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Abstract 25 
In this study we investigated the influence of the global response regulator PhoP on 26 
the complex regulatory cascade controlling expression of early stage virulence genes 27 
of Yersinia pseudotuberculosis via the virulence regulator RovA. Our analysis 28 
revealed the following novel features: (i) PhoP activates expression of the CsrC RNA 29 
in Y. pseudotuberculosis, leading to activation of RovA synthesis through the 30 
CsrABC-RovM cascade, (ii) activation of csrC transcription is direct and PhoP is 31 
shown to bind to two separate PhoP box-like sites, (iii) PhoP-mediated activation 32 
results in transcription from two different promoters closely downstream of the PhoP 33 
binding sites, leading to two distinct CsrC RNAs, and (iv) the stability of the CsrC 34 
RNAs differs significantly between the Y. pseudotuberculosis strains YPIII and 35 
IP32953 due to a 20 nucleotides insertion in CsrCIP32953 which renders the transcript 36 
more susceptible to degradation. In summary, our study showed that PhoP-mediated 37 
influence on the regulatory cascade controlling the Csr system and RovA in Y. 38 
pseudotuberculosis varies within the species, suggesting that the Csr system is a 39 
focal point to readjust and adapt the genus to different hosts and reservoirs.  40 
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Introduction 41 
Pathogenic bacteria, which circulate frequently between external habitats/reservoirs 42 
and warm-blooded hosts, are continuously confronted with rapidly changing environ-43 
mental conditions, including variations of nutrients and ion concentrations, tempera-44 
ture, oxygen and pH. Within their hosts, the bacteria have to cope with competing 45 
microbiota and often very harmful situations, such as the attack of the host immune 46 
system aiming to eradicate invading pathogens. In order to ensure their survival and 47 
propagation, bacteria need to survey the changes of their local environment, trans-48 
duce and translate the signals to respond adequately. 49 

In bacteria, two-component regulatory systems serve as an external stimulus-re-50 
sponse coupling machinery to convert specific environmental signals into a cellular 51 
response, typically by differential expression of multiple target genes. Generally, a 52 
histidine protein kinase and a response regulator form the basis of these modular 53 
and adaptable phosphotransfer-signaling schemes 1-3. The pleiotropic PhoP/PhoQ 54 
two-component system constitutes one of the most crucial signal transduction 55 
systems controlling bacterial virulence 4-6. The membrane-bound sensor kinase 56 
PhoQ responds predominantly to low environmental Mg2+ (but also to Ca2+ and 57 
Mn2+), acidic pH, and host-secreted antimicrobial peptides, and phosphorylates the 58 
cytoplasmic response regulator PhoP 4. Phosphorylated PhoP either activates or 59 
represses its target genes through binding to a conserved binding motif in the pro-60 
ximity of the target promoters 7-9, which is similar to the PhoP-box sequence of E. coli 61 
and Salmonella 10-12. Most of the work on PhoP/PhoQ and its role for virulence has 62 
been carried out with Salmonella and Yersinia species. In both species PhoP/PhoQ 63 
promotes survival and proliferation in macrophages and neutrophils, as well as 64 
survival in the presence of antimicrobial peptides 4, 13-18. A phoP knock-out mutant of 65 
S. enterica serovar Typhimurium was shown to be highly attenuated for virulence in 66 
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mice 4, 14, 19, 20. The role of the PhoP/PhoQ system for virulence in Yersinia is less 67 
clear as conflicting results have been reported for different strains and infection 68 
models, but the overall defect of the phoP mutants in virulence is more modest 69 
compared to Salmonella 15, 21-24. The phenotypic differences of the phoP mutants 70 
might reflect variations in the regulatory circuits and composition of the individual 71 
regulons. In fact, the PhoP/PhoQ regulons of Y. pestis and S. enterica are both 72 
complex and include many target genes, albeit the architecture of the PhoP-de-73 
pendent promoters as well as the function of PhoP itself vary considerably between 74 
the two pathogens 25, 26.  75 

The PhoP regulon members have been identified in Y. pestis biovar Microtus, 76 
which is supposed to be avirulent to humans. Several genes which are involved in 77 
detoxification, protection against DNA damage, resistance to antimicrobial peptides, 78 
and adaptation to magnesium limitation (e.g. mgtCB that encodes a Mg2+ transport 79 
system) were proven to be direct targets of PhoP 9, 27, 28. Recent studies further 80 
showed that PhoP of Y. pestis biovar Microtus also acts as direct activator of crp and 81 
as repressor of the rovA, psaEF and psaABC loci 28, 29 which are all part of a complex 82 
regulatory cascade characterized in the close relative Y. pseudotuberculosis (Fig. 1) 83 
30.  84 

RovA belongs to the SlyA/Hor/Rap family of MarR-type dimeric winged-helix DNA-85 
binding proteins, controlling a wide range of physiological processes involved in 86 
environmental and host-associated stress adaptation and virulence in bacterial 87 
pathogens 31. The RovA regulon includes multiple virulence-linked factors and their 88 
function is crucial for the pathogenicity of all three human pathogenic Yersinia 89 
species 32-36. In the enteropathogenic Yersinia species, Y. pseudotuberculosis and Y. 90 
enterocolitica, RovA activates expression of invA which contributes to an efficient co-91 
lonization of the Peyer´s patches and allows faster progression of the infection 34, 35, 92 
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37. A Y. pestis CO92 ΔrovA mutant is strongly attenuated (≈ 80-fold by LD50) and 93 
colonization of spleen and lung in mice is abolished upon subcutaneous injection, 94 
whereas only a slight attenuation was observed when the pathogen was given via an 95 
intranasal or intraperitoneal route. This indicated that RovA plays a more important 96 
role in bubonic plague than pneumonic plague or systemic infection 33. 97 

The rovA locus of Y. pestis and Y. pseudotuberculosis is 100% identical. It is 98 
transcribed by two promoters and is positively autoregulated in both pathogens 28, 38. 99 
Expression of rovA is also strongly thermoregulated. This is based on the fact that 100 
RovA is an intrinsic temperature-sensing regulator in which thermally induced con-101 
formational changes interfere with DNA-binding capacity, and render RovA sus-102 
ceptible to proteolytic degradation 39. In addition, rovA transcription was shown to be 103 
strongly influenced by the nutrient composition of the growth medium, and this is 104 
mediated by the Crp-CsrABC-RovM regulatory cascade (Fig. 1) 30, 35, 40.  105 

The global regulator Crp regulates uptake and catabolism of carbohydrates and 106 
was found to control expression of the two regulatory RNAs CsrB and CsrC in Y. 107 
pseudotuberculosis which are part of the carbon storage regulator (Csr) system 40, 41. 108 
Both Csr RNAs harbor several GGA motifs, which promote binding/sequestration and 109 
inactivation of the global post-transcriptional regulator protein CsrA. Binding of CsrA 110 
typically blocks translation initiation of its target mRNAs and this is often accom-111 
panied by an accelerated mRNA decay 42, 43. The CsrA recognition site seems to be 112 
quite variable; however a highly conserved GGA motif that is often present in the 113 
loop of short hairpins was found to be highly conserved (Dubey et al., 2005; Babitzke 114 
and Romeo, 2007).  115 

