallel, we extracted the aphA-3 cassette (41) from its carrying plasmid,
pUC18K, with enzymes EcoRI and BamHI. Both ends were filled in with Klenow
fragment. Insertion of the cassette in the filled MunI site of pSI6 gave pSI7. In

pSI7, the aphA-3 cassette is flanked by 461 nucleotides of rpoS in the 59 direction
and 113 nucleotides of rpoS in the 39 direction.
In a second step, we transferred the SalI-XbaI fragment of pSI7 containing the

rpoS9-aphA3-rpoS0 construct into the corresponding sites of the suicide vector
pKNG101 to obtain pSI8. pKNG101 contains a streptomycin resistance gene and
the sacB gene encoding levansucrase and conferring sensitivity to sucrose (28).
Thereafter, the mutator plasmid pSI8 was mobilized in Y. enterocolitica W1024.
The chromosomal rpoS gene of strain W1024 was replaced by the rpoS9-aphA3-
rpoS0 construct by double recombination. The selection for the rpoS mutant was
based on the acquired resistance to kanamycin, streptomycin sensitivity, and
sucrose resistance. Gene disruption was finally checked by Southern blot hybrid-
ization. Chromosomal DNA from the wild type and the rpoSmutant was digested
with EcoRV, transferred to nylon membranes, and hybridized with an EcoRI
fragment of pSI6 containing 348 bp of the upstream region of rpoS and 574 bp
of the rpoS gene. In the wild type, the probe hybridized with the original 3.5-kb
EcoRV fragment, while in the rpoS mutant, it hybridized with a 1.5-kb EcoRV
fragment generated by the insertion of the cassette (Fig. 1). The W1024 rpoS
mutant was called SI1024.

FIG. 1. (A) Generation of the rpoS mutant by double recombination with plasmid pSI8. (B) Southern hybridization analysis of the wild-type strain W1024 (lane 1)
and the rpoS mutant SI1024 (lane 2). Chromosomal DNA was digested by EcoRV. The sizes of the fragments are given in kilobase pairs to the right of panel B.

TABLE 1. Plasmids used in this study

Plasmid Characteristic(s) Reference

pPS1.3 pACYC184 plus EcoRV-HindIII fragment containing S. flexneri rpoS 55
pIDE9 Member of the W1024 genomic library in pLAFR3 13
pSI5 pBlueScript KS2 plus 3.5-kb EcoRV fragment of pIDE9 This work
pSI6 pBlueScript KS2 plus 920-bp EcoRI fragment of pSI5; contains 570 bp of rpoS from Y. enterocolitica This work
pSI7 pSI6 plus aphA-3 cassette cloned in MunI site of rpoS gene This work
pSI8 pKNG101 plus 1.9-kb SalI-XbaI fragment of pSI7; contains rpoS9-aphA3-rpoS0-disrupted gene This work
pSI9 pBlueScript KS2 plus 3.5-kb EcoRV fragment of Y. enterocolitica chromosomal DNA; contains

complete rpoS gene
This work

pSI10 pPW62 plus 3.5-kb EcoRI-HindIII fragment of pSI9 This work
pSI11 pBlueScript SK2 plus 3.5-kb EcoRI-HindIII fragment of pSI9 This work
pSI12 pBlueScript SK2 plus 1.5-kb BamHI-HindIII fragment of pSI9 This work
pKNG101 pir-oriR6K oriTRK2 strAB sacBR 28
pUC18K 850-bp aphA-3 cassette inserted into the SmaI site of plasmid pUC18 41
pSTF9 Transcriptional fusion spvRAB9-cat in pVK100 30
pID210 pID207 plus 1.2-kb BglII-HindIII fragment of pID6 42
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Protein analysis. The Yops were prepared and analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis as described by Cornelis et al.
(10). b-Galactosidase was assayed as described by Cornelis et al. (9). Chloram-
phenicol acetyltransferase activity was determined by the method of Shaw (53).
The rpoS gene product was identified with the bacteriophage T7 promoter-
polymerase system of Tabor and Richardson (57) with E. coli LK111(pGP1-
2)(pSI11).
Survival assays. Evaluation of prolonged survival was performed in TSB at

