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Abstract

The MarR-type regulator RovA controls expression of virulence genes of Yersinia
pseudotuberculosis in response to environmental signals. Using a genetic strategy
to discover components that influence rovA expression, we identified new
regulatory factors with homology to components of the carbon storage regulator
system (Csr). We showed that overexpression of a CsrB- and a CsrC-type RNA
activates rovA, whereas a CsrA-like protein represses RovA synthesis. We further
demonstrate that influence of the Csr system on rovA is indirect and occurs
through control of the LysR regulator RovM, which inhibits rovA. The CsrA protein
had also a major influence on the motility of Yersinia, which was independent of
RovM. The CsrB and CsrC RNAs are differentially expressed in Yersinia. CsrC is
highly induced in complex but not in minimal media, indicating that medium
dependent rovM expression is mediated through CsrC. CsrB synthesis is generally
very low. However, overexpression of the response regulator UvrY was found to
activate CsrB production, which in turn represses CsrC synthesis independent of
the growth medium. In summary, the posttranscriptional Csr-type components
were shown to be key regulators in the coordinated environmental control of
physiological processes and virulence factors, which are crucial for the initiation of

Yersinia infections.



Introduction

The enteropathogenic yersiniae, Y. enterocolitica and Y. pseudotuberculosis are
fecal-oral pathogens capable of colonizing the gastrointestinal tract. They initiate
infection of their mammalian host by tight attachment to the mucosal surface in the
intestine, which is frequently followed by rapid invasion and translocation into under-
lying lymphoid tissues (Marra and Isberg, 1997; Pepe and Miller, 1993). This initial
step in the infection process is mainly mediated by the internalization factor invasin.
Transcription of this surface-exposed virulence factor is tightly controlled in response
to multiple environmental signals by the global transcriptional factor RovA, a member
of the SlyA/Hor family of dimeric winged-helix DNA-binding proteins (Nagel et al.,
2001).

During the analysis of RovA function, it became evident that RovA not only affects
host cell invasion, but is more important for Yersinia virulence, as it appears to
coordinate the expression of multiple other genes which are crucial for the
colonization of host cells, host stress resistance and host adaptation during the early
stages of infection. For instance, Y. enterocolitica and Y. pseudotuberculosis rovA
mutant strains are significantly attenuated in virulence after oral infection of mice and
exhibit a different progression of infection compared to wild-type and inv mutant
strains. They invade and colonize the Peyer’s patches to a much lower extent and
are strongly attenuated in their ability to disseminate to deeper tissues (Heroven and
Dersch, 2006; Revell and Miller, 2000). In addition, a rovA mutant but not an inv
mutant lacks the expression of IL-1a and the characteristic inflammation observed in
Peyer’s patches of mice during wild-type infection (Dube et al., 2001). A recent study
demonstrated that the RovA regulatory protein of Y. pestis, which naturally lack a

functional inv gene, is also crucial for the development of the bubonic plague



(Cathelyn et al., 2006). The LDsy of a Y. pestis rovA mutant is about 80-fold
increased and dissemination of the mutant strain to the lungs and liver was signi-
ficantly delayed after subcutaneous inoculation. Analysis of the overall effect of RovA
on the gene expression profile of Y. pestis and Y. enterocolitica further revealed that
RovA affects the expression of various metabolic, stress and virulence factors, which
may all contribute to the progression and persistence of Yersinia infections (Cathelyn
et al., 2006).

Considering the important role of RovA in Yersinia pathogenesis, this prompted us
to study the molecular mechanism of rovA expression. We found that transcription of
the rovA gene of Y. pseudotuberculosis, which occurs from two different promoters,
is autoregulated and subject to silencing by the nucleoid-associated H-NS protein
(Heroven et al., 2004; Nagel et al., 2001). RovA activates the expression of its own
gene in response to moderate temperature (20-28°C), stationary phase and nutrient
rich growth medium. Under these conditions the RovA regulatory protein alleviates H-
NS-mediated repression by binding to superimposed AT-rich binding sites located
upstream of rovA promoter P2, and it further stimulates RNA polymerase directly to
induce the expression of its own gene (Tran et al., 2005). The level of RovA-media-
ted activation of rovA transcription is, however, reduced when a low affinity site
downstream of the rovA promoters is also occupied after a certain level of the RovA
protein has been reached upon autoactivation. This concentration-dependent
regulatory circuit allows the pathogen to quickly induce and finely adjust RovA levels
for the most favourable production of RovA-dependent virulence factors (Heroven et
al., 2004).

A novel LysR-type regulator, named RovM, which controls the motility of Y.

pseudotuberculosis, also participates in rovA regulation (Heroven and Dersch, 2006).



RovM interacts specifically with a 30 bp region closely upstream of promoter P1 and
represses rovA expression most likely in a way that hinders proper RNA polymerase
function and/or impedes rovA transcription from the upstream promoter P2.
Strikingly, rovA expression in Y. pseudotuberculosis cannot be repressed by RovM
when the amount of H-NS is reduced. Conversely, H-NS has no repressor
capabilities in the absence of RovM, suggesting that RovM and H-NS are both
required for efficient silencing of the rovA promoters (Heroven and Dersch, 2006).
This raised the question of what are the environmental signals and metabolic stimuli
that allow rovA repression by RovM. Regulatory studies revealed that rovM and rovA
exhibit reciprocal expression patterns in response to different growth media. RovA
synthesis was only activated during growth in minimal media, when rovM
transcription was repressed. Vice versa, repression of the rovA gene is abolished in a
rovM deficient mutant and equals that of the wild-type grown in rich media. These
data suggested that rovA expression in response to nutrient availability is mediated
through RovM. Attempts in this study to unravel this control process revealed that
rovA expression in Y. pseudotuberculosis is also activated by Csr-like small
regulatory RNAs, which oppose the action of the RNA-binding protein CsrA, that

positively regulates rovM.

Results

Identification of a small non-coding CsrC-like RNA as activator of rovA expression
in'Y. pseudotuberculosis

In a previous approach, we introduced a plasmid-born gene library from Y. pseudo-
tuberculosis into the merodiploid rovA’-lacZ reporter strain YP38 and screened

approximately 2-10* clones on agar plates containing the indicator X-Gal in order to



identify regulatory components that control rovA expression. Light blue colonies of
transformants with gene bank clones (i.e. hns*, rovM" plasmids) that repressed
rovA transcription were analyzed previously (Heroven et al., 2004; Heroven and
Dersch, 2006). In this study, two other independent candidates were identified and
characterized which formed dark blue colonies and exhibited significantly
increased rovA’-lacZ expression levels (>2-fold) at 25°C (data not shown).

Both clones harboured gene bank plasmids with overlapping sequences,
encoding a putative non-coding RNA (ncRNA) with a Rho-independent trans-
criptional terminator. The ncRNA gene locates in an intergenic region between two
genes encoding the hypothetical GTP-binding protein YPTB0019 and YPTB0020,
equivalent to other Yersinia spp. and in related Enterobacteriaceae (Chain et al,,
2004). The analogous ncRNAs of Escherichia coli and Salmonella enterica serovar
Typhimurium, both named CsrC, are very similar (89% identity), but the homology
to their Yersinia equivalent is rather low (Fig. $1). Secondary structure predictions
also showed an RNA structure slightly different to those predicted for E. coli and
Salmonella CsrC. However, multiple imperfect 5'-GGA-3" repeats predominantly in
the predicted loops or other unpaired regions of the RNA are conserved (Fig. S2),
indicating a molecular function similar to CsrC. We therefore refer to the potential
regulatory RNA gene of Y. pseudotuberculosis as csrC.

The CsrC RNA is a component of the global Csr (carbon starvation regulator) or,
in other species, Rsm (repressor of stationary phase metabolites) regulatory
system which regulates bacterial gene expression post-transcriptionally (Babitzke
and Romeo, 2007; Lapouge et al., 2007a; Romeo, 1998; Weilbacher et al., 2003).