Among the CsrA target mRNAs of Yersinia and other related pathogens are many 116 
classical virulence genes and regulators, but also multiple virulence-linked metabolic, 117 
physiological (e.g. motility) and stress adaptation traits 40, 41, 44. 118 
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In the present work, we studied the influence of PhoP on the complex CsrABC-119 
RovM-RovA regulatory cascade in Y. pseudotuberculosis mediating the expression 120 
of important early stage virulence genes such as invasin. We found that PhoP 121 
activates csrC expression directly from two different promoters. The stability of the 122 
resulting CsrC RNAs differs significantly between the Y. pseudotuberculosis strains 123 
YPIII and IP32953, due to a 20 nucleotides insertion in the IP32953 CsrC RNA which 124 
renders the transcript more susceptible to degradation. Our work shows that the 125 
regulatory cascade controlling RovA can vary significantly between different Y. 126 
pseudotuberculosis isolates, suggesting evolutionary changes that adapt expression 127 
of the individual sets of pathogenicity factors to specific niches within hosts.     128 
 129 
Results 130 
PhoP activates rovA expression in Y. pseudotuberculosis via RovM  131 
Previous work with Y. pestis demonstrated that the PhoP/PhoQ two-component 132 
system influences orthologues of two virulence regulators, Crp and RovA, controlling 133 
expression of important early stage virulence genes in the close relative Y. pseudo-134 
tuberculosis (Fig. 1) 28, 29. In order to test the role of PhoP in Y. pseudotuberculosis, 135 
we first investigated the influence of the response regulator on RovA expression in 136 
the wild-type strains YPIII and IP32953. Both strains have most frequently been used 137 
to elucidate Y. pseudotuberculosis pathogenicity. However, recently it was found that 138 
YPIII carries a mutation in the PhoP-encoding gene YPK_1715, leading to a non-139 
functional version of PhoP 45. Therefore, we first constructed a set of isogenic phoP+ 140 
and phoP- derivatives of YPIII and IP32953. To do so, the non-functional phoP gene 141 
(phoP-) of YPIII was replaced by the functional phoP+ gene of IP32953, yielding 142 
strain YP149 (YPIII phoP+). Furthermore, the functional phoP+ gene of IP32953 was 143 
exchanged by the mutated version of YPIII, yielding strain YPIP06 (IP32953 phoP-). 144 
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Subsequently, RovA levels of the two sets of phoP+ and phoP- strains were analyzed 145 
by western blotting at three different growth temperatures, leading to high (25°C), 146 
intermediate (32°C) and repressed (37°C) expression of RovA. As shown in Fig. 2, 147 
the intracellular amount of RovA differed significantly between the phoP+ and phoP- 148 
derivatives of IP32953 and YPIII at 32°C. At this growth temperature, RovA levels 149 
were considerably decreased in both phoP-negative strains. At 25°C, RovA levels 150 
were still markedly reduced in the phoP- derivative of IP32953, whereas similar levels 151 
of RovA were observed in the YPIII phoP- and its isogenic phoP+ variant (Fig. 2). 152 
RovA was not detectable at 37°C in any of the tested strains. This strongly indicated 153 
that PhoP acts as an activator of RovA expression in Y. pseudotuberculosis at 154 
moderate growth temperatures. 155 

Activation of RovA expression by PhoP could occur directly or indirectly through 156 
other regulators, such as RovM, H-NS or the RovA-targeting proteases Lon and ClpP 157 
35, 38, 39. We addressed synthesis of the regulators in the phoP+ and phoP- derivatives 158 
of YPIII and IP32953 and found that RovM levels were significantly increased in 159 
PhoP-deficient strains at 25°C, 32°C and 37°C (Fig. 2). This strongly indicated that 160 
PhoP-dependent regulation of RovA expression in Y. pseudotuberculosis is mediated 161 
through downregulation of the transcriptional repressor RovM. Furthermore, we 162 
found that RovM levels were generally higher in IP32953 compared to YPIII (Fig. 2), 163 
suggesting that not only PhoP, but also other regulatory components contribute to 164 
differential RovM levels. 165 
 166 
PhoP-dependent expression of RovM is mediated via the small regulatory RNA 167 
CsrC 168 
In previous studies we showed that synthesis of the LysR-type regulator RovM is 169 
controlled by the global regulator Crp and the Csr system in a nutrient-dependent 170 
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manner 30, 35, 40, 41. To test whether PhoP-dependent regulation of RovM is linked to 171 
Crp and the Csr-system, we monitored expression of crp and csrA using translational 172 
lacZ fusions (Fig. 3A,B), and compared the amounts of Crp and CsrA between the 173 
phoP+ and phoP- derivatives of YPIII and IP32953. We did not observe any signi-174 
ficant influence of PhoP on Crp and CsrA synthesis at 25°C and 37°C with both 175 
isolates (Fig. 3C,D, Fig. S1).  176 

Alternatively, it is possible that PhoP induces an upregulation of the CsrB and/or 177 
CsrC RNA, which both sequester and inhibit the function of CsrA, and this would lead 178 
in turn to a reduction of RovM synthesis (Fig. 1,2). To determine whether PhoP acts 179 
on Y. pseudotuberculosis Csr RNAs we analyzed expression of csrB- and csrC-lacZ 180 
reporter fusions and performed northern blot experiments to compare CsrB and CsrC 181 
levels in the phoP+ and phoP- derivatives of YPIII and IP32953 (Fig. 4). In contrast to 182 
YPIII, CsrB is thermoregulated in IP32953 and highly expressed at 25°C, but not at 183 
37°C (Fig. 4A-C). Furthermore, CsrB synthesis was not affected in both strains by 184 
the absence of a functional phoP gene (Fig. 4A-C). In contrast, csrC expression was 185 
significantly reduced in both Y. pseudotuberculosis strains lacking a functional phoP 186 
gene at 25°C and 37°C (Fig. 4D-F). This indicated that the response regulator 187 
stimulates csrC transcription. The overall influence of PhoP on CsrC levels seemed 188 
much more pronounced in IP32953 as significantly lower amounts of the CsrC 189 
transcript were detectable in the phoP-deficient mutant of this isolate. 190 
 191 
PhoP interacts with the csrC regulatory upstream region  192 
In silico analysis identified two putative PhoP binding sites in the csrC regulatory re-193 
gion. One PhoP binding motif (position 61013-61030 of YPIII; NC_010465) is located 194 
32 nucleotides upstream of the identified transcriptional start site (TSS) of csrC 195 
(position 61063) 40. The second putative binding site is located more upstream at 196 
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position 60951-60968, i.e. 94 nucleotides upstream of the transcriptional start site. 197 
Gel retardation assays were performed with increasing amounts of purified His-198 
tagged PhoP protein to test whether PhoP is able to interact directly and specifically 199 
with the csrC regulatory region. DNA fragments encompassing different portions of 200 
the csrC upstream region and a control fragment encoding the gyrA gene were 201 
incubated with increasing concentrations of PhoP protein and assayed for protein-202 
DNA complex formation. As shown in Fig. 5A, the PhoP protein interacted strongly in 203 
a dose-dependent manner with the csrC regulatory region containing both putative 204 
PhoP binding sites (-297 to +93), but no binding was detectable to the gyrA control 205 
fragment. We further tested if PhoP binds to DNA fragments containing only one of 206 
two predicted binding sites. PhoP interacted specifically and with a similar affinity 207 
with both fragments (-297 to -55 and -76 to +93, relative to the transcriptional start 208 
site at position 61063) (Fig. 5B,C). This observation was confirmed by a competitive 209 
gel retardation assay including both fragments of the csrC regulatory region with 210 
single binding sites (Fig. 5D).  211 