228C for 5 weeks. Aliquots of bacteria were removed at different times, diluted,
and plated directly on TSA supplemented with nalidixic acid (wild-type strain) or
nalidixic acid and kanamycin (rpoS mutant).
The heat shock survival assay was performed mainly as described by Lange and

Hengge-Aronis (33). Briefly, cells grown to the stationary phase were resus-
pended in 0.7% NaCl to a final concentration of about 5,000 cells z ml21. Two-
milliliter samples were transferred to prewarmed flasks (528C), and in 1-min
intervals, 100-ml aliquots were plated directly on TSA supplemented with nali-
dixic acid or nalidixic acid and kanamycin.
Virulence assay. The 50% lethal dose (LD50) was determined for groups of

four 6-week-old female BALB/c mice by intraperitoneal administration of 2.5 mg
of desferrioxamine (Desferal; CIBA-GEIGY, Brussels, Belgium) and 103 to 108

bacteria.
To study invasion, Y. enterocolitica W1024 (wild type) and SI1024 (rpoS mu-

tant) were inoculated in 8-week-old female BALB/c mice. Three groups of four
mice were inoculated by gastric intubation with 300 ml of a suspension containing
either 6 3 109 W1024 bacteria or 9 3 109 SI1024 bacteria and 2.5 mg of
desferrioxamine. The mice were killed at 18 h, 2 days, and 7 days postinfection.
For each mouse, three Peyer’s patches were excised from the ileum, washed in
0.7% NaCl–0.1% Triton X-100, and homogenized in 5 ml of phosphate-buffered
saline (PBS; 50 mM sodium phosphate, 150 mM NaCl [pH 7.4]) as described by
Sory et al. (56). Appropriate dilutions of the homogenized tissues were plated
immediately on TSA containing nalidixic acid (wild type) or nalidixic acid and
kanamycin (rpoS mutant). The spleen was harvested from each mouse only at 2
and 7 days postinfection, resuspended in 5 ml of PBS, and homogenized, and the
homogenate was plated as described for Peyer’s patches.

RESULTS

Expression of Myf is growth phase and pH dependent. To
analyze the influence of growth phase on Myf expression, we
grew Y. enterocolitica W1024 in SBHI adjusted to pH 6 and
isolated the total RNA at different time points throughout the
bacterial growth phase. We carried out a Northern (RNA) blot
analysis with a myfA probe consisting of a central 280-bp part
of the gene. As can be seen in Fig. 2, the myfA transcript was
detectable only after bacteria had entered the stationary phase.
It was more abundant in the transition from the late exponen-
tial phase to the early stationary phase than it was in the late
stationary phase.
To study the relationship between growth phase and pH

dependence, we grew bacteria in parallel at pH 6.0 and 8.0 and
isolated RNA from bacteria in the exponential growth phase,
in the transition between the exponential and stationary
phases, and after at least 2 h in the stationary phase. As can be
seen in Fig. 2, myfA was never transcribed when bacteria were
in alkaline medium.
We repeated the same experiment with bacteria grown in

parallel in SBHI (pH 6) at 37 and 228C. Gene myfA was never
transcribed when bacteria were grown at 228C (data not
shown). Thus, the three conditions (i.e., low pH, 378C, and late
phase) are always required for myf expression.
Cloning and sequencing of the rpoS gene from Y. enteroco-

litica. We wondered whether a homolog of RpoS might be
involved in the expression of myf and yst. We thus decided to
clone the putative rpoS allele of Y. enterocolitica.
We probed our library of the Y. enterocolitica W1024 ge-

nome with the rpoS gene of S. flexneri (55). We then subcloned
the relevant cosmid fragment in pBlueScript, giving pSI6. The
sequence analysis revealed that pSI6 as well as the original
cosmid contained only the 59 end (574 bp) of a gene with a 90%
homology to the rpoS gene of E. coli. This truncated rpoSDNA
was then used as a probe to clone the complete Y. enterocolitica
rpoS gene directly from chromosomal DNA (for details, see
Materials and Methods).