The Csr/Rsm system usually consists of a CsrA/RsmA-type regulatory RNA-



binding protein that in most cases negatively regulates translation and the stability
of multiple target mMRNAs by binding to a region close to the ribosome binding site
(Baker et al., 2002; Wang et al., 2005). However, CsrA function can be inhibited by
the formation of a complex between CsrA and a regulatory Csr-type RNA such as
CsrC, where one RNA molecule binds multiple CsrA molecules. The imperfect
GGA/RGGA motif in the loop portions of the Csr-type RNA is thought to be the CsrA
binding site. As a result of sequestration, the normal target mRNAs of the CsrA
proteins are mostly upregulated (Babitzke and Romeo, 2007; Lapouge et al,
2007a; Romeo, 1998; Weilbacher et al., 2003).

To confirm that rovA induction is solely the result of csrC overexpression, we
subcloned the gene and reintroduced the csrC* plasmid into YP38. Introduction of
the csrC” plasmid led to a 4-fold induction of rovA™-lacZ expression (Fig. 1A),
similar to what has been observed with the csrC" gene bank plasmids (data not

shown).

Influence of CsrC on rovA expression

In order to further evaluate the activity of the regulatory CsrC RNA on RovA synthe-
sis, we eliminated the csrC coding sequence of Y. pseudotuberculosis (YP48; for
details see Experimental Procedures) and analyzed expression of a plasmid-
encoded rovA-‘lacZ fusion in the csrC mutant and wild-type background in the
presence or absence of a csrC* plasmid. In vivo overexpression of the ncRNA led
to a significant increase in rovA’-‘lacZ expression and resulted in a considerable
higher amount of RovA in whole cell extracts (Fig. 1B,C). In contrast to the over-

expression phenotype, rovA’-‘lacZ expression was only slightly reduced and merely



a small reduction of the endogenous RovA protein was visible in whole cells
extracts of the ¢srC mutant strain (Fig. 1B,C). This suggests that other components

are able to compensate for the loss of the CsrC regulatory RNA.

Influence of CsrB on rovA expression

It is well known from different studies that the Csr system of E. coli and other
related bacteria includes other homologous small RNA molecules, e.g. CsrB,
which also control the activity of the global regulator RNA-binding protein CsrA
(Babitzke and Romeo, 2007; Kulkarni et al., 2006; Lapouge et al., 2007a; Lenz et al.,
2005; Romeo, 1998). Genome-wide searches based on different biocomputational
predictions of small non-coding RNAs (e.g. CSRNA_FIND) designed to locate
potential CsrA-regulating small RNAs in bacteria (Kulkarni et al., 2006) led to the
identification of a csrB-like sequence in the Y. pseudotuberculosis genome. The
identified csrB gene showed low DNA sequence homology to other csrB
sequences and the predicted RNA structure exhibited considerable structural
similarity to E. coli and Salmonella CsrB (Fig. S1, S3). However, elimination of the
csrB-like sequence in YPIIl (wt) had no effect and did not further decrease rovA
expression in the csrC mutant background (Fig. 2). This indicated that csrB is either
not expressed under used conditions, can be complemented by additional Csr-
type RNAs or has no influence on RovA synthesis. To address this question, we
cloned the predicted csrB gene under the control of the tet promoter (P and
tested rovA expression in the presence and absence of CsrB and CsrC. As shown
in Fig. 2, we found that introduction of the c¢srB" plasmid induces rovA expression

in the wild-type and the csrB and csrBC mutants, demonstrating that the CsrB RNA



is indeed functional and able to activate rovA similar to the CsrC RNA. Moreover,
the weak effect of a c¢srBC mutant strain further indicated that the Y.
pseudotuberculosis Csr system most likely consists of one or more additional Csr-

type RNAs, which also contribute to rovA regulation.

Influence of CsrA on rovA expression
In order to further evaluate the role of the Yersinia Csr system in RovA synthesis and
to determine its influence on Yersinia physiology and virulence, it would be most
helpful to address the role of the putative RNA-binding protein CsrA, which is
inhibited by all different Csr-type RNAs. To do so, we performed a genome-wide
search for a Y. pseudotuberculosis csrA-like ortholog using the E. coli csrA gene.
This led to the identification of a csrA-like gene of 62 codons located between the
alaS and the yqaB gene with 84% nt identity to E. coli csrA (Fig. $1). We cloned the
csrA gene and constructed a csrA knock-out mutant strain (YP53). As expected from
the sequestration model, the rovA phenotype of the csrA mutant resembles that of
CsrC and CsrB RNA overexpression. Loss of CsrA resulted in a strong derepression
of the rovA’-lacZ fusion (Fig. 3A) and significantly more RovA protein was found in
the csrA mutant than in the wild-type (Fig. 3B). The hyperactive rovA expression
phenotype was fully complemented by a csrA™-plasmid (Fig. 3A,B), suggesting that
CsrA is solely responsible for their deregulation.

We further analysed the influence of CsrA on rovA’-lacZ expression under other
environmental conditions. Most strikingly, high rovA expression levels were also
detectable in the csrA deficient mutant grown in minimal medium at 25°C and 37°C,

i.e. conditions which fully repress rovA expression in the wild-type (Fig. 3B). This
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suggested a role of the Yersinia CsrA protein in minimal media-dependent rovA

repression (Nagel et al., 2001).

The Yersinia Csr system controls rovM expression

In our previous work, we found that rovA expression is regulated in response to
different media compositions, and this control mechanism occurs through regula-
tion of the synthesis of the LysR-type repressor protein RovM (Heroven and Dersch,
2006). Expression of rovM is very low in complex media, when RovA synthesis is
activated, whereas considerable higher levels of RovM were found in Y. pseudo-
tuberculosis during growth in minimal medium, when intracellular amounts of
RovA are reduced. For this reason, it seemed likely that derepression of rovA
expression in the absence of CsrA occured due to downregulation of RovM. To
prove this hypothesis, influence of identified Csr components on rovM was tested.
We found that expression of a rovM’-‘lacZ fusion and levels of endogenous RovM
were significantly reduced compared to wild-type, when csrB and csrC were over-
expressed, whereas no or only a slight increase was observed in csrB, csrC and
csrBC mutant strains (Fig. 4A,B, data not shown). As expected from our previous
results, influence of CsrA was much more pronounced and affected rovM expression
in the opposite manner. Loss of CsrA strongly reduced the expression of the rovM -
lacZ fusion and diminished RovM synthesis, whereas overexpression of csrA from a
p15A plasmid resulted in a strong increase of rovM activity (Fig. 4C). To confirm our
results, CsrA influence on rovA expression was also tested in a rovM mutant
background. As expected, rovA expression was significantly derepressed in the
absence of rovM. This derepression was abolished by overexpression of the CsrA

protein in the Y. pseudotuberculosis wild-type strain YPIII, but not in the rovM mutant
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(Fig. 4D). Taken together, this suggests a regulation pattern of rovA expression in
which CsrA, controlled by the regulatory ncRNAs CsrB and CsrC, induces the
synthesis of the negative regulator RovM.

As CsrA proteins generally act as translational repressors by binding to GGA
motifs at or near the ribosome binding site of their target transcripts (Dubey et al.,
2005; Lapouge et al., 2007b; Schubert et al., 2007), it is most likely that the Yersinia
CsrA protein negatively regulates some repressors of rovM expression. However,
one regulatory system has been identified in which CsrA mRNA binding increased
the stability of the transcript and enhanced synthesis of the target proteins (Wei et al.,
2001). In order to unravel the mechanism how CsrA activates rovM expression in Y.
pseudotuberculosis, we mapped the rovM promoter (Fig. S4) and constructed a
derivative of the plasmid-encoded rovM’-‘lacZ fusion (pAKHG3), in which the rovM
promoter and all 5’-upstream sequences were exchanged against the /ac promoter of
E. coli (pAKH98). The transcribed region, including the ribosome binding site
remained unchanged. As shown in Tab. 1, the activity of the P, driven rovM*-‘lacZ
fusion was increased, but identical in the wildtype and the csrA mutant strain. This
strongly suggested that CsrA-mediated activation of rovM expression is indirect and
occurs through one or more transcriptional regulators. In support of this hypothesis,
rovM mRNA stability is similar in the wildtype and the csrA mutant (data not shown),
and no GGA motifs were identified in the rovM 5’-untranslated leader sequence,

which could serve as CsrA binding sites (Fig. S4).