To define the precise binding sites, DNase I footprinting experiments were per-212 
formed. The purified recombinant His-tagged PhoP protein protected two distinct 213 
regions within the entire csrC regulatory region (Fig. 6). The analysis of the antisense 214 
and sense strand revealed two footprints, extending from -112 to -85 and -39 to -19 215 
for the antisense strand, and from -18 to -49 and -85 to -112 for the sense strand, 216 
overlapping the predicted binding sites. Binding of PhoP to the site closely upstream 217 
of the TSS was less efficient, but could be improved by preincubation of purified 218 
PhoP with acetyl phosphate. Within the protected regions two nucleotides became 219 
hypersensitive towards DNase I in the presence of higher PhoP concentrations (Fig. 220 
6). In summary, our data show that PhoP interacts directly and specifically with two 221 
distinct sites located within the csrC regulatory region to stimulate csrC transcription. 222 
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 223 
PhoP-dependent expression of csrC is initiated from two transcriptional start 224 
sites 225 
Next, we analyzed whether PhoP-dependent csrC expression is initiated from the 226 
promoter previously identified in our studies 40. We mapped the 5’-ends of the CsrC 227 
RNA and compared the amount of primer extension products in the phoP+ and phoP- 228 
YPIII strain (Fig. 7A). We selected YPIII for this analysis as in contrast to IP32953 229 
CsrC was still detectable in the absence of phoP (Fig. 4E). One transcriptional start 230 
site (TSS 1) was mapped in both derivatives of YPIII, whereby the transcription level 231 
from this site was much more enhanced in the YPIII phoP+ derivative (Fig. 7A). This 232 
start site is identical with the transcriptional start site identified earlier at - strand 233 
position 61063 40. Most strikingly, an additional start site (TSS 2) was located 61 234 
nucleotides further upstream of TSS 1, which was more active in the YPIII phoP+ 235 
derivative (YP149). A putative promoter sequence was identified closely upstream of 236 
both transcriptional start sites, and each of the -35 regions of the promoters was 237 
flanked by one PhoP box (Fig. 7B). This indicates that PhoP activates expression of 238 
CsrC from two distinct promoters, leading to a shorter and an extended CsrC 239 
transcript. To verify the production of different CsrC species in the presence of PhoP, 240 
we separated total RNA of the phoP+ and phoP- derivatives of YPIII and IP32953 on 241 
polyacrylamide gels to separate the predicted transcripts and performed northern blot 242 
experiments. Two CsrC RNA species were detectable in both Y. pseudotuberculosis 243 
strains in the presence of PhoP, but only the shorter CsrC transcript was visible in 244 
YPIII harboring the non-functional PhoP allele (Fig. 7C). 245 
 246 
Different stability of the CsrC transcripts in YPIII and IP32953 247 
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Our comparative analysis of CsrC levels in this study has shown that the CsrC RNA 248 
was much less abundant in the phoP- derivative of IP32953 compared to YPIII 249 
harboring the identical phoP mutation (Fig. 4E,F). Since the transcription of the csrC-250 
lacZ fusion did not differ between the strains (Fig. 4D), we hypothesized that the 251 
stability of the CsrC transcripts is reduced in IP32953. 252 

Overall, the csrC locus is highly conserved between the Y. pseudotuberculosis 253 
strains YPIII and IP32953. However, an additional 20 nucleotides stretch is present 254 
within the csrC gene of IP32953, that is absent in YPIII and also not in Y. pestis 255 
CO92 (Fig. S2). Based on the repetitive DNA sequence it is likely that this variation is 256 
the result of two separate duplication events. To address whether this insertion has 257 
an influence on CsrC stability, we first determined the stability of CsrCYPIII and 258 
CsrCIP32953 in strain YP149, harbouring a functional phoP gene ensuring maximal 259 
expression of the CsrC RNAs. As shown in Fig. 8, the CsrC RNA of YPIII was slowly 260 
degraded with a half-life of about 90 min, whereas CsrC of IP32953 was less stable 261 
and decayed with a half-life of about 42 min. Furthermore, we integrated the 262 
additional 20 nucleotides stretch of the IP32953 CsrC RNA into CsrC of YPIII and 263 
tested the stability of the mutated transcript in the YPIII phoP+ background (Fig. 8). 264 
Degradation of the modified CsrC transcript was considerably enhanced. It decayed 265 
with a half-life similar to the IP32953 CsrC RNA, indicating that the insertion within 266 
CsrC promotes a more rapid degradation of this regulatory RNA in the Y. 267 
pseudotuberculosis wild-type strain IP32953. 268 
 269 
Discussion 270 
The ability of pathogenic bacteria to adjust their virulence-associated traits, physio-271 
logical features and metabolic properties in response to the rapidly changing con-272 
ditions within the host is crucial for a successful infection. Recently, it became evi-273 
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dent that many invading bacteria use two-component systems to monitor nutritional, 274 
ion and physical changes and reprogram the expression of small regulatory RNAs of 275 
the post-transcriptional Csr/Rsm systems to manage virulence 41, 44. In the related 276 
species E. coli and Salmonella, both Csr RNAs (CsrB and CsrC) are activated by the 277 
BarA/UvrY system at low pH and in the presence of weak organic acids 46, 47. 278 
Moreover, all known Csr-type RNAs of Legionella pneumophila, Pseudomonas 279 
aeruginosa and Vibrio cholerae are induced by homologues of the BarA/UvrY system 280 
(LetS/LetA, VarS/VarA, and GacS/GacA). In Yersinia only CsrB is activated by 281 
BarA/UvrY 30, 40, whereas transcriptional regulators of csrC remained unknown.  282 

In the present study, we show that the Y. pseudotuberculosis Csr system is also 283 
strongly regulated by the response regulator PhoP (Fig. 9). Notably, an implication of 284 
the global Mg2+-responsive two-component system PhoP/PhoQ system in the control 285 
of other Csr/Rsm systems has not previously been reported. PhoP induces trans-286 
cription of the csrC gene, but not of csrB, by binding to two distinct PhoP box-like 287 
sequences within the csrC regulatory region. PhoP-dependent transcription of csrC 288 
starts from two independent start sites identified in close proximity of the identified 289 
PhoP binding sites. As a result, two small regulatory RNA species that differ 61 nu-290 
cleotides in length are produced in the presence of PhoP, but not in the phoP-291 
deficient strains. Whether the different transcripts vary in their function, e.g. in their 292 
capacity to bind CsrA is unclear. However, no additional potential CsrA binding sites 293 
(GGA motifs) are present in the added 5’-end of the extended CsrC transcript (Fig. 294 
S2). The formation of an additional hairpin structure, but no major changes of the 295 
overall CsrC structure were observed between the two variants as predicted by the 296 
Mfold software 48 (Fig. S3).  297 