The sequence of rpoS is presented in Fig. 3. The gene starts
at a NdeI site at position 349 and ends at position 1342. It is
preceded by a putative Shine-Dalgarno sequence (AGGAG), 6
bp upstream from the ATG start codon, and followed by a
30-bp palindromic sequence ending in a polyT 30 bp down-
stream from the TAA stop codon. The rpoS gene encodes a
protein of 331 amino acids with a predicted molecular mass of
38 kDa and a theoretical isoelectric point of 4.57. The com-
parison of the predicted amino acid sequence with the PIR and
GenBank sequence databases indicated 90% identity with se-
quences reported for RpoS in E. coli (38, 43), S. typhimurium
(30), and S. flexneri (55). The identity with the corresponding
protein in Pseudomonas aeruginosa (accession number D26134)
was 74.5%. As expected, RpoS from Y. enterocolitica was also
related to other s factors, including the vegetative s70 factor of
E. coli, but the degree of similarity with these s factors was
significantly lower than that with the sequences mentioned
above.
Upstream from rpoS, the coding region for the carboxy-

terminal end (97 amino acids) of a putative protein which
displays 90% identity to the NlpD protein recently described in
E. coli (22, 35) was identified (Fig. 3). In Y. enterocolitica, the
stop codon of the nlpD gene is separated by 54 bp from the
start codon of the rpoS gene. This intercistronic region con-
tains a palindromic sequence of 19 bp, but no promoter con-
sensus sequence could be identified immediately upstream
from the rpoS gene. Genes nlpD and rpoS have the same
transcription polarity.
Downstream from rpoS, and in the opposite orientation, the

coding region for the carboxy-terminal end (34 amino acids) of
a protein which displays 85% identity to the carboxy-terminal
end of the MutS protein of E. coli and S. typhimurium (17, 52)
was identified (Fig. 3). The stop codon of mutS in Y. enteroco-
litica is separated by 28 bp from the terminator of rpoS.
It is worth noting that the nlpD, rpoS, and mutS genes are

located in Y. enterocolitica in the same relative positions and

FIG. 2. Influence of growth phase and pH on transcription of myfA. Bacteria
were grown at 378C on SBHI adjusted to either pH 6 (A) or pH 8 (B). Total RNA
was extracted at different time points throughout the bacterial growth curve.
Lanes: 1, exponential phase; 2, transition between late exponential phase and
early stationary phase; 3, after 2 h in stationary phase.
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FIG. 3. (A) Schematic representation showing the positions and relative orientations of nlpD, rpoS, and mutS in the chromosome of Y. enterocolitica; (B) nucleotide
sequence of the chromosomal loci containing the coding region for the carboxy-terminal end of NlpD, the complete RpoS protein, and the carboxy-terminal end of
MutS. The putative Shine-Dalgarno ribosome binding site for rpoS is designated S.D. The terminator of rpoS is underlined. The deduced amino acid sequence of RpoS
is shown. The directions of transcription of nlpD and mutS are shown by arrows, and the stop codons of both genes are underlined twice. The MutS protein is encoded
by the strand complementary to that shown in the figure.
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orientations as those of the corresponding genes in the E. coli
chromosome (22, 35, 37).
Detection of RpoS. The analysis of the rpoS gene product by

exclusive 35S-methionine labelling with the T7 RNA poly-
merase system (57) revealed a protein with an apparent mo-
lecular mass of 43 kDa (Fig. 4). The discrepancy between this
molecular mass and the theoretical one deduced from the
nucleotide sequence (38 kDa) could be due to an influence of
the very low isoelectric point of the protein on migration in
SDS gels. The same discrepancy has also been observed for
RpoS from E. coli by Tanaka et al. (58).
Construction of a Y. enterocolitica rpoS mutant. We con-

structed a Y. enterocolitica rpoS mutant by allelic exchange. To
generate a nonpolar mutation in the rpoS gene, we used the
aphA-3 cassette described by Ménard et al. (41). This cassette
contains a start codon in 39 so that appropriate cloning will
allow translation of the remaining 39 portion of rpoS and even-
tual downstream genes. The details of the mutagenesis are
given in Materials and Methods. Allelic exchange was checked
by Southern hybridization (Fig. 1), and the engineered Y. en-
terocolitica (rpoS::aphA-3) mutant was called SI1024.
To further control that our strain SI1024 was phenotypically

