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Levente Emödy,1 Jay C. Hinton,3 and Jörg Hacker2

Department of Medical Microbiology and Immunology, University of Pécs, Szigeti út 12, 7624 Pécs, Hungary1; Institute for
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Mutants of Salmonella enterica serovar Typhimurium that lack the transcriptional regulator RfaH are
efficient as live oral vaccines against salmonellosis in mice. We show that the attenuation of the vaccine
candidate strain is associated with reduced net growth in epithelial and macrophage cells. In order to identify
the relevant RfaH-dependent genes, the RfaH regulon was determined with S. enterica serovars Enteritidis and
Typhimurium using whole-genome Salmonella microarrays. As well as impacting the expression of genes
involved in lipopolysaccharide (LPS) core and O-antigen synthesis, the loss of RfaH results in a marked
down-regulation of SPI-4 genes, the flagellum/chemotaxis system, and type III secretion system 1. However, a
proportion of these effects could have been the indirect consequence of the altered expression of genes required
for LPS biosynthesis. Direct and indirect effects of the rfaH mutation were dissociated by genome-wide
transcriptional profiling of a structural deep-rough LPS mutant (waaG). We show that truncation of LPS itself
is responsible for the decreased intracellular yield observed for �rfaH strains. LPS mutants do not differ in
replication ability; rather, they show increased susceptibility to antimicrobial peptides in the intracellular
milieu. On the other hand, evidence that deletion of rfaH, as well as some other genes involved in LPS
biosynthesis, results in enhanced invasion of various mammalian cells is shown. Exposure of common minor
antigens in the absence of serovar-specific antigens might be responsible for the observed cross-reactive nature
of the elicited immune response upon vaccination. Increased invasiveness of the Salmonella rfaH mutant into
antigen-presenting cells, combined with increased intracellular killing and the potential for raising a cross-
protective immune response, renders the rfaH mutant an ideal vaccine candidate.

Salmonella enterica can cause various diseases in humans
and a wide variety of farm animals. Currently available vac-
cines do not confer optimal protection against Salmonella in-
fection, and so development of effective vaccines is still a high
priority (for a recent review, see reference 22). Currently, over
2,500 serovariants of S. enterica have been distinguished, based
on the high polymorphism of lipopolysaccharide (LPS) O an-
tigens and flagellar antigens. Immune cross-protection be-
tween serovariants of S. enterica is limited, hindering develop-
ment of an efficacious broad-spectrum Salmonella vaccine.
Recently, we reported that an attenuated mutant of S. enterica
serovar Typhimurium strain SL1344 that lacks the transcrip-
tional regulator RfaH was capable of eliciting protection
against subsequent challenge by wild-type Salmonella in the
mouse model of typhoid fever (41). Furthermore, sera of vac-
cinated mice were shown to cross-react to not only the isogenic
wild-type strain but also heterologous serovariants of S. en-
terica and even Salmonella bongori.

Transcriptional antitermination is a conserved mechanism
of gene regulation based on overcoming intrinsic premature
termination signals to eliminate operon polarity during tran-
scription of long operons. RfaH, a homologue of Escherichia
coli transcriptional antiterminator NusG (3), is distributed
among gamma-proteobacteria. Interestingly, the regulatory
role of RfaH in E. coli appears to be limited to operons en-
coding extracytoplasmic cell components (LPS, capsules, exo-
toxins, hemin uptake receptor ChuA, F pilus) involved in the
virulence of E. coli pathogens. Consequently, the virulence of
uropathogenic E. coli was abolished through down-regulation
of several virulence factors upon deletion of RfaH (42). Unlike
RfaH itself, none of the operons encoding these extracyto-
plasmic structures belong to the E. coli core genome; rather,
they are likely to have been acquired by horizontal gene
transfer (carried on plasmids or pathogenicity/genomic is-
lands.) Moreover, RfaH-dependent operons share a short
cis-acting element termed ops (for operon polarity suppres-
sor) that is essential to allow RfaH to function (2). How all
these virulence factors evolved to utilize the same core reg-
ulatory mechanism still awaits discovery. However, our
knowledge of RfaH is based almost solely on observations of
E. coli. Orthologues of RfaH, on the other hand, were re-
cently shown to be able to complement an E. coli rfaH
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mutant, suggesting that the function of RfaH may be con-
served among gamma-proteobacteria (9).