The molecular nature of the environmental stimuli controlling the Csr/Rsm systems 298 
in pathogens during infection is mostly unknown. However, a range of distinct in-299 
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coming signals and participating regulators has been identified leading to a differen-300 
tial expression of the Csr-type RNAs. In P. aeruginosa, expression of both Rsm 301 
RNAs RsmY and RsmZ is differentially regulated through multiple sensor kinases 302 
and signaling pathways that converge to the GacA response regulator and control 303 
both sRNAs, or induce only the production of RsmY 49. Moreover, the RsmY sRNA is 304 
more abundant than RsmZ, as the global H-NS family regulators MvaT and MvaU 305 
bind to an AT-rich motif in the upstream region of rsmZ to repress transcription, 306 
whereas rsmY is not affected 50, 51. In Y. pseudotuberculosis the initial input comes 307 
from the independent two-component systems BarA/UvrY and PhoP/PhoQ, as well 308 
as Crp, which adjust the final output by a differential control of CsrB and CsrC levels 309 
according to the availability of nutrients and ions. The PhoP/PhoQ system responds 310 
to low Mg2+ and acidic pH frequently found within macrophages, and to various host-311 
derived antimicrobial peptides that are part of the native immune response 52. 312 
BarA/UvrY and Crp enable the bacteria to adjust to a switch of favoured catabolites 313 
(e.g. glucose) and an imbalance of TCA cycle intermediates (e.g. acetate, formate) 314 
30, 46, 47. These features underpin the possibility to fine-tune regulation of virulence 315 
determinants required to survive conditions experienced during extracellular and 316 
intracellular growth. There is evidence that Y. pseudotuberculosis is predominantly 317 
localized in extracellular sites during a systemic infection 53. However, the bacteria 318 
can also multiply intracellular in professional phagocytes (e.g. macrophages) 45, 54. 319 
This process is believed to be particularly important during the early stages of a 320 
systemic infection, in which the phagocytes appears to act as a trojan horse to reach 321 
deeper tissues. The phagocytes also function as a shelter for the pathogens to proli-322 
ferate and induce pathogenicity determinants that enable them to annihilate the host 323 
immune response. 324 
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On the basis of this knowledge, it is likely that differences in the genetic equipment 325 
of the individual regulatory systems in different isolates of Y. pseudotuberculosis or in 326 
the closely related descendant Y. pestis determine distinct virulence properties. Here, 327 
we demonstrate that the expression of the Csr-type RNAs differs largely between the 328 
two Y. pseudotuberculosis isolates YPIII and IP32953. One reason is that csrC 329 
transcription in YPIII is reduced due to the absence of a functional phoP gene. 330 
Additionally, the stabilities of the CsrC RNAs are very different between the two Y. 331 
pseudotuberculosis strains, due to a 20 nucleotide insertion in the IP32953 CsrC 332 
RNA rendering the transcript much more susceptible to degradation (Fig. 9). As a 333 
result, CsrC levels are significantly lower in a phoP- derivative of Y. pseudo-334 
tuberculosis IP32953 compared to strain YPIII lacking a functional phoP allele. 335 
Differential regulation of Csr-type RNAs within Y. pseudotuberculosis is further 336 
supported by our finding that csrB expression is temperature-regulated in IP32953, 337 
but not in YPIII. The molecular basis for the different csrB expression pattern is still 338 
unknown, but it does not seem to require PhoP. 339 

The different abundance of the Csr RNAs in YPIII and IP32953 contribute to 340 
varying levels of the virulence regulator RovA, inducing the expression of several 341 
virulence-associated traits, including the colonization factors InvA and PsaA 32, 33. In 342 
YPIII, RovA is strongly expressed at moderate temperatures (25°C) despite the 343 
absence of PhoP, whereas in IP32953 PhoP is required to fully induce RovA expres-344 
sion. It seems feasible that enhanced RovA expression due to a stable CsrC RNA in 345 
YPIII allowed loss of a functional phoP gene, while the instable CsrC variant in 346 
IP32953 possibly demands presence of a functional phoP copy. A recent study re-347 
vealed that PhoP also influences rovA expression in Y. pestis 28. However, the regu-348 
lation patterns seem considerably different from that observed in Y. pseudotuber-349 
culosis, which might indicate interesting evolutionary changes in the regulation of 350 
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crucial virulence factors between these species. Zhang et al. reported that PhoP 351 
inhibits transcription of rovA under Mg2+-limiting conditions, but has no influence 352 
under Mg2+ rich or acidic pH conditions 28. Under inducing conditions, PhoP recog-353 
nizes a single site within the rovA regulatory region overlapping the transcriptional 354 
start site of promoter P1 28. Moreover, Y. pestis PhoP was shown to activate crp 355 
expression in rich medium 29. However, in contrast to Y. pestis, PhoP does not affect 356 
crp expression and Crp levels in Y. pseudotuberculosis when cultured in rich 357 
medium. The species-specific differences are surprising, since the crp, csrB, csrC 358 
and the rovA promoter regions are highly conserved between Y. pestis and Y. 359 
pseudotuberculosis 55, 56, indicating that different regulator variants or other regula-360 
tory elements participate in the control of the Csr system in different yersiniae. This 361 
clearly illustrates that the regulatory networks controlled by the global regulators 362 
PhoP, Crp and CsrABC are tightly interwoven in order to control metabolism, host/-363 
environmental adaptation and virulence in the genus Yersinia. However, the regula-364 
tory circuits and contributing components seem to vary greatly within and among 365 
Yersinia species suggesting that the Csr system is a focal point of global control to 366 
adapt the genus to different hosts and reservoirs.  367 

In this context, it would also be interesting to know how the different outcomes of 368 
the PhoP-CsrABC-RovM-RovA regulatory cascade affect the infection process in the 369 
different Yersinia strains and species. Several studies demonstrated that the 370 
PhoP/PhoQ system is important for Yersinia virulence. It was shown in in vitro 371 
studies that Y. pseudotuberculosis and Y. pestis strains lacking the response 372 
regulator PhoP display an impaired survival and replication capacity inside 373 
macrophages and/or neutrophils 22, 45, 57, 58. The role of PhoP for the virulence of both 374 
Yersinia species was also investigated by subcutaneous, aerosol and oral challenges 375 
of mice. However, the overall defect of the individual phoP mutants varied 376 
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significantly between different isolates of the two species. For instance, a 75-fold 377 
higher LD50 has been determined for the Y. pestis strain GB mutated in phoP by 378 
subcutaneous injections of mice (bubonic model) 22, whereas only a modest defect 379 
was seen for a phoP- mutant of Y. pestis CO92 24. Furthermore, PhoP does not seem 380 
to play a role for virulence of Y. pestis CO92 after an aerosol challenge (pneumonic 381 
model) 24, but it is important for Y. pseudotuberculosis IP32953 and IP2666 during 382 
aerosol infections 23, 24. How PhoP and different levels of the Csr RNAs affect 383 
virulence of YPIII and IP32953 after a natural oral challenge of mice is currently 384 
unknown. One report describes that YPIII has a reduced ability to colonize lungs in a 385 
systemic model in comparison to the Y. pseudotuberculosis phoP+ strain IP2666 23. 386 
However, due to observed strain- and species-specific differences a more detailled 387 
analysis comparing the regulatory circuits of PhoP and the Csr regulon in different Y. 388 
pestis and Y. pseudotuberculosis strains with their impact on virulence is required to 389 
fully understand how this regulatory node adapts individual yersiniae to different re-390 
servoirs and host niches. 391 
 392 
Materials and Methods 393 
Bacterial strains, media and growth conditions 394 
The strains used in this work are listed in Table 1. Bacteria were routinely grown in 395 
Luria-Bertani (LB) broth to exponential growth phase (OD600nm = 0.4-0.6) at 25°C, 396 
32°C or 37°C under aerobic conditions. If necessary, antibiotics were added at the 397 
following concentrations: carbenicillin 100 µg ml-1, chloramphenicol 30 µg ml-1 and 398 
kanamycin 50 µg ml-1. 399 
 400 
DNA manipulation and plasmid construction analysis 401 
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All DNA manipulations, restriction digestions, ligations and transformations were per-402 
formed using standard genetic and molecular techniques 59, 60. The plasmids used in 403 
this work are listed in Table 1. Oligonucleotides used for PCR, sequencing and pri-404 
mer extension were purchased from Metabion and are listed in Table 2. Plasmid 405 
DNA was isolated using Qiagen plasmid preparation kits. DNA-modifying enzymes 406 
and restriction enzymes were purchased from Roche or New England Biolabs. PCRs 407 
were done in a 100 µl mix for 29 cycles using Taq polymerase (Promega) or Phusion 408 
High-Fidelity DNA polymerase (New England Biolabs). Purification of PCR products 409 
was routinely performed using the QIAquick kit (Qiagen) or the Nucleic Acid and 410 
Protein Purification kit (Macherey Nagel). All constructed plasmids were sequenced 411 
by the in-house facility or GATC (Konstanz, Germany). 412 