RpoS2, we monitored the expression of a known RpoS-depen-
dent gene. It has recently been shown that in S. typhimurium,
rpoS regulates expression of spv genes (30). We introduced
plasmid pSTF9 carrying a spvRAB9-cat transcriptional fusion
(30) in Y. enterocolitica W1024(pYV2) (wild type) and SI1024
(pYV2) (rpoS mutant), and we measured the chloramphenicol
acetyltransferase activity in extracts of bacteria grown to the
stationary phase at 378C. The values were compared with those
obtained with extracts of S. typhimurium C53 (wild-type strain)
and C53K (rpoS mutant) carrying the same plasmid (30). The
chloramphenicol acetyltransferase activity was significantly
lower in SI1024 extracts than in W1024 extracts (Table 2).
These results confirm that the rpoS gene is not functional in
our mutant strain SI1024.
Influence of the rpoS mutation on yst expression. To study

the influence of the rpoS mutation on the expression of the yst

enterotoxin gene, we used plasmid pID210, which contains a
yst9-lacZ operon fusion (42). We introduced this plasmid in
strains W1024(pYV2) and SI1024(pYV2) by conjugation and
assayed b-galactosidase in bacteria grown to the stationary
phase. The mean value for 5 colonies was 6461.6 6 808.6
Miller units per optical density at 600 nm of W1024(pID210),
while it was only 9186 946.8 Miller units per optical density at
600 nm of SI1024(pID210). Transcription of yst was thus sig-
nificantly reduced but not completely abolished in the rpoS
mutant.
To demonstrate that the rpoS mutation was responsible for

the reduction of yst expression, we attempted to complement
the mutation with a cloned rpoS gene. We subcloned a 3.5-kb
EcoRI-HindIII fragment of pSI9 into pPW62, a high-copy-
number mobilizable vector derived from pSelect. This con-
struct, called pSI10, contains the 348-bp 59 end of nlpD and the
complete rpoS gene cloned downstream from the lac promoter.
We introduced plasmid pSI10 by conjugation in Y. enteroco-
litica SI1024(pID210) and measured yst-lacZ transcription in
bacteria grown to the stationary phase. Plasmid pSI10 did not
restore b-galactosidase activity to wild-type levels, presumably
because the cloned gene did not contain its own promoter.
Influence of rpoS mutation on the expression of the Myf

antigen. To analyze the role of rpoS on transcription of myf
genes, we extracted total RNA from Y. enterocolitica W1024
and SI1024 grown to the stationary phase at 378C in acidic
medium. We analyzed myfA RNA by Northern blotting and
observed that expression of myfA was not significantly affected
in the rpoS mutant (data not shown).
Influence of rpoS mutation in Yops and YadA production.

We also tested the production of Yops and YadA by the rpoS
mutant. We observed that there was no difference in the pro-
duction of these proteins between the rpoS mutant and the
wild-type strain (data not shown).
Virulence assay. We monitored the virulence for mice of Y.

enterocolitica W1024 (rpoS1) and of the rpoS mutant, SI1024,
by determining the LD50 for mice inoculated intraperitoneally.
The LD50 was approximately 10

6 for both strains. There was no
significant difference.
To analyze invasion in vivo, we infected intragastrically two

groups of 12 mice with either 6 3 109 W1024 bacteria or 9 3
109 SI1024 bacteria and determined the number of bacteria in
Peyer’s patches and spleens at 18 h, 2 days, and 7 days postin-
fection. The results, presented in Table 3, do not show any
difference in the invasion capacities of the mutant and wild-
type strains.
Survival assays. We measured the in vitro survival capacity

of the rpoS mutant. After 5 weeks of culture in an aerated
broth, the number of bacteria surviving was only fivefold lower
for the rpoS mutant than for the wild type. The rpoS mutant
showed, in addition, a slightly decreased ability to survive heat
shock at 528C (data not shown).

FIG. 4. Expression of the rpoS gene with the T7 RNA polymerase system.
Lanes: 1, E. coli LK111(pGP1-2)(pBlueScript); 2, E. coli LK111(pGP1-
2)(pSI11). The positions of the molecular mass markers (in kilodaltons) are
indicated.