In this study, we examine the function of RfaH in Salmonella
strains, and show that attenuation of Salmonella rfaH mutants
is linked to impaired intracellular net growth. RfaH regulates
the production of amphipathic LPS, which allow the bacteria
to survive stressful environments and are required for bacterial
adherence to mammalian cells (27). The genes for LPS core
and O-antigen biosynthesis are clustered into long operons
(see reference 47 for a review). There is a great deal of evi-
dence that Salmonella requires full-length LPS for successful
infection of mammalian hosts (18). In fact, modification of LPS
chain length has a great impact upon the ability of Salmonella
to kill mice (40), and it induces mammalian cell signaling via
Toll-like receptor 4, which induces the inflammatory response.

Genome-wide transcriptome analysis of rfaH mutants re-
veals direct and, through the resulting deep-rough phenotype,
indirect effects of RfaH on the expression of virulence genes,
with interesting implications for vaccine development.

MATERIALS AND METHODS

Bacterial strains and mutagenesis. Bacterial strains and plasmids used in this
study are listed in Table 1. Wild-type Salmonella serovar Typhimurium strain
SL1344 and Yersinia enterocolitica strain WA-314 were obtained from the IMIB
strain collection (Würzburg, Germany). The recently sequenced Salmonella ser-
ovar Enteritidis PT4 strain NCTC13349 was provided by Mark Roberts (Uni-
versity of Glasgow, United Kingdom). All mutants used in this study were
constructed using the Red recombinase method as described principally by
Datsenko and Wanner (11). The cat gene encoding resistance to chloramphen-
icol was amplified from template plasmid pKD3 using primers that incorporated
homologous sequences (40 to 50 bases) to the genes to be inactivated at their 5�
ends. The obtained PCR products were transformed to competent SL1344 cells
that had been supplied with the curable helper plasmid pKD46 encoding the Red
recombinase (11). Upon induction with L-arabinose (Sigma-Aldrich, Hungary)
the cat cassette was introduced into the chromosome, replacing the targeted gene
by Red-mediated recombination through the flanking homologies. Complemen-
tation of the rfaH mutant was performed as described by Diederich et al. (13).
rfaH, together with its 5�-flanking region, was amplified with an Expand Long

PCR proofreading polymerase system (Roche, Mannheim, Germany) as de-
scribed elsewhere (41). The digested PCR product was cloned into the SmaI-
XbaI sites of pUC18, giving rise to pGNS1. pGNS1 was digested with EcoRI and
XbaI, and the resulting fragment was ligated into the corresponding sites of
pLDR11, establishing pGNS11. pGNS11 was digested with NotI to eliminate the
ori region of the plasmid. The recircularized fragment containing the rfaH gene
located adjacent to attP and bla was electroporated into SL1344-R1 (the rfaH
deletion mutant) carrying pLDR8. Induction of the � integrase encoded on
pLDR8 introduced the fragment into the attB site of the chromosome, giving rise
to an ampicillin-resistant complemented strain that has been termed SL1344-R2.
Appropriate insertion of the construct into attB was verified using primer set
SL-att1 (GCA TTC CTG TCG CTC TCT TG) and SL-att2 (CGT AGA GCT
ACA GGC GCT C).

Bacteria were routinely grown in Luria-Bertani (LB) broth at 37°C with shak-
ing at 250 rpm or on LB agar plates. Bacteria carrying temperature-sensitive
plasmids (pLDR8 and pKD46) were grown at permissive temperatures (30°C).
When appropriate, media were supplemented with chloramphenicol (20 �g/ml),
kanamycin (30 �g/ml), or ampicillin (100 �g/ml).