To generate plasmid pAKH103, the upstream regulatory region of csrC (-355 to 413 
+4) was amplified using primers 774 and I363 and cloned into the EcoRI/SalI sites of 414 
pHT124. Plasmid pAKH139 carries a PCR generated fragment harboring the crp 415 
promoter region from nucleotide -491 (primer II432) to nucleotide +3 (primer II433) 416 
relative to the translational start. The fragment was digested and inserted into the 417 
XhoI/SalI site of pFU67 resulting in a translational crp-lacZ fusion. The suicide muta-418 
genesis plasmid pAKH188 was constructed by insertion of the additional 20 419 
nucleotides of csrC of IP32953 into the csrC chromosomal sequence of YPIII. To do 420 
so, QuickChange mutagenesis (Stratagene) of pFS31 was performed using primers 421 
V604 and V605 according to the manufacturer’s instructions. For the construction of 422 
plasmid pFS13, the entire phoP coding region (+1 to +671) was amplified from Y. 423 
pseudotuberculosis IP32953 with primers IV703 and IV704 and cloned into the 424 
BamHI and HindIII sites of plasmid pET28a (Novagen). To generate plasmids pFS29 425 
and pFS31, the csrC+ fragments of Y. pseudotuberculosis strains IP32953 and YPIII 426 
were amplified by PCR using primers II850 and II853, digested with SacI, and 427 
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inserted into the suicide mutagenesis plasmid pAKH3. To monitor csrA transcription, 428 
the csrA promoter region (-1071) and 16 nucleotides of the coding region were 429 
amplified by PCR using primers I617 and II275. The amplified fragment was 430 
subsequently inserted into the PstI site of pTS02 resulting in pKB63. For the 431 
construction of plasmid pVP3, a kanamycin resistance cassette with 500 bp flanking 432 
regions of the phoPQ locus was amplified with primer pair III925/III926 from 433 
chromosomal DNA of YP56 and ligated into the SacI/XhoI sites of pDM4. Plasmid 434 
pWH1 was constructed by amplification of phoPQ of Y. pseudotuberculosis IP32953 435 
with its 500 bp flanking regions using the primers III926 and III927. The fragment was 436 
ligated into the SacI/XhoI sites of pDM4. 437 

Construction of a csrC-deficient derivative of the YPIII phoPQ+ strain YP149 61 438 
was performed by homologous recombination using suicide plasmid pAKH149 as 439 
described previously 30. The resulting strain YP285 was used for generation of strains 440 
YP306, YP307 and YP308. The suicide plasmids pAKH188, pFS29 and pFS31 were 441 
mated from S17-1λpir (tra+) into YP285. Transconjugants were selected by plating on 442 
Yersinia selective agar (Oxoid) supplemented with ampicillin. Subsequently, the 443 
resulting strains were plated on LB plates containing 10% sucrose, which induces the 444 
expression of the sacB gene on the integrated plasmid, leading to the production of a 445 
toxic, growth-reducing substance. Fast growing colonies were selected to identify 446 
clones in which the integrated plasmid including the wild-type copy of the target gene 447 
was lost by a second spontaneous recombination process. The resulting strains were 448 
tested for carbenicillin sensitivity and presence of the mutations was analyzed by 449 
PCR and sequencing.  450 

In order to generate Y. pseudotuberculosis IP32953 ΔphoPQ strain YPIP04, pVP3 451 
was integrated into the phoPQ locus of strain IP32953 via conjugation as described 452 
previously 34. Chromosomal integration of the fragment was selected by plating the 453 
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bacteria on Yersinia selective agar supplemented with kanamycin. Conjugants with 454 
an excision of the plasmid including the functional phoPQ operon of IP32953 were 455 
identified after plating on 10% sucrose and selection of fast-growing, ampicillin sen-456 
sitive strains as described above. Absence of the phoPQ operon was tested by PCR. 457 
To construct Y. pseudotuberculosis IP32953 phoP- strain YPIP06 harboring the non-458 
functional phoP gene of YPIII, the plasmid pWH1 was conjugated into YPIP04. 459 
Chromosomal integration of the plasmid was selected by plating on Yersinia selective 460 
agar supplemented with chloramphenicol. The correct mutant was identified after 461 
plating on 10% sucrose as following: (i) fast-growing bacteria were isolated and 462 
tested for loss of the kanamycin cassette, (ii) presence of the phoPQ operon of YPIII 463 
was analyzed by PCR with primers III964, III965, III966, and III967, and (iii) presence 464 
of the phoPQ including the non-functional allele of phoP was confirmed by PCR and 465 
sequencing.  466 
 467 
Expression and purification of the PhoP protein 468 
E. coli strain BL21λDE3 pFS13 was grown at 37°C to exponential growth phase 469 
(OD600nm = 0.4-0.6). Subsequently, the bacteria were shifted to 18°C and expression 470 
of His-tagged PhoP (His6-PhoP) was induced with 1 mM IPTG (isopropyl-β-D-471 
thiogalactoside). After 3 h bacteria were harvested by centrifugation (4°C, 20 min, 472 
6.000-9.000 g) and resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 473 
mM imidazol, pH 8.0). Bacterial cells were lysed with a French Press (Heinemann) 474 
and soluble His-PhoP protein was purified using a Ni-NTA agarose column 475 
(Macherey Nagel). The column was washed with four column volumes washing 476 
buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazol, pH 8.0) and the His-tagged 477 
PhoP protein was eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 478 
mM imidazol, pH 8.0). The purity of PhoP (>95%) was verified by SDS-PAGE. 479 
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 480 
Electrophoretic mobility shift assay (EMSA) 481 
EMSAs were performed as described previously 35 with some modifications. For 482 
DNA-binding studies three different fragments of the csrC upstream region were 483 
amplified by PCR from genomic DNA of Y. pseudotuberculosis YPIII. One fragment 484 
including both putative PhoP binding sites was amplified with primer pairs 485 
IV937/IV939 (Table 2). The other fragments harboring either PhoP binding site 1 or 2 486 
were amplified with primer pairs IV938/IV939 and IV937/IV940, respectively. A 487 
control fragment containing a part of the gyrA gene was amplified with primers 488 
III186/III187. The purified PhoP protein was dialyzed against DNA-binding buffer (20 489 
mM NaH2PO4, 100 mM KCl, 5% glycerol, 2 mM 1,4-dithiothreitol, pH 8.0). Equimolar 490 
ratios of the DNA fragments and increasing amounts of PhoP were incubated in a 20 491 
µl reaction mixture for 20 min at 25°C in DNA-binding buffer. The reaction mixture 492 
was immediately loaded and separated on a 5% polyacrylamide gel, and stained with 493 
ethidium bromide. The relative amount of unbound DNA was determined densio-494 
metrically using the software ImageJ (http://imagej.nih.gov/ij/) and the dissociation 495 
constant (Kd) was calculated. The Kd values represent the mean ±SEM of three 496 
independent experiments.  497 
 498 
DNase I footprinting 499 
The DNase I footprinting experiments were performed as described 35 with the 500 
following modifications. First, the csrC promoter region was amplified from Y. 501 
pseudotuberculosis YPIII using a sense digoxigenin (DIG)-labeled primer (I293) and 502 
a non-labelled primer (I79), or an anti-sense digoxigenin (DIG)-labeled primer (V586) 503 
and a non-labelled primer (V587). Either the His-tagged PhoP was used directly for 504 
the footprint assay or the PhoP protein was phosphorylated by preincubation with 20 505 
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mM acetyl phosphate for 30 min at 25°C. The purified PCR product was incubated 506 
with increasing amounts of His-tagged PhoP protein for 20 min in DNA-binding buffer 507 
as described for the EMSA. The samples were treated with an appropriate dilution of 508 
DNase I and stopped after 20 s by adding 50 µl stop solution (15 mM EDTA, 10 µg 509 
ml-1 yeast carrier tRNA). The DNA was extracted by adding phenol-chloroform-510 
isoamylalcohol (25:24:1) and precipitated with ethanol. The samples were loaded on 511 
a 6% polyacrylamide sequencing gel and run for 3 h at 60 W. The digested DNA 512 
fragments were transferred on a Nytran membrane (GE Healthcare), UV crosslinked 513 
and the protected DNA bands were detected using CDP-Star according to the DIG 514 
Luminescent Detection kit (Roche). The DNA fragments used for the footprint reac-515 
tion were generated with the same DIG-labeled primer used for the amplification of 516 
csrC for the sequencing reaction. 517 

