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A novel CsrA titration mechanism regulates
fimbrial gene expression in Salmonella
typhimurium

Torsten Sterzenbach1, Kim T Nguyen1,
Sean-Paul Nuccio1, Maria G Winter1,
Christopher A Vakulskas2, Steven Clegg3,
Tony Romeo2 and Andreas J Bäumler1,*
1Department of Medical Microbiology and Immunology, School of
Medicine, University of California at Davis, Davis, CA, USA,
2Department of Microbiology and Cell Science, University of Florida,
Gainesville, FL, USA and 3Department of Microbiology, The University
of Iowa, Iowa City, IA, USA

A hierarchical control of fimbrial gene expression limits

laboratory grown cultures of Salmonella enterica serovar

typhimurium (S. typhimurium) to the production of type I

fimbriae encoded by the fimAICDHF operon. Here we show

that an unlikely culprit, namely the 50-untranslated region

(50-UTR) of a messenger (m)RNA, coordinated the regula-

tion. Binding of CsrA to the 50-UTR of the pefACDEF tran-

script was required for expression of plasmid-encoded

fimbriae. The 50-UTR of the fimAICDHF transcript co-

operated with two small untranslated RNAs, termed CsrB

and CsrC, in antagonizing the activity of the RNA binding

protein CsrA. Through this post-transcriptional mechanism,

the 50-UTR of the fimAICDHF transcript prevented

production of PefA, the major structural subunit of plasmid-

encoded fimbriae. This regulatory mechanism limits the

costly expression of plasmid-encoded fimbriae to host

environments in a mouse model. Collectively, our data

suggest that the 50-UTR of an mRNA coordinates a hierarch-

ical control of fimbrial gene expression in S. typhimurium.
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Introduction

The genomes of Escherichia coli and Salmonella enterica

contain a large number of fimbrial gene clusters belonging

to the chaperone/usher assembly class, a group defined by

sequence homology of the encoded periplasmic chaperone

and outer membrane usher assembly proteins (Nuccio and

Bäumler, 2007; Yue et al, 2012). Many of these operons are

required for intestinal colonization and/or the pathogenesis

of urinary tract infection (Bäumler et al, 1997; Bergsten et al,

2005; Nielubowicz and Mobley, 2010; Wagner and Hensel,

2011). Each operon encodes structural subunits that are

assembled into a fimbrial filament on the cell surface by a

periplasmic chaperone and an outer membrane usher protein

(Hung and Hultgren, 1998; Proft and Baker, 2009; Waksman

and Hultgren, 2009). Fimbriated bacteria can express 4200

fimbrial filaments on their surface, each composed of up to

1000 copies of the major structural subunit (Klemm, 1994;

Proft and Baker, 2009). Thus, upon expression of a fimbrial

gene cluster, the respective major structural subunit becomes

one of the most abundant proteins in the bacterial cell.

The costly expression of these surface structures is tightly

controlled by regulatory mechanisms that prevent their ela-

boration in vitro. For example, laboratory-grown cultures of

S. enterica serovar typhimurium (S. typhimurium) commonly

elaborate only type 1 fimbriae encoded by the fimAICDHF

operon (Duguid et al, 1966; Clegg et al, 1987), while

expression of the remaining 11 chaperone/usher (C/U)-type

fimbrial operons that are present in its genome cannot be

detected by western blotting (Humphries et al, 2005) or flow

cytometry (Humphries et al, 2003). Similarly, 9 of the 13 C/

U-type fimbrial operons present in the genome of

enterohaemorrhagic E. coli are not expressed under in vitro

growth conditions (Low et al, 2006).

One of the reasons why only a selected few C/U-type

fimbrial operons are expressed under standard laboratory

conditions is the hierarchical control of fimbrial gene expres-

sion in E. coli and S. enterica (Xia et al, 2000; Snyder et al,

2005; Holden et al, 2006; Nuccio et al, 2007). For example,

the elaboration of type I fimbriae by uropathogenic E. coli

strain CFT073 suppresses the expression of pyelonephritis-

associated fimbriae, which in turn suppresses expression of

F1C fimbriae (Snyder et al, 2005). Similarly, expression of

PefA, the major structural subunit of plasmid-encoded

fimbriae, can be detected by western blotting in

S. typhimurium after the biosynthesis genes for type 1

fimbriae (fimAICDHF) have been deleted (Nuccio et al,

2007). The S. typhimurium fimAICDHF operon encodes a

periplasmic chaperone (FimC), an outer membrane usher

(FimD), a major structural subunit (FimA), three minor

structural subunits (FimI, FimF and FimH), but not

regulatory proteins. It is thus not obvious by which

mechanism deletion of the fimAICDHF operon induces

expression of plasmid-encoded fimbriae.

Here, we investigated the mechanism by which the

presence of the fimAICDHF operon prevents expression of

plasmid-encoded fimbriae. Our results identify a novel me-

chanism of bacterial gene regulation that ensures hierarchical

expression of fimbrial biosynthesis genes.

Results

SirA and the fimAICDHF operon synergize in repressing

plasmid-encoded fimbriae

The goal of this study was to determine the mechanism by

which the presence of type I fimbrial biosynthesis genes
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interferes with expression of plasmid-encoded fimbriae in S.

typhimurium. Consistent with a previous report (Nuccio et al,

2007), deletion of the fimAICDHF genes induced expression

of PefA as detected by western blotting (Figure 1A). Deletion

of type I fimbrial biosynthesis genes was accompanied by an

increase in pefA transcript levels, as determined by quantita-

tive real-time PCR (Figure 1B). Two possible mechanisms

could account for the observation that the fimAICDHF genes

reduce pefA transcript levels. The first possibility was that the

fimAICDHF messenger RNA (mRNA) interfered with pefA

transcription or with pefA transcript stability. This scenario

seemed unlikely, since there was no precedent for such a

regulatory mechanism. The second possible scenario was

that expression of the fimbrial proteins encoded by the

fimAICDHF operon reduced pefA transcript levels by an

unknown mechanism. We reasoned that this mechanism

might require signal transduction across the cytoplasmic

membrane, because the periplasmic chaperone (FimC), the

outer membrane usher (FimD), and the structural subunits

(FimA, FimI, FimF and FimH) encoded by fimAICDHF operon

are located in the cell envelope.

When we investigated the possible contribution of two

component regulatory systems to this process, we noted

that inactivation of sirA had little effect on pefA transcript

levels or PefA expression on its own, but a marked increase in

PefA expression was observed in a sirA DfimAICDHF mutant

(TS24) compared to a DfimAICDHF mutant (SPN342)

(Figure 1A and B). Inactivation of sirA did not substantively

alter expression of FimA (Figure 1C and D), suggesting that

chromosomally encoded SirA did not exert its effect on pefA

expression by altering expression of type I fimbriae. A

marked increase in surface assembly of plasmid-encoded

fimbriae was detected by flow cytometry with anti-PefA

antiserum in the S. typhimurium sirA DfimAICDHF mutant

(TS24) compared to the sirA mutant (TS23), the DfimAICDHF

mutant (SPN342) or wild type (SR-11) (Figure 1E and F).