Invasion and intracellular survival assays. Invasion and intracellular survival
tests were performed principally as described earlier (20). The human intestinal
cell line INT407 was cultured in RPMI 1640 supplemented with 10% fetal calf
serum, and the mouse macrophage cell line RAW264.7 was cultured using
Eagle’s minimal essential medium supplemented with 10% fetal calf serum and
2 mM L-glutamine. Cells were seeded 16 h prior to infection at a density of 5 �
105 cell/well (24-well plates). Bacteria were grown overnight to stationary phase,
washed in phosphate-buffered saline (PBS), and diluted to 5 � 107 CFU/ml in
the appropriate cell culture medium. Bacteria were added to the cells either for
30 min (RAW264.7) or 2 h (INT407) to allow invasion. Wells were washed with
PBS, and the appropriate cell culture medium containing 40 �g/ml gentamicin
was added for 40 min to kill extracellular bacteria. The killing medium was
removed, and the cells were washed in PBS. Intracellular bacteria were liberated
through disruption of eukaryotic cells by the addition of 1% Triton X-100 in PBS
for 2 min. Released bacteria were diluted and plated for viable counts. For the
determination of intracellular replication, cells were grown in the gentamicin-
containing medium for an additional 6 or 24 h prior to lysis of cultured cells.
Intracellular growth was expressed as the change (n-fold) in the bacterial number
at a given time point relative to the initial invasive bacteria. For the plasmid
segregation studies, a conditional suicide plasmid (pLDR8) containing a tem-
perature-sensitive replication of origin (13) was introduced to serovar Typhi-
murium strains by electroporation. Plasmid-harboring bacteria were grown at
30°C (permissive temperature for plasmid replication). Invasion and intracellular
survival studies were performed as described above (at 37°C; nonpermissive
temperature). Replica plating onto LB agar plates containing either no antibiotic

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
SL1344 Serovar Typhimurium strain �hisG�rpsL 58
SL1344-R1 SL1344 �rfaH::cat 41
SL1344-R2 SL1344 �rfaH::cat, attB::rfaH 41
SL1344 waaL SL1344 �waaL::cat; lacking O-antigen ligase, resulting in the loss of O antigens with intact LPS core This study
SL1344 waaG SL1344 �waaG::cat; LPS is truncated at the level of inner core; deep-rough phenotype This study
SL1344 waaP SL1344 �waaP::cat; lacking HepIII and phosphate residues on HepI and HepII; reduced amount of

full-length LPS chains; deep-rough phenotype
This study

SL1344 waaY SL1344 �waaY::cat; lacking phosphate residue on HepII This study
NCTC13349 Serovar Enteritidis PT4 strain; genome sequence available at http://www.sanger.ac.uk NCTCa

NCTC13349 rfaH NCTC13349 �rfaH::cat This study
WA-314 Y. enterocolitica O8 prototype strain; mouse virulent 52
WA-314 rfaH WA-314 �rfaH::cat This study

Plasmids
pKD3 Template plasmid for the amplification of the cat cassette; Cmr, Apr 11
pKD46 � Red recombinase expression vector, helper plasmid, temp-sensitive ori; Apr 11
pLDR8 int gene expression vector, low-copy-no. helper plasmid, temp-sensitive replicon; Kmr 13
pLDR11 Cloning vector for integration into attB; Apr, Tcr 13
pUC18 Commercial cloning vector; Apr 59
pGNS1 rfaH together with its promoter region cloned into pUC18; Apr This study
pGNS11 rfaH together with its promoter region cloned into pLDR11; Apr, Tcr This study

a NCTC, National Collection of Type Cultures, Central Public Health Laboratory, Colindale, United Kingdom.
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or kanamycin (30 �g/ml) allowed the determination of the extent of plasmid loss
throughout the study period.

Microarray experiments. Bacteria were grown in LB broth at 37°C (in 100-ml
flasks with shaking at 250 rpm in a New Brunswick Scientific C25 shaker) until
late logarithmic phase of growth (optical density at 600 nm [OD600], 0.8). Two
OD units (2.4 ml) of culture was fixed by incubation on ice with a 1/5 culture
volume of 5% phenol and 95% ethanol. Cultures were centrifuged at 4,000 rpm
for 10 min, and the resulting pellets were frozen at �80°C. Bacteria were lysed
with 100 �l of 50 �g/�l lysozyme, and RNA was isolated using an SV Total RNA
system (Promega) following the protocols provided by the manufacturer. The
quality of the RNA was verified using an Agilent 2100 Bioanalyzer (Agilent), and
the quantity was determined with an ND-1000 spectrophotometer (Nanodrop).
RNA (16 �g) from three biological replicates was labeled with Cy5-dCTP and
hybridized to the SALSA microarrays with Cy3-dCTP-labeled genomic DNA
as described previously (17) (for protocols, see http://www.ifr.ac.uk/safety
/microarrays.html). The SALSA microarrays comprise PCR products which rep-
resent all the genes present in sequenced Salmonella serovar Typhimurium
strains LT2, SL1344, and DT104, as well as the genes present in serovar Enter-
itidis PT4 strain NCTC13349. Details of the PCR products can be found at
http://www.ifr.ac.uk/Safety/MolMicro/pubs.html. Three biological replicates for
each strain were tested, and each was hybridized twice to the microarrays.
Microarray image analysis was done using BlueFuse for microarrays software
(BlueGnome), and data were analyzed using GeneSpring software version 6
(Silicon Genetics). Genes showing statistically significant differences (see below)
and showing a minimum of twofold change in expression between the wild-type
and rfaH mutant strains were considered to be differentially expressed between
the mutant and wild-type strains.