The sequencing reaction of the csrC upstream region was performed using the 518 
dideoxy-chain reaction with the Thermo Sequenase cycle sequencing kit (Affymetrix) 519 
according to the manufacturer’s instructions. The csrC upstream region was 520 
amplified from the plasmid pAKH59 with the digoxigenin (DIG)-labeled sense primer 521 
I293 or the anti-sense primer V586.  522 

 523 
Primer extension analysis 524 
Primer extension analysis was performed as described previously 35 with minor 525 
modifications. Total RNA was isolated using the hot phenol method and 20 µg of total 526 
RNA were reverse transcribed using the digoxigenin-labelled primer I293 specific for 527 
the csrC gene. The sequencing reaction was carried out with primer I293 as 528 
described for DNase I footprinting. 529 
 530 
Western blotting 531 
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For the detection of the regulatory proteins RovA, RovM, Crp and CsrA, cultures of 532 
the Y. pseudotuberculosis strains were grown under specific environmental condi-533 
tions as described. Bacterial whole cell extracts were prepared from equal amounts 534 
of bacteria and separated on SDS-polyacrylamide gels, and blotted onto nitro-535 
cellulose membranes 60. Subsequently, membranes were blocked in 1 x TBST 536 
containing 3% BSA (blocking buffer). Primary, polyclonal rabbit IgG antibodies (anti-537 
RovA, anti-RovM, anti-Crp and anti-CsrA) were added in a 1:4.000 dilution in 538 
blocking buffer. The secondary antibody, anti-rabbit IgG conjugated with horse radish 539 
peroxidase, was supplied in a 1:8.000 dilution in blocking buffer and the immuno-540 
logical detection of the proteins was performed as described previously 30, 40. Relative 541 
protein amounts were determined densiometrically using the software ImageJ 542 
(http://imagej.nih.gov/ij/) for three independent experiments and normalized to the 543 
respective unspecific protein band. Statistical analysis was performed by student´s t 544 
test. 545 
 546 
RNA isolation, Northern blotting and RNA stability assays 547 
For the isolation of total RNA, exponentially grown cultures of Y. pseudotuberculosis 548 
strains were cultivated at 25°C or 37°C. Bacterial cells were harvested by 549 
centrifugation (10.000 g) at the same temperature as the respective experiment was 550 
performed, and the cell pellet was snap-frozen in liquid nitrogen. Total RNA from the 551 
samples was isolated by the hot phenol method 30, and quantified photometrically 552 
using a wavelength of 260 nm.  553 

For northern blotting total RNA (5 µg) was mixed with loading buffer (0.03% bro-554 
mophenol blue, 4 mM EDTA, 0.1 mg/ml EtBr, 2.7% formaldehyde, 31% formamide, 555 
20% glycerol in 4 x MOPS buffer), heated for 10 min at 70°C, separated on MOPS 556 
agarose gels (1,2%) and transferred by vacuum blotting for 1,5 h onto positively 557 
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charged membranes (GE Healthcare) in 10 x SSC. To detect the two different 558 
transcripts of CsrC high-resolution gels (urea acrylamide, 12%) were performed. 559 
Total RNA (10 µg) was separated for 3 h at 140 V and transferred onto positively 560 
charged membranes (GE Healthcare) in 0,5 x TBE for 30 min at 20 V using semi-dry 561 
blotting system. The membrane was UV cross-linked. DIG-labeled csrB and csrC 562 
PCR-fragments were amplified with primer pairs 555/556 and 582/583 respectively 563 
(Table 2) using the DIG-PCR nucleotide mix (Roche). Prehybridization (1-2 h, 42°C), 564 
hybridization (overnight, 42°C) and washing were conducted using the DIG 565 
Luminescent Detection kit (Roche) according to the manufactures instructions.  566 

RNA stability assay was used to compare degradation of the different CsrC RNAs. 567 
Exponentially grown cultures of bacteria expressing the different CsrC variants were 568 
mixed with rifampicin (2 mg/ml) to inhibit transcription. At certain time points after 569 
blockage of transcription, samples were withdrawn, mixed with 0,2 volume of stop 570 
solution (5% water-saturated phenol, 95% ethanol) and snap-frozen in liquid nitro-571 
gen. The pellets were thawed on ice, centrifugated (4°C, 10 min, 14.000 rpm) and 572 
RNA was isolated using the SV total RNA purification kit (Promega) as described by 573 
the manufacturer. Separation and detection of the RNA were performed as described 574 
above. The half-life of CsrC was calculated by least squares analysis of semi-loga-575 
rithmic plots of CsrC RNA amounts, normalized to 23S and 16S rRNA, versus time. 576 
 577 
Analysis of reporter gene expression  578 
The β-galactosidase activity of the lacZ fusion constructs was measured in per-579 
meabilized cells as described previously 34. The activity was calculated as follows: β-580 
galactosidase activity OD420nm * 6,648-1 * OD600nm