These data suggested that suppression of plasmid-encoded

fimbriae involved some synergistic interaction between SirA

and the presence of the fimAICDHF genes, which provided

our first lead for investigating the mechanism by which the

presence of type I fimbrial biosynthesis genes interferes with

pef expression.

The fim operon cooperates with CsrB and CsrC

to repress PefA expression

SirA is the response regulator of the BarA/SirA two-compo-

nent regulatory system in S. typhimurium (Ahmer et al,

1999), which is also known as BarA/UvrY in E. coli. In

E. coli and S. typhimurium, SirA is a positive regulator of

csrB and csrC, two genes encoding small untranslated RNAs

termed CsrB and CsrC (Suzuki et al, 2002; Teplitski et al,

2003; Weilbacher et al, 2003). Consistent with these reports,

we found that levels of CsrB and CsrC RNA were significantly

reduced in a S. typhimurium sirA mutant (TS23) (Figure 2A

and B). We next investigated whether increased PefA expres-

sion observed in a sirA DfimAICDHF mutant (TS24) was due

to reduced expression of CsrB and CsrC RNA. Similar to the

enhanced PefA expression observed in a sirA DfimAICDHF

mutant (TS24) (Figure 1B), we found a profound increase in

PefA expression in a csrB csrC DfimAICDHF mutant (TS131),

while only marginal expression of PefA was detected by

western blotting in a csrB csrC mutant (TS130) (Figure 2C).

A similar trend was observed when pefA transcripts were

quantified by real-time PCR (Figure 2D). No further increase

in PefA expression was apparent in a sirA csrB csrC

DfimAICDHF mutant (TS133) (Figure 2C), thus the lack of

SirA or inactivation of the SirA-regulated genes csrB and csrC

produced similar effects on PefA expression. These data

suggested that the fimAICDHF genes and the small regulatory

RNAs CsrB and CsrC synergized in suppressing expression of

PefA.

Figure 1 SirA and the fimAICDHF operon synergize in repressing PefA expression. (A) Expression of PefA was detected in cell lysates of the
indicated strains using western blot. (B) Relative expression of pefA-transcripts was assessed in RNA isolated from the indicated bacterial strains
by real-time PCR. Bars represent the average of four independent experiments ±standard error. *Po0.05 (Student’s t-test). (C) Expression of
FimA was detected in cell lysates of the indicated strains using western blot. (D) Relative expression of fimA-transcripts was assessed in RNA
isolated from the indicated bacterial strains by real-time PCR. Bars represent the average of four independent experiments ±standard error. n.d.,
not detected. (E) Surface expression of PefA was detected by flow cytometry in the indicated bacterial strains. Bars represent the average of four
independent experiments ±standard error. (F) Representative images of PefA expression detected by flow cytometry. wt, S. typhimurium wild
type (SR-11); sirA, S. typhimurium sirA mutant (TS23); fimAICDHF, S. typhimurium DfimAICDHF mutant (SPN342); fimAICDHF sirA,
S. typhimurium sirA DfimAICDHF mutant (TS24). Source data for this figure is available on the online supplementary information page.
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CsrA is a positive regulator of plasmid-encoded fimbriae

CsrB and CsrC contain multiple high-affinity binding sites for

CsrA (carbon storage regulator), a post-transcriptional regu-

lator that binds the 50-untranslated region (UTR) of mRNAs,

thereby either reducing translation (by preventing ribosome

binding or enhancing mRNA decay) or enhancing translation

(by increasing translation and/or RNA stability) (Wei et al,

2001; Jonas et al, 2008; Bhatt et al, 2009). Binding of CsrB and

CsrC sequesters CsrA, thereby repressing the activity of this

RNA-binding protein (Liu et al, 1997; Weilbacher et al, 2003).

In light of this connection, we next investigated whether

CsrA was involved in regulating fimbrial expression in

S. typhimurium. Expression of FimA was not markedly

changed in a csrA mutant (TS112) or a csrB csrC mutant

(TS130) compared to the S. typhimurium wild type (SR-11)

(Figure 3A and B), although inactivation of csrA reduced

fimA transcript levels modestly (Figure 3C). Interestingly,

expression of PefA was abrogated in a csrA DfimAICDHF

mutant (TS113) compared to the DfimAICDHF mutant

(SPN342) (Figure 3D). Similarly, the profound PefA expres-

sion observed in a sirA DfimAICDHF mutant (TS24) was

abrogated in a csrA sirA DfimAICDHF mutant (TS115).

These data suggested that inactivation of sirA and deletion

of the fimAICDHF genes increased PefA expression through a

mechanism that was fully dependent on the positive regulator

CsrA.

CsrA induces expression of plasmid-encoded fimbriae

by binding the pefA 50-UTR

Since the substantial PefA expression observed in a sirA

DfimAICDHF mutant was CsrA dependent (Figure 3D), we

wanted to study the mechanism by which CsrA activates

expression of plasmid-encoded fimbriae. We reasoned that

this regulatory effect could be either indirect or a direct

consequence of CsrA binding to the 50-UTR of the pefA

transcript. We performed 50-rapid amplification of cDNA

ends (50-RACE) to determine the transcriptional start site of

the pefACDEF transcript, which was located 76 bp upstream

of the pefA start codon (RefSeq accession NC_003277.1

coordinate 14163). We next synthesized a biotinylated tran-

script containing nucleotides þ 1 to þ 148 relative to the

transcriptional start site using in vitro transcription and

investigated binding of CsrA to this transcript employing an

RNA electrophoretic mobility shift assay (EMSA). When the

biotinylated pefA 50-UTR transcript was incubated with in-

creasing concentrations of CsrA-6xHis, we observed a mobi-

lity shift at a CsrA-6xHis dimer concentration of 512 nM

(Figure 3E). CsrA binds to a conserved sequence present in

CsrB RNA, CsrC RNA and in the 50-UTR of its target mRNAs,

which contains a central GGA motif that is 100% conserved

(Dubey et al, 2005; Mercante et al, 2009). Inspection of the

pefA 50-UTR nucleotide sequence revealed a single site

(nucleotides 9–16, GCTGGAAA) with conserved GGA motif

but otherwise marginal similarity to the proposed CsrA

consensus sequence (ACAGGATG).