Susceptibility tests. MICs of different antimicrobial substances were deter-
mined by using 96-well tissue culture plates. Twofold serial dilutions of sodium
dodecyl sulfate (SDS) (0.1 to 100 mg/ml), H2O2 (0.005 to 5 mM), and polymyxin
B (0.01 to 10 �g/ml) were made across the plates. Washed bacteria (106 CFU)
were inoculated and incubated for 6 h at 37°C. The optical density was deter-
mined with a conventional enzyme-linked immunosorbent assay plate reader.
The threshold of inhibition was 0.1 at OD550, and assays were repeated at least
three times.

Serum bactericidal test. Bacteria grown in LB medium were washed in saline
and diluted to 106 CFU/ml. Aliquots (200 �l) of bacterial suspensions were
mixed with equal volumes of 20% pooled human serum and incubated at 37°C
for 1 h. Viable cell counts were determined by plating aliquots onto LB plates
and incubating overnight at 37°C. The assays were performed with normal and,
as a control, heat-inactivated (56°C for 30 min) sera. Duplicates were used for
each strain, and assays were repeated three times.

Silver staining of LPS. LPS was purified by the procedure of Hitchcock and
Brown (24). SDS-polyacrylamide gel electrophoresis was performed on 12.5%
polyacrylamide gels. Gels were fixed overnight in a solution of 7% acetic acid and
25% 2-propanol and were silver stained as described by Nelson et al. (43).

Swarming. Swarming motility was assessed with LB plates solidified with 0.6%
agar and supplemented with 0.5% glucose. These swarm plates were allowed to
dry at room temperature for 24 h. Bacteria collected from agar plates were
washed and diluted in saline. Six microliters of bacterial suspension was spotted
onto the middles of swarm plates, which were subsequently incubated at 37°C for
8 h. Radii of swarming colonies were compared. Experiments were repeated
three times.

Virulence experiments. Animal experiments were conducted according to the
principles set forth in the guide for the care and use of laboratory animals in a
laboratory as authorized by Hungarian decree (no. XXVII, 1998) and by the
subsequent regulation (government order no. 243/1998).

Female BALB/c mice (Charles River, Budapest, Hungary) aged 6 to 8 weeks
were used in all cases. For the determination of the 50% lethality dose (LD50),
groups of five mice each were infected orally with inocula containing log dilutions
(103 to 109 CFU) of serovar Typhimurium SL1344 or its derivatives. Bacteria
were grown overnight at 37°C in LB, harvested by centrifugation, washed once,
and normalized to the required inoculum density in saline by adjusting the
suspension to the appropriate OD600 value justified by viable counts. Oral in-
fections were performed using a sterile gavage without any prior neutralization
of gastric acid. Animals were observed for 3 weeks postinfection, and deaths
were recorded daily.

Statistical analysis. Differences in invasion levels as well as net growth in cell
cultures by strain SL1344 and its variants were analyzed by Student’s t test.
Probabilities (P values) of 0.05 or less were considered significant.

Genes were assessed to be statistically significantly differently expressed in the
microarray experiments by an analysis of variance test with a Benjamini and

Hochberg false discovery rate of 0.05 (5) and with a �2-fold change in the
expression level.

Microarray data accession numbers. Microarray data reported in this paper
have been submitted to http://www.ebi.ac.uk/arrayexpress/. The accession num-
ber is E-MEXP-844 (available 1 October 2006).