-1 * t (min)-1 * Vol (ml)-1.  581 
 582 
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Figure legends  770 
 771 
Figure 1. Regulatory cascade controlling expression of Y. pseudotuberculosis early-772 
stage virulence genes. Expression of the virulence genes invasin (invA) and psaA is 773 
activated by the thermosensing virulence regulator RovA. Synthesis of RovA is 774 
controlled in a nutrient-dependent manner by a regulatory cascade, including the 775 
cAMP receptor protein (Crp) and the two-component regulatory proteins UvrY/BarA. 776 
They regulate components of the carbon storage regulator (Csr) system, i.e. the 777 
regulatory RNAs CsrB and CsrC and the RNA-binding protein CsrA. Upregulation of 778 
CsrB and/or CsrC leads to the sequestration of CsrA, whereby synthesis of the LysR-779 
type repressor RovM is inhibited, which allows production of RovA. Furthermore, 780 
RovM synthesis is repressed by Crp downstream of CsrA via an unknown mecha-781 
nism. The new finding that csrC expression is activated by the PhoP/PhoQ two 782 
component system is highlighted in red. Solid lines illustrate direct control, and 783 
dashed lines indirect regulation by the indicated regulator.  784 
 785 
Figure 2. PhoP-dependent RovA expression is mediated via RovM. Whole cell 786 
extracts of YPIII (phoP-), YP149 (YPIII phoP+), IP32953 (phoP+) and YPIP06 787 
(IP32953 phoP-) grown to exponential phase at 25°C, 32°C and 37°C were sepa-788 
rated by SDS-PAGE prior to western blotting using polyclonal RovA- and RovM-789 
specific antibodies. As negative controls rovA and rovM deletion strains YP107 and 790 
YP72 were included. Relative protein amounts were determined densiometrically 791 
using the software ImageJ for three independent experiments and normalized to the 792 
respective unspecific protein band (c). Statistical analysis was performed by 793 
student´s t test with * (P≤0.05), ** (P≤0.005), *** (P≤0.001), n.s. (not significant) and 794 
n.d. (not detectable). 795 
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 796 
Figure 3. Analysis of crp and csrA expression in phoP+ and phoP- strains. The vector 797 
pAKH139, harboring a crp-lacZ fusion (A) and plasmid pKB63, harboring a csrA-lacZ 798 
fusion (B) were transformed into Y. pseudotuberculosis strains YPIII (phoP-), YP149 799 
(YPIII phoP+), IP32953 (phoP+) and YPIP06 (IP32953 phoP-). The bacteria were 800 
grown to exponential growth phase in LB medium at 25°C. The data represent the 801 
mean ±SEM from three independent experiments each performed in triplicates. 802 
Whole cell extracts of YPIII (phoP-), YP149 (YPIII phoP+), IP32953 (phoP+) and 803 
YPIP06 (IP32953 phoP-) grown to exponential growth phase at 25°C were separated 804 
by SDS-PAGE prior to western blotting using polyclonal Crp- (C) and CsrA- (D) 805 
specific antibodies. As negative controls crp and csrA deletion strains YP89 and 806 
YP53 were included. Relative protein amounts were determined densiometrically 807 
using the software ImageJ for three independent experiments and normalized to the 808 
respective unspecific protein band (c). Statistical analysis was performed by 809 
student´s t test with * (P≤0.05), ** (P≤0.005), *** (P≤0.001), n.s. (not significant) and 810 
n.d. (not detectable). 811 
 812 
Figure 4. Influence of PhoP on CsrB and CsrC synthesis. The vector pAKH101, 813 
harboring a csrB-lacZ fusion (A), and the vector pAKH103, harboring a csrC-lacZ 814 
fusion (D), were transformed into Y. pseudotuberculosis strains YPIII (phoP-), YP149 815 
(YPIII phoP+), IP32953 (phoP+) and YPIP06 (IP32953 phoP-). The cells were grown 816 
to exponential growth phase in LB medium at 25°C. The data represent the mean 817 
±SEM from at least two different experiments each done in triplicate and were 818 
analyzed with Student’s t-test. ***: P<0,001. Total RNA from Y. pseudotuberculosis 819 
strains YPIII (phoP-), YP149 (YPIII phoP+), IP32953 (phoP+) and YPIP06 (IP32953 820 
phoP-) grown to exponential growth phase at 25°C (B,E) or 37°C (C,F) was prepared 821 
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and analyzed by northern blotting with CsrB (B,C) and CsrC (E,F) specific probes. 822 
YPIII ΔcsrB and YPIII ΔcsrC served as negative control, respectively. 823 
 824 
Figure 5. Interaction of PhoP with the csrC promoter region. Three different DNA 825 
promoter fragments of csrC were incubated with increasing concentrations of PhoP. 826 
A gyrA fragment was used as negative control (c). The PhoP-DNA complexes were 827 
separated on 5% polyacrylamide gels. The position of the specific higher molecular 828 
weight DNA-protein complexes is marked with an asterisk. The analyzed fragments 829 
were the following: csrC 1 (-297 to +93) (A), csrC 2 (-297 to -55) (B), csrC 3 (-76 to 830 
+93) (C) and csrC 2 (-297 to -55) competitive with csrC 3 (-76 to +93) (D). The 831 
relative amount of unbound DNA was determined densiometrically using the software 832 
ImageJ and the dissociation constant (Kd) was calculated. The Kd values represent 833 
the mean ± SEM of three independent experiments.  834 
 835 
Figure 6. DNase I footprinting of PhoP with the csrC regulatory region. Sense (A) 836 
and antisense (B) csrC-probes were DIG-labeled and incubated with increasing 837 
amounts of purified His-PhoP or His-PhoP preincubated with acetyl phosphate. DNA 838 
or PhoP-DNA complexes were digested with DNase I and separated on a 6% 839 
polyacrylamide gel. Lanes T, C, A, G represent the Sanger sequencing reactions. 840 
The DNase I protected regions are indicated with vertical bars, hypersensitive 841 
regions are marked with an asterisk. The numbers indicate the nucleotide positions 842 
upstream of csrC.  843 
 844 
Figure 7. PhoP-dependent transcription of csrC occurs from two distinct start sites. 845 
(A) Mapping of the csrC transcriptional start site. For primer extension of the CsrC 846 
transcript total RNA isolated from YPIII and YP149 (YPIII phoP+) grown at 25°C in 847 
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LB, and a Dig-labeled csrC specific primer was used. The sequencing reaction (left 848 
site) was performed with the same primer used for the extension reaction. The trans-849 
criptional start sites (TSSs) are indicated by arrows. (B) Regulatory region of csrC, 850 
illustrating the two putative promoters, the identified transcriptional start sites, the 851 
DNase I protected areas (highlighted in grey) and putative PhoP boxes (bold letters). 852 
(C) High-resolution northern blot of CsrC revealing two CsrC isoforms. Total RNA 853 
was isolated from YPIII (phoP-) and YP149 (YPIII phoP+) as well as IP32953 (phoP+) 854 
and YPIP06 (IP32953 phoP-) grown to exponential growth phase at 25°C in LB. 10 855 
µg of RNA were separated using urea-acrylamide gels and analyzed by northern 856 
blotting with CsrC specific probes. YPIII ΔcsrC served as negative control.  857 
 858 
Figure 8. RNA stability assay of CsrC. (A) A RNA stability assay of CsrC in the three 859 
different strains YP308 (CsrCYPIII), YP307 (CsrCIP32953) and YP306 (CsrCYPIII+20nt 860 
IP32953) was performed. RNA synthesis was stopped by adding 2 mg/ml rifampicin and 861 
samples were taken after 0, 15, 30, 45, 60, 90 and 120 min. (B) The half-life of CsrC 862 
was measured by a least squares analysis of semi-logarithmic plots of RNA 863 
concentration versus time and represent the mean ±SEM from three different 864 
experiments. 865 
 866 
Figure 9. Model of PhoP-dependent regulation of csrC transcription. The current 867 
model displays PhoP-dependent regulation of csrC expression and derivative-spe-868 
cific differences in CsrC transcript stability in Y. pseudotuberculosis YPIII and 869 
IP32953. Expression of csrC is positively regulated by PhoP via direct DNA-inter-870 
action. PhoP stimulates csrC expression from two distinct promoters resulting in two 871 
CsrC isoforms. IP32953 CsrC carries an additional 20 nucleotides stretch (black box) 872 
leading to decreased CsrC stability. 873 
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Supplements 874 
 875 
Figure S1. Analysis of crp and csrA expression in phoP+ and phoP- strains. The 876 
vector pAKH139, harboring a crp-lacZ fusion (A) and plasmid pKB63, harboring a 877 
csrA-lacZ fusion (B) were transformed into Y. pseudotuberculosis strains YPIII 878 
(phoP+), YP149 (YPIII phoP+), IP32953 (phoP+) and YPIP06 (IP32953 phoP-). The 879 
bacteria were grown to exponential growth phase in LB medium at 37°C. The data 880 
represent the mean ±SEM from three independent experiments each performed in 881 
triplicates. Whole cell extracts of YPIII (phoP-), YP149 (YPIII phoP+), IP32953 882 
(phoP+) and YPIP06 (IP32953 phoP-) grown to exponential growth phase at 37°C 883 
were separated by SDS-PAGE prior to western blotting using polyclonal Crp- (C) and 884 
CsrA- (D) specific antibodies. As negative controls crp and csrA deletion strains 885 
YP89 and YP53 were included. Relative protein amounts were determined densio-886 
metrically using the software ImageJ for three independent experiments and 887 
normalized to the respective unspecific protein band (c). Statistical analysis was 888 
performed by student´s t test with * (P≤0.05), ** (P≤0.005), *** (P≤0.001) and n.s. 889 
(not significant). 890 
 891 
Figure S2. Sequence alignment of csrC of Y. pseudotuberculosis and Y. pestis 892 
strains. ClustalW alignment of csrC sequences from Yersinia species. The nucleotide 893 
sequences of csrC of Y. pseudotuberculosis strains YPIII (accession no. 894 
NC_010465.1), IP32953 (accession no. NC_006155.1), IP31758 (accession no. 895 
NC_009708.1), PB1/+ (accession no. NC_010634.1), and Y. pestis strains CO92 896 
(accession no. NC_003143.1) and biovar Microtus 91001 (accession no. 897 
NC_005810.1). The csrC DNA sequence selected for the alignment starts at the 898 
second transcriptional start site identified in this study and covers the entire anno-899 