To determine whether this potential CsrA-binding site was

responsible for the observed mobility shift, we generated a

transcript (pefACCA 50-UTR) in which the conserved GGA

motif was mutagenized to CCA. No mobility shift was ob-

served when the biotinylated pefACCA 50-UTR transcript was

incubated with increasing concentrations of CsrA-6xHis

(Figure 3F). These data suggested that CsrA bound specifi-

cally to a single GGA binding site in the pefA 50-UTR. To

further map the CsrA-binding site in the pefA 50-UTR, we

mutated nucleotides directly adjacent to the GGA motif

(T11A, A15T) or in a distance of one nucleotide (C10G,

A16T) or two nucleotides (G9C, A17T) from the GGA motif.

An altered mobility suggested that the respective mutations

altered the secondary structure of the resulting biotinylated

constructs. Importantly, no electrophoretic shift was ob-

served when these biotinylated constructs were incubated

with increasing concentrations of CsrA-6xHis (Figure 3G). In

contrast, mutation of nucleotides located in a distance of

three bases from the GGA motif (T8A, T18A) did no longer

prevent an electrophoretic shift with CsrA-6xHis.

To further investigate whether binding of CsrA to the GGA

motif in the pefA 50-UTR was required for expression of plasmid-

encoded fimbriae, we introduced point mutations into the

Figure 2 SirA represses expression of PefA via downregulation of CsrB and CsrC. Expression of CsrB RNA (A) and CsrC RNA (B) was
quantified by real-time PCR using RNA isolated from S. typhimurium wild type (wt) and the sirA mutant (sirA). Bars represent the average of
four independent experiments ±standard error. (C) Expression of PefA was detected in cell lysates of the indicated strains using western blot.
(D) Relative expression of pefA transcripts was assessed in RNA isolated from the indicated bacterial strains by real-time PCR. Bars represent
the average of three independent experiments ±standard error. (E) Expression of csrA mRNA was quantified by real-time PCR using RNA
isolated from the indicated strains. Bars represent the average of four independent experiments ±standard error. Statistical analysis was
performed by a Student’s t-test. Source data for this figure is available on the online supplementary information page.
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S. typhimurium genome to change the central GGA motif in the

pefA 50-UTR to CCA. The resulting pefACCA mutation was

introduced into a DfimAICDHF mutant and a DfimAICDHF

csrB csrC mutant and PefA expression was determined by

western blotting. Introduction of a pefACCA mutation into a

DfimAICDHF mutant (TS139) or a DfimAICDHF csrB csrC mutant

(TS 140) markedly lowered PefA protein levels (Figure 3H).

Collectively, these data suggested that CsrA activates expression

of plasmid-encoded fimbriae by binding a GGA motif in the

50-UTR of the pefACDEF transcript.

The 50-UTR of the fimAICDHF transcript is sufficient for

suppressing PefA expression

We next investigated the mechanism by which SirA and the

fimAICDHF genes suppressed the CsrA-mediated activation of

PefA expression. Inactivation of sirA did not alter the tran-

script levels of csrA (Figure 2E), but lowered the levels of

CsrB RNA (Figure 2A) and CsrC RNA (Figure 2B), two known

inhibitors of CsrA activity (Suzuki et al, 2002; Weilbacher

et al, 2003). These data were consistent with the idea that the

mechanism by which SirA suppressed CsrA activity was by

increasing the levels of the small untranslated RNAs CsrB and

CsrC, which contain multiple high-affinity binding sites for

CsrA and sequester this RNA binding protein (Suzuki et al,

2002; Weilbacher et al, 2003). However, the mechanism by

which the fimAICDHF genes suppressed CsrA activity

remained obscure.

As mentioned above, one possibility was that the fimAICDHF

mRNA was responsible for the observed suppression of PefA

expression (Figure 1A). Interestingly, we noticed that the 50-

UTR of the fimAICDHF transcript contained two potential CsrA-

binding sites that matched the proposed consensus sequence

(ACAGGAUG, Figure 4A). To investigate whether the 50-UTR of

the fimAICDHF transcript was sufficient for preventing PefA

expression, we cloned the corresponding DNA region in the

vector pBAD30 under the control of the E. coli arabinose

operon promoter (Figure 4B). The resulting plasmid (pTS30)

or the vector control (pBAD30) was introduced into wild-type

S. typhimurium (SR-11) or the DfimAICDHF mutant (SPN342)

and expression of PefA detected by western blotting after

growing bacteria in the presence of the inducer arabinose.

Expression of the 50-UTR of the fimAICDHF transcript

fully suppressed PefA expression in the S. typhimurium

DfimAICDHF mutant (SPN342) (Figure 4C). In contrast, intro-

duction of the vector control (pBAD30) did not prevent

expression of PefA in the DfimAICDHF mutant (SPN342).

These data provided compelling evidence that proteins en-

coded by the fimAICDHF operon were not required for suppres-

sion of PefA expression. Instead, our data raised the surprising

possibility that the 50-UTR of a chromosomally encoded mRNA

(i.e., the fimAICDHF transcript) could regulate the expression

of a gene product (i.e., PefA) encoded on the virulence

plasmid.

CsrA binds the 50-UTR of the fimAICDHF transcript

To further investigate the mechanism by which the

fimAICDHF genes suppress PefA expression, we determined

whether CsrA can bind to the 50-UTR of the fimAICDHF

Figure 3 CsrA regulates expression of PefA. (A) Expression of FimA was detected in cell lysates of the indicated S. typhimurium strains using
western blot. (B) Quantification of FimA levels in western blots (N¼ 3) by densitometry. (C) Relative expression of fimA mRNA was quantified
in RNA isolated from the indicated bacterial strains by real-time PCR. Bars represent the average of three independent experiments ±standard
error. (D) Expression of PefA was detected in cell lysates of the indicated S. typhimurium strains using western blot. wt, S. typhimurium wild
type (SR-11). (E–G) Electrophoretic mobility shift assays (EMSAs). 30-end biotinylated pefA 50-UTR RNA (E), pefACCA 50-UTR RNA (F) or pefA
50-UTR RNA mutated at the indicated positions (G) was incubated with the indicated concentrations of CsrA-6xHis dimers. RNA protein
complexes were separated on a native 5% TBE gel to perform EMSA. (H) Expression of PefA was detected in cell lysates of the indicated
S. typhimurium strains using western blot. Source data for this figure is available on the online supplementary information page.
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transcript by an EMSA. A biotinylated transcript containing

nucleotides þ 1 to þ 264 relative to the published start site

of the fimAICDHF transcript (Kroger et al, 2012) was

synthesized by in vitro transcription. When this biotinylated

50-UTR transcript was incubated with increasing

concentrations of purified His-tagged CsrA protein (CsrA-

6xHis) (Mercante et al, 2006), we observed a partial

mobility shift starting at a CsrA-6xHis dimer concentration

of 16 nM, whereas a complete mobility shift was observed at

a CsrA-6xHis dimer concentration of 256 nM (Figure 4D). To

verify the specificity of the binding reaction, 256 nM CsrA-

6xHis dimer was incubated with biotinylated in vitro tran-

scribed 50-UTR of the fimAICDHF transcript in the presence of

increasing concentrations of unlabelled in vitro transcribed

50-UTR of the fimAICDHF transcript. The unlabelled in vitro

transcribed 50-UTR of the fimAICDHF transcript was able to

compete for CsrA binding as indicated by the disappearance

of the mobility shift at higher concentrations of the compe-

titor (Figure 4E). In contrast, competition for CsrA binding

with a non-specific competitor (an in vitro transcribed frag-

ment of the phoB gene) (Martinez et al, 2011) did not result in

the disappearance of the mobility shift. These results

suggested that CsrA specifically binds the 50-UTR of the

fimAICDHF transcript.