RESULTS

Loss of RfaH results in decreased intracellular net growth.
Intracellular survival and replication within epithelial cells and
macrophages is an indispensable characteristic of Salmonella
pathogenesis. To test whether the loss of RfaH has any influ-
ence on intracellular growth, the yield of wild-type SL1344 was
compared to that of its rfaH mutant in cultured cell lines
INT407 (human intestinal epithelial) and RAW264.7 (mouse
macrophage). After 24 h, the numbers of wild-type bacteria
recovered from epithelial cells were 35- to 40-fold higher than
those of the primary invasive bacteria (Fig. 1A), while the
numbers of bacteria present in macrophages had increased
10-fold (Fig. 1B). In contrast, the rfaH mutant showed im-
paired net growth in both cell lines, increasing 10- and 4-fold in
epithelial cells and macrophages, respectively. trans-Comple-
mentation of the rfaH mutation restored the ability of serovar
Typhimurium SL1344-R1 (�rfaH) to grow in epithelial cells
and macrophages at wild-type levels. Intracellular growth of
wild-type and rfaH mutant strains of Salmonella serovar En-
teritidis NCTC13349 (Fig. 1C and D) and Y. enterocolitica (Fig.
1E and F) was determined for the same mammalian cell lines.
The rfaH mutants exhibited reduced intracellular yield relative
to their isogenic wild-type strains in all cases. These results
raise the possibility that the impaired growth potential exhib-
ited by the rfaH mutants could reflect a common mechanism in
these different intracellular pathogens.

Determination of the RfaH regulon. To determine how gene
expression was affected by the loss of RfaH, we defined the
RfaH-dependent regulon in serovar Typhimurium strain
SL1344 and serovar Enteritidis PT4 strain NCTC13349 grown
in LB broth culture using a transcriptomic approach. Gene
expression of the rfaH mutants of these strains was compared
to that of their respective parents at the late log phase of
growth (OD600, 0.8). The same pan-serovar SALSA microar-
rays were used in all experiments (see details in Materials and
Methods). The transcriptome of a structural deep-rough LPS
mutant (waaG) of SL1344 known to be defective in synthesis of
the LPS outer core was also determined to enable us to dif-
ferentiate between genes directly affected by RfaH and those
affected indirectly by the deep-rough LPS phenotype exhibited
by rfaH mutants. Genes considered as being directly regulated
by RfaH are therefore those which change in the rfaH mutant,
not in the waaG mutant, compared to the wild-type strain.
Moreover, operons directly regulated by RfaH are supposed to
possess the upstream recognition site for RfaH (ops element).
However, it is possible that genes directly regulated by RfaH
may also be affected (independently) by the waaG mutation. In
these cases, the extent of down-regulation through RfaH might
not be easily evaluated (see below for siiABCD genes).

The transcriptomic data (see the supplemental material)
revealed that 41 genes were differentially expressed in serovar
Typhimurium SL1344-R1 (�rfaH), and the expression of 150
genes varied in serovar Enteritidis NCTC13349 �rfaH relative
to the respective parental strains. A comparison of the data
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from the waaG and rfaH mutants of serovar Typhimurium
showed that only two transcriptional units were directly af-
fected by the loss of RfaH (i.e., changes in expression are
observed in the rfaH mutant but not the waaG mutant com-
pared to the wild-type strain), waa (formerly rfa) and wba
(formerly rfb) (Fig. 2). These results are consistent with former
reports showing involvement of RfaH in LPS core and O-
antigen synthesis encoded by the waa and wba operons, re-
spectively (6, 33, 53). Furthermore, both of these operons carry
the short cis-acting upstream ops element that is required for
RfaH-dependent regulation (2, 4).

Although the six genes of SPI-4 are preceded by an ops
element located just upstream of the first gene (39), results on
whether there is a direct effect of RfaH on these genes have
been ambiguous. The first four genes (siiABCD) appear to be
one transcriptional unit, as their expression shows parallel pat-
terns under various environmental conditions (17, 21, 29, 36,
44). In the waaG mutant of Salmonella serovar Typhimurium,
the siiABCD genes were statistically significantly down-regu-
lated compared to the wild type. Although not statistically
significant, this pattern of down-regulation could also be ob-
served with the rfaH mutants of serovar Typhimurium and
serovar Enteritidis (Fig. 3). As waaG expression itself is regu-
lated by RfaH, it is hard to estimate the WaaG-independent
effect of RfaH on siiABCD. Nevertheless, the loss of RfaH
elicits only a twofold down-regulation of waaG. The expres-
sional patterns in both the waaG and the rfaH mutants there-
fore imply that the indirect effect through the deep-rough
phenotype in rfaH mutants is likely to be more significant than
the loss of direct regulatory effect through RfaH itself. The
distal genes (siiEF) of SPI-4 were affected by the loss of neither
RfaH nor WaaG, suggesting that they form a transcriptional
unit that is detached from siiABCD.