TABLE 2. CAT activity of isogenic strains of S. typhimurium and
Y. enterocolitica carrying a spvRAB9-cat fusion (30)

Strain RpoS CAT activitya

S. typhimurium C53(pSTF9) 1 1,296 6 376
S. typhimurium C53K(pSTF9) 2 70 6 6
Y. enterocolitica W1024(pSTF9) 1 643 6 65
Y. enterocolitica SI1024(pSTF9) 2 24 6 20

a Chloramphenicol acetyltransferase (CAT) activity was measured in extracts
of bacteria grown to the stationary phase at 378C in units per optical density at
600 nm.
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DISCUSSION

The chromosomal genes yst and myf are growth phase reg-
ulated, in the sense that none of them is expressed during
exponential growth. The fact that both Yst and Myf are pro-
duced at the same stage argues in favor of a coordinate role for
them in vivo. There are, however, minor differences in the
expression profiles. Expression of yst begins when cells enter
the late exponential to early stationary phase and continues
throughout the stationary phase (42). In contrast, we observed
here that myfA transcription occurs during the transition be-
tween the late exponential phase and the early stationary phase
and then decreases gradually throughout the stationary phase.
Growth phase regulation is a highly complex phenomenon

that is far from being completely understood. The expression
of many stationary-phase genes in E. coli requires the alterna-
tive sigma factor RpoS (18, 33, 58). However, expression of
many rpoS-dependent genes is significantly reduced but not
completely abolished in a rpoS mutant (62), and many station-
ary-phase genes controlled by rpoS (otsBA, treA, osmB, and
osmY) can also be induced during the exponential phase by
increasing osmolarity (21, 32). Expression of rpoS itself is reg-
ulated by a complex mechanism at the levels of transcription,
translation, and protein stability and is affected by external
factors, including cyclic AMP (cAMP), ppGpp, cell density,
and increase in osmolarity (16, 36, 38, 39, 44). These features
indicate that RpoS is not the only factor involved in the reg-
ulation of stationary-phase genes. As the number of known
late-phase genes increases, it becomes more evident that ad-
ditional global regulatory proteins, including Lrp, the cAMP
receptor protein (CRP)-cAMP complex, the integration host
factor (IHF), and the histone-like protein (HNS), are also
involved in the fine modulation of many rpoS-dependent sta-
tionary-phase genes. For example, the late-phase expression of
osmY is regulated by the combined action of RpoS, Lrp, CRP-
cAMP complex, and IHF acting independently from RpoS
(32). The stationary-phase expression of Dps requires both
RpoS and IHF (3); at least RpoS and the CRP-cAMP complex
participate in the control of glgS (19), and late-phase expres-
sion of csgA results from the antagonist control of HNS and
RpoS (45). In addition, growth-phase regulation of treA, csi-12,
csi-16, and csi-32 requires RpoS and additional regulatory
mechanisms not yet understood (20, 62).
In this work, we characterized the homolog of rpoS in Y.

enterocolitica to determine its role in the expression of viru-
lence factors. As in the E. coli chromosome, rpoS appeared to
be situated downstream from the nlpD gene and to be followed

by the mutS gene. The RpoS protein of Y. enterocolitica has
90% identity with its E. coli counterpart. The carboxy-terminal
end of the protein is 20 amino acids shorter than the E. coli
sequence reported by Loewen et al. (38, 43) but is in agree-
ment with the variations described by Ivanova et al. (26) for
another E. coli strain.
As for virulence gene expression, RpoS seems to be in-

volved, at least, in the growth phase regulation of yst. In a rpoS
mutant, yst expression was reduced but not completely abol-
ished. This suggests that, as for many E. coli rpoS-regulated
genes, additional control mechanisms that also respond to
growth phase are involved in the regulation of yst. Interest-
ingly, yst expression is modulated by increasing osmolarity, and
growth phase regulation of yst is also affected by the absence of
the histone-like protein YmoA (42). The exact role of rpoS in
yst regulation appears, therefore, to be quite complex. The
upstream region of yst contains two major promoters with a
210 box similar to that of the s70 promoter, but the 235 box
is not evident (42). A promoter region with the same charac-
teristics has also been identified in some E. coli rpoS-depen-
dent genes (7, 32, 58, 63). In addition, Mikulskis et al. identi-
fied a putative gearbox sequence (60) upstream of yst, but
deletion of this sequence had no effect on yst expression (42).
Our present data do not allow us to conclude whether rpoS
regulates yst directly by binding to the promoter region or
indirectly through other regulatory proteins.
Plasmid pSI10 failed to complement the effect of rpoS on yst