Expression of the Csr components in Y. pseudotuberculosis
As expression of the Csr-dependent rovM gene is strictly medium dependent and

loss of csrA had the most dramatic effect on RovA levels in minimal medium, we
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examined whether rovM expression in response to media compositions is mediated
by regulation of csrB, csrC and/or csrA.

In our attempt to analyze csrB and csrC expression, we first identified the 5’-end
of the csrB and csrC transcripts by primer extension, as no typical promoter se-
quence was detectable upstream of the predicted annotated csrB and csrC genes
(NC006155: YPTB_RNA 90 and YPTB_RNA_113). The predominant reverse trans-
cription product of CsrB started with a G residue, that of CsrC with a T residue, 42 nt
upstream and 73 nt upstream of the annotated transcription start sites. Examination
of the 5 -upstream sequences revealed the presence of a putative —35 (TTGCCT)
and —10 (TCCTTT) region for csrB and a putative —35 (TTGAAC) and —10 (TCAATT)
region for csrC, allowing the prediction of conventional o'°-dependent promoters (Fig.
S5).

In order to identify both ncRNAs and to investigate the influence of media compo-
sitions and other environmental parameters on csrB and csrC transcription, we per-
formed Northern blot experiments and analyzed the expression of csrB- and csrC-
lacZ transcriptional fusions. As shown in Fig. 5, we were able to identify csrB and
csrC specific transcripts. These transcripts are of the predicted size, if transcription
initiates from the promoters identified by primer extension (Fig. S5). However, unlike
E. coli and Salmonella, the amount of the regulatory RNAs was significantly different.
High levels of the CsrC RNA were found in Y. pseudotuberculosis YPIII grown in LB
(Fig. 5A). In contrast, only a very low amount of CsrB transcripts was produced under
identical growth conditions, although expression of the csrB gene under the control of
P resulted in the formation of high CsrB levels (Fig. 5B). In addition, activity of a
csrB-lacZ fusion was very low, whereas much higher expression levels were

obtained with an equivalent csrC-lacZ fusion construct (Fig. S6 A,B). This indicated
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that csrB is not or only marginally expressed under these growth conditions, which
would also explain why loss of csrB had no significant effect on rovA and rovM
expression.

Our expression analysis further revealed that accumulation of CsrC was extremely
growth medium-dependent (Fig. 5A). High CsrC transcript levels were detected in
Yersinia during growth in complex medium, wherein small peptides and amino acids
are the principal energy and carbon source. In contrast, no or only very small
amounts of CsrC were found throughout growth in minimal medium supplemented
with the glycolytic substrate glucose as the sole carbon source. In comparison, CsrB
levels and csrB-lacZ expression were very low during growth in both media (Fig. 5B,
data not shown), and also the effect of the media on csrA’-1acZ expression was very
modest (data not shown), suggesting that medium-dependent regulation of the rovA
repressor protein RovM occurs through the control of CsrC levels. The medium-
dependent differences in CsrC levels were maintained throughout the bacterial
growth curve, in which the overall amount of CsrC increased continuously from mid-
log to late stationary phase in both media (Fig. 5A, S6). Similarly, most CsrB
transcripts, and also the highest expression of the global regulator protein CsrA were
seen in cultures grown to late stationary phase, indicating that the Yersinia Csr
system exhibits its greatest effect under high cell population densities. Accordingly,
the highest expression of the Csr-dependent rovA’-‘lacZ and rovM'-‘lacZ translational
fusions and the greatest influence of the csrA null mutation and CsrB/CsrC over-
expression were observed during late stationary phase (Fig. 1-3, S6), whereas the
impact of CsrA during exponential phase was rather modest (data not shown). This is
different to E. coli and other bacteria, in which CsrA expression and Csr RNA levels

peak and exhibit their major effect on Csr-dependent genes during the transition from
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exponential to stationary phase (Dubey et al., 2003; Suzuki et al., 2002; Weilbacher
et al., 2003). Interestingly, the growth temperature did not seem to have a great
effect on the expression of the Csr components (data not shown), suggesting that
other mechanisms are required to mediate temperature-control of rovA expression in

Yersinia.

Regulators of the Yersinia Csr system
The csrB and csrC genes of E. coli and Salmonella, as well as related Csr(Rsm)-type
RNA genes of other bacteria were shown to be activated by the two-component
signal transduction system BarA/UvrY(SirA) which regulates metabolism and the
social behaviour of bacteria (Fortune et al., 2006; Lapouge et al., 2007a; Pernestig et
al.,, 2003; Suzuki et al., 2002). We first examined whether the UvrY response
regulator protein and the sensor kinase BarA of the system are also required for
medium-controlled csrC expression in Yersinia. However, no decrease, but rather a
small increase in csrC expression was detected in the isogenic uvrY and barA mutant
strains compared to wild-type (Fig. 6A). Furthermore, expression of uvrY from a midi-
copy plasmid did not induce csrC. To the contrary, the amount of CsrC transcripts
was significantly reduced, independent of whether the uvrY or the barA gene was
present (Fig. 6A). This indicated that regulation of csrC in Y. pseudotuberculosis is
different to what has been reported for E. coli, S. typhimurium and other bacterial
Csr-type RNAs (Suzuki et al., 2002; Teplitski et al., 2003).

Strikingly, CsrB expression was found to be regulated in the opposite manner.
Loss of the uvrY gene reduced low CsrB levels even further, whereas high amounts
of CsrB transcripts were produced when UvrY was expressed from a midi-copy

plasmid (Fig. 6B). As high amounts of CsrB, e.g. when expressed under the control
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of the tet promoter (Fig. 5B), were found to reduce the synthesis of CsrC (Fig. 7A), it
seemed likely that UvrY-mediated repression of CsrC occurs through upregulation of
CsrB. In fact, analysis of CsrC levels in a csrB background in the presence and
absence of UvrY revealed that UvrY-dependent repression of CsrC did only occur in
the presence of CsrB (Fig. 7B), whereas UvrY-mediated induction of CsrB synthesis
was observed in the presence and absence of CsrC (Fig. 7C).

Subsequent analysis of a uvrY’-‘lacZ fusion showed that uvrY expression in Y.
pseudotuberculosis grown in complex medium is very low (data not shown). This
would account for low CsrB and high CsrC levels, and would explain why a deletion
of the barA/uvrY genes had no major effect on CsrB and CsrC synthesis. However,
neither uvrY nor csrB expression of Y. pseudotuberclosis was higher in minimal
medium than in complex medium (data not shown) and no increase of the CsrB RNA
was observed during growth in minimal medium (Fig. 5B), indicating that other
regulatory components must be responsible for media-dependent control of CsrC

levels.

Coregulation of motility, morphology and cell invasion by the Csr system of Y.
pseudotuberculosis.

Flagella motility is a distinct advantage for Yersinia cell adhesion and invasion
(Young et al., 2000). Furthermore, it has been reported that both processes, invasin-
mediated cell entry and motility, are tightly linked and coregulated in response to
different environmental signals (Badger and Miller, 1998; Heroven and Dersch, 2006;
Revell and Miller, 2001). To address whether the Csr system of Yersinia is implicated
in the coregulation of these processes, we analyzed whether the CsrA protein also

affects motility and flagella production in this pathogen. We found that csrA is
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absolutely required for Yersinia motility (Fig. 8A). The csrA mutant was non-motile on
tryptone swarm plates, whereas a csrA overexpression strain was hypermotile and
formed large homogenous concentric swarm rings with increased diameters around
the point of inoculation (Fig. 8A). Motility loss of the csrA deficient strain might have
resulted from either the absence of flagella or an inability to use flagella (a Mot-
negative phenotype). Negative staining electron microscopy demonstrated that wild-
type bacteria contained two or three flagella, whereas the csrA mutant cells lacked
flagella completely (Fig. 8B). Consistent with these data, we also found that the
morphology of the bacteria is highly affected by loss or overproduction of CsrA. The
csrA deficient strain formed shorter, but thicker rod-shaped cells, whereas the
bacteria that harboured the csrA*-plasmid produced long flagellated filamentous cells
(Fig. 8B,C).