None of the remaining operons down-regulated in the sero-
var Typhimurium or serovar Enteritidis rfaH mutants carry the
upstream ops element, and all these operons showed greater
down-regulation in the structural LPS mutant strain (waaG)
than the rfaH mutant, suggesting that the deep-rough pheno-
type exhibited by rfaH mutants is responsible for the changes in
expression of these operons (Fig. 2). To determine the patterns
of expression indirectly regulated by RfaH, the genes which

FIG. 1. Intracellular growth of bacteria in human intestinal INT407
cells (A, C, and E) and mouse macrophage RAW264.7 cells (B, D, and
F). Growth of serovar Typhimurium SL1344 (A and B), serovar En-
teritidis NCTC13349 (C and D), and Y. enterocolitica WA-314 (E and
F) rfaH mutants (empty symbols) were compared to that of their
isogenic parental wild-type strains (filled symbols) over a 24-h period.
The trans-complemented mutant of SL1344 (SL1344-R2) is shown
with grey symbols. The cultured cell lines were infected as described in
Materials and Methods. Intracellular bacterial growth is shown as the
change (n-fold) in the number of intracellular bacteria following an
additional 6-h or 24-h incubation. Means 	 standard errors of the
mean (SEM) for four independent experiments are shown. Asterisks
indicate statistically significant differences (*, P 
 0.05; **, P 
 0.01).

FIG. 2. Direct and indirect effects on the transcriptome by the loss
of transcriptional regulator RfaH. Indeterminate effects are shown
with dotted lines (see text).
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changed in expression in the rfaH and waaG mutants were
sorted into functional categories. The percentage of genes
changing in each mutant in each category can be seen in Fig. 4,
and many are discussed below. A full list of the genes showing
differential expression can be found in Table S2 in the supple-
mental material. Several operons involved in modulation of the
cell surface were down-regulated in the rfaH and waaG mu-
tants. Operons down-regulated in both serovar Typhimurium
and serovar Enteritidis rfaH mutants include known (aer, trg,
tsr, and several che genes) and putative (STM2314, STM3138,
and STM3216) chemotaxis genes as well as middle and late
genes of flagellar biosynthesis (fli, flg, flh, and mot loci). Al-
though an overall RfaH-dependent down-regulation of these
genes is apparent, few of them reached the statistical thresh-
old. However, it was clear that these genes were statistically
significantly down-regulated in the waaG mutant.

Similarly, a general down-regulation of the type III secretion
system 1 (T3SS-1) could be detected for rfaH mutants of se-
rovar Typhimurium and serovar Enteritidis. Operons encoding
the needle complex (prg), the export apparatus (inv-spa), and
the secreted effectors (avrA, sip), as well as prominent regula-
tory genes (hilC, hilD, sprB, rtsA) of the system, were similarly
down-regulated (Fig. 3). The general down-regulation of the

flagellum/chemotaxis and T3SS-1 systems in the serovar Typhi-
murium and serovar Enteritidis rfaH mutants, as well as a more
pronounced down-regulation of both systems in the waaG mu-
tant, suggest an indirect effect of rfaH on these genes, which
originates from the deep-rough phenotype (Fig. 2).

Other effects of the deep-rough phenotype were directed
toward the realignment of the envelope. STM1131, STM1328,
nmpC, and ompF, which encode proteins found in the outer
membrane, were down-regulated, whereas the gene for the
outer membrane lipoprotein, yiaD, was up-regulated (Fig. 3).
These genes were significantly differently down regulated in
the waaG mutant and showed the same tendency for down-
regulation in the rfaH mutants. These findings correlate with
previous reports that deep-rough mutants show a decrease of
protein content paralleled by an increase of lipoproteins in the
outer membrane (45). Such changes in gene expression may
aim to compensate for a “leaky” cell wall evoked by the deep-
rough phenotype. This hypothesis is supported by the up-reg-
ulation of virK and the adjacent gene, mig-14, encoding an
inner membrane protein. Products of both virK and mig-14 are
involved in resistance to antimicrobial peptides and may there-
fore play a role in the intracellular survival and replication of
Salmonella (7). A similar compensatory mechanism may also

FIG. 3. Change (n-fold) in the expression of genes involved in SPI-4, T3SS, and envelope realignment in the rfaH mutants of serovar Enteritidis
PT4 strain NCTC13349 and serovar Typhimurium strain SL1344 compared with their respective wild-type strains. *, genes which do not pass the
statistical filtering.
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