To determine whether the potential CsrA-binding sites were

responsible for the observed mobility shift, we generated a

transcript in which both GGA motifs were mutagenized to

CCA (G102C, G103C, G157C, G158C). No mobility shift was

observed when the mutated (G102C, G103C, G157C, G158C)

biotinylated 50-UTR transcript of the fimAICDHF transcript

was incubated with increasing concentrations of CsrA-6xHis

(Figure 4F). These data suggested that CsrA bound specifi-

cally to GGA binding sites in the 50-UTR of the fimAICDHF

transcript. To further map the CsrA-binding sites in the 50-

UTR of the fimAICDHF transcript, we mutated nucleotides

directly adjacent to each GGA motif (A99T, C100G, A101T,

T105A, G106C, C107G, A154T, C155G, A156T, T160A, G161C,

C162G). An electrophoretic shift was observed when the

resulting biotinylated construct was incubated with increas-

ing concentrations of CsrA-6xHis (Figure 4G). Finally, we

mutated nucleotides in a distance of three nucleotides from

each GGA motif (T96A, T97A, T98A, A108T, G109C, A110T,

C151G, C152G, G153C, C163G, G164C, A165T). Mutation of

nucleotides located in a distance of three bases from the GGA

motif did not prevent an electrophoretic shift with CsrA-6xHis

(Figure 4G).

The 50-UTR of the fimAICDHF transcript antagonizes the

regulatory effects of CsrA

The small untranslated RNAs CsrB and CsrC antagonize the

regulatory effects of CsrA presumably by sequestering this

RNA binding protein. Our finding that CsrA binds the 50-UTR

Figure 4 The 50-UTR of the fimA transcript suppresses PefA expression and binds to CsrA. (A) Sequence of the 50-UTR of the fimA transcript
according to Kroger et al (2012). Predicted CsrA-binding sites are underlined. Capital letters indicate the start of the pefA open reading frame.
(B) Schematic depiction of the fimAICDHF operon and the cloning strategy for overexpressing the 50-UTR of the fimA transcript. (C) Expression
of PefA was detected in cell lysates of the indicated strains using western blot. Bacteria were grown for 48 h statically in the presence of 0.2%
arabinose and carbenicillin. (D–G) Electrophoretic mobility shift assays (EMSAs). RNA protein complexes were separated on a native 5% TBE
gel to perform EMSAs. 30-end biotinylated fimA 50-UTR RNA was incubated with the indicated concentrations of CsrA-6xHis dimers in the
absence (D) or presence (E) of unlabelled competitor RNA. The concentrations of specific (fim) or non-specific (phoB) competitor RNA are
indicated on the bottom of each lane. (F, G) 30-end biotinylated fimA 50-UTR RNA mutated at the indicated positions was incubated with the
indicated concentrations of CsrA-6xHis dimers. Source data for this figure is available on the online supplementary information page.
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of the fimAICDHF transcript (Figure 4D and E) raised the

possibility that the fimAICDHF genes antagonized the regu-

latory effects of CsrA by a similar mechanism. CsrB and CsrC

are highly abundant in the cell, which explains in part why

these small untranslated RNAs can antagonize CsrA activity.

However, no antagonistic activity has been ascribed to mRNA

targets of CsrA, presumably because these mRNAs are ex-

pressed at considerably lower levels than CsrB RNA and CsrC

RNA. We thus compared expression levels of the 50-UTR of

the fimAICDHF transcript with those of CsrB RNA, CsrC RNA

and the mRNAs of known CsrA targets (hilD, flhD and glgA)

by quantitative real-time PCR (Yang et al, 1996; Altier et al,

2000; Jackson et al, 2002; Teplitski et al, 2003; Teplitski et al,

2006; Jonas et al, 2010; Yakhnin et al, 2013). As expected, the

levels of CsrB RNA and CsrC RNA were B10- to 100-fold

higher than transcript levels of hilD, flhD or glgA (Figure 5A).

However, the levels of the fimAICDHF 50-UTR were not only

higher than those of other target mRNAs (i.e., hilD, flhD or

glgA), but exceeded even the levels of the highly abundant

CsrB RNA and CsrC RNA. Transcript levels of fimA, fimI and

fimC were lower than that of the fimAICDHF 50-UTR.

We next investigated whether expression of the fimAICDHF

transcript could alter expression of other genes whose tran-

scripts are controlled by CsrA. CsrA stabilizes the flhDC

transcript (Jonas et al, 2010), which encodes a master

regulator (FlhDC) of the flagellar regulon. FlhDC controls

expression of over 90 genes in S. typhimurium (Frye et al,

2006), including fliC, which encodes flagellin. Compared to

the S. typhimurium wild type, flhD and fliC transcript levels

were significantly increased in a S. typhimurium

DfimAICDHF mutant (Figure 5B and C). However, introduc-

tion of a plasmid encoding the fim 50-UTR (pTS30) did not

lead to a reduction in flhD and fliC transcript levels (data not

shown). We noted that expression levels of the fimA 50-UTR

were considerably higher in the S. typhimurium wild type

than in a S. typhimurium DfimAICDHF mutant expressing the

fimA 50-UTR from plasmid pTS30 (Figure 5A), which might

explain the lack of complementation. As a follow-up to this

experiment, we constructed a second plasmid (pTS42) in

which the E. coli arabinose operon promoter drove expres-

sion of the fimA and fimC genes in addition to the fimA 50-

UTR, as the UTR may be less stable when expressed alone.

Although introducing pTS42 into a S. typhimurium

DfimAICDHF mutant increased the fimA 50-UTR transcript

levels compared to a strain carrying pST30, they still re-

mained below those observed in the S. typhimurium wild

type (Figure 5A). Introduction of pTS42 into the DfimAICDHF

mutant did not significantly alter the flhD and fliC transcript

levels (Figure 5B and C). In contrast, introduction of pTS42

significantly (Po0.01) reduced expression of pefA in a

DfimAICDHF mutant (Figure 5D), suggesting that expression

levels of the fimA 50-UTR below that of the wild type were

sufficient to partially restore repression of plasmid-encoded

fimbriae (Figure 5D).