The CsrA-dependent LysR-type regulatory protein RovM was previously shown to
exert a positive effect on flagellar motility (Heroven and Dersch, 2006), and seems to
lead to the formation of a somewhat larger number of flagella (Fig. 8B). This would
suggest that changes of flagella formation and motility are a result of CsrA-mediated
activation of RovM synthesis (Fig. 4). However, a rovM mutant strain still produced
flagella (Fig. 8B) and showed a much less pronounced effect on motility (Heroven
and Dersch, 2006), indicating that influence of CsrA on motility does not occur solely
through RovM. The complete absence of flagella in the csrA mutant suggested that
flagella biosynthesis is regulated by CsrA. In fact, we found that an flhDC’-lacZ
reporter fusion monitoring the expression of the master regulator genes of flagellum
biosynthesis was considerably lower in the csrA mutant compared with the YPIII wild-
type strain. On the other hand, strains harbouring the csrA’-plasmid exhibited

significantly higher expression levels of the flhDC operon (Fig. 8D). Taken together,
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these data show that the Csr regulatory system of Y. pseudotuberculosis coregulates
the expression of early virulence genes and motility of this enteric pathogen.

As a last step in the analysis of the csrA mutant, we investigated whether the
efficiency of Y. pseudotuberculosis adherence and entry into mammalian cells was
dependent upon the presence of the csrA gene product. To do so, we performed an
adhesion and invasion assay using HEp-2 cells. Table 2 illustrates that cell entry of
both the Y. pseudotuberculosis csrA mutant and the CsrA overexpression strain was
significantly reduced compared to wild-type. This suggests that CsrA can act as both
an inducer and repressor of invasion, depending upon its intracellular level. In
summary, the Csr system of Y. pseudotuberculosis appears to play a crucial role in
controlling early virulence-associated processes such as the expression of the global
virulence regulator RovA and flagellar motility, which have an important effect on the

initial interaction of the pathogen with host cells.

Discussion

To establish a successful infection, bacterial pathogens need to quickly respond to
changing environments and host defence mechanisms. To do so, they monitor a
large variety of environmental parameters to inform the bacterium that it has
reached a certain location or stage during the infection process. In this way, the
bacteria are able to adjust their genetic program to adapt their metabolism, stress
response as well as virulence factor synthesis. Until recently, gene expression was
thought to be mainly controlled by regulation of gene transcription, but it has
become increasingly evident that RNA molecules are also used to control virulence
factor synthesis. In this study, we report that a posttranscriptional Csr-type

regulatory system, including two small regulatory RNAs, controls the expression of
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the global virulence factor RovA of Y. pseudotuberculosis.

The MarR-type transcriptional regulator RovA of Yersinia has been shown to be
particularly important for the environmentally controlled regulation of virulence
genes that are required for the initial steps of infection (Ellison et al., 2004; Nagel et
al., 2001). Expression of rovA is negatively modulated by the nucleoid-associated
protein H-NS (Heroven et al.,, 2004) and the LysR-type regulator protein RovM,
which is strongly dependent on the composition of the bacterial growth medium
(Heroven and Dersch, 2006). The Yersinia Csr system was found to affect rovA by
regulating RovM synthesis, and a regulatory RNA with homology to the CsrC RNA
of E. coli and Salmonella was shown to be part of media-dependent control of rovM
expression.

Up to now, nothing was known about the composition and function of the Csr-
type regulatory system in Yersinia. Studies with related bacteria, however, showed
that the Csr regulatory system usually consists of a CsrA-type RNA-binding protein,
which in most cases negatively regulates translation and stability of its target
MRNA, and one or more untranslated regulatory Csr-RNAs, which antagonize CsrA
function by binding CsrA to titrate it from its targets (Babitzke and Romeo, 2007;
Lapouge et al., 2007a; Liu et al., 1997; Romeo, 1998). Besides CsrC, we were able
to identify a CsrA-type protein and a second ncRNA molecule with similarity to E.
coli CsrB (Liu et al., 1997) as components of the Yersinia Csr system. The Yersinia
CsrA protein was shown to induce the expression of the RovM protein, which in turn
led to a drastic reduction of RovA levels. On the other hand, increased levels of the
regulatory RNA CsrB or CsrC induce rovA expression as a result of lower RovM

levels. Thus, although significantly different in sequence and predicted secondary
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structure, they both act as multi-copy suppressors by antagonizing the action of
CsrA, quite similar to analogous Csr/Rsm-type RNAs in other bacteria (Fortune et
al., 2006; Weilbacher et al., 2003). In total, 18 imperfect 5-GGA-3’ motifs were
identified in the predicted loop portions of CsrB RNA and 14 in the CsrC RNA which
could serve as CsrA binding sites.

It is possible that the Yersinia CsrA protein binds and stabilizes the rovM
transcript. However, CsrA has shown to act mainly as a negative regulator of mMRNA
stability. Only a few numbers of target genes are know to be positively regulated by
the CsrA protein, and of these genes direct activation by CsrA has only been
demonstrated for the master regulator genes of flagellar biosynthesis in E. coli
(Wei et al., 2001). The exact molecular mechanism how CsrA activates rovM
expression is still unclear, but preliminary studies showed that the rovM promoter
region, but not the 5’-untranslated leader, including the ribosome binding site are
important for CsrA-dependent activation of rovM expression. Also rovM mRNA
stability remained unaffected in a csrA mutant strain (AK. Heroven, unpublished
results). Accordingly, positive influence of CsrA on rovM appears to be indirect and
seems to occur through regulation of one or more transcriptional regulators.

During our studies, it became evident that the Csr system in Yersinia is part of a
global adaptive response pathway, adjusting metabolic/stress adaptation and viru-
lence gene expression in response to environmental and physiological conditions.
The Csr system generally seems to have profound effects on the metabolism,
physiology and multicellular behaviour of bacteria. For instance, in E. coli it affects
biofilm formation, motility, cell adhesion properties and influences gluconeo-

genesis, glycogen biosynthesis and glycolysis (Jackson et al., 2002; Romeo et al.,
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1993; Sabnis et al., 1995), and in Helicobacter pylori, CsrA is also necessary for
survival under conditions of oxidative stress (Barnard et al., 2004). Similarly, CsrA
seems to play a key regulatory role in the central carbon metabolism and is
required for stress resistance in Yersinia (M. Palela, unpublished data). Further-
more, it has become increasingly clear that the Csr control systems perform a
central role in host-pathogen interactions. For instance, in the plant pathogen E.
carotovora, the Csr-homologous Rsm system controls the synthesis of pectolytic
exoenzymes, proteases and cellulase that contribute to the development of soft-rot
disease (Chatterjee et al., 1995; Cui et al., 1995). In L. pneumophila Csr-type
regulators were found to repress transmission phenotypes and are activators of
intracellular replication (Molofsky and Swanson, 2003), and in S. typhimurium they
regulate the expression of the SPI1 genes, including hilA and invF, which are
required for cell invasion (Altier et al., 2000a; Altier et al., 2000b; Fortune et al,,
2006). We report here, that epithelial cell invasion by Y. pseudotuberculosis also
requires a functional Csr regulatory system, even though the invasion factors of
Yersinia and Salmonella are completely different and are controlled by distinct
regulatory factors. Loss and overexpression of csrA negatively affect internalization
of the pathogen into host cells, indicating that CsrA can act as both a positive and
negative regulator of cell entry-promoting genes. In fact, CsrA was shown to
repress the activator RovA of the invasin gene, but activates flagellar motility of
which both are required for efficient host cell entry. This suggests that Yersinia
needs to tightly control the level and activity of CsrA to achieve maximal invasion.
Attempts to characterize the impact of the Csr system on the environmental

control of rovM expression revealed that the Csr components are differentially
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expressed and regulated in response to different growth parameters. The c¢srC and
csrA genes were highly activated in LB, whereas the expression of csrB was very
low. We show that the CsrB ncRNA is functional, but additional environmental
signals inside and/or outside hosts seem to be required for its activation.
Expression of csrA and csrC was also subject to growth phase control; it increased
at the end of the exponential phase and reached its maximum in late stationary
phase cells. The Csr components of E. coli were also reported to accumulate as
the culture enters stationary phase, but their expression peaked during the
transition from exponential to stationary phase (Gudapaty et al., 2001). The csrC
gene of Y. pseudotuberculosis, however, is mostly affected by the growth medium.
High amounts of CsrC were detected during growth in nutrient-rich growth media,
whereas only very low CsrC levels were seen in minimal medium. Thus, reported
RovM-mediated regulation of rovA expression in response to nutrient availability
(Heroven and Dersch, 2006) most likely occurs through nutrient-dependent control
of csrC expression.