expression. This plasmid contains the entire rpoS gene, pre-
ceded by 348 bp encoding the carboxy-terminal end of NlpD.
The intercistronic region between rpoS and nlpD does not
seem to contain any promoter, which suggests that nlpD and
rpoS form an operon. The same could also be suggested for S.
flexneri: plasmid pPS1.3 containing the rpoS gene and 294 bp
upstream of it does not fully restore the rpoS-dependent acid
resistance of these bacteria. However, a larger plasmid prob-
ably containing nlpD and its promoter does complement (55).
Lange and Hengge-Aronis have shown recently that, for E.
coli, the promoter of nlpD is required for expression of rpoS
(35). It is thus very likely that the lack of complementation by
our cloned gene results from a transcription failure of the
plasmid rpoS gene or from mRNA instability and not from a
polar effect of the mutation on a downstream gene. The mu-
tation that we generated in rpoS is indeed nonpolar because
the aphA-3 cassette contains a start codon in 39 and the re-
striction sites used for its insertion in rpoS will allow translation
of the remaining 39 portion of the gene. Moreover, the gene

TABLE 3. Bacterial counts in Peyer’s patches and spleens after intragastric inoculation of W1024 (rpoS1) and SI1024 (rpoS) to mice

Strain

No. of bacteria recovered

Per Peyer’s patch Per spleen

18 ha 2 days 7 days 2 days 7 days

W1024 0.9 3 105 1.5 3 106 0.1 3 105 0.3 3 102 0
1.2 3 105 2.2 3 106 0.5 3 105 0.03 3 102 0
0.8 3 105 1.1 3 106 1.2 3 105 0.5 3 102 0
4 3 105 1.6 3 106 0.8 3 105 50 3 102 0

Mean 6 SD (1.7 6 1.5) 3 105 (1.6 6 0.5) 3 106 (0.6 6 05) 3 105 (12.7 6 23) 3 102

SI1024 2.2 3 105 1.6 3 106 2.4 3 105 12 3 102 1 3 102

2.3 3 105 1.9 3 106 0.2 3 105 0.4 3 102 0
1.7 3 105 1.9 3 106 1.9 3 105 17 3 102 0
4 3 105 1.4 3 106 1.2 3 105 21 3 102 15 3 102

Mean 6 SD (2.5 6 1) 3 105 (1.7 6 0.2) 3 106 (1.4 6 1) 3 105 (12.6 6 8.9) 3 102

a The Peyer’s patches and spleens were excised after the indicated time. Four mice were sacrificed at each time point.
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mutS situated immediately downstream of rpoS is oriented in
the opposite direction to rpoS.
We showed that expression of myfA occurs at the onset of

the stationary phase; however, it was not reduced significantly
in the rpoS mutant. This type of situation is not unprecedented
in E. coli: stationary-phase induction of both the glgCAP
operon involved in glycogen synthesis and the mcb operon
involved in microcin production is not controlled by rpoS (6,
19, 34). In conclusion, RpoS is required for yst expression but
not for myf expression. Although the expression of these two
virulence genes occurs in vitro at the same stage, it is regulated
independently.
Pepe et al. (49) showed recently that expression of the in-

vasin gene inv of Y. enterocolitica is also growth phase regu-
lated. As for yst, the promoter region upstream from inv
strongly resembles some rpoS-dependent promoters (49), lead-
ing the authors to suggest that inv expression could require
RpoS.
We could not observe any difference between the LD50 of

strain W1024 (rpoS1) and that of strain SI1024 (rpoS::aphA-3)
after intraperitoneal inoculation. This fits quite well with our
observation that the yop, ysc, and yadA genes do not require
RpoS. Our in vivo invasion assay also failed to reveal any
difference between rpoS1 and rpoS bacteria. This could be
taken as an indication that the first steps of adhesion and
invasion are RpoS independent. This observation requires
some confirmation at the molecular level. Finally, the mouse
model was inappropriate to test diarrhea, and the effect of the
rpoS mutation on yst transcription would not affect the LD50.
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