Assuming the fim message functions in sequestering CsrA,

we reasoned that a partial complementation of flhD and/or

fliC repression might be observed even with plasmids yield-

ing relatively low levels of fimA 50-UTR provided that small

RNAs with redundant function would be removed. This is

particularly relevant, because CsrA activates transcription of

csrB/C and represses CsrB/C turnover through a negative

feedback loop (Weilbacher et al, 2003; Suzuki et al, 2006), a

mechanism that might also partly compensate for loss of the

fim message. We thus introduced plasmid pTS42 or a vector

Figure 5 The 50-UTR of the fimA transcript regulates gene expression. RNA was isolated from the indicated bacterial strains grown in LB5.5.
(A) Absolute copy numbers of the indicated transcript per microgram of total RNA were determined by quantitative real-time PCR for the
indicated transcripts. (B–D) Relative changes in transcript levels were determined by quantitative real-time PCR for the indicated transcripts.
Bars represent geometric means±standard error from three (A) or six (B–D) different experiments. Statistical analysis was performed by a
Student’s t-test and statistical significance of differences is indicated by brackets. ND, none detected.
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control (pBAD30) into a S. typhimurium DfimAICDHF csrB

csrC mutant and determined flhD and fliC transcript levels.

Introduction of pTS42 significantly (Po0.05) reduced flhD

and fliC transcript levels in the DfimAICDHF csrB csrC mutant

(Figure 5B and C). These data suggested that the increased

flhD and fliC expression resulting from deletion of the

fimAICDHF operon could be restored, at least in part, by

restoring intermediate expression levels of fimA 50-UTR in the

cell.

The CsrA-binding site in the pefA 50-UTR controls

expression of plasmid-encoded fimbriae in vivo

A possible biological function for the hierarchical control of

fimbrial expression would be to ensure that S. typhimurium

does not express plasmid-encoded fimbriae while residing

outside a host. To test this assumption, we investigated

expression of the fim and pef operons in the mouse colitis

model. Mice were preconditioned with streptomycin and

inoculated with a S. typhimurium wild-type strain that was

marked by a phoN::Cm insertion to facilitate recovery

(TS141). At 72 h after infection, organs were collected to

determine bacterial gene expression in the caecum by quan-

titative real-time PCR. Similar numbers of bacteria were

recovered from caecal contents of all groups (data not

shown). Compared to expression levels in the inoculum,

mRNA levels of fimA were reduced in the phoN mutant

(TS141) recovered from the caecum (Figure 6A). In contrast,

pefA transcript levels were significantly (Po0.05) higher in

RNA recovered from caecal contents than from the inoculum

of the phoN mutant (TS141) (Figure 6B). As expected, the

transcript levels of pefA were elevated in an in vitro culture of

a DfimAICDHF phoN mutant (TS142) compared to a phoN

mutant. However, both strains exhibited similar pefA tran-

script levels in vivo.

To determine whether increased pefA expression in vivo

was dependent on the CsrA-binding site in the pefA 50-UTR,

mice were infected with a pefACCA phoN mutant (TS147).

Importantly, pefA expression in the caecum was significantly

(Po0.01) lower in the pefACCA phoN mutant compared to

a phoN mutant, supporting the idea that the regulatory

mechanism proposed here was operational in vivo and

contributed to increased expression of plasmid-encoded fim-

briae in the murine caecum. In summary, these data support

a model in which CsrA-mediated hierarchical control of

fimbrial expression limits expression of plasmid-encoded

fimbriae to host environments (Figure 7).

Discussion

Small untranslated RNAs are important regulators of bacterial

gene expression (Romeo, 1998; Vogel and Luisi, 2011; Romeo

et al, 2012; Heroven et al, 2012). The activity of CsrA, a global

post-transcriptional regulator, is antagonized by two small

untranslated RNAs, termed CsrB and CsrC. CsrB and CsrC

possess high-affinity CsrA-binding sites (Altier et al, 2000;

Fortune et al, 2006; Martinez et al, 2011) that enable these

small untranslated RNAs to bind to CsrA, thereby repressing

its activity (Liu et al, 1997; Weilbacher et al, 2003). CsrA

molecules that are not sequestered by CsrB or CsrC can post-

transcriptionally regulate gene expression by binding to their

mRNA targets, thereby preventing ribosome binding,

enhancing mRNA decay or increasing mRNA stability (Wei

et al, 2001; Jonas et al, 2008; Bhatt et al, 2009). CsrA was

initially identified as a negative regulator of glycogen

synthesis encoded by the glgCAY operon in E. coli (Romeo

et al, 1993), but it is now clear that this post-transcriptional

regulator controls a wide range of properties related to

metabolism and virulence (Edwards et al, 2011; Romeo

et al, 2012). For example, in S. typhimurium and E. coli,

CsrA is a positive regulator of motility because it stabilizes

the transcript encoding FlhC and FlhD, the two subunits of

the master regulator of flagella expression (Wei et al, 2001;

Lawhon et al, 2003). Furthermore, CsrA regulates expression

of the invasion-associated type III secretion system of

S. typhimurium via post-transcriptional regulation of HilD

(Altier et al, 2000; Fortune et al, 2006). CsrA also regulates

expression of eight diguanylate cyclases (GGDEF-domain

containing proteins) and phosphodiesterases (EAL-domain

containing proteins) in S. typhimurium, which control the

switch between a motile and a sessile state by regulating

cyclic di-guanylate (c-di-GMP) metabolism (Jonas et al,

2010). Here, we show that CsrA is a positive regulator of

PefA expression in S. typhimurium by binding a GGA motif in

the 50-UTR of the pefACDEF transcript (Figure 3).

It is uncommon that an mRNA molecule, independently of

its encoded gene product, can alter the activity of a global

regulatory protein, thereby changing protein expression in

Figure 6 The CsrA-binding site in the 50-UTR of the pefA transcript
limits expression to host environments. Streptomycin pretreated
mice were inoculated with the indicated S. typhimurium mutants
and RNA was isolated from the inoculum cultures (inoculum) and
from caecal washes collected 72 h after infection (caecum).
Transcript levels of fimA (A) and pefA (B) relative to the respective
mRNA levels present in the inoculum culture of the S. typhimurium
phoN mutant were determined by quantitative real-time PCR. Bars
represent geometric means±standard error from at least four
different animals. Statistical analysis was performed by a
Student’s t-test. n.d., no transcripts detected.
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bacteria. While the binding of small untranslated RNAs to

CsrA can regulate the activity of this RNA-binding protein,

binding of CsrA to mRNAs generally functions in regulating

expression of the encoded proteins rather than regulating

CsrA activity (Romeo, 1998). However, a regulatory effect of

an mRNA has recently been described that is based on the

competition for binding of a small untranslated RNA

(Figueroa-Bossi et al, 2009). Based on this observation, it

has been proposed that some mRNAs are regulated by small

untranslated RNAs but have no effect on their availability

while other mRNAs may act only as decoys that regulate the

availability of a small untranslated RNA but are not subject to

regulation by this small untranslated RNA (Mandin and

Gottesman, 2009). Similarly, binding of CsrA to the 50-UTR

of the fimAICDHF transcript had little effect on expression of

FimA (Figure 3A and B), suggesting that the main function

for the binding of CsrA to the 50-UTR of the fimAICDHF

transcript was not to regulate expression of the encoded

type I fimbrial proteins. Instead, our data raised the intriguing

possibility that binding of the fimAICDHF mRNA to CsrA

functioned mainly in regulating CsrA activity.