In contrast to other Csr-type RNAs of E. coli, Pseudomonas spp., Erwinia spp.
and S. typhimurium (Cui et al., 2001; Heeb et al., 2002; Suzuki et al., 2002; Teplitski
et al., 2003; Weilbacher et al., 2003), production of Yersinia CsrC does not require
the two-component signal transduction system BarA/UvrY. To the contrary, CsrC
was negatively affected by overexpression of the response regulator UvrY. UvrY-
mediated repression of CsrC was shown to be indirect and occured through
upregulation of CsrB. As a result, CsrB and CsrC production are counter-regulated,
whereby the individual level of each ncRNA appears to depend on the quantity of

active UvrY. Epistatis studies revealed that also CsrB and CsrC of E. coli depend
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on each other, but they are both activated by the BarA/UvrY system, so that the
overall outcome is different and leads to similar CsrB and CsrC level under
identical growth conditions (Gudapaty et al., 2001; Suzuki et al., 2002). Although
UvrY has the ability to repress CsrC production through upregulation of CsrB, it is
unlikely that this mechanism is implicated in medium-dependent control of CsrC
production, as CsrB levels are generally very low and barely detectable under all
tested growth conditions. The identification of regulatory factors and components of
the growth medium that are involved in medium dependent regulation of CsrC
synthesis will therefore be an important part of our future study.

During our studies, it became also apparent that the Csr system must regulate
additional factors besides rovM and RovM-dependent genes such as rovA. We
found that loss of CsrA has a severe effect on the morphology, motility and general
physiology of the bacterial cell. Interestingly, CsrA is also necessary for the motility
of S. typhimurium, H. pylori and other pathogens, and might thus affect other
motility-dependent host interactions (Barnard et al., 2004; Lawhon et al., 2003;
Ottemann and Miller, 1997). Effect of a csrA knock-out mutation on Yersinia motility
was much more pronounced than that of a rovM mutant strain. A csrA-deficient
strain is completely non-motile, formed shorter and thicker rod-shaped cells and
lacked flagella. A rovM mutant, however, is morphologically unchanged, produces
flagella and is still motile, although its motility is significantly reduced compared to
wild-type (Heroven and Dersch, 2006). This suggests that influence of CsrA on
motility and morphology does not occur solely through RovM. In fact, expression of
the flagella master regulator genes flThDC was repressed in the csrA mutant,

suggesting that CsrA might act as a direct activator of flhDC expression, as shown
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for E. coli (Wei et al., 2001). Wei and colleagues found that specific binding of CsrA
to the E. coli fIhDC 5°-leader sequence increased flThDC mRNA stability. A similar
mechanism is postulated for Yersinia, as a significantly lower stability of the flhDC
transcript was observed in a csrA mutant (A.K. Heroven, unpublished results).

The most distinctive phenotype of the Yersinia csrA mutant was a severe growth
defect (data not shown), a characteristic not found in E. coli (Romeo and Gong,
1993), but observed with a csrA mutant of S. typhimurium (Altier et al., 2000a). One
possible explanation for this growth defect is that Salmonella and Yersinia have
additional genes under the control of csrA, which are crucial for their metabolic
adaptation and survival. Ongoing experiments to identify additional Csr com-
ponents and Csr-dependent genes in Y. pseudotuberculosis will help us to define
the role of this regulatory system for the physiology and virulence of this enteric

pathogen.

Experimental Procedures

Cell culture, media and growth conditions

Overnight cultures of E. coli were routinely grown at 37°C, Yersinia strains were
grown at 25°C or 37°C in LB (Luria Bertani) broth if not indicated otherwise. The
antibiotics used for bacterial selection were as follows: ampicillin 100 ug ml™,
chloramphenicol 30 ug ml™, tetracyclin 5 ug ml™, kanamycin 50 ug ml™" and
gentamicin 50 ug ml™. HEp-2 cells were cultured in RPMI 1640 media (Sigma)
supplemented with 5% newborn calf serum (Invitrogen) and 2 mM glutamine at
37°C in the presence of 5% CO,. To analyse the effect of minimal medium, MMA

(Miller, 1992) containing glucose (0.2%), casamino acids (0.2%), 1% LB and 1 mM
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MgSO, were used to culture Y. pseudotuberculosis as indicated.

Strain and plasmid constructions

All DNA manipulations, restriction digestions, ligations and transformations were
performed using standard genetic and molecular techniques (Miller, 1992;
Sambrook, 2001). Plasmid DNA was purified using a Qiagen kit. Restriction and
DNA-modifying enzymes were obtained from Roche or New England Biolabs. The
oligonucleotides used for amplification by PCR, sequencing and primer extension
were purchased from Metabion. PCR reactions were performed routinely in a 100
bl mix for 25 cycles using Taqg polymerase or Phusion High-Fidelity DNA poly-
merase (New England Biolabs) according to the manufacturer’s instructions. PCR
products were purified with the UltraClean™ PCR Clean-up kit (MoBio) before and
after digestion of the amplification product. Sequencing reactions were performed
by Agowa (Berlin, Germany).

Strains and plasmids used in this study are listed in Table 2 and primers for
plasmid generation are listed in Table S1. The csrA", csrB”, csrC™ and uvrY”
fragments of Y. pseudotuberculosis were generated by PCR using primers 1 and 2
(PAKHS2), primers 3 and 4 (pAKHS56), 7 and 8 (pAKHS59), as well as 9 and 10
(PAKH75), digested with BamHI and Sall, and inserted into pACYC184. Primers 5
and 6 were used to amplify the flhDC regulatory region by PCR, which was cloned
into the EcoRI site of the promoter-probe vector pGP20 to generate pAKHSS.
Plasmid pAKH78 was constructed by the insertion of a PCR fragment amplified
with primers 11 and 12 inserted in the EcoRI site of pGP20. Plasmid pAKH97 and
pAKH101 were generated by PCR using primers 13 and 14 (csrB) or primers 30

and 31 (csrC), digested with EcoRl and Sall and inserted into pHT124. A PCR
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fragment amplified with primers 27 and 28 was inserted into the Smal site of
pGP20 to generate pAKH98. Primer 27 contained additional 57 nt at the 5"-end
which were homologous to the /ac promoter of E. coli, followed with 22 nt from
position -1 to +21 with respect to the rovM transcriptional start site. Plasmid pKB3
was constructed by the insertion of a PCR fragment amplified with primers 15 and
16 into the Kpnl site of pZA31-luc. The sequence and the correct orientation of the

fragments were all proven by DNA sequencing.

Construction of the Y. pseudotuberculosis gene bank, isolation of sequences
influencing the rovA’-‘lacZ expression in Y. pseudotuberculosis

The Y. pseudotuberculosis gene bank was generated as described previously (Nagel
et al., 2001). The plasmid library was introduced into Y. pseudotuberculosis YP38
carrying a chromosomal translational rovA-‘lacZ fusion. Gene bank plasmids from
clones showing an elevated rovA expression on plates supplemented with
chloramphenicol and X-Gal were isolated and retransformed into YP38 to verify their

influence on rovA’-lacZ expression.