 37

tated csrC gene. The red and yellow marked sequences indicate the additional 900 
repetitive nucleotides in the csrC sequence of IP32953 which were most likely 901 
acquired due to rearrangements including nucleotides 125-144. 902 
 903 
Figure S3. RNA secondary structure prediction of YPIII short and extended CsrC 904 
variants. The secondary structures of CsrC starting from TSS 1 (short variant) (A) or 905 
TSS 2 (extented variant) (B) were predicted by using the Mfold software 48. The 906 
extended stretch ranging from TSS 1 to TSS 2 is highlighted. 907 



Table 1: Bacterial strains and plasmids. 

Strains, plasmids  Description Source and reference 

Bacterial strains   

E. coli K-12   

BL21λDE3 F- ompT gal dcm lon hsdSB (rB2 mB2) 
gal λDE3 

55 

S17-1λpir recA1 thi pro hsdR- RP4-2Tc::Mu 
Km::Tn7 λpir 

 56 

Y. pseudotuberculosis   

IP32953 pIB1, wild-type 57 

YPIII pYV, wild-type 58 

YP53 YPIII, ΔcsrA, KnR 40 

YP56 YPIII, ΔphoPQ, KnR 54 

YP69 YPIII, ΔcsrB 40 

YP72 YPIII, ΔrovM Heroven et al., 2012 

YP89 YPIII, Δcrp, KnR 30 

YP107 YPIII, ΔrovA Quade et al., 2012 

YP126 YPIII, ΔcsrC 30 

YP149 YPIII, phoPQIP32953 54 

YP285 YP149, ΔcsrC, KnR This study 

YP306 YP285, csrCYPIII20nt IP32953 This study 

YP307 YP285, csrCIP32953 This study 

YP308 YP285, csrCYPIII This study 

YPIP04 IP32953, ΔphoPQ, KnR This study 

YPIP06 IP32953, phoPQYPIII This study 

   

Plasmids   

pACYC184 Cloning vector, TetR, CmR 59 

pAKH3 pGP704, sacB+, ApR 30 

pAKH59 pACYC184, csrC+, CmR 40 

pAKH101 pHT124, csrB-lacZ(4)a, ApR 40 

pAKH103 pHT124, csrC-lacZ(4)a, ApR This study 

pAKH139 pFU67, crp-lacZ(1)b, ApR This study 

pAKH149 pAKH3, csrC::KanR 30 

pAKH188 pFS31, csrCYPIII20nt IP32953  This study 

pDM4 R6K derivate, sacB, CmR 60 

pFS13 pET28a, phoP+, KnR This study 

pFS29 pAKH3, csrCIP32953 This study 



pFS31 pAKH3, csrCYPIII This study 

pFU67 promoterless lacZ, ori pSC101*, CmR 61 

pHT124 promoter-probe vector, lacZ+, ApR 40 

pKB63 pTS02, csrA-lacZ(6)b, ApR This study 

pET28a T7 overexpression vector, KnR Novagen 

pTS02 promoterless lacZ, ori pSC101*, ApR 62 

pVP3 pDM4, phoPQ::KanR This study 

pWH1 pDM4, phoPQYPIII This study 
a The number indicates the nucleotide of the corresponding gene fused to lacZ. 
b The number indicates the codon of the corresponding gene fused to lacZ. 



Table 2: Oligonucleotides.  

Oligonucleotide Sequence 

555 CGGCGCGGATCCCTCTCACACCAGCTGTG 

556 GGGGGCGTCGACGGCAAACTCAATATCCTG 

582 GCGGCGGTCGACCCTTCATCCCGTGGTAGG 

583 GGGCGCGGATCCGATTGGGCCGGAATCTAGC 

774 GCGGCGGAATTCCCTTCATCCCGTGGTAGG 

I79 GTCGTCTCCGTTAGAGATTAC 

I293 GCTCCGTTTATAGCGTCCTTG 

I363 GGGCCGGTCGACCCAATAACAAATTGACTAGC 

I617 GGGCGCCTGCAGGCAATGAAGCCGGAACAAATC 

II275 GGGGCCCTGCAGCGAGTCAGAATAAGCATTCTTTG 

II432 GGCGGCTCGAGCGACATCAATGGCGCTACAC 

II433 CGGCGCGTCGACCATTCGCTGTTATCCTCTGTTG 

II850 GCGGCGGAGCTCCACTGATGACGAAGTGAGTC 

II853 GCGGCGGAGCTCGGTTCTCGCACCTGAGCG 

III186 TGTAGTCGGGGACGTTATCG 

III187 

III925 

CCCATCCACCAGCATATAGC 

GCGCACTAGTGTCGTGGGTGCCAGCCG 

III926 GCGCGAGCTCCCAGCGGCGACGGCCTG 

III927 GCGCCTCGAGGTCGTGGGTGCCAGCC 

III964 GCCAATGATAACCGTGGTAGTGC 

III965 TTTGCACTGTCAGATGGTGACGC 

III966 TCTCGACCACTTGGGGCGC 

III967 AAAGCCCCTTAGGGGGAGCC 

IV703 GCGGGATCCATGCGGGTTCTGGTTGTGG 

IV704 GCGAAGCTTTTAGTTGACGTCAAAACGATATCCC 

IV937 GATAGTTATAGTTTCTGATGGTC 

IV938 GGGCTATTATGCACAGCTCTC 

IV939 ATCCATTACGTTCCTTGTATATC 

IV940 GAGAGCGTGCATAATAGCCC 

V586 GTCGTCTCCGTTAGAGATTAC 

V587 GCTCCGTTTATAGCGTCCTTG 

V604 GGCTTATGTTTAAGGAACGTAATGGATATACAAGGAACGTAATGGAT
ATACAAGGAATGTAATGGATGTACGGGAGCCAAGGA 

V605 TCTGACATCCATCCTTGGCTCCTACATTCCTTGTATATCCATTACGTT
CCTTGTATATCCATTACGTTCCTTAAACATAAGCC 

The corresponding restriction sites are underlined.  
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