The surprising regulatory activity of the 50-UTR of the

fimAICDHF transcript might be explained in part by its high

abundance in the cell. For example, the fimA 50-UTR was

present in B100-fold to 1000-fold greater abundance than

hilD, flhD and glgA mRNAs (Figure 5), which are known

targets of CsrA (Yang et al, 1996; Altier et al, 2000; Jackson

et al, 2002; Teplitski et al, 2003; Teplitski et al, 2006; Jonas

et al, 2010). The high abundance of the 50-UTR of the

fimAICDHF transcript was a feature shared with CsrB RNA

and CsrC RNA (Figure 5). It thus seems likely that the 50-UTR

of the fimAICDHF transcript sequesters CsrA by a mechanism

similar to that proposed for CsrB RNA and CsrC RNA (Liu

et al, 1997; Weilbacher et al, 2003). Our model for the

hierarchical control of fimbrial gene expression mediated by

CsrA (Figure 7) provides a plausible explanation for the

observation that the presence of the fimAICDHF transcript

synergized with CsrB RNA and CsrC RNA to suppress ex-

pression of plasmid-encoded fimbriae in S. typhimurium

(Figure 2). Transcript levels of pefA were more sensitive to

sequestration of CsrA by the 50-UTR of the fimAICDHF

transcript (Figure 5D) than transcript levels of flhD

(Figure 5B). This may be explained by the fact that the

50-UTR of the fimAICDHF transcript binds CsrA with a higher

affinity than the 50-UTR of the pefACDEF transcript. As a

result, the fimAICDHF transcript is very effective in seques-

tering CsrA away from the pefACDEF transcript. In contrast,

CsrA binding of mRNAs that have a similar or higher affinity

than the 50-UTR of the fimAICDHF transcript (e.g., the flhD

mRNA) will be affected to a lesser extent by fluctuations in

fimAICDHF-transcript levels. Thus, differences in the affi-

nities of different mRNA targets for CsrA are predicted to

determine the magnitude by which expression of each target

is regulated by the 50-UTR of the fimAICDHF transcript.

Materials and methods

Bacterial strains and growth conditions
The bacterial strains used in this study are listed in Supplementary
Table S1. Unless otherwise noted, cultures of S. typhimurium and
E. coli were routinely incubated aerobically at 371C in Lysogeny
broth (LB) (per liter: 10 g tryptone, 5 g yeast extract, 10 g NaCl) or on
LB agar plates (LB containing 1.5% Difco agar) overnight. Sucrose

selection was performed aerobically on 5% sucrose agar (SA) (per
liter: 50 g sucrose, 8 g nutrient broth, 15 g Bacto agar) at 301C
(Lawes and Maloy, 1995). Antibiotics were added at the following
concentrations (mg/l) as needed: chloramphenicol (Cm), 30;
kanamycin (Km), 100; nalidixic acid (Nal), 50; tetracycline
(Tc), 20; gentamicin (Gm), 10; spectinomycin (Spec), 100. For
fimbrial expression, strains were grown statically in 50 ml conical
tubes in 5 ml LB buffered to pH 5.5 with 100 mM 2-(N-
morpholino)ethanesulphonic acid (MES) (LB5.5). A sterile pipette
tip was routinely added to standing cultures to support Pef
expression as previously observed (Nuccio et al, 2007).

Plasmid construction
Chemically competent E. coli was prepared as previously described
(Maniatis et al, 1989). To generate unmarked fim operon deletions,
the unmarked Dfim cassette within pSF2 was relocated within
pRDH10 to the tetC gene as pSF2 did not confer a sucrose-
sensitive phenotype to S. typhimurium cells harbouring it. To
achieve this, pSF2 was digested with EcoRI (New England
Biolabs), the DfimAICDHF cassette gel purified (Qiagen Qiaex II
kit), blunted (NEB Quick Blunting kit), purified (Qiagen MinElute
kit) and then ligated (NEB Quick Ligation kit) to BamHI-linearized,
blunted, purified and phosphatase-treated (NEB Antarctic
Phosphatase) pRDH10. The ligation was transformed into
chemically competent CC118 lpir cells and the cells then plated
on LBþCm agar. Colonies were screened for Tc sensitivity on
LBþTc agar. A plasmid containing a single DfimAICDHF cassette
(determined by plasmid linearization with PstI) in a blunted BamHI
site (negative for BamHI digestion and negative for Tc resistance)
was labelled as pSPN22.

A standard for measuring fliC mRNA expression was generated
by PCR amplifying (Supplementary Table S2) the fliC open reading
frame of ATCC 14028 and then cloning it into pCR2.1 with the TOPO
TA cloning kit (Invitrogen). The ligation mixture was transformed
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Figure 7 Proposed model for the hierarchical control of fimbrial
expression in S. typhimurium mediated by CsrA. The exceptionally
high transcript levels of the fimAICDHF 50-UTR can antagonize the
regulatory effects of CsrA by binding and sequestering this RNA
binding protein through a mechanism similar to that proposed for
CsrB RNA and CsrC RNA. Via this mechanism, the fimAICDHF
mRNA synergizes with CsrB RNA and CsrC RNA in antagonizing
the activity of CsrA, a regulatory protein that activates expression of
plasmid-encoded fimbriae by binding a GGA motif in the 50-UTR of
pefACDEF transcript. This mechanism is ultimately responsible for
the hierarchical control of type I fimbriae and plasmid-encoded
fimbriae in S. typhimurium.
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into TOP10 cells and plated on LBþKm agar. Clones were se-
quenced with M13 universal primers by SeqWright (Houston, TX)
and a plasmid with an accurate fliC sequence was designated as
pSPN31. Standards for hilD, csrA, csrB, csrC, glgA and flhD were
generated in a similar fashion by PCR amplifying (Supplementary
Table S2) fragments of the respective genes and cloning into pCR2.1
using the TOPO TA cloning kit to yield plasmids pTS33 through
pTS38, respectively. Primers incorporating a T7 promoter
(Supplementary Table S2) were similarly used to generate pCR2.1-
cloned RNA transcription templates for the fimA 50-UTR (pTS31),
the wild-type pefA 50-UTR (pTS32), pefACCA 50-UTR (pTS48) and
other mutations in the pefA 50-UTR (pTS54-57). To generate pCR2.1-
cloned RNA transcription templates for the fimA 50-UTR containing
mutations (pTS51-51), overlapping primers containing the desired
mutation were used for PCR together with the distal primers used
for the construction of pTS31. The two resulting PCR products were
mixed in an equimolar ratio and used as a PCR template with the
two distal primers. The resulting PCR product was then cloned into
pCR2.1 or, to introduce additional mutations, used as a PCR
template as described above.