Construction of the Y. pseudotuberculosis deletion mutants

The Y. pseudotuberculosis strains used in this study are derived from wild-type strain
YPIIl. All deletion mutants were generated using the RED recombinase system as
described previously (Derbise et al., 2003). First, the kanamycin resistance gene was
amplified using primer pairs 17/18 and the bla gene for the construction of the csrB
deletions using primer pairs 19/20 (see Supplement Table S1). Next, the Yersinia
genomic DNA was used as a template to amplify 500-bp regions flanking the target

gene. The upstream fragment was amplified with a primer pair of which the reverse
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primer contained additional 20 nt at the 5-end which were homologous to the start of
the kanamycin (or ampicillin) resistance gene. The downstream fragment was ampli-
fied with a primer pair of which the forward primer contained additional 20 nt at the
5"-end which were homologous to the end of the kanamycin (or ampicillin) resistance
gene (for primers see Supplement Table S2). In the next step, a PCR reaction was
performed with the forward primer of the upstream fragment and the reverse primer
of the downstream fragment using the upstream and downstream PCR products of
the target gene and the kan (or bla) PCR fragments as templates. The PCR
fragments were transformed into Y. pseudotuberculosis YPIlIl pKOBEG-sacB and
chromosomal integration of the fragments was selected by plating on LB
supplemented with kanamycin or ampicillin, respectively. Mutants were subsequently
grown on LB agar plates without NaCl plus 10% sucrose, and faster growing colonies
without pKOBEG-sacB were selected and proven by PCR and DNA sequencing. The
ampicillin resistance was removed for strain YP51 as described by Derbise et al.,

2003 to generate YPG9.

RNA isolation and Northern detection

Overnight cultures were diluted 1/50 in fresh medium and grown to stationary phase
(ODggo of 2-3). 2.5 ml culture were withdrawn, mixed with 0.2 volume of stop solution
(5% water-saturated phenol, 95% ethanol) and snap-frozen in liquid nitrogen. After
thawing on ice, bacteria were pelleted by centrifugation (2 min, 14.000 rpm, 4°C),
and RNA was isolated using the SV total RNA purification kit (Promega) as described
by the manufacturer. RNA concentration and quality were determined by measure-
ment of Azso and Aaso.

Total cellular RNA (10 ug) was separated on MOPS agarose gels (1.2%),
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transferred for 5 hours onto positively charged membranes (Roche) in 20 x SSC and
UV cross-linked. Prehybridization, hybridization to DIG-labelled riboprobes and mem-
brane washing were conducted using the DIG luminescent Detection kit (Roche)
according to the manufacturer’s instructions. The csrC transcripts were detected with
a DIG-labelled PCR fragment (DIG-PCR nucleotide mix, Roche) with primer pair
21/22 and csrB transcripts with primer pair 23/24 (Supplement Table S1), re-

spectively.

Primer extension analysis

Total RNA prepared with the SV Total RNA Isolation System (Promega) from
cultures of Y. pseudotuberculosis YPIII grown to early stationary phase (ODggo of 2.0)
at 25°C was prepared. 1-3 uM (final concentration) synthetic Digoxigenin-labelled
primer specific for the csrC gene (Pr. 25, Tab. S1), the csrB gene (Pr. 26, Tab. S1) or
the rovM gene (Pr. 29, Tab. S1) were annealed with 20 ug RNA in 20 ul of reverse
transcriptase buffer by heating at 80°C for 10 min and cooling to 42°C in 1 h. For
primer extension, 20 ul annealing reaction mixture was supplemented with 20 mM
dNTPs and 1 U AMV Reverse Transcriptase (NEB) and the reaction was conducted
for 1 hour at 42°C. Products were analysed on 6% polyacrylamide gels containing 7
M urea. Sequence ladders were generated with primer 25 and plasmid pAKHS9 for
csrC, with primer 26 and plasmid 52 for csrB, and primer 29 and plasmid pAKH42 for
rovM as template using the Thermo Sequenase Cycle Sequencing kit (USB)

according to the manufacturers instructions.

p-Galactosidase assays
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The p-galactosidase activity of the /lacZ fusion constructs were measured in per-
meabilized cells as described previously (Manoil and Beckwith, 1985; Miller, 1992).
The activities were calculated as follows: p-galactosidase activity ODayo - 6,75 -

ODsgoo " At (min)™ - Vol (mly™.

Motility assay
A 2 ul portion of an overnight culture was spotted onto semi-solid tryptone swarm
plates (1% tryptone, 0,5% NaCl, 0,3% Difco Bacto agar) (Tisa and Adler, 1995). The

capacity of each strain to spread was monitored after 16 h at 25°C.

Electron microscopy

Bacteria were fixed in growth medium with 1% formaldehyde. For transmission
electron microscopy thin carbon support films were prepared by sublimation of
carbon on freshly cleaved mica. Using 300 mesh copper grids, the samples were
negatively-stained with 2% (w/v) aqueous uranyl acetate, according to the method of
Valentine et al. (Valentine et al., 1968), and examined in a transmission electron
microscope (TEM910, Zeiss, Germany) at an acceleration voltage of 80 kV at
calibrated magnifications. Images were recorded on sheet film (SO-163, Kodak,
USA). For field emission scanning electron microscopy glass cover slips were coated
with a poly-L-lysine solution (Sigma, Munich, Germany), 30 ul of the samples were
added and fixed in 2% glutaraldehyde in cacodylate buffer. Dehydration was carried
out in a graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 15 min for
each step. Samples were then critical-point dried with liquid CO, (CPD 030, Balzers
Union, Liechtenstein) and covered with a gold film by sputter coating (SCD 040,

Balzers Union, Liechtenstein). For examination in a field emission scanning electron
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microscope (DSM 982 Gemini, Zeiss, Germany), an Everhart Thornley SE detector

was used with the inlens detector in a 50:50 ratio at an acceleration voltage of 5 kV.

Gel electrophoresis, preparation of cell extracts and Western blotting

For immunological detection of the RovA and RovM proteins, Y. pseudotuberculosis
cultures were grown under specific environmental conditions as described. Cell
extracts of equal amounts of the bacteria were prepared and separated on 15%
(RovA) or 12% (RovM) SDS polyacrylamide gels (Sambrook, 2001). Subsequently
the samples were transferred onto an Immobilon-P membrane (Millipore) and
probed with a polyclonal RovA or RovM antibody as described (Heroven and
Dersch, 2006). The cell extracts used for Western blotting were also separated by
SDS-PAGE and stained with Coomassie blue to ensure that the protein
concentrations in the different cell extracts are comparable; about 10 ug protein

was applied of each sample.

Cell adhesion and invasion assay

In preparation of the cell adhesion and uptake assay, 5x10* HEp-2 cells were seeded
and grown overnight in individual wells of 24-well cell culture plates (TPP). Cell
monolayers were washed three times with phosphate-buffered saline and incubated
in binding buffer (RPMI 1640 medium supplemented with 20 mM HEPES pH7.0 and
0.4% bovine serum albumin) before the addition of bacteria. Approximately 10°
bacteria were added to the monolayer and incubated at 37°C. To assay cell binding,
30 min after infection the cells were washed intensively with PBS five times and the
total number of adherent bacteria were determined by cell lysis using 0.1% Triton

and plating on bacterial media. Bacterial uptake was assessed 30 min after infection
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as the percentage of bacteria, which survived killing by the addition of the antibiotic
gentamicin to the external medium, as described previously (Dersch and Isberg,
1999). For each strain, the relative level of bacterial uptake was determined by
calculating the number of colony-forming units (CFU) relative to the total number of
bacteria introduced onto the cell monolayers. The experiments were routinely

performed in triplicate.
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Figures

Fig. 1. rovA expression in Y. pseudotuberculosis wild type and the csrC mutant strain
YP48 in the presence or absence of the csrC™ plasmid pAKH59. (A) Strain YP38
(rovA’-‘1acZ, rovA™) harbouring the empty vector pACYC184 (V) or a c¢srC* plasmid
(PAKHS59), and (B) Y. pseudotuberculosis YPIIl and YP48 (csrC’) harbouring the
rovA’-facZ fusion plasmid pAKH47 with the empty vector pAKH85 (V) or the csrC*
plasmid (pAKH59) were grown overnight in LB medium at 25°C. p-galactosidase
activity from overnight cultures of the different Yersinia strains was determined and is
given in umol min”’ mg'1 for comparison. The data represent the average + SD from
at least three different experiments each done in duplicate. (C) Whole-cell extracts of
the Y. pseudotuberculosis strains were prepared and the RovA protein in the extracts
was detected by Western blotting using a polyclonal antibody directed against RovA.

A prestained molecular weight marker (M) is loaded on the left.

Fig. 2. CsrB induces RovA synthesis

Strains YPIIlI, YP51 (csrB’), YP52 (csrBC’), harbouring a translational rovA’-facZ
fusion (pAKH47) without or with the csrB™ expression plasmid pKB3 (pPys::csrB"),
were grown overnight in LB medium at 25°C. (A) p-galactosidase activity from
overnight cultures was determined and is given in umol min”’ mg'1 for comparison.
The data represent the average + SD from at least three different experiments each
done in duplicate. (B) Whole-cell extracts from the overnight cultures were prepared
and analysed by Western blotting with a polyclonal antibody directed against RovA. A

prestained molecular weight marker is loaded on the left.
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Fig. 3. CsrA represses RovA synthesis.

(A) Strains YPIIl and YP53 (csrA’), harbouring a rovA’-lacZ fusion (pAKH47) with the
empty vector pAKH85 (V) or a csrA* plasmid (pAKH56), were grown overnight in LB
medium at 25°C. p-galactosidase activity from overnight cultures was determined
and is given in umol min™ mg™ for comparison. The data represent the average = SD
from at least three different experiments each done in duplicate. (B) Y. pseudotuber-
culosis wild type and the csrA mutant strain (YP53) were grown in complex medium
(LB) or minimal medium A (MMA) at 25°C or 37°C. Whole-cell extracts from over-
night cultures were prepared and analysed by Western blotting with a polyclonal
antibody directed against RovA. A prestained molecular weight marker is loaded on

the left.

Fig. 4. Influence of CsrA, CsrB and CsrC on rovM expression.

(A) Y. pseudotuberculosis strains YPIIl and YP48 (csrC’) harbouring a rovM’-lacZ
fusion plasmid (pAKH63) with or without pAKH59 (csrC*), (B) Y. pseudotuberculosis
strains YPIIl and YP51 (csrB’) harbouring the rovM’-‘lacZ fusion plasmid pAKHG3
with the empty vector control pZA31-luc (V) or the csrB* expression plasmid pKB3
(pPser:csrB”) and (C) Y. pseudotuberculosis wild type strain YPIIl and YP53 (csrA’)
harbouring the rovM’-‘lacZ fusion plasmid pAKH63 with the empty vector control
pAKH85 (V) or the csrA" plasmid pAKH56 were grown overnight at 25°C in LB
medium. (D) Y. pseudotuberculosis strains YPIIl and YP41 (rovM’) harbouring a
rovA’-lacZ fusion plasmid (pAKH47) with the empty vector pAKH85 (V) or the csrA”

plasmid pAKH56 were cultivated overnight in LB medium at 25°C. pB-galactosidase



41

activity of the cultures was determined and is given in umol min" mg” for
comparison. The data represent the average + SD from at least three different
experiments each done in duplicate. Furthermore, whole-cell extracts from the
overnight cultures were prepared and analysed by Western blotting with a polyclonal
antibody directed against RovM or RovA. A prestained molecular weight marker is

loaded on the left.

Fig. 5. Expression of ¢srC and csrB in Y. pseudotuberculosis under different growth
conditions.

Northern analysis of the CsrC (A) and CsrB (B) ncRNA. Y. pseudotuberculosis wild
type strain YPIlIl and the mutant strain YP48 (csrC’) (A) or YP69 (csrB’) with the
csrB" expression plasmid pKB3 (Pt::csrB) as a positive control (B) were grown to
late stationary phase (ODgoo Of 3.5), to early stationary phase (ODggo of 2.0) or to
exponential phase (ODegg of 0.7) at 25°C in LB or MMA. Total RNA of the strains was
prepared, separated and a CsrC- or CsrB-specific probe was used to detect CsrC or
CsrB ncRNA. A RNA marker is marked on the left. The 16S and 23S rRNAs are

shown as RNA loading control (C).

Fig. 6. BarA and UvrY dependent CsrB and CsrC synthesis.

Northern analysis of the CsrC (A) and CsrB (B) ncRNA. Y. pseudotuberculosis wild
type strain YPIIl and the mutant strains YP48 (csrC’) or YP69 (csrB’), YP55 (barA),
YP65 (uvrY) and YP65 (uvrY’) harbouring the uvrY" plasmid pAKH75 were grown to
early stationary phase at 25°C in LB. Total RNA of the strains was prepared,

separated and a CsrC- (A) or CsrB- (B) specific probe was used to detect CsrC or
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CsrB ncRNA. A RNA marker is loaded on the left. The 16S and 23S rRNAs serve as

RNA loading control (C).

Fig. 7. Regulatory circuit of CsrB, CsrC and UvrY.

Northern analysis of the CsrC (A,B) and CsrB (C) ncRNA. Y. pseudotuberculosis wild
type strain YPIII and the mutant strains YP69 (csrB’) or YP48 (csrC’) with or without
the csrB™ expression plasmid pKB3 (Pit::csrB) (A) or the uvrY" plasmid pAKH75
(B,C) were grown to stationary phase at 25°C in LB. Total RNA of the strains was
prepared, separated and a CsrC- (A,B) or CsrB- (C) specific probe was used to

detect CsrC or CsrB ncRNA. The 16S and 23S rRNAs serve as RNA loading control.

Fig. 8. Effect of CsrA on Y. pseudotuberculosis motility and flagella production.

(A) Swarming of Y. pseudotuberculosis wild type strain YPIIl and the isogenic csrA
mutant strain YP53 with or without pAKH56 (csrA*). 5 ul aliquots of the bacterial
culture were inoculated onto LB swarming plates. The plates were incubated at 25°C
for 16h. Transmission (B) and scanning (C) electron microscopy of YPIII (wt), YP53
(csrA’), YPII pAKH56 (csrA™), YPIII pAKH42 (rovM”) and YP41 (rovM') grown to late
exponential phase. Flagella are indicated by arrows, bars indicate 1 um (B) and 10
um (C), respectively. (D) YPIIl and the isogenic csrA mutant strain YP53 harboring a
flhDC’-lacZ fusion plasmid (pAKHS58) were grown at 25°C in LB medium overnight.
B-galactosidase activity from overnight cultures grown at 25°C in LB medium was
determined and is given in umol min”’ mg'1 for comparison. The data represent the

average += SD from at least three different experiments each done in duplicate.



43



44

Tables

Table 1. CsrA influence on rovM expression

Plasmid YPIII (wt) YP53 (csrA’)
pAKHG3 1.3 +0.11 0.2 +0.07
pAKH98 11.4 + 0.33 11.3+1.16

Plasmids pAHK63 and pAKH98 were transformed into Y. pseudotuberculosis strains YPIIl (wt) and YP53
(csrA’). Transformants were grown overnight in LB medium and $-galactosidase activity was determined. The
data represent the average + SD from three different experiments each done in duplicate.

Table 2. CsrA-dependent adhesion and invasion into HEp-2 cells

Strain Cell Adhesion® Entry Efficiency”
YPIII 1.00 1.00

YPS53 (csrA’) 0.14 £ 0.02 0.41+£0.10
YP53 pAKH56 1.06 £ 0.25 0.16 £ 0.06

@ Percent adhesion was calculated as the percentage of bacteria that adhered to HEp-2 cells
relative to wild-type control and is the mean of three independent determinations done in triplicate
=SD .
® Percent entry was calculated as the percentage of bacteria that survived gentamicin treatment
relative to wild-type control and is the mean of three independent determinations done in triplicate
= SD.
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Table 2. Bacterial strains and plasmids.