The 50-UTR of the fimAICDHF operon was PCR amplified
(Supplementary Table S2) and the resulting PCR product was cloned
into pCR2.1 using the TOPO TA cloning kit. After sequencing with
M13 universal primers, the insert was subcloned into pBAD30 using
the unique EcoRI and XbaI restriction sites. The resulting plasmid
was designated as pTS30.

To generate a construct expressing the 50-UTR of the fimAICDHF
operon along with FimA and FimC, a DNA region encompassing the
fimA 50-UTR, the fimA gene as well as the fimC gene were PCR
amplified (Supplementary Table S2). The resulting PCR products
were cloned into pCR2.1 using the TOPO TA cloning kit to generate
pTS39 and pTS40, respectively. After verification of the sequence,
the insert of pTS39 was subcloned into pBAD30 using the unique
EcoRI and XbaI restriction sites to generate pTS41. The insert of
pTS40 was then subcloned into pTS41 using the XbaI and SalI
restriction sites to generate pTS42.

To generate a mutant containing an altered CsrA-binding site in
the 50-UTR of the pefA transcript, a region upstream and a region
downstream of the predicted CsrA-binding site were PCR amplified
(Supplementary Table S2). The resulting PCR products were gel
purified, digested with SacI and ligated. The resulting ligation
mixture served as a template for a PCR with the distal primer of
each region’s amplification relative to the CsrA-binding site. The
resulting PCR was cloned into pCR2.1 using the TOPO TA cloning
kit, yielding pTS43. Following sequence confirmation, the insert
was subcloned into pGP704 using the unique XbaI and EcoRI sites,
giving rise to pTS44. pTS45 was then generated by introducing the
kanamycin-resistance cassette from pKSAC (Pharmacia) into the
SacI site of pTS44.

To generate pTS47, which contains the mutated CsrA-binding site
in the 50-UTR of the pefA transcript and the same flanking regions as
pTS45, the fragments were amplified employing the primers listed
in Supplementary Table S2. The overlapping primers proximal to
the CsrA-binding site contained point mutations that yielded the
desired mutation. The resulting PCR products were gel purified and
an equimolar mixture served as a template for PCR with the distal
primer from each region. The resulting PCR product was cloned into
pCR2.1 with the TOPO TA cloning kit and sequenced to verify the
mutation, yielding pTS46. The insert was then subcloned into
pRDH10 using the unique BamHI and SacI restriction sites to
generate pTS47.

Construction of S. typhimurium mutants
To generate an unmarked deletion of the fimAICDHF operon, E. coli
S17-1 lpir was transformed with the suicide plasmid pSPN22 and
then conjugated with EHW2 (IR715 DfimAICDHF::KSAC). S. typhi-
murium transconjugants containing pSPN22 integrated into the
chromosome were selected for by plating on LBþCmþNal agar
plates. Colonies from these plates were then plated on SA to select
for bacteria that had recombined out and titrated pSPN22. Sucrose-
resistant colonies were then screened on LBþCm and LBþKm
agar plates. A colony sensitive to both antibiotics and confirmed by
PCR (Supplementary Table S2) to contain an unmarked
DfimAICDHF locus and to be missing fimA was dubbed SPN192.
To transduce the unmarked fim deletion of SPN192 into SR-11, a
method similar to that of Kang et al (2002) was employed.

Integration of pSPN22 into SPN192 was achieved by conjugation
as described above, resulting in a merodiploid DfimAICDHF state
flanking the integrated plasmid pSPN22, which is maintained by
selection for the plasmid’s Cm-resistance cassette. A Cm-resistant
transconjugant negative for the PCR product from unmarked
DfimAICDHF amplification was labelled as SPN227
(DfimAICDHF::pSPN22). The DfimAICDHF::pSPN22 locus was
then transduced into SR-11 with phage P22 HT105/1 int-201,
selecting for Cm resistance. As SR-11 is resistant to P22-mediated
lysis, purification from phage was not required and transductants
were plated on SA to select for the loss of pSPN22. A Cm-sensitive
colony positive for unmarked DfimAICDHF amplification and
negative for fimA amplification was called SPN342 (SR-11
DfimAICDHF).

Insertion mutants in sirA were generated by transducing the
kanamycin-resistance cassette from BA736 into the respective target
strains by P22-mediated transduction. Insertion mutants of csrA,
csrB and csrC were constructed by linear transformation as de-
scribed previously (Penrod and Roth, 2006). PCR products were
amplified with primers listed in Supplementary Table S2. The
primers contained a stretch of B40 bp homologous to the intended
insertion site in the genome of S. typhimurium and a universal
linker sequence used to amplify the respective resistance cassette
(chloramphenicol-resistance cassette for csrA, spectinomycin-resis-
tance cassette for csrB, and gentamicin-resistance cassette for csrC).
The resulting PCR products were recombined into S. typhimurium
LT2 using linear transformation mediated by the Red functions of
phage lambda (Datsenko and Wanner, 2000). The constructed
mutations were transduced by phage P22 into strain TT10674.
The respective mutations in csrA, csrB or csrC were then
transduced into the respective strains as indicated in
Supplementary Table S1 by phage P22 and selection for the respec-
tive antibiotic resistance. The presence or absence of the respective
resistance cassettes in csrA, csrB or csrC was confirmed by PCR with
primers listed in Supplementary Table S2.

To generate a point mutant in the CsrA binding sequence of the
pefA 50-UTR, E. coli S17-1 lpir was transformed with pTS45 and
then conjugated with S. typhimurium IR715. Transconjugants were
selected for by plating on LBþNalþKan agar. Colonies were
screened on LBþCarb for being Carb sensitive to locate transcon-
jugants that were the product of a double crossover. The resulting
locus containing the kanamycin-resistance cassette was then trans-
duced into S. typhimurium SR11, generating TS137. E. coli S17-1
lpir was then transformed with pTS47 and conjugated with TS137.
Single-crossover transconjugants were selected for by plating on
LBþKanþCm agar plates. Colonies were then grown on SA plates
to select for the loss of pTS45, resulting in colonies that had either
reverted to the same genotype as TS137 (evidenced by retention of
the kanamycin-resistance cassette), or had incorporated the pTS45
region with the pefA 50-UTR CsrA-binding site mutation (loss of
kanamycin-resistance cassette). To isolate cells having undergone
the latter event, colonies were screened for sensitivity to both
kanamycin and chloramphenicol. The pefA 50-UTR was then
amplified with primers (Supplementary Table S2) and subcloned
into pCR2.1 using the TOPO TA cloning kit. The insert was
sequenced to verify that the CsrA-binding site of the pefA 50-UTR
contained the mutated sequence.

Western blotting
Polyclonal rabbit anti-PefA and anti-FimA antiserum (Humphries
et al, 2003) were diluted 1:5 in phosphate-buffered saline (PBS)
supplemented with 0.2% sodium azide and preabsorbed (Gruber
and Zingales, 1995) eight times with ORN172 carrying plasmid
pGEX-4T-2 and four times with ADH19 (anti-PefA) or SPN342 (anti-
FimA). Unless otherwise noted, cultures were resuspended to
2�108 CFU/20ml in sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) loading buffer containing 0.1%
glycine/HCl pH 2.2 and boiled for 5 min. Afterwards, samples
were neutralized by adding 1 M Tris–HCl pH 7.1 to a final concen-
tration of 100 mM. In all, 20ml was loaded onto a 15% SDS–PAGE
gel, and, after electrophoresis, proteins were transferred onto an
Immobilon-P membrane (Millipore) using a Trans-Blot SD semi-dry
electrophoretic transfer unit (Bio-Rad). Blots were incubated with
preabsorbed antiserum diluted 1:500, detected with a goat anti-
rabbit IgG antibody conjugated to horseradish peroxidase and the
Immun Star chemiluminescent substrate (Bio-Rad), followed by
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visualization with a BiospectrumAC Imaging System (UVP). Blot
density quantification was performed with the Labworks Image
Acquisition and Analysis Software (UVP version 4.6.00.0).

Bacterial RNA isolation and real-time PCR
Bacterial RNA from in vitro cultures was isolated using the Aurum
Total RNA Kit (Bio-Rad) according to the manufacturer’s recom-
mendations. An additional DNase treatment was performed using
the Ambion DNA removal and inactivation kit. RNA from caecal
content was essentially isolated as described previously (Lopez
et al, 2012) except that purified RNA was subjected to a second
purification using the RNeasy MinElute Cleanup kit (Qiagen).

Reverse-transcription PCR and real-time PCR were performed as
described previously (Thiennimitr et al, 2011) with primers listed in
Supplementary Table S2. Transcription of the target genes in each
sample originating from in vitro cultures was normalized to the
respective levels of guanyl nucleotide kinase mRNA, encoded by the
gmk gene. RNA originating from caecal contents was normalized to
the respective levels of S. typhimurium-specific 16S rRNA using
oligonucleotides specific to the gene encoding for S. typhimurium
16S rRNA. Absolute transcript numbers for the fimA 50-UTR were
obtained by amplification of pISF101 (Clegg et al, 1987) as a control
template, pTS19 for the pefA 50-UTR, pSPN31 for fliC, or a plasmid
from pTS33 through pTS38 for the remaining genes.

50-RACE
To determine the exact start site of the pefACDEF transcript, we used
a slightly modified version of a 50-RACE protocol (2005). In all, 1mg
of total RNA isolated from a S. typhimurium SR11 DfimAICDHG sirA
mutant was reverse transcribed as described previously using
primer GSP1-PefA (Supplementary Table S2) instead of random
hexamers. The reaction was then purified using a PCR purification
kit (Qiagen). A 30 polyA tail was added by incubating purified cDNA
in 1� terminal transferase buffer in the presence of 0.1 mM dATPs,
0.25 mM CoCl2 and 40 units of terminal transferase (NEB) for
30 min at 371C. The reaction was terminated by incubating the
reaction mixture for 10 min at 701C. In all, 1ml of 1:10 diluted cDNA
was then amplified by PCR with primers T17-adaptor, adaptor and
GSP2-PefA. The resulting PCR product was gel purified and cloned
into pCR2.1 using the Topo TA cloning kit (Invitrogen). The insert
was sequenced using M13 universal primers and the transcriptional
start site determined.

RNA EMSAs
CsrA-6xHis protein was purified as described previously (Mercante
et al, 2006). DNA templates for generating phoB RNA transcript
were produced by annealing primers (Martinez et al, 2011), also
described in Supplementary Table S2. The T7 promoter-driven wild-
type, mutated fimA 50-UTRs, and pefA 50-UTRs were cut out of their
respective vectors (pTS31, pTS3, pTS48 and pTS51-57) with EcoRI,
gel purified and then used as templates for in vitro transcription.
RNA was synthesized with the MEGAShort script kit (Ambion,
Austin, TX) according to the manufacturer’s instructions and the
resulting RNA was gel purified. In all, 50 pmol of purified RNA was
30-biotinylated using the RNA 30 End Biotinylation kit (Pierce,
Rockford, IL) according to the manufacturer’s protocols.

Biotinylated RNA was boiled 3 min and reconstituted by incubat-
ing 30 min at room temperature. Increasing concentrations of
purified CsrA-6xHis protein were added to the biotinylated RNA
in a total volume of 10ml in CsrA-binding buffer (10 mM Tris–HCl,
pH 7.5, 10 mM MgCl2, 100 mM KCl, 3.25 ng yeast tRNA, 20 mM DTT,
7.5% glycerol, 2 U/ml RNAse inhibitor) and incubated for 30 min at
room temperature. Afterwards, 2.5ml of REMSA loading buffer was
added and 3 ml of sample was run on a 5% native TBE gel (Bio-Rad).
Blots were transferred onto a positively charged nylon membrane
using a semidry transfer apparatus and biotin was detected using
the chemiluminescent nucleic acid detection kit (Ambion).

Flow cytometry
Flow cytometry was done as described previously (Chessa et al,
2008) with the following modification. Instead of fixing the bacteria
in 4% paraformaldehyde, bacteria were fixed in 0.2% sodium azide.
For gating ADH19 (SR-11 DpefBACDHF::KmR) was used as a
negative control.

Animal experiments
All mouse experiments were approved by the Institutional Animal
Care and Use Committees at the University of California at Davis.
Female 8- to 12-week-old wild-type C57BL/6 mice were obtained
from the Jackson Laboratory (Bar Harbor). The bacterial strains for
the inoculum were grown statically for 16 h in LB5.5 in a volume of
50 ml. Animals were pretreated with 20 mg streptomycin and in-
tragastrically infected 24 h later with 1�109 CFU of S. typhimurium
in 0.1 ml LB as described previously (Godinez et al, 2008). Animals
were euthanized 72 h after infection, caecal content was collected
for bacteriology and caecal washes were collected for RNA
purification as described previously (Lopez et al, 2012).

Statistical tests
Statistical analysis was performed by a two-sample Student’s t-test
with unequal variance.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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