Strains, PlasmidsDescription

Source and reference

Bacterial strains

YPIII

YP38
YP41
YP48
YP51
YP52
YP53
YP55
YPG65
YP69

Plasmids
pACYC177
pACYC184
pAKH42
pAKH47
pAKH52
pAKH56
pAKH58
pAKH59
pAKH63
pAKH75
pAKH78
pAKH85
pAKH97
pAKH98
pAKH101
pBR322
pGP20
pHT124
pKB3
pZA31-luc

pIB1, wild type

pIB1, rovA-1acZ(129)?, ApR
pIB1, ArovM; KnR

pIB1, AcsrC; Kn®

pIB1, AcsrB; ApR

pIB1, AcsrB; AcsrC; ApR, Kn®
pIB1, AcsrA; KnR

pIB1, AbarA; Kn®

pIB1, AuvrY: Kn®

plB1, AcsrB

cloning vector, p15A, Ap®, Kan®
cloning vector, p15A, CmR, Tet®
pACYC184, rovM*, Cm~
pGP20, rovA*-facZ(17)?, Tet®
pACYC184, csrB*, CmR
pACYC184, csrA*, CmR

pGP20, flhDC-lacZ(26)?, Tet®
pACYC184, csrC*, Cm®

pGP20, rovM’-lacZ(41)?, Tet®
pACYC184, uvrY", CmR
pGP20, csrA-lacZ(5)?, Tet®
pACYC184, CmR, Tet®

pHT124, csrC-lacZ(4)°, Ap®
pGP20, Pj.::rovM’-JacZ(41)*
pHT124, csrB-lacZ(4)°, ApR
cloning vector, Tet®, Ap®

protein fusion vector, ‘lacZ, Tet®
promoter-probe vector, lacZ*, Ap®
pZA31-luc, Pys:csrB, CmP

expression vector, Py, Cm~

(Bolin et al., 1982)

(Heroven and Dersch, 2006)
(Heroven and Dersch, 2006)
This study

This study

This study

This study

This study

This study

This study

(Chang and Cohen, 1978)
(Chang and Cohen, 1978)
(Heroven and Dersch, 2006)
(Heroven and Dersch, 2006)
This study

This study

This study

This study

(Heroven and Dersch, 2006)
This study

This study

(Heroven and Dersch, 2006)
This study

This study

This study

Bolivar et al. (1977)

P. Gerlach

H. Tran-Winkler

This study

(Lutz and Bujard, 1997)

@ the number indicates the codon of the corresponding gene fused to lacZ
the number indicates the nucleotide of the corresponding gene fused to lacZ
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Table S1. Oligonucleotides used in this study.

Number | Sequence Site®
1 CGGCGCGGATCCCTCTCACACCAGCTGTG BamH|
2 GGGGGCGTCGACGGCAAACTCAATATCCTG Sall
3 CGGCGCGGATCCGGACAATGGTCGATGAC BamH|
4 GGGGGCGTCGACGTTACACGAGACGCTGC Sall
5 GCGGCGGAATTCGTACATGTGAGTGATAATTG EcoRI
6 GGGCGCGAATTCCATTAATTAACCGTTGAG EcoRI
7 GCGGCGGTCGACCCTTCATCCCGTGGTAGG Sall
8 GGGCGCGGATCCGATTGGGCCGGAATCTAGC BamH|
9 GCGGCGGTCGACGGAAGGAAATCGTGACATTC Sall
10 GGGCGCGGATCCGCTGACTGGTAACAGTTTTC BamH|
11 CCGGCCGAATTCGGACAATGGTCGATGAC EcoRI
12 GGGGCCGAATTCGAGTCAGAATAAGCATTCTTTG EcoRI
13 GCGGCGGAATTCGAGTGAGGATGATTTCATCCG EcoRI
14 GGGCCGGTCGACCCAGCGAGTAAAGGATCGC Sall
15 CGGCGCGGTACCGGAAGATGTGTCTTCAG Kpnl
16 CGGCGCGGTACCCAAAAAAAGGGGTACTG Kpnl
17 GGTGATTTTGAACTTTTGCTTTG (Kan1)
18 CCAGTGTTACAACCAATTAACC (Kan2)
19 GGGCCTCGTGATACGCC (Amp1)
20 GAGTAAACTTGGTCTGACAG (Amp2)
21 GCAATCAGCTAGTCAATTTG
22 GATTGGGCCGGAATCTAGC
23 CTCTCACACCAGCTGTG
24 GGCAAACTCAATATCCTG
25 GCTCCGTTTATAGCGTCCTTG
(DIG-labelled, for primer extension of csrC)
26 CGTCCCTTCAC CGTCCTAAG
(DIG-labelled, for primer extension of csrB)
27 GCGCGGCCCGGGATAAATGTGAGCGGATAACATTGACATTGTGAGCGGATAACA | Smal
AGATACTGAGCACATAGCGTTGTCCTTTATTGATAA
28 CGGCGCCCCGGGTGCTGACTGAGTTCGGCAG Smal
29 GTTCTAAGCAGATCGAGGTCG
(DIG-labelled, for primer extension of rovM)
39 GCGGCGGAATTCGACACCATCAACCACTTC EcoRI
31 GGGCCGGTCGACCCAATAACAAATTGACTA GC Sall

The corresponding restriction sites are underlined.
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Table S2. Primers used for the generation of deletion mutants.

Mutant | Primer Primer sequence
name® | name
YP48 |csrC:Kan |GGTTAATTGGTTGTAACACTGGGCTAGATTCCG
for GCCCAATCCTATACCCAATAGATTTTAAGATGC AGGAAGG
csrC:Kan | GCAAAGCAAAAGTTCAAAATCACCCCATTACGT
rev TCCTTAAACATAAGCCACTCATCCTGAGTAACT GTGCTCC
csrC for GAGTGCACTGGATTTACCC
csrCrev  |CCAGACGTTCGTCATTCTCC
YP51/ |csrB:Ap |CTGTCAGACCAAGTTTACTCGTTTTTTTGTTTTGTTGTATAGATTTTGTCTCCT
YP52 |for GAATCCATTGCTG
csrB::Ap | GGCGTATCACGAGGCCCCTTCCAGATGCGTTCCCTCTCCGCCAGATCCTAT
rev CCAGCGAGTAAAGGATC
csrB for GGAAAATCTGATTGGCCAC
csrBrev GTGCCAAAAGCGCCGAG
YP53 |csrA:Kan |GGTTAATTGGTTGTAACACTGGGAAGCAGCGTC
for TCGTGTAACACGAGGCGCTACTGCTTTTTATTG TCTCTAC
csrA::Kan | GCAAAGCAAAAGTTCAAAATCACCCTTTGCTCC
rev TTGAAAAATTAAAAGAGTCGGGTCTCTCTGTTT CCCCGCC
csrA for GGTCGATGACCTTAAAAATC
CSrA rev GTTCGTAGCCGAGTACTC
YP55 |barA:Kan | GGTTAATTGGTTGTAACACTGGCCTCGAACGCT
for TGTGGAAATAGAAAACCAAAAAGGGCACAG CGAGATAAACTG
barA::Kan | GCAAAGCAAAAGTTCAAAATCACCCCAATGTGG
rev GAGAATGGGTGACTAATGAAACTGATGCTTGAT CAATCAATG
barA for CGTCAAGAGCAAACTCACCC
barArev | GCCGAGATCGGCACGTTACC
YP65 |uvrY:Kan |GGTTAATTGGTTGTAACACTGGCTTTTTGATTA
for TAAAGAATTTTTGAAAACTGTTACCAGTCAGCC TGGTG
uvrY::Kan | GCAAAGCAAAAGTTCAAAATCACCGAAATTTCT
rev CCAGAAATAAGGGAGTAGACTAACCATGCTTTG TTTACCG
uvry for GGAAGGAAATCGTGACATTC
uvrYrev | CCCAATCTGATATTGTAGGC

® The Y. pseudotuberculosis mutants were constructed by adding a kanamycin resistance cassette
(Kan) or an ampicillin resistance cassette (Ap). Underlined bases correspond to the homologous nu-
cleotides of the kanamycin and ampicillin resistance gene. Rev: reverse primer; for: forward primer
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